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Abstract

We present an update of the theoretical predictions for thescsection of top-quark pair produc-
tion at Tevatron and LHC. In particular we employ improvemsetue 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-Aexkeading 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/(fbyean) approximately 810° top-
quark pairs will be produced per year [1,2]. This data wilbalfor 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 tHesequent decay mechanism including
anomalous couplings and top-quark spin correlations. @eexmple Ref. [3] for a recent review
on top-quark physics at hadron colliders.

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

In particular our knowledge on the parton luminosities haigstantly improved over the last
years. Thus, itis an imminent question how these improvésrierthe 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 regiwherex ~ 2.5-102. For LHC ob-
servables this aspect has been quantitatively approa@nmgdecently by investigating correlations
of rates for top-quark pair production with other crossisast[11]. For Tevatron, which to date
has provided us with a lot of information on the top-quark siq@rominently a very precise deter-
mination [12] of its massyy = 1726+0.8 (stat) +-1.1 (syst) GeV, the cross sectiomy i in
Eq. (1) had been studied some time ago [13, 14]. However, @gbdnges 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 predicteofor 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 defin&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 sectitveseby improving previous cal-
culations [9, 13]. At two loops we are thus in a position togera all logarithmically enhanced
terms near threshold and to assess their phenomenologipatt by studying the quality of the
perturbative expansion, i.e. the properties of apparemfargence and the stability under scale
variations. This seems particularly interesting considenot only the anticipated experimen-
tal precision at LHC [1, 2] but also in view of recent actigiiaiming at complete NNLO QCD
predictions for heavy-quark hadro-production [15-18].

The paper is organized as follows. In Sdc. 2 we set the stapstady the threshold sensitivity
of the inclusive hadronic cross section for top-quark paidpiction. Subsequently, we provide
updates of Refs. [8, 14] employing recent sets of PDFs. In[$ee 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 essifiwaitthe hadro-production cross section



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

2 Theory status

Throughout this article, we restrict ourselves to the iasle hadronic cross sectian,p_itx (see
e.g. Ref. [19] for recent work on top-quark pair invariantssalistributions). Denoting the
hadronic center-of-mass energy squaredsly and the top-quark mass Img the total hadronic
cross section for top-quark pair production is obtaineduggh

Shad

Opptix(ShasM?) = 5 / dS Lij (8 Shacs HF) Gij (8, %, F, 1) (1)
hi=a09 400

The parton luminositiek;j (S, Shag, ufz) are defined through

Shad
1 ds S S
L (4 2y _ / f. 2 f. 2 ° 2
ij (5, Shad Mf) Shadg S i/p <uf7_shad) i/p (Uf7s ) (2)

wheref; /p(X, ufz) is the PDF describing the density of partons of flamvorthe 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 betwelifferent
colliders, in particular LHC and Tevatron. The sum in KEd.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 sectiog, .itx 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 itis common practice to idigrttie factorization scale with the renor-
malization scale (i.e.p; = | = |) and to estimate the effect of uncalculated higher orders by
varyingpin the intervalm /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, wherappr is the number of parameters used in the fit. Then, the
systematic uncertainty for the observabl@inder consideration is estimated by (e.g. [11, 20]),

AO:%\/ > Okt —0k-)% 3)

k=1,nppr

Here the observabley, 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 tthJa-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 tiatwo uncertainties are very different
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from each other: in one case we are faced with the traces of@arienental 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 thw@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:

o(2my) —Aoppr(2my) < 0 < o(m/2) +Acppr(Mm/2), (4)

whereAoppr is computed according to Ed](3). The NLO QCD correctiongtierpartonic cross
sectionsg;j _«rin Eq. (1) (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 Eq[{2) at LHC
(Fig.[d) and Tevatron (Fif.l 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 cross@eplot of Fig[1, the parton level
Cross sectiolyg .t is much smaller than for thgg- or gg-initiated processes, since thg-channel
is of orderas® and thus formally a NLO correction. As a consequence, indta hadronic cross
section theyg-channel gives only a contribution at the percent level éem®nd last plot in Fidl 1).
In principle the same argument applies fmrchannel, however its contribution to the hadronic
cross section is even further suppressed because of thiespeton luminosity.

The second largest parton flux is delivered by gigechannel. In combination with the large
partonic cross sectiodiyg .+ this is the most important channel at LHC, resulting in at@@fo
of all top-quark pairs produced via gluon fusion. Close t@$hold the uncertainty of the gluon
flux (estimated using E@l 3, see also discussion there) ista86 and at 1 TeV it grows to almost
10%. However, given that thgg-channel is largely saturated at parton energis~ 1 TeV, the
large PDF uncertainty above 1 TeV does not have significapaginon the overall uncertainty of
Opptix 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 .+« vanishes in
the high energy limit in contrast to tlggr andqg-case where the partonic cross sections approach
a constant at high energies. Thus, tjgecontribution to the hadronic cross section saturates well
below 1 TeV and adds the known 10% at LHC. Due to the small nizalezontribution of theyg-
andqg-channels the PDF uncertainty of the hadronic cross seatignix is entirely dominated
by the uncertainty of 4.

At Tevatron, the situation is reversed (see Eig. 2). Thethasities.;; 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,_iix is large, because of the sensitivity to the gluon PDF coraent
largex, which is still poorly constrained at present (see Eig. 2).

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

Smax
O(Shas M Sma) = 5 / dS Lij (8 Shad MF) 8ij (8 M2, 1F. 1) (5)
i,j=0.0,9 am2
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Figure 1: The parton luminosityt;; with the individual PDF uncertainties (upper plots) and plagton
cross section§ij_ at NLO in QCD (third plot from below) as a function of the partenergy,/s. The
lower plots scan the total cross sectiofshag, M?; Smax) (the total PDF uncertainty) as a function @Bnax
for LHC. We use,/Sag= 14 TeV,m = 171 GeV,u= m and the CTEQ®6.5 PDF set. The dashed line

indicates the value of/Smax for which the cross section is saturated to 95%.
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Figure 2: Same as Fid.]1 for Tevatro/Gad = 1.96 TeV).

-10



saturates the total cross sectm($hag, mz) to 95%. At Tevatron this happens gbnax~ 600 GeV
as can be seen from FI[g. 2. Thus, the total cross sectiorgslyadominated by parton kinematics
in the rangeyv/$ ~ 2m close to the threshold of the top-quark pair. This makesotoak pair
production at Tevatron an ideal place to apply thresholdmesation. At LHC energies in contrast,
the available phase space is larger and saturation to 958tyisaached 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 thedhhold region for parton kinematics due
to the steeply decreasing parton fluxes.

Further refinements of perturbative predictions dgp, . in Eq. (1) do rely on subsequent
higher orders to be calculated. In particular, the knowdedgout 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 accurad§]],/which has been the basis for
phenomenological predictions employing a resummed cexgsos as defined in Ref. [8] (and also
used in Ref. [14]).

However, before updating the NLL resummed results of RéflefiBus 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-sedtidhe color basis, conveniently defined
by color-singlet and color-octet final states. Then we calodgose

Gij (S M2, pf, pl) = Z Gij.1 (S M2 Wz, 1u2). (6)
1 5T8

Moreover, we use the standard definition of Mellin moments

1
Gl | (MP,uF, 7)) = / dppN 1611 (p, M2 2, p?), @)
0
with )
_Am
p=—5 @8)

Then, the resummed Mellin-space cross sections (defindueiM8-scheme) for the individual
color structures of the scattering process are given byglesexponential (see e.g. Refs. [21,22]),

6-i'\jl7l <m27 p'f27 P-rz)

~(O),N
60N (M2, 2, 12)

=g (M 1. 1) - exp (G TH M2 8, 12) ) + o (NHI"N), - (9)

Whereéi(ﬁ)l’N denotes the Born term and the exponeEBﬁ‘sI are commonly expressed as

Gy =INN-gt (M) +05 | (A\) +asg [\ +..., (10)

whereA = BpasInN andas = as/(4m). To NLL accuracy the (universal) functiorg#j as well
as the functionsgﬁ-J are relevant in EqL(10), of course, together with the appatg matching
functionsgﬂ-yI 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 segtig® which is obtained by an inverse
Mellin transformation as follows,

C+I°0
GresHtF(Smt Hf, / 2TI] p Nt (5'\11 (mt Ufa“r) Gi'\jl,l(mzaug,llrz))mo)
|_ 8
C—io ’
+ON0H(S M2, A P, (11)

whereg({-Gris the standard fixed order cross section at NLO in QCD@&gly, o is the perturba-

tive truncation of Eq.[(9) at the same ordeig Thus, the right-hand side of Eq._{11) reproduces
the fixed order results and resums soft-gluon effects bejir 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
p=m = 171 GeV. The dotted lines are the exact NLO result [4, 5] ardsttiid lines correspond to the
NLL resummed cross sections [8] (see text for details).

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

The results foiloresas shown in Fidg.13 have been obtained by performing the ievigiedlin
transform in Eq.[(111) numerically. Following the proceddescribed in Ref. [8] we have com-
pared our results obtained from the numerical inversioh te ones shown in Ref. [8] and found
complete agreement. To be precise, the treatment of theasdrisrms in Ref. [8] (i.e. the terms
denotecgI | in Eq. (9)) differs slightly from the minimal approach, ekg. (11). Some constants
which are formaIIy 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 Eq. (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 (in agreement with Refs. [8, 14]) the resummed tesuy for v/5§—2m < 10 GeV. The
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exact point is determined from the crossing of the two cufeesresandap . Note that the
precise numerical value is not important. Effectivepgsis thereby restricted to a region of parton
energies of/S~ 2m or in other words, to a kinetic energy of one top-quark of a @&eV.

only scale uncertainty only pdf uncertainty] total uncertainty
m |min max 8% |min max 9% | min max J[%]
165|8.29 9.41 7 8.58 9.61 6 | 786 999 12
166 | 8.03 9.11 7 8.31 9.3 6 |7.61 9.67 12
167 | 7.78 8.83 7 8.06 9.01 6 |7.38 937 12
168 | 7.54 8.55 7 7.81 8.73 6 |7.15 9.07 12
169 | 7.31 8.28 7 7.57 8.46 6 |6.93 879 12
170|7.09 8.03 7 7.34 8.2 6 |[6.72 851 12
171 6.87 7.78 7 7.12 7.94 6 | 652 825 12
172| 6.66 7.54 7 6.9 7.7 6 |6.32 7.99 12
173/ 6.46 7.31 7 6.69 7.46 6 |6.13 7.75 12
174 | 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
177|571 6.47 7 5.93 6.59 6 |543 6.84 12
178 | 5.54 6.27 7 575 6.4 6 |526 6.64 12
179|5.38 6.08 7 558 6.2 6 |511 6.44 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 failk) for various values of
the top-quark massy at Tevatron (/S,2q= 1.96 TeV) using the CTEQ®6.5 PDF set [23].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 Tablsl.[1-4) these details become noticeabléndgthem clarified, we are now in
a position to update previous results [8, 14] for theross section using modern PDFs, such as
the CTEQ6.5 PDF set [23]. In comparison to older sets, we figd a shift of 3% in the total
cross section between the PDF sets CTEQ®6.5 [23] and CTEQG]1dee also Ref. [11]. Since
Eq. (11) effectively contains the dominant part of highedess (NNLO and beyond) it seems
however equally appropriate to use also the MRST-2006 NNDF Bet [24]. From the results
in Tabs[1E4 and Fid.]4 we conclude that the present overa#irtainty on the NLL resummed
tt-cross section is 12% at Tevatron with a small shift of thetreéivalue between different PDF
sets. At LHC the NLL resummed cross section of Ref. [8] redusfgectively to the NLO QCD
prediction of Refs. [4, 5] with an overall uncertainty of 14%his is due the the small gluon
contribution close to threshold (see Hil. 3) and the cut whatching NLO and th@yesin the
numerical determinations. Thus the reduction of the th@maeuncertainty through Eq(11) is
marginal in this case. We will see in the next Secfibn 3, haw sfiuation can be improved with
the help of approximate NNLO QCD corrections.



only scale uncertainty only pdf uncertainty total uncertainty
m | min max J[%] | min max J[%| | min max J[%)]
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 3 805 9.83 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 9.21 10
16975 8.67 8 8.08 8.52 3 | 731 892 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
1721 6.82 7.87 8 735 7.74 3 |6.65 8.1 10
1731 6.6 7.63 8 712 7.5 3 6.44 7.84 10
1741 6.4 7.39 8 6.9 7.26 3 |6.24 7.6 10
17516.2 7.16 8 6.69 7.04 3 |6.05 736 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 |53 649 10
180|5.31 6.13 8 5.72 6.02 3 |518 6.29 10

Table 2: Same as in Tahl 1 using the MRST-2006 NNLO PDF set [24].

only scale uncertainty only pdf uncertainty] total uncertainty
m | min max 8% | 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 | 925 988 833 109% 14
169| 838 1032 11 | 900 962 810 1066 14
170| 816 1004 11 | 875 936 788 1038 14
171|794 977 11 | 852 0911 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

i O N NG N N N N N NG N N N N N N N

Table 3: The NLL resummed cross section of Ref. [8] in pb (see text &ails) for various values of the
top-quark massy at LHC (,/Shag= 14 TeV) using the CTEQ®6.5 PDF set [23].



only scale uncertainty only pdf uncertainty] total uncertainty
m | min max 8% | min max &[%| | 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

NDNDNDNDNDNDDNNDNDNNDNDDNDNNDNDNNDMNDNDN

Table 4: Same as in Tabl 3 using the MRST-2006 NNLO PDF set [24].

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 NMicturacy. Subsequently, we em-
ploy the resummed cross section to generate higher ordeirpative corrections — more specifi-
cally an approximate NNLO cross sectiofN O (approx)Which is exact to logarithmic accuracy
(including the Coulomb corrections). To that end, we brieflgall the steps leading to the final
form for GIJ | in Eq. (10). In order to achieve NNLL accuracy the functi_n,ﬁ], is of particular
interest here.

The exponentlatlaN 1 in Eq. (9) is build up from universal radiative factors foetimdividual
color structures WhICh take the form

GN (12)

AN
ad/gsl = ODv/Higgs ™ o 8GQQ’

where the exponentiation of singlet contribution (i.e. bodess massive final state) follows from
the Drell-Yan process and hadronic Higgs production in gliwsion. The corresponding functions
GRy andGnggs are very well-known [25-27]. The exponentiation of the calotet contribution
receives an additional contrlbutlcﬁ'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 th€Q charge, thus its
contribution to soft radiation vanishes in the color-seigthannels regardless of the initial state
partons. Moreover soft emission from massive quarks doe&ead to collinear logarithms and
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Figure 4: Thett total cross section resummed to NLL accuracy [8] as a funatfony for the Tevatron at

Shad = 1.96 TeV (left) and LHC at /S,aq= 14 TeV (right). The solid line is the central value joE= m,
the dashed lower and upper lines correspond+o2m andp = m /2, respectively. The band denotes the
total uncertainty that is the uncertainty due to scale tiaria and the PDF uncertainty of the CTEQ6.5
set [23] combined together according to Eq. (4).

thereforeGgQ— starts at NLL accuracy only. Explicit formulae are

1
AN-1_1 4m?(1-27 (g
GDy /Higgs = /dzﬁ/u iZAi(as(QZ»‘|‘Di(as(4mt2[l_z]2>)a (13)
0
1

? o
N At T 2,42
s = / 42—~ Dog(as([1 - 2%4m?)) (14)
0
with anomalous dimensios andD;, i = g,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 ipdine final state is summarized by
Ggé in Eq. (14) with the corresponding anomalous dimensigg.

The extension to NNLL requires th&; and Aq to three loops [28, 29] and the functidy,
andDy to two loops [25-27] (the latter are actually known to threeps as well [30]). Explicit
expressions using the expansions

as _

f(as):Z f(')4n Zf(')a's. (15)

are collected in Eqs_{Al.2)=(A.4) in the Appendix. The remiag anomalous dimensioi¥,; 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 tortfessive heavy quark form factor [31]
along with Ref. [32], where the exponentiation of the forrotéa 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 [32], we can read off the single poles correspondingpofit gluon emission at one and two
loops. After a trivial substitution of color factor€( for Cr) we find

1 1 2 2
Dos=—Ag", Db =—AF. (16)

As pointed outin Ref. [8] the one-loop valueDf agrees with Ref. [7] where the soft anomalous

dimension matrix (in color spacéﬁ) for heavy-quark production has been calculated at axder

In the limit  — 0 the matrixl'l(Jl) diagonalizes in the singlet-octet basis and reprod from
its eigenvalue in the octet channel. Moreover, the strecxuﬁDQ@ as determined from Ref. [32]

agrees also with the two-loop soft anomalous dimensionimﬁﬁf) for vanishing parton masses
which obeys the following factorization property [33, 34],

(2
( _ @ OsAg”
M3 ‘m:O_ M ‘m:O <1+4T[A(Sl)) ’ (17)

with the well-known ratioAé,z) /A‘gl) [35]. As a cross check on Ed. (16) it would, of course, be very
interesting to repeat the calculation of Ref. [33, 34] faahwequark hadro-production at two loops,
i.e. with non-vanishing parton masses# O.

50 = T T T T | T T T T T T T T | 50 = T T T T | T T T T T T T T |
45 E 4 45 E =
40 FE Gqc_]Nlcqq(O)vN (x5) q 40 E oggNlcgg(O),N <
35 E K=m=171GeV q 35 E K=mZ=171GeV 3
30 F 430 F 3
5 E 1x E E
20 E J 2 F 3
15 T NNLL e 315 E 3
10 F e in E 3
5 z_ ............. _z 5 z_ _z
0 = 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€eft) 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.INMsult derived in this paper.

Finally, explicit integration of Eqs[{13)=(14) leads tetfunctionsgf;, g7 |, g7 | of Eq. (10)
and to the matchingf’“ in Eq. (9) which we collected in Eqd.A.5)4Al13) in the Apokx.
All formulae can be obtained by simple substitutions e.gmfrdeep-inelastic scattering (DIS) in
Ref. [27]. In Fig[® we display the resummed cross sectiongpf(8) (normalized to the respective
Born result) for thegg and thegg-channel in increasing logarithmic accuracy. Eig. 5 ckeahows
the good convergence property of the NNLL contribution samtio other observables investigated
previously [25-27]. As a matter of fact, EQ. {10) may even kierded to next-to-next-to-next-
to-leading accuracy (ALL), as the relevant functiongf‘u can be easily derived from Ref. [27]
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and the respective anomalous dimensions are known. Folipthie arguments based on the ex-
ponentiation of the form factor for massive colored parttﬁﬁ leading to Eq.[(16) we identify

Dg’()g Ag and for the four-loop termAq andAg a Pade estimate exists [27]. 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 sectjeg (now known at NNLL accuracy) to con-
struct an approximate NNLO cross sectmgy o (approx)by expanding Eq[{9) to second order.
In this way, we determine the corresponding Sudakov ldgaustappearing 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=4/1—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 termisgorresponds 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 dwpd thanks to Ref. [31]. In the
singlet-octet decompositiadyj | of the individual color structures in the cross section, riémult

of Ref. [31] can be directly applied to the singlet case, wiailsimple modification of the color
factors (that iCr — Ca/2) instead ofCr) accounts for the octet case.

Thus, we are in a position to present the threshold exparditime inclusive partonic cross
sectionsﬁij_)tds,n'?,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 théVS-scheme

5 1
Ooit = Ood- tt{42.667|r12[3—20.610|n[3+ 13910 3.28996}, (18)
~(2
62 ¢ = 6% tt{91022ln B—13155In%p + (56580 140373) In2g
1 1 1. -~

+( 86242+ 321067 ) InB — 28862, + 894313 4. Cfl 1. (19)
6élgltr = ég)—>tf{96|n2[3 9.5165InB + 35.322+-5. 1698%} (20)
~(2 1 ,
Gg i = é&tt{“GOSWB 18949In°B + (—3.4811+49630I§) In2B

+(31444+32117 )In[3+4535 82—140.53%+Cé§)}, (21)

B

The terms proportional to inverse powersbtorrespond to the Coulomb corrections and the

presently unknown two-loop constalﬂ% andCéé) are set to zero. For reference, we have also
repeated the well-known NLO results EQ.J(18) and Eql (20) [Emgthy analytical results (con-
taining the explict dependence on the color fact&tsCr and onng) are given in the Appendix,

Egs. [AIT7)A.ZD). We define NNLO (approx) cross sectiobaaised in this paper as the sum
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of exact NLO result and the two-loop contribution of E¢s.)(48d [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 withdppropriate splitting functions. We
use the exact result of Ref. [9] for thedependence at two loops. As emphasized several times,
the qg- andqg-contributions are small and Tevatron and LHC and we simplpkthem at NLO
here.

- Icl)_lllm'l IIIII|'|T| IIIII|T|'| IIIII|T|'| IIIII|T|'| IIIII|'|T| LU | F =l
- NNL(?_E?E’-EI% ---------- Ouq in pb -
L H,=m, i L
m=171 GeV
10 E_ _E 10 E_ Oyq in pb _E
C ] C H=m, ]
: : : ""'.O-NLO mt:].?l GeV :
1 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII IIIIIIII 1111 1 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII 1111l
-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
BL=m = 171 GeV. The dotted lines are the exact NLO result [4, 5] awrdstilid 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. [I9) andl(21). We pldig+i (left) andGgg.ii (right) again as a function of the distance
from threshold aty/$s = 2m (solid lines in Fig[®). This is useful to asses the questidraiw
improvements can be expected from a full NNLO calculatioive® that theK-factor of the NLO
result is of moderate size at large partonic energies onexjaect that the full NNLO corrections
should give only small corrections in this region of phasacgp On the other hand tiefactor
of the NLO correction becomes large in the threshold regien {/$— 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 correctimma the full NNLO QCD calculation
our oNNLO (approx)Should provide a good estimate. Moreover, as mentionedeahus have
further improvedonn Lo (approx) by 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 TakihB numerical size of the individual
logarithms and powers iff in Eqgs. [18)-(2l1) when evaluated at a given parton ensrgis™a
consequence of the moderate size of the expansion coefficieqs. [IB)-L(21), we clearly see
the good convergence properties of the logarithmic expansp energies/$— 2m < 0 (50) GeV.
Beyond that value the soft logarithms (being proportiomathte Born cross section) smoothly
vanish.

In addition we show in Fig.16 also previous approximationghi® NNLO correction from
Ref. [9] (dashed lines) employing two distinct differehiianematics to define the partonic thresh-
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V38—2m[GeV] In*p In3p In?p Inp B2 1 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
V88— 2m for m= 171 GeV as entering in Eq§._(18)=(21).

old. They agree with our NNLO (approx) corrections fég— 2m <30 GeV if Egs. [IP) and (21)
are truncated to the first three powers ifglrHowever, 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 H&(right) the numerical differences
betweenoresandoNNLO (approx)@re rather large. The all-order NLL resummed cross section
oresis significantly smaller than its expansion to second-oEter(21) or the corresponding result
of Ref. [9], the latter two both being consistent with eadhent We can attribute this difference to
the following fact: Fortt-hadro-production the Born cross section exhibits simalé¢ugh non-
trivial) N-dependence and the resummed cross sectiggin Mellin space (as implemented in
Ref. [8] and Eq.[(1l1)) 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 foitgnalib-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 whenmuaringoresto a full NNLO QCD
calculation, or upon matching the latter to a resummed gesson at NNLL accuracy along the
lines of Eq.[(11). This fact has to be kept in mind when usingsfor predictions at LHC, where
the gg-channel dominates. As mentioned above, for any finite oegpansion 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 thegteaork cross sectioap.iix 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
Tabs[1EH above. In FIg.7 the scale dependenceygio andonNLO (approxjs Shown. For the
ONNLO (approx)Ve use the PDF set MRST-2006 NNLO while fog othe 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 [36]
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Figure 7: Comparison of the scale dependencegfy| o (approx)With PDF set MRST-2006 NNLO [24]
and oy owith PDF set CTEQG6.5 [23]. For comparison we show also theesponding results for the
Alekhin set of PDF’s [36]. The cross sections are normalineithe value aft = my.

available in NLO and NNLO accuracy. After normalisation @a@é 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 densitigda@v scale. Compared to the NLO results
the scale dependence oo (approx)s Improved. In particular we find a plateaujat m.
Note that due the different shape of the NNLO curve the uaadst estimate of Eq[{4) has to
be adapted here. Restricting the scale to the intémgR, 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 dig@lso CDF data [37] with
my = 171 GeV. The corresponding cross section values are givdmabs.[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 @tiedlby a factor of 2. The data points
nicely agree with the theoretical prediction. The overatertainty 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 smdlEruUncertainty obtained when using
the MRST-2006 NNLO PDF set is due to a different conventicedusy the MRST collaboration
to define the PDF uncertainty. In Fid. 9 (right) we shoyyn| O (approx)for the LHC. Again we
observe a drastic reduction of the scale uncertainty coea@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®iiQ| o (approx)leads only to a small shift
of a few percent in the central value for the cross sectiodiptien. TheonNLO (approx)Pand
is well contained in th@y o band. So perturbation theory seems to be well behaved and un-
der control. The overall uncertainty is about 6% for the CBEEQPDF set and about 4% for the
MRST-2006 NNLO set.
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The numbers quoted in Tal)3[6-9 represent presently thest@siates 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= my of our NNLO (approx) result due to neglected power
corrections inB ~ (1—p) away from threshold. However, due to the steeply fallinggraflux
(see Figd11,12), the numerical impact of these contribstismuch suppressed.

12 L T T T T I T T T T I T T T T i 12 _I T I T T T T I T T T T I T T T T I T T T T ]
10 C Ops - [pb] (CDF run Il prel.) _: 10 :_ CDF run | CDFrun (prel.)_:
F m, =171 GeV A - Ops - [pb] for 110 pb'1 for 760 pb'l -

8 F 4 8 F
6 F 36 -
4 F 4 4 F =
2 . _ 2 . _ ]
C % NNLO(approx) ] C % NNLO(approx) m, = 171 GeV 7

0 [ R R R W AN SN SN SO SR A SR RN S S 0 IR A T N T T A T T N T T S T Y T Y W B

165 170 175 180 1800 1850 1900 1950 2000
m, [GeV] Vs [GeV]

Figure 8: The NNLO (approx) QCD prediction for thétotal cross section at Tevatron and CDF data [37]
with my = 171 GeV — as functions oy for /Shag= 1.96 TeV (left) and of, /S,aq (right). The solid line is the
central value fop = m, the dashed lower and upper lines correspongd+®m andy= m /2, respectively.
The band denotes the total uncertainty that is the uncéytdire to scale variations and the PDF uncertainty
of the MRST-2006 NNLO set [24] combined together accordmgd. [4).
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only scale uncertainty only pdf uncertainty] total uncertainty
m | min max J[%)] min - max 9[%] | min max J[%]
165|9.25 9.64 3 9.02 10.1 6 |872 101 8
166 | 8.96 9.34 3 8.74 9.81 6 |8.45 985 8
167 | 8.68 9.05 3 8.47 9.5 6 [8.19 954 8
168| 8.4 8.77 3 8.21 9.2 6 (793 925 8
169 | 8.14 8.5 3 7.96 8.91 6 | 769 896 8
170| 7.89 8.24 3 7.71 8.64 6 | 745 868 8
171 7.65 7.99 3 7.48 8.37 6 |7.22 841 8
172|7.41 7.74 3 7.25 8.11 6 |7 8.16 8
173|7.18 7.51 3 7.03 7.86 6 |6.79 791 8
174 | 6.96 7.28 3 6.82 7.62 6 |658 7.67 8
175| 6.75 7.06 3 6.61 7.39 6 |6.38 7.43 8
176 | 6.55 6.85 3 6.41 7.16 6 |6.19 7.21 8
177 6.35 6.64 3 6.22 6.94 6 |6.01 6.99 8
178 | 6.16 6.45 3 6.04 6.73 6 | 583 6.78 8
179|5.97 6.25 3 5.86 6.53 6 | 565 6.58 8
180 | 5.79 6.07 3 5.68 6.34 6 |548 6.38 8

Table 6: The cross sectioopnL O (approx)as derived in this paper in pb for various values of the top-
guark massn at Tevatron (/S,aq= 1.96 TeV) using the CTEQ®6.5 PDF set [23].

only scale uncertainty only pdf uncertainty] total uncertainty
m | min max J[%)] min  max 9[%] | min max J[%]
165|9.58 10 3 9.71 10.2 3 1933 103 6
166 | 9.27 9.74 3 9.4 9.92 3 [9.03 999 6
167 | 8.98 9.43 3 9.1 9.61 3 (874 967 6
168 | 8.69 9.13 3 8.81 9.3 3 (846 937 6
169 | 8.41 8.84 3 853 9 3 8.19 9.07 6
170| 8.15 8.57 3 8.26 8.72 3 | 793 879 6
171 7.89 8.3 3 8 8.44 3 768 851 6
172 | 7.64 8.04 3 7.75 8.18 3 | 744 825 6
17374 7.79 3 751 7.92 3 |7.21 799 6
174 7.17 7.55 3 7.28 7.67 3 6.98 7.74 6
1751 6.95 7.32 3 7.05 7.43 3 6.77 7.5 6
176 | 6.73 7.09 3 6.84 7.2 3 | 656 727 6
177| 6.52 6.88 3 6.63 6.98 3 [6.36 7.05 6
178 | 6.32 6.67 3 6.42 6.77 3 |6.16 6.83 6
179| 6.13 6.46 3 6.23 6.56 3 | 597 662 6
180 | 5.94 6.27 3 6.04 6.36 3 | 579 642 6

Table 7: Same as in Tabl 6 using the MRST-2006 NNLO PDF set [24].
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only scale uncertainty only pdf uncertainty] total uncertainty
m | min max J3[%] | min max J8[%] | min max J[%]
165| 1036 1083 3 1048 1117 4 | 1003 1117 6
166 | 1008 1053 3 | 1019 1086 4 {976 1086 6
167|980 1024 3 1991 1057 4 949 1057 6
168 | 954 996 3 |964 1028 4 1923 1028 6
169|928 969 3 1938 1001 4 | 898 1001 6
170| 903 943 3 (912 974 4 | 873 974 6
171|879 918 3 |888 948 4 | 850 948 6
172|855 893 3 |864 923 4 | 827 923 6
173|833 869 3 |841 898 4 | 805 898 6
174|811 846 3 |818 875 4 | 784 875 6
175|789 824 3 797 852 4 | 763 852 6
176|769 803 3 776 830 4 | 743 830 6
177|749 782 3 755 808 4 | 723 808 6
178|729 761 3 735 787 4 | 705 787 6
179|711 742 3 716 767 4 | 686 767 6
180| 692 723 3 698 748 4 | 669 748 6

Table 8: The cross sectioopnL O (approx)as derived in this paper in pb for various values of the top-
quark massn at LHC (,/Shag= 14 TeV) using the CTEQ6.5 PDF set [23].

only scale uncertainty only pdf uncertainty] total uncertainty
m | min  max J[%] | min max J[%] | min max %]
165| 1095 1141 3 | 1128 1154 2 11082 1154 4
166 | 1065 1110 3 | 1097 1123 2 | 1053 1123 4
167 | 1036 1080 3 | 1068 1092 2 |1024 1092 4
168 | 1008 1051 3 | 1039 1063 2 | 997 1063 4
169|981 1023 3 1011 1035 2 | 970 1035 4
170|955 995 3 1984 1007 2 |944 1007 4
171|930 969 3 1958 980 2 919 980 4
172|905 943 3 1932 955 2 | 895 955 4
173|882 919 3 1908 930 2 | 871 930 4
174|859 895 3 884 905 2 | 848 905 4
175|836 871 3 |861 882 2 | 826 882 4
176 | 815 849 3 |838 859 2 | 805 859 4
177|794 827 3 |817 837 2 | 784 837 4
178|774 806 3 | 795 816 2 | 764 816 4
179|754 785 3 775 795 2 | 744 795 4
180| 735 765 3 755 775 2 | 725 775 4

Table 9: Same as in Tahbl 8 using the MRST-2006 NNLO PDF set [24].
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Figure 9: The NNLO (approx) QCD prediction for thi total cross section at LHC as functions rof

for \/Shaq = 14 TeV (right). The solid line is the central value far= m, the dashed lower and upper
lines correspond t@u= 2m andp = m/2, respectively. The band denotes the total uncertaintyisha
the uncertainty due to scale variations and the PDF unogytaf the MRST-2006 NNLO set [24]. For
comparison the left plot shows the corresponding predicaibNLO accuracy using the PDF set CTEQ6.5
[23].

4 Conclusions

In this article we have summarized the present knowledgéeory predictions fott-production
at Tevatron and LHC. We have taken some care to quantify th&tsaty of the total cross sec-
tion to soft gluon emission and large Sudakov type logarithis is well known, top-quark pair
production at Tevatron is largely dominated by parton kiatos close to threshold, thus approx-
imations based on soft gluon resummation should providexaellent description. At LHC we
find that soft gluon emission near threshold is less domjraritcontributes still a numerically
sizable fraction to the total cross section. Thus, soft gleffects intt-production are still rather
prominent at LHC as well.

We have updated the NLL resummed cross section as definedf.if8R&4] using modern
PDFs. Furthermore, we have extended the resummed predictdNNLL accuracy and we have
derived approximate NNLO cross sections which are exadt fmwaers in In@ at two loops. To-
gether with the exact NNLO scale dependence (and includi@gwo-loop Coulomb corrections)
our result foroNNLO (approx)ePresents the best present estimate for hadro-produaftimp-
guark pairs, both at Tevatron and LHC. We have found for th& NM:summed cross section and
the finite order expansion good apparent convergence gregpemMoreover, the stability of the
total cross section with respect to scale variations is nimghnoved 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 tifproduction at LHC is anti-correlated witlV /Z-boson productiontfie
standard candle process at LHC, see e.g. [38, 39]) and atadelvith Higgs boson production,
especially for larger Higgs masses. It has been noted hoywdaat the NLO theory predictions
to the top-quark cross section are not accurate enough. eoafident that the NNLO (approx)
results of this present paper provide a step in the righttioe by further constraining the theory
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uncertainties for this important process.

The complete NNLO QCD predictions for heavy-quark hadredpiction 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 [Z§, 2n addition we remark, that the
present accuracy on the gluon PDF in the medwrange of interest for top-quark production at
LHC is well constrained by from DIS data for structure funos ine™ p-scattering from HERA
and evolution, leading to the rather small uncertainty of 3%e Fig[ll) at small energies. Thus,
for top-quark pair production to become a standard candleqss at LHC similar t¥V/Z gauge
boson production and to become competitive with DIS data absexperimental accuracy much
better than the currently quoted [1] value of 10% will be rexkd
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A Useful formulae

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

6%1(9) = 0,

oop) = ST (2,

o) = e {2 ag),

Ggga(P) = %—%%ﬁﬁip{lmp [(2+2p—p)BlnLE_2 Zp}
_CA{6(1+p—p>E|n1LE_ —p:|}, @)

whereCp andCr are the usual color factors, with, = N = 3 andCr = 2N(N2 1) =4/3in
QCD. The Mellin moments as defined in Eqg|. (7) can be easily caet) see e.g. Ref. [8].

Next we present the perturbative expansions for the anamsalomensiongyy, Ay, Dq andDy
entering Eq.[(T13). We have for the quark case [28, 35]

A((ql) = 4Cg
@ _ 67 _ 5
Ag’ = 8Cr [(18 12) Ca 9 nf]
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245 67 11 55
AP = 16Ck {CE <§——Zz —z3+—zz) + Ceny (—Z‘r-l-ZZs)

209 10 2 1
+ Cang (—1—08+§Zz—§Z3) + Nf <—2—7)] 5 (Al2)

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

1
D’ = o,
2 _ 166, 176 (22
Dg’ = Cr [CA< 57 (2+56(3 57 Q|| - (Al3)
All gluonic quantities are given by the simple relation
(i _ Ca Al (i _ Cani
Ag - CF ’ Dg CF Dq . @4)

Here we summarize the functio%, gi2j7|, gﬁyl appearing in the resummed cross section
Eq.(10) to NNLL accuracy [25-27]. Keeping the full depenceony, andy;, we have

gs = AP (2—2In(1—20)+A " in(1-2))), @Al5)
B = (AYBL—AP) (2 +In(1-2) + 2 AP BiIN?(1- 20) ~ S (4A0Ye ~ D) In(1-20)

+In(4m?/p2)AL In(1— 21) + 2In(u? /L) AGA, @s6)
Bas = g?,ql Zin(1-2)p, @7)

Bra = A B~ AVB AP B AT (1420 - )

A ) (A A a2

+ (ZAél)Blye‘f‘A((]Z)Bl_ }Dél)Bl) (1_ 1 12)\ B ln(ll—_;\)\))

(Aq B2+ 20" (2 + 22) + 28 Ve — DY ye — 1D52)) 1_i>

2 1—
i@ 2) Ao~ APBy + AP - 206 (1- )+ A (T )]
+2ln<u%/u3>Aéz)A—3|n2<4m2/u3>Aé”( —1%) — I /uP)ATN,  @8)
1 1 1In(1—2A
Gio = G 506 DL 0GB (1 () 3 (1) OieP
1 1
+§In(4mz/ur2)DQ1Q—<1— (1_2)\)), @&9)

with ye = 0.5772167. The gluonic expressiogg, g5, andg;,, are obtained with the obvious
replacements’ — Ay’ andD§’ — Dy’. The dependence @y is recovered byA® — A® /gl
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) D /[30, P — [3./[3'+1 and multiplication ofgﬁ-?I by Bo. We also give explicit results for
the matchlng functlongw in Eq.(9),

g1 = O, @10)

Jogs — 1+as{C|: [—64+ 8y2 + 412 — 32In2+ 8|n22] +CA[—8+4ye—4|n 2} +acy

+In(4mP/p2)Ce [16— 8ye} }

+ ag{chggJ [—256+ 322 + 1612 + 384In 2— 64yeln 2 — 25617 2] +Ceny [%5

448, 224 80, 32, 136 1024 160 32
——13—7 Eye 9Ve 9 '~ an—i— 9 Ve|n2+§
+16T[2In2+23;68l 22—%2y In22— 832|n32} +CF[ 8192+ 35843 — 5122

+ 322 + 2561 + 3212 + 241" + 12288In 2- 5376 3In 2+ 1024/eIn 2
—128y2In2 — 768N 2 — 641P%yeln 2— 9728Ir? 2+ 19222 2+ 608N 2

+6912IF 2 — 128yeln32— 2560|n42} +CCP [—32+ 16ye -+ 32|n2}

212 40 8, 368 _ 16 64
5 oY 3V ——T[2——| 2+ 2 Yeln2+ I 2]

55264 7504 5296 40 464 , 1276
57 T g (3— — 56yelz — — Y2 + 3, 20"

27 ¥ T Yty
8 4 8819
+ 16MYe — :—)’T[zyg — §T14+ % 2-112Z3In2+ 5 —Veln2—

y2In2

+Cany | 55

+CACr [—

80 454\/5In )

—2328In2+ 1—6T[2yeln2— @ n?2+ 4—64yeln 2+ 64T[2In22+ %n:ﬁ]

3
+CA[—%92—%)Ve+68V§+14T[2——T[2ye+@l 2—36,; 2——T[2In2
544
“5-I?2] +Cg +In(u?/WA)C Cly |64~ 326 — 64|n2}
544 80 16, 8 , 736 128
+In(pf/ur)Can[ 5 tgve +§y§+§n2 +-5 n2- yeln2——ln ]

+In(u2/p2)c2 [1024— 8963+ 512+ 128/2 — 64y — 64n2 32y, — 1536In2

— 256yein2+128y2In 2+ 192r%In 2+ 1664Irf 2 — 64yeIn?2 — 1152|n32}

16 8 16 3184 616 184

+In(u? /P Car [—§+3ye+§mz}+m< P IWICACr | =g + 25 Ye— 5V
481 272 12

—36T[2-|——T[2 %6| N2+ ="yeln n24 20 n2|n2+ 380| 22}

88 44 16 8 16
+In(uF/WICE | 5 — S e —glnz] +In2 < PWBICen; | 5 — 2ve— 5 in2]

+1In2(p2/p2)Cc2 [—128/e+ 322+ 1612 — 128Ir? 2]
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88 44 88 }} @11)

+In(u /W) CaCr | - 5 T g Vet 5in2

g1 = 1+as{cA[—64+ 8Y2 + 41€ — 32In 2+ 8In?2] -+ 4C{g +In(4mP /u)Ca | 16— Bye }

+ ag{cAcéé) [—256+ 322 + 1612 + 384In 2— 64yeln 2 — 2561 2} +Cany [%5

w0, I 1, 0G, 10, P,

+16T[2In2+23;68l 22—%2y |n22—8:2|n32}+c§[ 2622524 3572813
13;6 —56 eZ3—%72Vg+%6 $+320E + 32992 8—8Tr2 §+6—8n4
39232qn2—548&3ln2+81944yeln2 1;6yzln2 128/3In2 — 888In2
1;6 Yeln 2—10134 22+—yeln 2+192In? 2y2 + 388r@|n22+%78‘5n32

—128yin%2— 2560|rf‘2} +Ci + In(pf /MA)CACSY [64— 32— 64In2}

544 80 736, . 32 128
+In(U2/p2)Can f[—7+— y2 nz 5 in2— Zyeln 2—7| 22}
12400 w072 296
+In(u/WA)CE | =5 -5 Ve+—y2—64y3—84n2——n2ye
—%nZ—ﬁzyeln2+128ygln2+—nzln2+@ln 2 — 64yeln?2
16 8 16 ) 88 340
— 11521P2] + In?(/W)Cany | 3 — e~ 2| + (W WAICE [~ — Ve
+32y2+16n2+ Bina 128|n22}} @12)
989,8 = 989,1+85{CA[—8+4ye—4ln2}}
272 40 8 368
+a§{cAc§,g[ 32+ 166+ 32In2| +Can f[T_gye_g g__nz__| 2
+26veln2+6—;1l 22}+C§[ 62900 4485 — 2:;24 124y2+32y3+46n2
+24 Ye+ 1162‘5 2+2%8ye|n2—96y§|n2 344n2| 2—%n 24 96yeln?2

16 8 16 88 340
+832In 2]+|n(u /WE)Cany [—§+§ve+gln2}+ln( /ur)CA[3 3 Ve

280
— 322 —16m — — N2+ 32yeln 2+ 192In? 2)} (Al13)

whereC( 36T[aq+ (nf —4)(2/3In2—-5/9) anngg = 768/7T[ag with the numerical constants
aq 0. 180899 anchg 0.108068 being reported in Table 1 of Ref. [4]. The presentknamvn

two-loop constants are denot@éﬁ) andcéé).
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At first and second order ins the Coulomb corrections have to be added to the cross section
In the limitp — 1 (that isp — 0) they read [31]

o = ok, @14)
. . 31 10 n2 2
6 = ofﬁ)i°2cp{( 5 Ca—16Ck — n; —2Boln2 - ZBoIn[3> 5 +aCF BZ}' @Al15)

From these expressions the results dsé]i:)éc and 6§i)é° are obtained by the replacement of the
overall color factor - — (2C- —C,).

Next we give the Mellin transforms of powers of logarithm{iaccording to Eq[{7). Recall
thatp = 4n?/sandp = \/1—4m2/s=/I—p. In the limitp — 1 as needed in the fixed order
expansions and accurate up to power suppressed tefhaeahave

1
1 1 1 - 3 3 .
N 4 o =+ i 3 . e el Y4 2
0/dpp BIN%g — (16|n N—i—{ 2+2In2}ln N-i—{ 3In2+ e+ in Z}In N
{——nz 6In%2+ T[2In2+ 5{a+2In Z}InN 703 —4In 2+674n4
+723In2+1In*2+ n2|n 2— n2| 2)\2ﬁ 35 (L+0(1N)),

1
/dppNBlnsB = <—%In3ﬂ+{—§ln2+3}ln N+{3In2—gln22—1i6nz}ln|(l
0

NI

a7z (L 0(UN)).

——Z3—In32+3ln 2+ T[2——T[2I 2)

1
/dppNBInzB = ( NN+ {In2— 1}InN+ 12 _2in24in 2)¢2ﬁN3/2 (1+0(1/N)),
0
/dppNBInB — (-%mml—mz)éﬁN?l)/z (1+0(1/N)),
0
1
/dppNInZB = (%In N+ = T[z) (14 0(1/N)),
0
1
/dppN g — —%InN%(l-i—o(l/N)), @l16)
0

whereN = Nexp(Ye).

Finally, we present analytical results in tMS-scheme for the threshold expansion of the
inclusive partonic cross sectior&sj_,tt(s,n?,uz). The inverse powers db originate from the
Coulomb corrections and; denotes the number of effectively massless quark flavors.séie
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1= m and find for thegg channel

o = ag?%{sch IN2B+ (96C<IN2 — 64Ce — 8C,) IR+ (2C- —Cy) g

+4Cc%)—96CFIn2+72CFIn22—12CAIn2}, @17)

3 A 2 712
6 = og?{5lz:£|n4ﬁ+(i6anf 20482 + 3077 In2—3—CACF>In B

9 9
1088 ) ) )
—g—CrM +128Cen;In2-+4096C¢ — 256C2TC — 9216C2In 2

32 10976 32
+69122In%2 - St +—5—CaCr — 3
272

T[z 1 1
—i—TCA) IN2B+ (64C2 — 32CACr) |n2[3E + (384chéq—)|n2 — 256C¢Cip

7 2 1
+—6276cF ne — %C,: neTe — —%88& neIn 24 192C-n;In?2 — 819202 + 35840213

+512C2TP + 1228&2In 2 — 768C2T7IN 2 — 1382402122 + 6912232

272 264
—32¢c,Cle + =5 Can —32CaniIn2 >° 76 CaCr + 112C,Crl3 + 144C,Cr T2
10976 1592, 8
CaCrIn2—32C,CePIN2 — 2784C,CrIn%2 — TCA éc

8 4 92
+272CfIn2) I+ ( Ceny +64C2IN2 — 2Cyne — S“CACr — 32C,Crln2

3 3
46 ™ (4, 2 ™ /8 20 , 10
+ 3c:A) InBg +(30F cAc:F)Bz ( Cenin2— *Ceny —32C2 + 5

9
4 206 44 31 22 ™ (2
—5CAnIN2+ “ECACr — £ CCeln2 - -G+ ZCRin 2) : +c§ﬁ)}, @18)
Wherecc%) has been given below Eq.IAl13) aﬁé@ is presently unknown. For thgg channel at
scaley=m, we find

+ (1280 -

“-C,Cr — 1856C,CrIn2

Cany

- 1
A

1 1
e ) +4CY) — 108042+ 72C4In? 2+ 24C,In 2027_2} . @19)
A A

9

184 4
(2304|n o 3016, og, ol 184 128, min2+ 85 2. 800 C2r2

3 9
7232 64
—1107L2In2+6912In22+ [4608ln2——+ >2ean f}c

) ) 256 22144 1
6 = ogg>{5mg|n4s+ (512+—CA]<— 5 CA+307Z:AIn2+1024ﬁ> In3p

3 '3 )'nB

3616In2

™ /12400 400
(T

1
+(64+64C,Cr — 3207 + 12%) N5+
X
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7792 1184
9 CAfT[2 8

+3456I72 — 288C,Cly + 384C,ClgIn2+ 7 Can =3 CanyIn2
281224 1976, 48656
+192C,n¢In?2 — C2 +3696C203+ 3 —C? 3 ———C2In2
24
—800C2T°IN2— 1660&2In22+ 691232+ [%3— @r@ 7232In2

) 544 1 92
+6912IrP 2+ 64C,Cyg — 5 -CaN; +64CANIn 2| 7 2) InB-+ (64In2— >

+ch ne — gcAnf - %Zc:AcF +BAC,CeIn2+ %GCE —32CAIn2
[128|n 2 %‘ + ;‘:cAnf +3chcF] G ! ) In B% ( §CACF
gC 21 CAC|:)[T:21 (6—2— %' 2— 290Can +2CanIn2—320,§
+ 190CAnf - gCAnfan-i— ?CACF - %CACFI 2— 3glCA + 232C In2
+[%24 - %8| 2 ZQOCAnf +§cAnf|n2—32cAcF] Tl_z)gwéé)}, (@120)

andcéé) has again been given below EQJ(A.13) wlﬂ@ is the yet uncalculated two-loop con-
stant.
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B Detailed results for specific PDFs

pdf set| onLO Ores  ONNLO (approx) | Pdfset| oNio Ores  ONNLO (approx)
0 | 92511 93215 96935

1 |920,137 927,35 965_35 2 92913 93736 974 3
3 924377 93L75s 969_3 4 | 92517 93335 970_35
5 | 92833 93570 973 3 6 | 922397 92975 966_33
7 92533 932735 97035 8 | 92433 9375 969_35
9 |92633; 93370 971 3 10 | 923,13 93175 968 3
11 | 927,13 934 95 972 3 12 | 922,13 929 75 96735
13 | 926,173 934,75 9713 14 | 923173 930, 967 35
15 | 929,177 936,35 974735 16 | 920177 9273 965 35
17 | 916,177 924,35, 961 35 18 | 932177 939,75 977 3%
19 | 922713 929 75 967 3 20 | 926,337 9335 971 33
21 | 92513 93275 970_35 22 | 92413 93175 969 35
23 | 92433 9317 969 35 24 | 92513 93375 9703
25 | 92433 93175 969 35 26 | 92511 93275 9703
27 | 926,335 93315 971 33 28 | 92511 93275 9703
29 | 92419 93194 968 33 30 | 92419 93173 969 33

Table 10: The total cross section fqr = m at LHC form = 171 GeV and the full set of predictions
from the MRST-2006 NNLO PDF set [24]. All rates are in pb. Waoke byoy o [4, 5] the NLO QCD
prediction byoresthe result of NLL threshold resummation [8] and @\ 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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pdfset| oNLO  Ores ONNLO (approx) | Pdfset| oNL o  Ores  ONNLO (approx)
0 | 8751 8825 9183

1 |e771% 4l 9205 2 |87 se0l 9165
s |eraly essf ol | 4 |e2i el s,
5 |8771% se4f 2L 6 |e72i% B9y e16
7 |eeal® sy o7 8 |83, 874% 910
o |87l esaf  eerl | 10 |e72i% s o1l
11 | 809l o068 ezl | 12 |85z essl 95
13 | 876,70, 883,55 91939 14 | 87440 88Lg] 917 3
15 | seoly e7ef 0121 | 16 |es0lyy ser 9243
17 | 880l ses® o241 | 18 |869lQ e76% o1
19 | o780 ses® 22, | 20 |e7Li%l eveY o4
21 | 8700 e7r ¥ owal, | 22 |ssoi% ser® o2
23 |8o7i® e74%  owl, | 24 |sssi% se2®  o2sd
25 |75, sez® o183, | 26 |8751% se2% o103
27 | 87410 ssr¥  o18%, | 28 |evsi% se2f o107
20 |e7el% se3® 020 | 30 |e73i% ss0f  e16
31 |sesly? e7s% o1y, | 32 |e7el% seef o2y
3 | e7si% sz ow0y | 34 |e74l% ser®  errd,
35 | 873l ssor¥ o173, | 36 |74l serf  oigd,
7 |ersi% sz o183, | 38 |72l 9% e1ed
39 | 874.50; 88l 918 3 40 | 875710, 88256 918 34

Table 11: The total cross section for=m at LHC form, = 171 GeV and the full set of predictions from
the CTEQ6.5 PDF set [23]. 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 deperelf®]. The upper and lower indices denote the
shifts towardgu = 2m; andp = m /2.
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pdfset| onLo Ores  ONNLO (approx) | Pdfset| onLo Ores  ONNLO (approx)
0 |735%5% 75345  7-930%

1 | 74843 7.6705% 807005 2 | 723055 741%%2 7805
3 | 73553 75405  7.930%5 4 | 735053 75353  7.935%
5 | 73703 75505  7.9500 6 | 73303 75295 79555
7| 72283 7400%  7.790% 8 | 74943 7.670% 8075
9 |7.3833% 7.560%  7.9605 10 |7.3203 75Lg  7.900%
11 | 74400 762053  8.030% 12 | 72900 74753 78605
13 | 7.34955 75203  7.920% 14 | 7.3603 75403 79405
15 | 7.27,0% 74505 78403 16 | 74403 763030  8.037%
17 | 7.29558 74703 786005 18 | 7.40055 75903  7.985%;
19 | 7.28055 74653  7.850%5 20 | 7.430% 7.610%  8.0L05
21 | 7.290038 74755 786,05 22 | 7443535 76205 80203
23 | 7.25038 743053  7.8L0% 24 | 75004 7.6905% 8095
25 | 771030 7900 8.3355 26 | 7.190% 73705 77453
27 | 741035 7590%  7-990% 28 | 729017 74805  7.87.0%
29 | 7.35038 7.540%  7.930% 30 | 7.345% 7.529%  7.9255
31 | 74243 7.6055%  8.00.05 32 | 72755 74595 @ 7.845%
33 | 72753 74655 7840 34 | 744035 76305 80353
35 | 7.39535 7.5805% 79700 36 | 7.32037 75005 78940
37 | 73753 75505% 79500 38 | 7.3Lgky 74905%  7.8855
39 | 7.330% 75205  7.9L5% 40 | 7.3503 75305 79355

Table 12: The total cross section far= m at Teavtron fom = 171 GeV and the full set of predictions
from the CTEQG6.5 PDF set [23]. All rates are in pb. We denot&Ry o [4, 5] the NLO QCD prediction
by oresthe result of NLL threshold resummation [8] and @)N O (approx)the NNLO QCD prediction
based on soft gluon approximation and exact two-loop sagpemdence [9]. The upper and lower indices
denote the shifts towargs= 2m, andp = m /2.

30



pdfset) oNLo ~ Ores  ONNLO (approx) | Pdfset| onjo  Ores  ONNLO (approx)
O | 76004 77903 82355

1 | 75904 77845  82Lgg 2 | 7625 78053 824705
3 | 76303 78L53 82500 4 | 75803 777054 82045
5 | 75503 77384 81735 6 |7.6604 78504 82943
7 | 7580% 77655 - 82053 8 | 76353 78203 82605
9 | 760073 77904 82305 10 | 760048 7790% 823005
11 | 763053 7820k 82600 12 | 75854 776055 82045
13 | 76203 78Lgk 82500 14 | 7.60004; 77804 82245
15 | 76504 7840 82800 16 | 7.5704; 77504 81900
17 | 750025 76805  8.1Lgg 18 | 7.7455 793055 83845
19 | 770353 7885k 83300 20 | 7.5203 77104 81405
21 | 7.7Lg 79054 83500 22 | 75204 77040% 81445
23 | 7.6204; T78Lgk 82445 24 | 763703 781l 82545
25 | 7650 78404 82800 26 | 7.620q; 78104 82545
27 | 76003 77904 82300 28 | 7.57;04; 77504 81900
29 | 76304 78203 82605 30 | 76404 7835k 82745

Table 13: The total cross section far= m at Teavtron fom = 171 GeV and the full set of predictions
from the MRST-2006 NNLO PDF set [24]. All rates are in pb. Waoke 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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