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1. Introduction

Top-quark pair production is a benchmark process at hadwiiders such as the Tevatron and
LHC. Its special role in the physics program of these expenits makes it crucial to have precise
QCD predictions for the total and differential cross sewiorl he starting point for such predictions
is the next-to-leading order (NLO) calculations of the ka@tad differential cross sections carried
out more than two decades ago [1]. Since higher-order diwrecto these results as estimated
through scale variations are expected to be as large as%Qi#l&ould be desirable to extend the
calculations beyond NLO. Here there are two paths. One igltulate the full next-to-next-to-
leading order (NNLO) cross section. This is indeed an aerea of research and was discussed at
this conference by Andreas von Manteuffel. Another is totestniques from soft gluon resum-
mation to calculate what are argued to be the dominant dmnscat NNLO and beyond. Such
resummed calculations are the subject of this talk.

2. Soft gluon resummation

Soft gluon resummation is a rich field with a long history anid far beyond the scope of this
talk to give a proper overview. We aim instead to briefly eipthe main ideas and how they are
applied in the literature.

The basic idea of resummation can be conveyed through thenfoh schematic picture.
Quite generically, (differential) partonic cross sectiai@ receive double logarithmic corrections
of the formay InN™<2") at each order in perturbation theory, wharés a variable which vanishes
in the limit where real gluon radiation is soft. Resummai®essentially a re-organization of the
perturbative series appropriate for the parametric cogrti=InA ~ 1/as. In particular, one can
show that the partonic cross sections can be written in tina'fo

d6 = explasl®gr + askgz + a2lgz+...] x C(as) + O(A). (2.1)

In words, the logarithmic corrections exponentiate up tagrocorrections i. The functionsy;
(anomalous dimensions) am@d(matching functions) can be calculated order by orderdnEvery
time one adds a higher-order functignan infinite series of logarithmic terms is resummed into
the exponent, which explains the nomenclature of the tecieniRoughly speaking, including the
piece in the exponent proportional ¢g is called leading-logarithmic order (LL), including that
proportional tog, next-to-leading-logarithmic order (NLL), and so on. Thereut state of the art
in top-quark pair production is NNLL.

Soft gluon resummation can be thought of as a universal iggbnwvhich takes a specific
form for different observables. In top-quark pair prodantiat hadron colliders, all applications
in the literature can be grouped into one of the three casesllin Table 1, which shows specific
(differential) cross sections along with a parameter wiighishes in the soft limit (this plays the
role of theA in (2.1)). The list looks slightly arbitrary at a first glanbat there is a logic behind
it. At Born level, top-quark pair production is a two-to-twwocess depending on Mandelstam

IThis is schematic both because the exponentiation takee jiiaan integral transform space, either Mellin or
Laplace, and because the formulas involve matrices in aplace rather than simple functions.
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Name Observable Soft limit
pair-invariant-mass (PIM) | do/dMgd6 | (1-2) =1-M2/§— 0
single-particle-inclusive (1P1) do/dprdy =8+t +0,—0

production threshold o B=+1-4m¢/5—0

Table 1: The three cases in which soft gluon resummation has beeredpphe first column indicates the
name often used in the literature, the second the obsert@mbich it applies, and the third the partonic
variable associated with large logarithmic correctionthasoft limit.

variables which satisfis I f; + 0; = 0. The most general partonic cross section is thus double
differential. Beyond Born level, one must integrate oveag# space with respect to extra real
emissions to get a double differential cross section. Theichzhoices are to observe properties
of the top-quark pair, as in PIM kinematics, or propertieshef top (or anti-top) quark, as in 1PI
kinematics. Results in PIM or 1Pl kinematics are obtainednbggrating over a different portion
of the fully differential phase space and are thus indepandalculations. A final choice is to
integrate over the whole phase space and calculate thenjgzatiass section in the production
threshold limit. As far as soft gluon resummation is conedgnresults in the production threshold
limit are a special case of the PIM and 1PI results and do natago independent information.
However, in the limitB — 0 one must also consider Coulomb terms of the forfh@rg", and

a full treatment of all singular terms in that limit involvesjoint soft and Coulomb resummation
[2, 3].

In each of the soft limits in Table 1 resummed calculatiorrstie partonic cross sections are
available to NNLL accuracy. Hadronic cross sections arainbtl from the partonic ones through
convolutions with partonic distribution functions (PDF#)s an example, the pair invariant-mass
distribution is given by

dMt G0

do /1 dz daij (z, Mit;, UF, IR, Os(LR)) 2.2)
T

;(Dij(T/ZaI«lF) dNI[t_ )

where®j; is the parton luminosity function. In the limit of very largevariant mass, the variable
T= Mt%—/s—> 1, which implies that the partonic variabte= Mt%—/§—> 1, so the most singular terms
in the partonic threshold limit dominate the cross sectiosagh order irrs and resumming them

is an improvement. However, for the total cross section psiaaller values of the invariant mass,
the convolution integral involves values pftlose to zero as well as those close to unity, and it
is not obvious that the singular terms in the~ 1 dominate over the less singular ones. The
typical argument, referred to as “dynamical threshold enbment,” is that the parton luminosity
functions fall off so steeply as a function of their first amgent that the convolution integral is
saturated by values afclose to unity, in other words by the partonic threshold segho matter
what the lower limit of integration. Similar arguments cam dpplied to the 1Pl and production
thresholds, although it cannot be overemphasized thatdivempcorrections away from partonic
threshold are different in each case and must be studiedultgreReliably estimating the size
of these corrections is the most important issue in phenofogital applications of soft gluon
resummation.
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3. Total and differential cross sections

In this section we cover some phenomenological applicatioie first compare resummed
and fixed-order calculations of the total production crasgien. Results in the pole scheme for
the top-quark mass are summarized in Table 2. In additiohad\tLO results, we show different
“approximate NNLO” implementations of the resummed resuftroduction threshold results as
obtained by the HATHOR program [4] with the default setting®l| results as obtained in [5];
1Plscer and PIMsceTresults as obtained in [6], combined into a final result far ¢thoss section
using the procedure and computer program presented in y/deBult, we sefi = Ur = U = m,
with m = 173 GeV. We display NLO results using MSTW2008 NLO PDFs, el approximate
NNLO results we use MSTW2008 NNLO PDFs. Uncertainties intl8HOR and 1PI results
from [5] are estimated by varying up and down by a factor of two, while uncertainties in [7] are
estimated by independent variationsgf and ur by factors of two, along with a scan over the
values of the cross section in PIM and 1Pl kinematics.

Tevatron LHC (7 TeV)
NLO 6.740%803: | 16075373
Aliev et. al. [4] | 7.13:933+93¢ 164+3*3
Kidonakis [5] | 7.08:999+036 | 16317+
Ahrens et. al. [7]| 6.65:398933 15688

Table2: Results for the total cross section in pb at NLO and withinvidsg@ous NNLO approximations. The
first uncertainty is related to perturbative uncertaintesl the second is the PDF error using the MSTW2008
PDF sets [8] at 90% CL.

An examination of the numbers in the table reveals the faligWeatures. First, the pertur-
bative uncertainties in the NLO result are on the order of 20%oth the Tevatron and the LHC.
This is a bit larger than the PDF uncertainty in both casdéispagh especially at the LHC one may
obtain rather different results with other PDF sets, werridfe reader to [9] for a recent discussion
of this issue. Second, the perturbative uncertaintiesaragyproximate NNLO results as obtained
through the individual calculations are invariably smatlean at NLO—depending on the imple-
mentation, the uncertainties are reduced by a factor ofhigugvo to three, and are thus under the
PDF uncertainties. At the LHC, the different NNLO approxtioas are in relatively good agree-
ment, though the cross section of [7] is somewhat smallar thhdd, 5]. At the Tevatron, on the
other hand, the results from [4, 5] are significantly lardeemtthose from [7]. In fact, the range of
values spanned by the three different approximate NNLOtseatithe Tevatron is about as large
as that spanned by the NLO calculation. Given the discrgpame is faced with the choice of
estimating the theory uncertainties through the NLO cakboh, with the spread of approximate
NNLO values from the three different calculations, or by aipalar NNLO approximation alone.
The authors of [4, 5, 7] all give arguments in favor of theirtjgallar implementation of soft-gluon
resummation, butitis beyond the scope of the talk to prgmenmmarize them. We refer the reader
to [10] for more detalils.

Next, we very briefly mention predictions for differentiabss sections. Particularly interest-
ing are the differential cross section and forward-backiveeaymmetry as a function of the invariant
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massM;; of the top-quark pair. We compare in Figure 1 the NLO and NLOHN results from
[11] with experimental data from the CDF collaboration [1dhere is good agreement between
theory and experiment for the differential distributiomit the CDF measurement of the forward-
backward asymmetrﬁE_B in the high invariant-mass bin is much higher than the theesylt. A
smaller discrepancy is found in the DO results [13] preskatehis conference.
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Figurel1: The differential cross section and forward-backward asgtnyras a function o/

References

[1] P. Nason, S. Dawson, R. K. Ellis, Nucl. Ph¥303, 607 (1988); P. Nason, S. Dawson, R. K. Ellis,
Nucl. PhysB327, 49-92 (1989); W. Beenakker, H. Kuijf, W. L. van Neerven, tith, Phys. Rev.
D40, 54-82 (1989); W. Beenakker, W. L. van Neerven, R. Meng, GS¢huler, J. Smith, Nucl. Phys.
B351, 507-560 (1991).

[2] M. Benekeet al, Nucl. PhysB828 (2010) 69-101. [arXiv:0907.1443 [hep-ph]].
[3] M. Benekeet al, Nucl. Phys. B355 (2012) 695 [arXiv:1109.1536 [hep-ph]].
[4] M. Aliev et al, Comput. Phys. Commu82, 1034-1046 (2011). [arXiv:1007.1327 [hep-ph]].
[5] N. Kidonakis, Phys. Re\D82, 114030 (2010). [arXiv:1009.4935 [hep-ph]].
[6] V. Ahrens, A. Ferroglia, M. Neubert, B. D. Pecjak, L. L., [arXiv:1103.0550 [hep-ph]].
[7] V. Ahrenset al,, Phys. Lett. B/03 (2011) 135 [arXiv:1105.5824 [hep-ph]].
[8] A.D. Martin et al, Eur. Phys. JC63, 189-285 (2009). [arXiv:0901.0002 [hep-ph]].
[9] G. Watt, JHEPL109 (2011) 069. [arXiv:1106.5788 [hep-phl].
[10] N. Kidonakis, B. D. Pecjak, [arXiv:1108.6063 [hep-hh]

[11] V. Ahrenset al, JHEP1009 (2010) 097. [arXiv:1003.5827 [hep-ph]]; V. Ahressal, Phys. Rev.
D84 (2011) 074004. [arXiv:1106.6051 [hep-ph]].

[12] T. Aaltonenet al.[ CDF Collaboration ], Phys. Rev. Lett02 (2009) 222003. [arXiv:0903.2850
[hep-ex]]; T. Aaltoneret al.[ CDF Collaboration ], Phys. Reld83 (2011) 112003.
[arXiv:1101.0034 [hep-ex]].

[13] V. M. Abazovet al.[ DO Collaboration ], [arXiv:1107.4995 [hep-ex]].



