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1. Introduction

Top quarks are the heaviest known fundamental particles ttzen precise theoretical under-
standing of their production and decay mechanism, withimeyond the Standard Model, has deep
implications on countless aspects of the LHC physics progra. At the LHC, top quarks are
mainly produced ag pairs and via single-top production in thehannel or in the associated Wt
mode. At 8 TeV these latter single-top channels amount to 408610% of thettcross section,
respectively. In spite of their smaller cross sectionsy fhlay an important role as direct probes
of top-quark weak interactions and of their flavour struetuiThe separation of top-production
into individual top-pair and single-top contributions pesion-trivial experimental and theoretical
challenges, which are mainly due to the similarity amondfite states associated with the vari-
ous mechanisms of top-production and decay. In partictilardefinition of t and Wt production
involves notorious and quite subtle theoretical issues [1]

A theoretically rigorous approach consists of adoptingfthe-flavour (4F) scheme, where
initial-state b-quarks result from gluons via explicit-g bb splittings. In this framework, the pro-
cess pp— WHW-bb+ X provides a unified description of Wt andproduction [2], and the pres-
ence of thett-Wt interference at LO stabilises the perturbative exjgemdn the 4F scheme, treat-
ing finite-top-width effects in the complex-mass schemesf8jures a consistent off-shell continu-
ation of top-quark propagators and allows one to includéotisusingle-, and non-resonant contri-
butions to pp— WTW~— bb+ X with all relevant interferences. Moreover, the ill-defirsgparation
of top-pair and Wt production can be replaced by a gaugeiamviaseparation of pp-> WHW-bb
into its narrow-top-width limit, which corresponds to onedl top-pair production and decay, and
a finite-width remainder that includes off-shdlleffects as well as single-top and non-resonant
contributions plus related interferences.

The presence of four final-state particles and intermedi@tequark resonances render the
simulation of W-W~bb production quite challenging beyond LO. First NLO caltioias with
massless b-quarks have been presented in [4—6]. Howewetpdhe presence of collinear singu-
larities, phase-space regions with unresolved b-quakksiatr accessible in the massless b-quark
approximation of [4—6]. To fill this gap, two independent quate NLO WWbb calculations
including off-shell W-boson decays and massive b-quarkbeMF scheme have been performed
in [7, 8]. This proceeding contribution is based on the resti[8]. These simulations provide
NLO accurate WW~bb predictions in the full phase space and allow one to ingasdj for the
first time, top-pair and single-top production in presenigetosetoes or jet bins, such as in the case
of the H— W™W~ analysis.

2. Technical toolsand ingredients of the calculation

We will focus on NLO predictions for pp- veeﬂrﬂ,ba, which comprisesttproduction
and decay in the opposite-flavour di-lepton channel. Fovityreve will denote this reaction as
WW-bb production, keeping in mind that all off-shell and inteeiece effects related to the
veet u~ v, final state are consistently handled in the complex-masanselj3], where finite-width
effects are systematically absorbed in the imaginary pathe® renormalised pole mass. The
complex-mass scheme is used also for the off-shell corttonuaf top-quark resonances [5]. Ex-
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Figure1: Representativa-ike (159 and Wt-like (29) tree diagrams, and topologies without top resonances
and with two (3% or only one (&) resonant W-boson.

amples of tree diagrams involving two, one and no top-quaesikmances are illustrated in Fig. 1.
The second diagram in Fig. 1 is the 4F-scheme analogoitiodnnel gb— tW— production in the
five-flavour (5F) scheme, and the initial-stateagjt_) splitting is related to the b-quark parton dis-
tribution in 5F PDFs. At NLO we include the full set of tree,eloop and real-emission diagrams
that contribute taee™ u‘VubB production without applying any approximation. In pautar non-
resonanZ /y — vee" v, sub-topologies like in the fourth diagram of Fig. 1 are infeld also in
the virtual and real corrections. The bottom- and top-quaglsses are renormalised in the on-shell
scheme, and their contributions are retained everywhere.

The entire calculation has been performed with highly fllexénd automated NLO programs,
and the high complexity resulting from the presence of mldttop- and W-resonances, as well as
from the wide spectrum of involved scales, render—p;W*W*bE an excellent technical bench-
mark to test the performance of the employed tools. To etaltree, virtual, and real-emission
amplitudes, we employed KENLOOPS[9], a new one-loop generator that will become public
in the next future. The ©ENLoOOPS program is based on a novel numerical recursion, which
is formulated in terms of loop-momentum polynomials caflegen loops” and allows for a fast
evaluation of scattering amplitudes with many externatigas. It uses the GLLIER library [10]
for the numerically stable evaluation of tensor integrdl$, [12] and scalar integrals [13]. This
proceeding reports on the results of [8], which is, togethigh [14, 15], one of the very first ap-
plications of QPENLOOPS Phase-space integration and infrared subtractions afermed with
an in-house NLO Monte-Carlo framework [16], which is interéd with GPENLOOPSand pro-
vides full automation along the entire chain of operatidret taire required for NLO calculations.
This tool is applicable to any Standard-Model process at KRED. Infrared singularities are han-
dled with dipole subtraction [17, 18], and since coIIineaHgJB splittings are regularised by the
finite b-quark mass, corresponding subtraction terms arénoluded. The phase-space integra-
tor is based on the adaptive multi-channel technique [18]iarplements dedicated channels for
the dipole subtraction terms, which improve the convergerspecially for multi-resonance pro-
cesses. Multiple scale variations in a single run are alppa@tied. This tool has been validated in
several NLO processes [5, 20], and, in combination wittEGL corPsand GOLLIER, it is also ap-
plicable to NNLO calculations [21]. The correctness of tesults is supported by various checks:
OPENLoOOPshas been validated against an independent in-house genfenanore than hundred
partonic processes, including*VW*bE production with massless b-quarks and various processes
with massive heavy-quarks. For the process at hand we othéokeancellation of infrared and ul-
traviolet singularities. The correctness of phase-spaegiation and dipole subtraction was tested
by means of a second calculation based &K ooPsin combination with HERPA[22, 23] and
AMEGIC++ [24].
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3. Scale choice for top-pair and single-top production

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

2
. It
A0y w-b5 = d0i+ doy 5 do= rl:To (m) doyy+w-pio(M) (3.1)
t

where the facto(l't/l'f’hys)2 compensates thelld scaling of the cross section in such a way that
top-decay branching fractions remain constant whes> 0. By construction the qﬁ,‘)"’w,bg re-
mainder in (3.1) contains all finite-top-width effects, luming off-shell t production as well as
single-top and non-resonant contributions.

As compared to WW-bb production with two hard b-jets, the fully inclusive casedlves
a much wider spectrum of scales, ranging framto mg. This renders theoretical calculations
significantly more involved. In particular, given that theahd Wt contributions to WW-bb
production are characterised by very different scales,atpriori not clear if a conventional QCD
scale choice can ensure a perturbatively stable deseripfiboth contributions. Fot production,

a scale of the order of the geometric average of the top-guankverse energies,
HE=ErEry with Ef; =nf+pf,, (3.2)

is known to ensure a good perturbative convergence [5]. drc#ise of the single-top W contri-
bution one has to deal with two sub-processes: a colligearbt_) initial-state splitting followed
by gb— W™t hard scattering. (The charge-conjugate channels arecithplunderstood.) The
respective characteristic scales are the bottom- and phquark transverse energiés; p < Ery,
and a QCD scale of type

Nt%/vf =EriErp (3.3)

should represent an appropriate choice, siogéus, ) ~ as(E%t)as(F_%E) guarantees that the
as factor associated with the collinear—g bb splitting is effectively evaluated at the scdigp,
similarly as in the resummation of initial-state b-quarkigsions in the evolution of 5F PDFs. Vice
versa, using a global QCD scale of the ordgmight underestimate the single-top component of
pp— WHW~bb by up to a factons(my) /as(my) ~ 2 at LO. This would be compensated byrim)-
enhanced higher-order corrections, resulting in a podugeative convergence. For an accurate
description of the single-top contribution, the above @dermtions motivate a dynamic QCD scale
that interpolates between (3.2) and (3.3)tirahd Wt-dominated regions, respectively. Such a scale
can be defined as

Uiwbb = Hwib -5 With  Liwb = Po(Pw, Po) Er.b + P(pw, Pb) E, (3.4)

where Wb represents either W or Wb, and the functionf, andP, = 1 — R, describe the prob-
ability that the b-quark of a given Wb pair arises from aniahistate g— bb splitting or from a
t — Wb decay, respectively. Their approximate functional faan be obtained from the leading
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Figure 2: The relative size of finite-top-width cor- Figure 3: Numerical extrapolation of the LO and
rections at LO is compared to the ratio of the cor- NLO WTW~ bb cross section with leptonic cuts
responding expectation values of the noasid t  in the narrow-top-width limit,l; — 0. Results
probabilities at LO, in dependence ofpaeto ON  are shown as relative deviations (in percent) with
the second b-jet. Their full agreement in the limit respect to the WWbb cross section withy =
Prvetaznjer — * €ssentially reflects the contruc- P™ Results with inclusive jet emission are com-
tion (3.6) of the scale choiggwwbb. pared to attsignal analysis with two b-jets.

matrix-element singularities associated with the @5 and t— Wb sub-processes and the unitarity
requirement + R, =1,

mtz mf‘ Xb
Xo==> Xt= , PBh=1-Rh=—"——7-1. (3.5)
"TE2, M [(pw t po)? — P2 207 Xo+RX
The constanR can be derived from the condition
dao i
/ doyi W bp = / AP [1— R(®)R(®)] —5 5, (3.6)

i.e. by requiring that finite-top-width corrections to theclusive W-W-bb cross section corre-
spond to the contribution from noh-vents according to the probability distributioRgand R.
The tuning ofRis performed in LO approximation on the fully inclusive Itaed yieldsR = 7.96.
As a confirmation of the resulting scale choice, in Fig. 2 wéquen a LO comparison of the rel-
ative size of finite-top-width corrections and the corregpog probability ratio, in dependence of
a pr.veto ON the second b-jet. This veto is chosen as it enhances titeveeiVt contribution and
thereby provides access to the phase-space region we ang dom For details on the implemen-
tation of this scale choice at NLO we refer to [8].

4. Predictionsfor theLHC at 8 TeV

In the following we present predictions for pp WTW~ bb at8 TeV in presence of the leptonic
cutspr >20GeV, |ny| < 2.5, prmiss> 20GeV. Detailed setup and input parameters can be found
in [8]. The renormalisation and factorisation scales atedG@R F = ér rHo, With Lo = Lwwbb,
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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 ug = uwwop are shown for the bins with 0,1, ane 2 jets (left plots) and 0,1, and 2 b-jets
(right plots). The 29 (4) plot depicts the finite-top-width contributions, whostatiwe size is indicated in
the lowest panel of thes1(3') plot.

whereér = é = 1 corresponds to the default scale choice. Theoreticalrtaiotes are assessed
by applying the scale variationiggr, 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/~ bb cross section in the narrow-top-width limit
(3.1). The results are well consistent—at the few-pernviélle-with the expected linear conver-
gence of the NLO cross section in tihie — O limit. This provides a non-trivial check of the
consistency of the calculation, since the narrow-widthtlinvolves delicate cancellations of loga-
rithmic singularities that arise from virtual and real sglton corrections to the resonant top-quark
propagators. Finite-width effects turn out to be at the gaizent level if one requires the presence
of two b-jets, like in a typicalttsignal analysis. For the total cross section they areatstlearly
more important. Their net effect, which results from therptay of negative off-shell corrections
and positive single-top contributions, amounts to abod6(8%6) at NLO(LO).

Predictions for the cross sections in exclusive (b-)jeslare depicted in Fig. 4 for the same
scale choicglp = thwwob- (As in [8], (b-)jets are defined by the requiremepisy. et > 30 GeV
and |Np.jet] < 2.5.) Detailed numbers and a comparison to a fixed spale- m; are provided
in [8]. For the total cross section, we find positive correasi of around 40%. Scale uncertainties
decrease from about 30% at LO to 10% at NLO. The different jjes$ lbeceive quite different
corrections, indicating that a significant fraction of th@fid 1-jet bin cross sections migrates to the
inclusive 2-jet bin. We attribute this feature to the rathighh probability of light-jet emissions with
pr 2 30GeV. While NLO scale uncertainties turn out to be fairlyadirim all jet bins, matching to
the parton shower is certainly important for a more reliat@scription of such radiative processes.
Finite-top-width (FtW) contributions are shown in the sed@lot of Fig. 4. For what concerns
the total W'W~bb cross section their impact is around 6%, and the sgalgp, guarantees a
good perturbative convergence. The results suggest taeffects are dominated by a single-top
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Figure5: LO and NLO WrwW— bb cross sections in the exclusive bins with= 0 (left) andN; = 1 (right)

jets as functions of the jgir threshold,ptTﬁert. The middle of each bin corresponds to the actual value of

ptTh‘ert. The central and lower frames show tiefactor and the relative impact in percent of finite-top-thid

contributions. Where depicted, bands correspond to imtbge scale variations @iz r by a factor of two
around the central scaleywpb, Not taking into account antipodal variations.

Wt component, which is concentrated in the 1-jet bin at LO tmdis to migrate to the 2-jet bin
due to light-jet emissions at NLO. The fact that the FtW péuthe 2-jet bin features a 40-50%
NLO uncertainty is irrelevant, since this contribution regents less than 3% of the complete cross
section in the 2-jet bin. In the 0- and 1-jet bins, whose Ft\Wwponents 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 far Wt W - bb cross section and its
FtW contribution in b-jet bins. As compared to the case ofggierjets, we observe that YW bb
K-factors feature a less pronounced dependence on thendjéiplicity. This is due to the fact
that NLO emissions consist of light jets and are thus lessyliko induce bin migrations in the
case of b-jet bins. Scale uncertainties at NLO are at the 2l8% and 10% level in the bins
with 0, 1, and 2 b-jets, respectively. Finite-top-width trdsutions turn out to be even more stable
than full W+W-bb results with the scalgwwob. Although the scaley tends to give slightly larger
uncertainties, in general, jet- and b-jet-bin resultsaatk that the conventional scalg= m yields
a similarly good perturbative convergenceras= twwob [8]. However, it is a priori not clear if
this holds also for more exclusive observables.

To illustrate jet-veto and jet-binning effects in more dletm Fig. 5 we plot the integrated
W*W-bb cross section in exclusive bins with) = 0 andN; = 1 jets versus th@r-threshold that
defines jets. (Th@p.jedl < 2.5 requirement for (b-)jets is understood.) The 0-jet birresponds
to the integrated cross section in presence of a jet yetg; < pt{]fet. Atlarge ptT'ijet theK-factor and
the FtW contributions converge quite smoothly towardsrtimeiusive limit. In contrast, the region
of small transverse momentum features a very pronounceehdepce orptT*"ert: FtW corrections
grow from 6% up to more than 40%, and tkefactor decreases very fast due to the presence of
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Figure6: LO and NLO WrwW— bb cross sections in the exclusive bins with= 0 (left) andN, = 1 (right)
b-jets versus the b-jgbr threshold. Same conventions as in Fig. 5.

a soft singularity ap‘{}et — 0. For a jet veto witfp‘{}et = 30GeV we observe a 98% suppression
of the W"W~bb cross section. Yet the moderate size of khéactor and NLO scale variations
indicates that the perturbative expansion is still ratkele in this regime. In the 1-jet bin, the limit
of small ptTthet is driven by the effect of the veto on the second jet, and NL@EtW corrections
behave rather similarly as for the 0-jet bin in this regiamtHe opposite regimeptTh.Jfet mainly acts
as a lowerpr bound for the first jet, and production with LO on-shell kinematics turns out to
be kinematically disfavoured at Iargﬁ‘.}et, while the relative importance of NLO jet emission and
FtW effects increases quite dramatically.

Analogous results for exclusive bins wily = 0 andN, = 1 b-jets are displayed in Fig. 6.
In this case the reduced sensitivity of b-jet bins to NLO remlission is clearly reflected in the
much better stability of th&-factor with respect to variations hfbjet' Similarly as for jet bins,
FtW corrections are strongly enhanced at srpall This effect can be attributed to the single-top
Wt channels, and the inclusion a&Wt interferences, as in the present*W*bB calculation, is
clearly advisable in this regime.

5. Summary and conclusions

We have reported on a complete NLO simulation of W-bb production at the LHC, includ-
ing W-boson decays in the opposite-flavour di-lepton chifimie W- and top-width effects, and
massive b-quarks in 4F scheme. The finite b-quark mass agt®gslator of collinear singularities
and allows one to describe the full b-quark phase spaceidimg 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-resonantWy bb production including all interfer-
ences at NLO QCD. We introduced a dynamical scale choicecaah@n improved perturbative
stability of initial-state g— bb splittings in single-top contributions. Using this scatee NLO
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WW~bb cross section in bins with 0, 1 and 2 jets features NLO saadertainties at the 10—-15%
level. The more conventional choigg = my yields similarly small NLO uncertainties in jet bins.
Finite-top-width corrections mainly originate from siegiop and off-shellttcontributions. They
represent 6% of the integrated cross section and are sgreagkitive to the jet multiplicity. In
the 2-jet bin they are as small as 2%, while in the 1- and Oijet they reach the 16% and 32%
level, respectively. Also NLO corrections vary quite sfghnwith the jet multiplicity. Moreover,
finite-top-width contributions receive quite differentroections as compared to on-sheltoduc-
tion. The non-trivial interplay of NLO and finite-width effts is especially relevant for the 0- and
1-jet bins. It plays an important role for the accurate dpsion 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 automaied can be easily exploited to extend
the present results to the like-flavour di-lepton channeabaimulate any other Standard-Model
process at NLO QCD.
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