
Future Circular Collider

Physics prospects

1

PATRIZIA AZZI - INFN-PD

DMNet 2023

Padova 28 September 2023



 FCC integrated program

FCC-ee

2020 - 2040 2045 - 2063 2070 - 2095

FCC-hh

comprehensive long-term program maximizing physics opportunities

• stage 1: FCC-ee (Z, W, H, ) as Higgs factory, electroweak & top factory at highest luminosities

• stage 2: FCC-hh (~100 TeV) as natural continuation at energy frontier, pp & AA collisions; e-h option

• highly synergetic and complementary programme boosting the physics reach of both colliders (e.g. model-independent measurements of 

the Higgs couplings at FCC-hh thanks to input from FCC-ee; and FCC-hh as “energy upgrade” of FCC-ee)

• common civil engineering and technical infrastructures, building on and reusing CERN’s existing infrastructure

• FCC integrated project allows the start of a new, major facility at CERN within a few years of the end of HL-LHC

tt̄

Slide from Micheal Benedikt
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               Main geometrical parameters
Main changes

• # access points reduced from 12 to 8

• facilitating placement and reducing the overall surface area required

• circumference has shrunk from 97.75 km to 90.657 km

• new layout with 4-fold superperiodicity, enabling FCC-ee operation with either 2 or 4 collision points  

• hadron collider RF system now shares a klystron gallery tunnel with lepton collider

• new circumference matched to both LHC and the SPS tunnels, corresponding to 400 MHz harmonic ratios     of hFCC/

hLHC=1010/297 & hFCC/hSPS=1010/77, allowing for hadron beam injection from either the LHC or from a new 

superconducting SPS, with bunch spacings of 2.5, 5.0, 7.5, 10, 12.5, 15, 20, and 25 ns
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FCC-ee Energy 
range & luminosity
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•   first in the tunnel 

• Producing in a clean 

environment all the heaviest 
SM particles


• Extending sensitivity to weakly 
coupled BSM models

e+e−



Introduction to the project 
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Few baseline detector concepts for FCC-ee
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• In the process of extracting the requirement on the detector performance from the physics

• With 4IP, opportunity to have detector optimised for specific processes


• Spoiler: “Higgs factory” requirements are not the most stringent



Higgs production at FCC-ee & the recoil method
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• Allows model independent determination of couplings



Higgs coupling precision expectations
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• FCC-ee measures  to 0.2% (absolute, 
model-independent, standard candle) from 



• ,  ,  , ,  , follow  

• Standard candle fixes all HL-LHC couplings


• FCC-hh produces over 1010 Higgs bosons, 108 
ttH and 2x107 HH pairs:


• Improving precision on  

• with top EW couplings (and other BRs) 

measured at FCC-ee

• Access to Rare Decays:  


• FCC-ee + FCC-hh is outstanding:

• All accessible couplings with per-mil 

precision

• Self-coupling with per-cent precision

gHZZ

σ(ZH )
Γ(H ) gHbb gHcc gHττ gHWW

gHtt, gHHH

μμ, γγ, Zγ

−

Coming…



Higgs mass & cross section
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• Higgs mass, fit with analytic shape:  MeV stat(sys)

• Precise m(H) measurement is needed for a possible monochromatic run at 



• Model independent ZH cross-section crucial for Higgs couplings (and more)


• Estimated sensitivity in CDR ~0.5% 

• Challenge to keep analysis as much as possible a decay-mode independent


• (Preliminary) combined uncertainty 0.68(0.69 w/syst)%

• Systematics considered: BES, √s, lepton energy scale

σ(mH) = 3.1(4.0)

e+e− → H

Lint = 7.2 ab−1

10.17181/jfb44-s0d81 J. Eyserman, G. Bernardi, Ang Li

Effect of systematics

Case study

https://new-cds.cern.ch/doi/10.17181/jfb44-s0d81


Higgs width
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• Model independent determination of the total Higgs decay width down to 1.3% with runs at 
√s=240 and √s=365 GeV 


• First analysis in progress on the  channel.Z(ℓ+ℓ−)Z( jj)Z(νν̄)

e+

e−
Z∗

Z

H

Z∗

Z
gHZZ

gHZZ

❖ σHZ is proportional to gHZZ
2 


❖ BR(H → ZZ) = Γ(H → ZZ) / ΓH is proportional to gHZZ
2 /ΓH


▪ σHZ × BR(H → ZZ)  is proportional to gHZZ
4 / ΓH


❖ Infer the total width ΓH

-

ee →HZ & H → ZZ  at √s = 240 GeV WW → H νν→ bbνν  at √s = 365 GeV 

ΓH ∝
σWW→H

BR(H → W W )
=

σWW→H→bb

BR(H → W W ) × BR(H → bb)



Higgs hadronic couplings 
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•  Considering ZH process with  (and other) and 
various Z final states:


•  : clean but smaller BR, fit to the Recoil Mass

• : Good efficiency and reasonable purity. 2D fit with the 

Visible Mass and the Missing Mass 

• : will add significant statistical power. Work in progress. 

H → bb̄, cc̄, ss̄, gg

Z → ℓ+ℓ−

Z → νν̄

Z → qq̄

Z → ℓ+ℓ− Unc.%

Lint = 5.0 ab−1

 channelZ → νν̄

when scaled to  
 … intriguing            

10 ab−1

δμ(H → ss̄) ≈ 100 %

10.17181/9pr7y-3v657 Del Vecchio, 
Gouskos, Marchiori, Selvaggi

Case study

https://new-cds.cern.ch/doi/10.17181/9pr7y-3v657


Higgs to invisible
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Lint = 10 ab−1

BR(SM) with 
~45% uncertainty 


FCC-hh

• If SM treated as background, sensitivity to EXO decays: 
• 5σ for BR>0.18% and  95% exclusion if BR <0.07

10.17181/7hbn8-3d233 Mehta, RompotisCase study

https://new-cds.cern.ch/doi/10.17181/7hbn8-3d233


Electron Yukawa coupling (unique!)
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• Something unique: electron Yukawa coupling from 

• One of the toughest challenges, which requires:


• Higgs boson mass prior knowledge to a couple MeV


• Huge luminosity (i.e., several years with possibly 4 IPs)


• (Mono)chromatisation: ΓH (4.2 MeV) ≪ δ√s (100 MeV)


• Continuous monitoring and adjustment of √s


• Different e+ and e− energies (to avoid integer spin tune)


• Extremely sensitive event selection against SM 
backgrounds

e+e− → H

(1): with ISR
(2): δ√s = 6 MeV 
(3): δ√s = 10 MeV 

S. Jadach, R.A. Kycia
arXiV:1509.02406

5y run @optimal monochromatization  
could achieve  with 4IPs1.7σ

https://arxiv.org/abs/1509.02406
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• The precision of FCC-ee on the ZH cross 
section measurement (0.1%) allows to exploit 
the higher order effects from the Higgs self-
coupling and have an estimate of 
with 4IPs


• Measurements at different √s (365GeV) 
needed  to lift degeneracy between processes

δkλ ≈ 30 %

 Higgs self-coupling with single Higgs 
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• The determination of the Ztt couplings from  during the 365GeV run of the FCC-ee, in conjunction with 
the  ttH/ttZ FCC-hh would help to reduce the few per-cent uncertainty  on  from the HL-LHC to ~1%.


• Current estimates combining the ,  decay channels suggest that a precise determination 
of the self-coupling with an uncertainty of 3.4 − 7.8% would be within the reach of the 100 TeV pp collider

e+e− → t t̄
δgtt

bbγγ, bbττ bbZZ, bbbb

FCC-ee & FCC-hh complementarity -  and kt kλ



Top physics
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• Threshold region allows most precise measurements of top mass, width, and estimate of Yukawa coupling. 

• Precision on top Yukawa coupling from the measurements at thresholds ~10% precision (profiting of the 

better ).

•  But, HL-LHC result of about 3.1% already better (with FCC-ee Higgs measurements removing the model 

dependence)
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3.2. FUTURE PROSPECTS 35

Fig. 3.8: Expected relative precision of the k parameters and 95% CL upper limits on the
branching ratios to invisible and untagged particles for the various colliders. All values are
given in %. For the hadron colliders, a constraint |kV |  1 is applied, and all future colliders are
combined with HL-LHC. For colliders with several proposed energy stages it is also assumed
that data taken in later years are combined with data taken earlier. Figure is from Ref. [39].

hadron colliders uncertainties on the Higgs production cross section are included. For decay
branching ratios only the parametric uncertainties are included while the intrinsic uncertainties
are neglected, see discussion in Ref. [39] and Sect. 3.2.3.

At the HL-LHC the Higgs boson couplings can be determined with an accuracy of O(1�
3%) in most cases, under the assumption |kV |  1. Ratios of couplings are (mostly) model
independent, and an accuracy of O(1�3%) is expected in many cases [23]. Based on analyses
of final states with large Emiss

T , produced in Higgs VBF and V H (V =W and Z) processes, BRinv
values of 1.9% will be probed at 95% CL. The constraint from the k-fit on the BR to untagged
final states is 4.0% at 95% CL. The HE-LHC improves the precision typically by a factor of
two, although much of the improvement comes from the assumption of a further reduction by a
factor of two in the theoretical uncertainty, scheme S20 [23].

Lepton colliders allow a measurement of the ZH total production cross section, indepen-
dently of its decay making use of the collision energy constraint. This measurement, together
with measurements where the decay products of the Higgs boson are identified, can be inter-
preted as a nearly model-independent measurement of the total decay width. Therefore the
constraint |kV |  1, used for hadron colliders, is not needed for lepton colliders.

Future e+e� colliders improve the accuracy on Higgs coupling determination typically
by factors between 2 and 10, except for kt , kg , kµ and kZg where no substantial improvement
compared to HL-LHC is seen. LHeC achieves a significant improvement for kW , kZ and kb. At
e+e� colliders, the couplings to vector bosons will be probed with a few 0.1% accuracy. Higgs
boson couplings to b-quarks can be measured with an accuracy between 0.5% and 1.0%, a factor
of 2 � 4 better than at the HL-LHC. The coupling to the charm quark, not easily accessible at
HL-LHC, is expected to be measured with an accuracy of O(1%). The various e+e� colliders
do not differ significantly in their initial energy stages.

3.2. FUTURE PROSPECTS 35

Fig. 3.8: Expected relative precision of the k parameters and 95% CL upper limits on the
branching ratios to invisible and untagged particles for the various colliders. All values are
given in %. For the hadron colliders, a constraint |kV |  1 is applied, and all future colliders are
combined with HL-LHC. For colliders with several proposed energy stages it is also assumed
that data taken in later years are combined with data taken earlier. Figure is from Ref. [39].

hadron colliders uncertainties on the Higgs production cross section are included. For decay
branching ratios only the parametric uncertainties are included while the intrinsic uncertainties
are neglected, see discussion in Ref. [39] and Sect. 3.2.3.

At the HL-LHC the Higgs boson couplings can be determined with an accuracy of O(1�
3%) in most cases, under the assumption |kV |  1. Ratios of couplings are (mostly) model
independent, and an accuracy of O(1�3%) is expected in many cases [23]. Based on analyses
of final states with large Emiss

T , produced in Higgs VBF and V H (V =W and Z) processes, BRinv
values of 1.9% will be probed at 95% CL. The constraint from the k-fit on the BR to untagged
final states is 4.0% at 95% CL. The HE-LHC improves the precision typically by a factor of
two, although much of the improvement comes from the assumption of a further reduction by a
factor of two in the theoretical uncertainty, scheme S20 [23].

Lepton colliders allow a measurement of the ZH total production cross section, indepen-
dently of its decay making use of the collision energy constraint. This measurement, together
with measurements where the decay products of the Higgs boson are identified, can be inter-
preted as a nearly model-independent measurement of the total decay width. Therefore the
constraint |kV |  1, used for hadron colliders, is not needed for lepton colliders.

Future e+e� colliders improve the accuracy on Higgs coupling determination typically
by factors between 2 and 10, except for kt , kg , kµ and kZg where no substantial improvement
compared to HL-LHC is seen. LHeC achieves a significant improvement for kW , kZ and kb. At
e+e� colliders, the couplings to vector bosons will be probed with a few 0.1% accuracy. Higgs
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➤ Run at 365 GeV used also for measurements of top EWK couplings (at the 
level of 10-2-10-3) and FCNC in the top sector. 



Interplay of EWK measurement on Higgs 
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J. de Blas et al. in Snowmass 2021 (2022)

• Fit to new physics effects parameterised by dimension 6 
SMEFT operators  


• Model independent result only for global fit 

• The Z-pole run is essential to isolate Higgs measurements 

and ensure that uncertainties from EW coupling do not 
affect Higgs couplings


• The precision measurements of the Z pole run affect 
significantly Higgs operators: almost ideal if present, and a 
factor 2 worse if absent! 

https://doi.org/10.1140/epjp/s13360-021-01847-5

Dark blue= withTeraZ

https://doi.org/10.1140/epjp/s13360-021-01847-5
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• Many interconnected measurements

• The whole FCC-ee run plan is essential (Z,W,top)

• Complementary to Higgs for New Physics

• Huge statistics ➝ precision


• Real chance of discovery

• Most of the work is (will be) on systematics


• Experimental and theoretical

Z


W


top

arXiv:2106.13885

N
o 
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eo

ry
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SMEFT (D6 operators)

FCC-ee CDR

Indirect BSM sensitivity



Flavor Factory opportunities with the Tera-Z run
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~10 times Belle’s stat 
Boost at the Z!

• Enormous statistics 1012 bb, cc, 2x1011 ττ events

• Clean environment

• Favourable kinematics -> boost

• Excellent vertexing (smaller beam pipe)

310 310 75 65 600 170

• Rare b-hadron decays with ττ ̄ pairs in the final state. 

• Charged-current b-hadrons decays with a τν pair in the final state. 

• Lepton flavour violating τ decays

• Lepton-universality tests in τ decays. 

PROMISING 
OBSERVABLES



Discovery opportunity: BSM Rare processes  FIP 
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Detector Requirements
• Invisible final states ⇒ Detector hermeticity
• Sensitivity to far-detached vertices (mm ➝ m)


• Tracking: more layers, continuous tracking

• Calorimetry: granularity, tracking capability
• Muon detectors: standalone tracking capability

• Timing

• Larger decay lengths ⇒ extended detector volume (external detectors? )
• Unusual final states ⇒ ad-hoc reconstruction

• Intensity frontier at Tera-Z offers the opportunity to directly observe 
new feebly interacting particles in a very clean environment



Focus on long lived particles searches
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• Opportunities from the clean environment of the 
FCC-ee


• Few concrete examples: HNL, ALPS, Dark 
photons



Heavy Neutral Leptons
22

• Dirac or Majorana sterile neutrinos with 
very small mixing with active neutrinos 


• Could provide answers to some 
open questions of the SM: Neutrino 
masses, Baryon asymmetry, Dark 
matter 

• FCC will probe space not constrained by astrophysics or cosmology, complementary to 
fixed target, neutrino, and 0vbb prospects 


• Possible to test Type-I SeeSaw models and Leptogenesis

Assume for FCC-ee 5x1012 Z produced



HNL:  N → μjj
23

G. Polesello, N. Valle

• Final state in  BR~50%

• Splitting analysis strategy in prompt 

and long-lived case

• Mass dependent selection

• Backgrounds considered

μjj

Case study



HNL:  results N → μjj
24

G. Polesello, N. Valle
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• Effect of hadronic resolution on the 
result: showing the ratio of the  
limit obtained with 20% and 30% 
resolutions with respect to the nominal 
resolution as a function of  


• Result is more affected when the S/B 
gets worse (close to the Z) 

U2

MHN

Case study



HNL:  N → eeνe
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Lovisa Rygaard thesis

• Preliminary study done with fast simulation: to be updated with the full simulation in the near future

Case study



BSM Direct searches - ALPS
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• Axion-like Particles (ALPs) are 
pseudo-scalars in models with 
spontaneously broken global 
symmetries. Very weakly 
coupled to the dark sector


• At the FCC-ee predominantly 
produced in association with  a 
photon, Z or Higgs boson.


• Search possible at the 
different √s, 
complementarity with high-
energy lepton colliders

arXiv:1808.10323, arXiv:2108.08949 

• ALPS might be long-lived when couplings and mass are small 

• Final states with at least 1 photon(or more) can set requirements 

on the electromagnetic calorimeter energy resolution and 
granularity 



FCC-hh Direct discovery potential
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• Higher parton centre-of-mass energy 
➡ high mass reach:

• Strongly coupled new particles, new gauge 

bosons (Z’, W’),  excited quarks: up to 40 TeV!

• Extra Higgs bosons: up to 5-20 TeV

• High sensitivity to high energy phenomena, 

e.g.,  WW scattering, DY up to 15 TeV

Future Circular Collider (14. Jan. 2019)  The Hadron Collider (FCC-hh) 

Page 3 of 21 

2 Objectives 

The objective is to develop, build and operate a 100 TeV hadron collider, with an integrated luminosity at 
least a factor of 5 larger than the HL-LHC, to extend the current energy frontier by almost an order of 
magnitude. The mass reach for direct discovery will approach several tens of TeV, allowing the production of 
new particles whose existence could be indirectly predicted by precision measurements during the earlier pre-
ceding e+e– collider phase. This collider will also measure the Higgs self-coupling precisely and thoroughly ex-
plore the dynamics of electroweak symmetry breaking at the TeV scale, to elucidate the nature of the elec-
troweak phase transition. WIMPs as thermal dark matter candidates will be discovered, or ruled out. 
As a single project, this particle collider facility will serve the global physics community for about 25 years 
and, in combination with a lepton collider, will provide a research tool until the end of the 21st century.  

2.1 Scientific Objectives 
The European Strategy for Particle Physics (ESPP) 2013 unambiguously recognized the importance of “a 
proton-proton high-energy frontier machine…coupled to a vigorous accelerator R&D programme…in 
collaboration with national institutes, laboratories and universities worldwide”. Since its inception, the in-
ternational FCC collaboration has therefore delivered a hadron collider conceptual design (FCC-hh) that 
best complies with this guideline and that offers the broadest discovery potential. Together with a heavy ion 
operation programme and with a lepton-hadron interaction point, it provides the amplest perspectives for research 
at the energy frontier. The visionary physics programme of about 25 years described in this section requires colli-
sion energies and luminosities that can only be delivered, within a reasonable amount of time, by a circular collider 
with four experimental interaction regions. 
To be able to definitely elucidate electroweak symmetry breaking, to confirm or reject the WIMP dark 
matter hypothesis and to directly observe new particles signalled indirectly by, e.g., the precision study 
of Higgs properties, the energy reach of the particle collider must be significantly higher than that of the LHC, 
i.e. making a leap from ten TeV to the 100 TeV scale. 

Since cross sections for the production of a state of mass M scale 
like 1/M2, the integrated luminosity should be 50 times that of the 
LHC, at least 15 ab-1, to be sensitive to seven times larger masses. 
The FCC-hh baseline design aiming at 20-30 ab-1 exceeds this tar-
get. It is sufficient to almost saturate the discovery reach at the 
highest masses. A further luminosity increase by a factor of 10 
would only extend it by < 20%. Fig. 1 shows discovery reach ex-
amples for the production of several types of new particles includ-
ing Z' gauge bosons carrying new weak forces and decaying to var-
ious SM particles, excited quarks Q*, and massive gravitons GRS 
present in theories with extra dimensions. Other scenarios for new 
physics, such as supersymmetry and composite Higgs models, will 
likewise see a great increase of high-mass discovery reach. The top 
scalar partners will be discovered up to masses of close to 10 TeV, 
gluinos up to 20 TeV, and vector resonances in composite Higgs 
models up to masses close to 40 TeV. 

Until new physics is found, two key issues, that will likely remain open after the HL-LHC, are at the top of the 
priority list of the FCC-hh physics objectives: how does the Higgs couple to itself? What was the nature of the 
phase transition that accompanied electroweak symmetry breaking and the creation of the Higgs vacuum 
expectation value? Today, neither the fundamental origin of the SM scalar field nor the origin of the mass and 
self-interaction parameters in the Higgs scalar potential are known. The next stage of exploration for any high-
energy physics programme is to determine these microscopic origins. The puzzle of the Higgs potential can be 
resolved, if there is an additional new microscopic scale involving new particles and interactions near the electro-
weak scale. With more than 1010 Higgs bosons produced at the design luminosity, see Fig. 2, FCC-hh can comple-
ment an intensity frontier lepton collider by bringing the precision for several of the smallest Higgs couplings (γγ, 
Ζγ, µµ), and for the coupling to the top below the percent level. The Higgs self-coupling can be measured with a 
precision of around 5%. Combined with the direct search potential for scalar partners of the Higgs boson, this will 
permit establishing the possible existence of conditions that allowed the electroweak phase transition in the 

Figure 1: Discovery reach for heavy resonances. 
about x6 LHC mass reach at high mass, well matched to reveal the 

origin of deviations indirectly detected at the FCC-ee



Summary & next steps 
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• FCC Feasibility study ongoing:

•  “mid-term” report coming out soon!  


• Working full steam toward completion of the Feasibility 
study by 2025 to build the strongest case for the 
FCC project for the next European Strategy 


• ECFA Workshop building a collaboration amongst 
all proposed Higgs Factories to share the 
knowledge across projects and educate the new 
generations

FCC-ee is the amazing Higgs factory HEP needs, and it brings so much more.

Extensive sensitivity to FIP in a unique parameter space 


Possibility to design an optimised detector for FIP

Best way to prepare the way for high energy exploration with FCC-hh 

https://agenda.infn.it/event/34841/



BACKUP
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Detector effects considered on Higgs mass measurement 
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FCC Synergies: The Higgs boson

31

FCC-ee  provides 106 HZ + 105 WW → H 
events

Absolute determination of gHZZ to ±0.17%
Model-independent determination of ΓH to ±1%

➝ Fixed « candle » for all other measurements
      including those made at HL-LHC or FCC-hh
➝ Measure couplings to WW, bb, ττ, cc, gg, …
      Even possibly the Hee coupling!
➝ First sensitivity to gHHH to ~30% with 4IPs

FCC-hh  provides 3×1010 Higgs bosons
With this huge sample and using the FCC-ee candle

➝ Model-independent ttH coupling to < 1%
      ( HL-LHC and FCC-ee give ±2.6%)
       Use ±1% ttZ measurement at FCC-ee
➝ Rare decays: couplings to µµ, γγ, Ζγ …
➝ Higgs self coupling gHHH to ±3% 
       With double-Higgs production

FCC-eh  provides 2.5 106 Higgs bosons
With the FCC-ee candle, further improves
on several measurements (e.g., gHWW)

√s = 240 GeV √s = 365 GeV



Case study: Exotic Higgs decays
32

• Higgs bosons could undergo exotic 
decays (see Higgs invisible width) 
to e.g. scalars that could be long-
lived


• New scalar could be a portal 
between the SM and a dark sector 
(arXiv:1312.4992, arXiv:1412.0018)


• Higgs boson (h) and the scalar 
(s) mix with a mixing angle sin 
θ


• • For sufficiently small mixing, 
the scalar can be long-lived


• cτ∼meters if 


• WIP: Probe h→ss→bbbb in events 
with 2 displaced vertices and Z 
boson in  pair

θ ≤ 1e−6

ee, μμ

Magdalena Van der Voorde, Giulia Ripellino



HNL Case study:  Dirac vs MajoranaN → eeνe

33

Tanishq Sharma thesis

• Preliminary studies done with fast simulation: to be updated with the full simulation in the near future

Case study


