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Abstract

We present an update of the theoretical predictions for thgscsection of top-quark pair produc-
tion at Tevatron and LHC. In particular we employ improvetseatue to soft gluon resummation
at next-to-next-to-leading logarithmic accuracy. We expthe resummed results and derive an-
alytical finite-order cross sections through next-to-rexkeading order which are exact in all
logarithmically enhanced terms near threshold. Thesdtseate the best present estimates for
the top-quark pair production cross section. We investigla¢ scale dependence as well as the
sensitivity on the parton luminosities.
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1 Introduction

Top-quark pair production at the LHC is important as theidel will accumulate very high statis-
tics for this process. In the initial low luminosity rur-(10/(foyean) approximately 8 10° top-
quark pairs will be produced per year [1, 2]. This data wilbaifor numerous measurements, e.g.
of the top-quark mass, the electric charge of the top-quatk@weak couplings. Furthermore
the data will allow precise tests of the production and tHessquent decay mechanism including
anomalous couplings and top-quark spin correlations. @esextmple Ref. [3] for a recent review
on top-quark physics at hadron colliders.

A necessary prerequisite which all these studies sharenmmmm is, of course, a detailed un-
derstanding of the production process. In Quantum Chromaaiycs (QCD) this includes the
radiative corrections to the cross section of heavy-quarkdproduction at the next-to-leading
order (NLO) [4-6] together with its scale dependence as azllhe dependence on the parton
luminosities through the parton distribution function®@3) of the proton. Further improvements
of the perturbative stability through resummation of laByelakov logarithms to next-to-leading
logarithmic (NLL) accuracy have been considered as wel8][&nd employed to generate ap-
proximate results at the next-to-next-to-leading ordeXIi(®) in QCD [9]. Very recently also an
estimate of bound state effects has been presented [10].

In particular our knowledge on the parton luminosities haisstantly improved over the last
years. Thus, it is an imminent question how these improvésneithe determination of the parton
distribution functions from global fits affect predictiofts physical cross sections at LHC, which
are sensitive to the gluon distribution function in the negiwherex ~ 2.5-102. For LHC ob-
servables this aspect has been quantitatively approa@ngdecently by investigating correlations
of rates for top-quark pair production with other cross ieest [11]. For Tevatron, which to date
has provided us with a lot of information on the top-quark starominently a very precise deter-
mination [12] of its massyny = 1726+ 0.8 (stat) == 1.1 (syst) GeV, the cross sectiony, i in
Eq. (1) had been studied some time ago [13, 14]. However, @abdnges in the available PDF
sets from global fits an update also seems to be in order hevellas

It is the aim of this article to review theoretical predictgofor the production cross sections
of top-quark pairs at Tevatron and LHC and to establish tlesgmt theoretical uncertainty. We
provide an update of the NLL resummed cross section as deim&ef. [8] (and also used
in Ref. [14]). Subsequently, we extend these results to the-to-next-to-leading logarithmic
(NNLL) accuracy and derive approximate NNLO cross sectiteseby improving previous cal-
culations [9, 13]. At two loops we are thus in a position toger® all logarithmically enhanced
terms near threshold and to assess their phenomenologipatt by studying the quality of the
perturbative expansion, i.e. the properties of apparemtergence and the stability under scale
variations. This seems particularly interesting considgnot only the anticipated experimen-
tal precision at LHC [1, 2] but also in view of recent actiggiaiming at complete NNLO QCD
predictions for heavy-quark hadro-production [15-19].

The paper is organized as follows. In Sdc. 2 we set the stabstady the threshold sensitivity
of the inclusive hadronic cross section for top-quark paddpiction. Subsequently, we provide
updates of Refs. [8, 14] employing recent sets of PDFs. In[Bee extend the resummed cross
section to NNLL accuracy and calculate the complete lolgarit dependence of the cross section
near threshold (including the Coulomb corrections). Thgetvith the exact NNLO scale depen-
dence of Ref. [9] these results are the best present essiriwaitthe hadro-production cross section



of top-quark pairs. We conclude in SEt. 4 and give some retdeamulae to the Appendix. In ad-
dition cross sections predictions using different appr@tions for individual PDFs are also listed
in the Appendix.

2 Theory status

Throughout this article, we restrict ourselves to the issle hadronic cross sectian,ptx (see
e.g. Ref. [20] for recent work on top-quark pair invariantssalistributions). Denoting the
hadronic center-of-mass energy squaredyy and the top-quark mass log the total hadronic
cross section for top-quark pair production is obtainedugh

Shad
Opp-ttX (Shad; mz) - Z / ds L|] (§7 Shads “]g) 6Ij %tt_(§7 m27 uf27 “‘rz) : (l)
i,j=0,0,9 am2
The parton luminositieki; (§, shas 17) are defined through

Shad
R 1 ds S S
Lij (5. Shaa Hf) = %—wj/ < Tz (ufz’sh—ad> fi/p (p-fzyg) ; (2)
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wheref; /p(X, u]?) is the PDF describing the density of partons of flaviorthe protonp carrying a
fractionx of the initial proton momentum, at factorization scpje Note that we have includes,q
into the definition oflj; to allow an easy comparison of the luminosity function betwdifferent
colliders, in particular LHC and Tevatron. The sum in Ed.r(i)s over all massless parton flavors
and the top-quark mass used is the so-called pole mass.

Within the context of perturbative QCD the standard way toveste the theoretical uncertainty
for the inclusive hadronic cross sectiopy it in Eq. (1) is based on the residual dependence on
the factorization/renormalization scale/p,. Starting from the available predictions to a certain
order in perturbation theory it is common practice to idigrthie factorization scale with the renor-
malization scale (i.e.; = |, = M) and to estimate the effect of uncalculated higher orders by
varyingpin the intervallm /2,2m|. For a given global PDF fit in contrast, the uncertaintiesolvhi
stem from uncertainties of the experimental data used ifithare treated systematically by a
family of nppg pairs of PDFs, wheraeppr is the number of parameters used in the fit. Then, the
systematic uncertainty for the observableinder consideration is estimated by (e.g. [11, 21]),

1
AO == Oy — O )?. 3
2\/k%w< +—0c) (3)

Here the observabléy. are obtained by using the parton distribution functidﬁ% obtained
by a “statistical’+1o-variation of thekth fit parameter after diagonalization of the correlation
matrix. (Strictly speaking the fit parameters are varied byamount which the authors of the
corresponding PDF set take to be equivalent tbla-variation.) To end up with an estimate
of the overall uncertainty the uncertainty coming from tHeH8 has to be combined with the
uncertainty due to uncalculated higher orders. Given thatwo uncertainties are very different
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from each other: in one case we are faced with the traces of@rienental uncertainty—in the
other case we have the systematic uncertainty due to misgjhgr order corrections which clearly
do not follow any statistical law. Adding in quadrature ti@tuncertainties therefore seems to be
inappropriate and we use a linear combination of the uniogia as a conservative estimate for
the total uncertainty of the top-quark pair cross-section:

0(2m) —Aoppr(2m) < 0 < a(m/2) +Acppr(M/2), (4)

whereAcppr is computed according to Ed.](3). The NLO QCD correctiongHierpartonic cross
sectiongjj_,rin Eq. (I) (known since long time [4-6]) provide the first imste in this procedure
where a meaningful error can be defined through [Eq. (4).

Thus, let us start our discussion of the various theoretinakrtainties by reviewing at NLO
in QCD some basic aspects concerning the parton luminssitieas defined in EqL{2) at LHC
(Fig.[d) and Tevatron (Fif] 2). At LHC the highest flux is prded by the quark-gluon initial state
(first plot of Fig.[1). However, as can be seen from the crossaeplot of Fig[1, the parton level
Cross sectiolyg i is much smaller than for thgg- or gg-initiated processes, since thg-channel
is of orderag® and thus formally a NLO correction. As a consequence, indta hadronic cross
section thegg-channel gives only a contribution at the percent level ésm®nd last plot in Fidll1).
In principle the same argument applies fgrchannel, however its contribution to the hadronic
cross section is even further suppressed because of thiespaton luminosity.

The second largest parton flux is delivered by gigechannel. In combination with the large
partonic cross sectiodigg i this is the most important channel at LHC, resulting in ald@fo
of all top-quark pairs produced via gluon fusion. Close t@$ihold the uncertainty of the gluon
flux (estimated using E@l 3, see also discussion there) ist&86 and at 1 TeV it grows to almost
10%. However, given that thgg-channel is largely saturated at parton energiés~ 1 TeV, the
large PDF uncertainty above 1 TeV does not have significapaanon the overall uncertainty of
Oppotix iN Eq. (), see last plot in Figl 1.

The parton luminosity qg ranks third at LHC. Close to threshold thg-flux is suppressed by
roughly a factor 10 compared tgg. The corresponding parton cross sectipg i vanishes in
the high energy limit in contrast to tlggr andqg-case where the partonic cross sections approach
a constant at high energies. Thus, tjoecontribution to the hadronic cross section saturates well
below 1 TeV and adds the known 10% at LHC. Due to the small nizalezontribution of theyg-
andgg-channels the PDF uncertainty of the hadronic cross seatignix is entirely dominated
by the uncertainty of g

At Tevatron, the situation is reversed (see Eig. 2). Thehasities.;; are ordered in magnitude
according td_qg > Lqg > Lgg. This makes thegg-channel by far the dominant one contributing 85%
to the hadronic cross sectian,,.ttx, while gluon fusion almost makes up for the rest. Although
the PDF uncertainty of thgg-flux are only 3-4% at low energies the overall PDF unceryairft
the top-quark cross sectian,1ix is large, because of the sensitivity to the gluon PDF corgent
largex, which is still poorly constrained at present (see Elg. 2).

Finally, it is interesting to determine the valuesafax for which the cross section

Smax
O(Shas M%Sma) = Y / dS Lij (8, Shaa HF) Gij (8 M2, K7, 1P) (5)
i,j=0,0,9 am2
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Figure 1: The parton luminosity;; with the individual PDF uncertainties (upper plots) and plagton
cross section§ij_i at NLO in QCD (third plot from below) as a function of the partenergy,/s. The
lower plots scan the total cross sectifshag, M?; Smax) (the total PDF uncertainty) as a function @Bnax

for LHC. We use,/Shad= 14 TeV,m; = 171 GeV,u = m and the CTEQG6.5 PDF set. The dashed line
indicates the value of/Snax for which the cross section is saturated to 95%.
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saturates the total cross sectm(®hag, mtz) to 95%. At Tevatron this happens@bmax~ 600 GeV
as can be seen from F[g. 2. Thus, the total cross sectiorgslyadominated by parton kinematics
in the rangeyv/$ ~ 2m close to the threshold of the top-quark pair. This makesotoark pair
production at Tevatron an ideal place to apply thresholdmesation. At LHC energies in contrast,
the available phase space is larger and saturation to 958tyisamched at parton energigSmax~

1 TeV (see Figl]l). This makes the cross section less sensiti@udakov logarithms, although
numerically a significant part still originates from thedbhold region for parton kinematics due
to the steeply decreasing parton fluxes.

Further refinements of perturbative predictions &gy, _.itx in Eq. (1) do rely on subsequent
higher orders to be calculated. In particular, the knowéedgout large logarithmic corrections
from regions of phase space near partonic threshold allowsrfprovements of the theoretical
accuracy beyond NLO in QCD. These Sudakov type correctiansbe organized to all orders
by means of a threshold resummation (e.g. to NLL accuradd]],/which has been the basis for
phenomenological predictions employing a resummed cexdsos as defined in Ref. [8] (and also
used in Ref. [14]).

However, before updating the NLL resummed results of Réfi€figus briefly give some rele-
vant resummation formulae. It is well known that soft gluesummation fott-production relies
on a decomposition of the parton-level total cross-seatidhe color basis, conveniently defined
by color-singlet and color-octet final states. Then we calodgose

6ij—>tt1§7m27|1f27|1r2) = Z é\)-ij,| (§7m27|-1f27|-1r2) . (6)
=18

Moreover, we use the standard definition of Mellin moments

1
6-i'\j|,|(m2,|-11?,|‘11’2) = / dppN_laij,l(p,m27U]‘2,IJ1’2), (7)
0
with )
_4m
p=—%- (8)

Then, the resummed Mellin-space cross sections (defindueiN8-scheme) for the individual
color structures of the scattering process are given bygesexponential (see e.g. Refs. [22,23]),

61} | (M2, uF, uP)

0),N
ONm2,12,12)

- =g 1 (M2 i8,12) - exp (G 112 2, 12)) + O(NHIn"N),  (9)
o

Whereﬁfﬁ)l’N denotes the Born term and the exponéBﬁ?I are commonly expressed as

Gi'\jl| :InN-gilj()\)+gi2j7|()\)+asgi3},|()\)+,_,, (10)

whereA = BpasInN andas = as/(4m). To NLL accuracy the (universal) functiorg% as well
as the functiong?“ are relevant in Eq[{10), of course, together with the appatg matching
functionsgiom in Eq. (9). Explicit expressions can be found below.
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For phenomenological applications [8] the soft-gluon neswation inN-space at the parton
level one introduces an improved (resummed) cross secte® which is obtained by an inverse
Mellin transformation as follows,

c-|-|oo
Ores; (S M, WF, 1 / 5P S (8 (mA ) -6 (mE )| )
|218
C—io ’
ERe (NI SATERT (11)

wheredi-Qris the standard fixed order cross section at NLO in QCD@gly, o is the perturba-

tive truncatlon of Eq.[(9) at the same orderig Thus, the right-hand side of Eq._{11) reproduces
the fixed order results and resums soft-gluon effects beir to NLL accuracy.
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Figure 3: The partonic cross sections for the procesges: tt (left) andgg — tt (right) in pb, and for
ML=m = 171 GeV. The dotted lines are the exact NLO result [4, 5] awrdsttlid lines correspond to the
NLL resummed cross sections [8] (see text for details).

In Fig.[3 we plot the resummed cross sectimas; .« as defined in EqL{11) zooming in on
the threshold region. We display tlyg-channel (left) and thgg-channel (right) as a function of
the distance from the partonic threshold/ &= 2m. As mentioned already thgg-channel is sup-
pressed by an additional power @f and therefore does not contribute large Sudakov logarithms
to the accuracy considered here.

The results foloresas shown in Fig.13 have been obtained by performing the ievigiedlin
transform in Eq.[(J11) numerically. Following the proceddescribed in Ref. [8] we have com-
pared our results obtained from the numerical inversioh e ones shown in Ref. [8] and found
complete agreement. To be precise, the treatment of théasdrierms in Ref. [8] (i.e. the terms
denotedgﬂ-’I in Eq. (9)) differs slightly from the minimal approach, ekg. (I1). Some constants
which are formally subleading have been included in Ref.48H moreover, several schemes for
power suppressed terms Mhave been implemented. The resummed result shown i Fig. 3 is
defined through Eqg. (63) of Ref. [8] with the paramefeset to 2. Another issue concerns the
precise numerical matching of the exact NLO cross sectiahtla@ resummed result in Eq._{11).
We apply the resummed result only fof§— 2m < 10 GeV. The exact point is determined from
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the crossing of the two curves faresandon . Note that the precise numerical value is not

important. Effectivelyoresis thereby restricted to a region of parton energies/éf 2m or in
other words, to a kinetic energy of one top-quark of a few GeV.

only scale uncertainty only pdf uncertainty total uncertainty
m | min max 9% | min max J[% | min max 06[%]
165|8.29 9.41 7 8.58 9.61 6 | 786 9.99 12
166 | 8.03 9.11 7 831 9.3 6 |7.61 9.67 12
167 | 7.78 8.83 7 8.06 9.01 6 | 738 937 12
168 | 7.54 8.55 7 781 8.73 6 |7.15 9.07 12
169| 7.31 8.28 7 7.57 8.46 6 |693 879 12
170 7.09 8.03 7 7.34 82 6 |6.72 851 12
171|6.87 7.78 7 712 7.94 6 |652 825 12
172 6.66 7.54 7 69 7.7 6 (632 7.99 12
1731 6.46 7.31 7 6.69 7.46 6 |6.13 7.75 12
1741 6.26 7.09 7 6.49 7.23 6 |594 751 12
175| 6.07 6.87 7 6.3 7.01 6 |577 728 12
176 | 5.89 6.67 7 6.11 6.8 6 |559 7.06 12
1771 5.71 6.47 7 5.93 6.59 6 |543 6.84 12
178|554 6.27 7 575 6.4 6 | 526 6.64 12
179]5.38 6.08 7 558 6.2 6 |511 644 12
180|5.22 5.9 7 541 6.02 6 (496 6.24 12

Table 1: The NLL resummed cross section of Ref. [8] in pb (see text familk) for various values of
the top-quark massy at Tevatron {/Shag= 1.96 TeV) using the CTEQ6.5 PDF set [24]}.is the relative
uncertainty with respect to the central valde= 100x (max— min)/(max+ min).

It should be stressed, that the total hadronic cross seidiant very sensitive to these fine
details due to the convolution with the parton luminositigsin Eq. (1). However, to per mille
accuracy (see Tals.[1-4) these details become noticeadlingthem clarified, we are now in a
position to update previous results [8, 14] for theross section using modern PDFs, such as the
CTEQG6.5 PDF set [24]. In comparison to older sets, we find &.ghift of 3% in the total cross
section between the PDF sets CTEQ6.5 [24] and CTEQ6.1 [2&Jalso Ref. [11]. Since Eq.(11)
effectively contains the dominant part of higher orders [INand beyond) it seems however
equally appropriate to use also the MRST-2006 NNLO PDF €t rom the results in Tabisl [1-4
and Fig[# we conclude that the present overall uncertaintyie NLL resummedit-cross section
is 12% at Tevatron with a small shift of the central value lestw different PDF sets. At LHC
the NLL resummed cross section of Ref. [8] reduces effelstiteethe NLO QCD prediction of
Refs. [4, 5] with an overall uncertainty of 14%. This is dughe small gluon contribution close
to threshold (see Fi@l 3) and the cut when matching NLO anditbgin the numerical determi-
nations. Thus the reduction of the theoretical uncertaimyugh Eq.[(I11) is marginal in this case.
We will see in the next Sectidn 3, how this situation can berovaed with the help of approximate
NNLO QCD corrections.



only scale uncertainty only pdf uncertainty] total uncertainty
m | min max J[%] min max 98[%| | min max 08[%)]
165| 8.53 9.87 8 9.19 9.7 3 (832 10.1 10
166 | 8.26 9.56 8 8.9 9.38 3 [8.05 983 10
167 | 8 9.25 8 8.62 9.08 3 |78 951 10
168 | 7.74 8.95 8 8.34 8.8 3 | 755 921 10
16975 8.67 8 8.08 8.52 3 |7.31 892 10
170| 7.26 8.4 8 7.83 8.25 3 |7.08 863 10
171|7.04 8.13 8 7.58 7.99 3 |6.86 836 10
172 | 6.82 7.87 8 735 7.74 3 |6.65 8.1 10
173| 6.6 7.63 8 712 7.5 3 6.44 784 10
1741 6.4 7.39 8 6.9 7.26 3 6.24 7.6 10
175/ 6.2 7.16 8 6.69 7.04 3 |6.05 7.36 10
176 | 6.01 6.94 8 6.48 6.82 3 |587 7.13 10
177|5.83 6.73 8 6.28 6.61 3 |569 691 10
178 | 5.65 6.52 8 6.09 6.41 3 | 551 6.7 10
179| 5.48 6.32 8 59 6.21 3 [535 6.49 10
180 | 5.31 6.13 8 5.72 6.02 3 |5.18 6.29 10

Table 2: Same as in Tabl 1 using the MRST-2006 NNLO PDF set [25].

only scale uncertainty only pdf uncertainty, total uncertainty
m | min max 9% |min max J&[%| | min max J&[%)]
165| 937 1154 11 | 1006 1074 906 1191 14
166 | 911 1122 11 | 978 1044 881 1159 14
167|886 1091 11 | 951 1016 856 1127 14
168 | 862 1061 11 | 925 988 833 1096 14
169 | 838 1032 11 | 900 962 810 1066 14
170| 816 1004 11 | 875 936 788 1038 14
171|794 977 11 | 852 911 767 1010 14
172|773 950 11 | 829 887 746 983 14
173|752 925 11 | 806 863 726 957 14
174|732 900 11 | 785 841 707 931 14
175| 713 877 11 | 764 819 688 907 14
176 | 694 853 11 | 744 797 670 883 14
177|676 831 11 | 724 777 653 860 14
178 | 659 809 11 | 705 757 636 838 14
179| 642 788 11 | 687 737 619 816 14
180| 625 768 11 | 669 718 603 795 14

A I T T T T T T S S ~ N S A SN N N

Table 3: The NLL resummed cross section of Ref. [8] in pb (see text &ails) for various values of the
top-quark massay at LHC (,/Shag= 14 TeV) using the CTEQ®6.5 PDF set [24].



only scale uncertainty only pdf uncertainty, total uncertainty
m | min max  o[%] min - max J[%| | min max J[%]
165|986 1222 11 | 1084 1110 974 1236 12
166| 959 1189 11 | 1054 1080 947 1203 12
167 | 933 1156 11 | 1026 1050 921 1170 12
168| 908 1125 11 | 998 1022 896 1138 12
169| 883 1094 11 | 971 995 872 1108 12
170| 860 1065 11 | 945 968 849 1078 12
171|837 1036 11 | 920 943 826 1049 12
172|815 1009 11 | 895 918 804 1021 12
173| 793 982 11 | 872 894 783 994 12
174 | 773 956 11 | 849 870 763 968 12
175| 753 931 11 | 827 848 743 943 12
176 | 733 907 11 | 805 826 723 918 12
177|714 883 11 | 784 805 705 895 12
178 | 696 860 11 | 764 784 686 872 12
179| 678 838 11 | 744 764 669 849 12
180| 661 817 11 | 725 745 652 828 12

NDNDNDNDNDNDNDNDNDNDNNDDNNDNDNNDMNDNDND

Table 4: Same as in Tabl 3 using the MRST-2006 NNLO PDF set [25].

3 Prospects at NNLO in QCD

Let us now extend the theory predictions for heavy-quarkdwpdoduction. We will focus on the
threshold region and improve soft gluon resummation to NMkturacy. Subsequently, we em-
ploy the resummed cross section to generate higher orderpative corrections — more specifi-
cally an approximate NNLO cross sectiofNLO (approx)Which is exact to logarithmic accuracy
(including the Coulomb corrections). To that end, we briefigall the steps leading to the final
form for GN , in Eq. (10). In order to achieve NNLL accuracy the functgﬁw, is of particular
interest here

The exponentiaGi’\j‘,I in Eq. (9) is build up from universal radiative factors foetimdividual
color structures which take the form

qu/gg, - GDY/nggS+6' 8GQQ’ (12)

where the exponentiation of singlet contribution (i.e. bbdess massive final state) follows from
the Drell-Yan process and hadronic Higgs production in gliwsion. The corresponding functions
G'\'Y andGnggs are very well-known [26—28]. The exponentiation of the calotet contribution
receives an additional contrlbutlcﬂ?gQ due to soft gluon emission from the heavy-quark pair in
the final state. The final-state system carries a total cdlarge given by thQQ charge, thus its
contribution to soft radiation vanishes in the color-seigthannels regardless of the initial state
partons. Moreover gluon emission from massive quarks doekead to collinear logarithms and
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Figure 4: Thett total cross section resummed to NLL accuracy [8] as a funatfany for the Tevatron at

Shad = 1.96 TeV (left) and LHC at,/S,aq= 14 TeV (right). The solid line is the central value o= m,
the dashed lower and upper lines correspond+02m andpy = m /2, respectively. The band denotes the
total uncertainty that is the uncertainty due to scale tiana and the PDF uncertainty of the CTEQ6.5
set [24] combined together according to Eq. (4).

thereforeG(’\g‘é starts at NLL accuracy only. Explicit formulae are

FON1_ g pam2(127 g
B = (45 [ S oA + DML ). @

) 1-z Jp 02
PNl
s = / dz”— = Dog(s(4m?[1-2%) (14)
0
with anomalous dimensios andD;, i = q,g corresponding to DY and Higgs, respectively. The

effects of collinear soft-gluon radiation off initial-ségpartons = g, g are collected by the first term
in Eq. (I3) while the process-dependent contributions flange-angle soft gluons are resummed
by the second term. Soft radiation from the heavy-quark ipaine final state is summarized by
ng in Eq. (I8) with the corresponding anomalous dimensigg.

The extension to NNLL requires th# andAq to three loops [29, 30] and the functi@y and
Dg to two loops [26-28] (the latter are actually known to threeps as well [31, 32]). Explicit
expressions using the expansions

— (l)a_lsz )4
f(GS)_Zf 4”_Zf as. (15)

are collected in Eqsl_(Al2)=(A.4) in the Appendix. The renirag anomalous dimensiolk,q for
soft radiation off a heavy-quark pair in the final state isdeskto two loops. For the latter we use
the exact calculation of the two-loop QCD corrections tortfassive heavy quark form factor [33]
along with Ref. [34], where the exponentiation of the forrotéat for massive colored particles in
the limit m? — 0 has been clarified. From the all-order singularity streetf the massive form
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factor [34], we can read off the single poles correspondingpfft gluon emission at one and two
loops. After a trivial substitution of color factor€f for Cr) we find

(1) _ _AlD (2 _ _Al2)
DQQ =-Ag’, DQQ =-Ag’. (16)
As pointed out in Ref. [8] the one-loop valueDdf,5 agrees with Ref. [7] where the soft anomalous
dimension matrix (in color spacEﬁ) for heavy-quark production has been calculated at axger

In the limit 3 — O the matrixl',(Jl) diagonalizes in the singlet-octet basis and reprod from
its eigenvalue in the octet channel. Moreover, the streatfiDo5 as determined from Ref. [34]

agrees also with the two-loop soft anomalous dimensionimﬁﬁ) for vanishing parton masses
which obeys the following factorization property [35, 36],

2)
M| —asrfy] <1+as%> , (17)
m=0 m=0 Ag

with the well-known ratioAE,Z)/Aé,l) [37]. As a further check on EJ_(IL6) it would, of course, be
very interesting to repeat the calculation of Ref. [35, 38]Heavy-quark hadro-production at two
loops, i.e. with non-vanishing parton masseg 0.

50 F T T T T I T T T T I T T T T = 50 F T T T T I T T T T T T T T =
45 F 445 E 3
40 = GqﬁN/Gqﬁ(O)'N (x5) 3 40 = O'ggN/O'gg(O)xN =
35 [ MeM=171GeV 43 F 3
30 F 130 F 3
s B 15 E E
20 q
15 T NNLL 415 E E
10 B e Elod ;
5 z_ ............. _z c z_ _z
O = L L L L | L L L L | L L L L 3 0 = L 3

0 10 20 30 0 30

N N

Figure 5: The resummed cross section in Mellin space fordh€left) and thegg-channel (right) normal-
ized to the Born result fon = m = 171 GeV. The dotted lines are the LL approximation, the dasines
denote the NLL result and the solid lines correspond to thé INiesult derived in this paper.

Finally, explicit integration of Eqs[{13)=(14) leads t@tfunctionsgf;, g7 |, ¢’ | of Eq. (10)
and to the matchingﬂI in Eq. (9) which we collected in EqQ4.TA.5)F(Al13) in the Apyokx.
All formulae can be obtained by simple substitutions e.gmfideep-inelastic scattering (DIS) in
Ref. [28]. In Fig[® we display the resummed cross sectiongpf(8) (normalized to the respective
Born result) for thegg and thegg-channel in increasing logarithmic accuracy. Fig. 5 ckeahows
the good convergence property of the NNLL contribution santio other observables investigated
previously [26—28]. As a matter of fact, Eq.{10) may even kiemded to next-to-next-to-next-
to-leading accuracy (fLL), as the relevant functiongﬁ,I can be easily derived from Ref. [28]
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and the respective anomalous dimensions are known. Folpthie arguments based on the ex-
ponentiation of the form factor for massive colored parttims] leading to Eq.[{16) we identify

Dg’()g Ag and for the four-loop termAq andAg a Padeé estimate exists [28]. However,

presently we are lacking knowledge on the matching funstgﬁjnat this order. From experience

we expect NLL effects to be numerically very small, though, and we lethis issue to future
investigations.

Let us instead use the resummed cross sedjeg (now known at NNLL accuracy) to con-
struct an approximate NNLO cross sectmgn | o (approx)by expanding Eq[{9) to second order.
In this way, we determine the corresponding Sudakov ldgastappearing in the NNLO correc-
tions, i.e. the powers of N in Mellin space or I in momentum space with= 1, ...,4 and the
velocity of the heavy quark

B=1/1-4m?/s.

As a technical remark, we stress here that in a fixed ordemsxpa the inverse Mellin transfor-
mation, i.e. the mapping of powers ofNhto powers of Ii3) can be uniquely performed. The
Mellin-space accuracy up to power suppressed termsaorresponds to neglecting higher order
polynomials in(1 — p) with p = 4m?/S. We give some formulae in the Appendix. Moreover, we
can even include the complete Coulomb corrections at twpddbanks to Ref. [33,38]. In the
singlet-octet decompositianyj,; of the individual color structures in the cross section, résult

of Ref. [33,38] can be directly applied to the singlet cadei)eva simple modification of the color
factors (that iCr — Ca/2) instead ofCr) accounts for the octet case (see e.qg. [39]).

Thus, we are in a position to present the threshold exparwditime inclusive partonic cross
sectionsg; ths,mz,uz) entering Eq.[(1). In the perturbative expansions in powéth@® strong
coupling constantis as defined in Eq[(15) and settipg= m; andns = 5, we have for theq
channel in théMS-scheme

~(1 1
éqL = éqgtr{42 66717 B —20.610InB +13.910— 328995} (18)
5&?# — éqgtt{gmzzm B—13155In°B + <56580 14037B> In?p
1
(86242+ 32, 106§> Inp+3. 6077BZ +10. 474E +C( )} , (19)
) 1
6 & = é ggtr{gam 9.5165In3 + 35.322+ 5. 16986} (20)
5&{ — éthF{46OSIﬁB 18949In° B+( 34811+49630B> In*B
1 1 1 ~@
+ 31444+32117E InB+ 68.547?—19693E+ng , (21)

The terms proportional to inverse powers[dtorrespond to the Coulomb corrections and the

presently unknown two-loop constar@n%) andcéé) are set to zero. For reference, we have also
repeated the well-known NLO results EQ.](18) and Egl (20) [Emgthy analytical results (con-
taining the explicit dependence on the color factoxsCr and onns) are given in the Appendix,
Egs. [A1T7)1A.2D). We define a NNLO (approx) cross sectmbe used in this paper as the sum
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of exact NLO result and the two-loop contribution of E¢s.)(a@d [21) for allscale independent
terms. Allscale dependerierms at NNLO accuracy are long known exactly [9] as they aan b
easily constructed from the lower orders convoluted wighdppropriate splitting functions. We
use the exact result of Ref. [9] for tipedependence at two loops. As emphasized several times, the
gg- andgg-contributions are small at Tevatron and LHC and we simpbpkinem at NLO here.

_|c|)-|||n1] LBLILELLLL B L N LI LLLL B e L R == o= 3 L1 '-'.'_'Lm] LRLRELLL UL IR R B LI L |
L NNLOEa’p‘p_rO_X) -------------- . O'qq_ in pb . L N - .
- “’r:mt . - \ ......
m=171 GeV X
10 ¢ 4 10 F Oy inpb
C ] C H=m, ]
: : : "".O-NLO mt:].?l GeV:
[ “OnLo i i i
1 |||||u,|] |||||u,|] |||||u,|] |||||u,|] |||||u,|] ||||u,|] [RRII| 1 ||||u_u] |||||u,|] IIIII|_|,|] ||||u_u] ||||u_u] ||||u_u] Lol
-2 -1 2 3 4 5 -2 -1 2 3 4 5
10 10 1 10 10 10 10 10 10 10 1 10 10 10 10 10
(Vs-2m) [GeV] (Vs-2m,) [GeV]

Figure 6: The partonic cross sections for the procesggs: tt (left) andgg — tt (right) in pb, and for
H=m = 171 GeV. The dotted lines are the exact NLO result [4, 5] ardstiiid lines correspond to the
NNLO (approx) result of this paper. The dashed lines closddnote the previous approximations of [9].

In Fig.[8 we display the NNLO (approx) results for the partoaioss sections as calculated
in Egs. [19) and (21). We pldiqg. (left) andGgq i (right) again as a function of the distance
from threshold aty/§ = 2m (solid lines in Fig[B). This is useful to asses the questidraiw
improvements can be expected from a full NNLO calculatioive® that theK -factor of the NLO
result is of moderate size at large partonic energies onexjaect that the full NNLO corrections
should give only small corrections in this region of phasacgp On the other hand tlikefactor
of the NLO correction becomes large in the threshold regien (/$— 2m < 0(50) GeV), where
finally perturbation theory breaks down. In this region tberections are dominated by the large
logarithms inB together with the Coulomb corrections which are correctigatibed by Eqs[(19)
and [21). In other words, where we expect large correctimr the full NNLO QCD calculation
OUroNNLO (approx)Should provide a good estimate. This is further supporteledy[15] where
the next-to-leading order corrections to top-quark pandpiction together with an additional jet
have been calculated. This contribution represents painedliINLO corrections for inclusive top-
quark pair production. In Ref. [15] it was found that foe= p; = 4, = m the NLO corrections to
tt + 1-jet production are almost zero. This is a further indimatihat the hard corrections to the
inclusive top-quark pair production at NNLO are indeed $nibreover, as mentioned above, we
have further improvedNNLO (approx)PY incorporating the complete scale dependence at NNLO
which is already known exactly [9]. To that end let us quanitif detail once more the range of
validity for the soft gluon approximations. We show in Talhg numerical size of the individual
logarithms and powers iff in Eqgs. [I8)-4(2Il) when evaluated at a given parton ensrgis”a
consequence of the moderate size of the expansion coefficgie&qgs. [(IB)-+(21), we clearly see
the good convergence properties of the logarithmic expansp energies/$— 2m < 0(50) GeV.
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Beyond that value the soft logarithms (being proportiomatite Born cross section) smoothly
vanish.

V35— 2m [GeV] In*p In3p In?B Inp B2 g1 B
0.1 191.9844] -51.5762| 13.8558| -3.7223| 1710.7500| 41.3612| 0.0242
0.5 72.5503| -24.8588| 8.5176| -2.9185| 342.7502| 18.5135| 0.0540
1.0 43.8302| -17.0345| 6.6204| -2.5730| 171.7504| 13.1054| 0.0763
5.0 9.9709| -5.6111| 3.1577|-1.7770| 34.9518| 5.9120| 0.1691
10.0 4.3130| -2.9928| 2.0768|-1.4411| 17.8536| 4.2254| 0.2367
50.0 0.2628| -0.3671| 0.5127|-0.7160|  4.1870| 2.0462| 0.4887
100.0 0.0434| -0.0951| 0.2084|-0.4565|  2.4919| 1.5786| 0.6335
500.0 0.0001| -0.0007| 0.0081|-0.0901|  1.1976| 1.0943| 0.9138

Table 5: Numerical values of the individual powers offirand B for various distances from threshold
V8—2m for m = 171 GeV as entering in Eq§._(18)=(21).

In addition we show in Fig.]6 also previous approximationghi® NNLO correction from
Ref. [9] (dashed lines) employing two distinct differehiianematics to define the partonic thresh-
old. They agree with our NNLO (approx) corrections f68— 2m <30 GeV if Egs. [IP) and(21)
are truncated to the first three powers islrHowever, at higher partonic center-of-mass energies
the results of Ref. [9] receive large numerical contribnsidrom sub-leading terms and become
unreliable (see in particular Figl. 6 on the right).

We would also like to point out that there is a discrepancyvben the NLL resummed cross
section of Ref. [8] and Eq[{11) and the fixed order NNLO appration discussed here. In par-
ticular for the gluon fusion channel in Figl 3 (right) and A&(right) the numerical differences
betweenoresandoNNLO (approx)@re rather large. The all-order NLL resummed cross section
oresis significantly smaller than its expansion to second-oEagi(21) or the corresponding result
of Ref. [9], the latter two both being consistent with eadhest We can attribute this difference to
the following fact: Fortt-hadro-production the Born cross section exhibits simalg¢ugh non-
trivial) N-dependence and the resummed cross sectiggin Mellin space (as implemented in
Ref. [8] and Eq.[(Il1)) contains productsifdependent functions. This is unlike other cases con-
sidered in the literature, where the Born terms have alwags Iproportional to a delta-function,
i.e. 8(1—x) for DIS, Drell-Yan or Higgs production. In momentum spacedarcts ofN-dependent
functions correspond to convolutions, which induce foilgnalib-leading but numerically large
corrections in the resummed result. Eventually, this ldadfe observed suppression in Hi§. 3.
Most likely this large discrepancy will also persist whenmgaringoresto a full NNLO QCD
calculation, or upon matching the latter to a resummed ges8on at NNLL accuracy along the
lines of Eq.[(T1). This fact has to be kept in mind when usivngs for predictions at LHC, where
the gg-channel dominates. As mentioned above, for any finite cegpansion iros, there is no
ambiguity in performing the inverse Mellin transformatianalytically up to power suppressed
terms inN or, equivalently in1—p).

We are now in a position to present the new results for thegtogrk cross sectiotpp.tix at
NNLO (approx) as defined below Ed.(21) including the exaelesdependence. We also quote
the corresponding uncertainty according to Ed. (4). In dudy we use the same PDFs as in
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Figure 7: Comparison of the scale dependence Q.o (approx)With PDF set MRST-2006 NNLO [25]
andopy o with PDF set CTEQG6.5 [24]. For comparison we s?wow also theesponding results for the
Alekhin set of PDFs [40]. The cross sections are normalipdti¢ value aft = m.

Tabs[1E# above. In FIg.7 the scale dependenceygio andonNLO (approx)is shown. For the
ONNLO (approx)We use the PDF set MRST-2006 NNLO while fog o the PDF set CTEQ6.5
is used. To become less sensitive to different normalimatiee normalise the curves to the central
valueo(p=m). In addition we show also the results obtained by using tlekiih PDF set [40]
available in NLO and NNLO accuracy. After normalisation @a@ see that the two curves for the
NLO predictions agree rather well as one might expect. Fetwo NNLO curves the agreement
is less good in particular for extreme values of the scalee diigin of the minor discrepancy
might be attributed to slightly different input densitigd@v scale. Compared to the NLO results
the scale dependence ®(NLO (approx)iS iImproved. In particular we find a plateaujat m.
Note that due to the different shape of the NNLO curve the tat#y estimate of Eq[{4) has to
be adapted here. Restricting the scale to the intéemigR, 2m | the residual scale dependence of
ONNLO (approx)s reduced to a few percent.

In Fig.%pwe plot the total cross section at Tevatron and dis@llso CDF data [41] with
m = 171 GeV. The corresponding cross section values are givaials.[6 and]7. By using
ONNLO (approx)the residual scale dependence is reduced to 3%. Compaggy{ {§ andares
presented in the previous section this corresponds to @tiedby a factor of 2. The data points
nicely agree with the theoretical prediction. The overaltertainty of the the theoretical pre-
diction is about 8% for CTEQ6.5 and 6% for MRST-2006 NNLO — acwacy unlikely to be
reached at the Tevatron experiments. Note that the smdllErdncertainty obtained when using
the MRST-2006 NNLO PDF set is due to a different conventicedusy the MRST collaboration
to define the PDF uncertainty. In Fig. 9 (right) we shopyn| O (approx)for the LHC. Again we
observe a drastic reduction of the scale uncertainty cogap@on o andores For comparison
we show alsary| o in Fig. [@ (left). The corresponding cross section valuediated in Tabs[ B
and9. Apart from reducing the scale dependenc® Q| o (approx)leads only to a small shift
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of a few percent in the central value for the cross sectiodiptien. TheanNLO (approx)Pand

is well contained in they o band. So perturbation theory seems to be well behaved and un-
der control. The overall uncertainty is about 6% for the CBESJPDF set and about 4% for the
MRST-2006 NNLO set.

The numbers quoted in Talhs[6—9 represent presently thestasiates for the top-quark pro-
duction cross section at Tevatron and LHC (see the Appemirdditional information on the
individual PDFs and their eigenvalues). It should be kephind, though, that there is an intrinsic
uncertainty in the central value pt= m of our NNLO (approx) result due to neglected power
corrections inB ~ (1— p) away from threshold. However, due to the steeply fallinggraflux
(see Figd1,12), the numerical impact of these contribstismuch suppressed.

12 | T T T T I T T T T I T T T T H 12 _| T I T T T T I T T T T I T T T T I T T T T ]

1 Ops _ i [pb] (CDF run Il prel.) _: L :_ CDF run | CDF run ll (prel.)_:

0 m =171 GeV 0 [ 0,5 ¢ [pb] for 110 pb™  for 760 pb™ ]
8 41 8 F

6 F 6 F E

4 1 4 F =
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Figure 8: The NNLO (approx) QCD prediction for thetotal cross section at Tevatron and CDF data [41]
with m =171 GeV — as functions afy for /Shag= 1.96 TeV (left) and of,/Shaq (right). The solid line is the
central value fop = m, the dashed lower and upper lines correspongd+®m andp = m /2, respectively.
The band denotes the total uncertainty that is the uncgytdire to scale variations and the PDF uncertainty
of the MRST-2006 NNLO set [25] combined together accordmgd. [3).
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only scale uncertainty only pdf uncertainty total uncertainty
m | min max 9% | min max J[% | min max 06[%]
165| 9.26 9.66 3 9.04 10.1 6 |873 101 8
166 | 8.97 9.36 3 8.76 9.82 6 |846 987 8
167 | 8.68 9.07 3 8.49 951 6 |82 957 8
168 | 8.41 8.79 3 8.22 9.22 6 | 794 927 8
169 | 8.15 8.52 3 7.97 8.93 6 |77 898 8
170179 8.26 3 7.73 8.65 6 | 746 8.7 8
1711 7.65 8.01 3 7.49 8.38 6 | 723 844 8
172 7.42 7.76 3 7.26 8.12 6 |701 818 8
173 7.19 7.53 3 7.04 7.87 6 |68 793 8
1741 6.97 7.3 3 6.83 7.63 6 |659 769 8
175| 6.76 7.08 3 6.62 7.4 6 |6.39 745 8
176 | 6.55 6.87 3 6.43 7.17 6 |62 723 8
177 6.36 6.66 3 6.23 6.96 6 |601 701 8
178 6.16 6.46 3 6.05 6.75 6 |583 6.8 8
179]5.98 6.27 3 5.87 6.54 6 | 566 6.6 8
180 5.8 6.08 3 5.69 6.35 6 |549 64 8

Table 6: The cross sectioopNL O (approx)@s derived in this paper in pb for various values of the top-
guark massn at Tevatron {/Shag= 1.96 TeV) using the CTEQ6.5 PDF set [24].

only scale uncertainty only pdf uncertainty total uncertainty
m | min max J[%] min max 9[%| | min max 08[%)]
165]9.59 10 3 9.73 10.2 3 1934 103 6
166 | 9.28 9.76 3 9.42 9.94 3 |19.04 10 6
167 | 8.99 9.45 3 9.12 9.62 3 | 875 9.7 6
168| 8.7 9.16 3 8.83 9.31 3 | 847 939 6
169 | 8.42 8.87 3 8.55 9.02 3 |82 91 6
170| 8.16 8.59 3 8.28 8.73 3 | 794 881 6
171,79 8.32 3 8.02 8.46 3 | 769 853 6
172 | 7.65 8.06 3 7.77 8.19 3 | 745 827 6
173| 7.41 7.81 3 753 7.93 3 | 722 801 6
174|7.18 7.57 3 7.29 7.69 3 |6.99 7.76 6
175/ 6.95 7.34 3 7.07 7.45 3 [6.77 752 6
176 | 6.74 7.11 3 6.85 7.22 3 |[657 729 6
177 | 6.53 6.89 3 6.64 6.99 3 |6.36 7.07 6
178 | 6.33 6.68 3 6.43 6.78 3 |6.17 685 6
179| 6.13 6.48 3 6.24 6.57 3 |598 664 6
180| 5.95 6.28 3 6.05 6.37 3 |58 644 6

Table 7: Same as in Tahl 6 using the MRST-2006 NNLO PDF set [25].
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only scale uncertainty only pdf uncertainty, total uncertainty
m | min  max J[%] | min max J[%] | min max J[%]
165| 1035 1082 3 1048 1117 4 | 1003 1117 6
166 | 1007 1052 3 1019 1086 4 | 975 1086 6
167|979 1024 3 |991 1056 4 948 1056 6
168|953 996 3 964 1028 4 | 922 1028 6
169 | 927 969 3 937 1000 4 | 897 1000 6
1701902 943 3 1912 973 4 | 873 973 6
171|878 917 3 |887 947 4 | 849 947 6
172|855 893 3 1863 922 4 | 827 922 6
173|832 869 3 840 898 4 | 805 898 6
1741810 846 3 |818 874 4 | 783 874 6
175|789 824 3 | 796 851 4 | 762 851 6
176| 768 802 3 | 775 829 4 | 742 829 6
177|748 781 3 | 755 808 4 | 723 808 6
178|729 761 3 | 735 787 4 | 704 787 6
179|710 741 3 | 716 767 4 | 686 767 6
180|692 722 3 | 698 747 4 | 668 747 6

Table 8: The cross sectiooyNL O (approx)@s derived in this paper in pb for various values of the top-
quark massn at LHC (,/Sag= 14 TeV) using the CTEQ®6.5 PDF set [24].

only scale uncertainty only pdf uncertainty, total uncertainty
m | min  max J[%] | min max J[%] | min max J[%]
165| 1094 1141 3 | 1128 1154 2 | 1082 1154 4
166 | 1064 1110 3 1097 1122 2 | 1052 1122 4
167 | 1035 1080 3 1067 1092 2 |1024 1092 4
168 | 1008 1050 3 11038 1063 2 | 996 1063 4
169|981 1022 3 | 1010 1034 2 |969 1034 4
170 955 995 3 1983 1007 2 |943 1007 4
1711929 969 3 957 980 2 1918 980 4
1721905 943 3 1932 954 2 894 954 4
1731881 918 3 907 929 2 | 871 929 4
174|858 894 3 1883 905 2 | 848 905 4
175|836 871 3 |860 882 2 | 826 882 4
176|814 848 3 1838 859 2 | 804 859 4
177|793 826 3 |816 837 2 | 783 837 4
178|773 805 3 | 795 815 2 | 763 815 4
179|753 785 3 | 775 795 2 | 744 795 4
180| 734 765 3 | 755 774 2 | 725 774 4

Table 9: Same as in Tahl 8 using the MRST-2006 NNLO PDF set [25].
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Figure 9: The NNLO (approx) QCD prediction for thi total cross section at LHC as functions rof

for /Saa= 14 TeV (right). The solid line is the central value far= m, the dashed lower and upper
lines correspond teu= 2m andp = m/2, respectively. The band denotes the total uncertaintyisha
the uncertainty due to scale variations and the PDF unogytaif the MRST-2006 NNLO set [25]. For
comparison the left plot shows the corresponding predicaioNLO accuracy using the PDF set CTEQ6.5
[24].

4 Conclusions

In this article we have summarized the present knowledgéeory predictions for the top-quark
pair production cross section at Tevatron and LHC. We hakentaome care to quantify the sen-
sitivity of the total cross section to soft gluon emission darge Sudakov type logarithms. As
is well known, top-quark pair production at Tevatron is Eygdominated by parton kinematics
close to threshold, thus approximations based on soft glesmmmation should provide an ex-
cellent description. At LHC we find that soft gluon emissiaanthreshold is less dominant, but
contributes still a numerically sizable fraction to thealatross section. Thus, soft gluon effects in
tt-production are still rather prominent at LHC as well.

We have updated the NLL resummed cross section as defined.if8BRe!] using recent PDFs.
Furthermore, we have extended the resummed predictionSlkd.l[dccuracy and we have derived
approximate NNLO cross sections which are exact to all pswein3 at two loops. Together
with the exact NNLO scale dependence (and including thelb@p-Coulomb corrections) our
result foroNNLO (approx)rePresents the best present estimate for hadro-produdtiop-quark
pairs, both at Tevatron and LHC. As mentioned earlier weelrelithat hard corrections at the
NNLO level are small. This is supported by the explicit firgnof Ref. [15]. We have found
for the NNLL resummed cross section and the finite order esipargood apparent convergence
properties. Moreover, the stability of the total cross isecivith respect to scale variations is much
improved by our NNLO (approx) result.

In closing let us briefly comment on ideas to use top-quark paiduction as an additional
calibration process for the parton luminosity at LHC [11]hi§ could become feasible because
the PDF dependence tfproduction at LHC is anti-correlated with'/Z-boson productiontfie
standard candle process at LHC, see e.g. [42, 43]) and ategdeWith Higgs boson production,
especially for larger Higgs masses. It has been noted hoywdaat the NLO theory predictions
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to the top-quark cross section are not accurate enough. eafident that the NNLO (approx)
results of this present paper provide a step in the righttae by further constraining the theory
uncertainties for this important process.

The complete NNLO QCD predictions for heavy-quark hadroedpiction do not only require
the hard scattering cross section but also the evolutioheparton densities to be performed at
the same order employing the NNLO splitting functions [2Y, 3n addition we remark, that the
present accuracy on the gluon PDF in the mediurange of interest for top-quark production at
LHC is well constrained by from DIS data for structure funas ine™ p-scattering from HERA
and evolution, leading to the rather small uncertainty of 3%e Fig[dl) at small energies. Thus,
for top-quark pair production to become a standard candlegss at LHC similar t¥V/Z gauge
boson production and to become competitive with DIS data atsexperimental accuracy much
better than the currently quoted [1] value of 10% will be resbd
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different from the original Ref. [8] employed in the presarticle. This minor scheme dependence
accounts for the observed differences in the predictionthitotal cross section between [44] and
this article.
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A Useful formulae

The Born cross section in the color-basis defined by cologist and color-octet final states reads
in momentum space with = 4m?/sandp = /I—p

6%1(9) = 0,

OegalP) = %—%%%Bpmp),

6a51(P) = ﬁ—%%ﬁsp{mm 2% 51844,
Oggs(P) = a—%%ﬁﬁﬂp{mp [(2+2p p)E —E—Z—Zp]
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—Cp |6(1+p— p)[3 %E—Z p}} (A1)

whereCa andCr are the usual color factors, with, = N = 3 andCg = %(N2 —-1)=4/3in
QCD. The Mellin moments as defined in EQ. (7) can be easily cteth see e.g. Ref. [8].

Next we present the perturbative expansions for the anammalmnensiongy;, Ag, Dq andDy
entering Eq.[(T13). We have for the quark case [29, 37]

Aél) = 4Ck
2 _ 67 _ >
Ag’ = 8Cr Kl Zz)CA gnf:|
245 67 1 11 55
AP = 16Cr {CE(M——ZZ —z3+—<§)+cpnf (—ﬂ+213>
209 10 ,( 1
+ Cang <_ﬁ 312——Z3> + N3 <_2_7)] ) (Al2)

wheren; denotes the number of effectively massless quark flavor€ardd, ... are the values of
the Riemman zeta-function. Likewise, tbg read

1
Dy’ = o,
2 _ 1615, 176 (2222
Dy’ = Cr [CA( >7 {2+ 5603 57 G| - (Al3)
All gluonic quantities are given by the simple relation
A-2a) o =Zof. @e)
Cr Cr

Here we summarize the functiorg%,, giZjJ, gi3}7I appearing in the resummed cross section
Eq.(10) to NNLL accuracy [26—-28]. Keeping the full depenceony, andy,, we have

gg = AP (2-2In(1—20) +A"tin(1-2))), @5)
Gg1 = (A7B1—AP)(2A+In(1- 2A>>+3Aé”ﬁlln2<1—2A>—%(4Aél)ve—Dé”>|n<1_m

+ln(4mz/ur)Aq In(1—2A) +2In(u¢/p) AN @)
Gogs = Yagi— 2'”(1 2M)Dg» @&7)

Baa = A B~ AVB+ ADB - A (1422 - )
AR ) (A AR a2y

+ AR By APy — 2Dy (1- o - M= 2V

(A (1) /2 @, O, 1@\ (4
(AT B2+ 22" (v +22) + 228 ve — D Ve = 5047 ) (1- =55 )
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+inan? ) [(2A8ve Aq But AP~ 206 (1- 1) +AD R (TN
+ 20 MDA — S In? (4P ) A (1—1—1%)—”1 WAOADN, @)

3 3 1.2 <> DL 1 1in(1-20) (1
gqq78 - gqq7l_2(DQQ+2DQQYe QQBl)(l_ (1_2)\)>_§ (1_2)\) DQ(‘EBJ-
2@ (41
In(4m? /D55 (1 = 2}\)) , @9)

with ye = 0.5772167. The gluonic expressiogg, g, andg;,, are obtained with the obvious
replacementsﬁq' — Ay andDy) — Dy’. The dependence dd is recovered byAl) — AV /Bi

) — Dl /Bo Bi — B./B'Jrl and multiplication ofgﬁ’l by Bo. We also give explicit results for
the matching functlong,hI in Eq.(9),

Jogs = 1+as{c:F [—64+ 8y2 + 42 — 32In2+ 8|n22] +CA[—8+4ye—4|n2] +acly

+In(4mP/p2)Cr [16— 8ye] }

6976
+ ag{chgig [—256+ 322 + 1612+ 384In 2— 64yeln 2 — 2561 2] +Ceny [—

27
448 224 80, 325 136 1024q 160 32,
——(B3——=Ye— —= — n2 N2+ —ysln2

2 2
+16n2|n2+ 368| 22—3—yeln22—83 |n32]+cF[ 8192+ 35845 — 5122

9 3
+ 322 + 256 + 32y + 241¢* + 12288In 2— 537&3In 2+ 1024In 2
—128/3In2 — 768mIn 2 — 641Pyeln 2 — 9728Ir? 2+ 192/2In2 2 + 6082 2
+6912IF2— 128/eln32— 2560|n42] +CaCl [—32+ 16ye + 32|n2]

272 40 368 16 64
5 ¥ 36 T[2——| 2+ 2 Yeln2+ —ln 2]

55264 7504 5296 40 464 1276
7 g G o Yo 56Yela— v§+—v3+

9 9
8 4 8819
+ 16MmYe — §T[2y§ — §T14—l— 7%nZ— 1123In2 +

+Cany | 5

+CACr [—

8 464

0yeln2— —V2In2

1 247 464 4 12
—2321'[2In2+—6n2yeln2——3qn22+iyeln 2+6 Trzln22+T06ﬁn32]

1592 %20 68 2408 _ 136 8
cA[ Vet 2+14Tr2——n2ye+ In2— =yeln2— Z1In2

9

544 2

5in?2] + Céq—)—l—m(l.lf/p.r JCCif! |64 326 — 6412
544 80 16, 8, 736 _ 32 128

In(Wf /1 —Yet+ LYo+ oT0+—In2— yeln2— =—In®2

FIn(R/WACE [+ St TV + T S o2 - Tyein2 - =2
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+In(u?/u2)C? [1024— 8963+ 51+ 128/2 — 64yS — 64T — 321y — 1536In2

— 256yeln 2+ 128y2In 2+ 192r2In 2+ 1664Irf 2 — 64yIn?2 — 1152Ir132]

16 8 16 3184 616 184
+In(uf/ur)CAnf[—§+ ve+—ln2]+ln( PIWICACE | g~ + 25 Ye— V8

4816 272 1280
— 36 + ﬁw ——In2+ %m2+ -¥m2+ 3 IZ]

88 44 88 16 8 16
+In(E/WICE | 5 — S ¥e— 5 n2| +In? < FCen | 3 — 2ve— 2|

+In2(p2/p2)C2 [—128/e+ 322+ 1612 — 12817 2]

88 44 88
+In2(p /pf)cAcF[ 3+ 3ye+§In2]}

(Al11)

g1 = 1+as{cA[—64+ 8Y2 + 4€ — 32In 2+ 8In2| + 4Cgg -+ In(4mP /u)C, 16 By }

6976
+ ag{cAcég) [—256+ 322 + 1612 + 384In 2— 64yeln 2 — 25612 2] +Cany [7

448 224 80 , 32 ; 136 1024q o Oy|n2+ 2y4n2
_ o 2

_”__ZS_“__'e ?5%!‘?5%} 9
2368 oo 32, 832 4 262624 3572
+ 161712+ =522 - Zyeln?2 - =In 2] CA[ o 8z3
1616 4072 , 176 3292 68
—56Yel3— —g— Vo + 5 Yo + 326 + +—n2ve2+—ﬂ“
27 Y 9 9 9
232 144 17
3923 qn2—548&3In2+89 Yeln 2——6y§|n2 128/3In2 — 888mIn2
176 10134 176 1888 6678
=5 TYeln2— 22+—yeln 2+192In? 2y2 + 3 n2|n22+T‘ﬁn32
—128/eln32—2560In42] +Ci +|n(uf/pr )CACSH [64—32ye—64|n2]
544 80 736 32 128
| i R 5 In2- 2 yein2 - ="
ARG [+ Vet I+ o+ snz ]
12400 4072 296
+In(p2/pd)C [ 5 5 Vet VB — 6472 —84TP -
1806 592 5696
——4in2——yeln2+128,/2ln2+—nzln2+Tln 2 — 64yIn?2
16 8 16 88 340
— 1152172 + In? (W /W) Cary | e\ —§In2] 4 In2(2/p2)C2 [—3—?%
+32y2+16T[2+ 812 128In22]} @12)
98978 = ggg,l+as{CA|:—8+4ye—4|n2:|}
2.0l 272 40 8, 4., 368
+as{cAcgg[ 32+16ye+32|n2]+cA f[ 5~ g Ve~ —ZmE— =2
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+16yeln2+6—34l 22]+c§[ 62900 23;24 124v2+32y3+46n2
+f’,-[2ye+%n2+2—f3yeln2—96ygln2—344T[2I 2—4—92In 22 4+ 96yein?2
+8321°2] + In(E /1)y |- 136+8ye+ 6|n2]+|n( 2/ )CA[S—;;+%)Ve

— 32— 16%—@|n2+32ye|n2+192|n 2)} @l13)

whereC( 36naq +(n; —4)(2/3In2—-5/9) andcéé) = 768/7T[a8 with the numerical constants
aq 0. 180899 andag 0.108068 being reported in Table 1 of Ref. [4]. The presentknaomn
two-loop constants are denot@é%) andcéé).

At first and second order ins the Coulomb corrections have to be added to the cross section
In the limitp — 1 (that is — 0) they read [33, 38] for the color-singlet final state

. . 1a
Oi( jl,)ic = Oi( 19,)1 2Cr IR (Al14)

n2 2_ 1

CF 5
B B
From these expressions the octet resultsofg%)rc and 0,(12)8 are obtained by the replacement of
the color factor £ — (2C- — C,) consistent with results from potential non-relativistiC
(e.q. [38,39]).

Next we give the Mellin transforms of powers of logarithmgiaccording to Eq[{7). Recall

thatp = 4m?/sandp = \/1—4m?2/s=/I—p. In the limitp — 1 as needed in the fixed order
expansions and accurate up to power suppressed tefheehave

) ) 31 10
62 = &) ch{ ( 5 Ca— 16C — “n; — 2Boln2— 2Boln B) } @15)

1
1 1 . 3, 3 -
N 4 . = 3 B a2 2
o/dpp BIn*B = (—16In N+{ 2+2In2}ln N+{ 3In2+—16n2+2In Z}In N

7 - 7
+ {—§Tr2—6ln22+ §n2|n2+—13+2ln32} InN —713—4In32+an4

N

5~ (LHO(U/N))

+7%3In2+In%2+ T[2In 2——T[2| 2>

; 1 3 3 3 3
N 3 . 13N v ~ 2K e Y2, T Y
O/dpp BIN3p = ( S N+{ 4In2+4}ln N+{3In2 “In22 16Tt2}InN
——Zg—ln32+3ln 2+ nz——n2| 2) vm 1 (1+ O(1/N)),

2 N3/2

VT

3z (1 O(/N)),

/dppNBInZB = (%Inzﬂl+{In2—1}In|§|+%n2—2ln2+ln22)

/dppNBInB = (-%mml—mz)\éﬁ i/z (14 O(1/N)),
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1
/dPPN In?B = (%In2N+2—14n2>%(1+0(1/N)),
0

1
I —%Inﬁl%(lnto(l/N)), @ 16)
0

whereN = Nexp(Ye).

Finally, we present analytical results in tMS-scheme for the threshold expansion of the
inclusive partonic cross sectior&sj_)tds,n'nz,pz). The inverse powers db originate from the
Coulomb corrections ands denotes the number of effectively massless quark flavors.séte
p=m and find for thegg channel

sl = A(O){SZCFIn B+ (96CEIN2 — 64CF—8CA)InB+(2CF—CA)T§

+4c§|é)—9ecF|n2+72cF|n22—12cA|n2}, @17)

. . 256 3712
62 — (O>{512c:F|n4B+(?anf 20482 + 3072 an_TCACF)IHSB

1088
+<128ché§T) —5~Cr N + 126Ck 1y IN2-+ 409602 — 256C4TE — 9216721n2

2 1097 2
+691z:§|n22—3—CAnf 099 6c:Ac:F 3:’3

3

272
+?CA> IN2B+ (64C2 — 32C,C ) |n2[sE
6976, 32 1088
+—57-Ceny — 5 Cen ne T — anf|n2+192c:an|n 281922 +3584C33

+512C4TP + 122883F2In 2— 768cF2n2|n 2—138242In%2+ 691232
272 264
—32C,CE + “5 Cany —32aniin2 - >° 76 CaCr + 112C,Cr L5 + 144C,Cr TP

| 10976 1592 ,
3 CaCrln2-— 32C,CrPIN2 — 2784C,CIn%22— ——"C2 + anz

9
8 4
+2724n2) In[3+<3 Ny + B4CAIN2— ZCany -

CAC-TP — 1856C,CrIn2

+ (3840-CgIn2 - 2560-CF

92
= CaCr —32C,CeIn2

™ 4 21t /8 20 10
+3CA>I BB+3<CF CA) 2t ( CenyIn2— T-Ceny — 3202 + S Cany
350 44 103 22 ™

B

=5-CaCr — 5 CaCrIn2— ="CR+ =CAin 2)
Wherec%) has been given below Eq.IA]13) aﬁé@ is presently unknown. For thggg channel at

4
—§CAann2+ 9 3
scaley=m, we find

(2)
qu } ) @ 18)

A A 1
Oéjé) = O'é]%) {BZC:AanB+ (9&A|n2— 72C:A+ 1&AC 2 2) |nB+ (ZCF _CA
A
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1 \TC - 2 1 }
20— ) — +4CYY — 108CAIN2+ 72C,In22+ 24CIn2—— b | 19
"Gz —3) g T 4G 1080, 2 N2 g @19
. ) 256 22144, 1
62 = og%){slzcﬁln“m (512+?c,”— 5 Ca+3072% In2+1024ﬁ> In3p
3616 1184 48656, 800
+(2304In2- S+ 128C4Chg — = Cany + 128Canyin2-+ C2— Z-C2r
7232 64
—1107ZAn2+6912In22+ [4608|n2—T ZCan f]CA )|n B
1 ™ /12400 400
+(64+64C,Cr 32CA+128m> In*pg + ( 9 5 T~ 3616In2
7792 1184
+3456Ir22 — 288C,Cl) + 384C,Cg In 2+ —7 Can CA fnz——cA neIn2
281224, 1976 _, 48656
+192C,n¢In?2— > C2+ 3696223+ 3 — 2 3 ———CAIn2
24
—800C2In2 — 1660& In22+69112,§ln32+[T800— 8902 723012

L 544 1 44
+6912Ir7 2+ 64CACly) — =5-Cany +64C,nyIn 2] m) InB+ (64|n 2-2

8 4 92 46
+2Cet — CaNy — 2 CaCr + 64CACF In2+ C§ — 32CAIn2+ [128In 2

1:::6 gcA f]czl >| BB [g< %CA> g]g ( 852_4;' 2
—%OCF ng + 2CF neln2—32C2 + 190CAnf - gCAann2+ 3—SOCACF - 4—::'CACFInZ
_%%CA n 232CA| 24 [%4— 8—38| 5 290(:Anf + gcAnfln 2] ?1_2)%
+Céé)}, (@20)

andcéé) has again been given below EQI{A.13) wf(né) is the yet uncalculated two-loop con-
stant.
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B Detailed results for specific PDFs

pdfset| oNL O Ores  ONNLO (approx) | Pdfset| oNLO  Ores  ONNLO (approx)
0 | 92519 93275 9693

1 9203 o278,  oeaB | 2 |20 37,3, 074
s |24l s, essl | 4 o519 ey, o0l
5 |28 es%,  o2% | 6 |o221% w0l 66l
7 |o251% o323,  ee9l | 8 |o241% 3% 69
o |o261% 9333, o708 | 10 |o23i% 3% s R
11|27 o34, o2 | 12 |o221% w20l 66l
13 o2 o3a%,  orr¥ | 14 |o2gi% 0¥, o7
15 | 9291% 036%, 073l | 16 |o203% o2rd el
17 | 0161% o26%, oL | 18 |o321% sl o7l
19 |o22i% 020%,  ee6R | 20 |o26i% 3%,  orr
21 |o253% oaz%,  or0% | 22 |o2ad® %, 9seE
25 | 02419 osr¥, 0l | 24 |o253% ossl o0l
25 | 02619 osr¥, 60l | 26 |o252% os2d 69l
27 | 92619 o33%, o0l | 28 |o253% os2¥, o0l
20 |24 3%,  oesR | 0 |o243% oerd  oou

Table 10: The total cross section far=m at LHC for my = 171 GeV and the full set of predictions
from the MRST-2006 NNLO PDF set [25]. All rates are in pb. Weoke byop o [4,5] the NLO QCD
prediction byoresthe result of NLL threshold resummation [8] and &N O (approx)the NNLO QCD
prediction based on soft gluon approximation and exactlbep-scale dependence [9]. The upper and
lower indices denote the shifts towands- 2m andp=m/2.
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pdiset| oNLO  Ores ONNLO (approx) | Pdfset| oNLo  Ores  ONNLO (approx)
0 |81l sy o018l

1| el eeaf o207 2 8731y ee0y 9163
3 el ses% 921 s |e2i er9y 915,
5 e seaf  oard, 6 |e72i% e79f 9153
7 |eesi seo® o6l | 8 |eer, ar4% 909
o el sy o203 | 10 |87zl e7el sy
11 | 809l% 06 9433 | 12 | ey essl sl
13 | 8761% ee3f  o19% | 14 |74l senf o173
15 | 869l% e7ef  o12% | 16 sl senf  92%
17 | 880 885 2435 | 18 | 869190 76 9125
10 | 87810 ses o213, | 20 |e7Lid e78 o4l
21 | 8703 e77E 9133, | 22 | 88019} esv.l 9235
23 | 86710 8745 9103, | 24 | 8851% 802 9287,
25 | 8753, se2f 917, | 26 |8751% ez 010
27 | B4 eeLf 9173, | 28 87519 se2f 9185
20 |876% 8838 9203 | 30 87319 ss0f 916
a1 |ee8f e75f o1, | %2 | 6781% ssel 0223
3 | e751% se2f o183 | a4 | 674l ssLl  e17
5 | 6731% se0f 9163 | 36 | 67419 ssLE 917
a7 |65y ee2f 9183 | 38 | 67219 79l 916
s0 | el serf o173, | 40 87519y ss2f o187

Table 11: The total cross section for=m at LHC form, = 171 GeV and the full set of predictions from
the CTEQG6.5 PDF set [24]. All rates are in pb. We denoteRy o [4,5] the NLO QCD prediction bgres
the result of NLL threshold resummation [8] and@yNLO (approx)the NNLO QCD prediction based on
soft gluon approximation and exact two-loop scale deperel§l. The upper and lower indices denote the
shifts towardgu = 2m andp=m/2.
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pdf set| onLO Ores  ONNLO (approx) | Pdfset| onLo ores  INNLO (approx)
0 [7358% 7533% 79432

1 | 748355 76703 8085y 2 | 72355 TALgk:  78Lgg
3 | 73505 754053 79400 4 | 73555 75355 79450
5 | 73705 7550% 79600 6 | 73305 7520% 79250
7| 72203 74003  78Logy 8 | 74903 76703  8.095%
9 | 73803 75605 79700 10 | 7.320% 75Lg% 79150
11 | 74438 7.62.35% 8.04, 552 12 | 729,958 7.47.853 7.87.95%
13 | 7.3455 7520 7930 14 | 7.3605 7540 79500
15 | 7.27057 74505 78500 16 | 74403 76303 80405
17 | 72903 74703 78700 18 | 74003 75903 8005
19 | 72803 746,03 78700 20 | 743053 T6lgy 80240
21 | 729535 74703 78700 22 | 74453 76203 80455
23 | 72555 74303 782008 24 | 750037 76905 81l
25 | 771035 79053 83455 26 | 71905 73703 776008
27 | 74%0535 75905  8.0LgGy 28 | 72955 74805 78850
29 | 7.3503 754055 79400 30 | 73403 75205 79340
31 | 74203 76005  80Lgg 82 | 72755 74505 78550
383 | 727535 746,05 786,00 34 | 744570 76303 80455
35 | 7.3905% 75805 79900 36 | 7.320% 75005  7.9%%0;
37 | 7.370% 75505 79600 38 | 78L5y 74903 79000
39 | 7.3305% 75205 79200 40 | 7.3505% 75305 79450

Table 12: The total cross section far= m at Tevatron form = 171 GeV and the full set of predictions
from the CTEQG6.5 PDF set [24]. All rates are in pb. We denot@Ry o [4,5] the NLO QCD prediction
by cresthe result of NLL threshold resummation [8] and GiNO (approx)the NNLO QCD prediction
based on soft gluon approximation and exact two-loop sagpendence [9]. The upper and lower indices
denote the shifts towargs= 2m andp=m/2.
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pdfset oL o ~ Ores  ONNLO (approx) | Pdfset| onLo ~ Ores  ONNLO (approx)
0 | 76003 7790k 82405

1| 75985 77805 82333 2 | 76253 7805% 82605
3 | 76304 78Lok 827705 4 | 7580% TTToh 822055
5 | 75504 7730w 81805 6 | 76604 7850k 83075
7| 78855 7768%  8210% 8 | 7630y 78208  8.270%
o |7603% 7793%  s243% | 10 |7603% 7793k 82433
11 | 7.6353 782555 82705 12 | 7.585%; 77653  8.2Lgg
13 | 7.62533 78Lg3s 82645 14 | 7.6053; 77853 82335
15 | 7.65059 7.84.0%8 8.29. 03 16 | 7.570% 7.753% 8.20,0 58
17 | 7509% 76835 81233 | 18 | 77408 793818 84053
10 | 7709% 7e80% 84y | 20 | 7520% 7758 81553
21 | 7.7%o3 79053 836505 22| 75253 77005 81555
23 | 7.6203; 78Lgs 826405 24 | 76353 78Lgss 8275
25 | 7653 Teadk  829%% | 26 | 76239 7813 8260%
27 | 760058 7.79.0%2 8.24.0% 28 | 75708 7.750% 8.20,03
29 | 7.6375% 7.8295%2 8.27,0% 30 | 764339 7.833% 8.28, 008

Table 13: The total cross section far= m at Tevatron form = 171 GeV and the full set of predictions
from the MRST-2006 NNLO PDF set [25]. All rates are in pb. Waake byoy o [4,5] the NLO QCD
prediction byoresthe result of NLL threshold resummation [8] and &N O (approx)the NNLO QCD
prediction based on soft gluon approximation and exactlbep-scale dependence [9]. The upper and
lower indices denote the shifts towands- 2m andp=m/2.
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