Heavy-quark pair production at two loops in QCD
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We present updated predictions for the total cross section of top-quark pair production
at Tevatron and LHC. For the LHC we also provide results at /s = 10 TeV, in view
of the anticipated run in 2008 and quote numbers for the production of new heavy-
quark pairs with mass in the range 0.5 — 2 TeV. Our two-loop results incorporate
all logarithmically enhanced terms near threshold including Coulomb corrections as
well as the exact dependence on the renormalization and factorization scale through
next-to-next-to-leading order in QCD.

1 Introduction

Research on top-quark physics at hadron colliders has received great interest in the past
years in view of the steadily improving measurements at Tevatron and the upcoming LHC
(see Ref. [2] for a recent review). In this respect, the total cross section for top-quark pair
production is a quantity of great importance for experimental analyses and even allows for
measurements of the top-quark mass.

Moreover, on the theory side, the total cross section has been subject to numerous
studies the motivation being improved predictions beyond the long-known next-to-leading
order (NLO) corrections in QCD [3, 4, 5]. Recent work in this direction has aimed at
completing the next-to-next-to-leading order (NNLO) QCD predictions [6, 7, 8, 9, 10], at
resumming large Sudakov logarithms to next-to-next-to-leading logarithmic accuracy [11]
and, at estimating bound state effects [12]. Also our knowledge on the parton distribution
functions (PDFs) and the precision of the top-quark mass determination has continuously
improved over the last years.

In order to study the impact of the various improvements on Tevatron and LHC predic-
tions we build on the recent results of Ref. [11]. These approximate NNLO results for the
total cross section are based on the complete logarithmic dependence on the heavy quark
velocity 3 = /1 — 4m?/s near threshold s ~ 4m?2. Moreover, they include the complete
two-loop Coulomb corrections as well as the exact dependence on the renormalization and
factorization scale at NNLO [13].

Recently, similar studies have appeared in Refs. [14, 15, 16]. While Ref. [14] largely
follows our approach [11] to describe the total top-quark pair cross section at NNLO, Ref. [15]
has limited itself to updating older predictions based on threshold resummation to next-to-
leading logarithmic accuracy only. Thus, Ref. [15] necessarily arrives at larger theoretical
uncertainties. The interesting study of Ref. [16] on the other hand applied consistently
predictions to NLO accuracy in QCD. In doing so, it has investigated correlations of rates
for top-quark pair production with many other cross sections at LHC to quantify a potential
sensitivity to the gluon luminosity.
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Figure 1: Left: The NLO and NNLO (approx) QCD prediction for the ¢ total cross section at
Tevatron for v/s = 1.96 TeV. The bands denote the total uncertainty from PDF and scale variations
for the MRSTO6nnlo set [17] according to Eq. (2). Right: Same for LHC with /s = 14 TeV.

2 Total cross section

The total hadronic cross section for top-quark pair production depends on the hadronic
center-of-mass energy squared s and the top-quark mass m;. It is given by

o(s;m®) = Y fip (0F) @ Fip (17)

4,J=4,4,9
® 6(mt27,u]g7,ur2)a (1)

where f;/, are the PDFs of the proton. The partonic cross section is given by ¢ and ®
denotes the standard convolution (see e.g. Ref. [11]).

The generally adopted procedure to estimate the theoretical uncertainty for o in Eq. (1)
exploits the residual dependence on the renormalization and factorization scale, u, and y £
which are identified throughout this article (i.e. p, = p = ). The NLO QCD corrections
for the parton cross section 6 and the PDFs f; /, provide the first instance where a meaningful
error can be determined in this way. We define the range as

o(i = 2my) = Aoppr(p = 2my) < o(u)
< olj=me/2) + Aoppr(p = mi/2), (2)

where Aoppr is computed from the variation of the cross section with respect to the pa-
rameters of the global fit (see e.g. Refs. [16, 17, 18]).

In this contribution we employ the approximate NNLO result [11] to predict cross sec-
tions (1) and the associated uncertainty ranges (2) at Tevatron and LHC. In Fig. 1 we plot
the uncertainty range (2) comparing NLO and NNLO accuracy. At Tevatron (Fig. 1 left)
the central value at NNLO increases typically by 8% with respect to NLO. The residual

scale dependence of INNLO (approx) is 3%, which corresponds to a reduction by a factor

of two compared to NLO. The overall uncertainty according to Eq. (2) is at NNLO (approx)
about 8% for the CTEQ6.6 and 6% for the MRST06nnlo PDF set. At LHC (Fig. 1 right)
OUr ONNLO (approx) leads only to a small shift of a few percent in the central value and

the NNLO (approx) band is about 6% for CTEQ6.6 and about 4% for MRST06nnlo, which
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exhibits again a drastic reduction of the scale uncertainty as compared to the prediction
based on NLO QCD.

For phenomenological applications, the results of Egs. (1), (2) are best presented by
means of simple formulae for the mass dependence of the total cross section. To that end
we make the ansatz following Ref. [15]

o(my) = a+bx + ca® + da® + ex*, (3)

where x = (m;/GeV —171). The parameters a, b, ¢, d, e are fitted to reproduce o in the mass
range 150 GeV < m; < 190 GeV with a typical accuracy of better than 0.1 per mille. For
Tevatron and LHC the respective results for various PDF sets are given in Tabs. 1-3.

Tevatron /s = 1.96TeV | a[pb] b[pb] c[pb] x10% | d[pb] x10° | e[pb] x107
T (=m,) 7.80984 | - 0.243547 | 0.425424 - 6.01643 7.29114
O(u=m,) — APDF 7.36172 | - 0.22749 | 0.39309 - 5.5075 6.6412
O(u=m,) + APDF 8.25797 | - 0.259604 | 0.457757 - 6.52536 7.94108

T (u=2m,) 7.53093 | - 0.235746 | 0.412856 - 5.84596 7.08203

T (u=m, /2) 7.87933 | - 0.244019 | 0.422956 - 5.92653 7.11881

Table 1: The coefficients of the parameterization (3) for the cross section onNL,O ( of

Ref. [11] in pb at Tevatron (y/s = 1.96 TeV) using the PDF set CTEQG6.6 [16].

approx)

LHC /s = 10TeV | a[pb] b[pb] c[pb] d[pb] x10% | e[pb] x10°
T (u=my) 419.062 | - 11.9351 | 0.199035 | - 0.269327 | 3.09784
O(u=m;) — APDF 400.4 - 11.5275 | 0.193785 | - 0.263554 | 3.03731
O(u=m;) + APDF 438.121 | - 12.3427 | 0.204284 | - 0.275101 | 3.15837
T (u=2m) 413.944 | - 11.7839 | 0.196439 | - 0.265736 | 3.05688
T (u=m, /2) 401.139 | - 11.3946 | 0.18954 | - 0.255779 | 2.93453
Table 2: Same as in Tab. 1 at LHC with start-up energy /s = 10 TeV.
LHC /s = 14TeV | a[pb] b[pb] c[pb] d[pb] x10? | e[pb] x10°
T (u=my) 920.475 | - 24.9757 | 0.400681 | - 0.523783 | 5.85946
O(u=m,) — APDF 891.302 | - 24.3671 | 0.392303 | - 0.512828 | 5.72046
O(u=m,) + APDF 949.648 | - 25.5842 | 0.409059 | - 0.534738 | 5.99846
O (u=2m.) 910.798 | - 24.7036 | 0.396235 | - 0.517914 | 5.79166
O (u=m,/2) 881.04 | - 23.8377 | 0.381364 | - 0.497136 | 5.54881

Table 3: Same as in Tab. 1 at LHC with /s = 14 TeV.

Finally, we briefly quote some NNLO (approx) rates for the pair-production of new
heavy quarks in the fundamental representation of the color SU(3) gauge group at LHC
with /s = 14 TeV (see also Ref. [15]). Such particles with a mass mr appear in certain
extensions of the Standard Model and we focus on a production model which is entirely

dominated by QCD effects. Thus, our cross section oNNT,0 (approx) provides a meaningful

and accurate prediction because its numerical values arises largely from the threshold region
where the logarithms In® £ dominate.

In Tab. 4 we quote the corresponding numbers in the mass range 0.5 TeV < mp < 2 TeV
(see Ref. [15] for results to NLO accuracy). We observe that the scale dependence at NNLO
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accuracy is rather small, showing the expected good stability of the perturbative prediction.
The relative variation of ¢ with respect to the PDFs, though, is dominating by far. The
reason for the large observed PDF uncertainty is the gluon PDF being poorly constrained
in the relevant region of large momentum fraction z ~ 0.1...0.3.

only scale uncertainty | only pdf uncertainty total uncertainty
mp[TeV] | min  max 0[%] | min  max  §[%] | min max  I[%]

0.5 4345.  4472. 1 4287.  4656. 4 4160. 4656. 6
1.0 67.64 68.94 1 64.81 73.08 6 63.50 73.08 7
1.5 3.589  3.687 1 3.417  3.957 7 3.319  3.957 9
2.0 0.298 0.309 2 0.277 0.340 10 | 0.266 0.340 12

Table 4: The NNLO (approx) cross section of Ref. [11] in fb for the pair-production of a (new)
heavy quark with mass my at LHC (y/s = 14 TeV) using the MRSTO6nnlo PDF set [17]. § is the
relative uncertainty with respect to the central value: § = 100 x (max — min)/(max + min).

3 Conclusion

We have presented updated predictions for cross sections of top-quark pair production based
on the (approximate) NNLO results of Ref. [11]. These represent the best present estimates
for hadro-production of top-quark pairs, both at Tevatron and LHC. For applications, we
have presented simple formulae (3) with 0.1 per mille accuracy for the mass dependence of
the total cross section in the range 150 GeV < m; < 190 GeV.
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