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Future Circular Collider

e A versatile particle collider housed in a 91km underground ring

e |[mplemented in several stages:
® an e*e- “Higgs/EW/Flavour/top/QCD” factory running at 90-365 GeV } m

o followed by a high-energy pp collider reaching 100 TeV }M

Outline

Why do we need a new collider?

. FCC feasibility study

. FCC-ee: overview of physics programme

. FCC-ee/hh as a Higgs/electroweak factory

. FCC-ee as a flavour factory

. FCC-hh: the broadest exploration potential at high-energy
. FCC-ee=FCC-hh: complementarity and synergy

Conclusion
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The LHC Legacy (so far).

> Standard Model (SM) confirmed to high accuracy up to energies of several TeV
(thanks to a firm control of exp. & th. syst. uncertainties, the LHC became a precision machine)

> Higgs boson discovered at the mass predicted” by LEP precision EW measurements
*within the Standard Model

Traditional New Physics models are under siege
> Absence of new physics —-[
New approaches: relaxion, Nnaturalness, clockwork...
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The LHC Legacy (so far).

» Standard Model (SM) confirmed to high accuracy up to energies of several TeV
(thanks to a firm control of exp. & th. syst. uncertainties, the LHC became a precision machine)

» Higgs boson discovered at the mass predicted™ by LEP precision EW measurements

within the Standard Model TeV-scale Naturalness might not explain DM/baryogenesis

Traditional New Physics models are under siege
» Absence of new physics —-[

New approaches: relaxion, Nnaturalness, clockv:imp
Cosmology might settle the vacuum of the SM

[

e

We need a broad, versatile and ambitious programme that
1. sharpens our knowledge of already discovered physics
2. pushes the frontiers of the unknown at high and low scales
— together FCC-ee & FCC-hh combine these 2 aspects —
more PRECISION and more ENERGY, for more SENSITIVITY to New Physics
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Precision as a discovery tool.

Many historical examples
> Uranus anomalous trajectory —* Neptune

> Mercury perihelion -+ General Relativity

» Z/W interactions to quarks and leptons -» Higgs boson

May 19, 2024



Precision as a discovery tool.

Many historical examples
> Uranus anomalous trajectory —* Neptune

> Mercury perihelion -+ General Relativity

» Z/W interactions to quarks and leptons -» Higgs boson

Sometimes, these discoveries were expected based on theoretical arguments

but precision gave valuable additional clues.
In any case, experimentalists shouldn’t lean too heavily on theorist priors/prejudices

At times when we don't have a precise theoretical guidance, we need powerful experimental tools to make progress.
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The Higgs requires more precision.

“The Higgs isn't everything !”
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https://arxiv.org/abs/2302.05472
https://en.wikipedia.org/wiki/Winning_isn't_everything;_it's_the_only_thing

The Higgs requires more precision.

“The Higgs isn’t everything; it's the only thing!™*
The scalar discovery in 2012 has been an important milestone for HEP.
Many of us are still excited about it. Others should be too.

* M.E. Peskin paraphrasing UCLA football coach H.R. Sanders
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The Higgs requires more precision.

“The Higgs isn’t everything; it's the only thing!™*
The scalar discovery in 2012 has been an important milestone for HEP.
Many of us are still excited about it. Others should be too.

F

Higgs = new forces of different nature than the interactions known so far

* No underlying local symmetry.
* No quantised charges.
* Deeply connected to the space-time vacuum structure.

a

* M.E. Peskin paraphrasing UCLA football coach H.R. Sanders
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The Higgs requires more precision.

“The Higgs isn’t everything; it's the only thing!™*
The scalar discovery in 2012 has been an important milestone for HEP.

Many of us are still excited about it. Others should be too.
r 1
Higgs = new forces of different nature than the interactions known so far
* No underlying local symmetry.
* No quantised charges.
* Deeply connected to the space-time vacuum structure.

— The discovery of the Higgs opens new deep questions —

* What is the origin of the Higgs boson?
* Is it elementary and isolated, or does it emerge from a deeper underlying dynamics?

* Which role did the Higgs play during the big bang, and how did it influence the evolution
of the Universe?

* Does the Higgs boson play a role in explaining other fundamental open questions in

particle physics which the SM cannot address (flavour, DM, baryogenesis, inflation...)
L J
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The Higgs requires more precision.

“The Higgs isn’t everything; it's the only thing!™*
The scalar discovery in 2012 has been an important milestone for HEP.
Many of us are still excited about it. Others should be too.

F

Higgs = new forces of different nature than the interactions known so far

* No underlying local symmetry.
* No quantised charges.
* Deeply connected to the space-time vacuum structure.

a

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 Higgs isn’t everything; it's the only thing!™*
The scalar discovery in 2012 has been an important milestone for HEP.
Many of us are still excited about it. Others should be too.

F

Higgs = new forces of different nature than the interactions known so far

* No underlying local symmetry.
* No quantised charges.
* Deeply connected to the space-time vacuum structure.

:

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

mw, mz <> Higgs couplings
T
lifetime of stars

(Why tsun~ tiife evolution?)
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The knowledge of the values of the Higgs couplings is essential
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Higgs = new forces of different nature than the interactions known so far
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The Higgs requires more precision.

(HL)-LHC will make remarkable progress.
But it won’t be enough.

A new collider is needed!

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

mw, mz <> Higgs couplings Me, My, Mg <> Higgs couplings

t Y ?
lifetime of stars >/ I

(why tsun~ tiife evolution?) size of atoms nuclei stability

EWSB @ t~10-10s «> M998 seli-coupling(s)| | atter/anti-matter <> CPV in Higgs sector
7 Higgs(es) potential 0
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The launch of the fea5|blllty study.

2020 UPDATE OF THE EUROPEAN STRATEGY
FOR PARTICLE PHYSICS

by the European Strategy Group

“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.”

— —

— CERN council approved the Strategy and CERN management implemented it —
FCC Feasibility Study (FS) started in 2021 and will be completed in 2025.
Mid-term review in 2023.
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FCC feasibility mid-term report.

e 703 pages: 7 chapters (cost and financial feasibility is a separate document) + refs.

» Placement scenario (75 pages)
Civil engineering (50 pages) Futire aroular Collider
Implementation with the host states (45 pages)
Technical infrastructure (110 pages) w528 authors
FCC-ee collider design and performance (170 pages) | 6 editors
FCC-hh accelerator (60 pages) S e e e
(Cost and financial feasibility) R
Physics and experiments (110 pages) s
References (70 pages) S nmom
 Executive summary: 44 pages f,:;f);fm};
e Reviewed by e

o Scientific Advisory Committee and Cost Review Panel on Oct. 16-18 : -

o Scientific Policy Committee and Financial Committee on Nov. 21-22 confldent_lal documents

. CERN Council Feb. 2 (work in progress)

®©® ®©® ® ® ® ©® ® @

available
to CERN personnel

https://doi.org/10.17181/zh18z-52t41
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https://doi.org/10.17181/zh1gz-52t41

Physics, Experiments, Detectors.

e FCC Feasibility Study PED deliverables for mid-term review

8. Physics & Experiments C. Grojean, P. Janot, M. 8.1 Overview
Mangano . P . [ -
8.2. Documentation of the specificities of the FCC-ee and FCC-hh physics cases. deliverables
8.3 Strategic plans for the improved theoretical calculations. [ exP“c'tly req uested
8.4 FCC-ee Detector Requirements. | from SPC & Council

e Content of the mid-term PED chapter
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Feedback.

Andy Parker (SAC chair), Norbert Holtkamp (CRP chair), Hugh Montgomery (SPC chair), Laurent
Salzarulo (FC chair), Eliezer Rabinovici (Council president)
“many thanks for the work done, congratulations for the results, impressive quality of the study...”

“Financial Committee underlines the need to make the project attractive from
the physics viewpoint and takes the view that it would be unfortunate to sacrifice
the attractiveness of the physics for the sake of reducing costs.”

"Si j'ai voulu venir la aujourd’hui c’est pour témoigner ma confiance aux eéquipes et notre volonté, notre ambition de conserver la premiére 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.”]
E. Macron, CERN 16.11.2023

May 19, 2024
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US Statement 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

Deirdre Mulligan Fabiola Gianotti
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The way forward.

P. Janot

[ FCC-ee physics run |

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

Compl

US collider R&D studies
FCC Feasibility Study Report

FCC-ee Accelerator
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F. Gianotti@P5-BNL)

Start detector commissioning

Start detector installation

Start detector component production
Four detector TDRs completed

Detector CDRs (>4) submitted to FC3

etion of HL-LHC upgrade: more detector experts available

FC3 formation, call for CDRs, collaboration forming

European Strategy Update
Detector Eol submission by the community



https://indico.bnl.gov/event/18372/contributions/75206/attachments/47011/79716/CERN-plans.pdf
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- (officially endorsed by
( FCC-ee physics run J F. Gianotti@P5-BNL)
2047 — — 2047
2046 — 046
Start accelerator commissioning =
2044 — — 2044 commission
2043 — — 2043
2042 — 204
End of HL-LHC operation - - Start detector installation
Start accelerator installation - —2040 installation
2039 - — 2039
2038 — — 2038
2037 — — 2037
Start accelerator component production b Start detector component production
Technical design & prototyping completed - Four detector TDRs completed TDR
2034 — =203
2033 —
Ground-breaking and start civil engineering - — 20
Start engineering design oS - - Detector CDRs (>4) submitted to FC3 CDR

- Completion of HL-LHC upgrade: more detector experts available
FC3 formation, call for CDRs, collaboration forming

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

US collider R&D studies

FCC Feasibility Study Report European Strategy Update

FCC-ee Detectors
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P. Janot

(officially endorsed by
F. Gianotti@P5-BNL)

The way forward.

FCC-ee physics run

22— Things are now moving faster than planned! — IS

commission

m
@ installation
it makes it feel younger!
Start acce duction
Technical design & prototyg r TDRs completed TDR

Ground-breaking and start c
Start engineering d

>4i submitted to FC? > CDR

rade: more detector experts available

Completion of HL-LHC: more ATS per _
FC3 formation, call for CDRs, collaboration forming

FCC Approval, R&D, start prototyping

US collider R&D studies

FCC Feasibility Study Report European Strategy Update

&

FCC-ee Accelerator

Key dates ~_| FCC-eeDetectors
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ow to contribute?

| (O Fce
EU Pmects FCC FeaSibiIity StUdY

Collaboration building
Gregorio Bernardi, Tadeusz Lesiak,
Emmanuel Tsesmelis,

Study Support Unit
IT: Sylvain Girod
Procurement: Adam Horridge
Quality management: Beatriz Arias
Resources: Sylvie Prodon
Secretariat: Julie Hadre

Study Support and Coordination
Study Leader: Michael Benedikt

Deputy Study Leader: Frank Zimmermann

Communications
Panagiotis Charitos, Arnaud Marsollier

Physics, Experiments and

Detectors
Patrick Janot, Christophe Grojean

Accelerators

Tor Raubenheimer
Frank Zimmermann

Technical Infrastructures

Jean-Paul Burnet
Klaus Hanke

Host State processes and
civil engineering

Timothy Watson

Physics programme
Matthew McCullough, Frank Simon

Detector concept
Mogens Dam, Marc-André Pleier,
Felix Sefkow

Physics performance

Patrizia Azzi, Emmanuel Perez,
Michele Selvaggi

Software and computing
Gerardo Ganis, Brieuc Frangois

EPOL
Jacqueline Keintzel, Guy Wilkinson

MDI
Manuela Boscolo, Fabrizio Pala

FCC-ee accelerator design
Christian Carli, Frank Zimmermann

FCC-ee technical implementation
Jean-Paul Burnet, Tor Raubenheimer

FCC-ee injector
Paolo Craievich, Alexej Grudiev

FCC transfer lines
Wolfgang Bartmann

FCC-hh design
Massimo Giovannozzi

Integration
Jean-Pierre Corso

Geodesy & survey
Héléne Mainaud Durand

Electricity and energy management
Jean-Paul Burnet

Cooling and ventilation
Guillermo Peon

Cryogenics systems
Laurent Delprat

Computing and controls infrastructure,
communication and network

Pablo Saiz
Safety
Thomas Otto

Operation, maintenance, availability,
reliability

Jesper Nielsen

Transport, installation concepts
Roberto Rinaldesi

Administrative processes
Friedemann Eder

Placement studies
Johannes Gutleber

Environmental evaluation
Johannes Gutleber

Tunnel, subsurface design
John Osborne
Surface sites layout, access and

building design
A. Mayoux

Organisation and financing
models

Florian Sonnemann

Project organisation model
NN

Financing model
Florian Sonnemann

Procurement strategy and rules
Anders Unnervik

In-kind contributions
Anders Unnervik

Operation model
Verena Kain
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FCC-ee Run Plan.

LEP1 data accumulated in every 2 mn. Exciting & diverse programme with different priorities every few years.
(order of the different stages still subject to discussion/optimisation)
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FCC-ee Run Plan.

LEP1 data accumulated in every 2 mn. Exciting & diverse programme with different priorities every few years.
(order of the different stages still subject to discussion/optimisation)

= 10°E | | | 3
N(D — Z (88-94 GeV) e FCC-ee (4 IPs) -
-E [ e FCC-ee(2IPs) _
£ _ N
. n i
© L
= 10T R ON WW(157-183 Gev) T E
2 - .
= - -
CED | ZH (240 GeV) _
g 1O S =
7 — it (350 GeV) -
= > ti (365 GeV) ]
B LT .\'):
,‘, W:‘/‘/
1 \(ZSQCieV)__—" """""" =
— I | | === = [~ | -
100 150 200 250 300 350 400
s [GeV]
Working point Z, years 1-2 7, later WW, years 1-2 WW, later ZH tt
Vs (GeV) 88, 91, 94 157, 163 240 340-350 365
Lumi/IP (103* cm™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 - 3 1 4
1.45 x 10° ZH 1.9 x 10° tt
Number of events 6 x 1012 Z 2.4 x 108 WW + +330k ZH

45k WW — H 480k WW — H
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FCC-ee Run Plan.

LEP1 data accumulated in every 2 mn. Exciting & diverse programme with different priorities every few years.
(order of the different stages still subject to discussion/optimisation)

— 103 — — ° ° ° .
(7)) — Z|(88-94GeV) | ° |=|(_:c.ee(4|ps)I - — SU erb StatIStICS aChIeved IN Onl
N-E — e FCC-ee (2IPs)
O i i
< =
O 2 ke _ in each detector:
Al — W*W (157-163 GeV =
= = ‘ v E 105 Z/sec, 104 W/hour,
D - ] i
2 - 200 o - 1500 Higgs/day, 1500 top/day
é TO T g T —
3 = (350 GeV)
TN\ > tf (365 GeV) ]
B LT T
,’, 4/W: .~ el
1 — \(ZSQG_eV)__—" """""" 3
= | | | i ittt = = | -
100 150 200 250 300 350 400
s [GeV]
Working point Z, years 1-2 7, later WW, years 1-2 WW, later ZH tt
Vs (GeV) 88, 91, 94 157, 163 240 340-350 365
Lumi/IP (103* cm™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 - 3 1 4
1.45 x 10% ZH 1.9 x 109 tt
Number of events 6 x 1012 Z 2.4 x 108 WW + +330k ZH

45k WW — H 480k WW — H
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FCC-ee Run Plan.

LEP1 data accumulated in every 2 mn. Exciting & diverse programme with different priorities every few years.
(order of the different stages still subject to discussion/optimisation)

= 10°E | | | 3

NCD — Z (88-94 GeV) ® FCC-ee (41Ps) -

-E — e FCC-ee(2IPs) |
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— 10 = W*W (157-163 GeV) =
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— Superb statistics achieved in onl

In each detector:
105 Z/sec, 104 W/hour,
1500 Higgs/day, 1500 top/day

Monte Carlo generator§

Gattice simulations

Software and computing>

Cl'heoretical calculations
Precision Challenges

e.g. 10°ez

Detector requirementa

Golarisation/ Monochromatisation

Detector concept9

GVIachine-Detector Interface

Control analyse§

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

V5 (GeV) 88, 91, 94 157, 163 240 340-350 365

Lumi/IP (103* cm™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 - 3 1 4
1.45 x 10% ZH 1.9 x 100 tt

Number of events 6 x 102 Z 2.4 x 108 WW + +330k ZH
45k WW — H  +80kWW — H
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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.

Higgs
f MHiggs, | Higgs
, 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
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Intensity
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frontier
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EW top couplings




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
- n; -
direct searches Intensity
of light new physics frontier”

e Axion-like particles, dark photons,
Heavy Neutral Leptons
e long lifetimes - LLPs
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Mtop, rtop
EW top couplings




FCC-ee Physics Programme.

direct searches
of light new physics

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

‘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
" -
Intensity

ark photons,

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

7 physics B physics

*Flavour EWPOs (Rp, AFBb’C)
er-based EWPOs eCKM matrix,

elept. univ. violation tests oCP violation in neutral B mesons
eFlavour anomalies in, e.g., b = sz7

frontier”

Higgs

MHiggs, rHiggs
Higgs couplings
self-coupling

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
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" z7)
7 physics B physics
*Flavour EWPOs (Rp, AFg°'©)

e7-based EWPOs
elept. univ. violation tests

eCKM matrix,
o¢CP violation in neutral B mesons

momentum resol. eFlavour anomalies in, e.g., b = sz7

tracker

Higgs

MHiggs, rHiggs
Higgs couplings
self-coupling

Top

Mtop, rtop
EW top couplings

vertexing, tagging
energy resolution
hadron identification

detector req.
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FCC-ee Physics Programme.

baseline FCC-ee detector performance

o

track momentum Fp =0.02:10 - pr(GeV) © 1-10°°
: 1
track impact parameter 0y, = _53'L/l'2m d5um
sin”’~ 0
_ OF 159

electromagnetic energy T = I ® 1%

E., E.,
electromagnetic energy xy position o _ 6mm @B 2mm

Y E(GeV)
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Collider Programme (and beyond).

— CDR baseline runs (2IPs)

7 WW ZH tt Total

integrated
30 90 30 12 5 0.2 1.5 luminosity

—H —t= "

88 01.2 94 157.5 162.5 240 340 350 365 Energy
. : : (GeV)

Z lineshape W mass and width
QCD

flavour
rare decays QCD
dark sector flavour (e.g. Veb)

0(1013) 0(108) 0@x109) 0(@2x106)

top EW couplings .
Miop  Higgs VBF production Physics
(" and Higgs couplings improved) highlights

N, Higgs couplings
OZH

# events
(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.

CG - 19 / 35 May 19, 2024




Fcc-ee: Explore & Discover- PED @ CERN-SPC 2022

e EXPLORE INDIRECTLY the 10-100 TeV energy scale with precision measurements
o From the correlated properties of the Z, b, c, r, W, Higgs, and top particles
» Up to 20-50-fold improved precision on ALL electroweak observables (EWPQO)
— Mz, Mw, Miop, [z, SiN2 OweT, Ry , aqep(Mz), as(mz mw my), top EW couplings ...

» Up to 10 x more precise and model-independent Higgs couplings (width, mass) measurements
— Access the Higgs potential and infer the vacuum structure of the Universe
— Reveals the dynamics of the EW phase transition and infer the fate of the EW vacuum

11065
» DISCOVER that the Standard Model does not fit onuE 2 4 5l
o New Physics! — Pattern of deviations may point to the source. Seeam \eo &
e¥

e DISCOVER a violation of flavour conservation / universality
o Z—tu in 5x1012 Z decays; r—uviev in 2x10" ¢ decays; BO—K*0z*r or Bs—t*7 in 1012 bb evts

e DISCOVER dark matter, e.g., as invisible decays of Higgs or Z

e DISCOVER DIRECTLY elusive (aka feebly-coupled) particles
o in the 5-100 GeV mass range, such as right-handed neutrinos, dark photons, light Higgs-like
scalars, dilaton, ALPs, relaxions...

CG -20 / 35 May 19, 2024



https://indico.cern.ch/event/1223855/#day-2022-12-13

FCC-ee: Explore & Discover.

e ALPs@ colliders -~
103_ BaBar
eg. efe =y o :"f | | |
7 g J
B a " Collider |
€+€ — hCL Z ’ / — 1j 1 o - g%, FCCee
‘> % |> “,
= LSW % &
< % <
=~ = Edelweiss
e Y é o] FCCee 3 10l
Knapen, Thamm arXiv:2108.08949 . Astrophysics
" Red Giants
- Helioscopes | 1075+
105 102 100 100 107 10° 0° 10 10° 110
mq [GeV] mq [GeV]
1072
e Search for vrh.
e+‘— HL — LHC i
v LLP Theo
Z,W T T T
10-10. Li LLP II
BBN — ,S,eesaw
1012, , e
2 5 10 50 100
my, [GeV]

Fig. from mid-term report May 19, 2024



https://inspirehep.net/literature/1908207
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FCC-ee/hh as a Higgs/electroweak factory
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G. Wilkinson, FCC Physics WS ‘22

Cross section (fb)

Higgs @ FCC-ee.

Central goal of FCC-ee: model-independent measurement of Higgs width and

couplings with (<)% precision. Achieved through operation at two energy points.

—— 7.2 ab' @ 240GeV B N A B B S p
1.5x106 HZ evts :
45k WW—H evts

— e*te’ » HZ
— WW — H

- Total

250

200

150

lllllllll'lllllll

100

2.7 ab-1 @ 365 GeV
330k HZ evts
80k WW—>I—! evts

50

Illlllllllllll|IIII|IIIIII

1 l 1 1 1 l 1 1 1 l 1 1 1 l 1 1 1 l i 1 1 l 1 1 |

O 1 1 1 1 1
200 220 240 260 280 300 320 340 360 380 400
Vs (GeV)

Sensitivity to both processes very helpfulin improving precision on couplings.

Complementarity with 365GeV on top of 240GeV
improvement factor: ©/3/2/1.5/1.2 on %A/HW//‘éb//fg, /fc/fiy (plot in bonus)
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https://indico.cern.ch/event/1066234/contributions/4708145/attachments/2390022/4085522/PED_wkshp_closing_2022.pdf

Higgs @ FCC-ee.

Absolute normalisation of couplings oy recoi

method)
Measurement of width (from zH>ZZZ* and WW>H)

ol g ~ 1%, dmpyg ~ 3MeV (resp. 25%, 30 MeV @ HL-LHC)

Model-independent coupling determination and
iImprovement factor up to 10 compared to LHC
(Indirect) sensitivity to new physics
up to 70 TeV (for maximally strongly coupled models)

(brkx = v2/f2 & mnp = gnpf)
Unique access to electron Yukawa

Coupling HL-LHC  FCC-ee (240-365 GeV)
2 IPs / 4 IPs
kv [%] 1.5* 0.43 / 0.33
k7 |%)] 1.3* 0.17 / 0.14
Kg|70] 2% 0.90 / 0.77
A 1.6* 1.3 /1.2
Kz [%] 10* 10 / 10
Ke [70] — 1.3 /1.1
ke [%] 3.2% 3.1 /3.1
A 2.5 0.64 / 0.56
Ky [70] 4.4% 3.9 /3.7
for [%] 1.6* 0.66 / 0.55
BRiny (<%, 95% CL) 1.9* 0.20 / 0.15
BRunt (<%, 95% CL) 4 1.0 / 0.88

Table from mid-term report

_ 9ghXXx

RX = —3M

Inxx
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Higgs @ FCC-ee.

Absolute normalisation of couplings oy recoi

method)
Measurement of width (from zH>ZZZ* and WW>H)

ol g ~ 1%, dmpyg ~ 3MeV (resp. 25%, 30 MeV @ HL-LHC)

Model-independent coupling determination and
iImprovement factor up to 10 compared to LHC
(Indirect) sensitivity to new physics
up to 70 TeV (for maximally strongly coupled models)

(brkx = v2/f2 & mnp = gnpf)
Unique access to electron Yukawa

Coupling HL-LHC  FCC-ee (240-365 GeV)
2 IPs / 4 IPs
kv [%] 1.5* 0.43 / 0.33
k7 |%)] 1.3* 0.17 / 0.14
Kg|70] 2% 0.90 / 0.77
A 1.6* 1.3 /1.2
Kz [%] 10* 10 / 10
Ke [70] — 1.3 /1.1
ke [%] 3.2% 3.1 /3.1
A 2.5 0.64 / 0.56
Ky [70] 4.4% 3.9 /3.7
for [%] 1.6* 0.66 / 0.55
BRiny (<%, 95% CL) 1.9* 0.20 / 0.15
BRunt (<%, 95% CL) 4 1.0 / 0.88

current EW measurements Z-pole run
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Table from mid-term report
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https://arxiv.org/abs/1907.04311

The stuff we are made of: Y..

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

Jadach+, arXiv: 1509.02406
Born

1.64 fb

e’ X=W,Zb,g 16F
145
1.2

) LTo]
]

0.3 fb with 4.2 MeV
c.m.e. spread

0.6 fb

®08E \ ith ISR

® 0.6
0.4F

c X=W,Z,b,g o2

(

1 I ! 1 ] ! Lo | ] Lo | ] | 1 ! )
125.69 125.695 125.7 125.705 125.71
\'s [GeV]

o(e*te—H) =1.641b
(etfe—H)=0.17xo(e*e—H)=290 ab

Ospread+ISR
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https://arxiv.org/abs/1509.02406

The stuff we are made of: Y..

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

Ospread+ISR

W,Zb,g 16
1.4

_ 1.2

=

@o.a

© 0.6

0.4

Wzbg ~ *

make it possible to observe:

Jadach+, arXiv: 1509.02406

Born

1.64 fb

0.3 fb with 4.2 MeV
c.m.e. spread

0.6 fb
with ISR

1 1 ! 1 ] ! Lo | ! Lo | ] | 1 ! )
125.69 125.695 125.7 125.705 125.71
\'s [GeV]

o(e*te—H) =1.641b
(etfe—H)=0.17xo(e*e—H)=290 ab

FCC-ee is in the unique position to establish that the Higgs is responsible for

the mass of the stable elementary particles ordinary matter is made of.
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The stuff we are made of: Y..

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 «,

10
1 Standard Model
n— n AN <
=5 <S5 £ <
o g - 8
107" < T L
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The stuff we are made of: Y..

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]

() -
g —
- combine?
102 :_ i
i i "
10 ¢ X % @x,\‘c %
= &
B : . : : "]é\ &Q,"N%
1L Standard Model §2E+AE ZE-AE§
SR no o < 2E+2AE : 0 0
L 25 S5 T & 2E-2AE S
10—1 - ':: - O
E I L . . . 5 5
= opposite sign horizontal dispersion

opposite difference in arrival time
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The stuff we are made of: Y..

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) 30 Significance e+e-—H, Vs=125GeV
¢ Monochromatization 6~ 1-2 xI'; ~ 6 to 10 MeV o
. =
e Resonant ee — H production | - = 20 |60
Upper Limits / Precision on i, Ei 8
“or .10 =50
10° & |ws
- “
. 6
102 = 5
: 4
10 & 3
- Standard Model
1§ 2 20
107" = 2 :I_:'I 2 1 - To
1 2 3 4567 10 20 30 100 200
L (@b )
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The stuff we are made of: Y..

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) 30 Significance e+e-—H, Vs=125GeV
¢ Monochromatization 6~ 1-2 xI'; ~ 6 to 10 MeV o
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The high luminosity, the precise control of the beam +s, the clean reconstruction of final states
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The stuff we are made of: Y..

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) 30 Significance e+e-—H, Vs=125GeV
¢ Monochromatization 6~ 1-2 xI'; ~ 6 to 10 MeV o
. =
e Resonant ee — H production | - = 20 |60
Upper Limits / Precision on i, Ei 8
% T T°10 \ .50
10° 5 o
3 S -8 - oo
102 ) [ 11P/1yr || L/5
- LY | 040 ||0.60
10 & 3
- Standard Model
1§ 2 20
107" = 2 :I_:'I 2 1 - To
1 2 3 4567 10 20 30 100 _gOO
L (@b )
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The stuff we are made of: Y..

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) 30 Significance e+e-—H, Vs=125GeV
¢ Monochromatization 6~ 1-2 xI'; ~ 6 to 10 MeV >
: =
e Resonant ee — H production = 20 __ 60
Upper Limits / Precision on «, = 8
o F a
% T T°10 \ .50
10° 5 &
‘i .......... - ; B---Q------4-0" 0 ()
10° & Y | 11P/1yr || L/5
i 23 | 0.40 |[|0.60
10 & 3
- Standard Model
1§ 2 20
107" = 2 :I_:'I 2 1 - To
1 2 3 4567 10 20 30 100 300
L (@b )
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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™?)

S Vo x0T 1 otorom 2 20 o * Large rate (> 107°H, > 107 HH)
e e G [ e R e unique sensitivity to rare decays
108 - . . e few % sensitivity to self-coupling
» 1 e Explore extreme phase space:
P | =~ e gg. 108 Hw/ pT>1TeV
Daston SR | s [Dashes =] e clean samples with high S/B
| o |\1 ?l Dordash W\ .\bb, . e small systematics
500 PT,;:)O(GeV) o o 400;,@,1 (GeV)6000 o
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Tera-Z EW precision measurements.

> The target is to reduce syst. uncertainties to the level of stat. uncertainties.
(exploit the large samples and innovative control analyses)
> Exquisite Vs precision (100keV@Z, 300keV@WW) reduces beam uncertainties

' ~50 times better precision than LEP/LSD on EW precision observables

(stat. improvement alone is a factor 300-2’000 so innovative analyses can bring syst. down too)

w/ stat. and param. only

i 2-0 region

0.10 [ (EWPO: stat. unc. only)
t @D HL-LHC

I @ HL + CL|C380

0.05F @D HL +1LCy5
[ @D HL + FCC,,

» 0.00}
~0.05}
HEP[l;
_010 : PRELIMINARY
~0.10 ~0.05 0.00 0.05 0.10

(For the impact of the theory uncertainties on the EW fit, see bonus slides)




Tera-Z EW precision measurements.

> The target is to reduce syst. uncertainties to the level of stat. uncertainties.
(exploit the large samples and innovative control analyses)
> Exquisite Vs precision (100keV@Z, 300keV@WW) reduces beam uncertainties

' ~50 times better precision than LEP/LSD on EW precision observables

(stat. improvement alone is a factor 300-2’000 so innovative analyses can bring syst. down too)
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Quantity Current

FCC-ee stat.

Required

Available calc.

Needed theory

precision  (syst.) precision theory input in 2019 improvement
i)
ey my, 2.1 MeV 0.004 (0.1) MeV non-resonant NLO,
@) 4o — ISR 1 ‘th NNLO for
Q, I 2.3MeV  0.004 (0.025) MeV eTe” — ff, Oga}fl ;ﬂs ete— — fF
o 2 - _ initial-state up to 6th order

6° 1.6x107%  2(2.4) x 10~

E S Vet 8 (2.4) radiation (ISR)
¢l mwyy 12 MeV 0.25 (0.3) MeV lineshape of NLO (ee — 4f NNLO for
_fg ete” - WW or EFT frame- ee > WW,
o near threshold  work) W — ff in
é" EFT setup
E HZZ — 0.2% cross-sect. for NLO + NNLO NNLO
o coupling ete” — ZH QCD electroweak
‘-& Mtop 100 MeV 17 MeV threshold scan  N3LO QCD, Matching fixed
@ ete™ = tt NNLO EW, orders with
% resummations resummastions,
— up to NNLL merging with

MC, as (input)

TThe listed needed theory calculations constitute a minimum baseline; additional partial higher-order
contributions may also be required.
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https://arxiv.org/abs/2106.13885

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 M g Gr H L
Name wy wWo o I, 11, ¢ Irrep L1y L1, (1a2)—% (1’2)_g (L,3)y (1,3),4 Trrep (1,1), (L1, (1,3), (1,3), (8:1), (8,1);  (83), (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 (3,12 (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, in progress

B Universal couplings M Third-gen. only B Universal couplings M Third-gen. only W Universal couplings M Third-gen. only
10 L i
50 -

40

30

TeV
TeV

2L

0L

S S S ¢ 6,63 2 = IL Iy T ¢ & w Q w Qo wy D E N Q1 Qs Q7 T T U AN As b X1 B B g G H Ly Q1 Q5 U U W W X Vi Vs

Scalars Fermions Vectors

Tree-level matching and running from 1 TeV to Z mass.

W- and Z-pole observables only (no Higgs, no LEP-2 like observables)
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FCC-ee as a fl.avour factory
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Flavour potential.

Particle productior{ (10°)) B° / B Bt / B~ B! /Eg Ay /Ay € 71 /77

o
e
@)
@)
=
®
= Belle 11 27.5 27.5 n/a n/a 65 45
= FCC-ee 300 300 80 80 600 150
P
=
a Decay mode/Experiment Belle II (50/ab)  LHCb RunI LHCDb Upgr. (50/fb) FCC-ee
S :
S EW/H penguins
. BY - K* ete” ~ 2000 ~ 150 ~ 5000 ~ 200000
cqf‘; B(B — K*(892)7" 7~ )
% By — putpu n/a ~ 15 ~ 500 ~ 800
BY — utu~ ~ 5 — ~ 50 ~ 100 y y
BB, s 1) boosted b’s/z’s
Leptonic decays
out of reach B v e ) ) o4 at FCC-ee
BT = 7" Viau % - - 27% Makes possible
at LHCb/Belle PR NRRTY - — — 2 a topological rec
'P / hadronic decays '
B = J/UKg (0snzay)  ~2.%100 (0.008) 41500 (0.04)  ~0.8-10° (0.01)  ~ 35-10° (0.006) of the decays
B, — DEKT n/a 6000 ~ 200000 ~ 30 -10° 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

Flavour potential.

o

o

®

E,q) . . . o ; DY + — 0o ; Y A yo — [+t

S Particle productior{ (10°)) B /B B™ /B~ B; /B, Ay /Ay cc 77/7

& Z Z

) . 45

% Flavour @ FCC vs Belle/pp 150

Py

= Attribute YT(4S) pp Z°

*g Decay {  All hadron species o/ -cc
EW/H -

= s 4 High boost | | / 0000

- Enormous production cross-section v

> Bs =1 Negligible trigger losses v v P00

@ B 818 88 100 IR
B(Bj—ﬁ Low backgrounds v v boosted b's/z’s
Lepton)  Tnitial energy constraint v (V) at FCC-ee

out of reach b " ¢

“lau

Makes possible
a topological rec.

at LHCb/Belle

'P / hadronic decays

B = J/UKg (0snzay)  ~2.%100 (0.008) 41500 (0.04)  ~0.8-10° (0.01)  ~ 35-10° (0.006) of the decays
B, — DK™ n/a 6000 ~ 200000 ~ 30 - 106 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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Flavour potential.

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

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

©

O = = =

A Particle productio BY / B Bt / B~ BY/ B(S) Ay /Ay ce 1 /77

2 —— ' ' 5 FCC-ee

O =

> Flavour @ FCC vs Belle/pp 150 =

P 10 x Belle |l

= Attribute Y(4S) pp Z°

‘é Decay {  All hadron species o/ -cc

= P/ High boost | | o/ 0000

@ Enormous production cross-section v

5 Bs=H  Negligible trigger losses v v P00

@ BY - glgl 88 1100 IR
B(B, 1 Low backgrounds v v boosted b’s/z’s
Lepton T s

out of reach orent Initial energy constraint v v) | at FCC-ee
B — & 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, - D*K¥ n/a 6000 ~ 200000 ~ 30 - 100 w/ miss. energy
B,(B°) = J/¥¢ (0, rad) n/a 96000 (0.049)  ~ 2.10° (0.008) 16 - 10 (0.003)

Flavour defines shared (vertexing, tracking, calorimetry) and specific (hadronic PID) detector requirements.
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FCC-ee flavour opportunities.

e CKM element V¢ (critical for normalising the Unitarity Triangle) from WW decays

e Tau physics (>1011 pairs of tau’s produced in Z decays)
» test of lepton flavour universality: Gr from tau decays @ 10 ppm @ FCC-ee (0.5 ppm from muon decays)
o |epton flavour violation:
» —uy . 4x10-8 @Belle2021—10° @ FCC-ee

» 73 : 2x10- @Belle — 3x10-1° @Bellell — 10-"" @ FCC-ee

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

e Semi-leptonic mixing asymmetries ass and ad
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FCC-hh: the broadest exploration potential at high-energy

May 19, 2024




Resonance production.

Protons are made of 5 quarks, gluons, photons, W/Z

FCC-hh effectively collides 196 different initial states = perfect exploratory machine

30 ab~!, 100 TeV : Q* = jj .
| 5 céDiscoveryé
L'y — - : 2.5ab”
 Msoay
1
Ly — - 100 ab
s = WW =
. L'y = TT -
50 | | 1 1 | | 1 | | 1 | | | | | | | | | |
10 20

30 40 50

107}

10°}

2

XX

1000}

10}

0 20 30 40

Mg [TeV]

Plot from mid-term report

Mass scale [TeV]
Plot from FCC CDR
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Resonance production.

Protons are made of 5 quarks, gluons, photons, W/Z

FCC-hh effectively collides 196 different initial states = perfect exploratory machine

o7l 30 ab~', 100 TeV - Q* — jj
5 GéDiscoveryg

Lo, -t 25 ab™

10°F ' 30 ab”

Nixx T 0 100 ab

r B
1000 Gy > W'W
L'y —1T
10+

' t
L'y — TT

1 O l l l l 2I0 l l l l 3I() l l l l 4IO l l l l 5 O | | 1 1 | | 1 1 | | 1 | | 1 | | | | | |

0 10 20 30 I40I - I50
Mg [TeV] Mass scale [TeV]
Plot from mid-term report Plot from FCC CDR
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Pushing limits of SUSY.

B bbHOY/A? —=bbTT

IV U bbHY/A? —bbtt BN obH* otbTv B LHC 3 ab-!
HH = WwW 95% CL Limits B t()HOYA? S t(t)tt T tbH* —tbtb B8 LHC 0.3 ab-!
HH — BB 14 TeV, 0.3 ab” ” o — -

WW — HH
WW — BB
T — LLCP

40. ¢
30.¢

B 14 Tev, 3ab"
5 o Discovery
W 100 TeV, 3 ab”

20. 20.}

T} —LLCP p
T s 15050 B 100 TeV, 30 ab o 10 10|
Xy o eg
o _0_-0 <
aq” — qx.,dx e -
00 B —30 ab-!
ag — ttx1ttx1
g9 — o, o, 3 ab
P 0 2: — -
34 — T X, | | | | a
0 5 10 15 20 25 )
Mass scale [TeV] & K % = A Bl ) ) 3 T

my [TeV ]

Plot from arXiv:1606.00947
Plot from arXiv:1605.08744 and arXiv:1504.07617

15-20TeV squarks/gluinos
require kinematic threshold 30-40TeV: Factor 10 increase on the HL-LHC limits.
FCC-hh is more than a V8~10TeV factor
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/.
Examples of

complementarity & synergy FCC-ee=»FCC-hh
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Synergy ee~hh.

FCC-hh without ee could bound BRin but it could say nothing about BRuyntagged (FCC-ee
needed for absolute normalisation of Higgs couplings)

< (%) FCC-hh is determining top Yukawa through ratio tth/ttZ
So the extraction of top Yukawa heavily relies on the knowledge of ttZ from FCC-ee

Manganos ‘15 e :
o (tEH) o) o (t2) o) e e '
— 13 Tev | 0475 5o R 0TS TN TE 066 TR g |
0.0 1.5 3.0 45 6.0 7.5 100 TeV | 33975000 5 6 57975 bewr v 0-58575 050 0 aret : 0'0?
Y
o by
o W e D
Subsequently, the 1% sensitivity on tth is essential ¢ \K Cmbcem oo
to determine h3 at O(5%) at FCC-hh R S '

Plots from mid-term report

-0.10 -0.05 0.00 0.05 0.10
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https://arxiv.org/abs/1507.08169

FCC-hh tunnel is great for FCC-ee.

e 80-100 km Is needed to accelerate pp up to 100 TeV

e 80-100 km is also exactly what is needed

e to get enough luminosity (5 times more than in 27 km) to maybe get sensitivity
to the Higgs self coupling, the electron Yukawa coupling, or sterile neutrinos,

e to make TeraZ a useful flavour factory,

e for transverse polarisation to be available all the way to the WW threshold
(allowing a precise W mass measurement)

e for the top threshold to be reached and exceeded.
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Conclusions & Outiook

A circular “Higgs factory” like FCC-ee has a rich potential:
» Search directly *&* indirectly for New Physics
« Establish new organising principles of Nature (LEP— gauge symmetries, FCC—7??)

And FCC-ee is an essential part of an integrated programme to probe the energy frontier.
The FCC project perfectly fits the needs of HEP after LHC.:

~ guaranteed deliverables & broad exploration potential -
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Conclusions & Outiook

A circular “Higgs factory” like FCC-ee has a rich potential:
» Search directly *&* indirectly for New Physics
« Establish new organising principles of Nature (LEP— gauge symmetries, FCC—7??)

And FCC-ee is an essential part of an integrated programme to probe the energy frontier.
The FCC project perfectly fits the needs of HEP after LHC.:

~ guaranteed deliverables & broad exploration potential -

We have profound questions and we need to create opportunities to answer them.

FCC will for sure contribute.

Colliders are the most powerful microscopes we have to study Nature
at the smallest scales and also from the early moments of the Universe.
They'll keep providing a quantitative understanding to progress forward.
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Some work ahead of us.

¢ Development of a common software and the estimate of the computing needs
e Evaluation of the physics performance and requirements for detectors

e Conceptualisation of detectors capable of delivering these requirements

e Mitigation of the interaction region constraints on detectors and vice versa

¢ Design of methods and tools for centre-of-mass energy calibration, beam
polarisation, and monochromatization

e Understanding and optimisation of the physics programm
¢ Exploration of the physics opportunities

® Development of the theoretical tools and observables needed to meet the
measurement targets

CG - 41 / 3% May 19, 2024




FCC feasibility study
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Objectives of FCC feasibility study.

¢ Demonstration of the geological, technical, environmental and administrative feasibility of the tunnel and
surface areas and optimisation of placement and layout of the ring and related infrastructure.

e Pursuit, together with the Host States, of the preparatory administrative processes required for a potential
project approval to identify and remove any showstopper.

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

e Elaboration of a sustainable operational model for the colliders and experiments in terms of human and
financial resource needs, as well as environmental aspects and energy efficiency.

e Development of a consolidated cost estimate, as well as the funding and organisational models needed to
enable the project’'s technical design completion, implementation and operation.

¢ |dentification of substantial resources from outside CERN’s budget for the implementation of the first stage of a
possible future project (tunnel and FCC-ee).

e Consolidation of the physics case and detector concepts for both colliders.
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M. Benedikt @ CERN 13.02.24

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,

V. Mertens,

Optimized placement and Iayout

France

>

transport), machine performance etc. ; e
“Avoid-reduce-compensate” principle of EU and French regulations oo g "g (: 7z ”:‘?/i:,"a,;
Pe el (0 b
. . . - ~~Bernex ("'3"’}3;3__ £ \ p \‘ étraz-Monthoux
Overall lowest-risk baseline: 90.7 km ring, 8 surface points. Number of surface sites g b
Whole project now adapted to this placement : ~ )
o Surface requirements 40 ha PD experlment
" LSS@IP (PA, PD, PG, PJ) 1400 m
ncton .~ LSS@TECH (PB, PF,PH,PL) 2032 m
Into booster PA (Experiment site) Azimuth =-10.2 — P )
-Q-r"’—"—’—’—"—'j:: o . Noa— Arc length 9.6 km
|SSS = 1400 m Injection into collider \ec ) .
Technical site | it PJ: experiment  sym of arc lengths 76.9m
Booster RF y/ | L8 =210 L8 Beam dump Vs ssous
N | , Total length 90.7 km
N\ | 7/
N | P 7/ L
Arclength=9616.5;6‘m | 7 booster W H3y<as
N | /
\ . | . 4 =l . up:{;; rrrrr
SSS = 1400 m N7 te.80.
e T i S
Experiment y 7N N Experiment : y
site) p | . site) Contarihe QN gl g "Tcere : //:
/ | N 1 Py
L7 | N PH: technical "
7 | h \ Allor : I X
Technical sité :SS=2160m : LSS=2160r: Technical sit 7‘ PG: experiment
| i

Betatron &
momentum
collimation

Collider RF 288 = 1400 m

PG (Experiment site)
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M. Benedikt @ CERN 13.02.24

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.

Optimized placement and layout.

Saint-Genis-Fouly

France

“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 booster

Azimuth = -10.2°

— e w— — —

Injection into collider S PO ] VTS R L o e £ (S

Technical site Technical site

B
Booster RF o2 Beam dump

booster

) NG — — — — — — — — - o~ = = — ———— - — PD
(Optional SSS =1400m I (gptional
Experiment
site)

Experiment
site)

N\
LSS = 2160 m JOf” Technical site Individual meeting

Technical .;it: Y LSS = 2160 m
Collider RF Betatron &
SSS = 1400 A A R CCFi
" momentum [ Individual meeting planned ] ot
PG iment si collimation - - -
(Bxperment ste) [ Collective meeting ]
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Optimized placement and Iayout

M. Benedikt @ CERN 13.02.24

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

e Site investigations in areas with uncertain geological
conditions:
> Optimisation of localisation of drilling locations ongoing with ===
site visits since end 2022. - e

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

« Contracts Status:

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

» Site investigations tendering ongoing towards contract X bk
placement in December 2023 and mobilization from

Individual meeting planned him
January 2024 | _ ; ) PS5 3 / Drilling works on the lake
[ Collective meeting ] L 3 55 \
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Environmental considerations.

M. Benedikt @ CERN 13.02.24

- Excavated material from FCC subsurface
infrastructures: 6.5 Mm3 in situ, 8.4 Mm3 excavated

* Priority : reuse, minimize disposal

« 2021-2022: International competition “Mining the
Future”, launched with the support of the EU Horizon
2020 grant, to find innovative and realistic ideas for the
reuse of molasse (96% of excavated materials)

« 2023: “OpenSky Laboratory” project: Objective -
Develop and test an innovative process to transform
sterile “molasse” into fertile soil for agricultural use and
afforestation. launched in Jan. 2024: 5500m2 near LHC
P5 in Cessy (FR). Trial with 5 000t of excavated local
molasse — convert it to arable soil (agricultural/forestry)

* Heat:
» heating for local houses
» cheese factories in Jura and Haute-Savoie expressed
special interest
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Connections with local infrastructre.

M. Benedikt @ CERN 13.02.24

« Road accesses developed for all 8 surface sites  * Connections to electrical grid
» Four possible highway connections defined

> Less than 4 km new departmental roads required » Electrical connection concept studied by RTE

(French electrical grid operator) — requested
loads have no significant impact on grid

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

PDL1, 69MW

> R&D efforts aiming at further 7
reduction of the energy
consumption of FCC-
ee and FCC-hh

ep
e service
repos

lein i
0 5 10 km -

l'D
ac.ﬁ

000
> 22

PDL3, 201 MW
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Civil engineering

T. Watson @ Annecy FCC Physics ‘24

— Quaternary
1800m _Lake
1600m _Wildflysch

__Molasse subalpine
1400m - __Molasse
200 g - ) Limestone

e 2 2 [ __Shaft
Ei000m 8 ; ) - .Alignment
@ ) ] S

< 800m < c &

£ - < o<

600m
400m mallmmama. g e
200m

Om
Okm 10km 20km 30km

60km 70km 80km 90km

Okm 50km
Distance along ring clockwise from CERN (km)

Shaft depths:
A: 201 m B: 201 m D: 181 m F: 400 m G:226m H: 235 m J: 253 m L: 250 m

e 13 shafts

e Tunnel Boring Machines are designed to work almost continuously 24/7
other than periodic maintenance. Rate of 18m/day in the Molasse. 21-27
months to complete one sector — 8 years with two TBMs .

FCC-ee CIVIL ENGINEERING SCHEMATIC LAYOUT

S FCC Tunnels

o 2/2 large/small caverns

Tunnel Boring Machine (TBM)

EXPERIMENTAL
CAVERN

SECTION A-A

j:x:i, !
18 §
/_gg‘il.irACTlON
j 50 §
w0 (/ ;\ | ____V %:Q
) J i ’ /4T
25 GALLERY 25 JI —
T R _ .
SECTION B-B G caveRN
L shaft @ exp. site
small cavern complex

large cavern complex
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https://indico.cern.ch/event/1307378/

Civil engineering

T. Watson @ Annecy FCC Physics ‘24
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https://indico.cern.ch/event/1307378/

Higgs and EW measurements
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Experimental Inputs.

A circular ee Higgs factory Higgs aTGC

starts as a Z/EW factory
(TeraZ)

Yes (U, oz+)
(Complete with HL-LHg)  Yes (@TGC dom.)

Warning

Yes (Y, oz+) o
(Complete with HL-LHC) Yes (HE limit)

A linear ee Higgs factory Warning
operating above Z-pole (Compiers wits iy | Yes (€TGC dom
can also preform S
es (ru

Yes (U, ozH)

EW measurements

parameterization)

EWPO

Yes

LEP/SLD (Z-pole) +
HL-LHC + W (ILC)

Yes

LEP/SLD (Z-pole) +
HL-LHC + W (CLIC)

Top EW

Yes (365 GeV, Ztt)

Yes (500 GeV, Zit)

No

Yes

via Z-radiative return

Extrapolated from N/A — LEP2

LEP/SLD

HL-LHC + HL-LHC (Mw, sin26y)
Yes (U, BR/BR))
A I|near ee nggS faCtory Uss:iltlhnchgnebel?:rt]lon From FCC-ee From FCC-ee
could also operate on the: ves A s LEP LEP/SLD
Z-pole though at lower lumi # ALLHE (Mw, sin®w)
Yes (p) From FCC-ee

(GigaZ)

Used in combination From FCC-ee
with FCCee/hh

+ Zuu, Zdd

May 19, 2024



Observable present FCC-ee FCC-ee Comment and
value +  error Stat. Syst. leading error

my (keV) 91186700 4+ 2200 4 100 From Z line shape scan
Beam energy calibration

I'z (keV) 2495200 + 2300 4 25 From Z line shape scan
Beam energy calibration

sin? 0% (x 10°) 231480 £+ 160 2 2.4 From ALK at Z peak
Beam energy calibration

1/aqep(m2)(x10%) 128952 £+ 14 3 small From ALE off peak
QED&EW errors dominate

R% (x10%) 20767 £ 25 0.06 0.2-1 Ratio of hadrons to leptons
Acceptance for leptons

as(m2) (x10%) 1196 + 30 0.1 0.4-1.6 From RZ
ol 4 (x10%) (nb) 41541 £+ 37 0.1 4 Peak hadronic cross-section
Luminosity measurement

N, (x10%) 2996 £+ 7 0.005 1 Z peak cross-sections
Luminosity measurement

Rp (x10°) 216290 + 660 0.3 < 60 Ratio of bb to hadrons
Stat. extrapol. from SLD

AEB, 0 (x10%) 992 + 16 0.02 1-3  b-quark asymmetry at Z pole
From jet charge

A}I;%I’T (><104) 1498 + 49 0.15 <2 T polarization asymmetry
7 decay physics

7 lifetime (fs) 290.3 £+ 0.5 0.001 0.04 Radial alignment
7 mass (MeV) 1776.86 £+  0.12 0.004 0.04 Momentum scale
7 leptonic (uv,v,) B.R. (%) 17.38 £ 0.04 0.0001 0.003 e/n/hadron separation
mw (MeV) 80350 £ 15 0.25 0.3 From WW threshold scan
Beam energy calibration

I'w (MeV) 2085 4+ 42 1.2 0.3 From WW threshold scan
Beam energy calibration

as(m3, ) (x10%) 1010 + 270 3 small From R}Y
N, (x10%) 2920 £+ 50 0.8 small Ratio of invis. to leptonic
in radiative Z returns

Miop (MeV) 172740 + 500 17 small From tt threshold scan
QCD errors dominate

Fiop (MeV) 1410 £ 190 45 small From tt threshold scan
QCD errors dominate

)xtop/)\tsg\g 1.2 + 0.3 0.10 small From tt threshold scan
QCD errors dominate

ttZ couplings + 30% 0.5—-1.5% small From /s = 365 GeV run

at FCC-ee

EW Precision
Measurements

Experimental (statistical and systematic) precision of a
selection of measurements accessible at FCC-ee,
compared with the present world-average precision.
FCC-ee syst. scaled down from LEP estimates.
Room for improvement with dedicated studies.

Note that syst. go down also with stat.

(e.g. beam energy determination from ee—Z/y thus

goes down with luminosity).

Table from mid-term report

May 19, 2024



Improvements of EW measurements

Exquisite measurements of m (100 keV) , ', (25 keV), my (<500 keV), aqep(My) (3.10-9) (all unique to FCC-ee)

w/. stat.+ param. + th-exp syst.

; 1 | 68% and 95% prohi>. co;ntoilirs
......................... o 180 - et M
L 2-0 region (D - HL-LHC :
0.10[ @ HL-LHC — - [ HL+FCCee !
L ’ HL+CL|C330 E i :
: @D HL+ILC,5 |
0.05}F < O HL+CEPC 175
: @ HL+FCC,,
[ .~” HL+CLIC3g0,Gigaz
7p) 0.00F HL"‘"—CZSO,GigaZ
. ] stress-test of SM
-0.05} .
[ HEPP B Amw ~ 0.25 MeV (vs 12 MeV @ LHC)
[ Higgs@FC WG | ] i g I_
_0'10_ September 2019 l - V E E mfit
......................... ] 165 _
-0.10 -0.05 0.00 0.05 0.10 80.35 80.4
T Mw [GeV]

The importance of improved EW measurements is threefold:
1) improve mass reach in indirect search for NP (S~10-2 — M~70 TeV)
2) reduced parametric uncertainties for other measurements

3) reduced degeneracies in a global fit for Higgs couplings




Improvements of EW measurements

Exquisite measurements of m (100 keV) , ', (25 keV), my (<500 keV), aqep(My) (3.10-9) (all unique to FCC-ee)

w/ stat. and param. only

; 68% and 95% proh:>. cointo{l:rs
......................... ) 180 — ! v E E
- 2-0 region (D - L UHLLHe :
0.10 [ (EWPO: stat. unc. only) — - [ HL+FCC-ee
- D HL-LHC E :
i @ HL + CL|C380 B
0.05F @ HL +ILC>5 175 —
[ @D HL +FCC, I ~ /s
(7)) 0_00: RN (174 A R
- stress-test of SM
-0.05F -
| HEP™ IR Amw ~ 0.25 MeV (vs 12 MeV @ LHC)
- : PRELIMINARY | ] - £ I_
0.10 9 November 2019 d | V E E m fit
N ' 165 SIS S N S S I E—
-0.10 -0.05 0.00 0.05 0.10 80.35 80.4
T Muw [GeV]

The importance of improved EW measurements is threefold:
1) improve mass reach in indirect search for NP (S~10-2 — M~70 TeV)
2) reduced parametric uncertainties for other measurements

3) reduced degeneracies in a global fit for Higgs couplings




Systematics vs. Statistics.

o We often hear that more Z pole statistics is useless, because they are systematics-limited

PED @ CERN-SPC ‘2022

o Thisis a passive attitude, which leads to pessimistic expectations and wrong conclusions/planning
e Experience shows that a careful experimental systematic analysis boils down to a statistical problem
e If well prepared, theory will go as far as deemed useful : this preparation starts today (and needs SUPPORT)
e We are working in the spirit of matching systematic errors to expected statistics for all precision measurements

¢ Take the Z lineshape

sinz0,,*"and I'; (also my, vs m;) : Stat. 2x10 and 4 keV

FCC-ee Error dominated by point-to-point energy uncertainties.

special Based on in-situ comparisons between +/s (e.g. with muon pairs),
aQED(m Z) g Stat. 3x10° w with measurements made every few minutes (100’s times per day)
Obtained at FCC-ee from off-peak asymmetries (87.9 & 94.3 GeV): for the Boils down to
first time, it is a direct measurement of this quantity (game changer) « statistics (the more data the better, scales down as 1/4/L)

* Enters as a limiting parametric uncertainties in the new physics
interpretation many past and future measurements.

* |s statistics limited and will directly benefit from more luminosity

* No useful impact on aqep(mz) with five times less luminosity

* detector systematics (uncorrelated between experiments, scales
down a 1/ \/Nexperiments)

Z (and W) mass: Stat. 4 keV (250 keV)

Error dominated by +/s determination with resonant depolarization.
¢ Most of the work is (will be) on systematics As more understanding is gained, progress are made at a constant
pace, and this error approaches regularly the statistical limit

e But huge statistics will turn into better precision

> Areal chance for discovery

May 19, 2024


https://indico.cern.ch/event/1223855/#day-2022-12-13

Impact of TH uncertainties.

dJ. de Blas, FCC CDR overview ‘19

o 95% Prob. Limits |
P o et .
3 10| J - Qoo -
< 5-- - e e e . n
2f |
e 0]
Current FCCee
Exp. SM | Exp. SM (par.) SM (th.)
My [MeV] | £15 +8 | +1  40.6/+1 +1
6Tz [MeV] | +£2.3 40.73 | £0.1 +0.1 +0.2
0A,[x107°%] | £210 493 | +£2.1 +8/+14 +11.8
SR2[x107%] | £66  +£3 | £6 +0.3 + 5

CG - 54 / 3% May 19, 2024



https://indico.cern.ch/event/789349/contributions/3298726/attachments/1806157/2947778/Global_EFT_fits_FCC.pdf

Some EW measurements @ Tera

G. Wilkinson @ FCC week 2021

G - 35 / 35 |

measure o(e*e™— p*u~) and A M at (a) judicious /s

}“Z<:
e+
f

The y exchange term is proportional to a2, (1/s)

The Z exchange term is proportional to G2, hence independent of o,

The yZ interference is proportional to 0oz (Vs) x Gg

strongly depends on Vs

direct measurement of GQED(S) atVs !=m
measure S|n29 to high precision

P.Janot ‘16
JHEP 02 (2016) 053.

JHEP 11 (2017) 164

z

Excellent experimental control of off-peak di-muon
asymmetry motivates campaign to collect 50-80 ab™
off peak to gain highest sensitivity to Z-y interference

‘_ 877 v/ 20 QED (5) ’
Z S S — N
- M%w«&@x1+77’”m e ——
mz G (1 — 4sin” 6§) S
H

Allows for clean determination of aqgp(m,?), which
IS a critical input for m,, closure tests (see later).

relative aqep uncertainty with 80 ab’

do,./dcos(®) [nbl

0.6

0.4 R

0.2

DELPHI 93 — 95

e'e” > u'u(y)

\7*

This dependence, & location of
half-integer spin tunes, guides the choice
of off-peak energies: 87.8 & 93.9 GeV.

g IIIIIIIIIII I T 1T 1T 1T 1T L T T L L UL
- -----;.------‘:---- -m II-----. mEEEEN II.III:’IIIIII.:----I-IIE ------
107 __..ZII...I'"%IiﬁIZIIIIZZI:ZZEZIIIIZ S
e} Current o, accu acy — Measure (0]
— ({0 ACCUTACcy fromA at FCC-ee
10—6 111 I 111 I 111 I 11 1 I 111 1 I 111 1 | | - | | - | | | | I |
50 60 70 80 90 100 110 120 130 140 150
Vs (GeV)

aen(M,*) to 3x10°° rel. precision (currently 1.1x10)

— Stat. dominated; syst. uncertainties < 10® (dominated by Vs calib)

— Theoretical uncertainties ~ 10, higher order calcs needed

May 19, 2024




Mw

* Two independent W mass and width measurements @FCCee :

1. The my, and Iy, determinations from the WW threshold cross section
lineshape, with 12/ab at Eq, = 157.5-162.5 GeV  4m,=0.4 MeV AI',=1 MeV

2. Other measurements of my, and ', from the decay products
kinematics at E¢y, = 162.5-240-365 GeV Amy, ATy=2-5 MeV ?

Scans of possible E; E;, data taking energies and luminosity fractions f (at the E, point)

15/ab

158.6 GeV 162.4 GeV

=
T

A -minimum of Al;,=0.91 MeV with Am,=0.55 MeV
taking data at E;=156.6 GeV E,=162.4 GeV f=0.25
yields Amy=0.47 MeV (as single par)

Am,, AL, (MeV)
ot
W o
TTTJTITT

Ary

N
&)

N

B- minimum of Amy=0.28 MeV Al=3.3 MeV with
E,=155.5 GeV E,=162.4 GeV f=0.95
yields Am,,=0.28 MeV (as single par)

-l
(&)

-l

o
l: LR~ RARNRRRRNREARE RARANLERRSE L T
z
B
<’
g
a
2
g.
>
3
s

Amy —0}28 C- minimum of Al,=0.96 MeV +Amy,=0.41 MeV with
_____________________________ E,=157.5 GeV E,=162.4 GeV f=0.45
---------------------- yields and Am,=0.37 MeV (as single par)

- Cie 1111 ] 1111 I 11l I 111l I L1l I L1 1l l Ll 1 I L1l | 111l
0 01 02 03|04 05 06 07 08 09 1
luminosity fraction

|
o 3

Amy, ATy: error on W mass and width from fitting both

Amy, =0.45 MeV, ATy=1 MeV (r=-0.6) Am,, : error on W mass from fitting only m,,

Am,,=0.35 MeV
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Sensitivity on EW couplings.

d. De Blas, G. Durieux, C. Grgojean, J. Gu, A. Paul 1907.04311

T W HL-LHC s2 + LEP/SLD B ILC 250GeV Bl CLIC 380Ge\ KGR 9" shade: CEPCIFCC-ee without Z-pole h

- | ll CEPC Z/WW/240GeV M ILC 250GeV/350GeV M CLIC 380GeV/1.5TeV O Higas meceomemonts oxduded " 1
10-1— H FCC-ee Z/WW/240GeV Ml ILC 250GeV/350GeV/500GeV | Ml CLIC 380GeV/1.5TeV/3TeV || ion coliiers are combined with HLLHC & LEPISLD  — 10"

- | [l FCC-ee Z/WW/240GeV/365GeV P(e”,e")=(70.8,£0.3) P(e”,e")=(¥0.8, 0) imposed U(2) in 1&2 gen quarks E
1072 = BEL 0
107 — w1 11073
1074 — 2107
107°— 1107
107° 1076

59?1 59?,3/? 593&/ 59%_ 59%? 59{/]\‘// 692L 59?,/? 59% 59?1 69;?1? 59%(,1/_ 59%(,1/? 59?,)/_ 592?/?
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1072
1074
107°

107°
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Sensitivity on EW couplings.

d. De Blas, G. Durieux, C. Grgojean, J. Gu, A. Paul 1907.04311

B HL-LHC S2 + LEP/SLD M ILC 250GeV B CLIC 380GeV MEASENcaAll | ight shade: CEPC/FCC-ee without Z-pole |

Bl CEPC Z/WW/240GeV M ILC 250GeV/350GeV B CLIC 380GeV/1.5TeV é Lot ee without Y thresnold ]

B FCC-ee Z/WW/240GeV M 1L.C 250GeV/350GeV/500GeV | Il CLIC 380GeV/1.5TEV/3TEV | i coivers are combimed wih HLLHG & LEPISLD 40~
Bl FCC-ee Z/WW/240GeV/365GeV P(e”,e")=(70.8,£0.3) P(e”,e")=(¥0.8, 0) imposed U(2) in 1&2 gen quarks -

1074

10™°

6971 697 R

107°
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Sensitivity on EW couplings.

d. De Blas, G. Durieux, C. Grgojean, J. Gu, A. Paul 1907.04311

B HL-LHC S2 + LEP/SLD M ILC 250GeV B CLIC 380GeV MEASENcaAll | ight shade: CEPC/FCC-ee without Z-pole |

Bl CEPC Z/WW/240GeV M ILC 250GeV/350GeV B CLIC 380GeV/1.5TeV é Lot ee without Y thresnold ]

B FCC-ee Z/WW/240GeV M 1L.C 250GeV/350GeV/500GeV | Il CLIC 380GeV/1.5TEV/3TEV | i coivers are combimed wih HLLHG & LEPISLD 40~
Bl FCC-ee Z/WW/240GeV/365GeV P(e”,e")=(70.8,£0.3) P(e”,e")=(¥0.8, 0) imposed U(2) in 1&2 gen quarks .

1074

10™°

6971 697 R

107°

® At circular colliders:
Z-pole run improves Zee couplings by almost factor 10
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Sensitivity on EW couplings.

d. De Blas, G. Durieux, C. Grgojean, J. Gu, A. Paul 1907.04311

B HL-LHC S2 + LEP/SLD H 'LC 250GeV MATHEVE B CLIC 380GeV MEACEMcVAll | light shade: CEPC/FCC-ee without Z-pole {1

Bl CEPC Z/\WW/240GeV Bl ILC 250GeV/350GeV Bl CLIC 380GeV/1.5TeV é Lot ee without Y thresnold ]

B FCC-ee Z/WW/240GeV M 1L.C 250GeV/350GeV/500GeV | Il CLIC 380GeV/1.5TEV/3TEV | i coivers are combimed wih HLLHG & LEPISLD 40~
Bl FCC-ee Z/WW/240GeV/365GeV P(e”,e")=(70.8,£0.3) P(e”,e")=(¥0.8, 0) imposed U(2) in 1&2 gen quarks .

1074

10™°

6971 697 R

107°

® At circular colliders:
Z-pole run improves Zee couplings by almost factor 10

e At linear colliders:
EW measurements via Z radiative return give a factor 3

May 19, 2024
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Sensitivity on EW couplings.

d. De Blas, G. Durieux, C. Grgojean, J. Gu, A. Paul 1907.04311

B HL-LHC S2 + LEP/SLD M ILC 250GeV B CLIC 380GeV MEASENcaAll | ight shade: CEPC/FCC-ee without Z-pole |

Bl CEPC Z/WW/240GeV M ILC 250GeV/350GeV B CLIC 380GeV/1.5TeV é Lot ee without Y thresnold ]

B FCC-ee Z/WW/240GeV M 1L.C 250GeV/350GeV/500GeV | Il CLIC 380GeV/1.5TEV/3TEV | i coivers are combimed wih HLLHG & LEPISLD 40~
Bl FCC-ee Z/WW/240GeV/365GeV P(e”,e")=(70.8,£0.3) P(e”,e")=(¥0.8, 0) imposed U(2) in 1&2 gen quarks .

1074

10™°

6971 697 R

107°

® At circular colliders:
Z-pole run improves Zee couplings by almost factor 10

e At linear colliders:
EW measurements via Z radiative return give a factor 3

® At linear colliders, at high energy:
Higgs measurements improves EVW measurements
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Sensitivity on EW couplings.

d. De Blas, G. Durieux, C. Grgojean, J. Gu, A. Paul 1907.04311

T W HL-LHC s2 + LEP/SLD M ILC 250GeV M CLIC 380GeV ifciiesaalll | oht shade: CEPC/FCC-ee without Z-pole L
- |l CEPC Z/WW/240GeV Ml ILC 250GeV/350GeV Bl CLIC 380GeV/1.5TeV é Ci-PCIFOCee wihou! WY (hreshold :
10-1— M FCC-ee Z/WW/240GeV M 1L.C 250GeV/350GeV/500GeV | [l CLIC 380GeV/1.5TeVI3TeV |\l colisers ore combined wih HLLLHC & LEPISLD 110~
- | [l FCC-ee Z/WW/240GeV/365GeV P(e”,e")=(70.8,£0.3) P(e”,e")=(¥0.8, 0) imposed U(2) in 1&2 gen quarks s
e
—=10

e At linear colliders, at high energy: ]
EW measurements via Z-radiative return has alarge | | i | 107
iImpact on Zqq couplings

¢ |[mprovements depend a lot on hypothesis on systematic 10~
uncertainties
Yellow: LEP/SLD systematics / 2

Blue: small EXP and TH systematics

107°

107°
697,  69zr 603,  69%r  69Y. 697k
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Why Z-pole for Higgs?

_— %/ ‘H B T~ . J. De Blas et al. 1907.04311
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https://arxiv.org/abs/1907.04311

Why Z-pole for Higgs?
< ﬁ\\ J. De Blas et al. 1907.04311

With Z-pole measurements,

Higgs coupling determination improves
by up to 50%

CG -ss / 3% May 19, 2024
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Why Z-pole for Higgs?

\ J. De Blas et al. 1907.04311

With Z-pole measurements,

Higgs coupling determination improves
by up to 50%

Z-pole run at circular colliders
decorrelates EW and Higgs sectors
from each other

w/o Z-pole run & Higgs w/ Z-pole run
al'GC

O EW

CG -ss / 3% May 19, 2024


https://arxiv.org/abs/1907.04311

ImpaCt Of Z-pOIe o“ Higgs- J. De Blas et al. 1907.04311

Comparing 3 EW scenarios: LEP/SLD, actual EW measurements, perfect EWW measurements

1L/l HL-LHC S2 + LEP/SLD B 1.C 250GeV EFACPEVCSVEN Ml CLIC 380GeV FACELWIERV ight shade: CEPC/FCC-ee without Z-pole | 10~
= [l CEPC Z/WW/240GeV B ILC 250GeV/350GeV B CLIC 380GeV/1.5TeV - Cgrﬁgg%%;ﬁe W'th -
" [l FCC-ee Z/WW/240GeV M ILC 250GeV/350GeV/500GeV |l CLIC 380GeV/1.5TeV/3TEV | janoh coliders are combined with HL-LHG & LEP/SLD -
_ |l FCC-ee Z/WW/240GeV/365GeV P(e™,e")=(70.8,£0.3) | P(e™,e")=(%0.8, 0) imposed U(2) in 1&2 gen quarks i
(V)]
(@))
=
5
3 o without Z-pole
o
) with new EW&TGC
T
perfect EWE&TGC
FCC-ee Z/IWW/240GeV
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ImpaCt Of Z-pOIe on Higgs- J. De Blas et al. 1907.04311

Comparing 3 EW scenarios: LEP/SLD, actual EW measurements, perfect EWW measurements

1L/l HL-LHC S2 + LEP/SLD B ILC 250GeV GV M CLIC 380GeV W A@ELMEEV 'ight shade: CEPC/FCC-ee without Z-pole | 10"
- [l CEPC Z/WW/240GeV Bl ILC 250GeV/350GeV Bl CLIC 380GeV/1.5TeV - Cgﬁgg%%ee W'th E
E . FCC-ee Z/IWW/240GeV . ILC 250GeV/350GeV/500GeV . CLIC 380GeV/1.5TeV/3TeV Ieptoﬁ colliders are combined with HL-LHC & LEP/SLD E
| |l FCC-ee Z/WW/240GeV/365GeV P(e™,e")=(70.8,£0.3) P(e™,e")=(%0.8, 0) imposed U(2) in 1&2 gen quarks i
& 1071— —41072
£ : :
O i i Q
s o8
O 1072 — — 1072 O
5 o
@) . ]
T - ]
107 — — 107
1 0_4 7 WW 144 Zy g9 tt 5 CC bb 5 T MU 5 5 A 1 0_5
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ImpaCt Of Z-pOIe o“ Higgs- J. De Blas et al. 1907.04311

Comparing 3 EW scenarios: LEP/SLD, actual EW measurements, perfect EWW measurements

| |l HL-LHC S2 + LEP/SLD M 1L.C 250GV PACYENRVIN M CLIC 380GeV FACKEMEEVN ght shade: CEPC/FCC-ee without Z-pole |

= [l CEPC Z/WW/240GeV B ILC 250GeV/350GeV B CLIC 380GeV/1.5TeV - Cgrﬁgg%%;ﬁe W'th -

E . FCC-ee Z/IWW/240GeV . ILC 250GeV/350GeV/500GeV . CLIC 380GeV/1.5TeV/3TeV Ieptore colliders are combined with HL-LHC & LEP/SLD E

| |l FCC-ee Z/WW/240GeV/365GeV P(e™,e")=(70.8,£0.3) P(e™,e")=(%0.8, 0) imposed U(2) in 1&2 gen quarks i
(7)) L 1
> ) =2V
< 10| Ratios, real EW / perfect EW 10 o
-] n n —
[®) - ] D)
g
9 2 2 9
e I . ]
£ -
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ImpaCt Of Z-pOIe o“ Higgs- J. De Blas et al. 1907.04311

Comparing 3 EW scenarios: LEP/SLD, actual EW measurements, perfect EWW measurements

| |l HL-LHC S2 + LEP/SLD M 1L.C 250GV PACYENRVIN M CLIC 380GeV FACKEMEEVN ght shade: CEPC/FCC-ee without Z-pole |

= [l CEPC Z/WW/240GeV B ILC 250GeV/350GeV B CLIC 380GeV/1.5TeV - Cgrﬁgg%%;ﬁe W'th -

E . FCC-ee Z/WW/240GeV . ILC 250GeV/350GeV/500GeV . CLIC 380GeV/1.5TeV/3TeV Ieptore colliders are combined with HL-LHC & LEP/SLD E

_ |l FCC-ee Z/WW/240GeV/365GeV P(e™,e")=(70.8,£0.3) P(e™,e")=(%0.8, 0) imposed U(2) in 1&2 gen quarks _
(7)) L 1
> W ) =2V
< 10| Ratios, real EW / perfect EW 10 o
-] n n —
[®) - ] D)
g
N 2 — 2 8
D f LEP EW B
T |

15 Z pole run 15

Z
® FCC-ee and CEPC benefit a lot (>*50% on HVV) from Z-pole run

¢ FCC-ee and CEPC EW measurements are almost perfect for what concerns Higgs physics (<10%).
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ImpaCt Of Z-pOIe on Higgs- J. De Blas et al. 1907.04311

Comparing 3 EW scenarios: LEP/SLD, actual EW measurements, perfect EWW measurements
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Y perfect EW

E . FCC-ee ZIWW/240GeV . ILC 250GeV/350GeV/500GeV . CLIC 380GeV/1.5TeV/3TeV lepton colliders are combined with HL-LHC & LEP/SLD§
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® FCC-ee and CEPC benefit a lot (>*50% on HVV) from Z-pole run
¢ FCC-ee and CEPC EW measurements are almost perfect for what concerns Higgs physics (<10%).
e | EP EW measurements are a limiting factor (~30%) to Higgs precision at ILC, especially for the first runs
But EWW measurements at high energy (via Z-radiative return) help mitigating this issue
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Comparing 3 EW scenarios: LEP/SLD, actual EW measurements, perfect EWW measurements
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Y perfect EW

. FCC-ee ZIWW/240GeV . ILC 250GeV/350GeV/500GeV . CLIC 380GeV/1.5TeV/3TeV lepton colliders are combined with HL-LHC & LEP/SLD
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® Higher energy runs reduce the EW contamination in Higgs coupling extraction



https://arxiv.org/abs/1907.04311

Complementarity 240-~365 GeV.

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.

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.

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

ECFA Higgs study group ‘19
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Impact of Diboson Systematics.
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Higgs self-coupling.

Higgs self-couplings is very interesting for a multitude of reasons
(vacuum stability, hierarchy, baryogenesis, GW, EFT probe...).

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

Directly: Higgs-pair prod Indirectly: via single Higgs
Hadron 7 . ___./’/h ttH ;___H
Colliders h 7 >< |
g h g 000000 1 t
o .
— :
a, Lepton .
=  Colliders
&
=
3
4o
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0
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€3]
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Large self-coupling scenarios.

5y

5single h

Generically: ~ O(1) (composite Higgs/susy)

Particular exceptions: Higgs DM-portal models or custodial EW quadruplet

DiVita et al,: 1704.01953 Falkowski, Rattazzi: 1902.05936 Durieux, McCullough, Salvioni: 2209.00666
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http://arxiv.org/abs/arXiv:1902.05936
http://arxiv.org/abs/arXiv:2202.03453

Large self-coupling scenarios.

It is true that we haven't “measured” the Higgs potential but
there are only peculiar physics scenarios that produce large deviations in the shape of the potential
without leaving imprints elsewhere.

— —

CurrentLHC —> HL-LHC

R. Petrossian-Byrne/N. Craig @ LCWS’Q3

Important to understand which dynamics is really probed when embarking into challenging measurements.
Actually, double Higgs production is also interesting to probe new physics in its tail rather than near threshold
(where the sensitivity to Higgs self-coupling comes from).

CG - ¢s / 3% May 19, 2024
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Higgs self-coupling.

ECFA Higgs study group ‘19

Higgs@FC WG November 2019
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HE-LHC NN . E%C-ee/eh/hh - ggog-aes/gg/hh _po e ru n IS Ve ry Impo an

................................................................................................ : N ; .
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i for which FCC-ee is of little direct help.
But the extraction of h3
M_ || meEe O requires precise knowledge of y:.
° P % 689 L bounds on Kio[%] i 1% yt <> 5% h3

| Precision measurement of y: needs ee

CEPC | 'T“TCUTTTLO 49% (29%)

CEPC

CLIC

50% sensitivity: establish that h3#0 at 95%CL
20% sensitivity: 5o discovery of the SM h3 coupling
5% sensitivity: getting sensitive to quantum corrections to Higgs potential
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Discovery potential beyond LHC
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Discovery Potential Beyond LHC.

Precisely measured EW and Higgs observables are sensitive to heavy New Physics
Examples of improved sensitivity wrt direct reach @ HL-LHC: SUSY
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Discovery Potential Beyond LHC.

Precisely measured EW and Higgs observables are sensitive to heavy New Physics
Examples of improved sensitivity wrt direct reach @ HL-LHC: Composite Higgs

Composite Higgs, 20
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e LLP searches with displaced vertices
e.g. in twin Higgs models glueballs that mix with the Higgs and decay back to b-quarks

Craig et al, arXiv:1501.05310

e Rare decays

Gori et al arXiv:2005.05170

e.g. ALP mixing w/ SM mesons:

K; — na — 1’y (KOTO)
Kt = 7nta— nmtyy (NA62)

o ALPs@ colliders
€.J. efe” —a :

_|_

e e — ha

Knapen, Thamm arXiv:é108.08949
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Search for vrh.

Direct observation 1074
in Z decays
from LH-RH mixing 10-4l |
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Fig. from mid-term report
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Exotics/Long Lived Particles.

" Quantum Gravity?
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"he Higgs could be a good portal to Dark Sector
— rich exotic signatures —

LHC’s strength
Hard at LHC due to
missing energy
Hard at LHC due to
hadronic
background

Lepton colliders’ strength
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https://indico.ihep.ac.cn/event/11444/session/2/contribution/202/material/slides/0.pptx

Exotics/Long Lived Particles.

The Higgs could be a good portal to Dark Sector
— rich exotic signatures —

Z. Liu @ CEPC 2020

95% C.L. upper limit on selected Higgs Exotic Decay BR

(m HL-LHC
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ftl 103
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10_4 1 =H
107°
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How to improve?

> Dedicated detectors, see e.q. talk b
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Energy and carbon footprint.

2 FCC-ee total instantaneous power demand at each centre-of-mass energies
J.-P. Burnet, FCC Week’22

Z W 1T
Beam energy (GeV) 45.6 80 182.5
Magnet current 25% 44% 100%
Power ratio 6% 19% 43% 100%
PRF EL (MW) Storage 146 146 146 146 < Ongoing R&D
PRFb EL (MW) Booster 2 2 2 2
Pcryo (MW) all 1,3 12,6 15,8 47,5
Pcv (MW) all 33 34 36 40.2 Ongoing R&D
PEL magnets (MW) Stroage 6 17 39 89
PEL magnets (MW) Booster 1 3 5 11 @
Experiments (MW) PtA&G 8 8 8 8 Potential energy savings
Data centers (MW) PtA&G 4 4 4 4
General services (MW) 36 36 \ 36 / 36
< Power during beam operation (MW) 237 262 291 38 >

¢ At 240GeV, the instantaneous power of FCC-ee amounts to 291 MW
® Asacomparison, P(ILC,.)=140 MW, P(CLIC g,)=110 MW : less power hungry than FCC-ee?

= Not clear: both produce (2 to 4 times) less Higgs than FCC-ee,,,, with (3 to 6 times) longer running time
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Energy and carbon footprint.

2 Qur first responsibility (as particle physicists) is to do the maximum of science

¢+  With the minimal energy consumption and the minimal environmental impact for our planet
® Should become one of our top-level decision criteria for design, choice and optimization of a collider

2 All Higgs factories have a “similar” physics outcome (ESU’20 and Snowmass’21)
¢ Natural question: what is their energy consumption or carbon footprint for the same physics outcome?

® Circular colliders have a much larger instantaneous luminosity and operate several detectors
® FCC-eeis at CERN, where electricity is already almost carbon-free (and will be even more so in 2048)

Energy consumption (per Higgs) arXiv:2208.10466 Carbon footprint (per Higgs)
17.51 2 |Ps 2 IPs
15.0 1 8 -
c e Energy c_onsumption_/ Higgs with 2IP S 61 Igérg?gefoftgrli_r;g ;—I‘ijggslvll/i(t:h 12:;)
= 10.01 Circular ~ Linear / 5 @
= 7.5- (independgntly of the location § 4- (if opergting today)

or the starting time of the collider)

5.0

2.5

0.0-

O .
CLIC ILC C3 CEPC FCC CLIC ILC C3 CEPC FCC
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Cost of Operation.

The total electrical energy consumption over the fourteen years of the FCC-ee research programme
is estimated to be around 27 TWh [58], corresponding to an average electricity consumption of 1.9
TWh /year over the entire operation programme, to be compared with the 1.2 TWh/year consumed
by CERN today and the expected 1.4 TWh/year for HL-LHC®. At the CERN electricity prices
from 2014/15, the electricity cost for FCC-ee collider operation would be about 85 MEuro per
year. In the HZ running mode, about one million Higgs bosons are expected to be produced in
three years, which sets the price of each FCC-ee Higgs boson at 255 Euros. A similar exercise can
be done for the first stage of CLIC, expected to consume 0.8 TWh/year over 8 years at 380 GeV
to produce about 150,000 Higgs bosons, which sets the price of a CLIC Higgs boson at about 2000
Euros. Finally, with the official ILC operation cost in Japan of 330 MEuro per year |10/, its 11.5 to
18.5 years of operation (Section 5), and the 500,000 Higgs bosons produced in total, the price of an
ILC Higgs boson is between 7,000 and 12,000 Euros, i.e., between 30 and 50 times more expensive
than at FCC-ee. These operation costs are summarized in Table 8.

Table 8: Operation costs of low-energy Higgs factories, expressed in Euros per Higgs boson.

Collider ILC250 CLIngO FCC—66240
Cost (Furos/Higgs) | 7,000 to 12,000 | 2,000 255

FCC-ee, 1906.02693
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https://arxiv.org/pdf/1906.02693.pdf

