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Introduction

• Certainly:
it is not easy to argue that complicated calculations for
Linear Collider physics are urgently needed,

• But:
In view of time-scales and of available
knowledges/experiences,
one (i.e. we theorists) should work on that

• I will restrict myself to few remarks on fermion-pair
production in the Standard Model
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Two issues, two energy scales

Two related issues
• wide-angle scattering e+e− → f̄ f , where f includes also

electrons (Bhabha scattering)
• small angle Bhabha scattering e+e− → e+e−

Two principally different energy ranges
• GigaZ option with

√
s = MZ

• true high-energy option,
√

s = 0.5TeV · · · 3TeV · · ·

Assume the needed accuracy might be:
At
√

s = MZ : about 0.1 % for 2f -production, about 0.01 % for forward
Bhabha scattering
At
√

s = O(TeV: about 1 % for 2f -production, about 0.1 % for forward
Bhabha scattering
Please correct me if needed
− > It would be nice to have a solid reference for all that.
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What do we have?

For low energy scattering – at meson factories – there is a nice,
comprehensive review:
“Quest for precision in hadronic cross sections at low energy:
Monte Carlo tools vs. experimental data”, Working Group on
Radiative Corrections and Monte Carlo Generators for Low
Energies Collaboration [[1, Actis:2010gg]]

ZFITTER, blueband-plot and all that
Evaluation of true cross-sections in different scenarios + fitting
scenarios:
http://zfitter.desy.de/

GFITTER and all that
Modern tool for global fits to pseudo observables, includes also
some New Physics
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Bhabha scattering
Bardin,Hollik,T.R., Z.PhysikC49(1991)485
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The 1991 result is yet the state of the art in e.g. the programs ZFITTER and BHWIDE.

Now, such calculations of O(1000) diagrams are better than to 10 digits.
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Some recent numerical results – Penin, Bonciani et al., Actis, Gluza, TR et al.
and others

We will now discuss the numerical net effects arising from the
Nf = 2 vertex plus box diagrams (i.e. excluding the pure
running coupling effects):

dσ2

dΩ
=

dσ
dΩ

+
dσv

dΩ
,

with dσ/dΩ from NNLO boxes and ’partners’. The expression
for the irreducible vertex term dσv/dΩ derives directly from
[2, 3]. The dσ2/dΩ is normalized to the pure photonic Bhabha
Born cross section dσ0/dΩ:

dσ0

dΩ
=
α2

s

(
s
t

+ 1 +
t
s

)2

.
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Two-loop vertex and box corrections dσ2 to Bhabha scattering
in units of 10−3dσ0 at ILC energies of

√
s = 100 GeV (GigaZ

option) and
√

s = 500 GeV. [[4, Actis:2007fs]] [[5, Actis:2008br]]
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Two-loop corrections to Bhabha scattering at
√

s = MZ ,
normalized to the effective weak Born cross section.
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What is in the air if work is invested?

Radiative loop corrections
Among the non-leading NNLO corrections are

the so-called

radiative loop corrections, interfering with low-

est order

bremsstrahlung.

The main problems arise from the pentagon di-

agrams.

Tools for tensor reduction of 5-point functions

to scalar boxes,

vertices, self-energies:

Czakon, Kajda, Gluza, Riemann, ambre.m,

hexagon.m, MB.m
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Pair corrections

M. Czakon, J. Gluza, T.R., M. Worek
Thanks to M. Worek’s engagement, there are first results for event generation of Bhabha scattering with additional
unresolved electron or muon pairs at

√
s = 1.02, 10, 91 GeV.

No cuts on the unresolved particles, but acceptance cuts on
electron energy Emin , production angles θ± , acollinearity ξmax.

All particles are massive and observed, so there are no true singularities.

• At low energies, logarithms are not
enhanced at all

• There are diagrams with quite different
kinematics

• then, realistic cuts play a crucial role
• −→ use

HELAC-PHEGAS,
Kanaki/Papadopulos/Worek/Cafarella
webpage http://helac-
phegas.web.cern.ch/helac-phegas/
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What deserves hard work?

• True electroweak two-loop corrections for 2-fermion
production at arbitrary energies (see: Passarino et al.)
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What else we are doing?

Only for interested specialists
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unplublished calculation of a 4-point tensor component at
vanishing Gram determinant
J. Fleischer, TR, see also:
“Some variations of the reduction of one-loop Feynman tensor
integrals”, Contrib. to ACAT2010, e-Print: arXiv:1006.0679
[hep-ph]
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Summary

• A lot of corrections are known, due to more recent work:
– Hollik, Weiglein, Czakon, Freitas, Awramik et al.: electroweak
two-loop corrections at the Z peak
– v.d.Bij, Penin, Bonciani, Remiddi, Actis, Czakon, Gluza, T.R.,
Kuehn et al.: virtual QED NNLO corrections

• There is a lot of theoretical work to be done in order to have the
basis for physics studies

• Some pieces are not so difficult, e.g. QED fermion pair emission
corrections for Bhabha scattering (NNLO) and loop-by-loop
corrections

• Others are technically available but have to be implemented by
people who understand what they are doing, e.g. electroweak
two-loop corrections at the Z peak

• If at high energies true electroweak twoloop corrections are
needed: this might be really difficult
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