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Abstract

This document answers in simple terms many FAQs about FCC-ee, including comparisons

with other colliders. It complements the FCC-ee CDR [1] and the FCC Physics CDR [2] by

addressing many questions from non-experts and clarifying issues raised during the European

Strategy symposium in Granada, with a view to informing discussions in the period between

now and the final endorsement by the CERN Council in 2020 of the European Strategy Group

recommendations. This document will be regularly updated as more questions
1

appear or new

information becomes available.

Figure 1: Baseline FCC tunnel layout with a perimeter of 97.5 km, and optimized placement in the

Geneva basin, showing the main topographical and geological features.

1Send your questions to patrick.janot@cern.ch and alain.blondel@cern.ch
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A good read to start with

This document is 
being updated with 

many new questions 
for the new 

European Strategy 
Update
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Future Circular Collider
• A versatile particle collider housed in a 91km underground ring  

• Implemented in several stages:  
• an e+e- “Higgs/EW/Flavour/top/QCD” factory running at 90-365 GeV  

• followed by a high-energy pp collider reaching 100 TeV

CG - / 383

FCC-ee

FCC-hh
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FCC on a Fast Track
After just over a decade of pioneering work, huge progress has been achieved:  

• The first proposal of a high-luminosity e+e- circular collider to study the Higgs boson was made thirteen years ago 
(December 2011) and submitted to the 2012-13 European Strategy Update [A. Blondel & F. Zimmermann following 
discussions with P. Janot at CERN cafeteria on a bright 2011 summer night speculating on the rumours of a Higgs at  
140 GeV]; 

• The Future Circular Collider collaboration was created ten years ago, towards the conceptual design study of a 100 TeV 
pp collider, with an e+e- Higgs factory as a potential intermediate step; 

• The Conceptual Design Reports of the FCC physics case, and of the FCC-ee and FCC-hh colliders, were published 
five years ago and submitted to the 2018-19 European Strategy Update; 

• The CERN Council updated the European Strategy three years ago, stating that an e+e- Higgs factory would be the 
highest priority next collider, to be followed by a proton-proton collider at the highest achievable energy; 

• Two years ago, the CERN Council consequently initiated and funded a technical and financial feasibility study for 
FCC with focus on an e+e- electroweak and Higgs factory as a first stage, study to be completed by the time of the next 
European Strategy Update; 

• Ten months ago, a 700+ pages mid-term report about the FCC feasibility was submitted to the CERN Council for a 
thorough review, with a conclusion expected at the beginning of 2024.  Very positive feedback from CERN council in 
Feb. 2.
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FCC-hh tunnel is great for FCC-ee.

• 80-100 km is needed to accelerate pp up to 100 TeV 

• 80-100 km is also exactly what is needed 
๏ 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,  
๏ to make TeraZ a useful flavour factory,   
๏ for transverse polarisation to be available all the way to the WW threshold 

(allowing a precise W mass measurement)  
๏ for the top threshold to be reached and exceeded. 
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Precision as a discovery tool.

 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  

(e.g. Rayleigh-Jeans UV catastrophe for QM, unitarity breakdown for the Higgs)  
but precision gave valuable additional clues.  

In any case, experimentalists shouldn’t lean too heavily on theorist priors/prejudices  
(remember discovery of CP violation). 

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

Many historical examples

The FCC project offers unprecedented opportunities on many different fronts. 
No LHC/SSC-like no-lose theorem but a promise of making significant 
steps forward in our understanding of the fundamental laws of Nature.
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FCC feasibility study 
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The launch of the feasibility study.

“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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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. 

• 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. 

• 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. 

• 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. 

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

• Consolidation of the physics case and detector concepts for both colliders. 
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Optimized placement and layout.

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

M. Benedikt @ CERN 13.02.24

USASK SEMINAR

05 MAR 2024

JACQUELINE KEINTZEL

THE FUTURE CIRCULAR E+E- COLLIDER, FCC-EE
6

Future Circular Collider

FCC-ee
Electron-positron collider

FCC-hh
Proton-proton collider

Inspired by LEP-LHC programm

Re-using CERN infrastructure

Compatible lattice designs

~ 2045 - 2060 ~ 2070 - 2090

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 

https://indico.cern.ch/event/1379648/
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• Site investigations in areas with uncertain geological 
conditions:
‣ Optimisation of localisation of drilling locations ongoing with 

site visits since end 2022. 
‣ Alignment with FR and CH on the process for obtaining 

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 

placement in December 2023 and mobilization from 
January 2024 Drilling works on the lake

https://indico.cern.ch/event/1379648/
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Environmental considerations.
• 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

M. Benedikt @ CERN 13.02.24

Accelerated soil 
   transformation   
     with funghi 

https://indico.cern.ch/event/1379648/
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Connections with local infrastructre.
M. Benedikt @ CERN 13.02.24

• Road accesses developed for all 8 surface sites 
‣ Four possible highway connections defined 
‣ Less than 4 km new departmental roads required

• Connections to electrical grid 

‣ 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 

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

https://indico.cern.ch/event/1379648/
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• Tunnel Boring Machines (TBMs) are designed to work almost continuously 
24/7 other than periodic maintenance. Rate of 18m/day in the Molasse     
→ 8 years. 

• 13 shafts 

• 2/2 large/small caverns 

13

Civil engineering 
T. Watson @ Annecy FCC Physics ‘24

T. Watson 29/01/2024 – 7th FCC Physics Workshop 13

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

Tunnel Long Profile
T. Watson 29/01/2024 – 7th FCC Physics Workshop 11

Schematic Layout of the FCC ee Underground 
Works as Baselined for the Mid-term Review.

T. Watson 29/01/2024 – 7th FCC Physics Workshop 15

Main Beam Tunnel
• The tunnel will be excavated using a Tunnel Boring Machine (TBM). A shield machine that enables rock 

cutting and support installation to be carried out either in parallel or sequentially is likely to be used. 

• For excavating through the limestone areas, the TBM will need additional features for probing ahead of the 
TBM and stabilizing the ground in advance of the tunnel face.

Tunnel Boring Machine (TBM)

T. Watson 29/01/2024 – 7th FCC Physics Workshop 21

Large Cavern Complex

large cavern complex

T. Watson 29/01/2024 – 7th FCC Physics Workshop 22

Small Cavern Complex

small cavern complex

T. Watson 29/01/2024 – 7th FCC Physics Workshop

Shafts

17

• Shafts are required during the operational phase to access the machine tunnel and the 
experimental caverns.

• In experiment areas, two shafts are planned, one to access the experiment cavern and the 
second to access the service cavern and the beam tunnel.

Shafts at Experiment Site

shaft @ exp. site

https://indico.cern.ch/event/1307378/
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shaft @ exp. site

A very thigh schedule 2032-2040 to deliver on time!

https://indico.cern.ch/event/1307378/
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FCC feasibility mid-term report.
• 703 pages: 7 chapters (cost and financial feasibility is a separate document) + refs. 

๏ Placement scenario (75 pages) 
๏ Civil engineering (50 pages) 
๏ Implementation with the host states (45 pages) 
๏ Technical infrastructure (110 pages) 
๏ FCC-ee collider design and performance (170 pages) 
๏ FCC-hh accelerator (60 pages) 
๏ (Cost and financial feasibility)  
๏ Physics and experiments (110 pages) 
๏ References (70 pages) 

• Executive summary: 44 pages 
• Reviewed by  

๏ Scientific Advisory Committee and Cost Review Panel on Oct. 16-18 
๏ Scientific Policy Committee and Financial Committee on Nov. 21-22 
๏ CERN Council Feb. 2

confidential documents 
(work in progress) 

available  
to CERN personnel

528 authors
16 editors
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Physics, Experiments, Detectors.
• FCC Feasibility Study PED deliverables for mid-term review 

• Content of the mid-term PED chapter (60 pages were expected → 110 pages delivered)Contents3
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deliverables  
explicitly requested 
from SPC & Council

— Main physics topics covered/discussed in the report — 

1. FCC-ee: much more than a Higgs factory:  

• precision for discovery 

• tera-Z direct discovery potential 

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

3. FCC-ee as a flavour factory 

4. FCC-hh: the broadest exploration potential at high-energy 

5. FCC-ee⬌FCC-hh: complementarity and synergy
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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…”

Feedback.

“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 là aujourd’hui c’est pour témoigner ma confiance aux équipes et notre volonté, notre ambition de conserver  la première 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
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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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(officially endorsed by 
F. Gianotti@P5-BNL)

P. JanotThe way forward.

— 2027  
— 2026

commission

installation

TDR

CDR

EoI

https://indico.bnl.gov/event/18372/contributions/75206/attachments/47011/79716/CERN-plans.pdf
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FCC Feasibility Organisation Chart.

Many opportunities to engage.
Get in touch with the WG conveners!

Links:
○ FCC feasibility study
○ Physics, Experiments and Detectors (PED)

https://fcc.web.cern.ch
https://fcc-ped.web.cern.ch/homepage?page=0
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Physics @ FCC 
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FCC-ee Run Plan.
LEP1 data accumulated in every 2 mn. Exciting & diverse programme with different priorities every few years.

— Superb statistics achieved in only 15 years —  

in each detector:  
105 Z/sec, 104 W/hour,  

1500 Higgs/day, 1500 top/day Table 129 The baseline FCC-ee 16-years programme with four interaction points, showing the centre-of-mass
energies, instantaneous luminosities for each IP, integrated luminosity per year summed over 4 IPs corresponding
to 185 days of physics per year and 75% e�ciency, in the order Z, WW, ZH, tt̄. The luminosity is assumed to be
half the design value for machine commissioning and optimisation during the first two years at the Z pole, the first
two years at the WW threshold, and the first year at the tt̄ threshold. (Should the order of the sequence be
modified to either Z, ZH, WW, t̄t or ZH, WW, Z, tt̄, the ZH stage would start with two years at half the design
luminosity followed by two years at design luminosity, while the WW stage would run afterwards for only one year
but at design luminosity.) The luminosity at the Z pole (the WW threshold) is distributed as follows: 40 ab�1 at
88 GeV, 125 ab�1 at 91.2 GeV, and 40 ab�1 at 94 GeV (5 ab�1 at 157.5 GeV, and 5 ab�1 at 162.5 GeV). The
number of WW events include all

p
s values from 157.5 GeV up.

Working point Z, years 1-2 Z, later WW, years 1-2 WW, later ZH tt̄
p
s (GeV) 88, 91, 94 157, 163 240 340–350 365

Lumi/IP (1034 cm�2s�1) 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⇥ 106 ZH 1.9⇥ 106 tt̄
Number of events 6⇥ 1012 Z 2.4⇥ 108 WW + +330kZH

45k WW ! H +80kWW ! H

526

(order of the different stages still subject to discussion/optimisation)
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Fig. to be updated: new optics design (May 2024) gives 50% more lumi @ 240 GeV. 
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FCC-ee Physics Programme.

FCC-ee
•Axion-like	par/cles,	dark	photons,		
Heavy	Neutral	Leptons	 
•	long	life/mes	-	LLPs	

direct searches  
of light new physics

"

flavour factory 
(1012 bb/cc; 1.7x1011 !!) 

! physics

•!-based EWPOs  
•lept. univ. violation tests 

B physics
•Flavour EWPOs (Rb, AFBb,c)  
•CKM matrix,  
•CP violation in neutral B mesons 
•Flavour anomalies in, e.g., b ➝ s!! 

"intensity  
frontier”

1

Higgs
mHiggs, ΓHiggs 

Higgs couplings 
self-coupling

2

mtop, Γtop 
EW top couplings

Top 3

detector req.

detector hermeticity 
tracking, calorimetry

particle flow 
energy resol. 

particle ID

momentum resol. 
tracker

vertexing, tagging 
energy resolution 

hadron identification

EW & QCD

•αS(mZ) with per-mil accuracy 
•Quark and gluon fragmentation  
•Clean non-perturbative QCD studies 

•mZ, ΓZ, N" 
•Rl, AFB  
•mW, ΓW
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(1012 bb/cc; 1.7x1011 !!) 
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B physics
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energy resol. 

particle ID

momentum resol. 
tracker

vertexing, tagging 
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EW & QCD

•αS(mZ) with per-mil accuracy 
•Quark and gluon fragmentation  
•Clean non-perturbative QCD studies 

•mZ, ΓZ, N" 
•Rl, AFB  
•mW, ΓW

• A depth of interconnections between all FCC-ee 
runs, as pertains to exploring new physics, is 
emerging.  

• FCC-ee is not a re-run of LEP.

[M.McCullough at MIT FCC-US workshop, March ’24]
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Collider Programme (and beyond).

• Opportunities beyond the baseline plan (√s below Z, 125GeV, 217GeV; larger integrated lumi…) 
• Opportunities to exploit FCC facility differently (to be studied more carefully):

๏ using the electrons from the injectors for beam-dump experiments, 
๏ extracting electron beams from the booster, 
๏ reusing the synchrotron radiation photons.
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FCC-LS: Powerful light source for very hard X-rays

The peak and average brilliance can be 
roughly 1000 times higher than at the 
proposed future storage ring light source 
PETRA IV in the very hard X ray regime, 
and coherent wavelengths down by a 
factor 100, opening up new areas of 
science.

4Photon Science:  FCC-LS – Parameter comparison

Parameters for the FCC-ee 
booster as light source (FCC-

LS), compared with the 
European XFEL [1,2] and the 

proposed PETRA IV facility [3]. 
At present, the European XFEL 
cannot reach photon energies 

above 30 keV.

4Photon Science:  FCC-LS – Parameter comparison

Parameters for the FCC-ee 
booster as light source (FCC-

LS), compared with the 
European XFEL [1,2] and the 

proposed PETRA IV facility [3]. 
At present, the European XFEL 
cannot reach photon energies 

above 30 keV.
ul/mate	photon	source	at	~100	keV	energies	
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FCC-ee: strong field QED 9Non-perturbative QED Experiments – boiling the QED vacuum 

The FCC-ee injector complex can generate high rates of high-energy photons either by sending bunches
from the linac against a target via bremsstrahlung, as in the proposed LUXE experiment [5], or, via laser
Compton backscattering off bunches in the booster. These high-energy photons are then collided with low
energy photons from a laser and pairs of electrons and positrons are created via the Schwinger process.
The intensity of the laser is varied, e.g., between 5 × 1018 W/cm2 and 1 × 1020 W/cm2 (parameters from
LUXE) and the rate of electron/positron pairs is measured as function of this intensity, The rate should be
proportional to E2 e (−ES/E) where E is the electric field of the laser.

LUXE [5] FCC-ee linac FCC-ee booster
Beam energy [GeV] 14 (17) 20 20 or 45.6
Conversion bremsstrahlung bremsstrahlung laser Compton (See Table 2)
Bunch charge [nC] 0.25 (1) 3 3 (only fraction converted to g)
Number of bunches 1 2 or 4 up to 16,000
Repetition rate [Hz] 1 (10) 200 3,000
Rms spot size [mm] 5 3 (1 cm b) 30

Comparison of FCC-ee QED explorer configurations and the European XFEL’s LUXE proposal.
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FCC-ee: Explore & Discover.
PED @ CERN-SPC 2022

• EXPLORE INDIRECTLY the 10-100 TeV energy scale with precision measurements 
๏ From the correlated properties of the Z , b, c, !, W, Higgs, and top particles 
‣ *At least* to 20-50-fold improved precision on ALL electroweak observables (EWPO) 

→ mZ , mW , mtop , ΓZ , sin2 #weff, Rb , $QED(mZ), $s(mZ mW mt), top EW couplings … 

‣ Up to 10 × 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 

• DISCOVER that the Standard Model does not fit 
๏ New Physics! → Pattern of deviations may point to the source.  

• DISCOVER a violation of flavour conservation / universality  
๏ Z→!% in 5x1012 Z decays; !→%"/e" in 2×1011 ! decays; B0→K*0!+!- or BS→!+!- in 1012 bb evts 

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

• DISCOVER DIRECTLY elusive (aka feebly-coupled) particles  
๏ in the 5-100 GeV mass range, such as right-handed neutrinos, dark photons, light Higgs-like 

scalars, dilaton, ALPs, relaxions…

https://indico.cern.ch/event/1223855/#day-2022-12-13
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FCC-ee: Explore & Discover.
• ALPs@ colliders 

e.g.  
e+e� ! ha

Christophe Grojean Future Physics CHIPP, Jan. 23-24, 2019!86
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Cross-section ~ 1/s

• ALP decay into photons

Associated production
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• ALP decay into photons
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• ALP decay into photons

Patrick Janot 

Direct	discoveries	(cont’d)	
q  Discover	the	dark	sector	

◆  A	very-weakly-coupled	window	to	the	dark	sector	is	through	light	“Axion-Like	
Particles”	(ALPs)	

➨  γ	+	EMISS	for	very	light	a	
➨  γγ	for	light	a
➨  γγγ		for	heavier	a	

●  Orders	of	magnitude	of	parameter	space	accessible	at	FCC-ee	

CERN, 7-11 Jan 2019 
FCC-ee workshop: Theory and Experiment 
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• ALP decay into leptons

Material from A. Thamm

Christophe Grojean Future Physics CHIPP, Jan. 23-24, 2019!86

Axion Like Particles

Associated production

Andrea Thamm

• ALP associated production with a H
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Cross-section ~ 1/s

• ALP decay into photons

Associated production

Andrea Thamm

• ALP associated production with a H

e+
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• ALP decay into photons

Associated production

Andrea Thamm

• ALP associated production with a photon or Z

e+

e−

Z
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• ALP decay into photons

Patrick Janot 

Direct	discoveries	(cont’d)	
q  Discover	the	dark	sector	

◆  A	very-weakly-coupled	window	to	the	dark	sector	is	through	light	“Axion-Like	
Particles”	(ALPs)	

➨  γ	+	EMISS	for	very	light	a	
➨  γγ	for	light	a
➨  γγγ		for	heavier	a	

●  Orders	of	magnitude	of	parameter	space	accessible	at	FCC-ee	

CERN, 7-11 Jan 2019 
FCC-ee workshop: Theory and Experiment 

19 

1712.07237	

Associated production

Andrea Thamm

• ALP associated production with a H
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• ALP decay into leptons

Material from A. Thamm

Knapen, Thamm  arXiv:2108.08949

e+e� ! �a

Astro/Cosmo → long-lived ALPs 
colliders → short-lived ALPs MeV+

Simon Knapen, Andrea Thamm: Direct discovery of new light states at the FCCee 3

Z

e
+

e
�

�/Z

a

�

e
+

e
�

�/Z

a

Fig. 2. Tree-level Feynman diagram for the production of an axion in association with a photon or Z-boson.
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���

�

��-�

��-�
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���

�

��-�

��-�

Fig. 3. Projected sensitivity of the FCCee (in purple) in the process e+e� ! �a on the ALP-photon coupling (left) and the
ALP-lepton coupling (right). Existing bounds on the parameter space are shown in grey. Reproduced from [19] with permission
of the authors.

with gs, e the strong and electromagnetic couplings respectively. ✓w is the Weinberg angle and ⇤ is proportional to
the axion decay constant fa. cff , cGG, cWW , c�� , c�Z and cZZ are model dependent parameters.

Explicit models relate these parameters to each other in model-specific ways and reduce the number of free pa-
rameters. One hereby generally expects the couplings to gauge bosons to be loop suppressed and of the same order,
such that the gluon couplings dominate since gs � e. However this does not imply that a hadron collider is always the
most sensitive machine: For ma . 100 GeV, the QCD backgrounds at e.g. the LHC are often simply too large, and the
discovery mode could very well be through the electroweak couplings at the FCCee. Moreover, there exist models for
which cGG ⌧ cWW , c�� , c�Z , cZZ [17], and for which a high energy lepton collider is the only viable probe. Specifically
at the FCCee, ALPs can be produced either in exotic Z decays (left panel of Fig. 2) or in association with a photon
or a Z-boson via an intermediate photon (right panel of Fig. 2). The FCCee is expected to produce an unprecedented
number of 1012

Z-bosons during its run at the Z-pole,
p

s = mZ , which will let us search for extraordinarily small
branching fractions for Z ! a� decays. Once produced, the presence of an ALP can lead to di↵erent signatures inside
the detector. ALPs can either be long-lived and travel through the detector unscathed or they can decay further into
leptons, quarks or gauge bosons. Depending on their lifetime, ALPs may decay promptly at the interaction point or
after they have travelled a certain distance inside the detector leading to a plethora of di↵erent signatures.

The processes e
+
e
�

! Za ! Z�� and e
+
e
�

! �a ! 3� [18, 19], where the latter includes the production and
decay of an on-shell Z-boson at the Z-pole, depend on the couplings c�� , c�Z , cZZ , all of which can be related to each
other in more concrete models. However, at the FCCee it is even possible to access c�� and c�Z separately. The run
at the Z-pole enhances the contribution of c�Z to the process e

+
e
�

! �a with respect to c�� and thus c�Z can be
accessed at the Z-pole run while c�� can be measured at runs with a higher center-of-mass energy. Fig. 3 shows the
parameter space that can be explored by the FCCee. Masses between hundreds of MeV and hundreds of GeV can be
probed and the FCCee can push to very small values of c�� .

The FCC also has great potential to probe the axion coupling to leptons, c``, which can be present in DFSZ
type models. Interestingly, the dominant production mode at the FCCee is still in association with a photon or Z-
boson where the ALP now couples to photons via a lepton loop. The ALP then decays to the heaviest lepton that is
kinematically accessible. We show the expected sensitivity of the FCCee on the ALP mass and its coupling to leptons
in the right panel of Fig. 3.

In addition to direct measurements, the FCCee can probe electroweak precision observables and the electromagnetic
coupling constant with unprecedented precision leading to further stringent constraints on c�� and c�Z .

ALP coupling to photons ALP coupling to electrons

• Search for !RH.  

Direct observation 
in Z decays    

 from LH-RH mixing  

02.07.2021 Alain Blondel  FCC PE&D; Summary 36

Physics Highlights

Rebeca Gonzalez Suarez:  LLP at FCC-ee
(possibility of direct discovery HNL, ALPs)

Fig. from mid-term report

mixing active-sterile neutrinos

https://inspirehep.net/literature/1908207
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FCC-ee: the ultimate e+e- Higgs laboratory 

Central goal of FCC-ee:  model-independent measurement of Higgs width and 
couplings with (<)% precision.   Achieved through operation at two energy points.

Sensitivity to both processes very helpful in improving precision on couplings.

5 ab-1 at 240 GeV
106 HZ events
��N�::ĺ+�HYHQWV

1.5 ab-1 at 365 GeV
200k HZ events
��N�::ĺ+�HYHQWV

Complementarity with 365GeV on top of 240GeV

Higgs @ FCC-ee.

7.2 ab-1 @ 240GeV 
1.5x106 HZ evts 
45k WW→H evts

2.7 ab-1 @ 365 GeV 
330k HZ evts 
80k WW→H evts

(plot in bonus)�/W /b/g,c/�improvement factor: ∞/3/2/1.5/1.2 on 

new optics design 
(May 2024) 

gives 
50% more lumi 

@ 240 GeV 
⇒ 2.5x106 HZ evts
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Higgs @ FCC-ee.

the FCC CDR [9, 416], but has been studied afterwards [453, 454]. The conclusions
reached are summarised, and further recent explorations performed are presented.

Table 131 Expected 68%CL relative precision (%) of the 
parameters at HL-LHC and FCC-ee (combined with HL-LHC).
The corresponding 95%CL upper limits on the untagged,
BRunt, and invisible, BRinv, branching ratios are also given.
As denoted with an asterisk (⇤), for the HL-LHC numbers, a
bound on |V |  1 is applied since no direct access to the Higgs
width is possible at hadron colliders. This restriction is lifted in
the combination with FCC-ee (or other lepton colliders), since
the latter ones provide the necessary access to the Higgs width.
Cases in which a particular parameter has been fixed to the
SM value due to lack of sensitivity are shown with a dash (�).
Results from Ref. [452], updated with the 4-IPs scenario.

Coupling HL-LHC FCC-ee (240–365GeV)
2 IPs / 4 IPs

W [%] 1.5⇤ 0.43 / 0.33
Z [%] 1.3⇤ 0.17 / 0.14
g [%] 2⇤ 0.90 / 0.77
� [%] 1.6⇤ 1.3 / 1.2
Z� [%] 10⇤ 10 / 10
c [%] – 1.3 / 1.1
t [%] 3.2⇤ 3.1 / 3.1
b [%] 2.5⇤ 0.64 / 0.56
µ [%] 4.4⇤ 3.9 / 3.7
⌧ [%] 1.6⇤ 0.66 / 0.55

BRinv (<%, 95% CL) 1.9⇤ 0.20 / 0.15
BRunt (<%, 95% CL) 4⇤ 1.0 / 0.88

The interpretation of current Higgs-boson measurements at the LHC was so far
not hindered by the finite precision of the electroweak measurements realised at LEP
and SLC. With the FCC-ee targeting almost an order-of-magnitude increase in the
precision of Higgs properties in the main channels, the current (experimental and
theoretical) precision on electroweak quantities will become a limitation. The Z-pole
run of the FCC-ee is instrumental in avoiding contamination from electroweak coupling
uncertainties in the Higgs characterisation. If the electroweak symmetry is linearly
realised on the Standard Model (SM) fields, the interplay between the Higgs and
electroweak sectors is even deeper. Indeed, diboson e+e� ! W+W� production is
then sensitive to some of the same new-physics e↵ects as Higgs production and decay
processes, making both types of measurements complementary.

The SMEFT framework truncated to operators of dimension six is adopted. It
assumes that new physics arises at a scale ⇤, significantly above the electroweak one,
below which the particles and symmetries are the SM ones, with the Higgs embedded
in a SU(2)L doublet. The current status of the global SMEFT fit is shown in Fig. 348.
It projects the results of the fit to the di↵erent dimension-six operators entering at
leading order in electroweak (including anomalous triple gauge couplings, aTGCs, and
boson-fermion couplings, V↵) and Higgs processes onto the sensitivity to new-physics

537

Table from mid-term report 
(new luminosity at 240GeV will further improve 

the coupling reach, e.g. 0.11% for &Z)

X =
ghXX

gSMhXX

Higgs coupling sensitivity

— Higgs programme needs Z-pole —

Figure 12: Changes in correlations between couplings depending on the precision of EW
measurements assumed. The top row is for CEPC and the bottom two rows are for FCC-ee.
HL-LHC projections are included for all scenarios.

and FCC-ee .
The change in the correlations from one EW scenario to another for both CEPC and

FCC-ee can also be seen from figure 12. For both the colliders at 240 GeV, meshes of
significant correlations can be identified between the Higgs and the EW sectors. With the
inclusion of the Z-pole these two sectors get decoupled. While we see from table 1 that the
assumption of perfect EW measurements and the case for the inclusion of a Z-pole run give
numerically similar bounds for both the colliders, from figure 12 we see that the correlation
maps are di�erent. It can then be understand from these variations of the correlation map
why ”Ÿ“ is still a�ected by the EW assumptions made even after the inclusion of EW
measurements from a Z-pole run at the lepton colliders since the bound on it is diluted by

– 32 –
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significant correlations can be identified between the Higgs and the EW sectors. With the
inclusion of the Z-pole these two sectors get decoupled. While we see from table 1 that the
assumption of perfect EW measurements and the case for the inclusion of a Z-pole run give
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J. De Blas et al. 1907.04311

• Absolute normalisation of couplings (by recoil 
method). The LHC fit doesn’t converge w/o making any assumption. 

• Measurement of width (from ZH>ZZZ* and WW>H) 

•   
• Model-independent coupling determination and 

improvement factor up to 10 compared to LHC 
• (Indirect) sensitivity to new physics                        

up to 70 TeV (for maximally strongly coupled models) 

• Unique access to electron Yukawa 
(�X = v2/f2 & mNP = gNPf)

��H ⇠ 1%, �mH ⇠ 3MeV (resp. 25%, 30 MeV @ HL-LHC)

https://arxiv.org/abs/1907.04311
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Higgs @ FCC-hh.

32

Single Higgs production @FCC-hh
σ(13 TeV) σ(100 TeV) σ(100)/σ(13)

ggH (N3LO) 49 pb 803 pb 16

VBF (N2LO) 3.8 pb 69 pb 16

VH (N2LO) 2.3 pb 27 pb 11

ttH (N2LO) 0.5 pb 34 pb 55

Large statistics in various Higgs decay modes allow:

• for % - level precision in statistically limited rare channels (μμ, Zɣ)
• in systematics limited channels, to isolate cleaner samples in regions (e.g. @large Higgs pT) with :

• higher S/B
• smaller (relative) impact of systematic uncertainties 

1/100 1/10 Factor:

reduction in stat. unc.

30

Higgs at large pT

• Huge rates at large pT :

• > 106 Higgs produced with pT > 1 TeV
• Higher probability to produce large pT  Higgs from ttH/

VBF/VH at large
• Even rare decay modes can be accessed at large pT

  
• Opportunity to measure the Higgs in a new dynamical 

regime 

• Higgs pT spectrum highly sensitive to new physics. 

        

ΔR = 0.1

• highly granular sub-detectors:

• Tracker - pixel:10 μm @ 2cm → σηxφ ≈  5 mrad
• Calorimeters:  2 cm @  2m  → σηxφ ≈  10 mrad

•  good energy/pT resolution at large pT:

•     σp / p = 2% @ 1 TeV

• Large rate (> 1010H, > 107 HH) 
• unique sensitivity to rare decays 
• few % sensitivity to self-coupling 

• Explore extreme phase space:  
• e.g. 106 H w/ pT>1 TeV 
• clean samples with high S/B 
• small systematics 

ggH (N3LO) VBF (N2LO) WH (N2LO) ZH (N2LO) tt̄H (N2LO) HH (NLO)
N100 24⇥ 109 2.1⇥ 109 4.6⇥ 108 3.3⇥ 108 9.6⇥ 108 3.6⇥ 107

N100/N14 180 170 100 110 530 390

(N100=�100TeV ⇥ 30 ab�1 & N14 =�14TeV ⇥ 3 ab�1)
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EW Precision  
Measurements  

at FCC-ee 

Table 130 Experimental (statistical and systematic) precision of a selection of measurements
accessible at FCC-ee, compared with the present world-average precision. The FCC-ee
experimental systematic errors (fourth column) are initial estimates from early 2021 [430], and aim
at being improved down to statistical uncertainties (third column) with new ideas and innovative
methods. This set of measurements, together with those of the Higgs boson properties, achieves
indirect sensitivity to new physics up to a scale ⇤ of 70TeV in an E↵ective Field Theory (EFT)
description with dimension-6 operators (Section 8.2), and possibly much higher in specific new
physics (non-decoupling) models.

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

mZ (keV) 91186700 ± 2200 4 100 From Z line shape scan
Beam energy calibration

�Z (keV) 2495200 ± 2300 4 25 From Z line shape scan
Beam energy calibration

sin2
✓
eff
W (⇥106) 231480 ± 160 2 2.4 From Aµµ

FB at Z peak
Beam energy calibration

1/↵QED(m2
Z)(⇥103) 128952 ± 14 3 small From Aµµ

FB o↵ peak
QED&EW errors dominate

RZ
` (⇥103) 20767 ± 25 0.06 0.2-1 Ratio of hadrons to leptons

Acceptance for leptons

↵s(m
2
Z) (⇥104) 1196 ± 30 0.1 0.4-1.6 From RZ

`

�
0
had (⇥103) (nb) 41541 ± 37 0.1 4 Peak hadronic cross-section

Luminosity measurement

N⌫(⇥103) 2996 ± 7 0.005 1 Z peak cross-sections
Luminosity measurement

Rb (⇥106) 216290 ± 660 0.3 < 60 Ratio of bb̄ to hadrons
Stat. extrapol. from SLD

Ab
FB, 0 (⇥104) 992 ± 16 0.02 1-3 b-quark asymmetry at Z pole

From jet charge

Apol,⌧
FB (⇥104) 1498 ± 49 0.15 <2 ⌧ polarization asymmetry

⌧ decay physics

⌧ lifetime (fs) 290.3 ± 0.5 0.001 0.04 Radial alignment

⌧ mass (MeV) 1776.86 ± 0.12 0.004 0.04 Momentum scale

⌧ leptonic (µ⌫µ⌫⌧ ) B.R. (%) 17.38 ± 0.04 0.0001 0.003 e/µ/hadron separation

mW (MeV) 80350 ± 15 0.25 0.3 From WW threshold scan
Beam energy calibration

�W (MeV) 2085 ± 42 1.2 0.3 From WW threshold scan
Beam energy calibration

↵s(m
2
W)(⇥104) 1010 ± 270 3 small From RW

`

N⌫(⇥103) 2920 ± 50 0.8 small Ratio of invis. to leptonic
in radiative Z returns

mtop (MeV) 172740 ± 500 17 small From tt̄ threshold scan
QCD errors dominate

�top (MeV) 1410 ± 190 45 small From tt̄ threshold scan
QCD errors dominate

�top/�
SM
top 1.2 ± 0.3 0.10 small From tt̄ threshold scan

QCD errors dominate

ttZ couplings ± 30% 0.5 – 1.5 % small From
p

s = 365GeV run

529

Table from mid-term report

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/' thus

goes down with luminosity).
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Example of EW measurements @ Tera Z

8

relative ĮQED uncertainty with 80 ab-1

Why 4 years and ~150 ab-1 at & around the Z pole ?

Excellent experimental control of off-peak di-muon 
asymmetry motivates campaign to collect 50-80 ab-1

off peak to gain highest sensitivity to Z-Ȗ interference  

Allows for clean determination of ĮQED(mZ
2), which 

is a critical input for mW closure tests (see later).

Goal: measure 1/ĮQED(mZ
2) to +/- 0.003.

This dependence, & location of 
half-integer spin tunes, guides the choice 

of off-peak energies: 87.8 & 93.9 GeV. 
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Accessing SM input parameters
   QED(mZ)!    QCD(mZ)!

Patrick Janot 

The*FCC4ee*potential*for*αQED(mZ)**
!  Is*the*large*luminosity*of*FCC4ee*sufficient*to*improve*?**

*

◆  Could*use*the*FCC4ee*to*measure*σ(e+e-→*µ+µ-)*and*AFB
µµ at*(a)*judicious*√s*

●  The*γ*exchange*term*is*proportional*to*α2
QED(√s)****

●  The*Z*exchange*term*is*proportional*to*G2
F,*hence*independent*of*αQED**

●  The*γZ*interference*is*proportional*to*αQED(√s)*×*GF*

➨  The*run*at*the*Z*pole*is*of*course*not*well*suited*to*the*αQED(mZ)*measurement*

*
◆  If*the*chosen*√s*is*close*to*mZ*(say,*between*50*and*150*GeV)*

●  The*extrapolation*to*mZ*is*not*affected*by*e+e-*resonances*at*small*energies*

➨  The*theoretical*uncertainty*from*the*limited*running*becomes*negligible*

29 June 2015 
FCC-ee physics meeting 
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γ, Ζ See for example: 
•  Leike, Riemann, hep-ph/9508390 
•  L. Berthier, M. Trott, arXiV:1502.0257 
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!  Combination*of*cross*section*(µµ)*and*AFB*(µµ*and*ττ),*in*a*year*(CW,*4IPs)*

◆  Get*to*2×1045at*√s*≤*70*GeV*(cross*section)*and*88*/*95*GeV*(forward4backward*asym.)*
●  Also*with*cross*section*at*125*GeV*(5×1045),*160*GeV*(8×1045)*or*240*GeV*(1.2×1044)*

Summary*(1)*

29 June 2015 
FCC-ee physics meeting 
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One%crabbed:waist%year%
Four%IP’s%

Janot ’15

LEP measurements with 
(1) new N3LO results
(2) improved mtop

(3) mHiggs

stat. limited

TLEP statistics

Dam @ EPS’15
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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 √s precision (100keV@Z, 300keV@WW) reduces beam uncertainties  (EPOL) 

~50 times better precision than LEP/LSD on EW precision observables 
(stat. improvement alone is a factor 300-2’000 and innovative analyses/improved detectors can bring syst. down too)  

33

Table 133 A few sample precision quantities of interest for the FCC-ee programme, their current
and projected experimental uncertainties, and the required theory input for their extraction from
the data. The last two columns show the current state of the art for calculations of this theory
input, and needed higher-order calculations to reach the FCC-ee precision target. See Ref. [435] for
more details.

Quantity Current
precision

FCC-ee stat.
(syst.) precision

Required
theory input

Available calc.
in 2019

Needed theory
improvement†

mZ 2.1MeV 0.004 (0.1)MeV non-resonant
e+e� ! f f̄,
initial-state
radiation (ISR)

NLO,
ISR logarithms
up to 6th order

NNLO for
e+e� ! f f̄�Z 2.3MeV 0.004 (0.025)MeV

sin2 ✓`e↵ 1.6⇥10�4 2(2.4)⇥ 10�6

mW 12MeV 0.25 (0.3)MeV lineshape of
e+e� ! WW
near threshold

NLO (ee ! 4f
or EFT frame-
work)

NNLO for
ee ! WW,
W ! ↵ in
EFT setup

HZZ
coupling

— 0.2% cross-sect. for
e+e� ! ZH

NLO + NNLO
QCD

NNLO
electroweak

mtop 100MeV 17MeV threshold scan
e+e� ! tt̄

N3LO QCD,
NNLO EW,
resummations
up to NNLL

Matching fixed
orders with
resummations,
merging with
MC, ↵s (input)

†The listed needed theory calculations constitute a minimum baseline; additional partial higher-order
contributions may also be required.

Table 134 Required theory calculations for the prediction of the
listed precision quantities within the SM. These predictions are
needed for comparison with the quantities extracted from data (see
table 133), for the purpose of testing the validity of the SM and
probing BSM physics. See Ref. [435] for more details.

Quantity Required
theory input

Available calc.
in 2019

Needed theory
improvement‡

�Z vertex
corrections for
Z ! f f̄

NNLO +
partial higher
orders

N3LO EW +
partial higher
orders

sin2 ✓`e↵

mW SM corrections
to the muon
decay rate

NNLO +
partial higher
orders

N3LO EW +
partial higher
orders

‡ The listed needed theory calculations constitute a minimum baseline;
additional partial higher-order contributions may also be required.

b ! c [545] and the three-loop QED corrections to muon decay [545, 546] were cal-
culated in the Fermi approximation. This third-order correction to the muon and the
heavy quark decay rates calculated in [545] is a milestone in perturbative calculations
and important step towards precision FCC-ee calculations. Particularly, ↵3 QED con-
tribution translates to a shift of the muon lifetime (�9± 1)⇥ 10�8 µs, to be compared
to the current experimental value which is given by ⌧µ = 2.1969811 ± 0.0000022 µs.

564

Indirect sensitivity 
to 70TeV-scale sector  

connected to EW/Higgs 

Patrick Janot

2-σ region
(EWPO: stat. unc. only)

HL-LHC
HL + CLIC380
HL + ILC250
HL + FCCee

-0.10 -0.05 0.00 0.05 0.10

-0.10

-0.05

0.00

0.05

0.10

T

S

A couple physics plots from FCC France
q Fit to S and T parameters (representing loop corrections to the Z andW propagators)

u From Jorge de Blas, with only statistical and parametric uncertainties

l The true potential of FCC-ee is one order of magnitude better
è Next step: Devise experimental and theoretical methods to match statistics !

21 Nov. 2019
FCC-ee physics coordination meeting

10

w/ stat. and param. only

(For the impact of the theory uncertainties on the EW fit, see bonus slides)
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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 √s precision (100keV@Z, 300keV@WW) reduces beam uncertainties  (EPOL) 
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Table 133 A few sample precision quantities of interest for the FCC-ee programme, their current
and projected experimental uncertainties, and the required theory input for their extraction from
the data. The last two columns show the current state of the art for calculations of this theory
input, and needed higher-order calculations to reach the FCC-ee precision target. See Ref. [435] for
more details.

Quantity Current
precision

FCC-ee stat.
(syst.) precision

Required
theory input

Available calc.
in 2019

Needed theory
improvement†
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Table 134 Required theory calculations for the prediction of the
listed precision quantities within the SM. These predictions are
needed for comparison with the quantities extracted from data (see
table 133), for the purpose of testing the validity of the SM and
probing BSM physics. See Ref. [435] for more details.

Quantity Required
theory input

Available calc.
in 2019

Needed theory
improvement‡

�Z vertex
corrections for
Z ! f f̄

NNLO +
partial higher
orders

N3LO EW +
partial higher
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sin2 ✓`e↵

mW SM corrections
to the muon
decay rate

NNLO +
partial higher
orders

N3LO EW +
partial higher
orders

‡ The listed needed theory calculations constitute a minimum baseline;
additional partial higher-order contributions may also be required.

b ! c [545] and the three-loop QED corrections to muon decay [545, 546] were cal-
culated in the Fermi approximation. This third-order correction to the muon and the
heavy quark decay rates calculated in [545] is a milestone in perturbative calculations
and important step towards precision FCC-ee calculations. Particularly, ↵3 QED con-
tribution translates to a shift of the muon lifetime (�9± 1)⇥ 10�8 µs, to be compared
to the current experimental value which is given by ⌧µ = 2.1969811 ± 0.0000022 µs.

564

Indirect sensitivity 
to 70TeV-scale sector  

connected to EW/Higgs 

Need TH results to fully exploit Tera-Z
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https://arxiv.org/abs/2106.13885
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New Physics Reach @ Z-pole.

34

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

Vectors

Name S S1 S2 ' ⌅ ⌅1 ⇥1 ⇥3

Irrep (1, 1)0 (1, 1)1 (1, 1)2 (1, 2) 1
2

(1, 3)0 (1, 3)1 (1, 4) 1
2

(1, 4) 3
2

Name !1 !2 !4 ⇧1 ⇧7 ⇣

Irrep (3, 1)� 1
3

(3, 1) 2
3

(3, 1)� 4
3

(3, 2) 1
6

(3, 2) 7
6

(3, 3)� 1
3

Name ⌦1 ⌦2 ⌦4 ⌥ �

Irrep (6, 1) 1
3

(6, 1)� 2
3

(6, 1) 4
3

(6, 3) 1
3

(8, 2) 1
2

Table 1. New scalar bosons contributing to the dimension-six SMEFT at tree level.

Name N E �1 �3 ⌃ ⌃1

Irrep (1, 1)0 (1, 1)�1 (1, 2)� 1
2

(1, 2)� 3
2

(1, 3)0 (1, 3)�1

Name U D Q1 Q5 Q7 T1 T2

Irrep (3, 1) 2
3

(3, 1)� 1
3

(3, 2) 1
6

(3, 2)� 5
6

(3, 2) 7
6

(3, 3)� 1
3

(3, 3) 2
3

Table 2. New vector-like fermions contributing to the dimension-six SMEFT at tree level.
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Scalars Fermions

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

They are not all affecting EW observables at tree-level. 

https://arxiv.org/abs/1711.10391
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New Physics Reach @ Z-pole.

34

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

Scalars Fermions

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

Tree-level matching and running from 1 TeV to Z mass. 
W- and Z-pole observables only (no Higgs, no LEP-2 like observables) 

Vectors

https://arxiv.org/abs/2408.03992
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Flavours		:	B	anomalies,	τ	physics,	…	
q  Lepton	flavour	universality	is	challenged	in	b	�	s	!+!�		transitions	@	LHCb	

◆  This	effect,	if	real,	could	be	enhanced	for		!	=	τ,	in	B→	K(*)	τ+τ- 	
●  Extremely	challenging	in	hadron	colliders	
●  With	1012	Z	→	bb,	FCC-ee	is	beyond	any	foreseeable	competition	

➨  Decay	can	be	fully	reconstructed;	full	angular	analysis	possible	

	

q  Not	mentioning	lepton-flavour-violating	decays		
◆  BR(Z	→	eτ,	µτ)	down	to	10-9	(improved	by	104)	

◆  BR(τ	→	µγ, µµµ)	down	to	a	few	10-10	
◆  	τ lifetime	vs	BR(τ	→	eνeντ,µνµντ)	:	lepton	universality	tests	

CERN, 7-11 Jan 2019 
FCC-ee workshop: Theory and Experiment 

20 

B0→ K* (892) τ+τ�  

~SM 

- Also	100,000	BS → τ+τ� @	FCC-ee	
Reconstruction	efficiency	under	study 

J.F.	Kamenik	et	al.	
arXiv:1705.11106	

Talk from A. Bondar 
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S. Monteil Flavours @ FCC6

1. Anticipated landscape of Flavours - at start of FCC

Decay mode/Experiment Belle II (50/ab) LHCb Run I LHCb Upgr. (50/fb) FCC-ee

EW/H penguins

B
0 ! K

⇤
(892)e

+
e
� ⇠ 2000 ⇠ 150 ⇠ 5000 ⇠ 200000

B(B0 ! K
⇤
(892)⌧

+
⌧
�
) ⇠ 10 – – ⇠ 1000

Bs ! µ
+
µ
�

n/a ⇠ 15 ⇠ 500 ⇠ 800

B
0 ! µ

+
µ
� ⇠ 5 – ⇠ 50 ⇠ 100

B(Bs ! ⌧
+
⌧
�
)

Leptonic decays

B
+ ! µ

+
⌫mu 5% – – 3%

B
+ ! ⌧

+
⌫tau 7% – – 2%

B
+
c ! ⌧

+
⌫tau n/a – – 5%

CP / hadronic decays

B
0 ! J/ KS (�sin(2�d)) ⇠ 2. ⇤ 106 (0.008) 41500 (0.04) ⇠ 0.8 · 106 (0.01) ⇠ 35 · 106 (0.006)

Bs ! D
±
s K

⌥
n/a 6000 ⇠ 200000 ⇠ 30 · 106

Bs(B
0
) ! J/ � (��s rad) n/a 96000 (0.049) ⇠ 2.10

6
(0.008) 16 · 106 (0.003)

•�The Belle II and LHCb experiments are complementary in their Physics reach. Belle II 
will mostly dominate the CP eigenstates measurements w/ B-mesons, LHCb’s realm will 
be on fully charged final states for all b-hadron species.  The FCC-ee experiments will 
compete favourably everywhere.
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Makes possible  
a topological rec.  

of the decays  
w/ miss. energy 

out of reach  
at LHCb/Belle

boosted b’s/!’s 
at FCC-ee

Flavours @ FCC

A- Particle production at the Z pole: 

• About 15 times the nominal Belle II anticipated statistics for B0 and B+.
• All species of b-hadrons are produced. 
• Expect ~4.109  Bc-mesons assuming 

   

7S. Monteil

2) FCC-ee ABCD specifics for Flavour Physics.

Working point Lumi. / IP [1034 cm�2.s�1] Total lumi. (2 IPs) Run time Physics goal

Z first phase 100 26 ab�1 /year 2
Z second phase 200 52 ab�1 /year 2 150 ab�1

fBc/(fBu + fBd) ⇠ 3.7 · 10�3

Particle production (109) B0 / B
0

B+ / B� B0
s / B

0
s ⇤b / ⇤b cc ⌧�/⌧+

Belle II 27.5 27.5 n/a n/a 65 45
FCC-ee 300 300 80 80 600 150

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

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

FCC-ee  
= 

 10 x Belle II  

https://indico.cern.ch/event/1186057/contributions/5014277/attachments/2506354/4306588/FCC_FlavoursTheory_monteil_20220912.pdf
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2) FCC-ee ABCD specifics for Flavour Physics.

Working point Lumi. / IP [1034 cm�2.s�1] Total lumi. (2 IPs) Run time Physics goal

Z first phase 100 26 ab�1 /year 2
Z second phase 200 52 ab�1 /year 2 150 ab�1

fBc/(fBu + fBd) ⇠ 3.7 · 10�3

Particle production (109) B0 / B
0
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0
s ⇤b / ⇤b cc ⌧�/⌧+

Belle II 27.5 27.5 n/a n/a 65 45
FCC-ee 300 300 80 80 600 150

Flavours @ FCC

B- The Boost at the Z:

• Fragmentation of the b-quark: 
• Makes possible a topological rec. of the decays w/ miss. energy.

C- Versatility : the Z pole does not saturate all Flavour possibilities. Beyond 
the obvious flavour-violating Higgs and top decays, the WW operation will 
enable to collect several 108 W decays on-shell AND boosted. Direct 
access to CKM matrix elements.

D- Comparison w/ LHC and B-factory. Advantageous attributes:

8S. Monteil

2) FCC-ee ABCD specifics for Flavour Physics.
hEXbi = 75%⇥ Ebeam; h��i ⇠ 6.

Flavour @ FCC vs Belle/pp

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

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

FCC-ee  
= 

 10 x Belle II  

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
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FCC-ee flavour opportunities.
• CKM element Vcb (critical for normalising the Unitarity Triangle) from WW decays  

• Tau physics (>1011 pairs of tau’s produced in Z decays) 
๏ test of lepton flavour universality: GF from tau decays @ 10 ppm @ FCC-ee (0.5 ppm from muon decays) 
๏ lepton flavour violation: 
‣ !→%' : 4x10-8 @Belle2021→10-9 @ FCC-ee 

‣ !→3% : 2x10-8 @Belle → 3x10-10 @BelleII  → 10-11 @ FCC-ee 
๏ tau lifetime uncertainty: 
‣ 2000 ppm → 10 ppm 

๏ tau mass uncertainty: 
‣ 70 ppm → 14 ppm 

• Semi-leptonic mixing asymmetries assl and adsl 

• …
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Resonance production.
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Fig. 364 The number of resonance production events at a 100TeV proton collider, relative to the
model-dependent factor r defined in Eq. (18). A non-exhaustive variety of initial states ‘yy’ are
considered and the final-state decay product ‘yy” are unspecified.

Another key component of exploration combines breadth with energy. As a figure
of merit, proton colliders can be compared with lepton colliders to assess their relative
reach in energy for resonances. Following [542] consider an optimistic scenario where a
new high-energy resonance (serendipitously) resides at the kinematic limit of a lepton
collider and can be produced by that initial state.8 Then one may ask, given the same
integrated luminosity, which energy of proton collisions would be necessary to produce
the same number of resonant events?

The resulting equivalent CM-energy is shown in Fig. 363, under the assumption
that the parton-level production cross sections are a factor � = 1, 10, 100 greater than
the lepton-collider production cross section on resonance for qq and gg initial states.
It is noteworthy that even under the significant assumption that the production cross
section via leptons matches that of quarks or gluons (� = 1), for such a resonance we
see that a 100 TeV proton collider significantly exceeds the reach of a 10 TeV lepton
collider. For larger parton production cross sections relative to leptons the gap in
coverage between the two classes of facility only increases. Such a comparison, however,
also conceals the richness of the physics programme for such > 10 TeV resonances at
a proton collider.

To investigate this further, consider the direct discovery prospects for narrow reso-
nances of mass MR > 10 TeV, which would be inaccessible to a 10 TeV muon collider.
In the narrow width approximation, at a proton collider operating at proton CM
energy

p
s, the production cross section for a resonance ‘R’ of spin S coupled to the

initial state partons yy and decaying into the final state xx is

� = r
Cyy

s
(16)

8Note that for lower masses radiative return production would be required to enable discovery.

559

Plot from mid-term report

# resonances produced
Eur. Phys. J. C           (2019) 79:474 Page 21 of 161   474 

Fig. S.5 Left: FCC-hh mass reach for different s-channel resonances.
Right: summary of heavy sterile neutrino discovery prospects at all FCC
facilities. Solid lines are shown for direct searches at FCC-ee (black, in

Z decays), FCC-hh (blue in W decays) and FCC-eh (in production from
the incoming electron). The dashed line denotes the impact on precision
measurements at the FCC-ee, it extends up to more than 60 TeV

QCD matter at high density and temperature

Collisions of heavy ions at the energies and luminosities allowed by the FCC-hh will open new avenues in the study of
collective properties of quark and gluons.

The thermodynamic behaviour of Quantum Chromodynamics (QCD) presents features that are unique amongst all other
interactions. Collisions of heavy ions at the energies and luminosities allowed by the FCC-hh will open new avenues in the
study of collective properties of quark and gluons, as extensively shown in the CDR volume 1. Heavy ions accelerated to FCC
energies give access to an uncharted parton kinematic region at x down to 10−6, which can be explored also exploiting the
complementarity of proton–nucleus and electron–nucleus collisions at the FCC-hh/eh. The quark gluon plasma (QGP) could
reach a temperature as high as 1 GeV, at which charm quarks start to contribute as active thermal degrees of freedom in the
equation of state of the QGP. In the studies of the QGP with hard probes the FCC has a unique edge, thanks to cross section
increases with respect to LHC by factors ranging from ∼ 20 for Z+jet production, to ∼ 80 for top production. Just one example
is presented here: FCC will provide large rates of highly-boosted top quarks and the qq jets from t → W → qq are exposed
to energy loss in the QGP with a time delay (see Fig. S.6-left), providing access to time-dependent density measurements for
the first time. The effect of this time-delayed quenching can be measured using the reduction of the reconstructed W mass,
as shown in Fig. S.6-right, where the modifications under different energy loss scenarios are considered as examples.

Parton structure

The FCC-eh resolves the parton structure of the proton in an unprecedented range of x and Q2 to very high accuracy, providing
a per mille accurate measurement of the strong coupling constant.

Deep inelastic scattering measurements at FCC-eh will allow the determination of the PDF luminosities with the pre-
cision shown in Fig. S.7. These results provide an essential input for the FCC-hh programme of precision measurements
and improve the sensitivity of the search for new phenomena, particularly at high mass. The FCC-eh measurements
will extend the exploration of parton dynamics into previously unexplored domains: the access to very low Bjorken-x
is expected to expose the long-predicted BFKL dynamic behaviour and the gluon saturation phenomena required to uni-
tarise the high-energy cross sections. The determination of the gluon luminosity at very small x will also link directly
to ultra-high energy (UHE) neutrino astroparticle physics, enabling more reliable estimates of the relevant background
rates.

123

Plot from FCC CDR 

FCC-hh mass reach

FCC-hh allows the direct exploration of new physics at energy scales up to 40 TeV, including  
any physics that may be indirectly indicated by precision Higgs and EW measurements at FCC-ee.

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

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

https://inspirehep.net/literature/1713706
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Pushing limits of SUSY.

Plot from arXiv:1606.00947 
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Fig. 38: Sensitivity for simplified models considered in this section for the LHC, HL-LHC, and a pp collider
at

p
s = 100 TeV with data samples of 3 ab�1 and 30 ab�1. The reach for strong-production at 14 TeV is

quantified by 95% confidence level upper mass limits on the mass of squarks or gluinos (or both) when the LSP
is massless, and is taken from ATLAS and CMS projections [142, 277–280], or from this document in the case
of the egeg ! tt̄e�0

1
tt̄e�0

1
model. Sensitivity for

p
s = 100 TeVand 3 ab�1 is quantified by the 5� discovery reach

presented in this document. The 30 ab�1 reach is from this document when available, otherwise it is projected
from the 3 ab�1 reach using the Collider Reach web tool [281].

100 TeV is rich enough to provide an excellent tool to carry out such explorations at high energies.
If no discoveries are made at the LHC, the simplest versions of low-energy supersymmetry would

be ruled out. This would be a momentous result, as supersymmetry has played a central role in the
conceptual development of our field for decades. In this sense, the era of natural supersymmetry would
come to an end. However, in such an instance it would be incorrect to conclude that the naturalness
principle is misguided. Excluding new dynamics at the weak scale would mean ruling out our favoured
solutions to the naturalness problem, but not the problem itself, and knowing how nature deals with
Higgs naturalness will remain a standing issue. This reframing of the naturalness question would imply
the loss of the logical connection between Higgs naturalness and new phenomena at the TeV scale. If
this connection is lost, what would be so special about the energy scale explored by a 100 TeV collider
and why should we expect new phenomena in that range?

In spite of its virtues at a more fundamental level, supersymmetry may not be the answer to Higgs
naturalness. Speculations have been made about logical schemes that deal with Higgs naturalness without
dynamics at the weak scale, such as the anthropic principle or cosmological relaxation. Intriguingly, even
within these very different schemes, motivations for supersymmetry emerge, although at a scale different
than the weak scale and also for different reasons. In the context of unnatural setups, considerations
discussed in Sec. 3.1 about dark matter, gauge coupling unification, or the Higgs mass, or the limited
cutoff that can be achieved in cosmological relaxation scenarios call for supersymmetry with a certain
preference for the O(10’s)TeV range. Fig. 38 demonstrates that this energy range is prime territory for a
100 TeV collider.
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15-20TeV squarks/gluinos   
require kinematic threshold 30-40TeV: 

FCC-hh is more than a √ŝ~10TeV factory 

3 ab–1

30 ab–1
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N. Craig, J. Hajer, Y.-Y. Li, T. Liu, H. Zhang, 

arXiv:1605.08744

J. Hajer, Y.-Y. Li, T. Liu, and J. F. H. Shiu, 

arXiv:1504.07617

tbH+ →tbτν
tbH+ →tbtb

bbH0/A0 →bbττ
bbH0/A0 →bbtt
t(t)H0/A0 →t(t)tt

LHC 3 ab–1

LHC 0.3 ab–1

MSSM Higgs @ 100 TeV

20 TeV20 TeV

 Factor 10 increase on the HL-LHC limits. 

Plot from arXiv:1605.08744 and  arXiv:1504.07617 

https://arxiv.org/abs/1606.00947
https://arxiv.org/abs/1605.08744
https://arxiv.org/abs/1504.07617
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FCC-hh without ee could bound BRinv but it could say nothing about BRuntagged (FCC-ee 
needed for absolute normalisation of Higgs couplings) 

M. Cepeda (CIEMAT)  Open Symposium on the Update of European Strategy for Particle Physics  

Kappa-3: +HL-LHC  

�17

modified version (x-scale) of the plot in the report for illustration purposes 

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

Measuring the Top Yukawa Coupling at 100 TeV 4

tt̄Z cross sections, performed in fiducial regions of acceptance that make them suitable for a realistic
experimental analysis. As we shall discuss here, the theoretical understanding of these processes,
including NLO QCD [31, 32, 33] and EW [34, 35] corrections, and including the current knowledge of
PDFs, allows already today to support an intrinsic overall theoretical accuracy at the percent level.
This precision will certainly be consolidated, and further improved, by future developments. Today,
this allows to start probing the experimental prospects of the 100 TeV collider, to put in perspective the
role of precision Higgs measurements at a such a facility, and to provide useful performance benchmarks
for the design of the future detectors. In this Section we shall motivate such accuracy claim. What will
be learned, can also contribute to improve the expectations for future runs of the LHC, by improving
the predictions for the relative size of the tt̄H signal and its irreducible tt̄Z background.

2.1. Total rates and ratios

The main observation motivating the interest in the study of the tt̄H/tt̄Z ratio is the close analogy
between the two processes. At leading order (LO) they are both dominated by the gg initial state, with
the H or Z bosons emitted o↵ the top quark. The qq̄-initiated processes, which at the 100 (13) TeV
amount for <⇠ 10% (<⇠ 30%) of the total rates, only di↵er in the possibility to radiate the Z boson from
the light-quark initial state. The di↵erence induced by this e↵ect, as we shall see, is not large, and is
greatly reduced at 100 TeV. At NLO, renormalization, factorization and cancellation of collinear and
soft singularities will be highly correlated between the two processes, since the relevant diagrams have
the same structure, due to the identity of the tree-level diagrams. This justifies correlating, in the
estimate of the renormalization and factorization scale uncertainties, the scale choices made for tt̄H

and tt̄Z. The uncertainties due to the mass of the top quark are also obviously fully correlated between
numerator and denominator. Furthermore, due to the closeness in mass of the Higgs and Z bosons
and the ensuing similar size of the values of x probed by the two processes, and given that the choice
of PDFs to be used in numerator and denominator in the scan over PDF sets must be synchronized,
we expect a significant reduction in the PDF systematics for the ratio. Finally, the similar production
kinematics (although not identical, as we shall show in the next Section), should guarantee a further
reduction in the modeling of the final-state structure, like shower-induced higher-order corrections,
underlying-event e↵ects, hadronization, etc.

The above qualitative arguments are fully supported by the actual calculations. All results are
obtained using the MadGraph5 aMC@NLO code [36], which includes both NLO QCD and EW
corrections. The default parameter set used in this study is:

Parameter value Parameter value
Gµ 1.1987498350461625 · 10�5

nlf 5
mt 173.3 yt 173.3
mW 80.419 mZ 91.188
mH 125.0 ↵

�1 128.930

MSTW2008 NLO [37] is the default PDF set and µR = µF = µ0 =
P

f2final states
mT,f/2 is the default

for the central choice of renormalization and factorization scales, where mT,f is the transverse mass
of the final particle f . This scale choice interpolates between the dynamical scales that were shown in
Ref. [31] to minimize the pT dependence of the NLO/LO ratios for the top and Higgs spectra.

�(tt̄H)[pb] �(tt̄Z)[pb]
�(tt̄H)
�(tt̄Z)

13 TeV 0.475+5.79%+3.33%

�9.04%�3.08%
0.785+9.81%+3.27%

�11.2%�3.12%
0.606+2.45%+0.525%

�3.66%�0.319%

100 TeV 33.9+7.06%+2.17%

�8.29%�2.18%
57.9+8.93%+2.24%

�9.46%�2.43%
0.585+1.29%+0.314%

�2.02%�0.147%

Table 1: Total cross sections �(tt̄H) and �(tt̄Z) and the ratios �(tt̄H)/�(tt̄Z) with
NLO QCD corrections at 13 TeV and 100 TeV. Results are presented together with the
renormalization/factorization scale and PDF+↵S uncertainties.

1

2

Subsequently, the 1% sensitivity on tth is essential 
to determine h3 at O(5%) at FCC-hh3

Mangano+ ‘15

Plots from mid-term report

Synergy ee⬌hh.

68% and 95% prob. regions
No FCCee
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https://arxiv.org/abs/1507.08169
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Let history repeat itself.

1991 December CERN Council:
‘LHC is the right machine for
advance of the subject and the
future of CERN’ (thanks to the 
great push by DG C Rubbia) 

1993 December proposal of LHC 
with commissioning in 2002

Minister Boris Saltykov and DG Carlo Rubbia
signing an updated Cooperation Agreement
Russia and CERN (28 June 1993)

COMETA Colloquium,  27-5-2024                     
Peter Jenni  (Freiburg and CERN) Higgs Discovery Journey 53

In the meantime, on the LHC
machine side…

2028 December CERN Council: 
‘FCC is the right machine 
for advance of the subject and the 
future of CERN’ (thanks to the great push 
by DG F. Gianotti)

P. Jenni, May 27, 2024


