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Disclaimer 
To prepare these slides I used content from many friends 

and colleagues, whom I wholeheartedly wish to thank. 
Any mistake or misinterpretation is entirely my fault!
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• The take-home message from the LHC so far: this universe is very SM-like.

Width ΓH

No significant deviation from SM with 140 fb-1 of pp 
collisions (not promising for BSM at HL-LHC) 

I. Vivarelli
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P. Janot

We are in an interesting situation 
• No experimental hint to the origin of these observed phenomena 
• No clear theoretical hint to indicate the best direction to go 

We have no clear energy scale for new physics 
We don’t know its coupling strength to the SM particles 

• Next facility must be versatile 
• With a reach as broad as possible 

More Sensitivity, more Precision, more ENERGY 

• A high precision, high intensity lepton collider, later followed by a high energy hadron 
collider offers the best solution
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Higgs width, Higgs to 
invisible, couplings 
(including self-couplings)

, , EW top 
couplings
mtop Γtop

Precision SM

Flavour Physics

BSM direct 
searches

Axion-like particles, dark 
photons, Heavy Neutral 
Leptons, LLPs 

• , , 


•  (with permille accuracy)


• Quark and gluon fragmentation

• NP QCD

mZ, ΓZ, Nν Rl, AFB mW, ΓW

αs

•  : tau-based EW observables, 
lepton universality


•   pairs: flavour observables, 
flavour anomalies, CKM, CP, etc. 

1011 ττ̄

1012 bb̄/cc̄

Higgs physics 

Top physics

EW factory 
(Z,WW)

Higgs

Top

C. Grojean
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FCC-ee FCC-hh

comprehensive long-term program maximizing physics opportunities 
• stage 1: FCC-ee (Z, W, H, ) as Higgs factory, electroweak & top factory at the 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  
• 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

M.Benedikt
2020 - 2040 2045 - 2063 2070 - 2095
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  3 years  
  2 x 106 H 

  5 years 
 2 x 106 tt pairs 

  2 years 
 > 108 WW  
 LEP x 104

 4 years 
 5 x 1012 Z  
 LEP x 105

❑ x 10-50 improvements on all EW observables 
❑ up to x 10 improvement on Higgs coupling (model-indep.) measurements over HL-LHC  
❑ x10 Belle II statistics for b, c, τ  
❑ indirect discovery potential up to ~ 70 TeV 
❑ direct discovery potential for feebly-interacting particles over 5-100 GeV mass range

Up to 4 interaction points à robustness,  
statistics, possibility of specialised detectors 
to maximise physics output

Design and parameters 
dominated by the 
choice to allow for  
50 MW synchrotron  
radiation per beam. 

Parameter Z WW H	(ZH) ttbar

beam energy [GeV] 45.6 80 120 182.5
beam current [mA] 1270 137 26.7 4.9
number bunches/beam 11200 1780 440 60
bunch intensity  [1011] 2.14 1.45 1.15 1.55
SR energy loss / turn [GeV] 0.0394 0.374 1.89 10.4
total RF voltage 400/800 MHz [GV] 0.120/0 1.0/0 2.1/0 2.1/9.4
long. damping time [turns] 1158 215 64 18
horizontal beta* [m] 0.11 0.2 0.24 1.0
vertical beta* [mm] 0.7 1.0 1.0 1.6
horizontal geometric emittance [nm] 0.71 2.17 0.71 1.59
vertical geom. emittance [pm] 1.9 2.2 1.4 1.6
horizontal rms IP spot size [µm] 9 21 13 40

vertical rms IP spot size [nm] 36 47 40 51
beam-beam parameter ξx / ξy 0.002/0.0973 0.013/0.128 0.010/0.088 0.073/0.134

rms bunch length with SR / BS [mm] 5.6 / 15.5 3.5 / 5.4 3.4 / 4.7 1.8 / 2.2
luminosity per IP [1034 cm-2s-1] 140 20 5.0 1.25
total integrated luminosity / IP / year [ab-1/yr] 17 2.4 0.6 0.15
beam lifetime rad Bhabha + BS [min] 15 12 12 11
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CEPC Accelerator white paper for 
Snowmass21, arXiv:2203.09451

CEPC versus FCC-ee 
o Earlier data: collisions expected in 2030s (vs. ∼ 2040s) 
o Large tunnel cross section (ee & pp coexistence) 
o Lower construction cost  
o Green field: Lab, complete infrastructure to be built

Circular versus Linear Colliders 
o Higher luminosity / precision for Higgs & Z  
o Potential upgrade for pp collider  

Circular colliders have a clear luminosity 
advantage up to √s ~ 400 GeV 

Z

WW

H

tt

H. Yang
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FCC-ee explore and discover
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P. Azzi
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EW observables at the Z
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From data collected in a lineshape energy scan:
• Z mass (key for jump in precision for ewk fits)
• Z width (jump in sensitivity to ewk rad corr)
• Rl = hadronic/leptonic width (αs(mZ2), lepton couplings)
• peak cross section (invisible width, Nν)
• AFB(µµ) (sin2 θeff , αQED(mZ2), lepton couplings)

5x1012			e+e-	à			Z

R. Tenchini, P. Azzi
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• Rb, Rc, AFB(bb), AFB(cc) (quark couplings)
• CKM matrix
• CP violation in neutral B mesons
• Flavour anomalies
• Tau polarization (sin2 θeff , lepton couplings, αQED(mZ2))
• much more...

1012		bb/cc,	1.7x1011	ττ

R. Tenchini, P. Azzi
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Flavour physics with Tera-Z run
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P. Azzi
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P. Azzi

• Target: reduce systematic uncertainties to the level of 
statistical ones  

• Exquisite √s precision (100keV@Z, 300keV@WW) 
• ~50 times better precision than LEP on EW precision 
observables 
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EW observables at W+W-
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108				e+e-	à			WW

From data collected around and above the WW threshold:
• W mass (key for jump in precision for ewk fits)
• W width (first precise direct measurement)
• RW = Γhad/Γlept (αs(mZ2))
• Γe , Γµ , Γτ (precise universality test )

• direct CKM measurements (with jet-flavor tagging)
• Triple and Quartic Gauge couplings (jump in
precision, especially for charged couplings)

R. Tenchini
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EW precision measurements at FCC-ee
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Improvement of 10-50 times 
compared to LEP
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Higgs production at an e+e- collider
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“Higgstrahlung” process close to threshold 
Production cross section has a maximum at near threshold ~200 fb 

            1034/cm2/s  ➔ 20’000 HZ events per year

For a Higgs of 125 GeV, a centre of mass energy of 240-250 GeV is optimal 
➔ kinematical constraint near threshold for high precision in mass, width, selection purity	

e+

e-

Z*

Z

H

Z – tagging  
   of Higgs events 
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FCC-ee 
240 GeV

FCC-ee
365 GeV

Total Integrated Luminosity (ab-1) 7.2 2.7

# Higgs bosons from e+e-→HZ 1500000 330000
# Higgs bosons from fusion process 45000 80000

FCC-ee 
7.2 ab-1@240 GeV 
~2.7 ab-1@365 GeV

Higgs Factory!

WW fusion

Higgsstrahlung
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Higgs couplings to Z
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➡ Recoil method provides a unique opportunity for a decay-mode independent measurement 
of the HZ coupling 
Higgs events are tagged with the Z boson decays, independently of Higgs decay mode, mrecoil = mH 

Expected precision 0.7% on the ZH cross section  

Using only leptonic Z decays and only a measurement at 240 GeV so far

Higgs-strahlung
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Higgs @ FCC-ee
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C. Grojean
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Top physics
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Threshold scan allows most precise measurements of top mass 

•Measurements at threshold: top mass (< 20 MeV stat), width, and estimate of Yukawa coupling 
•Run at 365 GeV: precision measurements of top EWK couplings at ~10-2,10-3 and search for 
FCNC in the top sector.  

From top EWK coupling 
precision sensitivity up 
to 4TeV Z’ mass 

P. Azzi
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Higgs width, Higgs to 
invisible, couplings 
(including self-couplings)

, , EW top 
couplings
mtop Γtop

Precision SM

Flavour Physics

BSM direct 
searches

Axion-like particles, dark 
photons, Heavy Neutral 
Leptons, LLPs 

• , , 


•  (with permille accuracy)


• Quark and gluon fragmentation

• NP QCD

mZ, ΓZ, Nν Rl, AFB mW, ΓW

αs

•  : tau-based EW 
observables, lepton universality


•   pairs: flavour 
observables, flavour anomalies, 
CKM, CP, etc. 

1011 ττ̄

1012 bb̄/cc̄

Higgs physics 

Top physics

EW factory 
(Z,WW)

Higgs

Top

FCC-ee

Tracking resolution 
(tagging), vertexing 
(flavour),  jet resolution

Particle ID, detector 
resolution, 
systematics, stability

Detector hermeticity, 
flexibility

C. Grojean, I. Vivarelli

Vertexing, Particle 
ID (tracking,calo) 
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https://arxiv.org/abs/1911.12230,				https://arxiv.org/abs/1905.02520 https://pos.sissa.it/390/

https://arxiv.org/abs/1911.12230
https://arxiv.org/abs/1905.02520
https://pos.sissa.it/390/
https://pos.sissa.it/390/
https://pos.sissa.it/390/
https://pos.sissa.it/390/
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https://pos.sissa.it/390/
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Si strips
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0.74 X0, 0.16 λ @ 90°

Preshower: ∼1 X0

Dual-Readout Calorimeter:  
2m / 7 λint

Yoke + Muon chambers
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Outer vertex tracker:  

Modules of  pixel size 

• Intermediate barrel at 13 cm 
radius (improved reconstruction 
for ) 

• Outer barrel at 31.5 cm radius 
• 3 disks per side 

50  × 150 µm2

 pT > 40 MeV tracks

Inner Vertex detector: 

Modules of  pixel size 

3 barrel layers at  
- 13.7, 22.7 and 34.8 mm radius

25  × 25 µm2

Mid-term review vertex detector overall layout

F. Palla
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Drift chamber
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IDEA	DC

(see Figure 2).
A system of tie-rods directs the wire tension stress to the outer endplate rim,
where a cylindrical carbon fibre support structure bearing the total load is
attached. Two thin carbon fibre domes (”gas envelope”), suitably shaped to
minimise the stress on the inner cylinder and free to deform under the gas pres-
sure without a↵ecting the wire tension, enclose the gas volume.
This assembling technique allows to manage large number of wires with con-
siderably simplified procedures and it has been successfully applied to the con-
struction of the MEG2 drift chamber.

Figure 1: Schematic representation of the separation between gas containment
and wire tension relief. In evidence the ”wire cage” and the ”gas envelope”.

Figure 2: Schematics from the MEG2 drift chamber construction to illustrate
how the chamber is built: printed circuit boards (in green), to which the wires
are soldered, are stacked radially alternating with spacers (in red), which set
the proper cell dimensions.

4

3.1 Layer Structure

The active volume of the drift chamber is divided in 14 co-axial super-layers,
each one composed of 8 layers, at stereo angles of alternating signs, for a total of
112 layers, arranged in 24 identical azimuthal sectors. The innermost 8 layers,
constituting the first super-layer, contain N1 = 192 drift cells (8 per sector)
each. In order to maintain an approximately constant cell size, the number of
drift cells in each consecutive super-layer is incremented by 48 (2 in each sector):
Ni = 192+(i�1)⇥48, up to N14 = 816 (34 drift cells per sector), for a total of
56,448 drift cells. The width of the cell, approximately square, varies from about
12mm at the innermost layer to about 14.5mm at the outermost layer. For the
chosen gas, 90%He � 10%iC4H10, this corresponds to about 350ns maximum
drift time for the largest cell size, well below the bunch crossing spacing of 537ns
at the Higgs running mode.
The stereo angle is generated by stringing the wires between two points on the
end plates at the same radius and mutually displaced by two sectors (2↵i =
±30�, see Figure 3). Thus, the stereo angles increase linearly with the layer

Figure 3: Arrangement of a stereo wire.

radius from 20mrad to 180mrad. Because of this configuration, the cell size at
the end plates (z = ±L/2) results larger by about 3.5%, with respect to the cell
size at z = 0, maintaining, however, its aspect ratio identical to 1 at any z. Each
layer consists of three wire sub-layers: an inner and an outer cathode sub-layers
made of 40µm diameter Au coated Al field wires and a middle anode sub-layer
made of alternating sense (20µm diameter Au coated W) and field shaping
(50µm diameter Au coated Al) wires. Two consecutive layers are oriented at
opposite stereo angles. The outer cathode sub-layer of each layer lies at the
same radius as the inner cathode sub-layer of its radially adjacent layer, thus
forming a dense equipotential mesh of cathode wires (Figure 4). Its envelope in
space forms a rotational hyperboloid surface. The resulting large ratio of field
to sense wires of 5 : 1, besides assuring uniformity of response longitudinally,

5

◆ IDEA:	Extremely	transparent	Drift	Chamber	
❑ Gas:	90%	He	–	10%	iC4H10	
❑ Radius	0.35	–	2.00	m	
❑ Total	thickness:	1.6%	of	X0	at	90o	

❑ All	stereo	wires	(56448	cells,	343968	wires)	
❖ Tungsten	wires	dominant	contribution	

❑ 112	layers	for	each	15o	azimuthal	sector	
❑ max	drift	time:	350	ns

L = 4m
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dN/dx from Garfield++

◆ In	general,	tracks	have	rather	low	momenta	(pT	≲	50	GeV)	
❑ Transparency	more	relevant	than	asymptotic	resolution		

◆ Drift	chamber	(gaseous	tracker)	advantages	
❑ Extremely	transparent:	minimal	multiple	scattering	and	secondary	interactions	
❑ Continuous	tracking:	reconstruction	of	far-detached	vertices	(K0S	,	Λ,	BSM,		LLPs)	
❑ Outstanding	Particle	separation	via	dE/dx	or	cluster	counting	(dN/dx)		
❖ >3σ	K/π		separation	up	to	~35	GeV
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Alternate 
Cherenkov fibers 
Scintillating fibers

C = E[fem + (h/e)C(1 − fem)]

S = E[fem + (h/e)S(1 − fem)]

E =
S − χC
1 − χ

χ =
1 − (h/e)S

1 − (h/e)C
with:

Newer	DR		calorimeter		
(	bucatini	calorimeter)

~2m long capillaries

❖ Measure simultaneously: 
➢ Scintillation signal (S) 
➢ Cherenkov   signal (Q)

❖ Calibrate both signals with e-

❖ Unfold event by event fem to obtain 
corrected energy
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Crystal ECAL with DR calorimeter

32
M. Lucchini
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Preshower Detector
High resolution after the magnet 

to improve π±/e± and 2γ separation

Efficiency > 98% 
Space Resolution < 100 µm 

Mass production 
Optimization of FEE channels/cost

Muon Detector
Identify muons and search for LLPs

Efficiency > 98% 
Space Resolution < 400 µm 

Mass production 
Optimization of FEE channels/cost

Preshower 
 pitch = 0.4 mm  

FEE capacitance = 70 pF  
 1.3 million channels

Muon 
 pitch = 1.2 mm  

 FEE capacitance = 220 pF  
5 million channels

Barrel Preshower

Similar design for 
the Muon detector

Endcap Preshower

Similar design for 
the Muon detector

50x50 cm2 2D tiles to 
cover more than 1650 m2

Detector	technology:	µ-RWELL
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on EW measurements and Higgs couplings
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FCC-ee could be also be a discovery machine

Detector requirements are stringent

Detector concepts exist, matching the requirement, more R&D is however needed

The IDEA detector concept could be an excellent choice for one of the FCC-ee 

IPs

We are living in very interesting times, especially for our young collaborators

Lots of possibilities for many colleagues, from all over the world, to 

participate and contribute to all these developments!!




