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Top-pair production in hadron collisions at NNLL
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Abstract. We present results for the total top-pair production cross section at the Tevatron and the LHC. Our
predictions supplement fixed-order results with resummation of soft logarithms and Coulomb singularities to
next-to-next-to-leading logarithmic accuracy and include top-antitop bound-siettse The ffects of resum-

mation, the dependence on the PDF set used, the residual sources of theoretical uncertainty and their implication
for measurements of the top-quark mass are discussed.

1 Introduction are two kinds of contribution, which can be computed, and
thus resummed, to all orders: threshold logarithms and
With hundreds of thousands of top quarks being pro-Coulomb singularities. The former are due to the emis-
duced yearly at the LHC, top-quark measurements aresion of soft gluons from the initial and the final state, while
soon going to reach an unprecedented precision. In factthe latter arise from the non-relativistic interaction of the
the total top-pair production cross section has been meaheavy-quark pair in the final state. Both corrections are en-
sured by the two LHC collaborations with a total error of hanced near the partonic production threshefil= 2m,
+(4-6)% [1, 2], which is already comparable to, or below, scaling respectively asr{In>1B)" and s/B)", with the
the accuracy of analogous Tevatron results [3, 4]. Withvelocity g of the final top (antitop) defined in terms of the
more statistics being collected at the LHC and a better UNpartonic centre-of-mass energy/as /1 — 4me/s.

derstanding of systematic uncertainties, the error on the Results for the cross section including resummation of

e e Sft ogaims at nxt-odeacing logahmic (ML) ac
tant test of the Standard Model (SM) anFc)i constrain ngw_curacy have been_ available for more than 10. years [8, 9]
hvsics @ects. Thev can also be used to extract the to ‘Recent advances in the undgrstandlng of the infrared struc-
phy o y can Pture of massive QCD amplitudes [10, 11] and the cal-
quark mass in theo_retlcally clean way and FO Cons”a.mculation of the relevant anomalous dimensions [12, 13],
the gluon PDF at medium-large values of the Bjorken vari-

o L : have made it possible to extend the resummation to next-
able x. However, this is only possible if theoretical un- P

certainties are comparable to. or smaller than. the pre et{)-next-to-leading logarithmic (NNLL) accuracy, and sev-
inties ar P  OF'S ' PreSentral groups have published results for the cross section at

experlmental erro_rs. . . this order [14-17]. The factorization of soft and Coulomb
At fixed order in perturbation theory, the cross section effects has been proven in [18]. Based on this result, a

has been known with next-to-leading (NLO) order accu- o pined resummation of soft and Coulomb corrections

racy for more than 20 years [5]‘_ However, the theoreti- 5o\ | accuracy has been presented in [19]. It is the

E?l uncehrtalntg/ due to .th|s reTuIt IS abFﬂO%’ :;]md thus only available prediction for the inclusive top-pair produc-
igger than the experimental uncertainty at the Tevatron[ion cross section that resums both classes of corrections,

andd the LHC'_ This mf'akes I ner(]:esiary to_ colmpu;cjg h_'ghefncluding dfects fromtt bound states below threshold. Ex-
order corrections to improve the theoretical predictions. ;i yesyits of the calculation of [19] are given in the fol-
Recently, fixed-order calculations at the next-to-next-to-lowing All results have been computed with the user-

leading order (NNLO) have been completed for tie friendly program TOPIXS [20], which implements the

partonic production channel, which is relevant fophe- NNLL soft-Coulomb resummation as described in [19].
nomenology at the Tevatron, and for tigechannel [6, 7].

Only partial results exist for thgg channel, which is the
dominant one at the LHC. 2 The tt total cross section at NNLL
Beyond fixed-order perturbation theory, theoretical
predictions can be improved by summing certain sets ofin order to improve the behaviour at largehe resummed
contributions to all orders. For the total cross section therecross section is matched to the fixed order one. In the case
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Table 1. Total tt cross section at NLO, NNLO and NNLL for Tevatron
Tevatron and LHC withy/'s = 7, 8 TeV andm = 1733 GeV. olpb]
The first set of errors refers to the theoretical uncertainty, the g5-
second to the PDFag uncertainty. All the numbers are in [
picobarns.

8.0r H -
odpb]  Tevatron  LHC (7 TeV) LHC (8 TeV) ; ; ; ; 5
NG 6NN TEINTY 22T 15 { |
NNLO 700192952 16Q9:115'¢ 229872559 f { ; v .
NNLL 715921030 1624*8/*13 23183538 7.0 : H i

of the gqq channel the exact fixed-order NNLO cross sec- o5t
tion [6] is used, as detailed in Eq. (2.2) of [20]. This gives
(almost) full NNLO+NNLL accuracy at Tevatron, where
the qg production channel dominates the hadronic cross LHC (8 TeV)
section. For the matching of tlyg channel, whichis dom-  o[pb]
inant at the LHC, TOPIXS uses the approximated NNLO 2801
result of [21], which contains all the threshold-enhanced |
terms at NNLO, but no constants@fa?). 260r
In Table 1 we present results for the total top-pair i
cross section at NLO, NNLO and (matched) NNLL ac- o4qf
curacy for Tevatron and LHC with/s = 7, 8 TeV and I
m = 1733 GeV 1. The central value for both renormal-
ization and factorization scale is setrtg. For the convo-
lution of the partonic cross sections with the parton lumi- I
nosities we use the MSTW2008 PDF sets [22], using the200]
NLO set for the NLO cross section and the NNLO set for i
NNLO and NNLL cross sections. The two sets of errors 180-
refer to the theoretical uncertainty of the approximation
and to the combined PDF and error obtained with the Figure 1. Comparison of the NNLL predictions obtained with
68% confidence-level PDF set. The theoretical uncertaintydifferent PDF sets and of recent experimental measurements of
is obtained from scale variation for the NLO result, from the totaltt cross section, for Tevatron (upper plot) and LHC
the sum of scale uncertainty and ambiguities related to unWith Vs = 8 TeV (lower plot). The PDF sets are (from left
knownO(a?) constant terms at NNLO and from the sum © 19N): MSTW2008 (black), NNPDF2.1 (blue), ABM11 (red),
of scale, constant and resummation uncertainties for th and CT10 (magenta). The experimental results (green) are shown

Gt the very right of the plots. The two error bars for the theoreti-
resummed NNLL result [19]. Note that the error from the cal numbers represent total theoretical uncertainty (solid bar) and

constant NNLO termsfeects only thegg channel, since  he PR o, uncertainty at 68% confidence level (dashed bar).
the matching to the exact NNLO result fgg removes the

uncertainty for this channel.

From Table 1 it can be seen that at Tevatron correc-
tions beyond NLO are sizeable, corresponding to an up+elated to unknowid(e2) terms. The residual theory er-
ward shift of the cross section by 7%. Of this, about 5% isror for the NNLL result is about3%, which is smaller
accounted for by NNLO contributions, with higher-order than the error of the most recent experimental measure-
terms from resummation contributing only 2% of the cross ments. At the LHC the remaining theoretical uncertainty
section. The situation is quiteftérent at the LHC, where is slightly larger £4%), due to the unknown NNLO con-
terms beyond NLO are only 3% of the NLO cross sec- stant contributions to thgg production channel. Both at
tion, of which only about 1% originate from terms be- Tevatron and LHC the PDias error accounts for an ad-
yondO(a?). Note that the positive contribution of higher- ditional (4 — 4.5)% uncertainty.
order terms is partly compensated at the hadronic level by  Since the PDFas error represents now the largest in-
a downward shift due to the switch from NLO to NNLO dividual source of uncertainty, it is important to ascer-
PDFs. tain whether the error estimate provided by one of the

The addition of higher-order terms beyond NLO leads many PDF parameterizations available is consistent with
to a significant reduction of the theoretical uncertainty onthe spread of the central-value predictions obtained with
the tt cross section. This is particularly true at the Teva- the diferent sets. This is investigated in Figure 1, where
tron, where the inclusion of the exact NNLO result for the the NNLL results for the total cross section obtained with
dominantqq channel completely removes the uncertainty the MSTW2008 [22], CT10 [23], NNPDF2.1 [24] and

1in Table 1 we use the same notation for Tevatron and LHC, though,ABMll [25] NNL_O PDF sets are compared to each other
strictly speaking, the LHC results are not exact at NNLO. The same is@Nd to the combined result of CDF and DO [26] for the
true for the matched NNLL cross section. Tevatron and of CMS [27] for the LHC with 8 TeV centre-
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Figure 2. The ratio of the NNLL and NLO cross section is shown

asa funct_lon of the quark mass at the LH_C wifs = 8 TPTV' The Figure 3. Mass dependence of the experimetttaiross section
different lines correspond to our default implementation NNLL at Tevatron [3] (black) and of the NNLL resummed result pro-

(black, solid), our implemer_nation with fixed soft scale NNJL vided by TOPIXS [20] (red). Solid lines represent the central
(red, dashed) and the Mellin-space result [17, 28] NNl(ted, values, while dashed lines give the total experimental and theo-

dot-dashed). retical uncertainties.

of-mass energy (note that the experimental results use theass,mq, for the LHC with 8 TeV centre-of-mass en-
reference mags = 1725 GeV). To make the comparison ergy. Thus, resummation becomes relevant in the context
of the diferent sets more transparent we use a common iniof searches for new SU(3)-triplet fermions, e.g. in fourth
tial value of the strong coupling constamg(Mz) = 0.118.  generation searches. Furthermore, the plot also shows that
At the Tevatron, the agreement betweeffiedent PDF sets  the agreement with the result of Ref. [17], where soft-

is very good, and the central values forffdient PDF  gluon resummation is performed in Mellin space, becomes
sets are compatible with the error estimate of the individ-better as the mass increases. This is expected since the
ual sets. Furthermore, the NNLL theoretical predictionslarger the mass is, the closer to threshold are the produced
are remarkably close to the experimental values providedarticles, and thus the smaller are the inherent ambiguities
by DO and CDF. At the LHC, MSTW2008, CT10 and of the two methods.

NNPDF2.1 still show a good agreement with each other
and with the experimentally measured cross section. How—3 Top-mass extraction
ever, the result obtained with ABM11ftgrs significantly

from the others, more than one would expect from the er-og pointed out in the introduction, measurements of the
ror estimate of the individual _sets. This discrepancy canygiq| ti cross section can be used to extract the top-quark
be traced to large ferences in the gluon PDF between a5 from data. This was done, for example, in [29] using
ABML11, which does not include Tevatron jet data in its giferent higher-order approximations for the cross sec-
fits, and the other three sets in the region of medium-largg;on, . Compared to a direct mass determination from the re-
Bjorken variablex, which is the most relevant toproduc-  onstruction of the top-quark decay products, this method
tion. leads to larger uncertainties. However, the extracted mass
The diference observed at the LHC raises the quescorresponds to a theoretically well-defined renormaliza-
tion of whether measurements of ttecross section can  tion scheme, e.§1S or pole scheme. Here we show the
be used to constrain the gluon PDF at medium-latge effect of the inclusion of the exact NNLO result for thg
This was investigated in [20], using the reweighting pro- channel and of higher-ordeffects from NNLL resumma-
cedure of the NNPDF collaboration to incorporate the in-tion on the extraction of the pole mass from the Teva-
formation from recentt measurements at the LHC and tron data.
our NNLL prediction. It was found that the additional The central value of the pole mass is given by the
top-pair production input leads to a significant reduction maximum of a likelihood function obtained from the con-
of the uncertainties on the gluon parton luminosity. Also, volution of two normalized gaussians centred at the theo-
in the case of the NNPDF2.1-Di®Y sets, that do not retical and experimental values respectively, with widths
include Tevatron jet data and whose gluon distribution isgiven by the total theoretical error, obtained from the lin-
closer to the ABM11 one, the reweighting gives an upwardear sum of theory and PDs uncertainty, and experi-
shift of the gluon PDF that brings it close to the standardmental error. The mass dependence of the experimentally-

NNPDF2.1 distribution. measured cross section is obtained from [3] and is plotted
While the efect of resummation is small fdt pro- in Figure 3, alongside the mass dependence of our NNLL

duction, it has been shown in [20] that NNLL corrections result.

beyond NLO can amount to 1520% for higher masses. Using our best NNLL result as theoretical input we

This can be seen in Figure 2, where the ratio of the NNLL extracted the pole mass = 1714‘:2;‘7‘ GeV, in good
and NLO cross section is shown as a function of the quarkagreement with the value from direct mass reconstruction
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