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Abstract

The development of the ZFITTER computer code is described in the context of high-precision tests
of the Standard Model during the LEP era. The features of the code that allowed it to become a
standard tool for the theoretical interpretation of electroweak observables are analyzed. Prospects for
further development of ZFITTER and its contribution to research projects at future electron–positron
colliders are discussed. Numerical illustrations are provided of the effects of parameter shifts and the
addition of new results for higher-order radiative corrections.
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1. Introduction

Experiments at the Large Electron–Positron (LEP) Collider at CERN (1989–2000) made
a major step in the development of high-energy physics (HEP). LEP initially was running
at energies around 91 GeV to produce and study Z bosons and later at an increased energy
to produce pairs of W bosons, reaching the maximum collision energy of about 209 GeV.
The LEP experiments studied electroweak (EW) interactions in detail, confirmed the existence
of three generations of matter particles, and tested properties of the Standard Model (SM)
with an unprecedented precision. It was a breakthrough time for pioneers in the development
of computing technology and data analysis methods that influenced many future experiments
in various fields of physics.

A vast set of measurements of realistic observables was performed at the LEP experiments
(ALEPH, DELPHI, L3, and OPAL), the SLD experiment using a polarized beam at the Stan-
ford Linear Collider (SLC) and at the Tevatron. Cross sections, their ratios, and asymmetries
were studied with a very high accuracy of the order of one per mille or even better, which
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provided sensitivity to quantum electroweak and QCD effects in higher orders of perturbation
theory. The LEP Electroweak Working Group reduced the measurement results to a convenient
set of 17 physical quantities, so-called pseudo-observables [1]. A comprehensive review on ra-
diative corrections to observables at the Z peak was published in the CERN Yellow Report [2].
At the same time, it was necessary to create computer codes with this theoretical base, which
could then be used to analyze data and fit the SM parameters. The conceptual elements of
the theoretical basis were developed over a period of about 20 years (see Section 2), followed
by the phase of transforming the established basis into the precise theoretical predictions for
concrete observables. The painstaking work of experienced groups to create computer codes for
theoretical support was accompanied by Working Group meetings to carefully compare the out-
puts of the developed codes. A significant effort was made to create codes containing the most
comprehensive library of the relevant QED, electroweak and QCD radiative corrections and
there were several different approaches to evaluate theoretical uncertainties. The correspond-
ing working meetings focused on careful comparisons, cross checks, and their improvement [3].
In the beginning, there were about 30 competing codes, but for the actual LEP1 data analy-
sis only five of them survived, namely BHM [4], WOH [5], LEPTOP [6], TOPAZ0 [7–9], and
ZFITTER [10, 11]. And by the end of the LEP1 operation, only the last two codes remained
in the game. Since then, during the LEP era, theoretical estimates of electroweak observables
have been produced by the TOPAZ0 and ZFITTER programs.

Perturbative calculations within the Standard Model are usually organized in such a way
that all SM parameters that are relevant for a given observable are determined using a limited
number of input quantities. As a rule, each pseudo-observable is calculated based on five
essential input parameters: the running electromagnetic coupling constant (αem), the strong
coupling constant (αs) evaluated at the Z boson pole, the Z boson mass (MZ), the top quark
mass (mt), and the Higgs boson mass (MH). The Fermi constant (GF ) is employed to derive the
W boson mass. The dependence on the masses of the top quark and the Higgs boson manifests
itself below the production thresholds of these particles through electroweak loop corrections.

Accurate measurements impose constraints on the input parameter set (IPS), which allows
one to extract information about unknown parameters or to refine those that were previously
measured insufficiently accurately. This procedure differs from making direct predictions as
described earlier. The discoveries of the W and Z bosons, as well as of the top quark, serve as
examples of how theoretical constraints have allowed us to estimate the masses of previously
unknown particles. A similar approach was applied to the Higgs boson H. It is important to
understand that the Standard Model does not directly predict its parameters, but only provides
certain relations between them.

ZFITTER calculates cross sections for the reaction e+e− → ff̄ at energies around the Z
peak. It is neither a dedicated fitting program, nor a Monte Carlo event generator. Never-
theless, the efficient modeling of phenomena at the Z peak, combining exact electroweak loop
corrections and one-dimensional representations of the photonic corrections, provided the basis
for a preferred use of ZFITTER in data fitting. ZFITTER contains the SM library (also called
the weak library) which computes form factors and some other quantities, whose central part
is the DIZET computer program. The other part consists of QED corrections from additional
real or virtual photon emission.

The procedure for comparing experimental measurements with the SM predictions can be
symbolically written as follows:

Oexp
i (measured) ↔ Otheor

i (calculated as a function of IPS) . (1)
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The various parameters are experimentally known with different precision. For instance,
the precision in the measurements of masses ranges from 10−7 for the electron mass me to the
existence of only the lower and upper limits for the Higgs boson mass MH (before LHC).

The status of the Standard Model that was established at LEP can be effectively repre-
sented by the so-called pulls shown in Figure 1 where one can see the differences between the
values of the pseudo-observables (POs), obtained from the global fit of experimental data, and
the corresponding values from dedicated experimental measurements. There are only a few
instances when the pulls are of about two standard deviations, while the overall agreement is
exceptionally strong. It is important to highlight that the achieved precision is of the order
of ∼ 10−3, and managing the experimental systematic uncertainties at this level was highly
challenging.

Figure 1. Pulls for POs. The pull is defined as the difference between the measurement and the
SM prediction calculated for the central values of the fitted SM IPS [α(M2

Z
) = 1/128.878, αs(M

2
Z
) =

0.1194, MZ = 91.1865 GeV, mt = 171.1 GeV] divided by the experimental error [12].

2. Curriculum vitae of ZFITTER

This section provides a summary of the academic and professional history (background), en-
compassing research activities, publications, presentations, and awards of the ZFITTER project.
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Here it is worth noting a comprehensive review [13] of some of the main developers of the
ZFITTER project. This work provides an in-depth analysis of the historical development and
evolution of the ZFITTER code and contains an almost complete bibliography of theoretical
calculations of radiative corrections for e+e− annihilation processes.

The groundbreaking works by T. Kinoshita and A. Sirlin, within the framework of the V −A
theory of weak charged-current interactions [14, 15], refined the predictions of this theory. In
a series of articles, they calculated radiative corrections to Michel’s formula [16] for the muon
decay spectrum to the first order in α [17, 18]. The calculations within the four-fermion V −A
theory suffer from ultraviolet divergences due to the non-renormalizable nature of this model.
This problem could be solved only within the framework of a more fundamental theory. Later
M. Veltman and A. Sirlin worked on the V − A theory of weak interactions and supported it
with high-precision calculations.

The key step in the calculation of the full set of one-loop radiative corrections to the
e+e− → µ+µ− cross section within the electroweak framework was made by M. Veltman and
G. Passarino [19]. They developed methods that enabled more general one-loop electroweak
calculations to become practically feasible and established a technique to reduce all Feynman
loop integrals in these calculations to a small set of so-called master integrals. After calculat-
ing these basic integrals, the procedure for calculating radiative corrections essentially reduces
to purely algebraic transformations, although it remains quite complex. The subsequent key
advancement was the comprehensive evaluation by M. Veltman and G.’t Hooft [20] of one-loop
Feynman integrals involving propagators of massive particles.

In the lead-up to LEP, a solid platform for understanding the renormalization procedure
and calculating the QED/EW loop corrections was established. There was also a burst of works
devoted to the evaluation of high-order effects for elastic fermion scattering.

The ZFITTER project was originally called ZBIZON [21, 22], but the name was later
changed to ZFITTER, and it is still known by that name today. Paper [23] presented the first
analysis of two LEP observables: the weak mixing angle sin2

W and the Z boson mass, together
with their dependence on the unknown masses of the top quark and the Higgs boson within
the Standard Model. The title of this work “Hunting the Hidden Standard Higgs” became the
inspiration for the further development of ZFITTER during the LEP era.

The main body of the ZFITTER program relies on the analytical results, presented in [22,
24, 25] for the QED part and in [26–30] for the electroweak physics part, and on the library
of electroweak corrections DIZET [26]. Selected formulae referenced here are exclusively pre-
sented in [11, 31]. These works formed the basis of the ZFITTER project. This basis was
provided by the work of researchers from the field of high-energy physics, with a long history
of development of theoretical support, up to new experimental results and active collaboration
with the international scientific community.

The ZFITTER program offers a flexible treatment of the complete O(α) QED corrections
along with some higher-order contributions by using three computational chains, each imposing
different realistic restrictions on the radiated photon phase space. Numerical integrations are
limited to one dimension at most. The code includes full O(α) weak loop corrections supple-
mented by selected higher-order terms. The program calculates POs: ∆r, the Z boson width,
differential and total cross sections, integrated forward–backward asymmetries, left–right asym-
metries, and final-state polarization effects in τ pair production. Various interfaces enable fits
with different sets of free parameters.

After calculating the pseudo-observables, one has to pass to realistic observables, such as
various cross sections and asymmetries that include experimental cuts. To achieve this, we
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need to construct the so-called improved Born approximation (IBA). The latter is sometimes
referred to as doubly deconvoluted observables because they are free from initial-state QED
and final-state QED⊗QCD corrections. These two groups of corrections correspond to two
separately gauge-invariant subsets of diagrams. All other remaining diagrams, including purely
electroweak and internal QCD corrections, contribute to the IBA.

2.1. Improved Born approximation

Within the ZFITTER framework, the weak form factors ρef , κe, κf , κef are introduced as
the key elements of the IBA approach. This method was first introduced in [32] for the Z boson
decay. In papers [10, 26], based on [33, 34], the concept was generalized to 2 → 2 scattering.
Detailed formulae used in this context can be found in [11, 35]. Let us start by briefly reviewing
the key aspects of the one-loop electroweak form factors and the IBA. We begin with the Born
amplitudes for the process e+e− → ff̄ , which is described by two Feynman diagrams with γ
and Z exchange.

The photon exchange amplitude has unique vector ⊗ vector structures

ABorn
γ =

e2QeQf

s
γµ ⊗ γµ. (2)

The Z exchange amplitude can be written in the V A basis as

ABorn
Z =

e2

4s2W c2W
χz(s)γµ (ve + aeγ5)⊗ γµ (vf + afγ5) , (3)

or more conveniently in the LQ basis in the form

ABorn
Z =

e2

4s2W c2W
χz(s)γµ

[
I(3)e (1 + γ5)− 2Qes

2
W

]
⊗ γµ

[
I
(3)
f (1 + γ5)− 2Qfs

2
W

]
, (4)

where symbol ⊗ is used in the following short-hand notation:

ū(p+)γµ (v1 + a1γ5) v(p−)v̄(q−)γµ (v2 + a2γ5)u(q+), (5)

furthermore, vf and af are the vector and axial-vector coupling constants. Introducing the LL,
QL, LQ, and QQ structures, correspondingly, we have five structures to which the complete
Born amplitude can be reduced: one for the γ exchange amplitude and four for the Z exchange
amplitude.

The amplitude of the process e+e− → ff̄ in the Standard Model gets in the one-loop
approximation contributions from self-energy insertions, vertex corrections, box diagrams, and
bremsstrahlung diagrams. We divide these diagrams into several gauge-invariant subsets. We
recall that first of all we disentangle a QED subset: QED-vertices and fermionic self-energies,
γγ and Zγ boxes and bremsstrahlung. Then, we divide the remaining diagrams into two
more gauge-invariant subsets, giving rise to two improved (or dressed) amplitudes: i) improved
γ exchange amplitude with running QED-coupling where only fermion loops contribute, and
ii) improved Z exchange amplitude with four, in general complex-valued EW form factors ρef ,
κe, κf , and κef .

The improved Born approximation for the differential in the scattering angle cross section
is derived by simple squaring the (γ + Z) exchange IBA amplitude AOLA(s, t) and accounting
for proper normalization factors. This differential cross section reads

dσIBA

d cosϑ
=

πα2

s3
βfNc

(
σIBA
γγ + σIBA

γZ + σIBA
ZZ

)
, (6)
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where βf =
√

1− 4m2
f/s and

AOLA(s, t) = ie24I(3)e I
(3)
f

χz(s)

s
ρef (s, t)×

×

{
γµ(1 + γ5)⊗ γµ(1 + γ5)− 4|Qe|s2wκe(s, t)γµ ⊗ γµ(1 + γ5)−

− 4|Qf |s2wκf (s, t)γµ(1 + γ5)⊗ γµ + 16|QeQf |s4wκef (s, t)γµ ⊗ γµ

}
, (7)

here χ−1(s) = s−M2
Z + isΓZ/MZ .

Form factors are simply related to the one-loop form factors:

ρef (s, t) = 1 + FLL(s, t)− s2W∆r,

κe(s, t) = 1 + FQL(s, t)− FLL(s, t),

κf (s, t) = 1 + FLQ(s, t)− FLL(s, t),

κef (s, t) = 1 + FQQ(s, t)− FLL(s, t).

Here “1” on the right-hand side is due to the Born amplitude which is included for normalization.
This set of form factors corresponds to an equivalent Born-like expression

AOLA(s, t) = i
g2e2

16π2
4I(3)e I

(3)
f

χz(s)

s
×

×

{
γµ(1 + γ5)⊗ γµ(1 + γ5)FLL(s, t)− 4|Qe|s2wκe(s, t)γµ ⊗ γµ(1 + γ5)FQL(s, t)−

− 4|Qf |s2wκf (s, t)γµ(1 + γ5)⊗ γµFLQ(s, t)− 4|QeQf |s4wκe,f (s, t)γµ ⊗ γµFQQ(s, t)

}
. (8)

Let us highlight two major releases of the ZFITTER program: v.6.21 [11] and v.6.42 [31].
The development of ZFITTER integrates the contributions of numerous theoreticians, whose
work is incorporated into the code either as default functions or selectable options through
various flags. ZFITTER also uses certain pieces of code from other authors: Fortran function
hadr5 [36], Fortran package m2tcor [37, 38], and Fortran package bkqcdl5 14.f [39].

The version 6.21 was the main code during the LEP era. Very detailed documentation for it
was published in [11]. This release enabled the calculation of realistic observables incorporating
complete O(α) QED and electroweak corrections, along with soft photon exponentiation and
some higher-order contributions. This was achieved through several calculation options: a) (im-
proved) Born cross sections; b) a fast mode with application of cuts on s′ or combined cuts on
acollinearity and the minimum fermion energy Emin for σT, FB; c) application of cuts on s′ (or
on ξ, Emin) for the differential distribution dσ/d cosϑ; d) application of an additional cut on
the production angle of antifermions for σT, FB. Different interfaces enable fitting experimental
data using various sets of free parameters. One should note also that there are two approaches
to parameterize the Z boson propagator [40].

Photonic radiative corrections to the e+e− annihilation processes, primarily due to radiation
from the initial state, are very important numerically, since they can reach several tens of per-
cent. The implementation of these corrections [41–45] to the total and differential cross sections
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was one of the most involved parts of ZFITTER in terms of length and complexity. Corrections
due to the emission of virtual and real fermion pairs also appear to be important, especially
those corresponding to the running of the QED coupling constant [46]. The realization of the
exponentiation of QED initial–final interference photonic corrections is done according to the
procedure developed in [43], based on the general Yennie–Frautschi–Suura theorem [47]. A de-
tailed numerical comparison of the first version of this procedure realization is presented in a
review of theoretical calculations for the production of two fermions in electron–positron colli-
sions at LEP2 center-of-mass energies [48]. This review summarizes the outcome of the LEP2
Two-Fermion Working Group, highlighting recent developments and precision improvements
essential for accurately modeling these processes and interpreting experimental data collected
at the LEP2 collider. The final procedure of the implementation of the initial–final interference
itself, as well as the numerical evaluations, are described in detail in the publication accom-
panying the ZFITTER v.6.42 release [31]. The most important additions of this version are:
several higher-order QED corrections to fermion pair production, electroweak one-loop correc-
tions to atomic parity violation, electroweak one-loop corrections to νe production, electroweak
two-loop corrections to the W boson mass, and corrections to the effective weak mixing angle.

The ZFITTER v.6.44 beta version includes the final results for the O(α4
s) QCD corrections

to the Z boson and W boson quarkonic partial widths and to the so-called R-ratio by P. Baikov
et al. [49].

ZFITTER provides a great flexibility for applications, as well as for comparing with other
codes and verifying technical accuracy during program development. It is optionally utilized by
other software packages, including SMATASY [50, 51], demonstrating its integration flexibility
within various computational tools for electroweak precision analyses.

A comprehensive analysis of the foundational work, a summary of the ZFITTER code
development, and a thorough list of the literature are presented in the broader review [13].

ZFITTER and DIZET packages are posted on the SANC homepage [52]. Links to the main
publications are also available there.

2.2. Package DIZET

The DIZET package is a component of ZFITTER, it is a library that calculates electroweak,
internal mixed QCD⊗EW and QCD⊗QED final-state radiative corrections for several processes
within the Standard Model. DIZET can be used in a stand-alone mode and it is often incor-
porated into other programs such as HECTOR [53], BHAGENE3 [54], KORALZ [55], and
KKMC [23].

After the initialization of the DIZET library, the program outputs a set of POs, including
the W boson mass, the effective weak mixing angles, the total and partial decay widths of the Z
and W bosons, as well as several related electroweak parameters. Subsequently, various DIZET
subroutines can be invoked to compute a range of quantities, such as the weak form factors
and the running αs for two-fermion to two-fermion neutral current processes, the weak form
factors for two-fermion to two-fermion charged current interactions, the weak form factors for
both elastic and deep inelastic neutral current and charged current neutrino–nucleon scattering,
and the weak form factors and the running αs for neutral and charged current deep inelastic
scattering processes.

In paper [56], we present the current version of the DIZET package (v. 6.45), describe the
updates relative to the previous official release (v. 6.42) and quantify the numerical impact
of the newly introduced modifications, controlled by the corresponding options and flags on
electroweak pseudo-observables (EWPOs). The contributions added in DIZET v. 6.45 are
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connected with the completion of the two-loop EW radiative corrections given in [57, 58]
which complement earlier works on radiative corrections, namely: the complete fermionic
two-loop corrections to the W boson mass [59], the leading O(ααs) [60] and next-to-leading
O(αα2

s) [61–63] QCD corrections, as well as the leading three-loop corrections in an expansion
in m2

t of the order O(α3) and O(α2αs) [64]. These modifications are relevant for future precision
HL-LHC studies and the LHC Electroweak Working Group activities.

Recently, the electroweak library GRIFFIN [65] written in C++ was developed, and detailed
comparisons with the DIZET library were performed.

2.3. The present status of ZFITTER

The support for updating and improving the ZFITTER code continues up to the present day.
One of its most important applications for the elementary particle physics community is avail-
able on the webpage of the LEP Electroweak Working Group (LEPEWWG) [12]. The prediction
of the Higgs boson mass, assuming the validity of the Standard Model and derived from radia-
tive corrections to precision observables measured at LEP and other experiments, is illustrated
in the well-known Blue Band plot (see Subsection 2.4).

2.4. ZFITTER application for the Blue Band

When changing parameters in the realistic observables (ROs) calculation based on POs or
SM, theoretical ROs errors are obtained. However, when experimental collaborations analyze
their ROs measurements, this procedure is inverted by fitting POs or SM parameters to the
measured ROs: when changing the variants of the fitted parameters, they reflect the theoretical
uncertainties associated with the ROs calculation. Thus, the theoretical uncertainties for ROs
are propagated back to the fitted parameters.

As an example, we provide an estimate of the theoretical uncertainty in the Higgs boson
mass based on the parameters of the Standard Model [66]. The Blue Band plot represents the
global fit of the Higgs boson mass, integrating precision of experimental measurements with
the one of advanced theoretical calculations.

The best constraints on the Higgs boson mass mH were obtained by fitting all available
experimental data. The function ∆χ2 = χ2 − χ2

min is plotted in Figure 2 as a function of mH .
The minimum of the curve ∆χ2(mH) determines the best-fit value of the Higgs boson mass,
which corresponds to the optimal agreement between the SM predictions and the global set of
precision electroweak measurements. As ∆χ2 increases when moving away from this point, the
quality of the fit worsens, reflecting that such values of mH are disfavoured by the data.

Thus, from Figure 2 one can directly read off both the preferred value of mH and the
allowed mass range at a given confidence level. The Blue Band indicates the uncertainty from
uncalculated higher-order corrections, estimated by both TOPAZ0 and ZFITTER. Taking this
uncertainty into account, the 95% confidence level upper limit on mH is 219 GeV. Also shown
is the result (dashed curve) obtained when using ∆α

(5)
had(M

2
Z) of [67].

Restrictions on the known value of the top quark mass and the running coupling constant
clearly indicated a value of the Higgs boson mass below 200 GeV. This limitation relied heavily
on the validity of the Standard Model. Now we know that the prediction based on the Standard
Model was correct.

Discovered experimentally in 2012 at the Large Hadron Collider (LHC), the Higgs boson
confirmed the existence of the Higgs field, a pervasive field that interacts with particles to give
them mass. The precision electroweak measurements yield a mass of the SM Higgs boson which

8



A. B. Arbuzov et al. Natural Sci. Rev. 3 200601 (2026)

Figure 2. ∆χ2
min(M

2
H) distribution derived from a combined fit of all the world experimental data to

the Standard Model exploiting the best knowledge of precision theoretical calculations which is realized
in computer codes ZFITTER and TOPAZ0 (left in 1999, right in 2010). It illustrates what we call
an indirect discovery of the Higgs boson made via the study of constraints, provided by the precision
HEP measurements [68].

is lower than about 152 GeV (one-sided 95% confidence level upper limit derived from ∆χ2 = 2.7
for the Blue Band, thus including both the experimental and the theoretical uncertainty).

The plot was created using the version of the ZFITTER package that was current in 2008
(v. 6.43). It is cited in the Scientific Background on the Nobel Prize in Physics 2013: “The
Brout–Englert–Higgs-Mechanism, Interactions with Short Range Forces and Scalar Particles”
on p. 16.

3. Combined electroweak analysis at LEP/Tevatron

In the LEP era, the analysis of pseudo-observables was carried out within the framework of
the Standard Model. The main goal of the theoretical predictions for (pseudo)observables was
the testing and verification of the Standard Model [69–71]. It was both a tool and an objective.

Review [35] provides a comprehensive list of definitions for quantities used in analyzing LEP
Z resonance results, along with the standard conventions adopted by TOPAZ0 and ZFITTER,
and special recommendations from the LEPEWWG. Comparisons encompassed both POs and
ROs, such as full cross sections and forward–backward asymmetries, using extrapolated values
and realistic cuts applied to obtain complete LEP-based predictions using these codes. Later,
paper [48] reports on the developments in the theoretical calculations of the two-fermion pro-
duction process in the electron–positron collision at LEP2 center-of-mass energies. All available
theoretical calculations, performed using Monte Carlo and semi-analytical codes, were collected
and applied to obtain predictions for all cross sections, asymmetries, etc., measured in the LEP2
experiments. In the work carried out by several theoretical groups using different methods and
approaches, the comparisons of the calculations were provided over a wide range and in the
so-called tuned comparisons.

Data from LEP’s four experiments yielded about 17 million Z decays, complemented by
600 000 polarized Z decays from the SLD experiment at SLC. Extensive analysis of this data has
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been done by ALEPH, CDF, D0, DELPHI, L3, OPAL, LEP Electroweak Working Group, Teva-
tron Electroweak Working Group, SLD Electroweak Working Group, Heavy Flavour Group.
They provide analysis of precision electroweak measurements and constraints on the Stan-
dard Model by ZFITTER and TOPAZ0. This collaborative effort comparing experimental
results with highly precise theoretical calculations, including rigorous tests of renormalization
and gauge symmetry preservation, has become one of LEP’s cornerstone contributions to the
advancement of modern theoretical physics. Throughout the entire LEP program, combined
preliminary data on the Z boson parameters from the experiments were systematically col-
lected and analyzed [1, 66, 72–80]. Precision electroweak measurements and SM constraints
during the LEP era were detailed in key LEPEWWG reports. These include combinations
of Z resonance results like hadronic/leptonic cross sections, forward–backward asymmetries, τ
polarization, and heavy flavor widths, often updated for summer conferences. It is also worth
noting the papers [68, 81–83] that correspond to post-LEP summaries integrating LEP/SLD
data with Tevatron results. In these works, the predictions are calculated with ZFITTER,
which incorporate state-of-the-art calculations of radiative corrections in that time.

When analyzing experimental data, the language of pseudo-observables is used. Techni-
cally, each LEP experiment extracts pseudo-observables such as MZ , ΓZ , σ0

h, Re,µ,τ , and A0,e,µ,τ
FB

(see Subsection 4.2 for definitions) from their measured cross sections and asymmetries, which
are the realistic observables. As a result, the four LEP experiments adopt a practical model-
independent fit strategy: ROs → POs (⊗ Standard Model remainder) for each experiment,
followed by averaging the four POs sets while accounting for correlated errors between exper-
iments, to achieve the most precise and statistically correct averaged determination of these
fundamental parameters [35]. When applying this procedure, all four LEP experiments have
agreed to use the ZFITTER tool because it was providing the most precise, consistent and
up-to-date SM calculations with a user-friendly interface. This yields an optimal set of POs
values, which constitute important physical quantities in their own right.

Within the SM framework, the ROs can be written in terms of the amplitudes

ASM = Aγ +AZ +Anonfact, (9)

where Anonfact denotes the nonfactorizable contributions that do not factorize in front of a
Born-like amplitude, such as weak box diagrams. After computing the matrix element ASM,
one squares it, integrates over the phase space to obtain the hard cross section, and then
convolutes the result with the QED radiation from the initial and final states and with the
QCD final-state radiation.

Higher-order electroweak corrections modify the matrix element structure, requiring com-
plex form factors that depend on the Mandelstam variables and invalidating the separation
into the pure γ and Z exchange contributions. Weak box diagrams act as nonresonant inser-
tions in electroweak form factors; at the Z resonance, their one-loop contributions remain small
(yielding ⩽ 10−4 relative corrections), and neglecting them eliminates t-dependence meanwhile
restoring factorization of effective vector and axial-vector couplings. In precision studies of ROs,
however, weak boxes are typically retained because the analysis extends off the resonance, up
to s = (M2

Z ± 3) GeV. Dropping terms of the order O(αΓZ/MZ) enables full factorization,
producing complex effective vector and axial-vector couplings being dependent solely on s, and
consistently relating ROs to POs at the required Z pole accuracy. This leads to the Z boson
pole approximation, implemented by setting s = M2

Z in form factors; deconvoluting QED and
QCD radiation from measured ROs then establishes a precise ROs-to-POs mapping.
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4. Numerical results

4.1. Measurement of τ lepton polarization

As an illustration of a rather advanced ZFITTER’s application to experimental data analy-
sis, we present here the τ lepton polarization measurement at LEP [1], where ZFITTER was
the primary and sole tool.

The short lifetime of τ lepton allows the measurement of its polarization through the differ-
ential distribution of its decay products. At the Born level, the following approximate equality
holds for the average τ lepton and Z boson polarization:

⟨Pτ−(Z)⟩ ≈ −
2āτ(e)v̄τ(e)
ā2τ(e) + v̄2τ(e)

≡ −Aτ(e), (10)

here v̄τ(e) and āτ(e) are the vector and axial-vector coupling constants of τ lepton (electron)
with the Z boson.

At the Born level, nonzero polarization of Z bosons generates a dependence of Pτ (cosϑ) on
the polar angle between the τ− momentum direction and the e− beam direction

Pτ ≈ −⟨Pτ−⟩(1 + cos2 ϑ) + ⟨PZ⟩2 cosϑ
(1 + cos2 ϑ) + ⟨Pτ−⟩⟨PZ⟩2 cosϑ

. (11)

Thus, measuring the dependence of τ lepton polarization on the polar angle allows the simul-
taneous determination of the ratio of coupling constants v̄/ā for both electrons and leptons.
From the lepton universality in the Standard Model, it is possible to determine the electroweak
mixing parameter for leptons: v̄l/āl = 1− 4 sin2 ϑlept

eff .
The final goal of measuring τ lepton polarization at LEP was the precision determination of

constants Aτ,e and refinement of the value of the parameter sin2 ϑlept
eff . For this, both exclusive

and inclusive approaches were used.
At the very beginning of the LEP era, the following approach was used to determine the

constants Ae and Aτ . At the Born level, the dependence is determined by (10) and the equality
is approximate. First, these expressions are held only near the Z pole. When the energy changes
from 89 to 93 GeV, the polarization changes by a third of its absolute value. Secondly, even
if the accelerator energy exactly corresponds to the Z pole of the resonance, the annihilation
processes actually occur at lower energies due to emission of photons from the initial state.
Finally, due to loop corrections involving the t quark loops in the vertex Zττ , the difference
between Pτ and Aτ depends quite strongly on the mass of the t quark, and similarly, the
loop corrections to the vertex Zee lead to uncertainty of the difference between PZ and Ae.
Formula (11) uses approximations that lead to errors in the determination of Ae and Aτ of
the order of 0.001−0.002. The real dependence cannot be represented as a simple analytical
formula.

In this approach, only τ → eνν, τ → µνν, and τ± → π±π∓π± decays are identified
exclusively. The one-prong hadronic decays τ− → h−nπ0 are analyzed inclusively. Here h− is a
charged pion or kaon and n represents the number of neutral pions (n = 0, 1, . . .). The inclusive
hadronic decay channel comprises almost 50% of all τ decays. The τ polarization is extracted
from inclusive energy spectra of charged and neutral particles, without identifying individual
decay modes. The main advantage of this approach is the absence of the potentially largest
systematic error due to misidentification of the hadronic decay modes. The method also benefits
from a larger statistics which is not reduced by the cuts for the exclusive decay mode selection.
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A relatively small disadvantage is the reduction of sensitivity due to the mixing of different
decay modes in the inclusive spectra.

For each interval of cosϑ, the average polarization of the τ leptons in that range was pre-
dicted using ZFITTER, with the values of Ae and Aτ used as input parameters of the programs.
The calculation took into account the distribution of the collider’s integrated luminosity per
collision energy values. The parameters Ae and Aτ were determined by minimum value of the
function

χ2(Aτ , Ae) =
∑
i

(
Pi − P ZF

i (Aτ , Ae)

∆Pi

)2

, (12)

where the summation is carried out over all intervals of cosϑ, the quantity Pi is the value
of polarization measured in the ith interval with experimental uncertainty ∆Pi. P ZF is the
average polarization value in the same interval predicted by ZFITTER. For the case of lepton
universality, the value of the parameter Ae was determined similarly. This procedure allowed us
to extract the parameters of Ae,τ , taking into account all known radiative corrections. The va-
lue of the parameter Al, measured in the DELPHI experiment, was 0.1368 ± 0.0065 ± 0.0035
and the value of the effective mixing angle sin2 ϑlept

eff = 0.2339 ± 0.0012. It should be noted
that the results for the effective lepton mixing angle have changed over time, both as a result
of the progress in experimental measurements and due to advances in theoretical calculations.
Thus, the global fit in 2005 [1] yielded sin2 θlepteff = 0.23160± 0.00017 and in 2010 the result was
reduced to sin2 θlepteff = 0.23138± 0.00013 [68].

DELPHI has also performed a unique measurement of the τ polarization at LEP2 col-
lision energies between 183 and 209 GeV [84]. The average polarization was found to be
Pτ = −0.164 ± 0.117± 0.045 for the average collision energy 197 GeV. The measurement is in
excellent agreement with the ZFITTER prediction.

4.2. Shifts in pseudo-observables

To illustrate the current state of the electroweak pseudo-observables estimation, we present
in Table 1 a comparison of the corresponding numerical results obtained by the current versions
of ZFITTER and DIZET with those available in one of the publications of the LEP results [35].
The changes in the results are due to both changes in the input parameter set and the inclusion
of additional higher-order corrections.

• ZFITTER (LEP) [35]:
MZ = 91.1867 GeV,
MH = 100 GeV,
mt = 173.8 GeV,
GF = 1.16637 · 10−5 GeV−2.

• Options ZFITTER (2025)
taken from the PDG Summary Tables [85]:
α−1(0) = 137.035999084,
αs(MZ) = 0.1180,
MZ = 91.1880 GeV,
MH = 125.20 GeV,
mt = 172.40 GeV.
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Table 1. Values of POs, the first entry is ZFITTER (LEP), the second — ZFITTER (2025), and the
third one is relative (δ) or absolute (∆) difference.

Observable ZFITTER (LEP) ZFITTER (2025) δ · 103

MW , GeV 80.3738 80.3571 0.21
σ0
h 41.4777 41.4816 0.09

σ0
l 1.9997 1.9990 0.35

Γh, GeV 1.74223 1.74147 0.44
ΓZ , GeV 2.49573 2.49483 0.36
Γν , MeV 167.234 167.199 0.21
Γe, MeV 83.995 83.983 0.14
Γµ, MeV 83.995 83.983 0.14
Γτ , MeV 83.805 83.793 0.14
Γu, MeV 300.154 299.919 0.78
Γd, MeV 382.996 382.860 0.36
Γc, MeV 300.092 299.854 0.79
Γb, MeV 375.993 382.860 17.94
Γinv, GeV 0.50170 0.50160 0.20

Rl 20.7420 20.7360 0.29
R0

b 0.215811 0.215833 0.10
R0

c 0.172246 0.172184 0.36

sin2 ϑlept
eff 0.231601 0.231507 0.41

sin2 ϑb
eff 0.232950 0.232733 0.93

sin2 ϑc
eff 0.231495 0.231401 0.41

ρe 1.00528 1.00503 0.25
ρb 0.99424 0.99422 0.02
ρc 1.00528 1.00572 0.44

Observable ZFITTER (LEP) ZFITTER (2025) ∆

A0,l
FB 0.016074 0.016237 0.000163

A0,b
FB 0.102617 0.103150 0.000533

A0,c
FB 0.073300 0.073706 0.000406

Ae 0.146396 0.147135 0.000739
Ab 0.934607 0.934746 0.000139
Ac 0.667595 0.667921 0.000326

Below is the list of the POs definitions.

• The total decay width ΓZ of the Z boson is the sum of all partial decay width:
ΓZ ≡ Γee + Γµµ + Γττ + Γhad + Γinv. Here Γinv = NνΓνν is the invisible width from Z
decays into neutrinos, where Nν is the number of light neutrino species.

• The partial decay width Γf ≡ 4cfΓ0

(
|GV

f |2R
f
V + |GA

f |2R
f
A

)
+∆EW/QCD,

where cf = 1 or 3 for leptons or quarks (f = l, q), and the radiator factors Rf
V and Rf

A

describe the final-state QED and QCD corrections and take into account the fermion
mass mf .
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The term of the nonfactorizable corrections is ∆EW/QCD = Γ(2)EW/QCD − αs

π
Γ(1)EW.

• The ratios are Re ≡
Γhad

Γee

, R0
b ≡

Γbb

Γhad

, R0
c ≡

Γcc

Γhad

.

• The hadronic and leptonic pole cross sections read σ0
h = 12π

ΓeΓh

M2
ZΓ

2
Z

, σ0
l = 12π

ΓeΓl

M2
ZΓ

2
Z

.

• A0f
FB =

3

4
AeAf , Af =

2ℜgfZ
(ℜgfZ)2 + 1

.

Of course, a lot has changed since the LEP era, and that are not only those updated of
the input parameters, but also several new contributions of higher-order radiative corrections
have been added into the current version of ZFITTER. Thus, the precise accounting of the
mass of the bottom quark led to a significant change in the Γb width.

4.3. Dependence on the uncertainty of input parameters

Let us look at the dependence of pseudo-observables on the uncertainty of input parameters.
We consider the parametric uncertainties due to variation of the masses mt, MH , and MZ and
in addition the dependence on variation of αs.

The present values of pseudo-observables (EW boson widths and the weak mixing angle)
are [85]: ΓZ = (2495.500± 2.300) MeV, GZ(µµ) = (83.99± 0.18) MeV, ΓW = (2140± 50) MeV,
GW (lν) = (232.4± 1.9) MeV, and sin2 ϑeff · 106 = 231 610± 40.

The DIZET program can calculate pseudo-observables and EW form factors in a wide
range of input parameters. The first type of theoretical uncertainties are due to variation
of the input parameters within experimental errors. Tables 2 and 3 present the dependence
of pseudo-observables on the uncertainty of the input parameters: mt = 172.40(0.70) GeV
and αs = 0.1180(0.0009). As one can see, the parametric uncertainties for the listed pseudo-
observables are less than the current experimental errors [85].

Table 2. The effect of the parametric uncertainty in mt on the magnitudes of POs.

mt, GeV 172.40−0.70 172.40 172.40+0.70 Diff.

GZ(µµ), MeV 83.98 83.98 83.99 0.01
ΓZ , MeV 2494.67 2494.83 2494.99 0.32
GW (lν), MeV 678.83 678.94 679.05 0.22
ΓW , MeV 2089.55 2089.88 2090.21 0.66
sin2 ϑlept

eff · 106 231 528 231 507 231 487 41

Table 3. The effect of the parametric uncertainty in αs on the magnitudes of POs.

αs 0.1180−0.0009 0.1179 0.1180+0.0009 Diff.

GZ(µµ), MeV 83.98 83.98 83.98 0.00
ΓZ , MeV 2494.35 2494.83 2495.30 0.95
GW (lν), MeV 678.95 678.94 678.92 0.03
ΓW , MeV 2089.52 2089.88 2090.24 0.72
sin2 ϑlept

eff · 106 231 504 231 507 231 510 6
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As seen from these tables, the largest uncertainty appears in ΓW and ΓZ due to errors in αs.
These parametric uncertainties remain, however, well below the corresponding experimental
errors.

In the proposals for release DIZET (version 7.0), we are going to add switches for individual
corrections, i.e., vacuum polarization, QED part, etc., as well as to implement new version VP,
to add the components to ∆ρ corrections and to provide the comparison of higher-order correc-
tions with another codes, to implement the discrete tabulation in favour of a direct continuous
mapping (to calculate form factors for a given energy directly instead of tabularization and
extrapolations).

5. Future ultraprecise studies at e+e− colliders

The pursuit of enhanced precision tests of the Standard Model, especially within the Higgs
sector, continues to motivate the development of future lepton colliders. Notable proposals such
as the International Linear Collider (ILC) [86], the Future Circular e+e− Collider (FCC-ee) [87],
the Compact Linear Collider (CLIC) [88], and the Chinese Circular Electron Positron Collider
(CEPC) [89] aim to provide the experimental precision which is necessary to probe potential
deviations from the SM predictions and search for signs of new physics.

These large-scale projects are based on advanced technologies in accelerator and detector
techniques. They offer several important advantages that include the potential of much higher
luminosities and therefore large data samples. Electron–positron machines are best suited for
high-precision studies of the already discovered particles, with obvious advantages due to well-
defined kinematics of the initial state and the absence of a large QCD background typical of
hadron–hadron colliders. The major challenge in designing a high-energy e+e− collider is to
overcome the energy loss due to synchrotron radiation emitted by electrons in a circular orbit.
One has to build either a linear collider, or a circular collider of a very large radius. The future
e+e− collider should serve as a powerful Higgs bosons factory, enabling the detection of new and
rare processes and allowing measurements of known particle properties with unprecedented pre-
cision. New precise measurements will offer high sensitivity to potential subtle deviations from
the SM predictions, indicating new physics. Their potential capabilities will allow experimental
uncertainties to be reduced by a factor of 10 to 100 compared to previous experiments such as
LEP. The status of high-precision calculations for FCC-ee (and other future e+e− colliders in
general) is described in [90].

For each project, the physics research program is mostly dictated by the energy reach of
the given collider. A future hight-energy e+e− collider should be essentially a factory of Higgs
bosons, operating near the maximum of the Higgsstrahlung process e+e− → ZH. At FCC-ee
and CEPC, in addition to Higgs physics it is possible to perform a precision measurement of
the top quark mass at the top pair production threshold. Other studies in the top quark sector
are not foreseen, since both cross section and luminosity are expected to be very small at the
e+e− → tt threshold. An important feature of the CEPC and FCC-ee projects is the possibility
to collect an enormous statistics of Z bosons (of the order of 1012 decays) from running at the
91-GeV peak, i.e., in the so-called Tera-Z mode.

Currently, the Higgs boson mass is known with a relatively low precision of about 240 MeV
(combined LHC Run-1 result), to be compared with 2 MeV for the Z boson mass (combined
LEP results) or 15 MeV for the W boson (PDG average of LEP and Tevatron results). It is
expected that in the future, LHC can reach the precision of 100 MeV or slightly better and it
should be considerably improved at a future e+e− machine.
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In Table 4, we show experimental predictions for EWPOs at FCC-ee as the most stringent
among future experimental setups, particularly in the Z resonance region. To account correctly
for slight deviations due to loop effects, dedicated programs like DIZET will be of great de-
mand. Table 4 shows the comparison between the estimated FCC-ee experimental precision,
the current theoretical uncertainty, and the so-called projected one for representative EWPOs
(see Chapter B in [91] and [92] for the exact definitions). By the projected theoretical uncer-
tainty we mean an estimate of the future theoretical uncertainty when the leading three-loop
O(α3, α2αs, αα

2
s) corrections will become available.

Table 4. Estimated precision for the direct determination of representative EWPOs at FCC-ee,
current theory uncertainties for the SM prediction of these quantities, and the projected theoretical
uncertainty [92].

Quantity FCC-ee Current theory Projected theory
uncertainty uncertainty

mW , MeV 0.5−1 4 1
sin2 ϑlept

eff , 10−5 0.6 4.5 1.5
ΓZ , MeV 0.1 0.4 0.15
Rb, 10−5 6 11 5
Rℓ, 10−3 1 6 1.5

Further improvements are necessary because theoretical predictions of exclusive Higgs boson
decay modes are very sensitive to the Higgs mass used in the calculations. For example,
for the H → ZZ∗ channel, the relative uncertainty of the calculated branching fraction is
∆BR(H → ZZ∗)/BR(H → ZZ∗) ≈ 7.7∆MH/MH . A 15-MeV uncertainty on MH is required
to reach a permille-level precision on the partial decay width calculations.

Such precision will pose a serious challenge for theoretical physics calculations within the
Standard Model and beyond, as the theory must match the exceptional experimental accuracy.
This will be accompanied by the development of modern Monte Carlo tools for high-precision
simulations of observable quantities in high-energy physics, which can be explored at a future
e+e− collider.

6. SANC project

After the LEP era, the key shift in theoretical support was moving from semi-analytic
codes to Monte Carlo (MC) event generators. The semi-analytic codes still serve as important
benchmarks for the inclusive properties of processes. Now the most powerful and influential
theoretical support in HEP is provided by Monte Carlo tools. They should generate individual
events of particle interactions, with taking into account radiation of additional particles and
virtual loop corrections. The generated events are subsequently processed through detector
simulation programs and that allows us to perform studies in realistic experimental environ-
ment.

After the LEP era, our group began to create modern Monte Carlo tools based on the
analytical computation platform we were developing. That is how the SANC project was born.
Our experience in creation and support of the ZFITTER program was crucially important in
this new project. We now offer several Monte Carlo tools for various processes: integrators
MCSANC [93, 94], SANCphot [95], and a generator ReneSANCe [96, 97].
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The main goal of the SANC project was the creation of a computer system for semi-
automatic calculations of realistic and pseudo-observables for various processes of electroweak
interactions “from the SM Lagrangian to event distributions” at the one-loop precision level
for experiments at the current and future accelerators. The analytical calculations are imple-
mented at the one-loop level in two gauges in the Rξ and unitary gauge, and all results are
expressed through scalar Passarino–Veltman functions A0, B0, C0, and D0 [19]. These two
equivalent representations allow for not only checking the analytic calculations at the level of
analytic expressions, for example, verification of gauge invariance with respect to cancellation
of gauge parameters, but also for checking the Ward identities.

The theoretical basement was provided by the book “The Standard Model in the Making:
Precision Study of the Electroweak Interactions” [98] written by D.Yu. Bardin and G. Passarino.
The key elements of implementation at the global level consist of the project architecture,
building block descriptions, procedures, and guidelines. They are described in [99].

At present, several processes are implemented at the one-loop level with leading multi-
loop radiative corrections and taking into account longitudinal and transverse polarization for
electron–positron annihilation. We have estimated theoretical uncertainties for the polarized
annihilation e+e− → e+e− [100], e+e− → µ+µ− [101] , e+e− → γγ [102], e+e− → ZH [103, 104],
and e+e− → γZ [105], e+e− → tt̄ [106] in the same way, i.e., by describing of the one-loop level
using the massive helicity approach in the full phase space, see Figure 3.

The target precision for luminosity measurements at future e+e− colliders is 10−4. In up-
coming studies, our work will focus on improving the treatment of luminosity processes, i.e.,
Bhabha scattering e+e− → e+e−, dimuon e+e− → µ+µ− and diphoton e+e− → γγ annihilation
processes.

Determining the shape parameters of the Z boson resonance requires precise measurements
of the hadron and lepton production cross sections at and near the Z pole. At each FCC-ee
interaction point, about 1.5 · 1012 Z bosons are produced, enabling statistical precision on the
order of 10−6. The main sources of limiting uncertainties are the counting of lepton pairs and

Figure 3. Present status calculations for the various polarized annihilation processes in SANC.
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the measurement of the integrated luminosity. Also, the wide-angle diphoton process becomes
statistically significant and offers a more reliable determination of the integrated luminosity with
respect to systematic uncertainties, compared to the traditional low-angle Bhabha scattering
process (main luminosity process in the LEP) [107].

To reduce systematic uncertainties in luminosity and Z boson lineshape measurements in
future studies, we plan to incorporate two-loop contributions [108, 109] into the dimuon and
diphoton annihilation processes. This development is essential because the FCC-ee requires
an extremely precise and stable definition of the geometrical acceptance for the e+e− → γγ
and e+e− → l+l− reactions at the Z pole, with angular cut accuracies at the level of a few
microradians, in order to fully exploit the unprecedented statistical sample of Z bosons and to
further minimize systematic effects in luminosity and lineshape determinations.

The time has come for ultraprecise photon–photon physics experiments. At the MeV scale,
the world’s first gamma-photon collider, Genie, focuses on conducting direct experimental tests
of light-by-light scattering [110]. It aims to achieve the maximum interaction cross section at a
center-of-mass energy of 1–2 MeV, allowing for more precise investigations of this rare process.
The photon spectrum is simulated by the CAIN 2.42 [111, 112] program and interfaced to
the ReneSANCe generator. Collaboration with the Genie’s colleagues enabled us to adapt the
generator ReneSANCe for use in this experiment.

7. Discussion

Let us discuss certain advantages and disadvantages of ZFITTER as a project in general
and a computer code in particular.

The ZFITTER code is written in the Fortran computer language which is very suitable for
coding and numerical evaluation of complicated mathematical formulae. Certain subroutines
for special functions, e.g., polylogarithms, and algorithms for numerical integration with reliable
control of precision were included in the code. The program itself is rather long, it is separated
into several files. Extensive usage of numerous flags and input parameters can be realized only
by advanced educated users. Nevertheless, an external user of ZFITTER received a complete
set of instructions and description of all relevant (actually very numerous) options. Moreover,
inside the code itself there are text comments which help to understand the work flow of the
code. Advanced users helped a lot in the development of the project by finding bugs in the
code and by suggesting improvements and updates. We see that the project benefited greatly
from its open source strategy, even though the code was not always properly copyrighted.

One of the most valuable features of the code was its reliability and correctness, which
was ensured by thorough testing before releasing any new version. Of course, such a long
code could not be completely free of errors (bugs), but most of them were minor and were
quickly fixed. Another important feature of the project, is the continuous support of the code
and of its users. This was especially important during the LEP era, when various groups from
experimental collaborations actively used this code for data analysis, fitting pseudo-observables,
and estimating uncertainties. The authors of the code promptly replied to requests of the users.
This helped improve the code, making it more user-friendly and responsive to real-world needs.
Thus, the ZFITTER team’s efforts in ongoing code support have been rewarded by the code’s
development, success, and demand.

As we have discussed, ZFITTER is based on the results of theoretical calculations of many
groups besides the team of its authors. Colleagues from experimental collaborations also con-
tributed by ideas on what and how should be evaluated within the code, what should be the
input and output parameters.
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It is important to note that, practically from the beginning, the project was developed by
an international team with participation of researchers from Russia, Germany, and Bulgaria. In
the 1980s, Dmitry Bardin and Tord Riemann laid the foundation for a long-term cooperation
between JINR and the Zeuthen Institute (now it is DESY-Zeuthen Institute), which became
known as the Dubna–Zeuthen Radiative Corrections Group: D. Bardin, A. Akhundov, A. Ar-
buzov, M. Bilenky, P. Christova, L. Kalinovskaya, T. Riemann, J. Biebel, M. Jack, D. Lehner,
A. Leike, S. Riemann, and M. Sachwitz. Tord Riemann was the co-leader of the group and
contributed a lot for the success of several common scientific projects, including ZFITTER.

The international composition of the group helped develop connections with various scien-
tific groups from even more countries. Leader of the project D. Bardin worked for a long period
at CERN in situ. That facilitated the establishment and ongoing maintenance of contacts
with experimental collaborations and other competing groups of theorists. Working visits by
other members of the ZFITTER team, as well as their participation in international workshops
and conferences on high-energy physics, were also highly important for the development of the
project.

8. Conclusion

The successes of the experimental measurements performed at the LEP e+e− collider in
the 1990s posed the challenge of conducting theoretical calculations with a precision compa-
rable to that of experiments (≈ 10−3), in order to ensure a high-precision verification of the
Standard Model and to determine its parameters that were still unknown at that time. This
task was tackled comprehensively by many well-known theoretical groups, including the group
from JINR led by D. Bardin, which created the most universal tool, ZFITTER. Eventually,
ZFITTER became the gold standard for all LEP experiments and it is still used today for data
interpretation within the SM framework.

Moreover, the electroweak correction library DIZET, employed in ZFITTER, serves as the
foundation for modern calculations, which are in demand for various types of particles, energy
domains, and even for computations of processes beyond the Standard Model. Thus, the work
carried out by the international JINR team continues to play an important role in contemporary
particle physics at the interface of theory and experiment.

In this way, we described a brief history of the precision theory of electroweak interactions
and the contribution of the ZFITTER project to the development of the modern high-energy
physics.

What is the role of ZFITTER today? The code is definitely valuable as a benchmark for
the SM calculations within the LEP energy range. In particular, it is used for cross checks during
the development of new codes [113], for numerical calculation of the parametric dependences of
observables [114], for studies of the τ lepton polarization in Z boson decays in proton–proton
collisions [115], for justification of the proposal of the FCC-ee and CEPC programs [91, 116].
Future developments of ZFITTER and DIZET include forthcoming version 7.0 releases, which
will implement the latest calculations of various higher-order electroweak effects and radiative
corrections, in particular those that are presented in [58, 117, 118].
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