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• Realistic observables: cross sections and AFB within
experiment dipendent event selection

• e+e− → ff̄ amplitude

ASM = Aγ +AZ + non− factorizable

• non-factorizable = terms that don’t factorize into the Born-like
amplitude
• e.g.: weak boxes, exclusive hard QED radiation

• σe+e−→ff̄ is convoluted with ISR and FSR QED and FSR QCD

σT(s) =

∫ 1

z0
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• ISR radiator function known up to O(α3)
1 additive form

G. Montagna, O. Nicrosini, F.P., PLB 406, (1997) 243

2 factorized form
S. Jadach, M. Skrzypek, B.F.L. Ward, PLB257 (1991) 173, M. Skrzypek, APPB23 (1992) 135

• HFB known up to O(α2)
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from Realistic to Pseudo Observables

• idea: characterize the Z resonance in a model independent way
as a spin 1 resonance with general gfV , gfA couplings

A. Borrelli et al., Nucl.Phys. B333 (1990) 357

• without γ exchange and rad. corr. except for pure QED/QCD
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Actually there are γ exchange and rad. corrections

• GfV and GfA become complex quantities

Γf = cf (= 1, 3)
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)
• in order to determine the MI PO, SM remnants (Z − γ interference,

non-factorizing rad. corrections, imaginary parts) need to be
calculated and subtracted from data =⇒ level of dependence on
SM parameters has to be checked
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semi-analytical codes

• data fitting with the help of semianalitical codes
• TOPAZ0

G. Montagna et al., NPB401 (1993) 3; CPC 76 (1993) 328, CPC 93 (1996) 120; CPC 117 (1999) 278

• ZFITTER
D. Bardin et al., NPB351 (1991) 1l Z. Phys. C44 (1989) 493; PLB255 (1991) 290; CERN-TH.6442/1992;

hep-ph/9412201; CPC 133 (2001) 229

• realistic observables with analytical/one-dim numerical integration
with kinematical cuts
• ISR described with structure functions / radiator functions
• IFI added with O(α)
• different renormalization schemes, with Gµ, α, MZ as input
• exact electroweak one-loop plus available higher orders on top of Z

peak (and other factorized higher orders like ∆α(s))
• Pseudo Observables

• implementing all available higher order corrections on top of NLO

Two independent codes crucial to study the remaining intrinsic
theoretical uncertainties
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Schematic flow for data analysis

• row data extrapolated by means of Monte Carlo (KORALZ) to
• idealized/simplified event selection (different for each experiment)
• fully inclusive setup

• deconvolution of ISR/FSR QED/QCD effects
• subtraction of QED γ exchange and Z − γ interference (this step

depends on SM assumptions (eg.: mt, mH , α(MZ), αs(MZ))
• calculation of the relevant SM remnants (for certain SM

Lagrangian param values)

RfV , RfA, ∆EW/QCD, ImGfV , ImGfA

• extrapolated “Z-exchange data” can be used to make a 9- or
5-parameter fit
• MZ , ΓZ , σ0

had, R0
` , A

0,`
FB , assuming lepton universality

• MZ , ΓZ , σ0
had, R0

e, R0
µ, R0

τ , A0,e
FB , A0,µ

FB , A0,τ
FB

R` =
Γhad

Γ`
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C.3 QED deconvolution and pseudo-observables at FCC-ee precision

3 QED deconvolution and pseudo-observables at FCC-ee precision
Authors: Ayres Freitas, Janusz Gluza and Stanisław Jadach
Corresponding author: Stanisław Jadach [Stanislaw.Jadach@cern.ch]

The concept of the electroweak pseudo-observables was essential in the final analysis of the LEP1 data
of ref. [14]. Electroweak pseudo-observables, EWPOs, were instrumental in (a) combining data from four LEP
collaboration and SLD experiments and (b) organizing conveniently the procedure of fitting the Standard Model
to experimental data. The EWPOs used in the final analysis of LEP data [14] near Z resonance were defined
and thoroughly tested in ref. [112]. Both works have exploited ZFITTER [39] and TOPAZ0 [96,97] programs.

Fig. C.2: Scheme of construction of the EWPOs in data analysis of LEP

The effects of QED in data, even if large, are in principle perfectly calculable with arbitrary precision.
Once they are removed, the remaining EWPOs of LEP include smaller pure electroweak corrections and pos-
sibly signals of a New Physics beyond the SM (BSM). The procedure of removing deformation of the data by
QED effects, commonly referred as QED deconvolution9 is essential part of the definition/construction of the
EWPOs. Separating QED part from the higher order EW part consistently and systematically is an important
and delicate issue, especially at higher orders, and we shall come back to it later on.

Note that for some processes the of low angle Bhabha process used for the measurement of luminosity,
Zγ production for s1/2 > MZ (radiative return) above Z peak or production of W pairs, the technique of
EWPOs including QED deconvolution could not be used and data were compared directly with the Monte
Carlo programs (BHLUMI, KORALW etc.), mainly because of more complicated dependence of QED effects
on the event selection criteria (experimental cut-offs).

Before addressing the challenge of constructing EWPOs at the very high precision level of FCC-ee, we
are going to summarize briefly on the definition and the use of the EWPOs in LEP data analysis.

9"Deconvolution" name is not quite adequate – operationally it is just fitting procedure, but is it is kept for historical
reasons.

41

A. Freitas, J. Gluza, , S. Jadach, in arXiv:1809.01830

• several calculations of higher order effects for PO =⇒ e.g.
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sin2ϑ`eff calculated in the SM: 0.231596± 0.000035

• 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;

K.G. Chetyrkin, J.H. Kühn, M. 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
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MW calculated in the SM: 80.373± 0.003GeV

• 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
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TH uncertainties on realistic observables

• final detailed estimate by TOPAZ0 and ZFITTER
• within 0.01% at the Z peak
• within 0.03∼0.05% at

√
s = MZ ± 3 GeV

• some differences in estimates of IFI but ascribed to approximations
in the analytical integrations

recalculated and clarified in P. Christova et al., hep-ph/9908289

Figure 1: Relative deviations between TOPAZ0 and ZFITTER for total fermionic
cross-section. DD-mode is shown with SD-modes corresponding to no-cut or a
M2(ff)-cut of 0.01 s.

32
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Summary

• Th. predictions for LEP (Z peak ±3 GeV) affected by uncertainties
within ∼ 0.03% in the wings and 0.01% at peak

• main ingredients: one loop ew, resummed photon radiation,
selected classes of two-loop corrections (e.g. fermionic
corrections to ∆α, ∆ρ, Z → ff̄ ), α3

top mixed O(ααns ), O(αmtopα
n
s )

• “contamination” from SM in the MI parameters extraction ∼ 10−4

• sin2 θ`eff

• measured through a model independent analysis of Z lineshape,
with subtraction of the SM non-factorizing terms

• calculated in the SM in the Gµ, α, MZ scheme

• consistency of the model independent results cross-checked with
direct determination of Lagrangian parameters through realistic
observables

• complete ew two-loop corrections to PO completed very recently
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