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Abstract

We describe selected advances in the calculation of electroweak corrections to massive scattering problems at col-
liders, from the very beginning in the nineteen seventies until contemporary developments. Recent years brought a
remarkable progress due to new calculational technologies. This was motivated by demands from phenomenologi-
cal applications at particle accelerators: higher multiplicities of the final states, extreme kinematics, need of higher

precision and thus of higher orders in perturbation theory.
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1. Introduction

The calculation of observable quantities for high en-
ergy colliders became more and more involved in recent
years, although the basic understanding of perturbative
quantum field theory has been settled decades ago. The
term “calculation” has two sides here to be taken into
account, of quite different origin. First, one has to de-
rive formulae for the quantity of interest, with a suf-
ficient accuracy in order to match experimental needs.
This is part of theoretical work in the classical under-
standing. But, by time the answers get more involved,
both in quantity and in complexity. Also, the singularity
behaviour becomes worse. As a consequence, the result
of theoretical research to be disseminated is often not
only an analytical formula written in an article, but also
a piece of more or less sophisticated software. This is
fine, but it raises new questions of cooperation. Soft-
ware has to be supported in a rapidly developing world
of computing. How to distribute software in an appro-
priate manner, thereby respecting the authors’ rights in
a satisfactory way, but at the same time not too much
hindering its use? Let us remind that software use in
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nearly all realistic cases means also adaptation and so
changing the original creation.

Since we are working in the field of particle phe-
nomenology since decades, we collected some experi-
ence with all these aspects, to some extent we even con-
tributed to the culture of practicioning. We come back
to the point in section 7.

In sections 2 to 6 we survey part of research per-
formed in the research group B1 “Massive particle pro-
duction” of Sonderforschungsbereich/Transregio 9 of
Deutsche Forschungsgemeinschaft. Due to the calcu-
lational difficulties it took few years after the concise
formulation of the perturbative renormalization of the
electroweak theory by t” Hooft and Veltman [1, 2] and
after the invention of SCHOONSCHIP [3]. A famous
piece of work was Veltman’s study of the p parameter
with the observation that high particle masses may show
up at low energy [4]. First detailed studies of the cal-
culational techniques and of the consequences for phe-
nomenology came out soon, notably [5, 6]. Since then,
much effort has been concentrated to the refinement of
predictions of perturbative effects in the Standard Model
and beyond.

Calculations have been done for many quantities, no-
tably the weak corrections to the Z boson parameters oz
and sina’fff; at one loop e.g. in [7, 8, 9, 10], and later
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also with higher order corrections predicted by the elec-
troweak theory and by QCD [11, 12, 13, 14, 15]. These
higher-order calculations have to be performed, but they
have also to be inserted into phenomenological tools.

Although a lot of the material presented here is ap-
plied also to LHC physics, we will concentrate on
higher-order contributions to e*e~ annihilation, mainly
arising from loop corrections:
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A large part of the present study is devoted to the treat-
ment of single Feynman integrals. They are the build-
ing blocks of Feynman diagrams related to some ob-
servable. We will consider an arbitrary L-loop integral
G(X) with loop momenta k; , with E external legs with

momenta p, and with N internal lines with masses m;
and propagators 1/D;:
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2. ZFITTER

ZFITTER [16, 17] is a long-term project, dating back
to the nineteen seventies. The aim is a state-of-the-art
description of

e'e” = (1. 2) = fTf (ny) o)

in the Standard Model. A description of the project has
been published quite recently [18]. Since 1989 ZFIT-
TER is among the standard software packages for the
description of the Z boson resonance at LEP. Further, it
was used for predictions of the top-quark and Higgs-
boson masses from radiative corrections in the Stan-
dard Model prior to their discoveries. Until about 1992,
ZFITTER rested mainly on theoretical work done by its
authors on complete one-loop electroweak corrections
in the Standard Model. In the nineteen nineties it be-
come more and more important to integrate higher-order
corrections derived by other authors and to support the
users from experimental groups, notably from DELPHI,
L3, OPAL, and also from the LEPEWWG. This is docu-
mented in the “LEP electroweak working group report”

of 1995 [11] and references therein. The seminal review
studies of (5) by the LEP community for LEP 1 in 2005
[19] and LEP 2 in 2013 [20] rest to a large extent on
ZFITTER v.6.42 [16, 17].

ZFITTER became the “etalon” software for the Z-
boson resonance studied for many years at LEP 1 und
at LEP 2. Among the main results of LEP are the fol-
lowing, quoted from the “Review of Particle Physics”
(2012) [21]:

Mz = 91.1876 £0.0021 GeV,
I'; = 2.4952+0.0023 GeV,

sin? Oyeac = 0.22296 + 0.00028,
sin® 6, = 0.23146 +0.00012,
sin? 65 = 0.23116 +0.00012,
N, = 2.989 +0.007. (©6)

A similar analysis, also based on ZFITTER, has
been published by ALEPH, DELPHI, L3, OPAL, LEP-
EWWG in 2013 [20]. The constraint

m, = 178%' GeV (7)

is obtained from the virtual corrections, in good agree-
ment with the much more precise direct measurement
of about m, = 173.2+1 GeV [22]. For the Higgs boson
mass, they predict:

My = 11872 GeV, only LEP,

My = 122%3) GeV, plus m,,

My = 148727 GeV, plus My, Ty,

My = 94*2 GeV, plus m;, My, Ty.  (8)

An update is [23], where it is quoted My = 89*3% GeV,
or My < 127 GeV (90% c.l.). In 2012, the LHC col-
laborations discovered a scalar particle with a mass of
about 125 GeV [24, 25]. The present best value is
My =125.6 £ 0.3 GeV [26].

This might be illustrated by the famous blue band plot
of the LEPEWWG [27, 28], which we reproduce in fig-
ure 2, together with the presumably first proposal of an
electroweak precision plotin figure 1. The development
of precision predictions is nicely illustrated in figures 3
to 5.

It is pointed out in [20] that there are, besides ZFIT-
TER, two alternative approaches for precision Stan-
dard Model tests available. One approach is prac-
ticed in the “Review of particle physics” of the Par-
ticle Data Group [29], which traces to a large extent
back to ZFITTER. The second approach is the Gfitter
project. In fact, at the webpage http://gfitter.desy.de/
one finds a lot of data similar to the blue band plot
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