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1. Introduction

Top-quark pair production at hadron colliders allows for key tests oftaadard Model and
represents an omnipresent background to new physics. The vesytlaagnples from the Tevatron
and the LHC, and the steadily increasing systematic precision, call forteagons improvement
of theory predictions. Besides the next-to-leading-order (NLO) QQections [IL[R[B[]4], also
the electroweak corrections to hadroniprioduction are well knowr{[$] 6] 71, B, 9]. Present research
focuses on resummation of logarithmically enhanced tefmdT19, L, 1P418%116] and on the
completion of the next-to-next-to-leading-order QCD correctipns[[141982021L[ 24, 23, 24, 5,

P8,[27,[2B[ 29]. Another important aspect is the precise theoretical giorute experimental cuts
and exclusivettobservables, which depend on details of theWy bb decay products. A first step
towards full NLO predictions for hadronic W/~ bb production was done in Ref$. ]90] $T] 32],
where on-shell top-pair production was complemented by NLO top-quesrdyd in spin-correlated
narrow-width approximation. More recently, complete NLO predictions fopW+W—bb+ X
became availablé [BB,]34], where also off-shell top quarks and @ssnant diagrams are included.
In these proceedings we report on the calculation of Reff. [33] . Indheext of NLO calculations
for multi-particle processes at hadron collidefrs] [35],—ppN+W‘b5 is the first 2— 4 particle
process that involves intermediate unstable particles. For a consistémianéaf the top-quark
resonances we adopt the complex-mass scheme, which was introdubedNitO level in the
framework of the calculation of the electroweak corrections®e— WW — 4fermions [3p[ 37].

At leading order (LO), hadronic YWW-bb production proceeds vigq and gg partonic chan-
nels. Our calculation involves doubly-resonant (DR) contributions witiiérmediate states, chan-
nels with a single (anti)top resonance, and non-resonant contribufléreswidely used narrow-
width approximation, which includes only DR contributions with on-shell toprkgiacorresponds
to thel'; — O limit of our calculation. The additional contributions—from off-shell topadks
and singly- or non-resonant channels—are expected t@ (bg/m;) suppressed in inclusive ob-
servables. Their calculation becomes important for percent-level jmedis tt observables and
for a reliable simulation of WW~bb backgrounds in Higgs and new-physics searches, where off-
shell effects can be enhanced stippressing cuts. To describe top-quark decays in a realistic
way we include the leptonic W-boson decays W veet and W~ — v, in spin-correlated
narrow-width approximation.
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Figure 1: Representative LO diagrams of doubly-resonant (uppe}, lsiagly-resonant (first diagram in
lower line), and non-resonant type (last two diagrams irelolne).
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Figure 2: Examples of rank-4 and rank-5 hexagon diagrams imtjgg — WHw~- bb channels.

2. Technical aspects of the calculation

The one-loomq/gg— W*W*bBampIitudes are computed using Feynman diagrams and ten-
sor integrals. The latter are reduced to scalar integrals adopting the naltyestable techniques
of Refs. [3B[30]. Theygand gg channels comprise about 300 and 800 one-loop diagrams;-respe
tively (see Fig[]2). Hexagon and pentagon diagrams reach tensoupaoKive in the gg channel.
Feynman diagrams are generated wittyRARTS [fQ, [41], and one-loop amplitudes are reduced
along the lines of Refs[ [P, 43]. The employed approach strongly miti¢jzéesomplexity inher-
ent in Feynman diagrams, and the reduced algebraic expressiongs@ratically 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‘pbietsize of the executable
program (dominated by the one-loop corrections) ranges from 0.25 tGR,2lepending on the
details of the algebraic reduction and the applied compilers.

To regularise top resonances we employ the gauge-invariant complexsetemme[[37]. The
top-quark widthl; is incorporated into the definition of the renormalised squared top-quark mas
u? = m¢ —imT, 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 compksesdor which we
use the general analytic continuations presented in Réf. [44].

The real corrections receive contributions from the % partonic processes gg WHW~ ng
andgq — W+W—b59, as well as from crossing-related gnd gj channels. The 2+ 5 matrix el-
ements are evaluated withAWGRAPH [f§] and, alternatively, using the Weyl-van-der-Waerden
formalism of Ref.[4p]. To isolate infrared divergences and canaghtanalytically we employ
in-house implementations of the dipole subtraction formalist[[47, 48]. Colodihalicity cor-
relations that enter the subtraction procedure are generated by meansobipoLE [£9] and,
alternatively, in analytic form.

3. Selected numerical resultsfor the Tevatron and the LHC

In the following we discuss NLO predictions for "W ~bb production with leptonitV-boson
decays at the Tevatron and the 7 TeV LHC. Hadronic observablebtiaed with the MSTW2008
set of parton distributiong [b0], and details on input parameters carupel fo Ref. [38]. Among
the various parameters, the top-quark decay width plays a special moliie@ne hand;; enters

1The CPU performance can vary by a factor two or so, depending gréicessor and the compiler. Using a single
Intel i5-750 core and the ifort 10.1. compiler we measured a speg80ims per point.
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the two top-quark propagators and leads tg/BZldependence of the cross section in the narrow-
width limit. On the other hand, the integration of the resonant matrix elements @/&glkquark
decay products yields a related factbt_p )2, S0 that the total cross section in the narrow-width
limit is proportional to the (squared) branching ratio

BR(t— blv) = rtj"“. (3.1)
t

In order to obtain a consistent definition of this branching ratio, the partithe of all top-decay
processes contributing at the given perturbative level must sumitup T@ guarantee this, the top
decay width and all matrix elements must be computed with the same input paraameteygorox-
imations and, of course, at the same perturbative order. Due t‘q‘?rxdaependence of the cross sec-
tion, small inconsistencies in the choicelgfcan have a non-negligible impact. Our LO and NLO
predictions are obtained usimg = 172GeV and the the top-quark widthg o = 1.4655GeV
andl¢nio = 1.3376GeV [G]L], respectively. Since the leptonic W-boson decay doeseneive
NLO QCD corrections we employ the NLO W-boson widily = 2.0997 GeV everywhere. As
mentioned in the introduction, in contrast to top-quark decays, W-bostaydere treated in the
narrow-width limit. In this respect, we point out that finite W-width effects expected to be
doubly suppressed. This becomes clear if one considers that, Iy theD limit, the WHW-bb
cross section is proportional to the squared branching fatip (3.1)ewh@ry) corrections to the
numerator and denominator cancel. Finite W-width corrections are thustexig® produce very
small effects ofﬁ(%) in inclusive observables.

We convert QCD partons into jets with the akfi-algorithm [5R] usingR = 0.4(0.5) at the
Tevatron (LHC). Standard signal cuts are appliedpr, > 20(30)GeV and|ny| < 2.5 for b-
jets, pr.miss > 25(20)GeV, andpr; > 20GeV, |n| < 2.5 for charged leptons. For the renor-
malisation and factorisation scales we adopt the central valgem, and study factor-2 vari-
ations of U = Hren = Miact- At the Tevatron, where the cross section is dominated bygthe
channel, ay = m we obtaing]'§" = 44.31713%8th and o[ = 41.757395fb, where the errors
describem;/2 < p < 2m variations. For the LHC, where the gg channel dominates, we obtain
oL5C = 662417531t ando[lS = 840"2Lfh. Normalising the results to LO predictionsat= m
we obtain the relative NLO correctio€™ = 0.942"099 andK"HC = 1.27+394. The NLO cor-
rections induce a moderate shift of the integrated cross section anceriggigcale uncertainty
from about 44% (40%) to 9% (9%) at the Tevatron (LHC). This cormesis to the usual picture
emerging from NLO calculations of the inclusiestoss section at hadron colliders. TKdactors
obtained in the independent Wy ~bb calculation of Ref.[[34] deviate quite significantly from the
ones reported above. This is due to differences in the choice of inpunggers, cuts, and PDFs. In
a tuned comparison, in collaboration with the authors of Ref. [34], it wasddhat the integrated
NLO cross section at the Tevatron agrees at the permille precision level.

To quantify non-resonant and off-shell contributions to theWv- bBintegrated cross section,
we investigated its narrow-width limif;; — 0, by means of a numerical extrapolation. This is
shown in Fig[B, where we pla@ty (Tt x (Tt/TP™)2 for increasingly small numerical values
of I't. The top-quark width'; is handled as a free parameter, and the fa(dTo,frf’hys)z compen-
sates for deviations of the squared branching fraction from its Stahiadeél value. In thdy — 0
limit, the virtual and real parts of NLO corrections are individually enhdrmg soft-gluon loga-



NLO QCD corrections to hadronM/*W*beroduction Stefano Pozzorini

T T T T T T T 900 T T T T T T T
olth] PP = W (= ree )W (= p7 7, )bb+X o[fb] pp = W (= vee )W (= 177, )bb+X
45 | /5 = 1.96 TeV | V5 = TTeV

850 |-
4.5 ‘\\\ 1

800

—— LO ] ——  LO

—_— NLO —_— NLO
3 | 750 | 1
42.5

700
12 \L‘]‘Hﬂ\*\
415 L L L L L L L 650 L L L L L L L
0 02 04 06 08 1 1.2 14 0 02 04 06 08 1 1.2 14
T, [GeV] T, [GeV]

Figure3: Numerical narrow-width extrapolation of the LO and NLO™WW ~ bb cross section at the Tevatron
and the LHC.

rithmic singularities, which are not subtracted via Catani-Seymour dipolesprdtise numerical
cancellation of such singularities in the sum of virtual and real correctitarsfests itself in the
quality of the linear convergence of tiig — 0 extrapolation. This provides a nontrivial confir-
mation of the consistency and numerical stability of the calculation. Non-aes@mnd off-shell
effects are extracted by comparing result§ at F{’hys andly — 0. At the Tevatron, finite-width
effects shift the LO(NLO) cross section by0.8%(—0.9%). This is fairly close to the numerical
value ofl";/m, which represents the expected order of magnitude. At the LHC, finitdw&ftects
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 mightdbe to cancellations
between positive non-resonant contributions and negative off-shreéctions.

As an example of the kinematic dependence of NLO corrections, if]Fig. 4ovthp charged-
lepton pr-distribution at the LHC. The typical leptopy is below 100 GeV. In the plotted range,
the cross section falls by two orders of magnitude, andkitfactor exhibits a rather strongr
sensitivity with up to 30% variation. This is especially relevant at Igsgeand to stabilise LO
predictions it might be useful to employ a dynamical QCD scale.

In Fig.[§ we display NLO and finite-width corrections to the invariant-massibigion of the
positron and the corresponding b-jet—the visible products of the togkgleaay—at the Tevatron.
In narrow-width and LO approximation this kinematic quantity is characterigeal $harp upper
bound,Mé+b < m? — M3, which renders it very sensitive to the top-quark mass. NLO corrections
to this observable in narrow-width approximation have been discussedfifitBe A related
observable—the invariant-mass distribution of a positron addyafrom aB-meson decay—can
be exploited for a high-precision determinationmf at the LHC [64#]. Fig[p shows small but
non-negligible off-shell contributions that elude the kinematic bound ajreadO. At NLO this
feature becomes more pronounced, also due to QCD radiation that emtdrgethwithout being
emitted from its parent bottom quark. Below the kinematic bound, where wetfendulk of the
cross section, NLO effects are quite important. In the range 50681, < 150GeV the shape
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Figure4: Charged-lepton transverse-momentum distribution at th€:labsolute LO and NLO predictions
(left) and relative corrections w.r.t. LO at= m (right). The uncertainty bands descritme/2 < p < 2my
scale variations.
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Figure 5: Invariant massMg+, of the positron—b-jet system at the Tevatron: absolute L@ HhO
predictions (left) and relative corrections w.r.t. LO at= m (right). The uncertainty bands describe
m/2 < p < 2m scale variations.
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of Me+y, is strongly distorted, and the corrections vary betweés% and—30% (see right plot).
These results demonstrate the importance of NLO predictions for a préviston of the
kinematic details of WW~bb signatures at hadron colliders.
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