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1. Introduction

Top quarks are the heaviest known fundamental particles, and the precise theoretical under-
standing of their production and decay mechanism, within or beyond the Standard Model, has deep
implications on countless aspects of the LHC physics programme. At the LHC, top quarks are
mainly produced as tt pairs and via single-top production in the z-channel or in the associated Wt
mode. At 8 TeV these latter single-top channels amount to 40% and 10% of the tt cross section,
respectively. In spite of their smaller cross sections, they play an important role as direct probes
of top-quark weak interactions and of their flavour structure. The separation of top-production
into individual top-pair and single-top contributions poses non-trivial experimental and theoretical
challenges, which are mainly due to the similarity among the final states associated with the vari-
ous mechanisms of top-production and decay. In particular, the definition of tt and Wt production
involves notorious and quite subtle theoretical issues [1].

A theoretically rigorous approach consists of adopting the four-flavour (4F) scheme, where
initial-state b-quarks result from gluons via explicit g — bb splittings. In this framework, the pro-
cess pp — WTWbb + X provides a unified description of Wt and tt production [2], and the pres-
ence of the tt—Wt interference at LO stabilises the perturbative expansion. In the 4F scheme, treat-
ing finite-top-width effects in the complex-mass scheme [3] ensures a consistent off-shell continu-
ation of top-quark propagators and allows one to include double-, single-, and non-resonant contri-
butions to pp — WHW~bb + X with all relevant interferences. Moreover, the ill-defined separation
of top-pair and Wt production can be replaced by a gauge-invariant separation of pp — W+ W bb
into its narrow-top-width limit, which corresponds to on-shell top-pair production and decay, and
a finite-width remainder that includes off-shell tt effects as well as single-top and non-resonant
contributions plus related interferences.

The presence of four final-state particles and intermediate top-quark resonances render the
simulation of WTW~bb production quite challenging beyond LO. First NLO calculations with
massless b-quarks have been presented in [4-6]. However, due to the presence of collinear singu-
larities, phase-space regions with unresolved b-quarks are not accessible in the massless b-quark
approximation of [4-6]. To fill this gap, two independent complete NLO W+W~bb calculations
including off-shell W-boson decays and massive b-quarks in the 4F scheme have been performed
in [7, 8]. This proceeding contribution is based on the result of [8]. These simulations provide
NLO accurate WW~bb predictions in the full phase space and allow one to investigate, for the
first time, top-pair and single-top production in presence of jet vetoes or jet bins, such as in the case
of the H — WW™ analysis.

2. Technical tools and ingredients of the calculation

We will focus on NLO predictions for pp — Vee™ /.L_\_/ubB, which comprises tt production
and decay in the opposite-flavour di-lepton channel. For brevity we will denote this reaction as
W*TW~bb production, keeping in mind that all off-shell and interference effects related to the
vee" 1™V, final state are consistently handled in the complex-mass scheme [3], where finite-width
effects are systematically absorbed in the imaginary part of the renormalised pole mass. The
complex-mass scheme is used also for the off-shell continuation of top-quark resonances [5]. Ex-
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Figure 1: Representative tt-like (1°) and Wt-like (2"%) tree diagrams, and topologies without top resonances
and with two (3") or only one (4") resonant W-boson.

amples of tree diagrams involving two, one and no top-quark resonances are illustrated in Fig. 1.
The second diagram in Fig. 1 is the 4F-scheme analogon of 7-channel gb — tW ™~ production in the
five-flavour (5F) scheme, and the initial-state g — bb splitting is related to the b-quark parton dis-
tribution in SF PDFs. At NLO we include the full set of tree, one-loop and real-emission diagrams
that contribute to Vee™ u*\'/ubB production without applying any approximation. In particular non-
resonant Z/y — vee™ 1~ ¥, sub-topologies like in the fourth diagram of Fig. 1 are included also in
the virtual and real corrections. The bottom- and top-quark masses are renormalised in the on-shell
scheme, and their contributions are retained everywhere.

The entire calculation has been performed with highly flexible and automated NLO programs,
and the high complexity resulting from the presence of multiple top- and W-resonances, as well as
from the wide spectrum of involved scales, render pp — W W ~bb an excellent technical bench-
mark to test the performance of the employed tools. To evaluate tree, virtual, and real-emission
amplitudes, we employed OPENLOOPS [9], a new one-loop generator that will become public
in the next future. The OPENLOOPS program is based on a novel numerical recursion, which is
formulated in terms of loop-momentum polynomials called “open loops™ and allows for a fast eval-
uation of scattering amplitudes with many external particles. It uses the COLLIER library [10] for
the numerically stable evaluation of tensor integrals [11, 12] and scalar integrals [13]. The present
paper reports on the results of [8], which is, together with [14, 15], one of the very first applications
of OPENLOOPS. Phase-space integration and infrared subtractions are performed with an in-house
NLO Monte-Carlo framework [16], which is interfaced with OPENLOOPS and provides full au-
tomation along the entire chain of operations that are required for NLO calculations. This tool is
applicable to any Standard-Model process at NLO QCD. Infrared singularities are handled with
dipole subtraction [17, 18], and since collinear g — bb splittings are regularised by the finite b-
quark mass, corresponding subtraction terms are not included. The phase-space integrator is based
on the adaptive multi-channel technique [19] and implements dedicated channels for the dipole
subtraction terms, which improve the convergence, especially for multi-resonance processes. Mul-
tiple scale variations in a single run are also supported. This tool has been validated in several
NLO processes [5, 20], and, in combination with OPENLOOPS and COLLIER, it is also applica-
ble to NNLO calculations [21, 22]. The correctness of the results is supported by various checks:
OPENLOOPS has been validated against an independent in-house generator for more than hundred
partonic processes, including W W~bb production with massless b-quarks and various processes
with massive heavy-quarks. For the process at hand we checked the cancellation of infrared and ul-
traviolet singularities. The correctness of phase-space integration and dipole subtraction was tested
by means of a second calculation based on OPENLOOPS in combination with SHERPA [23, 24] and
AMEGIC++ [25].
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3. Scale choice for top-pair and single-top production

In order to isolate off-shell and single-top effects associated with the finite top-quark width
(FtW) we decompose the differential W+W ~bb cross section by means of a numerical extrapola-
tion in the narrow-width limit [5] as

2
_ T
Aoy w-pp = dog +dog 5, dog = lllino<rp—lf}ls> Aoy w5 (), 3.1)
! t

where the factor (I'y/ Ff’hys)z compensates the 1/I" scaling of the cross section in such a way that

. . . : FtW
top-decay branching fractions remain constant when I't — 0. By construction the dcrwt W-bE

mainder in (3.1) contains all finite-top-width effects, including off-shell tt production as well as

Ire-

single-top and non-resonant contributions.

As compared to WTW~bb production with two hard b-jets, the fully inclusive case involves
a much wider spectrum of scales, ranging from my, to mg. This renders theoretical calculations
significantly more involved. In particular, given that the tt and Wt contributions to W+Wbb
production are characterised by very different scales, it is a priori not clear if a conventional QCD
scale choice can ensure a perturbatively stable description of both contributions. For tt production,
a scale of the order of the geometric average of the top-quark transverse energies,

uf =ErEr; with Ef,=m]+ pi,, (3.2)

is known to ensure a good perturbative convergence [S]. In the case of the single-top W™t contri-
bution one has to deal with two sub-processes: a collinear g — bb initial-state splitting followed
by gb — Wt hard scattering. (The charge-conjugate channels are implicitly understood.) The
respective characteristic scales are the bottom- and the top-quark transverse energies, Etp, < Ety,
and a QCD scale of type

Wiy~ = EriErj (33)

should represent an appropriate choice, since 02 (U3, ) =~ O (E%’t)ocs (E%.B) guarantees that the
o factor associated with the collinear g — bb splitting is effectively evaluated at the scale Etp,
similarly as in the resummation of initial-state b-quark emissions in the evolution of 5F PDFs. Vice
versa, using a global QCD scale of the order m might underestimate the single-top component of
pp — W Wbb by up to a factor o (my,) /ot (m;) ~ 2 at LO. This would be compensated by In(my,)-
enhanced higher-order corrections, resulting in a poor perturbative convergence. For an accurate
description of the single-top contribution, the above considerations motivate a dynamic QCD scale
that interpolates between (3.2) and (3.3) in tt- and Wt-dominated regions, respectively. Such a scale
can be defined as

Harwos = Mw+b Mw-5  With  tiws = Po(pw, pb) Erp + Pi(pw, pb) ETs (3.4)

where Wb represents either Wb or Wb, and the functions B, and P, = 1 — B, describe the prob-
ability that the b-quark of a given Wb pair arises from an initial-state g — bb splitting or from a
t — Wb decay, respectively. Their approximate functional form can be obtained from the leading
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Figure 2: The relative size of finite-top-width cor-
rections at LO is compared to the ratio of the cor-
responding expectation values of the non-tt and tt
probabilities at LO, in dependence of a pr yero ON
the second b-jet. Their full agreement in the limit
P veto,2ndjer — @ essentially reflects the contruc-
tion (3.6) of the scale choice Uwwhbb-

Figure 3: Numerical extrapolation of the LO and
NLO WTW~bb cross section with leptonic cuts
in the narrow-top-width limit, I'y — 0. Results
are shown as relative deviations (in percent) with
respect to the W W~bb cross section with I’y =
thys. Results with inclusive jet emission are com-
pared to a tt-signal analysis with two b-jets.

matrix-element singularities associated with the g — bb and t — Wb sub-processes and the unitarity
requirement P+ P, = 1,

2 4
my my Xb
b= 75> Xt—= , B=1-Pb=—"7—— 3.5)
EZ) 7 [(pw+po): —mi2 4+ Tomg "o+ R
The constant R can be derived from the condition
' dow+w-pi
[aoi 5= [ @1 - R@)R(@) ThE, (3.6)

i.e. by requiring that finite-top-width corrections to the inclusive WTW~bb cross section corre-
spond to the contribution from non-tt events according to the probability distributions P, and P,.
The tuning of R is performed in LO approximation on the fully inclusive level and yields R = 7.96.
As a confirmation of the resulting scale choice, in Fig. 2 we perform a LO comparison of the rel-
ative size of finite-top-width corrections and the corresponding probability ratio, in dependence of
a PTveto ON the second b-jet. This veto is chosen as it enhances the relative Wt contribution and
thereby provides access to the phase-space region we are aiming for. For details on the implemen-
tation of this scale choice at NLO we refer to [8].

4. Predictions for the LHC at 8§ TeV

In the following we present predictions for pp — W+W~bb at 8 TeV in presence of the leptonic
cuts pr ¢ >20GeV, |n¢| < 2.5, pTmiss > 20GeV. Detailed setup and input parameters can be found
in [8]. The renormalisation and factorisation scales are set to Ur g = & plo, With to = Uwwbb,
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Figure 4: LO and NLO predictions for pp — WTW~bb at 8§ TeV with scale variations and corrections,
NLO/LO, for uy = Uuwwepp are shown for the bins with 0,1, and > 2 jets (left plots) and 0,1, and 2 b-jets
(right plots). The 2"¢ (4™) plot depicts the finite-top-width contributions, whose relative size is indicated in
the lowest panel of the 1 (3™) plot.

where Eg = &g = 1 corresponds to the default scale choice. Theoretical uncertainties are assessed
by applying the scale variations (&g, &r) = (2,2), (2,1), (1,2), (1,0.5), (0.5,1), (0.5,0.5).

Fig. 3 illustrates the extrapolation of the W W ~bb cross section in the narrow-top-width limit
(3.1). The results are well consistent—at the few-permil level—with the expected linear conver-
gence of the NLO cross section in the I'y — O limit. This provides a non-trivial check of the
consistency of the calculation, since the narrow-width limit involves delicate cancellations of loga-
rithmic singularities that arise from virtual and real soft-gluon corrections to the resonant top-quark
propagators. Finite-width effects turn out to be at the sub-percent level if one requires the presence
of two b-jets, like in a typical tt-signal analysis. For the total cross section they are instead clearly
more important. Their net effect, which results from the interplay of negative off-shell corrections
and positive single-top contributions, amounts to about +6%(8%) at NLO(LO).

Predictions for the cross sections in exclusive (b-)jet bins are depicted in Fig. 4 for the same
scale choice tp = Uwwbb. (As in [8], (b-)jets are defined by the requirements pr (p.)je; > 30GeV
and m(b_)jetl < 2.5.) Detailed numbers and a comparison to a fixed scale ty = m; are provided
in [8]. For the total cross section, we find positive corrections of around 40%. Scale uncertainties
decrease from about 30% at LO to 10% at NLO. The different jet bins receive quite different
corrections, indicating that a significant fraction of the O- and 1-jet bin cross sections migrates to the
inclusive 2-jet bin. We attribute this feature to the rather high probability of light-jet emissions with
pr 2 30GeV. While NLO scale uncertainties turn out to be fairly small in all jet bins, matching to
the parton shower is certainly important for a more reliable description of such radiative processes.
Finite-top-width (FtW) contributions are shown in the second plot of Fig. 4. For what concerns
the total WHW~bb cross section their impact is around 6%, and the scale Uwwpp guarantees a
good perturbative convergence. The results suggest that FtW effects are dominated by a single-top
Wt component, which is concentrated in the 1-jet bin at LO and tends to migrate to the 2-jet bin
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due to light-jet emissions at NLO. The fact that the FtW part of the 2-jet bin features a 40-50%
NLO uncertainty is irrelevant, since this contribution represents less than 3% of the complete cross
section in the 2-jet bin. In the 0- and 1-jet bins, whose FtW components amount to 32% and 16%,
respectively, NLO scale uncertainties are as small as 10%.

In the right plots of Fig. 4 we report analogous results for the W W ~bb cross section and its
FtW contribution in b-jet bins. As compared to the case of generic jets, we observe that W+ W ~bb
K-factors feature a less pronounced dependence on the b-jet multiplicity. This is due to the fact
that NLO emissions consist of light jets and are thus less likely to induce bin migrations in the
case of b-jet bins. Scale uncertainties at NLO are at the 20%, 15% and 10% level in the bins
with 0, 1, and 2 b-jets, respectively. Finite-top-width contributions turn out to be even more stable
than full WHW bb results with the scale twwpb. Although the scale m; tends to give slightly larger
uncertainties, in general, jet- and b-jet-bin results indicate that the conventional scale ty = m, yields
a similarly good perturbative convergence as Uy = Uwwbb [8]. However, it is a priori not clear if
this holds also for more exclusive observables.

5. Summary and conclusions

We have reported on a complete NLO simulation of W W ~bb production at the LHC, includ-
ing W-boson decays in the opposite-flavour di-lepton channel, finite W- and top-width effects, and
massive b-quarks in 4F scheme. The finite b-quark mass acts as a regulator of collinear singularities
and allows one to describe the full b-quark phase space, including single-top contributions that arise
from initial-state g — bb splittings followed by gb — Wt scattering. This yields a gauge-invariant
description of top-pair, single-top, and non-resonant W W ~bb production including all interfer-
ences at NLO QCD. We introduced a dynamical scale choice aimed at an improved perturbative
stability of initial-state g — bb splittings in single-top contributions. Using this scale, the NLO
WHW~bb cross section in bins with 0, 1 and 2 jets features NLO scale uncertainties at the 10—-15%
level. The more conventional choice py = my yields similarly small NLO uncertainties in jet bins.
Finite-top-width corrections mainly originate from single-top and off-shell tt contributions. They
represent 6% of the integrated cross section and are strongly sensitive to the jet multiplicity. In
the 2-jet bin they are as small as 2%, while in the 1- and O-jet bins they reach the 16% and 32%
level, respectively. Also NLO corrections vary quite strongly with the jet multiplicity. Moreover,
finite-top-width contributions receive quite different corrections as compared to on-shell tt produc-
tion. The non-trivial interplay of NLO and finite-width effects is especially relevant for the 0- and
1-jet bins. It plays an important role for the accurate description of associated Wt production, as
well as for top-backgrounds to H — W™ W™ and to other searches based on leptons, large missing
energy and jet vetoes. All employed tools are fully automated and can be easily exploited to extend
the present results to the like-flavour di-lepton channel or to simulate any other Standard-Model
process at NLO QCD.
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