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1. Introduction

With the start of collisions at LHC at 7 TeV, elementary paediphysics entered further into
the terascale. The immense energy allows for many multigiarchannels to open. Final states
with four or more jets together with isolated leptons may tmlpced thanks to the available phase
space, and identified thanks to the large acceptance of thA&&nd CMS detectors. Such multi-
particle processes are intensively studied, because theytfackgrounds for, or modify, signals of
physics beyond the Standard Model. Correct interpretaifaignals of new physics demands the
reduction of theoretical uncertainties related to mudtitigle processes. In particular large QCD
backgrounds need to be under control, and at least to négatiing order (NLO) in fixed-order
perturbation theory.

2. Helac-NLO

There has been a remarkable progress in recent years taredeto-leading (NLO) precision
in QCD for processes with four or more final-state particled/ar partons [1,2]. These calculations
are considerably more complex than leading-order (LO)utalions, and several difficulties had
to be overcome. From this list of calculations, the ones jmge been performed with the help of
a collection of computer programs recently published utitiename HELAC-NLO as a complete
tool for such calculations [3].

One of the issues is related to the cancellation of IR diverge, which is ensured to happen
formally, but must eventually be implemented for numericalculations. In HLAC-NLO the
implementation EHLAC-DIPOLES [4] of the dipole-subtraction method [5] is used for thispase.

It is based on the LO platform #HLAC-PHEGAS [6] making use of the universality of the dipole-
subtraction method with respect to details of the partonicgss. The phase space integration is
optimized with the help of KLEU [7].

HELAC is also used to evaluate tree-level amplitudes, whereasrtedoop amplitudes are
evaluated with ELAC-1LooP [8]. It is an explicit implementation of the OPP approach te-o
loop calculations [9], using the universal OPP reductionl ©uTTooLS [10]. Within the OPP
approach the non-universal part of a one-loop calculatenke identified as the numerator of the
one-loop amplitude over denominator factors containirgldlop integration momentum. lAC-
1Loop computes these by translating them systematically in-ltreel objects. The one-loop
master integrals are evaluated witn€ELOoOP [11]. The part of the rational contribution not pro-
vided by QuTTooLsis also included [12].

3. Resultsfor the process pp(pp) — tt — W+W—bb — e+veu*\7“bt_)

Several processes have been calculated at NLO QCD watlnEFNLO recently. Here we
briefly report on the calculation qfp(pp) — tt — WHW~ bb — et Vell ™ Vy bb with complete off-
shell effects. Double-, single- and non-resonant top dautions of the order’(ada*) are consis-
tently taken into account, which requires the introductidrm complex-mass scheme for unstable
top quarks [13]. Moreover, the intermediadé bosons are treated off-shell. A few examples of
one-loop Feynman graphs for tgg — e veu*\ﬁ,bt?subprocess are presented in Figure 1.



Hard multi-particle processes at NLO QCD Andreas van Hameren

) W
t w< 7y
b
w+
N\/"‘N<
N

Figure 1: Some one-loop Feynman graphs for gig— e+ veu*ﬂ,bb_subprocess.

Both center-of-mass energies corresponding to the TeVatroll and the LHCij.e./s= 1.96
TeV and./s= 7 TeV, are considered. The Standard Model parameters aci@s<:

my = 80.398 Ge\| Ty = 2.141 GeV (3.1)
my = 911876 GeV Tz = 2.4952 GeV (3.2)
G, = 1.16639x 10°° GeV 2 (3.3)

The electromagnetic coupling and %8y, are derived from the Fermi constant and the masses of
the W and Z bosons. The top quark massng = 1726 GeV and all other QCD partons and
leptons are treated as massless. The top quark widths at d®Il® arel° = 1.48 GeV and
NLO — 1.35 GeV whereas = as(m) = 0.10764. Mass renormalization is performed within the
on-shell scheme. All final-state partons with pseudorapidj| < 5 are recombined into jets via
the kr algorithm [14], theanti-k; algorithm [15], or the inclusive Cambridge/Aachen aldunit
(C/A) [16] with a cone size oR = 0.4. Additional cuts are imposed on the transverse momenta
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Algorithm | aiofb] |  owwo [fb]

anti-ky 34.922+ 0.014 | 35.697+ 0.049
kr 34.922+ 0.014 | 35.723+ 0.049
CIA 34.9224 0.014 | 35.746+ 0.050

Table 1: Integrated cross section at LO and NLO fop p» e veu*Vubt_) + X at the TeVatron run 1.

and the rapidity of two recombindwjets, namely
pr, > 20 GeV, |yp| < 4.5. (3.4)
To the decay products of the top quarks basic selection ceitspgplied:
pr, > 20 GeV, |n¢| <25, ARy > 0.4, pr,,> 30 GeV. (3.5)

The CTEQ6 set of parton distribution functions (PDFs) issistently used [17]. In particular,
CTEQ6L1 with a 1-loop runningrs is used at LO and, CTEQ6M with a 2-loop runniing at
NLO. The contribution fronb quarks in the initial state is neglected. The number of adtavors
is Ng = 5, and the respective QCD parameters /a8 = 165 MeV andA¥S = 226 MeV. In the
renormalization of the strong coupling constant, the toprlg loop in the gluon self-energy is
subtracted at zero momentum. In this scheme the running f generated by the contributions
of the light-quark and gluon loops. The renormalization &awadorization scalesyr and ug, are
set to the common valug = m.

3.1 TeVatron Run |1

First we present results for the TeVatron run Il. Althougk ffeVatron has been recently
closed, the data analysis in the CDF and DO experimentslligsing on. Therefore, in Table 1
results for the total cross section for the central valuehefdcale and for the three different jet
algorithms mentioned before are presented. The total @esson receives small NLO QCD
correction of the order of 2%. Residual scale uncertaintibtined by varying the scale down and
up by a factor of 2, are at the 40% level in the LO case. The dim@e is large, illustrating the
well known fact that the LO prediction can only provide a rbwgtimate. As expected, we observe
a reduction of the scale dependence going from LO to NLO. énNhO case we find a variation
of the order of 8%. In addition, the size of the non-factdvieacorrections, obtained by comparing
the full result with the result in the narrow width approxima (NWA), amounts to 1%. This is
consistent with the uncertainty of the NWA, which is of theerd (I /my).

In Figure 2, differential cross sections as function of theraged transverse momentum and
the averaged rapidity of the charged leptons are given. sitgwvn are distributions of missing
transverse momenturpy, .., and the dilepton separatidi,, in the azimuthal angle-pseudorapidity
plane. Even though the NLO corrections to the transverse entum distribution are moderate,
they do not simply rescale the LO shape, for they cause timtsrat the level of 40%. Faor,.,
distortions only up to 15% can be observed. As for anguldriligions, positive and rather modest
corrections of the order of 5% 10% are obtained.
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Figure2: Differential cross sections forp— et vepi vy bb + X at the TeVatron run Il as a function of the
averaged transverse momentur @f the charged leptons, the averaged rapidity¥the charged leptons,
PT.ee @NdARy,. The blue dashed curve corresponds to the leading ordersaiséhe red solid one to the
next-to-leading order result. The lower panels displaydifeerential K factor.

Algorithm | oio[fb] | oo [fb]

anti-kr 550.54+ 0.18 | 808.29+ 1.04
kr 550.54-+ 0.18 | 808.86+ 1.03
CIA 550.54-+ 0.18 | 808.28+ 1.03

Table 2: Integrated cross section at LO and NLO for ppe™ veu*Vubt_) + X at the LHC.



Hard multi-particle processes at NLO QCD Andreas van Hameren

NLO —— 10000 NLO ——
= 107 [ Lo 1000 | Lo
C‘S ~
2 S o0} _
= 1 £
& \b 10
N <
& o

0.1 ¢
0.1 ¢

2.5 t t t t 2.5 ————t——t——+
2+ NLO/LO —— 1 2+ NLO/LO —— 1
1.5 | 1 S
1 1
05 L L L L 05 L L L L L L L L L

0 50 100 150 200 250 -25-2-15-1-050 05 1 15 2 25

PT,[GeV] Y

NLO —— 10000 NLO ——
= L LO -------- | LO --------
3 10+ p = 1000 ¢
2 g
S s 100}

g 1 T
~ N 10 |
.%. le}
B . = 1}
=01 "
0.1 ¢ 1
2.5 — 2.5 —mH—+—F+—+—+—+—+—+—t
2+ NLO/LO —— 1 2+ NLO/LO —— 1
15t , 1.5 f—'_‘w:—'—r'}
1 1
05 L L L L 05 L L L L L L L L L
0 50 100 150 200 250 0051 152253354455
pr  [GeV] AR

miss

Figure 3: Differential cross sections for pp> et veu*VubB + X at the LHC as function of the averaged
transverse momentuny,of the charged leptons, the averaged rapidity§the charged leptons .., and
ARyy. The blue dashed curve corresponds to the leading ordeneakehe red solid one to the next-to-
leading order result. The lower panels display the diffeiarK factor.

3.2 LargeHadron Coallider

Table 2 shows the integrated cross sections at the LHC k- 7 TeV, again for the three
different jet algorithms. At the central scale valuelot= m, the full cross section receives NLO
QCD corrections of the order of 47%. After including the NL@rrections, the large scale de-
pendence of about 37% in the LO cross section is reduceddsmasily, down to 9%. In order to
guantify the size of the non-factorizable corrections far LHC, a comparison with the narrow-
width limit has again been performed. Going from NWA to thi fesult changes the cross section
no more than 2% for our inclusive setup.

In Figure 3, differential cross sections as function of thieraged transverse momentum and
the averaged rapidity of the charged leptons, along with, and the separatioAR,, are shown.
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For the given scale value the NLO QCD corrections are alwagitipe and relatively large. In
particular for thepr, distribution, distortions up to 25% are reached, whilefdgf,, distortions up

to 80% are visible. For thg distribution, rather constant corrections up to 50% araiabt. And

finally, the distribution ofAR,, acquires corrections even up to 90%.

4. Summary

The Monte Carlo framework ELAC-NLO for the automatic calculation of hard scatter-
ing cross sections at NLO QCD was introduced, and resultghferprocesspp(pp) — tt —
WHW-bb — e+veu‘\7,1bt_> + X obtained with the help of this program were presented. AH of
shell effects of top quarks aml bosons were included. The total cross section and an estiohat
its scale dependence, along with a few differential digtidms were presented, both for the TeVa-
tron run Il and the LHC. The impact of the NLO QCD correctiomsiotegrated cross sections at
the TeVatron were found to be small, of the order of 2%. At LI8€ the other hand, corrections
up to 47% were found. Theoretical uncertainties due to migihéer corrections have been esti-
mated to be at the level of 9%. Finally, it has been observatithie corrections affect the overall
normalization as well as the shape of differential distiins.
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