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• The origin of precision electroweak physics in high energy dates
back to the electroweak tests of the Standard Model at LEP/SLC
at scales from MZ up to ∼ 200 GeV
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• precision O(0.1%) measurements of the processes e+e− → ff̄
• O(1%) for the processes e+e− →WW/ZZ → 4 fermions
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The power of precision physics

• just including one-loop corrections we gain sensitivity to high
mass d.o.f.
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• “indirect” evidence of top quark, before 1995, from a best-fit to
Z-peak data, assuming the validity of SM, (χ2 depends on GFm2

t )

Year

M
t  

 [
G

e
V

]

SM constraint
Tevatron

Direct search lower limit (95% CL)

68% CL

50

100

150

200

1990 1995 2000 2005

LEP EWWG, SLD WG, ALEPH, DELPHI, L3, OPAL, Phys. Rept. 427 (2006) 257

F. Piccinini (INFN, Pavia) Electroweak Physics at Future Accelerators 24 May 2024 4 / 28



the same could be said about mH

• however, dependence on mH is only logarithmic because of
custodial symmetry

Measurement Fit |O
meas−O

fit
|/σmeas

0 1 2 3

0 1 2 3

∆αhad(mZ)∆α(5)
0.02758 ± 0.00035 0.02767

mZ [GeV]mZ [GeV] 91.1875 ± 0.0021 91.1874

ΓZ [GeV]ΓZ [GeV] 2.4952 ± 0.0023 2.4965

σhad [nb]σ0
41.540 ± 0.037 41.481

RlRl 20.767 ± 0.025 20.739

AfbA
0,l

0.01714 ± 0.00095 0.01642

Al(Pτ)Al(Pτ) 0.1465 ± 0.0032 0.1480

RbRb 0.21629 ± 0.00066 0.21562

RcRc 0.1721 ± 0.0030 0.1723

AfbA
0,b

0.0992 ± 0.0016 0.1037

AfbA
0,c

0.0707 ± 0.0035 0.0742

AbAb 0.923 ± 0.020 0.935

AcAc 0.670 ± 0.027 0.668

Al(SLD)Al(SLD) 0.1513 ± 0.0021 0.1480

sin
2θeffsin
2θlept

(Qfb) 0.2324 ± 0.0012 0.2314

mW [GeV]mW [GeV] 80.425 ± 0.034 80.389

ΓW [GeV]ΓW [GeV] 2.133 ± 0.069 2.093

mt [GeV]mt [GeV] 178.0 ± 4.3 178.5

Figure 8.14: Comparison of the measurements with the expectation of the SM, calculated for
the five SM input parameter values in the minimum of the global χ2 of the fit. Also shown
is the pull of each measurement, where pull is defined as the difference of measurement and
expectation in units of the measurement uncertainty. The direct measurements of mW and ΓW

used here are preliminary.
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2022: Higgs @LHCHiggs couplings to fermions 
and bosons

30

“Global” fermion and 
vector coupling modifiers 
can be used to quantify 
the LHC capability to 
constrain BSM effects 

Very many ways of constraining BSM effects in Higgs physics using 
SMEFT, including using non-Higgs related observables and vice-versa 

⇒ see e.g. talks of R. Franceschini, D. Marzocca, E. Vryonidou, A. Martin, G. Piaquadio  

CMS Nature 607 (2022) 7917

CMS Coll., Nature 607 (2022) 7917

Footprint of the SM Higgs

29

So far, the Higgs behaves SM like, as far as couplings to third and 
second generation are concerned. 

Still large room for BSM effects in couplings to 1st and 2nd generation 

ATLAS Nature 607 (2022) 7917

ATLAS Coll., Nature 607 (2022) 7917
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Two key SM parameters for electroweak physics

• MW

• sin2 ϑ`eff

• opportunity of testing the SM internal consistency

• calculate them with very high perturbative precision in the SM in
terms of precisely known quantities: α, Gµ, MZ , mf , MH , αs(MZ),
(∆α)h

• perform direct determinations of both MW and sin2 ϑ`eff through
Drell-Yan processes
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M2
W =

M2
Z

2



1 +

[
1− 4πα√

2GµM2
Z

(1 + ∆r)

]1/2




M2
W = 80.358± 0.009GeV

FCC-ee CDR, Vol. 2, 2018

• one loop O(α) calculation
A. Sirlin, PRD22 (1980) 971

• two loop O(ααs)

A. Djouadi, C. Verzegnassi, PLB195 (1987) 265

• three loop O(αα2
s)

L. Avdeev et al., PLB336 (1994) 560;

K.G. Chetyrkin, J.H. Kühn, M. Steinhauser, PLB351 (1995) 331; PRL75 (1995) 3394

• O(α2) for large top / Higgs mass
R. Barbieri et al., PLB288 (1992) 95; NPB409 (1993) 105

G. Degrassi, P. Gambino, A. Vicini, PLB383 (1996) 219

• exact O(α2) A. Freitas et al., PLB495 (2000) 338; NPB632 (2002) 189
M. Awramik, M. Czakon, PLB568 (2003) 48; PRL89 (2002) 241801

A. Onishchenko, O. Veretin, PLB551 (2003) 111; M. Awramik et al., PRD68 (2003) 053004

G. Degrassi, P. Gambino, P.P. Giardino, JHEP 1505 (2015) 154

F. Piccinini (INFN, Pavia) Electroweak Physics at Future Accelerators 24 May 2024 8 / 28



sin2 ϑleff =
1

4

(
1− Re

gv
ga

)
, Zl̄l vertex ∼ l̄γµ(gv − gaγ5)lZµ

• measured at Z peak: 0.23153± 0.00016
• uncertainty in the SM calculations: ∼ 0.00007

• at one loop O(α)
A. Sirlin, PRD22, (1980) 971, W.J. Marciano, A. Sirlin, PRD22 (1980) 2695

G. Degrassi, A. Sirlin, NPB352 (1991) 352, P. Gambino and A. Sirlin, PRD49 (1994) 1160

• at higher orders:
• O(ααs)

A. Djouadi, C. Verzegnassi, PLB195 (1987) 265
B. Kiehl, NPB353 (1991) 567; B. Kniehl, A. Sirlin, NPB371 (1992) 141, PRD47 (1993) 883

A. Djouadi, P. Gambino, PRD49 (1994) 3499

• O(αα2
s)

L. Avdeev et al., PLB336 (1994) 560;

Chetyrkin, Kühn, Steinhauser, PLB351 (1995) 331; PRL75 (1995) 3394; NPB482 (1996) 213

• O(αα3
s)

Y. Schröder, M. Steinhauser, PLB622 (2005) 124;

K.G. Chetyrkin et al., hep=ph/0605201; R. Boughezal, M. Czakon, hep-ph/0606232

• O(α2) for large Higgs / top mass
G. Degrassi, P. Gambino, A. Sirlin, PLB394 (1997) 188

• exact O(α2) M. Awramik, M. Czakon, A. Freitas, JHEP0611 (2006) 048

W. Hollik, U. Meier, S. Uccirati, NPB731 (2005) 213; I. Dubovik et al., arXiv:1906.08815
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Prospects for HL-LHC: SM EW fit

level. The improvement in the precision on mt would also reduce the parametric uncertainty on some
observables, e.g. the W mass, bringing the total residual error very close to the intrinsic uncertainty as-
sociated to missing higher-order corrections in the calculation of MW . As in the case of some of the SM
inputs, the expected improvement on the experimental precision of MW , without a significant deviation
on the central value, would add some tension between theory and experiment, pushing the pull for this
observable well beyond the 2σ level. The impact of the HL-LHC measurements on the EW fit is well
illustrated in Fig. 46 where one can see the comparison between direct (i.e. experimental) and indirect
constraints on the fit input parameters given for both the current and HL-LHC scenarios in the MW vs.
mt and the MW vs. sin2 θlept

eff planes respectively.
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Fig. 46: Comparison of the indirect constraints on MW and mt with the current experimental mea-
surements and the expected improvements at the HL-LHC (left). The same in the MW -sin2 θlept

eff plane
(right).

The EWPO, being measured in processes mediated by the exchange of a Z or W boson, are extremely
sensitive to any new physics that modifies the propagation of such particles. This results in a universal
modification of the interactions between the EW gauge bosons and the SM fermions, which, from the
point of view of EWPO, can be described in terms of only three parameters: the well-known S, T , and
U oblique parameters [512]. The study of the constraints on the S, T , and U parameters is one of the
classical benchmarks in the study of EW precision constraints on new physics, and it is well motivated
from a theory point of view, within the context of universal theories. The results of the fit to the S, T ,
and U parameters are given in Table 29. The results are presents in terms of the full (S,T ,U ) fit and also
assuming U = 0, which is motivated in theories where EW symmetry breaking is realised linearly, since
in that case U � S, T . In both cases the current constraints are compared with the expected precision at
the HL-LHC, which, in some cases, could improve the sensitivity to such new physics effects by up to
∼ 30%. The results for the ST fit (U = 0) are shown in Fig. 47, illustrating also the constraints imposed
by the different EWPO.

As stressed above, the STU parameterisation only describes universal deformations with respect to
the SM predictions. In order to systematically explore the impact of global EW precision fits on new
physics, the framework of the SMEFT is adopted in what follows. In this formalism, the SM Lagrangian
is extended via operators of dimension five and higher, i.e.

Leff = LSM +
∑

d>4

1

Λd−4
Ld, with Ld =

∑

i

CiO(d)
i ,

[
O(d)
i

]
= d , (28)
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The EWPO, being measured in processes mediated by the exchange of a Z or W boson, are extremely
sensitive to any new physics that modifies the propagation of such particles. This results in a universal
modification of the interactions between the EW gauge bosons and the SM fermions, which, from the
point of view of EWPO, can be described in terms of only three parameters: the well-known S, T , and
U oblique parameters [512]. The study of the constraints on the S, T , and U parameters is one of the
classical benchmarks in the study of EW precision constraints on new physics, and it is well motivated
from a theory point of view, within the context of universal theories. The results of the fit to the S, T ,
and U parameters are given in Table 29. The results are presents in terms of the full (S,T ,U ) fit and also
assuming U = 0, which is motivated in theories where EW symmetry breaking is realised linearly, since
in that case U � S, T . In both cases the current constraints are compared with the expected precision at
the HL-LHC, which, in some cases, could improve the sensitivity to such new physics effects by up to
∼ 30%. The results for the ST fit (U = 0) are shown in Fig. 47, illustrating also the constraints imposed
by the different EWPO.

As stressed above, the STU parameterisation only describes universal deformations with respect to
the SM predictions. In order to systematically explore the impact of global EW precision fits on new
physics, the framework of the SMEFT is adopted in what follows. In this formalism, the SM Lagrangian
is extended via operators of dimension five and higher, i.e.

Leff = LSM +
∑

d>4

1

Λd−4
Ld, with Ld =

∑

i

CiO(d)
i ,

[
O(d)
i

]
= d , (28)

89

J. de Blas et al., (Azzi, Farry, Nason, Tricoli, Zeppenfeld Eds.)

CERN-LPCC-2018-03, arXiv:1902.04070

not including the latest CDF MW measurement

• a direct (independent) determination is of great importance
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The EWPO, being measured in processes mediated by the exchange of a Z or W boson, are extremely
sensitive to any new physics that modifies the propagation of such particles. This results in a universal
modification of the interactions between the EW gauge bosons and the SM fermions, which, from the
point of view of EWPO, can be described in terms of only three parameters: the well-known S, T , and
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relevant observables

• MW

• MW
T mainly sensitive to QED FSR

• p`⊥ sensitive to both QCD ISR and QED FSR

• sin2 ϑ`eff
• integrating over the azimuthal angle the general parameterization of

production and decay of a spin-one vector in terms of angular
coefficients,

dσ

dq2T dy d cosϑ
=

3

8

dσunpol.

dq2T dy d cosϑ

{
1 + cos

2
ϑ +

1

2
A0(1− 3 cos

2
ϑ) + A4 cosϑ

}

⇓

AFB(M, y) =
σ+(M, y)− σ−(M, y)

σ+(M, y) + σ−(M, y)
=

3

8
A4(M, y)

• crucial common ingredients
• pZ⊥, pW⊥ (and their ratio), mainly sensitive to ISR QCD and different

parton luminositites
• reliable PDF’s determinations
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lepton pair p⊥: two regimes

• large p⊥ (>∼ 20 GeV), where pert. th. is reliable

• small p⊥ (. 20 GeV): ∼90% of the cross section

• resummation of log
(
MV

q⊥

)
is needed

• sensitivity to the non-perturbative model of the MC Evt Gen
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The challenges at the LHC
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Figure 1: The simulated muon pµT distributions in W → µν decays (left W+, right W−) with five
different MW hypotheses. The ratios are with respect to the prediction with MW = 80.3 GeV/c2.

A similar set of weights can be assigned to map the sample to different PDFs. As in
Ref. [16] the full PDF uncertainty should consider an envelope of PDF sets from several
groups, including for example the MMHT14 [23] and CT14 [24] sets, but for the current
study we focus on the NNPDF3.1 [25] set with 1000 equiprobable replicas.

3 Fitting method

Scaling the generated event samples to the 6 fb−1 of LHCb Run 2 data yields an expectation
of 7.2 (4.8) million W+ (W−) events in the 30 < pµT < 50 GeV/c and 2 < η < 4.5 region.
Toy data histograms are generated by randomly fluctuating the bins around the nominal
distribution, assuming these yields and Poisson statistics. These histograms can be
generated with different PDF sets using the reweighting procedure already described. The
current study neglects experimental systematic uncertainties, such as those due to the
knowledge of the momentum scale and the dependence of the muon identification efficiency
on pµT and η, and does not address the treatment of higher order QCD corrections in the
pWT modelling [26,27].

The data histograms are compared to templates with different PDF andMW hypotheses.
The normalisation of each template is scaled to match the data such that the fit only
considers the shape information. For a given PDF hypothesis a single-parameter (1D) fit
determines the value of MW that minimises the χ2 between a toy and the templates. The
68% C.L. statistical uncertainty corresponds to a variation of ∆χ2 = 1 with respect to
the parabola minimum.

Fig. 2 shows, separately for the two W charges, how the results of a fit to a single toy
dataset vary with the PDF replica used in the templates. Forty bins in pµT (with bin width
of 0.5 GeV/c) are used in the template fit. The fitted MW values follow approximately
Gaussian distributions with widths of 15 (20) MeV/c2 for the W+ (W−). The broadly
parabolic distributions of the best-fit χ2 (χ2

min) versus MW indicate that the PDF replicas
that most severely bias MW tend to give a measurably poorer fit quality. Before evaluating
how this information could be used to constrain the PDF uncertainty let us first try to
understand in more detail the underlying mechanism behind the PDF uncertainty.
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Farry, Lupton, Pili, Vesterinen, arXiv:1902.04323

• control of shapes below 1% scale for ∆MW ∼ 10− 20 MeV
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Strong challenges to theoretical data description

• combined resummation of QCD and QED contributions
• perturbative contributions at least at NNLO QCD and mixed

QCD-EW, on top of NLO EW

dσ = dσ0

+ dσαs + dσα

+ dσα2
s

+ dσααs

+ dσα3
s

+ dσα2 + . . .

a history of > 40 years of calculations
from the first NLO QCD calculation (1979)

Altarelli, Ells, Martinelli, 1979

to N3LO QCD
Duhr, Mistlberger, 2022

to the complete mixed NNLOO(ααs)
Bonciani et al., 2021,2022; Armadillo et al., 2024, Buccioni et al., 2022

• accurate MC generation tools matched to the matrix elements
• control of uncertainties from PDF’s
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ongoing work within the “precision subgroup” of the LHC EWWG

two main activities

• pW⊥ , pZ⊥
• collecting recent progress with different resummation techniques
• benchmarking numbers by independent groups

• QED/EW issues and their uncertainties, bearing in mind that
∆AFB ∼ 10−4 =⇒ ∆ sin2 ϑ`eff ∼ 2 · 10−4 (for inclusive event
selection)
• effect of γ−induced processes
• quantitative assessment of QED initial-final intereference effects,

with benchmarking by different groups
• input parameter schemes, critical comparisons between different

options
• numerical benchmarking on all the above items among several

groups and codes
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Another mixing angle: sin2 θW MS running

sin2 θMS
W (µ) ≡ 4π

αMS
EM(µ)

g2
2
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Erler, Ramsey Musolf, PRD72 (2005) 073003

Zhao, Deshpande, Huang, Kumar, Riordan, arXiv:1612.06927
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sensitivity at HL-LHC

102 103

= m [GeV]
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sin
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M
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W
(

)
This work:
pp Z*/ * + , s = 13.6 TeV
NPDF31_nnlo_as_0118_hessian

Running of sin2
W in the MS scheme

sin2 MS
W (mZ), PDG (2022)

L = 300 fb 1

L = 3 ab 1
L = 300 fb 1

L = 3 ab 1

Amoroso, Chiesa, Del Pio, Lipka, FP, arXiv:2302.10782

• interesting possibility to study the running up to the TeV energy
scale at HL-HC
• in this regime electroweak Sudakov corrections enter the game and

their effects should be studied in detail, in order to avoid
reabsorbing them in the running
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Looking at future H/T/EW factories

• revisit LEP physics with unprecedented statistics

• at Z pole (∼ 0.1% at LEP1)

• at WW threshold (∼ 1% at LEP2)

• explore for the first time at a leptonic collider

• ZH threshold

• tt̄ threshold
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Uncertainties on EWPO

• Intrinsic uncertainties

Quantity FCC-ee Current intrinsic error Projected intrinsic error

MW [MeV] 0.5–1 ‡ 4 (α3, α2αs) 1

sin2 θℓeff [10−5] 0.6 4.5 (α3, α2αs) 1.5

ΓZ [MeV] 0.1 0.4 (α3, α2αs, αα
2
s) 0.15

Rb [10−5] 6 11 (α3, α2αs) 5

Rl [10−3] 1 6 (α3, α2αs) 1.5
‡The pure experimental precision on MW is ∼ 0.5 MeV [1, 2], see Sec. 4.2.2 for more details.

Table 1: Estimated precision for the direct determination of several important electroweak
precision observables at FCC-ee [1,2,33] (column two, including systematic and observable-
specific) uncertainties; as well as current intrinsic theory errors for the prediction of these
quantities within the SM (column three). The main sources of theory errors are also in-
dicated. Column four shows the estimated projected intrinsic theory errors when leading
3-loop corrections become available. See text for more details.

Here θ is the scattering angle and Pe is the polarization of the incoming electron beam.4

The asymmetry parameters are commonly written as

Af =
1 − 4|Qf | sin2 θfeff

1 − 4|Qf | sin2 θfeff + 8(Qf sin2 θfeff)2
. (8)

Here Qf denotes the charge of the fermion, and sin2 θfeff is the effective weak (fermionic)
mixing angle. Another important precision observable is the W -boson mass. It is currently
measured most precisely from the lepton p⊥ distribution in pp → ℓν at hadron colliders, and
it can be calculated within the SM from the Fermi constant, GF, of muon decay.

The expected precision for the experimental determination of some of these quantities
at FCC-ee is given in the second column of Tab. 1 [1, 2, 33]. The Z-boson quantities can be
determined from a run at

√
s = MZ with several ab−1, and smaller statistics runs at center-

of-mass energies above and below the Z peak for the purpose of MZ and ΓZ measurements.
The W mass can be determined from a run at several values of

√
s near the threshold 2MW

with a combined luminosity of O(ab−1). Note that the number for MW in the table includes
an estimate of the theory error as described in section 4.2.2, since the measurement of MW

requires a full SM prediction (not only QED) for the WW cross-section near threshold as
input.

4.2 Theory uncertainties for EWPO

4.2.1 Intrinsic uncertainties

The quantities listed in Tab. 1 can be predicted within the SM by using GF, α(MZ), αs(MZ),
MZ , MH and mt as inputs. The radiative corrections in these predictions are currently

4Formulas for electron and positron polarization can be found, e.g., in Ref. [8].

7

A. Freitas, S. Heinemeyer et al., arXiv:1906.05379

• with present and conceivable loop technology, the intrinsic th.
uncertainties will be at the same level of the experimental errors
• new calculation methods under investigation

see e.g. talk by J. Usovitsch at FCC-ee 2024 Physics Workshop, Annecy
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Parametric uncertainties on EWPO assuming

• δMZ ∼ 0.1 MeV from FCC-ee scan around the Z-peak

• δmt ∼ 50 MeV from the tt̄ FCC-ee scan, using recent NNNLO QCD predictions

M. Beneke et al., Phys. Rev. Lett. 115 (2015) 192001

• and assuming δαs ∼ 10−4 for the mass translation

• δαs(MZ) ∼ 2× 10−4
induced by the intrinsic δRl = 1.5× 10−3

• δ(∆α) ∼ 5× 10−5

• from the present δ(∆α) ∼ 1× 10−4 (F. Jegerlehner, Davier et al., T. Teubner et al.)

conceivable with dispersion relation techniques with new data from BESIII and Belle II

• considering the possibility of direct measurement at FCC-ee using two off-peak points for AFB(µ+µ−)

P. Janot, JHEP 1602 (2016) 053

Quantity FCC-ee future parametric unc. Main source

MW [MeV] 1− 1.5 1 (0.6) δ(∆α)

sin2 θℓeff [10−5] 0.6 2 (1) δ(∆α)

ΓZ [MeV] 0.1 0.1 δαs

Rb [10
−5] 6 < 1 δαs

Rℓ [10
−3] 1 1.3 δαs

Table 2: Estimated statistical and systematic experimental precision for the direct measure-
ment of several important electroweak precision observables at FCC-ee [3, 4] (columns two
and three, including systematic uncertainties). Third column: parametric uncertainty of
several important EWPO due to uncertainties of input parameters given in (8), with the
main source indicated in the fourth column.

the input parameters are αs and ∆α. The parametric error can in some cases exceed the
experimental FCC-ee precision, but not by more than a factor of about 2.

Note that the quoted impact of αs on Rℓ is a somewhat circular statement, since Rℓ is
the most important pseudo-observable for the determination of αs.

As discussed above, as total uncertainty of an observable the (quadratic) sum of ex-
perimental and parametric uncertainty plus intrinsic uncertainty (added linearly) should be
taken, as given in the fourth column of Tab. 1 and the second and third columns of Tab. 2.

The above numbers have all been obtained assuming the SM as calculational framework.
The SM constitutes the model in which highest theoretical precision for the predictions of
EWPO can be obtained. As soon as physics beyond the SM (BSM) will be discovered, an
evaluation of the EWPO in any preferred BSM model will be necessary. The corresponding
theory uncertainties, both intrinsic and parametric, can then be larger (see, e.g., [6, 34] for
the Minimal Supersymmetric SM). A dedicated theory effort (beyond the SM) would be
needed in this case.

5 Higgs precision observables

For the accurate study of the properties of the Higgs boson, precise predictions for the
various partial decay widths, the branching ratios (BRs) and the Higgs-boson production
cross sections along with their theoretical uncertainties are indispensable.

5.1 Higgs-boson production cross-sections

At FCC-ee energies, the Higgs-boson production cross-section is strongly dominated by
e+e− → ZH , and e+e− → νν̄H contributes less than 20% [3, 10]. For these two processes
full one-loop corrections in the SM are available [35,36]. For the dominating ZH production
mode they are found at the level of ∼ 5−10%. It can be expected that missing two-loop

8

• Th. uncertainties dominated by δαs and δ(∆α)
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The projection of the mt −mW dependence

FCC-ee Conceptual Design Report

corrections become absolute with no remaining additional parameters. Any deviation will be a demon-
stration of the existence of new, weakly interacting particle(s). As just discussed, the FCC-ee offers the
opportunity to measure such quantities with precisions between one and two orders of magnitude better
than the present status. The theoretical prediction of these quantities with a matching precision is an
incredible challenge, but the genuine ability of these tests of the completeness of the standard model to
discover new weakly-interacting particles beyond those already known is a fundamental motivation to
take it up and bring it to a satisfactory conclusion.

As an illustration, the SM can be fitted to all the electroweak precision observables measured at the
FCC-ee but themW andmtop direct measurements. The result as obtained with the GFitter program [33],
under the assumption that all relevant theory uncertainties can be reduced to match the experimental
uncertainties, is displayed in Fig. 1.8 as 68% CL contours in the (mtop,mW) plane. This fit is compared
to the direct mW and mtop measurements at the W+W− and the tt̄ thresholds. A comparison with the
precisions obtained with the current data at lepton and hadron colliders, as well as with LHC projections,
is also shown.
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Figure 1.8: Contours of 68% confidence level obtained as in Fig. 1.4 from fits of the standard model to
the electroweak precision measurements offered by the FCC-ee, under the assumption that all relevant
theory uncertainties can be reduced to match the experimental uncertainties, in the (mtop,mW) plane.
The red ellipse is obtained from the FCC-ee measurements at the Z pole, while the blue ellipses arise
from the FCC-ee direct measurements of the W and top masses. One of the two blue ellipses is centred
around the central values measured today, the other is central around the values predicted by the standard
model (pink line) for mH = 125.09 GeV. The two dotted lines around the standard model prediction
illustrate the uncertainty from the Z mass measurement if it were not improved at the FCC-ee. The green
ellipse corresponds to the current W and top mass uncertainties from the Tevatron and the LHC, as in
Fig. 1.4. The potential future improvements from the LHC are illustrated by the black dashed ellipse.
The cyan ellipse corresponds to the dark blue 68% C.L. contour of Fig. 1.4 that includes all current Z
pole measurements and the current Higgs boson mass measurement at the LHC.

1.3 The Higgs Boson
Owing to its recent observation at the LHC, the Higgs boson is the least understood of all particles in the
standard model. Accurate and model-independent measurements of its properties are in order to unravel

12
PREPRINT submitted to Eur. Phys. J. ST

FCC-ee CDR vol 2
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What about primary observables at Z pole?
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th. uncertainty should be pushed down by at least a factor of 10
on cross sections and even more on AFB w.r.t LEP
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• Need for th. at
√
s around the Z pole

• improved description of ISR QED radiation and IF interference
(non-factorizable effects larger than the required precision, contrary
to LEP precision)
• recent progress in electron PDF’s at NLL

Bertone, Cacciari, Frixione, Stagnitto, 2021-2022

• sensible procedure for extracting EWPO in presence of higher
order corrections (beyond one loop)

Blondel, Gluza, Jadach, Janot, Riemann (Eds), CERN-2019-003

• at least complete NNLO accuracy in e+e− → ff̄
• expansion of the amplitude for e+e− → ff̄ around the complex pole
s0 = M2

Z − iΓZMZ

M =
R

s− s0
+ S + S

′
(s− s0)

R → known@NNLO + leading higher orders

S → known@NLO

S
′ → known@(N)LO

• EWPO extraction: → Zff̄ vertex at N3LO and leading N4LO
• new simulation tools implementing consistently the perturbative

matrix elements and resummation methods

F. Piccinini (INFN, Pavia) Electroweak Physics at Future Accelerators 24 May 2024 23 / 28



• Need for th. at
√
s around the Z pole

• improved description of ISR QED radiation and IF interference
(non-factorizable effects larger than the required precision, contrary
to LEP precision)
• recent progress in electron PDF’s at NLL

Bertone, Cacciari, Frixione, Stagnitto, 2021-2022

• sensible procedure for extracting EWPO in presence of higher
order corrections (beyond one loop)

Blondel, Gluza, Jadach, Janot, Riemann (Eds), CERN-2019-003

• at least complete NNLO accuracy in e+e− → ff̄
• expansion of the amplitude for e+e− → ff̄ around the complex pole
s0 = M2

Z − iΓZMZ

M =
R

s− s0
+ S + S

′
(s− s0)

R → known@NNLO + leading higher orders

S → known@NLO

S
′ → known@(N)LO

• EWPO extraction: → Zff̄ vertex at N3LO and leading N4LO
• new simulation tools implementing consistently the perturbative

matrix elements and resummation methods

F. Piccinini (INFN, Pavia) Electroweak Physics at Future Accelerators 24 May 2024 23 / 28



• Need for th. at
√
s around the Z pole

• improved description of ISR QED radiation and IF interference
(non-factorizable effects larger than the required precision, contrary
to LEP precision)
• recent progress in electron PDF’s at NLL

Bertone, Cacciari, Frixione, Stagnitto, 2021-2022

• sensible procedure for extracting EWPO in presence of higher
order corrections (beyond one loop)

Blondel, Gluza, Jadach, Janot, Riemann (Eds), CERN-2019-003

• at least complete NNLO accuracy in e+e− → ff̄
• expansion of the amplitude for e+e− → ff̄ around the complex pole
s0 = M2

Z − iΓZMZ

M =
R

s− s0
+ S + S

′
(s− s0)

R → known@NNLO + leading higher orders

S → known@NLO

S
′ → known@(N)LO

• EWPO extraction: → Zff̄ vertex at N3LO and leading N4LO
• new simulation tools implementing consistently the perturbative

matrix elements and resummation methods

F. Piccinini (INFN, Pavia) Electroweak Physics at Future Accelerators 24 May 2024 23 / 28



• Need for th. at
√
s around the Z pole

• improved description of ISR QED radiation and IF interference
(non-factorizable effects larger than the required precision, contrary
to LEP precision)
• recent progress in electron PDF’s at NLL

Bertone, Cacciari, Frixione, Stagnitto, 2021-2022

• sensible procedure for extracting EWPO in presence of higher
order corrections (beyond one loop)

Blondel, Gluza, Jadach, Janot, Riemann (Eds), CERN-2019-003

• at least complete NNLO accuracy in e+e− → ff̄
• expansion of the amplitude for e+e− → ff̄ around the complex pole
s0 = M2

Z − iΓZMZ

M =
R

s− s0
+ S + S

′
(s− s0)

R → known@NNLO + leading higher orders

S → known@NLO

S
′ → known@(N)LO

• EWPO extraction: → Zff̄ vertex at N3LO and leading N4LO
• new simulation tools implementing consistently the perturbative

matrix elements and resummation methods

F. Piccinini (INFN, Pavia) Electroweak Physics at Future Accelerators 24 May 2024 23 / 28



The recent case of luminosity at LEP

Several key measurements at an e+e− machine depend on L, e.g.

• σ0
Z , the Z peak cross section

• light neutrino species from radiative return (e+e− → νν̄γ)

• ΓZ from the line-shape of e+e− → ff̄

• MW and ΓW from line-shape of e+e− →W+W− close to
threshold

• total cross section for e+e− → HZ =⇒ HZZ coupling and total
ΓH
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The recent case of Nν from Γinv
Z at LEP Z peak (LEP)

• assuming lepton universality

Nν

(
Γνν̄
Γll

)

SM

=

√
12πR0

l

σ0
hadm

2
Z

−R0
l − (3 + δτ )

Nν = 2.9840± 0.0082

δNν ' 10.5
δnhad

nhad
⊕ 3.0

δnlept

nlept
⊕ 7.5

δL
L

δL
L = 0.061% =⇒ δNν = 0.0046

ADLO, SLD and LEPEWWG, Phys. Rept. 427 (2006) 257, hep-ex/0509008

2σ away from SM: hint for BSM? Right handed neutrinos?
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Beam-beam effects studied in detail recently

G. Voutsinas, E. Perez, M. Dam, P. Janot, arXiv:1908.01704

• systematics bias on the acceptance due to e.m. beam-beam
interactions =⇒ underestimate of luminosity by ∼ 0.1%

185mrad for DELPHI) from the beam axis. The Bhabha events were se-
lected with a "narrow" acceptance on one side and a "wide" acceptance on
the other, defined as shown in Table 1.

Table 1: Wide and narrow acceptance for the second-generation LumiCals of the four LEP
experiments between 1993 and 1995 (1994–95 for DELPHI).

Experiment ALEPH [4] DELPHI [5] L3 [6] OPAL [7]
Wide (mrad) 26.2–55.5 37.0–127.0 27.0–65.0 27.2–55.7
Narrow (mrad) 30.4–49.5 44.9–113.6 32.0–54.0 31.3–51.6

When the charge density of the beam bunches is large, beam-induced
effects modify the effective acceptance of the LumiCal in a nontrivial way.
The final state e+ (e−) in a Bhabha interaction, emitted at a small angle off
the e+ (e−) beam, feels an attractive force from the incoming e− (e+) bunch,
and is consequently focused towards the beam axis.2 This effect, illustrated
in Fig. 1, leads to an effective reduction of the acceptance of the LumiCal,
as particles that would otherwise hit the detector close to its inner edge are
focused to lower polar angles and may therefore miss the detector.

Figure 1: Illustration of the effect of the focusing Lorentz force experienced by the charged
leptons emerging from a Bhabha interaction. The dashed lines show the original direction
of the leptons, while the full lines show their direction after the electromagnetic deflection
induced by the opposite charge bunch.

2The “repelling” effect of the particle’s own bunch is negligible because, in the laboratory
frame, the electric and magnetic components of the Lorentz force have the same magnitude
but opposite directions. In contrast, the electric and magnetic forces induced by the
opposite charge beam point in the same direction and thus add up.

3

• together with an update on Bhabha cross sections =⇒ Luminosity
P. Janot, S. Jadach, arXiv:1912.02067

Nν=2.9963± 0.0074
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WW threshold: e+e− → 4 fermions

102 G. MONTAGNA, O. NICROSINI and F. PICCININI
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Fig. 51. – The tree-level Feynman diagrams for the CC03 class.

A full classification of the various Feynman diagrams contributing to a give 4f final
state goes beyond the aims of the present paper. The interested reader is referred to
refs. [234,257,258], and references therein, for a more detailed account. Here it is worth
noticing that for particular final states, for instance fully hadronic final states, also neutral
current (NC) and QCD backgrounds appear and become relevant.

The calculation of the scattering amplitudes for 2 → 4 processes is, already at the
tree level, considerably more involved than the corresponding calculation for 2 → 2
processes, typical of LEP1/SLC physics. There are two main reasons for this, namely
the fact that a single Feynman amplitude for 2 → 4 is algebraically more involved and
the fact that, typically, for a given final state there are much more Feynman diagrams
contributing. The calculational techniques adopted in the literature can be classified as
follows:

• helicity-amplitude techniques: in this approach, the scattering amplitude for a given
process, and for a given helicity pattern of the initial- and final-state fermions,
is computed analytically as a complex number by exploiting the formal prop-
erties of the spin projection operators; the squared modulus of the amplitude
is then computed numerically; the approach, in all its actual implementations
(see refs. [259–262] and references therein), is particularly powerful for massless
fermions, albeit also mass effects can be taken into account;

• automatic calculations: these approaches adopt both standard techniques for the
evaluation of the squared matrix element [263] and the helicity amplitude formal-
ism for the evaluation of the scattering amplitude [264], properly interfaced with
software packages that render the calculation of cross sections almost automatic;

• numerical evaluation of the generating functional for the connected Green’s func-
tions: it is a new method, presented in ref. [265], in which the scattering amplitude
is computed numerically by means of an iterative algorithm starting from the effec-
tive action of the theory and with no use of Feynman diagrams; it becomes strongly
competitive with respect to standard techniques as the number of final-state par-
ticles becomes larger and larger.

5
.
2.2. Gauge invariance. Being in the framework of a gauge theory, as is the case

of the SM, means that the calculations of physical observables must be gauge invariant,
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• σWW : 1%-level agreement with NLO theory

RacoonWW (Denner et al.), YFSWW (Jadach et al.)

• Residual theory uncertainty ∆σWW ∼ 0.5%

• FCCee: Luminosity increase ×104

Reduction of theory error to < 0.1% realistic?
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• first NLO exact calculation completed in 2005 for WW → 4f
• th. accuracy . 1% A. Denner et al., PLB612 (2005) 223; NPB 724 (2005) 247

• at present e+e− → 4f cross sections @NLO accuracy can be
calculated with automated tools
• NNLO enhanced contributions because of Coulomb photon

effects calculated by means of EFT methods
M. Beneke et al., NPB 792 (2008) 89; S. Actis et al., NPB807 (2009) 1

• th. accuracy ∼ 0.5% ∆MW ∼ 3 MeV
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Summary and outlook

• Electroweak physics, together with its interplay with flavour and
Higgs will be a central theme at future accelerators
• at the (HL-)LHC, electroweak physics will play an important role

as precision physics at the electroweak scale as well as in the
asymptotic regime of high scales, where Sudakov logarithms
become dominant
• In addition to MW and sin2 θ`eff , also the running of the weak

mixing angle could be tested for the first time at O(TeV) scales

• the run at
√
s ∼MZ of future e+e− colliders will require a true

jump in precision in the theoretical predictions, with new
calculation methods
• At the same time, the luminosity at the Z-peak should reach the

target precision of at least 10−4 or better
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