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The FCC-ee

5·1012 hadronic Z
( 105 LEP1)

1.5·108 W-pairs
(0.5 104 LEP2)

http://cern.ch/fcc
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The LEP results and legacy 

N=2.9840±0.0082

mt = 174.3 ± 5.1 GeV
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FCCee EW precision Eur. Phys. J. C (2019) 79:474 

hQp://gfiQer.desy.de/Standard_Model
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FCCee detector concepts
CLIC-Like Detector (CLD) 

Interna0onal Detector for Electron-positron Accelerators (IDEA) 
• vertex detector
• drift chamber

• preshower detector 
• dual-readout calorimeter
• muon system
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Z pole lineshape and decay rates
Data taken at 87.9 GeV (40/ab)  + 91.2 GeV (80/ab) + 93.9 GeV (40/ab)  
resonant depolarisa6on on a con6nuous basis for both beams (𝞓E=100 KeV=𝞓m Z =𝞓𝞒Z) 

Direct measurement  of aQED(mZ
2)

High precision of FCCee will require higher order perturbative calculations : a bottleneck will 
be represented by the hadronic contributions to the vacuum polarization 
Rely of a self-normalizing quantity, the forward-backward asymmetry 

The variation of A
µµ
FB

as a function of the centre-of-mass energy, as obtained from
Eq. 2.10, is shown in Fig. 3. In the above expressions, the photon-exchange term is totally
symmetric, hence is absent from the numerator. Because v4

/a
4
' 3⇥10�5, the Z-exchange

term contribution to the asymmetry is minute, except at the Z pole where the interference
term vanishes and the asymmetry is small: A

µµ
FB,0 = (3/4) ⇥ 4v2

a
2
/(a2 + v

2)2 ' 0.016.
The interference term, on the other hand, is almost 100% anti-symmetric and contributes
mostly to the numerator. (The contribution of the interference term to the denominator,
i.e., to the total cross section, can be neglected as shown in Fig. 2.)
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Figure 3. The muon forward-backward asymmetry in e+e� ! µ
+
µ
� as a function of the centre-

of-mass energy.

The off-peak muon forward-backward asymmetry can therefore be expressed as follows:

A
µµ
FB

= A
µµ
FB,0 +

3

4

a2

v2

I

G + Z
. (2.11)

At a given
p
s, a small variation �↵ of the electromagnetic coupling constant translates to

a variation �A
µµ
FB of the muon forward-backward asymmetry:
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In first approximation, the asymmetry is therefore not sensitive to ↵QED when the Z-
and photon-exchange terms are equal, i.e., at

p
s = 78 and 112GeV (Fig. 2), where the
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where the approximation in the last term of the equality is valid off the Z peak.

3 Statistical power of the method

The optimal centre-of-mass energies are those which minimize the statistical uncertainty on
↵QED(s). For a given integrated luminosity L, the statistical uncertainty on the forward-
backward asymmetry amounts to

�
�
A

µµ
FB

�
=

s
1�A

µµ
FB

2

L�µµ
. (3.1)

The target luminosities for the FCC-ee in a configuration with four interaction points are
215⇥1034cm�2s�1 per interaction point at the Z pole and 38⇥1034cm�2s�1 per interaction
point at the WW pair production threshold [12]. With 107 effective seconds per year,
the total integrated luminosity is therefore expected to be 86 ab�1/ year at the Z pole
and 15.2 ab�1/ year at the WW threshold. Between these two points, the variation of
the luminosity with the centre-of-mass energy is assumed to follow a simple power law:
L(

p
s) = L(mZ) ⇥ s

a. The very large Z pole luminosity is achieved by colliding about
60,000 bunches of electrons and positrons, which fill the entirety of the 400 MHz RF buckets
available over 100 km. It also corresponds to a time between two bunch crossings of 5 ns,
which is close to the minimum value acceptable today for the experiments. With a constant
number of bunches, the luminosity was therefore conservatively assumed to linearly decrease
with the centre-of-mass energy (and reach 0. for

p
s = 0.), leading to the profile of Fig. 5.

With the cross section of Fig. 2, the asymmetry of Fig. 3, and the integrated luminosity
of Fig. 5, Eq. 3.1 leads to the statistical uncertainty on A

µµ
FB

displayed as the blue area in
Fig. 4, for a one-year running at any given centre-of-mass energy. An improvement on the
determination of ↵QED(s) is possible wherever the red curve lies outside the blue area, and
is largest when the absolute value of the ratio between the red and blue curves is maximum.

The corresponding relative accuracy for the ↵QED(s) determination is shown in Fig. 6.
The best accuracy of ⇠ 3 ⇥ 10�5 is obtained for one year of running either just below or
just above the Z pole, specifically at p

s� ⇠ 87.9GeV and p
s+ ⇠ 94.3GeV.

The value of the electromagnetic coupling constant extracted from the muon forward-
backward asymmetry measured at either energy, ↵� ⌘ ↵QED(s�) and ↵+ ⌘ ↵QED(s+), are
then extrapolated towards a determination of ↵0 ⌘ ↵QED(m2

Z
) with the running coupling

constant expression around the Z pole, valid at all orders in the leading-log approximation:

1

↵0

=
1

↵±
+ � log

s±
m2

Z

, (3.2)

where � is proportional to the well-known QED �-function. In the standard model and at
the lowest QED/QCD order, it reads �0 =

P
f
Q

2

f
/3⇡, where the sum runs over all active

fermions at the Z pole (f = e, µ, ⌧ , d, u, s, c b) and Qf is the fermion electric charge in
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• Rb Very sensi6ve to rad. vertex correc6ons due to new par6cles 
• Important to sort out LEP b-couplings issue

• Measurement exploits the presence of two b hadrons and b-tagging.
• Independent from b-tagging efficiency, but not from hemisphere correlaIons

• b-tagging performance (vertex detectors) helps in reducing the correla6on
• Correla6ons sources to be iden6fied and studied with data

ΔRb ≈1 (5-20) 10-5  stat (syst)

ΔRc ≈3 (20-50) 10-5  stat (syst)

€ 

gAf( )
2

+ gVf( )
2

```

JHEP 1602 (2016) 053

ΔRℓ ≈0.3 (1-5) 10-5  stat (syst) (rel)

⇒ Δ𝛂S(mZ)≈ 1 (4-20) 10-5  stat (syst)

Δ𝛂QED(mZ)≈ 3 10-5  (rel) 
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Z pole asymmetries 
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sizably improve b asymmetry
• combine info of all par6cles in the hemisphere
•different systema6c effects [QCD correc6ons to be improved]  
è ΔAb ≈0.2 (10-30) 10-5  stat (syst)   ΔAc ≈0.3 (20-40) 10-5  stat (syst)

tau polarizaIon A
Polariza6on vs the produc6on angle 
allows Ae to be separated from At :
Universality test and sin2𝝷W

AFB(µ+µ-) and AFB(t+t-) can also be considerably improved. 
AFB(e+e-) more difficult because of t-channel.

è ΔAτ ≈2 (10-20) 10-5  stat (syst)   

S-matrix approach : trade sta6s6cal power for reduced theore6cal assump6ons

è ∆ sin2θeff ≈ 0.6 10-5 (syst) 

Golden channel:  
è ΔA𝝻 ≈0.3 (0.9) 10-5  stat (syst)   
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WW threshold lineshape arXiv:1703.01626
arXiv:1909.12245

CDR(V2) Eur. Phys. J. ST 228 (2019) 261
Eur.Phys.J.C 80 (2020) 1 (with CEPC)

5/ab@157.3 GeV 
+7/ab@162.6 GeV

ΔmW=0.5 MeV ΔΓW=1.2 MeV

need syst control on :
• ΔE(beam)<0.5 MeV (6x10-6)
• Δε/ε, ΔL/L < 2 10-4

• ΔσB<1 fb  (2 10-3)

Need to improve TH uncertainty to <1y (2 10-4 )

(dmW /dσWW)min=0.5MeV/fb
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1/2MeV/fb ZHs /dHdm ZHs
1/2MeV/fb ZHs /dZdmZHs

1/2MeV/fb ZHs /dHGdZHs
1/2MeV/fb ZHs /dZGdZHs

FCCee ZH threshold

Op6mal data-taking point for min 𝝙mH(stat) 
Is ECM≃mZ+mH+0.6∼ 217 GeV

need syst control on :
• ΔE(beam)<5 MeV (5x10-5)
• Δε/ε, ΔL/L < 10-3

• ΔσB<0.1 y   ( ∼10-3)

(dmH /dσZH)=40 MeV/fb

√σZH(dmH /dσZH)min=350 MeV/√^

With 5/ab ⇒𝝙mH(stat) = 5 MeV
Not including Q=√∑𝜺ipi (over all channels)

Taking some /ab at ECM≃214-215GeV (off shell) 
should be sensi6ve to 𝝙𝜞H≃40 MeV 

⟹ not very interes0ng 

interlude : the ZH threshold 

On the way to the 
electron-Yukawa
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W kinemaIc reconstrucIon 
12/ab @157-162 GeV : 50 106 WW

5/ab @240 GeV : 80 106 WW 
1.65/ab@365 GeV: 20 106 WW 

Total ~150M WW 
θ, β: jet polar angles and veloci6es

èΔmW (stat) ~ 0.5 MeV
èΔΓW (stat) ~ 1 MeV

M. Béguin, PhD thesis, 2019  hQps://cds.cern.ch/record/2710098
PA, M. Béguin, E.Locci PoS EPS-HEP2019 (2020) 653

hQps://doi.org/10.22323/1.364.0653
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CLD Detector Concept
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W kinematic reconstruction 

lepton and jet uncertain6es 
from (Z) calibra6on data

How to obtain  ΔEbeam~1MeV  at ECM=240-365 GeV ? 
Can make use of radia6ve Z-returns (Zγ) and ZZ events  

ΔECM=0.3 MeV  at ECM=162GeV  with
Resonant depolariza6on 

What about other syst ?
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W decay BR 

Lept universality test at 2% level
tau  BR  ~2.6 σ larger than e/mu

è FCCee @ 3-4 10-4 level 

q/ l universality at 0.5%
è FCCee @ 10-4 level 

For lept BR will need excellent control of lepton 
id and cross contamina6ons in signal channels  
( τàe,μ and  e,μ channels)

Scaling major syst 
uncertain6es with data 

luminosity  (as stat)

Less stringent requirements for syst 
uncertainty control for hadr BR 

stringent test of CKM unitarity
for the five lightest quarks

è ΔαS (mW) ≈(9 π/2)ΔBq≈  10-3

Flavor tagging can also 
allow to measure coupling 

to c & b-quarks (Vcs, Vcb,.. ) 
directly ! 

𝝙 |Vcs| (rel) ≃ 3 10-4 stat
𝝙 |Vub| (rel) ≃ 3-5% stat
𝝙 |Vcb| (rel)  ≃ 0.2% stat
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Gauge couplings WWg WWZ

SU(2)ÄU(1) Gauge Cancellations
Wen

BSM can affect: 
the total rates σ, 

the producIon angles θW
the decay angles θ* φ*
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Gauge couplings

LEP2 precision : 2-4 10-2
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precision reach of aTGCs at FCC-ee (68% CL)
240GeV 5/ab only
365GeV 1.5/ab only
FCC Full program

light shade: global fit
dark shade: individual fit

A binned chi-square fit is performed to estimate the 
precision reach of the three aTGCs at the FCCee. 

Only the semileptonic channel, with one W decaying to e 
or μ is used. cThe chi-square is summed over all bins of 
the five angles, considering only sta6s6cal uncertain6es.

Other 4f processes 

6f processes : tribosons  

Poten6al of stringent TGC/QGC  (EFT dim6 & dim8)  
explora6ons   also with photons  e+e- à WW𝛄 ZZ𝛄

@356 GeV : Similar x-
sec6ons and luminosity wrt
HL-LHC, but much beQer 
acceptance & purity 

6f VBS

Kinema6c threshold at VV mass
very small cross sec6ons 
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FCCee EW physics : rich program at and above the Z pole
• Core repe66on of the LEP physics program with large precision improvements (x20-500) 

capabiliIes, and a large number of addiIonal opportuniIes given the huge luminosity and 
higher collision energies
• Z mass and width, 𝛂QED(mZ), N𝛎

• Rℓ , 𝛂S(mZ) , Rb , Rc , ..
• AFB, sin2θeff

• W mass and width (threshold and kinema6c) 
• Direct W universality and CKM elements 
• Gauge couplings 
• Mul6boson produc6ons and scaQering 
• Z radia6ve returns (Direct invisible Z width) 
• ….

• Work s6ll ongoing to evaluate with more care all possibili6es, design the measurements, 
es6mate (limi6ng) systema6cs, study ways to overcome them, and reflect on the detector 
design requirements 
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