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1. Introduction

The highest energy particle interactions which can be studied in the laboeatobeing pro-
vided by pp collisions at the Fermilab Tevatron amgp collisions at the CERN Large Handron
Collider (LHC). In order to compare hadron collider data with theoreticatjotions at a suffi-
ciently precise level, NLO QCD corrections are needed for many sigudabackground processes.
A sizable fraction of these proceedings is devoted to this topic.

The purpose of the present contribution is to provide an overview of IIGID calculations
which have been implemented in the publicly available VBFNL@ogram package [1] or which
have recently been performed in the VBFNLO framework. In addition, iseuss NLO QCD
corrections to&VWy production [2] in Section 3 and #Vy|j production [3] in Section 4.

2. Overview of VBFNL O Processes

The VBFNLO package provides parton level Monte Carlos for the cdloul®f hadron col-
lider cross sections and distributions with NLO QCD accuracy. The catioellaf collinear and
soft divergences between virtual contributions and real emissiorat@ns is achieved with the
dipole subtraction method of Catani and Seymour [4]. The calculation of nedémrents is based
on the helicity amplitude formalism of Ref. [5], while dedicated routines usirsg&ao-Veltman
and/or Denner-Dittmaier recursion [6] are providing numerical tenghration and the calculation
of the finite parts of virtual amplitudes.

VBFNLO originates from vector boson fusion (VBF) processes whigh be pictured as
quark-(anti)quark scattering viachannel electroweak boson exchange, with the emission of ad-
ditional weak bosons or a Higgs boson off the quark- or electroweakrbtines. All processes,
which are discussed below, neglect identical fermion effects. For \WBEgsses such a$5—>
gQH this implies thas-channel diagrams such 8§ — ZH — ulH are considered to be separate
processes which are not provided by VBFNLO. Indeed, in the pheseesregions where VBF
processes can be isolated at the LHC, thesbannel contributions are usually small and their
interference with the VBF diagrams is truly negligible (see e.g. Ref. [7])e filowing VBF
processes at NLO QCD are implemented in the 2008 release of VBFNLO [1]:

e Hjj production with and without decay of the Higgs boson [8]. Options for lidggcay
modes includeH — "1, H - W"W~ — |Tvlv, H — ZZ — 4 leptons,H — yy, or
H — bb. Also, anomalou$iVV couplings are supported [9].

e Hjjj production with and without decay of the Higgs boson [10]. Options foigklidecay
modes are the same as td1jj production. TheH + 3-jet calculation does not contain the
full NLO QCD corrections but neglects certdaichannel color exchange contributions which
are subleading in/IN and which have been shown to be very small for VBF kinematics.

e Wjj production with subsequent leptomé decay [11].

e Zjj production with subsequent leptoricdecay [11].

1The source code for the VBFNLO programs is available at http://www-itpgie.uni-karlsruhe.de/vbfnlo/
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e WTWjj production with subsequent leptohiédecay and full off-shell effects [12]. Anoma-
lous trilinear and quartic couplings between Higgs boson and weak basemaplemented.

e ZZjj production with subsequent leptordadecay and full off-shell effects [14].
e W™Zjj production with subsequent leptonic weak boson decay and full eff-sffects [15].

For the last three processas\(jj production in VBF) extra vector resonancesvill scattering
are implemented within the context of warped Higgsless models [13]. BeyendBF processes
listed above, the calculation of

e WTWTjj andW~W~jj production in VBF with leptonic decay of th&/'s and full off-shell
effects [16]

has recently been completed and will be made publicly available in a future {/BRilease.
The next large class of processes concerns double and triple eleaktdson production
with NLO QCD accuracy. At tree level, the underlying reactions are of tpe tjg — VV or
gg — VVV. In all cases, leptonic decays of the electroweak bosons to lepton pdimsffashell
effects are included in the calculations. The processes implemented in Biec288se are

e WTW™ production. This process has been verified against MCFM [17].
e WTW~Z production, including thél — WW resonance [18].

e W*ZZ production, including théel — ZZ resonance [19].

e WXWTW= production, including théi — WW resonances [19].

Total NLO cross sections for the last three proces$as\ production) have been successfully
compared against the results of Ref. [20] which, however, are oaljadNe without leptonic decay
of the weak bosons and which do not include Higgs resonance contributio

Two extensions of the triple weak boson production processes hasatlsebeen completed
within the VBFNLO framework. These are

e WTW~yandZZy production with subsequeW andZ leptonic decay [2] and
e W*yj production withw — v decay [3].

They will be discussed in more detail below.

3. WWy Production

The three classes of Feynman graphs contributindf Wy production at tree level are shown
in Fig. 3. Asin all VBFNLO processes, the decay of We to charged leptons is included, i.e. the
QCD corrections are calculated for the full procegs pp — val; vol, y + X, including final state
photon radiation off the charged leptons or other off-shell contributions

Virtual QCD corrections can be considered separately for each ofdhddvel graphs. Cor-
rections to the vertex topology (1) factorize in terms of the correspondorg Bmplitude, and this
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Figure 1: Examples of the three topologies of Feynman diagrams duniing topp — WTW~y+ X.

includes the soft and collinear divergences which appear/a% dnd 1/¢ poles in dimensional
regularization. The cancellation of these poles against the real emiss&ssgctions, where the
divergent phase space integral is proportional to the full Born amplggdared, implies that the
infrared divergent parts of the QCD loop corrections to topologiesait) (111) also factorize in
terms of their respective Born amplitude. The full virtual contributions aue tliven by

2\ €
MV:MV+ %i_q: (4(7;’;> Ml+e¢) |:—£22—§—8+4§2 Mg, (3.1)
whereMg is the Born amplitude an@ is the partonic center-of-mass energy, i.e. the invariant
mass of the final state&/Wy system,mywy,. The termMy consists of the finite parts of the vir-
tual corrections to 2 and 3 weak boson amplitudes and can be calculatedicalinén d = 4
dimensions.
For our numerical results we impose a set of minimal cuts on leptons, phaligatannamely

pr,, > 20 GeV Yyl <25 Ry, > 0.4 Rj. > 0.4 Rjy > 0.7 (3.2)
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Figure2: Left: Scale dependence of the total LHC cross sectiopfor- WTW~y+X — (707 y+ pr + X

at LO and NLO within the cuts of Egs. (3.2) and (3.3). The faeation and renormalization scales are
together or independently varied in the range frafpg to 10, with tip = myw,y,. Right: Same as in the
left panel but for the different NLO contributions gt = ur = & Ho.
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where, in our simulations, a jet is defined as a parton of transverse momenjum20 GeV. For
photon isolation, we implement the procedure defined in [21]sif parton with transverse energy
Er, and a separatioR,, with a photon of transverse momentyr, then for

1-—cosd
1—cosdy

the event is accepted. Hedgis a fixed separation that we set equal to 0.7.

The integrated cross section within these cuts and its scale variation guguaanywy iS
depicted in Fig. 2. The scale variation is modest both at LO and at NLO. OHfadtorization scale
variation seriously underestimates the NLO corrections, which amounkKtfaator of about 1.7
at the LHC. At NLO, the factorization scale dependence is substantiallicegidwhen compared
to LO. The modest renormalization scale dependence can be associatedlydimeareal emission
contributions.

ZiEr6(6—-Ry) < pr, (forall 6 < &) (3.3)

4. Wyj Production

In Ref. [3] the NLO QCD corrections tpp, pp — W*yj + X cross sections have been calcu-
lated, again including final state photon radiation offWielecay products and finite width effects.
When varying the factorization and renormalization scales by a factor fuhd fixed values of
Uo = 100 GeV one finds modest scale variations which decrease from ab#uatlLO to 7% at
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Figure 3. Differential distribution of the photon-lepton separatiB,, and the maximum jet transverse
momentum at LO (dashed) and at NLO (solid). The lower part@s/she differentiaK-factor. The dotted
lines correspond to thi€-factor of the integrated cross sectiéh= 1.41.
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NLO. K-factors are around 1.4 at the LHC, but they do vary over phasesfiam examples for
this variation are shown in Fig. 3.

5. Conclusions

For a variety of production processes of electroweak bosons, NLO Q&Erections have
been calculated and implemented in the VBFNLO program package. QCections are found
to be fairly small for VBF cross sections. For triple electroweak bosodumtion, however, QCD
corrections increase LO estimates substantially{Hgctors up to 1.8 for integrated cross sections,
and even larger values are observed in certain distributions. The S€Dfcorrections fokVy]
production falls between these two extremes. It is clear, however, th@& QCD corrections
should be considered for a precise comparison of data to SM predictioall these processes.
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