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1. Introduction

Top-quark pair production at hadron colliders allows for key tests of theStandard Model and
represents an omnipresent background to new physics. The very large t̄t samples from the Tevatron
and the LHC, and the steadily increasing systematic precision, call for a continuous improvement
of theory predictions. Besides the next-to-leading-order (NLO) QCD corrections [1, 2, 3, 4], also
the electroweak corrections to hadronic tt̄ production are well known [5, 6, 7, 8, 9]. Present research
focuses on resummation of logarithmically enhanced terms [10, 11, 12, 13, 14, 15, 16] and on the
completion of the next-to-next-to-leading-order QCD corrections [17, 18, 19, 20, 21, 22, 23, 24, 25,
26, 27, 28, 29]. Another important aspect is the precise theoretical simulation of experimental cuts
and exclusive t̄t observables, which depend on details of the W+W−bb̄ decay products. A first step
towards full NLO predictions for hadronic W+W−bb̄ production was done in Refs. [30, 31, 32],
where on-shell top-pair production was complemented by NLO top-quark decays in spin-correlated
narrow-width approximation. More recently, complete NLO predictions for pp→ W+W−bb̄+X
became available [33, 34], where also off-shell top quarks and non-resonant diagrams are included.
In these proceedings we report on the calculation of Ref. [33] . In the context of NLO calculations
for multi-particle processes at hadron colliders [35], pp→ W+W−bb̄ is the first 2→ 4 particle
process that involves intermediate unstable particles. For a consistent treatment of the top-quark
resonances we adopt the complex-mass scheme, which was introduced atthe NLO level in the
framework of the calculation of the electroweak corrections to e+e− →WW→ 4fermions [36, 37].

At leading order (LO), hadronic W+W−bb̄ production proceeds viaqq̄ and gg partonic chan-
nels. Our calculation involves doubly-resonant (DR) contributions with tt̄ intermediate states, chan-
nels with a single (anti)top resonance, and non-resonant contributions.The widely used narrow-
width approximation, which includes only DR contributions with on-shell top quarks, corresponds
to the Γt → 0 limit of our calculation. The additional contributions—from off-shell top quarks
and singly- or non-resonant channels—are expected to beO(Γt/mt) suppressed in inclusive ob-
servables. Their calculation becomes important for percent-level precision in t̄t observables and
for a reliable simulation of W+W−bb̄ backgrounds in Higgs and new-physics searches, where off-
shell effects can be enhanced by tt̄-suppressing cuts. To describe top-quark decays in a realistic
way we include the leptonic W-boson decays W+ → νee+ and W− → ν̄µ µ− in spin-correlated
narrow-width approximation.
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Figure 1: Representative LO diagrams of doubly-resonant (upper line), singly-resonant (first diagram in
lower line), and non-resonant type (last two diagrams in lower line).
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Figure 2: Examples of rank-4 and rank-5 hexagon diagrams in theqq̄/gg→ W+W−bb̄ channels.

2. Technical aspects of the calculation

The one-loopqq̄/gg→ W+W−bb̄ amplitudes are computed using Feynman diagrams and ten-
sor integrals. The latter are reduced to scalar integrals adopting the numerically stable techniques
of Refs. [38, 39]. Theqq̄ and gg channels comprise about 300 and 800 one-loop diagrams, respec-
tively (see Fig. 2). Hexagon and pentagon diagrams reach tensor rankup to five in the gg channel.
Feynman diagrams are generated with FEYNARTS [40, 41], and one-loop amplitudes are reduced
along the lines of Refs. [42, 43]. The employed approach strongly mitigatesthe complexity inher-
ent in Feynman diagrams, and the reduced algebraic expressions are automatically converted into
very fast FORTRAN code. The evaluation of the virtual corrections in the gg channel, including
helicity and colour sums, takes roughly 200 ms per phase-space point.1 The size of the executable
program (dominated by the one-loop corrections) ranges from 0.25 to 1.2GB, depending on the
details of the algebraic reduction and the applied compilers.

To regularise top resonances we employ the gauge-invariant complex-mass scheme [37]. The
top-quark widthΓt is incorporated into the definition of the renormalised squared top-quark mass,
µ2

t = m2
t − imtΓt, which is identified with the position of the pole of the top-quark propagator in

the complex plane. This requires one-loop scalar box integrals with complex masses, for which we
use the general analytic continuations presented in Ref. [44].

The real corrections receive contributions from the 2→ 5 partonic processes gg→W+W−bb̄g
andqq̄→ W+W−bb̄g, as well as from crossing-related gq and gq̄ channels. The 2→ 5 matrix el-
ements are evaluated with MADGRAPH [45] and, alternatively, using the Weyl–van-der-Waerden
formalism of Ref. [46]. To isolate infrared divergences and cancel them analytically we employ
in-house implementations of the dipole subtraction formalism [47, 48]. Colour and helicity cor-
relations that enter the subtraction procedure are generated by means ofAUTODIPOLE [49] and,
alternatively, in analytic form.

3. Selected numerical results for the Tevatron and the LHC

In the following we discuss NLO predictions for W+W−bb̄ production with leptonicW-boson
decays at the Tevatron and the 7 TeV LHC. Hadronic observables are obtained with the MSTW2008
set of parton distributions [50], and details on input parameters can be found in Ref. [33]. Among
the various parameters, the top-quark decay width plays a special role. On the one hand,Γt enters

1The CPU performance can vary by a factor two or so, depending on theprocessor and the compiler. Using a single
Intel i5-750 core and the ifort 10.1. compiler we measured a speed of180 ms per point.
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the two top-quark propagators and leads to a 1/Γ2
t dependence of the cross section in the narrow-

width limit. On the other hand, the integration of the resonant matrix elements over the top-quark
decay products yields a related factor(Γt→blν)

2, so that the total cross section in the narrow-width
limit is proportional to the (squared) branching ratio

BR(t → blν) =
Γt→blν

Γt
. (3.1)

In order to obtain a consistent definition of this branching ratio, the partial widths of all top-decay
processes contributing at the given perturbative level must sum up toΓt. To guarantee this, the top
decay width and all matrix elements must be computed with the same input parametersand approx-
imations and, of course, at the same perturbative order. Due to theΓ−2

t dependence of the cross sec-
tion, small inconsistencies in the choice ofΓt can have a non-negligible impact. Our LO and NLO
predictions are obtained usingmt = 172GeV and the the top-quark widthsΓt,LO = 1.4655GeV
andΓt,NLO = 1.3376GeV [51], respectively. Since the leptonic W-boson decay does not receive
NLO QCD corrections we employ the NLO W-boson widthΓW = 2.0997GeV everywhere. As
mentioned in the introduction, in contrast to top-quark decays, W-boson decays are treated in the
narrow-width limit. In this respect, we point out that finite W-width effects areexpected to be
doubly suppressed. This becomes clear if one considers that, in theΓt → 0 limit, the W+W−bb̄
cross section is proportional to the squared branching ratio (3.1), where O(ΓW) corrections to the
numerator and denominator cancel. Finite W-width corrections are thus expected to produce very
small effects ofO( ΓWΓt

MWmt
) in inclusive observables.

We convert QCD partons into jets with the anti-kT algorithm [52] usingR= 0.4(0.5) at the
Tevatron (LHC). Standard tt̄ signal cuts are applied:pT,b > 20(30)GeV and|ηb| < 2.5 for b-
jets, pT,miss > 25(20)GeV, andpT,l > 20GeV, |ηl | < 2.5 for charged leptons. For the renor-
malisation and factorisation scales we adopt the central valueµ = mt and study factor-2 vari-
ations of µ = µren = µfact. At the Tevatron, where the cross section is dominated by theqq̄
channel, atµ = mt we obtainσTev

LO = 44.31+19.68
−12.49fb andσTev

NLO = 41.75+0.00
−3.79fb, where the errors

describemt/2 < µ < 2mt variations. For the LHC, where the gg channel dominates, we obtain
σLHC

LO = 662.4+263.4
−174.1 fb andσLHC

NLO = 840+27
−75fb. Normalising the results to LO predictions atµ = mt

we obtain the relative NLO correctionsKTev = 0.942+0.000
−0.085 andKLHC = 1.27+0.04

−0.11. The NLO cor-
rections induce a moderate shift of the integrated cross section and reduce its scale uncertainty
from about 44% (40%) to 9% (9%) at the Tevatron (LHC). This corresponds to the usual picture
emerging from NLO calculations of the inclusive tt̄ cross section at hadron colliders. TheK factors
obtained in the independent W+W−bb̄ calculation of Ref. [34] deviate quite significantly from the
ones reported above. This is due to differences in the choice of input parameters, cuts, and PDFs. In
a tuned comparison, in collaboration with the authors of Ref. [34], it was found that the integrated
NLO cross section at the Tevatron agrees at the permille precision level.

To quantify non-resonant and off-shell contributions to the W+W−bb̄ integrated cross section,
we investigated its narrow-width limit,Γt → 0, by means of a numerical extrapolation. This is
shown in Fig. 3, where we plotσW+W−bb̄(Γt)× (Γt/Γphys

t )2 for increasingly small numerical values
of Γt. The top-quark widthΓt is handled as a free parameter, and the factor(Γt/Γphys

t )2 compen-
sates for deviations of the squared branching fraction from its StandardModel value. In theΓt → 0
limit, the virtual and real parts of NLO corrections are individually enhanced by soft-gluon loga-
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Figure 3: Numerical narrow-width extrapolation of the LO and NLO W+W−bb̄ cross section at the Tevatron
and the LHC.

rithmic singularities, which are not subtracted via Catani-Seymour dipoles. The precise numerical
cancellation of such singularities in the sum of virtual and real correctionsmanifests itself in the
quality of the linear convergence of theΓt → 0 extrapolation. This provides a nontrivial confir-
mation of the consistency and numerical stability of the calculation. Non-resonant and off-shell
effects are extracted by comparing results atΓt = Γphys

t andΓt → 0. At the Tevatron, finite-width
effects shift the LO(NLO) cross section by−0.8%(−0.9%). This is fairly close to the numerical
value ofΓt/mt, which represents the expected order of magnitude. At the LHC, finite-width effects
turn out to be even smaller:+0.4% at LO and+0.2% (comparable to the Monte Carlo statistical
error) at NLO. The suppression of finite-width effects at the LHC might be due to cancellations
between positive non-resonant contributions and negative off-shellcorrections.

As an example of the kinematic dependence of NLO corrections, in Fig. 4 we plot the charged-
lepton pT-distribution at the LHC. The typical leptonpT is below 100 GeV. In the plotted range,
the cross section falls by two orders of magnitude, and theK factor exhibits a rather strongpT

sensitivity with up to 30% variation. This is especially relevant at largepT, and to stabilise LO
predictions it might be useful to employ a dynamical QCD scale.

In Fig. 5 we display NLO and finite-width corrections to the invariant-mass distribution of the
positron and the corresponding b-jet—the visible products of the top-quark decay—at the Tevatron.
In narrow-width and LO approximation this kinematic quantity is characterised by a sharp upper
bound,M2

e+b ≤ m2
t −M2

W, which renders it very sensitive to the top-quark mass. NLO corrections
to this observable in narrow-width approximation have been discussed in Ref. [53]. A related
observable—the invariant-mass distribution of a positron and aJ/ψ from aB-meson decay—can
be exploited for a high-precision determination ofmt at the LHC [54]. Fig. 5 shows small but
non-negligible off-shell contributions that elude the kinematic bound already in LO. At NLO this
feature becomes more pronounced, also due to QCD radiation that enters the b-jet without being
emitted from its parent bottom quark. Below the kinematic bound, where we findthe bulk of the
cross section, NLO effects are quite important. In the range 50GeV< Me+b < 150GeV the shape

5
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Figure 4: Charged-lepton transverse-momentum distribution at the LHC: absolute LO and NLO predictions
(left) and relative corrections w.r.t. LO atµ = mt (right). The uncertainty bands describemt/2< µ < 2mt

scale variations.
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Figure 5: Invariant massMe+b of the positron–b-jet system at the Tevatron: absolute LO and NLO
predictions (left) and relative corrections w.r.t. LO atµ = mt (right). The uncertainty bands describe
mt/2< µ < 2mt scale variations.
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of Me+b is strongly distorted, and the corrections vary between+15% and−30% (see right plot).
These results demonstrate the importance of NLO predictions for a precise simulation of the

kinematic details of W+W−bb̄ signatures at hadron colliders.
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