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FCC-ee run plan
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phase Run duration (yrs) √s (GeV) Lint (ab–1) Event stats

ee→Z 4 88-95 150 3x1012 had Z decays

ee→WW 2 158-192 12 3x108 WW

ee→ZH 3 240 5 106 ZH

machine modification for RF installation and rearrangement: 1 year

ee→tt 5 345-365 1.5 106 tt + 4x104 Hνν

ee→H (3) (125) (21) (H resonance)

Total programme duration: 14 years (including machine modifications) 
plus optional 3years @ H resonance



parameter FCC-hh HE-LHC (HL) LHC
collision energy cms [TeV] 100 27 14
dipole field [T] 16 16 8.3
circumference [km] 100 27 27
beam current [A] 0.5 1.12 (1.12) 0.58
bunch intensity  [1011]  1 (0.5) 2.2 (2.2) 1.15
bunch spacing  [ns] 25 (12.5) 25 (12.5) 25
norm. emittance γεx,y [µm] 2.2 (1.1) 2.5 (1.25) (2.5) 3.75
IP β*x,y [m] 1.1 0.3 0.25 (0.15) 0.55
luminosity/IP [1034 cm-2s-1] 5 30 28 (5) 1
peak #events / bunch Xing 170 1000 (500) 800 (400) (135) 27
stored energy / beam [GJ] 8.4 1.4 (0.7) 0.36
SR power / beam [kW] 2400 100 (7.3) 3.6
transv. emit. damping time [h] 1.1 3.6 25.8
initial proton burn off time [h] 17.0 3.4 3.0 (15) 40

                Hadron collider parameters (pp)

Goal: 20-30 ab–1 during the collider lifetime
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FCC-he	&	HE-LHC-ep	parameters		
parameter		 FCC-he	 ep	at	HE-LHC	 ep	at	HL-LHC	 LHeC	
Ep	[TeV]	 50	 12.5	 7	 7	
Ee	[GeV]	 60	 60	 60	 60	
√"  [TeV]	 3.5	 1.7	 1.3	 1.3	
bunch	spacing	[ns]	 25	 25	 25	 25	
protons	/	bunch	[1011]	 1	 2.5	 2.2	 1.7	
γεp	[µm]	 2.2	 2.5	 2.0	 3.75	

electrons	/	bunch	[109]	 2.3	 2.3	 2.3	 1.0	
electron	current	[mA]	 15	 15	 15	 6.4	
IP	beta	funcJon	βp*	[m]	 15	 10	 7	 10	
hourglass	factor	 0.9	 0.9	 0.9	 0.9	
pinch	factor	 1.3	 1.3	 1.3	 1.3	
proton-ring	filling	factor	 0.8	 0.8	 0.8	 0.8	
luminosity	[1033	cm-2s-1	]	 11	 9	 8	 1.3	



Event rates: examples

 6

FCC-ee H Z W t τ(←Z) b(←Z) c(←Z)

106 5 x 1012 108 106 3 x 1011 1.5 x 1012 1012

FCC-hh H b t W(←t) τ(←W←t)

2.5 x 1010 1017 1012 1012 1011

FCC-eh H t

2.5 106 2 107



Higgs observables: decay BRs
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Tree-level couplings

XSM	=t,b,c
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Loop-level couplings
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coupling to fermions 
⇒ mf / v

mf < mH / 2



Higgs observables: production rates
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Sensitivity of various Higgs couplings 
to examples of 

beyond-the-SM phenomena 

 9

=> the goal should be (sub)percent precision!



Extracting couplings from measurements

Example

… little progress, except we now know
g2

HZZ

g2
Hbb

=
σA

σB

σ (pp/ee → ZH[ → ZZ*]) ∝ g2
HZZ ×

g2
HZZ

ΓH

Z Z

H0q,	𝓵–

q,	𝓵+
Z

Z

1 measurement, 2 parameters!

(A)

B(H → ZZ*)

σ (pp/ee → ZH[ → bb̄]) ∝ g2
HZZ ×

g2
Hbb

ΓH
Z Z

H0q,	𝓵–

q,	𝓵+

b

b

(B)
1 new measurement, but 
1 more parameter… B(H → bb̄)
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Overall constraint: ∑
X

B(H → X) = 1

Z Z

H0q,	𝓵–

q,	𝓵+

X∑
X

σ( ) = σ(ZH) ∝ g2
HZZ

How can we hope to detect ALL possible decays of the Higgs boson?? 

If the goal is to test its properties, we cannot make assumptions, and must be 
open to possible unexpected decays, possibly invisible, like H→dark matter…

An 𝓵+𝓵– collider provides the solution ….

Therefore:
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p(H) = p(e–e+) – p(Z)

=> [ p(e–e+) – p(Z) ]2 peaks at m2(H) 

reconstruct Higgs events independently of 
the Higgs decay mode!

N(ZH) ∝	σ(ZH) ∝	gHZZ2

N(ZH[→ZZ]) ∝		
σ(ZH) x BR(H→ZZ) ∝		
gHZZ2 x gHZZ2 / Γ(H)

=> absolute measurement 
of width and couplings

mrecoil = √ [ p(e–e+) – p(Z) ]2





FCC-ee
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Higgs couplings: beyond the HL-LHC
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*

0.16
0.40
0.56
1.18
0.90
0.67
3.8
1.3
3.1

1.5
1.7
3.7
SM
2.5
1.9
4.3
1.8
3.4

* M. Cepeda, S. Gori, P. J. Ilten, M. Kado, and F. Riva, (conveners), et al, Higgs Physics at the HL-LHC and HE-LHC,  
CERN-LPCC-2018-04, https://cds.cern.ch/record/2650162. 



1. To significantly improve the expected HL-LHC results, future 
facilities must push Higgs couplings’ precision to the sub-% level

2. Event rates higher than what ee colliders can provide are needed 
to reach sub-% measurements of couplings such as Hγγ, Hμμ, 
HZγ, Ηtt

Remarks and key messages

• Updated HL-LHC projections bring the coupling sensitivity to 
the few-% level. They are obtained by extrapolating current 
analysis strategies, and are informed by current experience plus 
robust assumptions about the performance of the phase-2 
upgraded detectors in the high pile-up environment

• Projections will improve as new analyses, allowed by higher 
statistics, will be considered



EW parameters 
@ FCC-ee
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*
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• Aside from exceptional moments in the development of the field, research is 
not about proving a theory is right or wrong, it’s about finding out how 
things work

• We do not measure Higgs couplings precisely to find deviations from the 
SM. We measure them to know them!

• LEP’s success was establishing SM’s amazing predictive power!

• Precision for the sake of it is not necessarily justified. Improving X10 the precision 
on m(electron) or m(proton) is not equivalent to improving X10 the Higgs 
couplings: 
• m(e) => just a parameter; m(p)=> just QCD dynamics; Higgs couplings => ???  

• … but who knows how important a given measurement can become, to 
assess the validity of a future theory?
• the day some BSM signal is found somewhere, the available precision 

measurements, will be crucial to establish the nature of the signal, whether 
they agree or deviate from the SM 

On the role of measurement
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Constraints on the coefficients of various EFT op’s from a global fit of (i) EW observables, (ii) Higgs couplings and 
(iii) EW+Higgs combined. Darker shades of each color indicate the results neglecting all SM theory uncertainties. 

Global EFT fits to EW and H observables at FCC-ee



• Higgs and EW observables are greatly complementary in 
constraining EFT ops and possibly exposing SM deviations

1. An ee Higgs factory needs to operate at the Z pole and WW 
threshold to maximize the potential of precision measurements 
of the EW sector

Remarks and key messages

• EW&Higgs precision measurements at future ee colliders could 
probe scales as large as several 10’s of TeV (ci ~ 1÷ 4π)

2. To directly explore the origin of possible discrepancies, requires 
collisions in the several 10s of TeV region

3. A 100-TeV pp collider is a natural, and likely required, extension 
of an ee facility



Remark on interpretation of EFT bounds
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Example: weak interactions

W g

2
ψγμψL

W

At low energy:

g2

2M2
W

ψγμψL ψγμψL

c
Λ2

=
g2

2M2
W

= 2 2GF =
2
v2

=
1

(174 GeV)2

versus

MW = 80 GeV
The limits on c/Λ2 are typically larger than the 
mass scale at which new physics appears



• Huge Higgs production rates:
• access (very) rare decay modes
•push to %-level Higgs self-coupling measurement
•new opportunities to reduce syst uncertainties (TH & EXP) and push 

precision 

• Large dynamic range for H production (in pTH, m(H+X) , …):
•new opportunities for reduction of syst uncertainties (TH and EXP)
•different hierarchy of production processes
•develop indirect sensitivity to BSM effects at large Q2 , complementary 

to that emerging from precision studies (eg decay BRs) at Q~mH

• High energy reach
•direct probes of BSM extensions of Higgs sector

•SUSY Higgses
•Higgs decays of heavy resonances
•Higgs probes of the nature of EW phase transition
•…
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The unique contributions of a
 100 TeV pp collider to Higgs physics



SM Higgs: event rates in pp@100 TeV
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N100 = σ100 TeV × 30 ab–1

N14 = σ14 TeV × 3 ab–1

gg→H VBF WH ZH ttH HH

N100
24 x 
109

2.1 x 
109

4.6 x 
108

3.3 x 
108

9.6 x 
108

3.6 x 
107

N100/N14 180 170 100 110 530 390



• Hierarchy of production channels changes at large pT(H):
• σ(ttH) > σ(gg→H) above 800 GeV

• σ(VBF) > σ(gg→H) above 1800 GeV

H at large pT
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• At LHC, S/B in the H→γγ channel is O( few % )
• At FCC, for pT(H)>300 GeV, S/B~1
• Potentially accurate probe of the H pt spectrum 

up to large pt 

gg→H→γγ at large pT
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pT,min 
(GeV) δstat

100 0.2%
400 0.5%
600 1%
1600 10%



gg→H→ZZ*→4l at large pT

 26

pT,min (GeV) δstat

100 0.3%
300 1%

1000 10%

• S/B ~ 1 for inclusive production at LHC
• Practically bg-free at large pT at 100 TeV, 

maintaining large rates
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t
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t
Z

vs

- Identical production dynamics:

o correlated QCD corrections, correlated scale dependence
o correlated αS systematics

- mZ~mH ⇒ almost identical kinematic boundaries:
o correlated PDF systematics
o correlated mtop systematics

To the extent that the qqbar → tt Z/H contributions are subdominant:

+

For a given ytop, we expect σ(ttH)/σ(ttZ) 
to be predicted with great precision

t

t

H

t

t

Z
t

t

Z

+

+
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arXiv:1507.08169Top Yukawa coupling from σ(ttH)/σ(ttZ)

http://arxiv.org/abs/arXiv:1507.08169


σ(gg→ttZ)/ σ(ttZ) , for pT(Z)> pT,min

14 TeV

100 TeV

pT,min

At 100 TeV, gg→tt X is indeed dominant ....

NB: At lower pT values, gg fraction is slightly larger for ttZ than for ttH, since 
mZ<mH  30
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Cross section ratio stability

Production kinematics ratio stability scale PDF
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⇒ huge rates, exploit 

boosted topologies

Events/20ab–1 , with tt→𝓵ν+jets

 arXiv:1507.08169

- δyt (stat + syst TH) ~ 1%

- great potential to reduce to similar 
levels δexp syst 
- consider other decay modes, e.g. 2l2nu

Top fat C/A jet(s) with R = 1.2, |y| < 2.5, 
and pT,j > 200 GeV
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Constrain bg pt spectrum from Z→νν to the % level using 
NNLO QCD/EW to relate to measured Z→ee, W and γ spectra

SM sensitivity with 1ab–1, can reach few x 10–4 with 30ab–1

BR(H→inv) in H+X production at large pT(H)

P.Harris & K.Hahn



HL-LHC(§) FCC-ee FCC-hh
δΓH / ΓH (%) SM(§§) 1.3 tbd
δgHZZ / gHZZ (%) 1.5 0.17 tbd
δgHWW / gHWW (%) 1.7 0.43 tbd
δgHbb / gHbb (%) 3.7 0.61 tbd
δgHcc / gHcc (%) ~70 1.21 tbd
δgHgg / gHgg (%) 2.5 (gg->H) 1.01 tbd
δgHττ / gHττ (%) 1.9 0.74 tbd
δgHμμ / gHμμ (%) 4.3 9.0 0.65 (*)
δgHγγ / gHγγ (%) 1.8 3.9 0.4 (*)
δgHtt / gHtt (%) 3.4 – 0.95 (**)
δgHZγ / gHZγ (%) 9.8 – 0.9 (*)
δgHHH / gHHH (%) 50 ~30 (indirect) 6.5

BRexo (95%CL) BRinv < 2.5% < 1% BRinv < 0.025%
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Higgs couplings (κ fit): HL-LHC → FCC-ee → hh

* From BR ratios wrt B(H→4lept) @ 
FCC-ee

** From pp→ttH / pp→ttZ, using B(H→bb) 
and ttZ EW coupling @ FCC-ee

§ M. Cepeda, S. Gori, P. J. Ilten, M. Kado, and F. Riva, (conveners), 
et al, Higgs Physics at the HL-LHC and HE-LHC, arXiv:1902.00134 

§§ SM width assumed in the global fit. Will be measured to ~20% 
(68%CL) via off-shell H->4l, to ~5% (95%CL) from global fit of Higgs 
production cross sections.

http://arxiv.org/abs/arXiv:1902.00134
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Importance of standalone precise “ratios-of-BRs" measurements:

• independent of αS, mb, mc, Γinv systematics

• sensitive to BSM effects that typically influence BRs in different 
ways. Eg

BR(H→γγ)/BR(H→ZZ*)

loop-level tree-level

BR(H→μμ)/BR(H→ZZ*)
gauge coupling2nd gen’n Yukawa

BR(H→γγ)/BR(H→Zγ)
different EW charges in the loops of the two procs

BR(H→inv)/BR(H→γγ)
loop-level chargedtree-level neutral



 36

… these we must 
assume, or measure 
independently

… these would come into play if we eventually need to decode the 
origin of a deviation, as possible alternative sources of new physics

this we want 
to probe …

Extracting Higgs self-coupling from gg→HH at FCC-hh
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Direct measurement of ttH coupling: from Rt = σ(ttH)/σ(ttZ)

t

t
H +

t

t

H

t

t

Z +
t

t

Z

t

tZ

+

Rt =

FCC-hh can measure Rt with ΔRt/Rt ~ 2%

these we want….

this we know (light 
quarks)this we must measure!

t

t

Ze+

e–

δλ/λ=5% 
from 

gg→HH 
assuming 
SM inputs

δλ/λ ~ 10% 
from global 

fit
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Higgs self-coupling, gg→HH
From the detector performance studies: Pheno-level 

studies:

bbγγ bbZZ[→4l] bbWW[→2jlν] 4b+j 2b2τ+j

δκλ (%) 6.5 14 40 30 8
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Constraints on models with 1st order phase transition: after the HL-LHC

Bringing the HL-LHC sensitivity to the ±50% level, makes a big dent in this 
class of BSM models!

New HL-LHC 
projections



Combined constraints from precision Higgs 
measurements at FCC-ee and FCC-hh
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Parameter space scan for a singlet model extension 
of the Standard Model. The points indicate a first 
order phase transition. 

Direct detection of extra Higgs states at 
FCC-hh

(h2 ~ S,   h1 ~ H)
 40

Constraints on models with 1st order phase transition: after the FCC



• We often talk about “precise” Higgs measurements. What we 
actually aim at is “sensitive” tests of the Higgs properties, 
where sensitive refers to the ability to reveal BSM behaviours. 

• Sensitivity may not require extreme precision

• Going after “sensitivity”, rather than just precision, opens 
itself new opportunities … 

 41

Precision vs sensitivity
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L = LSM +
1
⇤2

X

k

Ok + · · ·

O = | hf |L|ii |2 = OSM

⇥
1 + O(µ2

/⇤2) + · · ·
⇤

For H decays, or inclusive production, μ~O(v,mH)

�O ⇠
⇣

v

⇤

⌘2
⇠ 6%

✓
TeV
⇤

◆2

⇒ precision probes large Λ
e.g. δO=1% ⇒ Λ ~ 2.5 TeV

For H production off-shell or with large momentum transfer Q, μ~O(Q)

�O ⇠
✓

Q

⇤

◆2 ⇒ kinematic reach probes large 

Λ even if precision is “low”

e.g. δO=10% at Q=1.5 TeV ⇒ Λ~5 TeV

Complementarity between precise measurements at ee 
collider and large-Q studies at 100 TeV

High-Q2 observables : precision vs dynamic reach



Examples
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δBR(H→gg)

H

Q=pT(H)

δBR(H→WW*)

W

H

Q=m(WH)W*
(b)

H

Q=pT(H)
W
W

(a)

LD=6 =
ig

2
cW

⇤2

�
H

†
�

a
D

µ
H

�
D

⌫
V

a
µ⌫

�

�SM
⇠

✓
1 + cW

ŝ

⇤2

◆2



c2V cV 
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Example: high mass VV → HH

where
cV = gHVV /gSM

HVV

c2V = gHHVV /gSM
HHVV

⇒ (c2V − c2
V)SM

= 0{



WLWL scattering

large mWW

q

q

H0	+	Z0	

W±

W±
W±

W±

κW =
gHWW

gSM
HWW
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Example: high mass DY
Constraints on Higher-dim op’s

           W / 4mW2   <   1 / (100 TeV)2

Farina et al,
arXiv:1609.08157

http://arxiv.org/abs/arXiv:1609.08157


Direct discovery reach: 
the power of 100 TeV
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7

@14 TeV

@100 TeV
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s-channel resonances

FCC-hh reach ~ 6 x HL-LHC reach



Early phenomenology studies
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SUSY reach at 100 TeV

New detector performance studies



Dark Matter

• DM could be explained by BSM models that would leave no signature 
at any future collider (e.g. axions). 

• More in general, no experiment can guarantee an answer to the 
question ”what is DM?”

• Scenarios in which DM is a WIMP are however compelling and 
theoretically justified

•We would like to understand whether a future collider 
can answer more specific questions, such as:
• do WIMPS contribute to DM?

• can WIMPS, detectable in direct and indirect (DM annihilation) 
experiments, be discovered at future colliders? Is there sensitivity to 
the explicit detection of DM-SM mediators?

• what are the opportunities w.r.t. new DM scenarios (e.g. interacting 
DM, asymmetric DM, ....)? 
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WIMP DM theoretical constraints
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For particles held in equilibrium by pair creation 
and annihilation processes, (χ χ ↔ SM) 

For a particle annihilating through processes 
which do not involve any larger mass scales:

Mwimp ≲ 2 TeV ( g
0.3 )

2
Ωwimp h2 ≲ 0.12
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DM reach at 100 TeV

Early phenomenology studies



Disappearing charged track analyses
(at ~full pileup)
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Higgsino

K. Terashi, R. Sawada, M. Saito, and S. Asai, Search for WIMPs with disappearing track 
signatures at the FCC-hh, (Oct, 2018) . https://cds.cern.ch/record/2642474.

=> coverage beyond the upper limit of the thermal 
WIMP mass range for both higgsinos and winos !!

New detector performance studies

Mwimp ≲ 2 TeV ( g
0.3 )

2



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
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• Flavour physics at the Z pole

additional opportunities

• eh collisions

• Heavy ion collisions

• Dedicated detectors for flavour physics (like LHCb)

• Forward physics (LHCf, TOTEM)

• Dedicated detectors for long-lifetime particles (like FASER, Mathusla)



Final remarks

• The study of the SM will not be complete until we clarify the nature of the 
Higgs mechanism and exhaust the exploration of phenomena at the TeV 
scale: many aspects are still obscure, many questions are still open.

• Unique among the proposed projects for future colliders, the FCC builds on 
the tried and tested format forged by the LEP-LHC experience, integrating 
the well-established and complementary qualities of circular e+e– and pp 
colliders within a largely common, and partly existing, infrastructure. 

• The sequence of FCC-ee and FCC-hh provides the most complete, detailed 
and accurate picture of Higgs properties achievable with the currently 
planned facilities, and gives direct access to the largest mass scales allowed 
by foreseeable technology

• Flavor factory at the Z pole, heavy ions and ep collisions: extremely 
diversified program => broad community engagement
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FCC-ee + FCC-hh, project timeline
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