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The total production cross section for top quark pairs is a fundamental element of hadron col-
lider physics. In this contribution we give a brief overview on recent theoretical developments
focusing on last year’s result for the NNLO corrections. Furthermore we explain how this re-
sult can be employed to determine the hard matching coefficients that are of phenomenological
interest in soft gluon resummation.

1 The total cross section for top quark pair production

Top quark pair production is one of the key processes under investigation at current hadron
collider experiments and plays an important role for various Standard Model (SM) applications
as well as in searches for new physics. Therefore, in the recent past a lot of effort has been
put into the further improvement of its theoretical description to cope with the continuing
progress in experimental precision, culminating in the completion of the full next-to-next-to-
leading (NNLO) prediction at the beginning of last year 1234,

This work was the first hadron collider calculation at NNLO with more than 2 colored partons
and/or massive fermions and allows for a high precision comparison between the Standard
Model and experiment. Moreover the techniques developed therein can be applied to different
production processes to increase their level of accuracy as well. Due to its high precision, the
total cross section for ¢ production is very sensitive to its input parameters and can thus be
employed to examine various physical quantities. It has for instance been used in detailed PDF
studies, especially to constrain the gluon PDF in the large x regime®. Furthermore it can serve
as a new method for g and top quark mass measurements®. For many BSM searches top quark
pair production is one of the major background processes and therefore the full NNLO result
will help to identify possible signal events and to discriminate between different new physics
models.

The calculation itself is most conveniently done following the notation established in Refs.1-4,
where the total cross section is expressed as
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The sum runs over all possible initial state partons and ®;;(3, ur) is the partonic flux defined
as
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where £;;, the partonic luminosity, is a convolution of the PDFs. The relative velocity of the
final state top quarks 8 = /1 —4m?/s is determined by the pole mass and the partonic c.m.
energy /s whereas Bmar = /1 — 4m2/S depends on the c.m. energy of the collider v/S. The
renormalization and factorization scales are as usual denoted as piz/p. Choosing both scales to
be equal, the partonic cross sections ¢;; can be expanded in a perturbative series in aj
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where in our case the strong coupling is MS renormalized with N = 5 active flavor. The é)'i(;-L)
are known exactly through NLO while at NNLO they are given in terms of analytically known
threshold expansions and numerical fitting functions incorporating the effects of the full calcu-
lation.

Table 1: NNLO-+NNLL theoretical predictions for various colliders and c.m. energies using m = 173.3
GeV and the MSTW2008nnlo68cl pdf set 4

Collider otot [Pb] | scales [pb] | pdf [pb]
Towiron | 764 | TTHITY | TTmy
no 7oV | 1m0 | R | R
LHCs Tev | 2468 | TAGT0 | ot
Lnc 1oy | amo | Thied | Hea

The NNLO result for the total cross section including resummation of soft gluon effects to NNLL
accuracy is shown in table 1. Due to sizable contributions away from threshold in the gluon
fusion production channel, there is a noticable impact on the theoretical predictions for the LHC
compared to the previously used approximate NNLO results, that mimic the leading behaviour
due to soft gluon radiation and coulomb effects. The error due to scale variation, however,
is decreased significantly for both colliders and now matches the other sources of theoretical
uncertainty, namely the PDF sets, the strong coupling constant and the top quark mass®7. So
we have now reached a saturation point where further improvement on the total cross section
can only be achieved by simultaneously reducing all contributing sources of error. Note that at
this level of precision also electroweak effects®? will have a noticable impact but have not been
included yet.

2 Resummation and threshold behaviour

Prior to the full calculation discussed in the previous section the NNLO behaviour of the total
cross section for top quark pair production was approximated by exploiting the factorization of
soft gluon radiation and potential effects to derive the velocity enhanced terms incorporated in a
threshold expansion '0. After factorizing the Born cross section, the expansion formula is given
in terms of inverse powers of the top quark velocity, 5, and its logarithms. The advantage of such
an approach is the possibility to determine the necessary parts in an independent and generally
less difficult calculation. Unfortunately, the S-independent terms of the expansion, which are
phenomenologically important since they propagate through resummation to all orders of the
perturbative series 171819 are not accessible by this method. Employing the full NNLO result,
however, allows for a numerical evaluation of these so-called hard matching coefficients in two
different approaches.

The straightforward method is to extract the constant S-terms directly from the fitting functions



of the full NNLO calculation yielding !+

CS2- Pt — 1195.82 — 44.1841 N, — 4.28168 N2 = 867.858

C{P- Tt 338179 — 26.8912 N, + 0.142848 N2 = 207.294 ,

where the last values correspond to Ny = 5. Although this approach provides a first estimate,
it is not satisfactory since it suffers from two drawbacks. First of all, the fit is dominated by
the threshold behaviour of the partonic cross sections and their assumed functional dependence,
which leads to a rather large error estimate for the extracted matching coefficients of 10% for
the quark annihilation! and 50% for the gluon fusion channel. The second drawback to this
method is the fact that the fit is performed for color averaged quantities, which for ¢¢ production
only affects the gluon fusion initiated process. Thus, additional assumptions, inspired by the
NLO results, are required to assess the dependence between color singlet and octet contributions
and determine the corresponding hard matching coefficients.

Figure 1 — Schematic representation of soft factorization. H stands for the hard function, whereas S for the soft
function. The double lines denote Wilson lines, whereas the ® symbols stand for the insertion of the color structure of
the hard matrix element. The sum over different color structures is suppressed.

The second approach avoids these issues by utilizing the factorization properties of the total cross
section close to threshold. In this regime the cross section can be expressed as a convolution of a
soft function, that contains the effects of radiation, and a hard function representing the purely
virtual contributions as illustrated by Fig.1 11121315 While the soft function can be derived
from a fixed order calculation considering the emission of massless partons from eikonal lines
representing the hard scattering process 1%, the virtual contributions can be directly extracted
from the full NNLO corrections with complete color information retained. The entire evaluation
is performed by decomposing the process into color singlet and octet configurations of the top
quark pair. The constant terms of the S-expansion then read '6



CS2) =1104.08 — 42.9666 Ny, — 4.28168 N? = 782.208
C\?)| =37.1457 + 17.2725 N, = 123.508

o®

99,85 = 074.517 — 45.5875 N; = 446.58

2
O\ =11.2531 — 2.20745 Ny, + 0.142857 N} = 3.33731 ,

where 1, 85 and 84 denote the singlet, symmetric octet and antisymmetric octet contributions.
Although the numerical impact on the resummed cross section is small compared to the results
of the fit to the partonic cross sections, there is an additional benefit from this calculation since
it led to the identification of yet missing coulomb logarithms in the threshold approximation of
color octet production induced by the interaction of virtual heavy quarks'®. Due to a coincidental
suppression of the gluon fusion channel at leading order, these corrections only affect the quark
initiated subprocess but might have a stronger impact on other processes that employ this type
of expansion, for instance in BSM physics.
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