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The calculation of NLO QCD corrections to the t& — WHW=bb —
et vepu~,bb process with complete off-shell effects, is briefly summarized.
Besides the total cross-section and its scale dependence, a few differen-
tial distributions at the Tevatron Run II and LHC are given. All results
presented in this contribution have been obtained with the help of the
HELAC-NLO Monte Carlo framework.
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1. Introduction

The Large Hadron Collider (LHC), with its two main multipurpose de-
tectors ATLAS and CMS, is the experimental project that dominates present
particle physics and will likely dominate its next 20-25 years. With the suc-
cessful start of collisions at 7 TeV, the LHC has put yet another big step
towards a thorough examination of the Terascale. Ultimately, it has replaced
the older, lower-energy Tevatron, which has been closed in September this
year. The large energy available at the LHC has opened many multi-particle
channels that are now to a large degree scrutinized. The immense amount
of available phase space, and the large acceptance of the ATLAS and CMS
detectors allow for the production and identification of final states with 4 or
more QCD jets together with isolated leptons. These multi-particle events
hide or strongly modify all possible signals of physics beyond the Standard
Model. In view of a correct interpretation of the signals of new physics
which might be extracted from data, it is of considerable interest to reduce
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our theoretical uncertainty for the physical processes under study, especially
when large QCD backgrounds are involved. In this respect, the need of
next-to-leading-order (NLO) corrections for the LHC is unquestionable.
Efficient numerical evaluation of multi-particle final states at NLO QCD
can be performed with the help of the HELAC-NLO Monte Carlo pro-
gram [1|. HELAC-NLO is an extension of the HELAC-PHEGAS Monte Carlo
program [2,3,4], which is based on off-shell Dyson—Schwinger recursive equa-
tions. It can be used to efficiently obtain helicity amplitudes and total cross-
sections for arbitrary multiparticle processes in the Standard Model and has
been already extensively used and tested, see e.g. [5,6,7,8,9,10]. Virtual
corrections are obtained using the HELAC-1LOOP program [11], based on the
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Fig. 1. Representative Feynman diagrams contributing to the leading order process
99 — et~ ,bb at O(aZa’), with different off-shell intermediate states: double-,
single-, and non-resonant top quark contributions.
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Ossola—Papadopoulos—Pittau (OPP) reduction technique [12] and the reduc-
tion code CuTToOOLS [13,14,15,16,17]. Moreover, the ONELOOP library [18]
has been used for the evaluation of the scalar integrals. Reweighting tech-
niques, helicity and colour sampling methods are used in order to optimize
the performance of the system. In addition, the singularities from soft or
collinear parton emission are isolated via Catani—Seymour dipole subtraction
for NLO QCD calculations using a formulation for massive quarks [19,20] and
for arbitrary polarizations [21]. Calculations of this part are performed with
the help of the HELAC-DIPOLES software |21]. The optimization and phase
space integration is executed with the help of PARNI [22] and KALEU [23].
All parts of the HELAC-NLO framework are publicly available'.

With the help of the HELAC-NLO system several 2 — 4 processes have
recently been calculated at next-to-leading order QCD, including ttbb [24],
ttjj [25,26] and WHW=bb [27]. In this contribution, a brief report on the
pp(pp) — tt — WHTW~=bb — et~ ,bb computation with complete off-
shell effects is given. Double-, single- and non-resonant top contributions of
the order O(a3a*) are consistently taken into account, which requires the
introduction of a complex-mass scheme for unstable top quarks. Moreover,
the intermediate W bosons are treated off-shell. A few examples of Feynman
diagrams contributing to the leading order gg — e™v, ,u_z?ubl; subprocess are
presented in Fig. 1.

Parallel to our work, another NLO study of ¢tbb [28,29, 30] at the LHC
appeared. Moreover, NLO QCD corrections to the W+W~bb [31] process
have been calculated.

2. Numerical results

The process pp(pp) — tt+ X — WHIW=bb + X — eTvep v,bb+ X
is considered, both at the Tevatron Run II and the LHC i.e. at a center-
of-mass energy of /s = 1.96 TeV and /s = 7 TeV, correspondingly. The
Standard Model parameters are as follows

mw = 80.398 GeV, Ty = 2.141 GeV, (2.1)
my = 91.1876 GeV, I'y = 2.4952 GeV, (2.2)
G, = 1.16639 x 107> GeV 2. (2.3)

The electromagnetic coupling and sin? 8y are derived from the Fermi con-
stant and masses of W and Z bosons. The top quark mass is m; = 172.6 GeV
and all other QCD partons and leptons are treated as massless. The top
quark width is I7*© = 1.48 GeV at LO and INYO = 1.35 GeV at NLO,
where as = ag(my) = 0.107639510785815. The on-shell scheme is adopted

! http://helac-phegas.web.cern.ch/helac-phegas/
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for mass renormalization. All final-state partons with pseudorapidity |n| < 5
are recombined into jets via the kr algorithm [32,33,34], the anti-kr algo-
rithm [35] and the inclusive Cambridge/Aachen algorithm (C/A) [36] with a
cone of size R = 0.4. Additional cuts are imposed on the transverse momenta
and the rapidity of two recombined b-jets

pr, > 20 GeV, lyp| < 4.5. (2.4)
Basic selection is applied to decay products of top quarks

pr, > 20 GeV, Ime| < 2.5, ARy > 04, DT, > 30 GeV.

(2.5)
The CTEQG6 set of parton distribution functions (PDFs) is consistently
used [37,38]. In particular, CTEQ6L1 PDFs with a 1-loop running oy is
taken at LO and CTEQ6M PDFs with a 2-loop running ags at NLO. The
contribution from b quarks in the initial state is neglected. The number of
active flavors is Np = 5, and the respective QCD parameters are AIgO = 165
MeV and Ag/[s = 226 MeV. In the renormalization of the strong coupling con-
stant, the top-quark loop in the gluon self-energy is subtracted at zero mo-
mentum. In this scheme the running of ay is generated by the contributions
of the light-quark and gluon loops. The renormalization and factorization
scales, yur and up, are set to the common value g = mg.

2.1. Tevatron Run II

We start with a discussion of the total cross-section at the Tevatron
Run II. In spite of the fact that the Tevatron has been recently closed, the
data analysis in the CDF and DO experiments is still ongoing. Therefore,
in Table I results for the total cross-section for the central value of the
scale, ur = pup = m; and for three different jet algorithms: kv, anti-kr
and the inclusive Cambridge/Aachen algorithm (C/A), are presented. The
total cross-section receives small NLO QCD correction of the order of 2%.
Residual scale uncertainties, as obtained by varying the scale down and up

TABLE 1

Integrated cross-section at LO and NLO for pp — e+ue,u_D,Lbl; + X production at
the Tevatron Run II.

Algorithm oLo [fb] onro [fb]

anti-k 34.922 + 0.014 | 35.697 £+ 0.049
kT 34.922 £+ 0.014 | 35.723 = 0.049
C/A 34.922 £+ 0.014 | 35.746 £+ 0.050
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by a factor 2, are at the 40% level in the LO case. The dependence is large,
illustrating the well known fact that the LO prediction can only provide a
rough estimate. As expected, we observe a reduction of the scale uncertainty
while going from LO to NLO. In the NLO case we have obtained a variation
of the order of 8%. In addition, the size of the non-factorizable corrections,
as obtained by a comparison of the full result against a result in the narrow
width approximation (NWA), amounts to 1%. This is consistent with the
uncertainty of the NWA i.e. which is of the order O(I3/my).

In the next step, corrections to differential distributions are presented.
In Fig. 2, differential cross-section distributions as function of the aver-
aged transverse momentum and averaged rapidity of the charged leptons are
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Fig.2. Differential cross-section distributions as a function of the averaged trans-
verse momentum pr, of the charged leptons, averaged rapidity y, of the charged
leptons, pr,... and ARy, for the pp — eTveu™ ﬂltbg + X process at the Tevatron
Run II. The dashed (blue) curve corresponds to the leading order, whereas the
solid (red) one to the next-to-leading order result. The lower panels display the
differential K factor.
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given. Also shown are distributions of missing transverse momentum, pr_._,
and dilepton separation in the azimuthal angle-pseudorapidity plane, ARy,.
Even though the NLO corrections to the transverse momentum distribution
are moderate, they do not simply rescale the LO shape. A distortion at the
level of 40% is induced. For pr_, ., a distortion only up to 15% can be ob-
served. As for angular distributions positive and rather modest corrections
of the order of 5%—10% are obtained.

2.2. Large Hadron Collider

Table II shows the integrated cross-sections at the LHC with /s = 7 TeV,
for three different jet algorithms. At the central scale value, the full cross-
section receives NLO QCD corrections of the order of 47%. After including
the NLO corrections, a large scale dependence of about 37% in the LO
cross-section is considerably reduced down to 9%.

TABLE II

Integrated cross-section at LO and NLO for pp — e*ue,ufﬂﬂbl; + X production at
the LHC.

AlgOI‘ithHl JLO [fb] ONLO [fb]

anti-kr 550.54 £ 0.18 | 808.29 £+ 1.04
kT 550.54 £ 0.18 | 808.86 + 1.03
C/A 550.54 £ 0.18 | 808.28 £ 1.03

In order to quantify the size of the non-factorizable corrections for the
LHC, a comparison to the narrow-width limit of our calculation has again
been performed. Going from NWA to the full result changes the cross-section
no more than 1.2% for our inclusive setup.

In Fig. 3, differential cross-section distributions as function of the av-
eraged transverse momentum and averaged rapidity of the charged leptons
together with pr . and ARy separation are shown.

For renormalization and factorization scales set to a common value
1 = my, the NLO QCD corrections are always positive and relatively large.
In particular, in case of the pp, differential distribution, a distortion up to
25% 1is reached, while for pr . a distortion up to 80% is visible. For the
y¢ distribution, rather constant corrections up to 50% are obtained. And
finally, the distribution in ARy, has even acquired corrections up to 90%.
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Fig.3. Differential cross-section distributions as a function of the averaged trans-
verse momentum pr, of the charged leptons, averaged rapidity y, of the charged
leptons, pr,.... and ARy for the pp — etv.u~,bb + X process at the LHC. The
dashed (blue) curve corresponds to the leading order, whereas the solid (red) one
to the next-to-leading order result. The lower panels display the differential K
factor.

3. Summary

The NLO QCD corrections to the full decay chain pp(pp) — t& —
WHW=bb — eTveu v,bb + X have been briefly presented. In the cal-
culation, all off-shell effects of top quarks and W gauge bosons have been
included in a fully differential way. The total cross-section and its scale de-
pendence, as well as a few differential distributions at the Tevatron Run II
and the LHC have been given. The impact of the NLO QCD corrections on
integrated cross-sections at the Tevatron is small, of the order of 2%. On the
other hand, at the LHC, 47% NLO QCD corrections have been obtained.
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Residual theoretical uncertainties due to higher order corrections have been
estimated to be at the 8%—9% level. And finally, NLO QCD corrections do
not only affect the overall normalization of the integrated cross-sections, but
can also change the shape of some differential distributions.

I would like to thank the Organizers of the XXXV International Con-
ference of Theoretical Physics, Ustron 2011, for the kind invitation and the
very pleasant atmosphere during the conference. The calculations presented
here have been performed on the Grid Cluster of the Bergische Universitit
Wuppertal, financed by the Helmholtz — Alliance “Physics at the Terascale”
and the BMBF. The author was supported by the Initiative and Network-
ing Fund of the Helmholtz Association, contract HA-101 (Physics at the
Terascale).
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