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Future circular collider (FCC) @CERN
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- FCC-ee: High-luminosity e+e- circular 
collider; machine design for highest 
luminosities at Z, WW, ZH and ttbar 
working points 

- Unprecedented precision 
measurements for  all SM parameters 

- Potential to directly or indirectly 
discover BSM physics

- 91 km ring beneath France & Switzerland 

- Schedule (and physics) complementary to LHC followed by FCC-hh (reaching energies 
up to eight times those of the LHC) 

- Eight surface sites for up to four experiments. Feasibility Study Report:

https://link.springer.com/article/10.1140/epjst/e2019-900045-4
https://arxiv.org/pdf/2505.00272


Future lepton colliders luminosities
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Clear advantage in luminosity for circular colliders vs. linear colliders 
CLIC has higher energy reach, but less than LHC



Top quark physics at FCC-ee
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- Measure total production cross section as a function of √s 
- 345-365 GeV runs  
- Compare to standalone theory prediction to extract physical parameters (mass, total 

width…)  
A.2 Whether the ordering of stages is fixed or whether there is flexibility
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Fig. A.1: Operation sequence for FCC-ee with four interaction points, showing the integrated luminosity
at the Z pole (green), the WW threshold (blue), the Higgs factory (red), and the top-pair threshold
(orange) as a function of time. In this baseline model, the sequence of events goes with increasing
centre-of-mass energy, but there is great flexibility in the sequence all the way to 240 GeV. The integrated
luminosity delivered during the first two years at the Z pole and the first year at the tt̄ threshold is half
the annual design value. The hatched area indicates the shutdown time needed to prepare the collider for
the higher energy runs at the top-pair production threshold and above.

Figure A.1 displays the baseline sequence of events [24]. However, other sequences are possible
for the first three substages (Z, WW and ZH). The versatile 400 MHz RF system enables a flexible run-
ning sequence. For example, it would allow short initial Z pole and WW threshold runs, to commission
the collider and the detectors, to establish the resonant depolarisation procedures, etc. The ZH run could
then proceed, before going back to the Z pole and the WW threshold, both now at full luminosity, with
fully functional resonant depolarisation, and complete understanding of the collider. At all energy points,
it is possible to go back to the Z pole for a few hours to calibrate the detectors.

The 400 MHz cavities and cryomodules are all installed in their final location from the start of
operation; this represents two times 33 cryomodules in one of the collider technical straights. This
approach avoids a staged installation of the cryogenics systems and later interventions in the tunnel for
installing additional cryomodules. With the scheme of reverse phase operation for the 400 MHz RF, the
switch between the Z and WW modes of operation involves only a reconfiguration of the RF system
without any hardware intervention; the beamlines and beam paths stay the same. The switch to the ZH
operating point requires that both beams go through the entire set of 66 cryomodules. The switch to this
different beam path includes a combination of magnetic and electric field so that only the beam leaving
the RF straight is deflected.

Sub-stage 4 (tt̄) requires substantial SRF upgrades for both booster and collider. To complete the
2.1 GV delivered by the 400 MHz RF systems used at the ZH operating mode, additional cavities and
RF sources are added during one year of shutdown to reach a total RF voltage of 11.3 GV as required at
the tt̄ mode.

For the collider, an additional 102 cryomodules and 204 microwave vacuum tube amplifiers at
800 MHz are installed. Each cryomodule hosts four 6-cell elliptical cavities. Each RF source will power
two cavities at a level of 200 kW RF power each. When these upgrades are installed, detector calibration
runs at the Z pole will still be possible, at a somewhat reduced luminosity.

Mass and width of Z & W 

Requires excellent control over beam and luminosity calibration 



Need for  threshold scan at FCC-eett̄
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arXiv:2503.18713ECFA report

- Measurement of WbWb total rate around the  production threshold  
- Cross section shape depends strongly on top quark mass ( ), width ( ), αs and 

top-Yukawa ( ) 
- Lepton colliders aim to measure αs with very high precision (0.1% for FCC-ee, 0.6% 

for LC) at Z pole and mW at WW threshold 

tt̄
mtop Γtop

ytop
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Figure 10: Illustration of a top-quark threshold scan at CLIC with a total integrated luminosity
of 100 fb�1, for two scenarios for the luminosity spectrum, nominal (left) and ‘reduced charge’
(right). The bands around the central cross section curve show the dependence of the cross section
on the top-quark mass and width, illustrating the sensitivity of the threshold scan. The error bars
on the simulated data points show the statistical uncertainties of the cross section measurement,
taking into account signal efficiencies and background levels.

The analysis is combined with higher order theory calculations of the signal process. Here, the
latest NNNLO QCD calculations, available in the program QQbar_threshold [22], are used.
The theory cross section is corrected for ISR and the luminosity spectrum of the collider using the
techniques described in [27]. This corrected cross section is then used to generate pseudodata and
the templates needed to fit the simulated data points to extract the top-quark mass.

In the context of the running scenario of CLIC discussed in Section 2.2, it is assumed that an
integrated luminosity of 100 fb�1 of the first stage of CLIC would be devoted to a scan of the top
pair production threshold. Here, a baseline scenario of ten equidistant points is assumed, with
10 fb per point and a point-to-point spacing of 1 GeV, in the energy range from 2mPS

t � 3GeV to
2mPS

t +6GeV. Such a threshold scan is shown in Figure 10, for two luminosity spectrum scenarios
discussed below. The bands illustrate the dependence of the cross section on the generated top-
quark mass and width. The error bars on the data points are statistical, taking into account signal
efficiencies and background levels. The top-quark mass is extracted using a template fit to the
measured cross sections as a function of centre-of-mass energy. The cross section templates are
simulated for different input mass values. The top-quark width is given by the SM expectation
provided by QQbar_threshold, which is around 1.37 GeV for the range of masses considered
here. For the calculation of the templates the width corresponding to the respective mass is used.
The extraction of the mass is performed directly in the PS mass scheme.

The luminosity spectrum of CLIC has a strong impact on the shape of the cross section in the
threshold region, which influences the extraction of top-quark properties. The smearing of the turn-
on behaviour and the would-be 1S peak of the cross section depends on the level of beamstrahlung
and the beam energy spread. A larger beam energy spread results in a more pronounced tail to
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Figure 8: tt production cross section vs the center-of-mass energy near the threshold. The
e↵ects of the top quark mass, width, and the top quark Yukawa coupling and the strong
coupling constant on the theory cross section are indicated by the arrows. The e↵ects of ISR
(green) and the collider luminosity spectrum (LS) (blue) are also shown. The observable
cross section is given by the combination of both e↵ects (red). Figure taken from Ref. [94].

quarks. The Tevatron and LHC did probe the charged-current interaction vertex in top
quark decays and single-top-quark production [96]. The rare associated production pro-
cesses of top quarks with a photon, Z boson, or a Higgs boson observed at the LHC directly
probe the neutral current interactions of the top quark [97]. At the FCC-ee, top quark pair
production e+e� ! �

⇤
/Z ! tt is mediated by a photon or a Z boson. Thus, measurements

of the tt cross section can probe the electroweak couplings tt� and ttZ at the production
vertex.

The sensitivity of e+e� colliders operated above the tt production threshold to anomalous
electroweak couplings of the top quark is well-established [98, 99, 100, 89, 101]. Ref. [102]
has demonstrated that the couplings to the photon and the Z boson can be e↵ectively
disentangled at or slightly above the tt production threshold by measuring the top quark
polarization, using the charged leptons from the top quark decay as polarimeters.

Ref. [102] projects a precision of 1(3)⇥10�3 for the anomalous vector coupling of �(Z), and
of 1(2) ⇥ 10�2 for the anomalous axial coupling. Any deviation of these couplings from the
SM values would signal the presence of new physics. An analysis of a circular-collider-like
scenario in Ref. [100] in the SMEFT confirms that the sensitivity to top quark electroweak
couplings exceeds that of the HL-LHC by an order of magnitude and demonstrates the
added value of e+e� collision data at a center-of-mass energy well above the tt production
threshold to disentangle four-fermion and two-fermion operators.

The precise measurement of top quark couplings to a photon or the Z boson are essential
to precisely determine the top quark Yukawa coupling at the FCC-hh [102]. While the top
quark Yukawa coupling can be determined with high statistical accuracy at hadron colliders,

29

arXiv:2203.065

FCC advantages 

- Better √s precision and 
accuracy →  beneficial 
for mt and Γt - Access to precise direct 
determination of αS 
from Z pole run

LC advantages (not directly related to threshold scan) 

- Beam polarisation → interesting for top quark couplings 
- Access to higher energies (ttH)

LS: Luminosity spectrum

https://arxiv.org/abs/2503.18713
https://cds.cern.ch/record/2920434/
https://link.springer.com/article/10.1007/JHEP11(2019)003
https://arxiv.org/abs/2203.06520


 threshold scan at FCC-eett̄

6

- Measurement of WbWb production cross section at different center-of mass energies 
(340-365 GeV) around  production threshold in e+e- collisions at FCC-ee 

- Different center-of mass energy points offer measurements of   
- Even possible to search for new physics indirectly at 365 GeV

tt̄
mtop, Γtop, and ytop

- Targeting semi-hadronic and hadronic decay 
modes (total branching fractions  ~75%)  

-  =  41  per e.c.m @340-355 GeV & 

2.65  @ 365 GeV

ℒint. fb−1

ab−1

arXiv:2503.18713ECFA report
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 measurements at FCC-ee: 0.24 MeV→ need to measure  with < 20 MeV precision mW mtop

Submitted to JHEP

https://arxiv.org/abs/2503.18713
https://cds.cern.ch/record/2920434/


Detector level studies
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- Lepton acceptance (isolated leptons with momentum > 12 GeV)  >99% across all 
e.c.m. points  

- Inclusive jet clustering (generalised anti-kT algorithm with cone size 0.5) 
- Variables of interest: Number of jets in different bins of  number of b-tagged jets 

(0,1,≳2)  
- Parameterised b-tagging efficiencies  

- Signal: WbWb production including , single top, and non-resonant contributions   
- Background contributions from WW, ZZ, WWZ(→ ), and   
- MC simulation samples from Pythia & Whizard 

tt̄
bb̄ qq̄

Zero btagged category → WW  

One btagged category → signal with one unidentified b-tagged jet   

≳ 1 btagged category → signal

Expected number of signal events: 2e6 for 41 fbinv
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Detector level studies
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normalisation of 
WW 
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Theoretical calculation

- Top quarks form a quasi-bound state → non-relativistic QCD calculation (NR-QCD) 
at N3LO  

- Initial state radiation (ISR) effectively reduces total cross section (LL precision) 
- Calculation convoluted with expected FCC beam energy spread (BES): 0.18% / beam 

- Calculation only valid in the vicinity of threshold, where the sensitivity to the 
parameters lies
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Fit results
- 3D fit of   with profiled  and 

calibration parameters 
- 10 equally-spaced points with equal luminosity  
- Additional sensitivity  to  from 365 GeV run

mtop, Γtop, and ytop αs

ytop

Need to reduce the theoretical scale uncertainties to 
match the expected experimental precision

Theory 35 25 ?
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FCC-hh analyses: Motivation
- 30  integrated luminosity at 84 TeV proton-

proton collisions - FCC-ee constrains EW coupling, FCC-hh probes rare 
processes and boosted topologies 

- Higher sensitivity to EFTs energy growing effect (e.g. 
top self coupling, ttZ production) 

- Very high statistics allowing to target each process 
individually by applying very restrictive selection 

- Limited sensitivity to 4-top operators @ FCC-ee 
- Large margin of improvement compared to HL-LHC 
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https://arxiv.org/pdf/2305.13439
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FCC-hh 4t & ttZ analyses: Strategy

All events  == 4
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FCC-hh Simulation (Delphes) -1 = 84 TeV, L = 30 abs

- To improve final statistics will 
require increase in  lepton 
selection efficiency  

- Right now, ~40% on single 
electron and ~60% on muon

Cutflow
 for 4t and ttZ 

analyses

Only ~2.5% of events pass in the 4l channel

A  small increase in the single lepton efficiency would have 
great effects in multi-lepton channels!

Correlations between 4t & ttZ 
strongly mitigated by the 
restrictive cutflow
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FCC-hh 4t & ttZ analyses: Results

- Clean ttZ signal obtained, with strong 
suppression of 4t background through 
charge and flavor requirements on 
selected leptons. 

- Tail of the  distribution is cleaner for 
EFT signals 

pZ
T

- Clear  distribution for 4t events, with 
ttZ and ttH backgrounds effectively 
reduced by applying a strict OFSS 
selection on recollected leptons 

-  variable sensitive to EFT energy 
growing effect

HT

HT

Reach of 3.5 TeV in  for 4t and of 2.5 TeV in   for ttZ 
Systematics at the 5% level or better 
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Conclusions
- Rich (and complementary) top-quark physics program at FCC-ee and FCC-hh  

- Outlined physics case for a tt threshold run at FCC-ee 
- Precision measurement 

- Complete study of tt threshold including detector-level, machine-related, and 
parametric uncertainties 

- Shown that systematic effects are well under control 
- Theoretical progress needed to fully profit from physics potential of FCC-ee 
- High potential to constrain top quark couplings and BSM decays at the 365 GeV 

FCC-ee run 

- New opportunities (and challenges) for top physics at FCC-hh starting to be explored 
- BSM physics searches  

- Outlined physics case for ttZ & 4top production process  
- Achieved high-purity ttZ and 4t selection. 
- Reduced ttZ-4t correlation compared to LHC 
- Reaches visible  up to 4.5 TeV for 4t and  up to 2.5 TeV for ttZ 
- Results will significantly benefit from improved lepton identification, with 

ongoing work to optimize selection efficiency

HT pZ
T


