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1. Introduction

At high energy colliders, the interaction between elementary matter particlagk&@and glu-
ons), is dominated by the strong force which is very well described by #aeryhof QCD. As
protons are not elementary particles, but composed of quarks andsghrmhas most physics ob-
servables studied at the LHC involve jets in the final state, QCD effectsvangoesent in hadronic
collisions. A detailed understanding of QCD is therefore mandatory for teepiretation of col-
lider data. At large momentum transfer, perturbative expansion of Q@Cbeaused to obtain
quantitative predictions for hadronic observables.In this talk, we reveéeent progress on pertur-
bative QCD calculations for two categories of observables: multiparticléuatemn at NLO and
precision observables at NNLO.

2. Multiparticle Production at NLO

The search for new physics signals at the CERN LHC will often involve maltiige final
states, consisting of numerous jets, leptons, photons and missing enaitgyineneral, at LHC
one expects the production of massive short-lived particles which wilebected through their de-
cay signatures. Meaningful searches for these signatures regtioaly a very good anticipation
of the expected signal, but also of all standard model backgroundsngjettentical final state sig-
natures. Since leading-order calculations are affected by largetaimtigxs in their normalization
and their kinematical dependence, it appears almost mandatory to incl@editections.

An NLO calculation of an-particle observable consists of two contributions: the virtual one-
loop correction to then-particle production process, and the real radiation contribution from the
(n+ 1)-particle production process. Both contributions are infrared divergad can be evalu-
ated numerically only after extracting the infrared divergent contributitoma the real radiation
process. Restricting ourselves to processes involving massless ftea| several well-established
and widely used methods exist for this task [1]. The evaluation of the apperuwlti-leg ampli-
tudes poses a challenge in complexity and stability. Any one-loop amplitudeecexpbessed as
a linear combination of one-loop integrals with at most four external legs,ghational remain-
der. Enormous progress has been made in recent years in the systemmgiidation of the one-
loop integral coefficients and rational terms. While previously establisbgdrran-diagram based
techniques for tensor reduction and form factor decomposition weressitlly extended [2] to
multi-leg problems, a new arsenal of techniques was emerging from thé us#arity and multi-
particle cuts. Using these, the one-loop integral coefficients of an amptitudee inferred without
evaluation of all individual diagrams [3]. The rational coefficients cametermined in the same
framework by extending the unitarity relations from four dimensions to higiraeensional space-
time [4].

Given the large number of different multi-particle final states of potentiakesteto new
physics searches, an automation of NLO calculations is highly desirable.infjlementation
of the real radiation contributions and their infrared subtraction terms éas dccomplished in
the Sherpa [5], MadGraph [6] and Helac/Phegas [7] frameworkdewie automation of the vir-
tual corrections has been achieved using the various available methoslEmisumerical form
factor decomposition is automated in the Golem package [8]. Unitarity and muiigipauts are
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used in the BlackHat package [9], and the OPP method is automated in CUt@olslumerical
D-dimensional unitarity is applied in the Rocket package [11] and the Sapackage [12];

The current frontier of complexity are NLO calculations of24 reactions. Several very
important processes of this type have been computed most recently. Thé&akground process
to the associated production of a Higgs with a heavy quark-antiquarkipllimg attbb final states
were computed recently to NLO [13] A detailed overview on the status of thisiledion will be
given by S. Dittmaier, at this conference [14].

NLO corrections ofW + 3j were obtained by two groups in the Rocket [15] and in the
Blackhat+Sherpa [16] framework. The correctionszZtb+ 3j were also obtained with Black-
hat+Sherpa [17]. The results will be reported by D. Kosower, durifgycbnference [18].

3. Precision Observablesat NNLO

Few benchmark observables (e.g. jet cross sections, vector bazducpon) are measured
experimentally to an accuracy of one per cent or below. For a theoreiteabretation of these
observables, NNLO corrections are mandatory. Likewise, NNLO cbams are required for a
reliable description of observables with potentially large perturbativeectbans, like Higgs or
vector boson production.

The calculation of NNLO corrections to arparticle final state requires three ingredients: the
two-loop matrix elements for the-particle production, the one-loop matrix elements for (the-
1)-particle production and the tree-level matrix elements(fof 2)-particle production. The lat-
ter two contributions develop infrared singularities if one or two particlesimecsoft or collinear,
requiring a subtraction method to extract these infrared poles, whichearedmbined with the vir-
tual corrections to yield a finite prediction. The two major challenges of NNalGutations are the
two-loop matrix elements and the handling of the real radiation at NNLO. Upuo @ types of
approaches to real radiation have been applied in NNLO calculationslofsése observables. The
sector decomposition method [19] is based on a systematic expansion in tistsbéollowed by
numerical integration over many different small phase space sectdisa&tion methods search to
approximate the full real radiation contribution by subtraction terms in allaatved limits; these
terms are then integrated analytically. While many subtraction methods havevbderd out at
NLO, only two methods have so far yielded results at NNLO: the antenrteastibn method [20]
for processes i e~ annihilation, and ther-subtraction [21] for hadron collider processes in
specific kinematic configurations.

For the purpose of these proceedings contributions, we restrictheess® the description
of two particular observables: Vector boson and jet production. Fultjusive NNLO correc-
tions to vector boson production have been derived using sector desiiop [22] and withgr-
subtraction [23], including the leptonic vector boson decay. Using théyravtained results, the
NNLO corrections (and their uncertainty) to the lepton charge asymmetfgg@vdbe quantified.

Jet production observables have been computed to NNLO onlg'fer annihilation up to
now. Two implementations of the NNLO correctionsébe™ — 3j and related observables are
available [25] both based on antenna subtraction. Including these ndwDMMNrrections, LEP
data on event shapes and jet cross sections were reanalyzed in \aevingbroved determination
of the strong coupling constant [26].
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The derivation of NNLO corrections to jet cross sections in hadronic anisis of high
priority. The relevant two-loop matrix elements for hadronic collisions andéep inelastic scat-
tering [27] are known for some time already, and substantial progre®sng bhade to extend the
antenna subtraction method to include hadrons in the initial state. A major stepl$other aim
has been achieved [28] where the subprocess to hadronic dijetquictgg — 4g has been eval-
uated in this antenna framework. The integrated forms of all antenna foadtave been derived
for one parton in the initial state [29], the case of two initial state partonsi$30brk in progress.

4. Conclusions

In this talk we outline most recent progresses for calculation of higher aateections to
observables in hadronic collisions. We presented the enormous magré$ O calculations for
multi-leg final states and outlined first NNLO results for fully differentiablsetvables.
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