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AbstratVbfnlo is a �exible parton level Monte Carlo program for the simulation ofvetor boson fusion (VBF), double and triple vetor boson prodution (plus jet) inhadroni ollisions at next-to-leading order (NLO) in the strong oupling onstant,as well as Higgs boson plus two jet prodution via gluon fusion at the one-loop level.In the new release � Version 2.6.0 � several new proesses have been added atNLO QCD: diboson prodution (W, WZ, ZZ, Z and ), same-sign W pairprodution via vetor boson fusion and the triboson plus jet proess Wj. Inaddition, gluon indued diboson prodution has been implemented at the leadingorder (one-loop) level. The diboson proesses WW , WZ and W an be run withanomalous gauge boson ouplings, and anomalous ouplings between a Higgs anda pair of gauge bosons is inluded in WW , ZZ, Z and  diboson prodution.The ode has also been extended to inlude anomalous ouplings for single vetorboson prodution via VBF, and a spin-2 model has been implemented for dibosonpair prodution via vetor boson fusion.
July 24, 2012
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1 IntrodutionThe physis potential of the Lh depends heavily on our ability to provide aurate rosssetion preditions for both signal and bakground proesses. The latter are often gen-erated by parton radiation from proesses with weak bosons in the �nal state. A preisedesription of suh hard QCD prodution proesses is needed, as well as a method for sim-ulating the measurable hadroni �nal states. Reahing these goals requires next-to-leadingorder (NLO) QCD alulations presented in the form of parton level Monte Carlo (MC)generators, whih are an e�ient solution when it omes to �nal states haraterized bya high number of jets and/or identi�ed partiles. When kinemati uts are imposed, asis mandatory for proesses involving QCD radiation, analyti phase-spae integration be-omes impratial and implementation of results in the form of Monte Carlo programsbeomes the method of hoie.Vbfnlo is a �exible MC program for vetor boson fusion (VBF), double and triplevetor boson (plus jet) prodution proesses at NLO QCD auray. Furthermore, theeletroweak orretions to Higgs boson prodution via VBF (whih are of the same orderof magnitude as the QCD orretions in the experimentally aessible regions of phase-spae) have been inluded. Sine real emission proesses are part of the NLO rosssetions, Vbfnlo provides the means to alulate ross setions for the orrespondingproess with one additional jet at leading order (LO) in the strong oupling. In addition,the simulation of CP-even and CP-odd Higgs boson prodution in gluon fusion, assoiatedwith two additional jets, is implemented at LO QCD. The full top- and bottom-quark massdependene of the one-loop ontributions in the Standard Model (SM), in the MinimalSupersymmetri Standard Model (MSSM) and in a generi two-Higgs-doublet model isinluded. Vbfnlo an be run in the MSSM (with real or omplex parameters), andanomalous ouplings of the Higgs boson and gauge bosons have been implemented forertain proesses. Additionally, two Higgsless extra dimension models are inluded �the Warped Higgsless senario and a Three-Site Higgsless Model � for seleted proesses.These models an be used to simulate the prodution of tehniolor-type vetor resonanesin VBF and triple vetor boson prodution. Diboson plus two jets prodution via VBFan also be run in a spin-2 model.Arbitrary uts an be spei�ed as well as various sale hoies. Any urrently availableparton distribution funtion (PDF) set an be used through the Lhapdf library. Inaddition, CTEQ6L1 for LO and CT10 for NLO alulations, as well as MRST2004qedand MSTW2008, are hard-wired into the ode. For most proesses implemented at leadingorder the program is apable of generating event �les in the Les Houhes Aord (LHA)and the HepMC format. When working in the MSSM, the SUSY parameters an be inputvia a standard SLHA �le.This manual supersedes the previous versions [1, 2℄ released with Vbfnlo Ver-sion 2.0 and Version 2.5.0. The following additional proesses have been inludedto NLO QCD auray:� Same sign W pair plus two jets prodution via VBF,� diboson prodution: WZ, W, ZZ, Z and ,� W plus a hadroni jet prodution.At the one-loop (LO QCD) level gluon indued prodution of dibosons (WW , ZZ, Zand ) has been implemented, with anomalous HV V ouplings inluded.3



Additionally, various new features have been introdued:� Anomalous gauge boson ouplings for single vetor boson prodution via VBF,� Anomalous gauge boson ouplings for WW , WZ and W diboson prodution� Spin two model for vetor boson pair prodution via VBF.The Vbfnlo webpage � http://www-itp.partile.uni-karlsruhe.de/vbfnlo/ �ontains, in addition to the latest version of the ode, extra information suh as the expliitimplementation of the eletroweak parameters and ouplings, as well as optimised grid�les for all proesses for a set of standard uts. To enable a simple installation testVbfnlo is shipped with a omplete set of example results, together with input �les, inthe regress diretory. On the webpage, users an subsribe to a low-tra� mailing list,where new versions of Vbfnlo are announed.
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2 Installing VbfnloThe soure ode of the urrent version of Vbfnlo an be downloaded from the Vbfnlowebpage http://www-itp.partile.uni-karlsruhe.de/vbfnlo/and inludes a GNU onforming build system for portability and an easy build andinstallation proedure.2.1 PrerequisitesThe basi installation requires GNU make, a FORTRAN771 and a C++ ompiler. Vbfnloo�ers the possibility of using the Lhapdf2 [3℄ library for parton distribution funtions.In order to inlude the eletroweak orretions to VBF Higgs prodution, the programLoopTools3 [4, 5℄ is required. Additionally, FeynHiggs4 [6�9℄ an be linked to theode in order to alulate the Higgs boson setor of the MSSM, although a SLHA �le anbe used as an alternative. If the simulation of Kaluza-Klein resonanes is enabled, aninstallation of the GNU Sienti� Library (GSL)5 is required. Vbfnlo an also be linkedto Root6 and HepMC7 to produe histograms and event �les in those formats.2.2 Compilation and installationAfter unpaking the soure arhive and entering the soure diretory, the onfiguresript an be invoked with several options, a omplete list of whih are available via./onfigure ��help. Among these, the most important ones are:� ��prefix=[path℄Install Vbfnlo in the loation given by [path℄. If not spei�ed, Vbfnlo is in-stalled in the root diretory.� ��enable-proesses=[list℄By default, the ode for all available proesses exept those involving hexagon on-tributions (i.e. triboson plus jet proesses) is ompiled8. Optionally, [list℄ gives aomma-separated list of seleted proesses to be ompiled. Possible proess namesare:vbf Vetor boson fusion proessesdiboson Double gauge boson produtiontriboson Triple gauge boson produtiondibosonjet Double gauge boson prodution with a hadroni jettribosonjet Triboson prodution in assoiation with a hadroni jethjjj Higgs boson plus three jet prodution via vetor boson fusionggf Higgs boson plus two jet prodution via gluon fusionall All the above proesses1g77, ifort and gfortran have been tested.2http://projets.hepforge.org/lhapdf/3http://www.feynarts.de/looptools/4http://www.feynhiggs.de/5http://www.gnu.org/software/gsl/6http://root.ern.h/7http://lgapp.ern.h/projet/simu/HepMC/8This is simply due to the relatively long time required to ompile the hexagon routines.5
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� ��disable-NLODisable the next-to-leading order QCD orretions.� ��enable-kkEnable simulation of Kaluza-Klein resonanes. Disabled by default, the Kaluza-Klein option requires the installation of the GNU Sienti� Library, whih an bespei�ed via ��with-gsl.� ��enable-spin2Enable simulation of spin-2 models. Disabled by default.� ��with-gsl=[path℄Enable the use of the GNU Sienti� Library. [path℄ spei�es the loation of theGSL installation.� ��with-LHAPDF=[path℄Enable the use of Lhapdf in addition to the built-in PDF sets. Disabled by default.[path℄ spei�es the loation of the Lhapdf installation.� ��with-LOOPTOOLS=[path℄Enable the use of LoopTools in order to alulate the eletroweak orretions. Ifthis option is not spei�ed, the eletroweak orretions annot be inluded. Disabledby default. [path℄ spei�es the loation of the LoopTools installation.� ��with-FEYNHIGGS=[path℄Enable the use of FeynHiggs9 to alulate the MSSM Higgs setor parameters.Disabled by default. [path℄ spei�es the loation of the FeynHiggs installation.� ��with-root=[path℄Enable the use of Root for histograms. [path℄ spei�es the loation of the Rootinstallation.� ��with-hepm=[path℄Enable the prodution of HepMC format event �les. [path℄ spei�es the loationof the HepMC installation.Note that, by default, both LoopTools and FeynHiggs are installed as stati li-braries. If this is the ase, onfigure must be run with the option ��enable-shared=no.Also note that, in order to link to an external program suh as Lhapdf, the external pro-gram needs to have been ompiled using the same ompiler (e.g. gfortran) as Vbfnlo. Ifno path is spei�ed, Vbfnlo will attempt to �nd the desired program in the root dire-tory. One onfigure has �nished suessfully, the make and make install ommandswill ompile and install Vbfnlo, respetively.2.3 Soure and installation diretory layoutThe Vbfnlo soure tree ontains the following subdiretories:� amplitudes/: Routines to alulate matrix elements for the proesses provided.9Note that di�erent versions of FeynHiggs give slightly di�erent results as more orretions are addedto the alulations. Vbfnlo has been tested with FeynHiggs versions 2.6.x, 2.7.x, 2.8.0 and 2.8.3.6



� do/: The soure of this manual.� helas/: Helas [10℄ subroutines used to alulate heliity amplitudes.� loops/: One-loop tensor integrals up to six-point funtions [11℄.� PDFsets/: Built-in parton distributions (CTEQ6L1 [12℄ for LO and CT10 [13℄ forNLO alulations, as well as MRST2004qed [14℄ and MSTW2008 [15℄).� phasespae/: Speialized phase-spae generators for the proesses provided.� regress/: Folder ontaining example results, together with input �les, for all pro-esses.� sr/ and lib/: Soure ode of the main programs and input �les.� utilities/: Routines for administrative tasks, uts, sale hoies and interfaes.The soure does not need to be modi�ed to hange the simulation parameters. Vbfnloo�ers several kinemati uts and sale hoies. This is illustrated in Se. 4. In ad-dition, it provides a few basi histograms. Cuts, histograms and sale hoies not al-ready provided may be added in the utilities/uts.F, utilities/histograms.F andutilities/sales.F �les.The installation is performed in a standard Unix-layout, i.e. the diretory spei�edwith the ��prefix option of the onfigure sript ontains the following diretories:� bin/: vbfnlo and ggflo exeutables.� inlude/VBFNLO/: Vbfnlo header �les.� lib/VBFNLO/: Vbfnlo modules as dynamially loadable libraries. These an alsobe used independently from one of the main programs.� share/VBFNLO/: Input �les and internal PDF tables.2.4 Running the programBoth the vbfnlo and ggflo exeutables ontained in the bin diretory of the installationpath look for input �les in the urrent working diretory. An alternative path to input �lesmay be spei�ed expliitly by passing the ��input=[path℄ argument to the programs,with path denoting the full path where input �les are loated. I.e. in order to run Vbfnlofrom the installation (prefix) diretory, the ommand is./bin/vbfnlo ��input=[path℄The input �les ontained in the share/VBFNLO diretory are meant to represent defaultsettings and should not be hanged. We therefore reommend that the user opies theinput �les to a separate diretory. Here, speial settings may be hosen in the input �lesand the program an be run in that diretory without speifying further options.Vbfnlo outputs a running `log' to the terminal, ontaining information about thesettings used. In addition, a �le (named, by default, xsetion.out) is produed, whihontains only the LO and NLO ross setions, with the assoiated errors. Histograms andevent �les, in various forms, an be output as desribed later.7



2.4.1 Parallel jobs and optimised gridsOwing to the omplexity of the alulations involved, some of the proesses implementedin Vbfnlo (in partiular the spin-2 proesses and triboson plus jet proesses) requirea signi�ant amount of time in order to obtain reasonable results. There are, however,methods whih an be used in order to redue the neessary run time.By using an optimised grid, the number of iterations needed in order to improvethe e�eieny of the MC integration an be redued. Optimised grids are provided onthe Vbfnlo webpage for all proesses using standard uts and parameter settings. Thevariables used to set the input grid �les and number of iterations are desribed in Se. 4.1.1.Another method of improving the run time is to run several jobs in parallel andthen ombine the results. In order to do this several input diretories need to be setup ontaining all the neessary .dat input �les for the proess. The variable SEED inrandom.dat (Se. 4.9) needs to be set to a di�erent integer value in eah diretory. Ashort example of the results of a parallel run, together with their ombination, is providedin the regress diretory regress/100_Hjj_parallel. On the Vbfnlo website there is ashell sript whih an be used to ombine the ross setions and histograms from parallelruns.2.5 MaOSXUnfortunately, owing to the library set-up, at the moment Vbfnlo does not run onMaOSX. It has, however, been tested suessfully on a virtual box on a MaOSX.2.6 Bug reportsPlease report any problems tovbfnlo�partile.uni-karlsruhe.dewith a short report inluding the onfigure options used to build Vbfnlo, as well asthe versions of ompilers and external libraries used.2.7 LienseVbfnlo is distributed under the GNU General Publi Liense (GPL) version 2. Thisensures that the soure ode will be available to users, grants them the freedom to useand modify the program and sets out the onditions under whih it an be redistributed.However, it was developed as part of an aademi researh projet and is the result ofmany years of work by the authors, whih raises various issues that are not overed by thelegal framework of the GPL. It is therefore distributed together with a set of guidelines10,whih were originally formulated and agreed on by the MCnet ollaboration for eventgenerator software.
10These guidelines are ontained in the GUIDELINES �le distributed with the release.8



3 ProessesIn the following setions, we desribe all prodution proesses and deay modes imple-mented inVbfnlo, together with referenes to more detailed disussions of the underlyingalulations.In the phase-spae regions that are aessible at hadron olliders, VBF reations aredominated by t-hannel eletroweak gauge boson exhange. In this lass of proesses inVbfnlo s-hannel exhange ontributions and kinematially suppressed fermion inter-ferene ontributions [16�18℄ are therefore disregarded. �Final state� weak bosons deayinto massless leptons. Numerially small ontributions from Pauli-interferene e�ets foridential harged leptons are negleted. For �nal-state identi�ed photons we employ theisolation riterion of Ref. [19℄. This ensures that divergenes from ollinear emission of aphoton from a �nal-state massless quark or anti-quark are avoided, while the anellationof the infrared divergenes between the virtual and the real part is kept intat.Higgs ontributions (and interferene e�ets) are inluded in all appropriate proesses,using a �xed Higgs width. The Higgs propagator is given by1s�M2H + iMH�H : (1)In Vbfnlo external quarks are treated as massless. By default, external bottomquarks are exluded in those proesses where their inlusion ould lead to the presene ofa top quark. I.e. in harged urrent proesses suh as WW diboson prodution, externalbottom quarks are not allowed, as this would lead to a (massless) t-hannel top quark, butin ZZ diboson prodution external bottom quarks are inluded. In the VBF proessessuh as pp ! Hjj there are both neutral and harged urrent omponents (when theexternal quark lines emit Z and W bosons respetively) � by default, external bottomquarks are exluded from this lass of proesses. A message is printed in the log �lestating whether external bottom quarks are inluded or exluded. In neutral urrentproesses, bottom quarks in the �nal state are at present treated no di�erently from other�nal state quarks. The number of external quark �avours onsidered is set in the �leutilities/global.in. By hanging the parameter nfl from 5 to 4, bottom quarks willnot be inluded in any proesses. By hanging the parameter vbfNFLb from false totrue, external bottom quarks will be inluded in the neutral urrent diagrams in VBFproesses if nfl is set to 511.3.1 VBF Higgs boson prodution in assoiation with two jetsHjj prodution via VBF mainly proeeds via eletroweak quark-quark sattering pro-esses suh as qq0 ! qq0H and rossing related reations. In Vbfnlo, tree level rosssetions, NLO QCD orretions and 1-loop eletroweak orretions (in the Standard Modeland the MSSM) to the t-hannel prodution proess are provided. The subsequent de-ay of the Higgs boson is simulated in the narrow width approximation (NWA). For theH ! W+W� and the H ! ZZ modes, full o�-shell e�ets and spin orrelations of thedeay leptons are inluded. The available prodution proess and deay modes are listedwith the orresponding proess IDs in Table 1. Anomalous ouplings between a Higgsboson and a pair of vetor bosons are implemented in the ode and an be input via the�le anom_HVV.dat. Details of the alulations an be found in Refs. [20�22℄.11Note that, if the �le global.in is hanged, make lean must be run in the folders utilities andamplitudes, and then make all install must be run for the Vbfnlo ode.9



ProId Proess Bsm100 p(�)p ! H jj 9>>>>>>>>>>>>>>=>>>>>>>>>>>>>>; anomalous HVV ouplings, MSSM101 p(�)p ! H jj !  jj102 p(�)p ! H jj ! �+�� jj103 p(�)p ! H jj ! �+�� jj104 p(�)p ! H jj ! b�b jj105 p(�)p ! H jj !W+W� jj ! `+1 �`1`�2 ��`2 jj106 p(�)p ! H jj ! ZZ jj ! `+1 `�1 `+2 `�2 jj107 p(�)p ! H jj ! ZZ jj ! `+1 `�1 �`2 ��`2 jjTable 1: Proess IDs for p(�)p ! Hjj prodution via vetor boson fusion at NLO (QCDand eletroweak) auray in the SM and MSSM. Anomalous ouplings between the Higgsboson and vetor bosons are implemented for all deay modes.ProId Proess110 p(�)p ! H jjj111 p(�)p ! H jjj !  jjj112 p(�)p ! H jjj ! �+�� jjj113 p(�)p ! H jjj ! �+�� jjj114 p(�)p ! H jjj ! b�b jjj115 p(�)p ! H jjj !W+W� jjj ! `+1 �`1`�2 ��`2 jjj116 p(�)p ! H jjj ! ZZ jjj ! `+1 `�1 `+2 `�2 jjj117 p(�)p ! H jjj ! ZZ jjj ! `+1 `�1 �`2 ��`2 jjjTable 2: Proess IDs for p(�)p ! Hjjj prodution via VBF at NLO QCD auray.3.2 VBF Higgs boson prodution in assoiation with three jetsAdding an extra parton to the Higgs prodution proesses of Se. 3.1 gives rise to Hjjj�nal states. The orresponding ross setions are implemented at NLO QCD auray(with ertain approximations) in Vbfnlo. A list of all available modes and orrespondingproess IDs is given in Table 2. Details of the alulation an be found in Ref. [23℄.
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ProId Proess2100 p(�)p ! H jj2101 p(�)p ! H jj !  jj2102 p(�)p ! H jj ! �+�� jj2103 p(�)p ! H jj ! �+�� jj2104 p(�)p ! H jj ! b�b jj2105 p(�)p ! H jj !W+W� jj ! `+1 �`1`�2 ��`2 jj2106 p(�)p ! H jj ! ZZ jj ! `+1 `�1 `+2 `�2  jj2107 p(�)p ! H jj ! ZZ jj ! `+1 `�1 �`2 ��`2 jjTable 3: Proess IDs for p(�)p ! Hjj prodution via VBF at NLO QCD auray.ProId Proess Bsm120 p(�)p ! Z jj ! `+`� jj 9>>>>>>=>>>>>>; anomalous ouplings121 p(�)p ! Z jj ! �`��` jj130 p(�)p !W+ jj ! `+�` jj140 p(�)p !W� jj ! `���` jj150 p(�)p !  jjTable 4: Proess IDs for vetor boson + 2 jet prodution via vetor boson fusion at NLOQCD auray.3.3 VBF Higgs boson prodution with a photon and two jetsThe emission of an additional photon in VBF Higgs boson prodution (Se. 3.1) resultsin Hjj �nal states. These are implemented at NLO QCD auray in Vbfnlo, withproess IDs as given in Table 3. Details of the alulation an be found in Ref. [24℄.3.4 VBF prodution of a single vetor boson and two jetsVetor boson fusion proesses an also produe �nal states with two leptons plus two jets,whih are generially referred to as �VBF Zjj and W�jj prodution�. These reationsand the one with a photon plus two jets in the �nal state are implemented to NLO QCDauray inVbfnlo, with the proess IDs given in Table 4. Anomalous triboson ouplingsare input via anomV.dat and an be inluded in all proesses in this lass. Details of thealulations an be found in Refs. [25, 26℄.
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ProId Proess Bsm191 p(�)p ! S2 jj !  jj spin-2 resonant prodution onlyTable 5: Proess ID for a spin-2 partile S2`+ 2 jet prodution via vetor boson fusion atNLO QCD auray.3.5 VBF prodution of a spin-2 partileVbfnlo an simulate the prodution of a spin-2 partile via VBF, whih then deaysinto two photons, with the proess ID given in Table 5. This proess is only available ifit has been enabled at ompilation (using the onfigure �ag ��enable-spin2), and willonly run if the swith SPIN2 in vbfnlo.dat is set to true. The parameters of the spin-2model are input via spin2oupl.dat.3.6 VBF prodution of two vetor bosons and two jetsThe prodution of four leptons plus two jets in the �nal state at order O(�6) is dominatedby VBF ontributions. In Vbfnlo, all resonant and non-resonant t-hannel exhangeontributions (inluding ontributions from Higgs bosons) giving rise to a spei� leptoni�nal state are onsidered. For simpliity, we refer to these reations as �VBF dibosonprodution�. Finite width e�ets of the weak bosons and spin orrelations of the deayleptons are fully retained.The available proesses and orresponding proess IDs are listed in Table 6. Anoma-lous gauge boson ouplings, input via anomV.dat are implemented for W+W�jj produ-tion. This proess lass an also be run in the Higgsless and spin-2 models implementedin Vbfnlo, with the exeption of same-sign WW prodution. Details of the alulationsan be found in Refs. [27�31℄.ProId Proess BSM200 p(�)p !W+W� jj ! `+1 �`1`�2 ��`2 jj anomalous ouplings, Kaluza-Klein models, spin-2 models210 p(�)p ! ZZ jj ! `+1 `�1 `+2 `�2 jj 9>>>>=>>>>; Kaluza-Klein models, spin-2 models211 p(�)p ! ZZ jj ! `+1 `�1 �`2 ��`2 jj220 p(�)p !W+Z jj ! `+1 �`1`+2 `�2 jj230 p(�)p !W�Z jj ! `�1 ��`1`+2 `�2 jj250 p(�)p !W+W+ jj ! `+1 �`1`+2 �`2 jj260 p(�)p !W�W� jj ! `�1 ��`1`�2 ��`2 jjTable 6: Proess IDs for diboson + 2 jet prodution via vetor boson fusion at NLO QCDauray.
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ProId Proess BSM300 p(�)p !W+W� ! `+1 �`1`�2 ��`2 anomalous HV V and V V V ouplings310 p(�)p !W+Z ! `+1 �`1`+2 `�2 � anomalous V V V ouplings320 p(�)p !W�Z ! `�1 ��`1`+2 `�2330 p(�)p ! ZZ ! `�1 `+1 `�2 `+2 anomalous HV V ouplings340 p(�)p !W+ ! `+1 �`1 � anomalous V V V ouplings350 p(�)p !W� ! `�1 ��`1360 p(�)p ! Z ! `�1 `+1  � anomalous HV V ouplings370 p(�)p ! Table 7: Proess IDs for the diboson prodution proesses at NLO QCD auray.3.7 Double vetor boson produtionThe prodution of four-lepton �nal states mainly proeeds via double vetor boson pro-dution with subsequent deays. Additionally, there are proesses where one or moredeaying boson is replaed by an on-shell photon, giving rise to lepton prodution in as-soiation with a photon and double photon prodution. In Vbfnlo, the proesses listedin Table 7 are implemented to NLO QCD auray, inluding full o�-shell e�ets and spinorrelations of the �nal state leptons and photons. Anomalous vetor boson ouplings, in-put via anomV.dat, are implemented forWW ,W�Z andW� prodution. The proesseswith a neutral �nal state (WW , ZZ, Z and ) also inlude the gluon-indued fermioniloop diagrams by default at NLO � both ontinuum prodution via box diagrams and thes-hannel Higgs boson ontributions are inluded, and anomalous HV V ouplings (inputvia anom_HVV.dat an be used.3.8 Triple vetor boson produtionThe prodution of six-lepton �nal states mainly proeeds via triple vetor boson produ-tion with subsequent deays. Additionally, there are proesses where one or more deayingboson is replaed by an on-shell photon, giving rise to lepton prodution in assoiationwith photon(s) and triple photon prodution. In Vbfnlo, the proesses listed in Table 8are implemented to NLO QCD auray, inluding full o�-shell e�ets and spin orre-lations of the �nal state leptons and photons. For proesses with three massive gaugebosons, the Higgs boson ontributions are inluded in the Standard Model. Anomalousvetor boson ouplings12 are implemented for the triboson proesses WWZ, ZZW� andW�W+W�, with the anomalous parameters input via anomV.dat. These proesses analso be run in the implemented Kaluza-Klein models. Details of the alulations an befound in Refs. [32�37℄.12Some anomalous V V V (fW and fB or, equivalently, �� and �gZ1 ) ouplings also imply anomalousHV V ouplings � these are automatially taken into aount.13



ProId Proess BSM400 p(�)p !W+W�Z ! `+1 �`1`�2 ��`2`+3 `�3 9>>>>>>=>>>>>>; anomalous ouplings,Kaluza-Klein models410 p(�)p ! ZZW+ ! `+1 `�1 `+2 `�2 `+3 �`3420 p(�)p ! ZZW� ! `+1 `�1 `+2 `�2 `�3 ��`3430 p(�)p !W+W�W+ ! `+1 �`1`�2 ��`2`+3 �`3440 p(�)p !W�W+W� ! `�1 ��`1`+2 �`2`�3 ��`3450 p(�)p ! ZZZ ! `�1 `+1 `�2 `+2 `�3 `+3460 p(�)p !W�W+ ! `�1 ��`1`+2 �`2470 p(�)p ! ZZ ! `�1 `+1 `�2 `+2 480 p(�)p !W+Z ! `+1 �`1`�2 `+2 490 p(�)p !W�Z ! `�1 ��`1`�2 `+2 500 p(�)p !W+ ! `+�`510 p(�)p !W� ! `���`520 p(�)p ! Z ! `�`+521 p(�)p ! Z ! �`��`530 p(�)p ! Table 8: Proess IDs for the triboson prodution proesses at NLO QCD auray.ProId Proess Bsm610 p(�)p !W�j ! `���`j 9>>>>=>>>>; anomalous ouplings620 p(�)p !W+j ! `+�`j630 p(�)p !W�Zj ! `�1 ��`1`�2 `+2 j640 p(�)p !W+Zj ! `+1 �`1`�2 `+2 jTable 9: Proess IDs for Wj and WZj prodution at NLO QCD.3.9 Double vetor boson prodution in assoiation with a hadronijetW and WZ prodution in assoiation with a hard hadroni jet are available in Vbfnloat NLO QCD auray under the proess IDs of Table 9. All o�-shell and �nite widthe�ets in the �xed width sheme are inluded. The proesses an be run with anomalousWWZ and WW ouplings, input via anomV.dat. Details an be found in Refs. [38�41℄.
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ProId Proess800 p(�)p !W+j ! `+�`j810 p(�)p !W�j ! `���`jTable 10: Proess IDs for triboson prodution in assoiation with a hadroni jet at NLOQCD.3.10 Triple vetor boson prodution in assoiation with a hadronijetW prodution in assoiation with a hard hadroni jet is available in Vbfnlo at NLOQCD auray under the proess IDs of Table 10. All o�-shell and �nite width e�ets inthe �xed width sheme are inluded. Details an be found in Ref. [42℄. Note that thislass of proesses is not enabled by default and so, in order to run these proesses, theymust be enabled at ompilation, using the onfigure option ��enable-proesses=allor ��enable-proesses=tribosonjet.3.11 Higgs boson prodution in gluon fusion with two jetsCP-even and CP-odd Higgs boson prodution in gluon fusion, assoiated with two addi-tional jets, is a proess that �rst appears at the 1-loop level whih, therefore, is ounted asleading order in the strong oupling. This proess is simulated (via the ggflo exeutable)with the full mass dependene of the top- and bottom-quark13 running in the loop in theStandard Model, in the (omplex) MSSM and in a generi two-Higgs-doublet model. Therelevant proess IDs are given in Table 11. Details of the alulations an be found inRefs. [43�48℄.3.12 Gluon indued diboson produtionGluon indued diboson prodution an be studied separately in Vbfnlo at LO with theggflo exeutable, using the proess IDs in Table 1214. Continuum prodution via boxdiagrams as well as prodution via an s-hannel Higgs boson resonane are inluded, withinterferene e�ets fully taken into aount. Anomalous HV V ouplings an be inluded,using anom_HVV.dat. In the loop diagrams, �rst and seond generation quarks are takento be massless and third generation quark masses15 are inluded.
13The value mb(MH) is used.14These are also inluded by default as higher order orretions to diboson prodution.15Again, mb(MH) is used. 15



ProId Proess Bsm4100 p(�)p ! H jj MSSM, general 2HDM4101 p(�)p ! H jj !  jj 9>>>>>>>>>>>>=>>>>>>>>>>>>; MSSM4102 p(�)p ! H jj ! �+�� jj4103 p(�)p ! H jj ! �+�� jj4104 p(�)p ! H jj ! b�b jj4105 p(�)p ! H jj ! W+W� jj ! `+1 �`1`�2 ��`2 jj4106 p(�)p ! H jj ! ZZ jj ! `+1 `�1 `+2 `�2 jj4107 p(�)p ! H jj ! ZZ jj ! `+1 `�1 �`2 ��`2 jjTable 11: Proess IDs for LO Higgs boson plus 2 jet prodution via gluon fusion. Notethat these proesses are aessed via the ggflo exeutable.ProId Proess BSM4300 gg !W+W� ! `+1 �`1`�2 ��`2 9>>=>>; anomalous HV V ouplings4330 gg ! ZZ ! `�1 `+1 `�2 `+24360 gg ! Z ! `�1 `+1 4370 gg ! Table 12: Proess IDs for the gluon indued diboson prodution at LO (one-loop) QCD.Note that these proesses are aessed via the ggflo exeutable.4 Input files and parametersVbfnlo is steered through the following input �les:� vbfnlo.dat: General parameters for a run.� uts.dat: Values for kinemati uts.� ggflo.dat: Additional parameters for the ggflo program.� susy.dat: Parameters desribing the MSSM senario.� anom_HVV.dat: Parameters for anomalous Higgs boson ouplings.� anomV.dat: Parameters for anomalous gauge boson ouplings.� kk_input.dat: Settings for the Warped Higgsless and Three-Site Higgsless Models.16



� kk_oupl_inp.dat: Numerial values if externally alulated Kaluza-Klein ou-plings and masses should be used.� spin2oupl.dat: Settings for the spin-two models.� histograms.dat: Histogram options.� random.dat: Seed for the random number generator.The following subsetions give a detailed desription of all available parameters.4.1 vbfnlo.datvbfnlo.dat is the main input �le for Vbfnlo.4.1.1 vbfnlo.dat � general parameters� PROCESS: Proess ID as desribed in Se. 3. Default is 100: Higgs boson produtionvia VBF.� LOPROCESS_PLUS_JET: If set to true, the leading order proess with one additionaljet is generated, i.e. only the real radiation ontribution is generated. This optionis available for all but gluon indued proesses. Default is false.� LEPTONS: Choie of the �nal state leptons (deay produts of W and Z bosons)aording to the MC partile numbering sheme [49℄:11 : e�12 : �e13 : ��14 : ��15 : ��16 : ��If the seleted on�guration is not available, the appropriate �rst-generation leptonsare used as default values.� LO_ITERATIONS: Sets the number of iterations for the integration of LO ross se-tions. Usually more than one iteration is used in order to adapt the integration gridand thus improve the e�ieny of the MC integration algorithm16. For an adaptedgrid �le (see LO_GRID) this parameter an be set to 1. Default is 4.� NLO_ITERATIONS: Analogous to LO_ITERATIONS, but for the real emission part ofan NLO alulation. Sine the orresponding phase-spae is di�erent from the LOon�guration, a seond independent MC integration has to be performed. Defaultis 4.16For all NLO alulations the virtual ontributions are alulated using the already optimized leadingorder grid.
17



� LO_POINTS: Determines the number of phase-spae points that are generated ineah iteration. In the last iteration there are 2N points, where N = LO_POINTS. Ineah previous iteration, the number of points is half the value of the following one.Example: For 4 iterations (LO_ITERATIONS = 4) and LO_POINTS = 20, there are217 generated points in the �rst, 218 in the seond , 219 in the third and 220 � 106in the last iteration17. Default is N = 20.� NLO_POINTS: Similar to LO_POINTS, but for the real emission part of an NLO al-ulation. Default is 20.� LO_GRID: Sets the name of the grid �les that are generated at the end of eahiteration. Choosing name as the input parameter, in eah iteration X a grid �lename.out.X will be produed in the working diretory. If a grid �le name is alreadypresent in the input diretory (spei�ed by ��input=INPUT), the program readsin this �le when exeuted. Note that optimised grids for all proesses (using thestandard uts given in the regress �les) are provided on the Vbfnlo webpage.� FLOOP_GRID: Similar to LO_GRID, but for the gluon indued fermion loop ontri-butions (the kinematis of whih an di�er signi�antly from the LO kinematis).The number of iterations used is given by LO_ITERATIONS and the number of pointsused is LO_POINTS�8.� NLO_GRID: Similar to LO_GRID, but for the real emission part of an NLO alulation.� PHTN_GRID: Similar to NLO_GRID, but for the real photon emission part of an NLOeletroweak alulation.� NLO_SWITCH: Swith for the NLO part of a proess, if available. If set to true,ross setions and histograms are alulated to NLO QCD auray. Default is setto false.� EWCOR_SWITCH: Swith for the eletroweak orretions (note that this is only avail-able for VBF Higgs boson prodution). If set to true, ross setions and histogramsare alulated to NLO eletroweak auray. This option an only be used if Loop-Tools was enabled at ompilation. Default is set to false.� FERMIONLOOP: Flag for the gluon-indued fermioni loop proesses, suh as gg !WW (urrently only available for neutral diboson proesses in the ranges 300-370and 4300-4370). The options are:� 0 swithes o� these proesses� 1 inludes only the box ontribution� 2 inludes only diagrams via an s-hannel Higgs resonane� 3 inludes both ontributions inluding interferene e�ets.The default value is 3 (all ontributions inluded).� ECM: The enter-of-mass energy, ps, of the ollider, measured in GeV. Default is14000 GeV.17The virtual ontributions are alulated for 2N points only.18



ID_MUF Fatorization Sale Proess lass0 user de�ned onstant sale set by MUF_USER all1 momentum transfer of exhanged gauge boson vbf (exept Hjjj)2 min(pT(ji)) vbf, tribosonjet3 invariant mass of V V system diboson4 invariant mass of V V V system triboson, tribosonjet5 ppT(j1)� pT(j2) ggf6 onstant sale = Higgs boson mass all7 Minimum transverse energy of bosons diboson, tribosonTable 13: Fatorization sale options.ID_MUR Renormalization Sale Proess lass0 user de�ned onstant sale set by MUR_USER all1 momentum transfer of exhanged gauge boson vbf (exept Hjjj)2 min(pT(ji)) vbf, tribosonjet3 invariant mass of V V system diboson4 invariant mass of V V V system triboson, tribosonjet5 �4s = �s(pT(j1))� �s(pT(j2))� �2s(mH) ggf6 onstant sale = Higgs boson mass all7 Minimum transverse energy of bosons diboson, tribosonTable 14: Renormalization sale options.� BEAM1, BEAM2: De�ne the type of partile of eah beam. Possible options are +1for proton beams and �1 for anti-proton beams. Default is proton-proton ollisions,(+1, +1).� ID_MUF: Choie of the fatorization sale. See Table 13 for a list of available options.Default is 0.� ID_MUR: Choie of the renormalization sale. See Table 14 for a list of availableoptions. Default is 0.� MUF_USER: If ID_MUF is set to 0, this parameter sets the user de�ned onstantfatorization sale measured in GeV. Default is 100 GeV.� MUR_USER: If ID_MUR is set to 0, this parameter sets the user de�ned onstantrenormalization sale measured in GeV. Default is 100 GeV.19



� XIF: Fator by whih the fatorization sale is multiplied. May be used to analyzethe sale dependene of di�erential ross setions. Default is 1.� XIR: Fator by whih the renormalization sale is multiplied. May be used toanalyze the sale dependene of di�erential ross setions. Default is 1.Note that alternative sale hoies an be implemented in the �le utilities/sales.F.4.1.2 vbfnlo.dat � physis parameters� HMASS: Standard Model Higgs boson mass in GeV. Default value is 126 GeV.� HTYPE: Type of Higgs boson produed:� HTYPE = 0 : SM Higgs boson, with mass HMASS� HTYPE = 1 : Light CP-even MSSM Higgs boson� HTYPE = 2 : Heavy CP-even MSSM Higgs boson� HTYPE = 3 : CP-odd MSSM Higgs boson (Note: this is not produed at LOunless we are working in the MSSM with omplex parameters and inludeHiggs-propagator e�ets at LO.)Note that for HTYPE = 1-3, the input HMASS is not used. Default value is 0 (SMHiggs boson).� HWIDTH: Although Vbfnlo an alulate the Higgs total and partial widths, it isalso possible to set the Higgs boson width with this input parameter. Default is-999 GeV, whih means that the internally alulated value of the width is used.If a SLHA �le is being used, the SLHA value will be taken rather than the inputHWIDTH.� MODEL: This �ag determines whether we are working in the SM (1) or MSSM (2).Default is SM (1). Note that if HTYPE = 1-3 is hosen with MODEL = 1, the odewill run in the Standard Model, but with a Higgs boson mass equal to that givenby the spei�ed MSSM parameters.� TOPMASS: Top-quark mass in GeV. Default value is 172.4 GeV. If a SLHA �le isbeing used, the SLHA value will be taken rather than the input TOPMASS.� BOTTOMMASS: Bottom-quark pole mass in GeV, used in the alulation of the Higgsboson width and branhing ratios. In the gluon fusion proesses and gluon-induedontributions to diboson prodution, mb(MH) is used (whih is alulated inter-nally from the input pole mass). Default value is 4.855 GeV, whih orresponds tomMSb (mb) = 4:204 GeV. The expliit formula used is given on the Vbfnlo webpage.If a SLHA �le is being used, the SLHA value will be taken rather than the inputBOTTOMMASS.� CHARMMASS: Charm-quark pole mass in GeV used in the alulation of the Higgsboson width and branhing ratios. Default value is 1.65 GeV, orresponding tomMS (m) = 1:273 GeV. If a SLHA �le is being used, the SLHA value will be takenrather than the input CHARMMASS. 20



� TAU_MASS: Tau mass in GeV used in the alulation of the Higgs boson width andbranhing ratios. Default value is 1.77684 GeV. If a SLHA �le is being used, theSLHA value will be taken rather than the input TAU_MASS.� EWSCHEME: Sets the sheme for the alulation of eletroweak parameters. A sum-mary of the six available options is given in Table 15. The implementation ofEWSCHEME was simpli�ed for Vbfnlo-2.5.0: full details of all hanges and theire�ets, together with the expliit formulae used, are available on the Vbfnlo web-page. Note that if EWSCHEME = 4 is hosen, all variables in Table 15 are takenas inputs. As the parameters are not independent, this an lead to problems ifthe input values are not onsistent. In this sheme, all photon ouplings are setaording to the input variable INVALFA and all other ouplings are set aordingto FERMI_CONST. Note also that the hoie of EWSCHEME an have a large e�et onthe relative size of the eletroweak orretions, as the harge renormalization de-pends on the way in whih the eletromagneti oupling in the LO ross setion isparametrized. Default value is 3.� FERMI_CONST: Fermi onstant, used as input for the alulation of eletroweak pa-rameters in EWSCHEME = 1-4. Default value is 1:16637� 10�5 GeV�2. If a SLHA �leis being used, the SLHA value will be taken rather than the input FERMI_CONST.� INVALFA: One over the �ne struture onstant, used as input for EWSCHEME = 1,4, 5 and 6. Within the other shemes this parameter is alulated. The defaultvalue depends on the hoie of EWSCHEME, as given in Table 15. If EWSCHEME = 5is hosen, the value of � should be �(MZ), whereas if EWSCHEME = 6 is hosen, thevalue of � should be �(0). In order to ensure bakwards ompatibility with previousversions of Vbfnlo, as an alternative ALFA, the �ne struture onstant, an be usedas an input in vbfnlo.dat, whih is read and used only if INVALFA is not present.If a SLHA �le is being used, the SLHA value will be taken rather than the inputINVALFA or ALFA.� DEL_ALFA: Value of ��, where �(MZ) = �(0)1��� (2)This is used as input for EWSCHEME = 6. Default value is 0:059047686. Note thatthis is only used for the eletroweak orretions during the alulation of the hargerenormalization onstant.� SIN2W: Sinus squared of the weak mixing angle. Used as input for EWSCHEME = 2and 4. Within the other shemes this parameter is alulated. Default input valueis 0:222646. If a SLHA �le is being used, the SLHA value will be taken rather thanthe input SIN2W.� WMASS: W boson mass in GeV. This parameter is alulated in EWSCHEME = 1 and2. Default input value is 80.398 GeV. If a SLHA �le is being used, the SLHA valuewill be taken rather than the input WMASS.� ZMASS: Z boson mass in GeV. Default value is 91.1876 GeV. If a SLHA �le is beingused, the SLHA value will be taken rather than the input ZMASS.21



EWSCHEME Parameter Default Value Input/CalulatedFERMI_CONST 1:16637� 10�5 GeV�2 InputINVALFA 128:944341122 Input1 SIN2W 0:230990 CalulatedWMASS 79:9654 GeV CalulatedZMASS 91:1876 GeV InputFERMI_CONST 1:16637� 10�5 GeV�2 InputINVALFA 132:340643024 Calulated2 SIN2W 0:222646 InputWMASS 80:3980 GeV CalulatedZMASS 91:1876 GeV InputFERMI_CONST 1:16637� 10�5 GeV�2 InputINVALFA 132:340705199 Calulated3 SIN2W 0:222646 CalulatedWMASS 80:3980 GeV InputZMASS 91:1876 GeV InputFERMI_CONST 1:16637� 10�5 GeV�2 InputINVALFA 137:035999679 Input4 SIN2W 0:222646 InputWMASS 80:3980 GeV InputZMASS 91:1876 GeV InputINVALFA(ZMASS) 128:944341122 Input5 SIN2W 0:222646 CalulatedWMASS 80:3980 GeV InputZMASS 91:1876 GeV InputINVALFA(0) 137:035999679 Input6 SIN2W 0:222646 CalulatedWMASS 80:398 GeV InputZMASS 91:1876 GeV InputTable 15: Eletroweak input parameter shemes.
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� ANOM_CPL: If set to true, anomalous Higgs boson or gauge boson ouplings are usedif available for the seleted proess. Anomalous oupling parameters are set via the�les anom_HVV.dat and anomV.dat. These are available for� Hjj, W+W�jj and single vetor prodution proesses in VBF� triple vetor boson prodution proesses WWZ, W�W�W� and ZZW�� diboson proesses WW , W�Z and W�� Wj and WZj prodution proesses� gluon-indued (ontributions to) diboson produtionDefault is set to false.� KK_MOD: Option for the Warped Higgsless Model and Three-Site Higgsless Model.This is available for all V V jj prodution modes in VBF exept same sign WWprodution and for the triboson proesses W�W+W�, W+W�Z and W�ZZ. De-fault is set to false. Note that this needs to be enabled at ompilation, using theonfigure option ��enable-kk. Kaluza-Klein parameters are spei�ed via the �leskk_input.dat or kk_oupl_inp.dat.� SPIN2: Option for the spin-2 models. This is available for the V V jj produ-tion modes in VBF exept same sign WW prodution. Default is set to false.Note that this needs to be enabled at ompilation, using the onfigure option��enable-spin2. Spin two parameters are set via the �le spin2oupl.dat.� EW_APPROX: Option ontrolling the eletroweak orretions in Hjj prodution viaVBF.� EW_APPROX = 0 : No approximations involved. This option is not availablewhen working in the MSSM.� EW_APPROX = 1 : Only top/bottom (and stop/sbottom in the MSSM) loopsare alulated.� EW_APPROX = 2 : All fermion (and sfermion in the MSSM) loops are alulated.� EW_APPROX = 3 : MSSM option � all SM-type (i.e. fermions, gauge and Higgsbosons) and sfermion loops are alulated.� EW_APPROX = 4 : MSSM option � all MSSM orretions to the Higgs bosonvertex are alulated, together with all SM-type and sfermion orretions else-where.� EW_APPROX = 5 : MSSM option � all MSSM orretions to the Higgs bosonvertex, the quark vertex and the vetor boson self energies are alulated, to-gether with all SM-type boxes and pentagons (i.e. only hargino and neutralinobox and pentagon diagrams are negleted).When working in the SM, EW_APPROX options 3-5 are equivalent to EW_APPROX = 0.Default is 5: full orretions in the SM, and the most omplete available orretionsin the MSSM.
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4.1.3 vbfnlo.dat � parameters for event outputVbfnlo generates parton level events aording to the most reent Les Houhes A-ord (LHA) format [50℄ and in the HepMC format [51℄ for proesses at leading order.� LHA_SWITCH: Swith on or o� output of LHA event �les. Default is set to false.Note that LHA event �le output is not yet available for diboson plus jet or tribosonplus jet proesses.� LHA_FILE: Name of output LHA event �le. Default is �event.lhe�.� HEPMC_SWITCH: Swith on or o� output of HepMC event �les. Default is set tofalse. Note that HepMC event �le output is not yet available for diboson plus jetor triboson plus jet proesses.� HEPMC_FILE: Name of output HepMC event �le. Default is �event.hepm�.� UNWEIGHTING_SWITCH: Option for event weights. If set to true, events are un-weighted (event weight = +1). If set to false, events are weighted. Default is setto false.� PRENEVUNW: The number of events used in the last iteration in order to alu-late/estimate the premaximal weight that is needed in the �rst step of the un-weighting proedure. Default is 1000. After all events are unweighted, the maximalweight is again alulated and a reweighting proedure is applied.� TAUMASS: Option to inlude the mass of � leptons in the event �les. This option isonly available for the vbf proesses. Default is set to false.4.1.4 vbfnlo.dat � PDF parametersVbfnlo an use either built-in parton distribution funtions (PDFs) or the Lhapdflibrary.� PDF_SWITCH: Flag to hoose whih PDFs are used. The options are� 0 : built-in PDFs CTEQ6L1 [12℄ for LO and CT10 [13℄ for NLO alulations� 1 : an interfae to Lhapdf is provided� 2 : built-in PDFs MRST2004qed [14℄ are used at LO and NLO (if this op-tion is hosen, photon-indued proesses an be inluded when alulating theeletroweak orretions to Hjj prodution via VBF)� 3 : the built-in PDFs MSTW2008 [15℄ are usedDefault is 0.The following options are used only if Lhapdf has been seleted (i.e. PDF_SWITCH = 1).� LO_PDFNAME: Name of the LO PDF set, see PDFsets.index or Ref. [3℄. Default is�teq6ll.LHpdf� (CTEQ6L1).� NLO_PDFNAME: Name of the NLO PDF set, see PDFsets.index or Ref. [3℄. Defaultis �CT10.LHgrid� (CT10). 24



� LO_PDFMEMBER: Member PDF of the LO PDF set. Default is 0.� NLO_PDFMEMBER: Member PDF of the NLO PDF set. Default is 0.For ompatibility with earlier versions of Vbfnlo, the following two variables are alsosupported for setting the PDF sets when using Lhapdf. If both are present, LO_PDFNAMEand NLO_PDFNAME take preedene over LO_PDFSET and NLO_PDFSET, respetively.� LO_PDFSET: LHAGLUE number for the LO PDF set, see PDFsets.index or Ref. [3℄.� NLO_PDFSET: LHAGLUE number for the NLO PDF set, see PDFsets.index orRef. [3℄.4.1.5 vbfnlo.dat � parameters for output and histogramsVbfnlo provides output for histograms in the following formats: Topdrawer18, Rootand Gnuplot19, as well as raw data tables. Options ontrolling the histogram rangesand smearing are de�ned in histograms.dat. Additional histograms an be de�ned bythe user in the �le utilities/histograms.F.� XSECFILE: Name of output �le ontaining LO and NLO ross setions with theassoiated errors. Default is xsetion.� ROOT: Enable output of histograms in Root format. Default is set to false.Additionally, ustom Root histograms an be de�ned by the user with the �leutilities/rootuserhisto.pp, whih are �lled with the weighted events fromMonte Carlo integration. This option needs to be enabled when building Vbfnlousing the option ��with-root.� TOP: Enable output of histograms in Topdrawer format. Default is set to false.� GNU: Enable output of histograms in Gnuplot format. Default is set to true.� DATA: Enable output of raw data in a diretory hierarhy. Default is set to true.� REPLACE: Swith to overwrite existing histogram output �les. Default is set to true.� ROOTFILE: Name of the Root output �le. Default is histograms.� TOPFILE: Name of the Topdrawer output �le. Default is histograms.� GNUFILE: Name of the Gnuplot output �le. Default is histograms.� DATAFILE: Name of the data output diretory. Default is histograms.18http://www.pa.msu.edu/referene/topdrawer-dos/19http://www.gnuplot.info/
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4.2 uts.dat � parameters for kinemati utsThe following general set of uts has been implemented in Vbfnlo. Alternative uts anbe added in the �le utilities/uts.F.Jet-spei� uts:� RJJ_MIN: Minimum separation of two identi�ed jets, �Rjj = q�y2jj +��2jj, usedby the generalised k? jet �nding algorithm [52℄ that ombines all partons. Defaultis 0.8.� Y_P_MAX: Maximum allowed pseudorapidity for observation of �nal state partons(detetor edge). Default is 5.0.� PGENKTJET: Exponent of the generalised k? algorithm. This yields the k? algorithmwhen setting the variable to 1, the Cambridge/Aahen algorithm [53℄ for 0 and theanti-k? algorithm [54℄ when setting it to �1. Default value of the �oating-pointnumber is 1.0.� PT_JET_MIN: List of minimum transverse momenta for identi�ed jets in desendingorder. The later values an be omitted if they are the same as previous values.Default is 20 GeV.� Y_JET_MAX: Maximum allowed rapidity for identi�ed jets. Default is 4.5.Lepton spei� uts:� Y_L_MAX: Maximum pseudorapidity for harged leptons. Default is 2.5.� PT_L_MIN: Minimum transverse momentum for harged leptons. Default is 10 GeV.� MLL_MIN: Minimum invariant mass for any ombination of oppositely harged lep-tons. Default is 15 GeV.� MLL_MAX: Maximum invariant mass for any ombination of oppositely harged lep-tons. Default is 1020 GeV.� RLL_MIN: Minimum separation of harged lepton pairs, �R``. Default is 0.4.� RLL_MAX: Maximum separation of harged lepton pairs, �R``. Default is 50.Photon spei� uts:� Y_G_MAX: Maximum pseudorapidity for photons. Default is 1.5.� PT_G_MIN: Minimum transverse momentum for photons. Default is 20 GeV.� RGG_MIN: Minimum separation of photon pairs, �R . Default is 0.6.� RGG_MAX: Maximum separation of photon pairs, �R . Default is 50.� PHISOLCUT: Photon isolation ut Æ0 as de�ned in Ref. [19℄. Default is 0.7.26



� EFISOLCUT: E�ieny � of photon isolation ut. Default is 1. The photon isolationut is then desribed by:Xi ETi�(Æ �Ri) � � pT 1� os Æ1� os Æ0 for all Æ < Æ0 (3)where i is a parton with transverse energy ETi and a separation Ri with a photonof transverse momentum pT.Additional uts:� RJL_MIN: Minimum separation of an identi�ed jet and a harged lepton, �Rj`.Default is 0.6.� RJG_MIN: Minimum separation of an identi�ed jet and a photon, �Rj. Default is0.6.� RLG_MIN: Minimum separation of a harged lepton and a photon, �R` . Default is0.6.� MLG_MIN: Minimum invariant mass for any ombination of a harged lepton and aphoton. Default is 0 GeV.� MLG_MAX: Maximum invariant mass for any ombination of a harged lepton and aphoton. Default is 1020 GeV.Jet veto:� JVETO: If set to true, a jet veto is applied. For vbf and ggf proesses it is appliedto entral jets beyond the two tagging jets. For all other proesses the jet veto isapplied to additional jets beyond the leading-order number, ordered by dereasingtransverse momentum. Default is false.� YMAX_VETO: Maximum pseudorapidity of the additional jet. Default is 4.5.� PTMIN_VETO: Minimum transverse momentum of the additional jet. Default is50 GeV.� DELY_JVETO: Minimum rapidity separation of a entral jet from the two taggingjets for vbf and ggf proesses. Default is 0.VBF spei� uts20:� ETAJJ_MIN: Minimum required pseudorapidity gap, ��jj, between two tagging jets(the two leading jets in a pT ordering). Default is 0.� YSIGN: If set to true, the two tagging jets are required to be found in oppositedetetor hemispheres. Default is false.� LRAPIDGAP: If set to true all harged leptons are required to lie between the twotagging jets in rapidity. Default is false.20These apply only to vbf and ggf proesses. 27



� DELY_JL: Minimum rapidity distane of the harged leptons from the tagging jets,if LRAPIDGAP is set to true. Default is 0.� GRAPIDGAP: If set to true all photons are required to lie between the two taggingjets in rapidity. Default is false.� DELY_JG: Minimum rapidity distane of photons from tagging jets, if GRAPIDGAP isset to true. Default is 0.� MDIJ_MIN: Minimum dijet invariant mass of two tagging jets. Default is 600 GeV.� MDIJ_MAX: Maximum dijet invariant mass of two tagging jets. Default is 1020 GeV.4.3 ggflo.dat � general parameters for gluon fusion proessesIn Vbfnlo the double real-emission orretions to gg! �, whih lead to � + 2 jet eventsat order �4s, are inluded [48℄. Here, � an be set to be a Standard Model Higgs bosonor any of the three neutral MSSM Higgs bosons (inluding mixing between h, H and Ain the real or omplex MSSM) by using the variables HTYPE and MODEL in vbfnlo.dat,or a mixture of salar and pseudosalar Higgs bosons as in a generi two-Higgs-doubletmodel (2HDM) of type II. Contributions ontain top- and bottom-quark triangles, boxesand pentagon diagrams, i.e. the full mass dependene of the loop indued prodution21.Interferene e�ets between loops with bottom- and top-quarks, as well as between CP-even and CP-odd ouplings of the heavy quarks, are fully taken into aount. An optionto use the large top mass approximation, whih works well for intermediate Higgs bosonmasses (provided that the transverse momenta of the �nal state partons are smaller thanthe top-quark mass), is also implemented.Note that these gluon fusion proesses require the use of the ggflo exeutable ratherthan the vbfnlo one.If Higgs boson plus two jet prodution via gluon fusion is seleted in vbfnlo.dat,i.e. PROCESS = 4100-4107, the following additional parameters an be adjusted in theggflo.dat �le:� Q_LOOP: Input that sets how the Higgs boson oupling is determined.� Q_LOOP = 0: E�etive theory in the large top-quark mass limit (mt !1).� Q_LOOP = 1: Coupling derived from top-quark loop.� Q_LOOP = 2: Coupling derived from bottom-quark loop.� Q_LOOP = 3: Coupling derived from both top- and bottom-quark loops.Default is set to 3.� SUBPRQQ: Swith that determines whether the subproesses with a quark-quarkinitial state are inluded. Default is set to true.� SUBPRQG: Swith that determines whether the subproesses with a quark-gluon ini-tial state are inluded. Default is set to true.21The bottom quark mass is taken as mb(MH). 28



� SUBPRGG: Swith that determines whether the subproesses with a gluon-gluon ini-tial state are inluded. Default is set to true.� HIGGS_MIX: Swith for Higgs mixing. If set to 0, there is no Higgs mixing, whih isthe default. If set to 1, the mixing is determined via the user-input variables:� CP_EVEN_MOD: Changes the strength of the CP-even oupling. Default is setto 1d0.� CP_ODD_MOD: Changes the strength of the CP-odd oupling. Default is set to1d0.using the LagrangianLYukawa = q (Ceven yq + iCodd 5 ~yq) q� : (4)with Ceven = CP_EVEN_MOD and Codd = CP_ODD_MOD andyb = ~yb = 1vmb tan �yt = ~yt = 1vmt ot� (5)When working in the Standard Model, tan� is set to 1. Note that this optionis not yet available when deays of the Higgs boson are inluded. The optionHIGGS_MIX = 2 is only used when working in the MSSM, and inorporates mix-ing between all three neutral Higgs bosons aording to the Z propagator matrix,as follows hi = Zih hMSSM + ZiH HMSSM + ZiAAMSSM (6)where i = HTYPE.4.4 susy.dat � parameters in the MSSMThe �le susy.dat is used to speify the supersymmetri parameters when working inthe MSSM. This �le is used either if MODEL = 2 in vbfnlo.dat, or if HTYPE = 1-3 invbfnlo.dat. As desribed earlier, if MODEL = 2 the ode will run in the MSSM, whihmeans that the Higgs boson masses, widths and ouplings will all be set to the MSSMvalues. If MODEL = 1 but HTYPE = 1-3, the ode will run in the Standard Model, and onlythe Higgs boson mass will be a�eted. Consequently, this �le a�ets proesses 100-107(Higgs boson plus 2 jet prodution via VBF), proesses 110-117 (Higgs boson plus 3 jetprodution via VBF), proesses 2100-2107 (prodution of a Higgs boson in assoiationwith a photon and 2 jets via VBF) and gluon fusion proesses 4100-4107. In partiular,the eletroweak orretions to Higgs boson prodution via VBF are a�eted by the inputsof susy.dat. As stated earlier, the Higgs boson ontributions to the prodution of massivegauge bosons will be a�eted by susy.dat by �xing the Higgs boson mass and ouplings,but the ode will only provide a reasonable approximation to the full MSSM result in thedeoupling region (i.e. when the Higgs is SM-like).� FEYNH_SWITCH: Determines whether FeynHiggs is used to alulate the MSSMHiggs boson setor. Default is false. When working in the MSSM, espeially when29



inluding eletroweak orretions, it is reommended that FeynHiggs is used, asthe Higgs boson mixing and the renormalization sheme used in Vbfnlo are onsis-tent with those used by FeynHiggs. If a SLHA �le is used instead of FeynHiggs,inonsistenies may our in the alulation of parameters.� SLHA_SWITCH: Determines whether the MSSM parameters are taken from a SLHA�le. Default is true. If set to true the values in the SLHA input �le are usedinstead of internal settings or alulations22.� SLHA_FILE: Name of the SLHA input �le. An example �le � sps1a.slha � isprovided, whih is the default.� BENCH: Various benhmark senarios are pre-programmed in the ode, as an alter-native to using a SLHA �le. These are:� 0: User-input senario (see below for further inputs)� 1: Mmaxh senario [55℄� 2: No-mixing senario [55℄� 3: Gluophobi senario [55℄� 4: Small �e� senario [55℄� 5: CPX senario [56℄� 10: SPS1a23 [57℄� 11: SPS1b� 12-19: SPS 2 � 9Default is 1 � the Mmaxh senario.� PROPLEVEL: Level at whih Higgs propagator orretions are inluded:� 0: E�etive Higgs-mixing angle used.� 1: Propagator fators inluded at leading order.� 2: Propagator fators inluded at leading order and loop level.� 3: Propagator fators inluded as an additional loop orretion.Default is 1. These options are disussed in more detail on the Vbfnlo webpage,as well as in [22℄.� DELMB_SWITCH: Swith determining whether or not to orret the bottom-quarkYukawa oupling. Default is false.� MH_LOOPS: Flag determining the value of the internal Higgs masses used in theeletroweak loops:� 0: Tree level Higgs masses used in loops.22Note that a SLHA �le an also be used as the input for FeynHiggs by setting both FEYNH_SWITCHand SLHA_SWITCH to true.23The SPS points are de�ned with low-energy parameters, as given athttp://www.ippp.dur.a.uk/�georg/sps/). 30
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� 1: Correted Higgs masses used in loops.� LOOPSQR_SWITCH: Flag determining whether the eletroweak orretions from the(s)fermion setor will be squared � i.e. if set to true the amplitude is given by:jMBornj2 + 2< [M�BornMloop℄ + jM(s)fermion loopj2 (7)Note that the loop squared omponent is only added if jM(s)fermion loopj is greaterthan 10% of jMBornj. Default is set to true.If a SLHA �le is not being used, and BENCH = 0-5, the following inputs are also needed.� TANB: Value of tan�. Default value is 10. Note that for the SPS benhmarks (BENCH= 10-19), this value of tan� is not used.� MASSA0: Mass of CP-odd Higgs boson MA. This should be used when working inthe MSSM with real parameters. Default value is 400 GeV. Note that for the SPSbenhmarks (BENCH=10-19), this value of MA is not used.� MASSHP: Mass of harged Higgs boson MH� . This should be used when working inthe MSSM with omplex parameters. Default value is -1 GeV.Note that it is standard to use as input the mass of the CP-odd Higgs boson, MA, whenworking in the MSSM with real parameters and the mass of the harged Higgs boson,MH�, when working in the MSSM with omplex parameters24. The mass that is notbeing used as input should be set to -1 GeV.If desired, the SUSY breaking parameters that de�ne the senario an be input by theuser, by seleting BENCH = 0. Default values are those for SPS1a. These parameters are(in the notation used by FeynHiggs):� M3SQ et.: The soft SUSY breaking parameters for the sfermion setion.� AT et.: Trilinear oupling parameters.� MUE: Higgs boson mixing parameter.� M_1 et.: Gaugino mass parameters.By default, lower generation parameters are set to the orresponding higher generationparameters � e.g. A = At.4.5 Parameters for anomalous ouplingsVbfnlo supports anomalous HV V ouplings, where V = W;Z; , in both the produ-tion and the deay of a Higgs boson in VBF-type reations, i.e. for proess IDs 100-107.Anomalous HV V ouplings are also inluded in gluon indued diboson prodution (pro-esses 4300, 4330, 4360, 4370, and proesses 300, 330, 360 and 370). The anomalousHV V ouplings an be spei�ed in the anom_HVV.dat input �le.Anomalous triple and quarti gauge boson ouplings are available for single vetor bo-son prodution via VBF (proess IDs 120-150), VBF proess p(�)p ! W+W�jj [58℄ (pro-ess ID 200), the triple vetor boson prodution proessesWWZ, ZZW� andW+W�W�24This is beause, when working with omplex parameters, there is mixing between all three neutralHiggs bosons, and thus all neutral Higgs boson masses reeive loop orretions.31



(proess IDs 400-440) [59℄, diboson prodution WW , W� and W�Z (proess IDs 300-320, 340-350) and for diboson plus jet proesses W�j and W�Zj [38,39℄ (IDs 610-640).The respetive parameters are set in the input �le anomV.dat25. Note, however, thatnot all parameters in anomV.dat a�et all proesses and no neutral triple gauge bosonouplings are inluded. By altering the triple gauge boson ouplings (in anomV.dat), theouplings between a Higgs and a pair of gauge bosons are also a�eted � these hanges aretaken into aount automatially for internal Higgs bosons (and during the Higgs widthalulations).4.5.1 anom_HVV.dat � anomalous HV V ouplingsThe �le anom_HVV.dat ontrols the anomalous Higgs boson oupling parameters. It isused if the input ANOM_CPL in vbfnlo.dat is set to true. Among the anomalous ouplinginput parameters, the user an hoose between three di�erent parameterizations.The anomalousHV V ouplings an be desribed by the following e�etive Lagrangianinvolving the dimension �ve operatorsL = gHZZ5e2�5 HZ��Z�� + gHZZ5o2�5 H eZ��Z�� + gHWW5e�5 HW+��W ��� + gHWW5o�5 HfW+��W ��� +gHZ5e�5 HZ��A�� + gHZ5o�5 H eZ��A�� + gH5e2�5 HA��A�� + gH5o2�5 H eA��A�� (8)where the subsript e or o refers to the CP-even or CP-odd nature of the individualoperators [60℄, V �� is the �eld strength tensor of the gauge boson V and eV �� is the dual�eld strength.An alternative approah is to write the e�etive Lagrangian in terms of the operatorsOWW , OBB, OW andOB and their orresponding CP-odd operators aording to Refs. [61,62℄: Le� = fW�26 OW + fB�26OB + fWW�26 OWW + fBB�26 OBB + CP-odd part (9)The expliit form of the operators is26OW = (D��y)W ��(D��)OB = (D��y) bB��(D��)OWW = �yW��W ���OBB = �y bB�� bB���OWWW = Tr hW��W ��W �� i ; (10)with W�� = igT aW a��bB�� = ig0Y B�� ; (11)25In previous versions of Vbfnlo, anomalous gauge boson ouplings for WW prodution via VBFwere input via the �le anom_WW.dat. To ensure bakwards ompatibility, these old �les an still be used(for this proess only) by re-naming anom_WW.dat to anomV.dat.26Note that OWWW is used only in the anomalous gauge boson ouplings.32



where g and g0 are the SU(2) and U(1) gauge ouplings, and T a are the SU(2) generators.The CP-odd part of the Lagrangian has the same form, although only three parameters(denoted with a tilde) are needed.The di�erent parameterizations, and the relationships between them, are disussed inmore detail on the Vbfnlo webpage, where the expliit forms of the HV V ouplings aregiven.1. A parameterization in terms of ouplings in the e�etive Lagrangian approah givenby Eq. 8.� PARAMETR1: Parameter that swithes on the e�etive Lagrangian parameteri-zation of Eq. (8). The default value is true.� LAMBDA5: Mass sale �5 in units of GeV with 480 GeV hosen as default.� G5E_HWW, G5E_HZZ, G5E_HGG, G5E_HGZ: Parameters that determine the ou-plings gHV V5e of the CP-even dimension �ve operators. Their default values are:� G5E_HWW = -0.182� G5E_HZZ = -0.044� G5E_HGG = 0� G5E_HGZ = -0.178These default values are those used in the anomalous gauge boson ouplings,whih are approximately the entral values in the three-parameter �t given inRef. [68℄.� G5O_HWW, G5O_HZZ, G5O_HGG, G5O_HGZ: Parameters that determine the ou-plings gHV V5o of the CP-odd dimension �ve operators. Their default values areset to 0.2. The parameterization of the anomalous ouplings by the L3 Collaboration as givenin Ref. [63℄. The parameters are d, dB, �gZ1 and �� , whih are related to theoe�ients fi=�2 of the e�etive Lagrangian of Eq. 9 in the following manner [64℄:d = �m2W�2 fWW ; ed = �m2W�2 ffWW ;dB = �m2W�2 sin2 �wos2 �w fBB ; edB = �m2W�2 sin2 �wos2 �w f eBB ;�� = � � 1 = m2W2�2 (fB + fW ) ; e� = m2W2�2 f eB ;�gZ1 = gZ1 � 1 = m2Z�2 fW2 : (12)
� PARAMETR2: Parameter that swithes on the above mentioned parameterizationof Eqs. 12. The default value is false.� D_EVEN, DB_EVEN, DKGAM_EVEN, DG1Z_EVEN: Parameters that are the CP-even ouplings in this parameterization. Default values are equivalent to thosefor PARAMETR1 and are given by:� D_EVEN = 0� DB_EVEN = 0� DG1Z_EVEN = -0.06 33



� DKGAM_EVEN = 0.077� D_ODD, DB_ODD, KGAM_ODD: Parameters that are the CP-odd ouplings in thisparameterization with default values equal to 0.� HVV1: Parameter that determines whih anomalous HV V ouplings are usedfor the run. For HVV1 = 0, only the HZ oupling, for HVV1 = 1, only the Houpling, for HVV1 = 2, only the HZZ oupling and for HVV1 = 3, only theHWW oupling is used. If HVV1 is set to 4, all possible anomalous ouplingsare used. This is also the default value.3. The parameterization of the anomalous ouplings in terms of oe�ients fi=�2 ofthe e�etive Lagrangian in Eq. 9.� PARAMETR3: Parameter that swithes on the parameterization stated above.The default value is false.� FWW_EVEN, FBB_EVEN, FW_EVEN, FB_EVEN: Parameters that represent the o-e�ients of the CP-even operators � i.e. fi=�2 � with default values equivalentto those for PARAMETR1, whih are given by� FWW_EVEN = 0 GeV�2� FBB_EVEN = 0 GeV�2� FW_EVEN = -1.44 � 10�5 GeV�2� FB_EVEN = 3.82 � 10�5 GeV�2� FWW_ODD, FBB_ODD, FB_ODD: Parameters that are the oe�ients of the CP-odd operators � i.e. fi=�2 � with default values 0 GeV�2.� HVV2: Parameter that allows the user to hoose whih anomalous HVV ou-plings are used. For HVV2 = 0, only the HZ oupling, for HVV2 = 1, only theH oupling, for HVV2 = 2, only the HZZ oupling and for HVV2 = 3, onlythe HWW oupling is used. If set to 4 all possible anomalous ouplings areused. The default value is 4.Moreover, for all parameterizations, two di�erent form fators an be hosen as desribedin Refs. [60, 64℄. They model e�etive, momentum dependent HV V verties, motivatedby new physis entering with a large sale � at the loop level.F1 = �2q21 � �2 �2q22 � �2 ; (13)F2 = �2�2 C0�q21; q22; (q1 + q2)2;�2� : (14)Here the qi are the momenta of the vetor bosons and C0 is the salar one-loop threepoint funtion in the notation of Ref. [65℄.� FORMFACTOR: Flag that swithes on the above form fator. The default value is setto false.� MASS_SCALE: Charateristi mass sale, �, of new physis in units of GeV. Thedefault value is 200 GeV.� FFAC: Parameter that is used to selet one partiular form fator out of Eqs. (13)and (14). If FFAC = 1, the form fator F1 is used for the parameterization. FFAC =2 selets F2, whih is also the default value.34



Finally, the following parameters an be used to resale the SM HV V ouplings.� TREEFACW: Parameter that multiplies the HWW tensor present in the SM La-grangian. Default is 1.� TREEFACZ: Parameter that multiplies theHZZ tensor present in the SM Lagrangian.Default is 1.� LOOPFAC: Parameter that multiplies the HZ and H verties indued by SMloops. The default is hosen to be 1.In order to omply with previous versions of Vbfnlo, an input TREEFAC an be used,and both TREEFACW and TREEFACZ are set to this input.Note that, when working in the SM, the loop-indued ouplingsHZ andH are usedonly in the alulation of the Higgs width and deays, not in the prodution amplitude.If anomalous ouplings are swithed on (ANOM_CPL = .true.), these ontributions areinluded in the prodution as well as the deay.4.5.2 anomV.dat � anomalous triple and quarti gauge boson ouplingsThe anomalous triple and quarti gauge boson ouplings an be set in the �le anomV.dat.They are parameterized using an e�etive Lagrangian, as desribed in Refs. [62, 66, 67℄Le� = fi�nOn+4i ; (15)where n + 4 signi�es the dimension of the operator Oi. Vbfnlo de�nes the anomalousgauge ouplings in terms of the oe�ients fi=�n of the dimension-6 and (for tribosonprodution) dimension 8 operators (a full list of implemented operators for triboson pro-dution an be found in Ref. [59℄).A ommon alternative parameterization (whih Vbfnlo an also use as input) of thetrilinear ouplings WW and WWZ uses the following e�etive Lagrangians:LWW =� ie �W y��W �A� �W y�A�W �� + �W y�W�F �� + �m2WW y��W �� F ��� (16)for the anomalous WW vertex, andLWWZ =� ie ot �w �gZ1 �W y��W �Z� �W y�Z�W ���+ �ZW y�W�Z�� + �Zm2W W y��W �� Z���(17)for the anomalousWWZ vertex. It is ustomary to rephrase the eletroweak modi�ationsaround the SM Lagrangian in terms of new quantities,(�gZ1 ;��Z;��) = (gZ1 ; �Z; �)� 1: (18)These quantities are related to the oe�ients of the dimension-6 operators OW , OBand OWWW as shown in Eq. 12.In order to inlude anomalous vetor boson ouplings, the parameter ANOM_CPL mustbe swithed to true in vbfnlo.dat. The parameters desribed above are input via the�le anomV.dat: 35



� TRIANOM: Swithes between parameterizations of the anomalous WW and WWZouplings. TRIANOM = 1 uses the oe�ients of the dimension-6 operators as input:� FWWW: Coe�ient of the operator OWWW , i.e. fWWW/�2. Default is set to9:19 � 10�6 GeV�2.� FW: Coe�ient of the operatorOW , i.e. fW/�2. Default is set to�1:44� 10�5 GeV�2.� FB: Coe�ient of the operatorOB, i.e. fB/�2. Default is set to 3:83� 10�5 GeV�2.TRIANOM = 2 uses the alternative parameterization of Eqs. 16 and 17 as input:� LAMBDA0: The quantity �(= �Z). Default is set to 0.038.� ZDELTAKAPPA0: The quantity ��Z . Default is set to -0.082.� ZDELTAG0: The quantity �gZ1 . Default is set to -0.060.� ADELTAKAPPA0: The quantity �� . Default is set to 0.077.� Note that, as an be seen from Eqs. 12, the quantities ��Z , �� and �gZ1 arenot independent, but obey the relation��Z = �gZ1 � sin2 �Wos2 �W �� : (19)If one of these quantities is zero, it will be set by Vbfnlo to be onsistentwith the other values. If the input values are inonsistent, �� will be reset togive the orret relation.Default is TRIANOM = 1, and the default values are approximately the entral valuesin the three-parameter �t given in Ref. [68℄.� FBW, FDW, FWW, FBB: The oe�ients of the remaining CP-even dimension-6 op-erators, i.e. fi/�2. Note that these are only implemented for W pair prodution viavetor boson fusion (proess ID 200). Default value is 0 GeV�2.� FWWWt, FWt, FBt, FBWt, FDWt, FWWt, FBBt: The oe�ients of the CP-odd di-mension-6 operators, i.e. fi/�2. Note that these are only implemented for W pairprodution via vetor boson fusion (proess ID 200). Default value is 0 GeV�2.� FS0, FS1, FM0 � FM7, FT0 � FT2, FT5 � FT7: Parameters that give the valuesof the oe�ients of the dimension-8 operators, i.e. fi/�4. The default values forthese parameters are 0 GeV�4. Note that these are only relevant for triboson pro-dution.In addition, a form fator an be applied:F = �1 + s�2��p ; (20)where � is the sale of new physis. s is a universal sale (the invariant mass of theprodued bosons) for eah phase-spae point.� FORMFAC: Swith determining whether the above form fator F is inluded. Defaultis set to true. 36



� FFMASSSCALE: Mass sale �. Default is set to 2000 GeV.� FFEXP: The exponent p. Default is set to 2.Individual form fator mass sales and exponents an be set for the trilinear WWZ andWW ouplings, using either of the parametrizations above. If hosen, these valuesoverwrite the �universal� mass sale and exponent (FFMASSSCALE and FFEXP) set abovefor the seleted parameters.� FORMFAC_IND: Swith determining whether individual or universal form fators areused. Default is set to false � universal form fators are used.If TRIANOM = 1 then� MASS_SCALE_FWWW: Mass sale � for oe�ient fWWW . Default is 2000 GeV.� FFEXP_FWWW: Exponent p for oe�ient fWWW . Default is 2.� MASS_SCALE_FW: Mass sale � for oe�ient fW . Default is 2000 GeV.� FFEXP_FW: Exponent p for oe�ient fW . Default is 2.� MASS_SCALE_FB: Mass sale � for oe�ient fB. Default is 2000 GeV.� FFEXP_FB: Exponent p for oe�ient fB. Default is 2.If TRIANOM = 2 then� MASS_SCALE_AKAPPA: Mass sale � for parameter �� . Default is 2000 GeV.� FFEXP_AKAPPA: Exponent p for parameter �� . Default is 2.� MASS_SCALE_ZKAPPA: Mass sale � for parameter ��Z . Default is 2000 GeV.� FFEXP_ZKAPPA: Exponent p for parameter ��Z . Default is 2.� MASS_SCALE_LAMBDA: Mass sale � for parameter �. Default is 2000 GeV.� FFEXP_LAMBDA: Exponent p for parameter �. Default is 2.� MASS_SCALE_G: Mass sale � for parameter �gZ1 . Default is 2000 GeV.� FFEXP_G: Exponent p for parameter �gZ1 . Default is 2.� As with the anomalous parameters themselves, the formfators in the parameteri-zation of TRIANOM = 2 are not independent (see Eq. 19). If one mass sale is set tozero, it will be set by Vbfnlo to be onsistent with the other values. If the inputvalues are inonsistent, they will be reset to give the orret relation.Finally, an overall fator sheme [58℄ an be employed forWWjj prodution via VBF,using the swith:� OVS: Swith for overall fator sheme. Default is false.
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4.5.3 Using anom_HVV.dat and anomV.dat simultaneouslySome of the anomalous oupling parameters a�et both the V V V and HV V ouplings.These parameters (fW and fB or, equivalently, �gZ1 and ��) are onsequently inputs inboth anom_HVV.dat and anomV.dat. As stated previously, when working with anomalousV V V ouplings with a proess that ontains internal Higgs bosons (e.g. WWZ tribo-son prodution), the anomalous HV V ouplings resulting from fW and fB (input viaanomV.dat) are alulated and used.In dibosonWW prodution (proess ID 300), however, anomV.dat and anom_HVV.datan be used simultaneously. The anomalous V V V ouplings are taken diretly fromanomV.dat. The values of fW and fB for the HV V ouplings are also taken fromanomV.dat, but the additional parameters (fBB, fWW et.) are taken from anom_HVV.datusing the appropriate parametrisation27. Alternatively, the HV V ouplings an be spe-i�ed diretly via gHXY5 by setting PARAMETR1=true in anom_HVV.dat. In this ase, thevalues gHXY5 are used if they are onsistent with the anomV.dat inputs � if they are in-onsistent, a warning message is printed and HV V parametrisation 2 or 3 is used instead.4.6 kk_input.dat � parameters for Higgsless modelsVbfnlo allows the alulation of the vetor boson fusion proesses WWjj, WZjj andZZjj in the Warped Higgsless senario [69, 70℄ at LO and NLO QCD level (see, forexample, Ref. [71℄ for a phenomenologial appliation). This feature is used if the swithKK_MOD in vbfnlo.dat is swithed to true and must be enabled at ompilation using theonfigure option ��enable-kk.The triple vetor-boson proesses WWW ,WWZ andWZZ an be alulated in boththis model and a Three-Site Higgsless Model [72℄. The model parameters (masses andouplings) an be generated by Vbfnlo via the input �le kk_input.dat for a hoie ofthe relevant �ve dimensional gauge parameters. The input parameters are:� VBFCALC_SWITCH: Swith that determines whether Vbfnlo should alulate theparameters needed by the model. Default is true. Alternatively, the user an inputtheir own model parameters (masses and ouplings) as desribed below.� MHLM_SWITCH: Swith that determines whether the Three-Site Higgsless Model [72℄(true) or the Warped Higgsless Model [69℄ (false) should be used. Default is false(Warped Higgsless Model).� The following parameters are used only when working in the Warped HiggslessModel (MHLM_SWITCH = false):� RDWN: Loation of the UV brane for the generation of the model parameters inthe Warped Higgsless Model. Default is R = 9:75�10�9, whih amounts to theKaluza-Klein exitations having masses of mW1 = 700 GeV, mZ1 = 695 GeV,and mZ01 = 718 GeV. Smaller values of R result in a heavier Kaluza-Kleinspetrum.� KKMAXW: The maximum number of Kaluza-Klein W�k states to be inluded ontop of the Standard Model W� bosons, whih orrespond to W�k=0. All statesk � 3 are phenomenologially irrelevant. Default is 1.27TRIANOM=1 in anomV.dat orresponds to PARAMETR3=true in anom_HVV.dat, and TRIANOM=2 orre-sponds to PARAMETR2=true. 38



� KKMAXZ: The maximum number of Kaluza-Klein Zk states to be inluded ontop of the Standard Model Z boson, whih orresponds to Zk=0. All statesk � 3 are phenomenologially irrelevant. Default is 1.� KKMAXG: The maximum number of Kaluza-Klein Z 0k bosons that are exitationsof the Standard Model photon Z 0k=0. States k � 2 are phenomenologiallyirrelevant. Default is 1.� WPMASS: Wk=1 mass in the Three-Site Higgsless Model (MHLM_SWITCH = true). De-fault is 500 GeV.The expliit breaking of higher dimensional gauge invariane is balaned aording tothe desription of Ref. [73℄, where more details regarding the model and its implementationan be found. Information on the widths and the sum rules relating the various gaugeboson ouplings [74℄ are written to the �le kkhek.dat.Vbfnlo generates the text �le kk_oupl_inp.dat, whih douments the alulatedmodel parameters, i.e. Kaluza-Klein gauge boson masses and ouplings of the spei�edinput parameters. This �le an also be used as an input �le for advaned users whowant to run the ode with their own set of parameters � e.g. for simulation of moregeneral tehniolor-type senarios. To that end, selet VBFCALC_SWITCH = false in the�le kk_input.dat. Vbfnlo will then alulate the gauge boson widths on the basis ofthese parameters by the deay to the lower lying states. The inputs in kk_oupl_inp.datare as follows:� KKMAXW: The maximum number of Kaluza-Klein W�k states inluded on top of theStandard Model W� bosons.� KKMAXZ: The maximum number of Kaluza-Klein Zk states inluded on top of theStandard Model Z boson.� KKMAXG: The maximum number of Kaluza-Klein Z 0k bosons that are exitations ofthe Standard Model photon Z 0k=0.� Kaluza-Klein masses:� KKMASSW: List of masses of the Kaluza-Klein W�k states.� KKMASSZ: List of masses of the Kaluza-Klein Zk states.� KKMASSG: List of masses of the Kaluza-Klein Z 0k states.� Couplings� CPL_Wx-Wy-ZX: List of ouplings between Kaluza-Klein states: W�x �W�y �Z0to W�x �W�y � ZKKMAXZ.� CPL_Wx-Wy-GX: List of ouplings between Kaluza-Klein states: W�x �W�y �Z 00to W�x �W�y � Z 0KKMAXG.� CPL_Wx-Wy-Wz-WX: List of ouplings between Kaluza-Klein states: W�x �W�y �W�z �W�0 to W�x �W�y �W�z �W�KKMAXW.� CPL_Wx-Wy-Zz-ZX: List of ouplings between Kaluza-Klein states: W�x �W�y �Zz � Z0 to W�x �W�y � Zz � ZKKMAXZ.� CPL_Wx-Wy-Gz-GX: List of ouplings between Kaluza-Klein states: W�x �W�y �Z 0z � Z 00 to W�x �W�y � Z 0z � Z 0KKMAXG.39



� CPL_Wx-Wy-Gz-ZX: List of ouplings between Kaluza-Klein states: W�x �W�y �Z 0z � Z0 to W�x �W�y � Z 0z � ZKKMAXZ.The default values in kk_oupl_inp.dat are those produed when Vbfnlo is used toalulate the ouplings and masses using the default values of kk_input.dat as desribedabove.4.7 spin2oupl.dat � parameters for spin-2 modelsThe �le spin2oupl.dat is used to set the parameters for the spin-2 models. It is readif the swith SPIN2 in vbfnlo.dat is set to true, and will only run if the spin-2 modelswere enabled at ompilation using the onfigure option ��enable-spin2.Vbfnlo uses an e�etive model to desribe the interations of spin-2 partiles witheletroweak gauge bosons for two ases: an isospin singlet spin-2 state and a spin-2 tripletin the adjoint representation, as desribed in Ref. [31℄. For the singlet spin-2 �eld, T ��,the e�etive Lagrangian isLsinglet = 1�T�� �f1B��B�� + f2W ��i W i;�� + f3 eB��B�� + f4fW ��i W i;�� + 2f5(D��)y(D��)� ;(21)and for the spin-2 triplet �eld, T ��j , the e�etive Lagrangian is given byLtriplet = 1�T��j �f6(D��)y�j(D��) + f7W j;�� B��� ; (22)where W and B are the usual eletroweak �eld strength tensors, fW and eB the dual �eldstrength tensors, � is the Higgs �eld and D� is the ovariant derivative. fi are variableoupling parameters and � is the harateristi energy sale of the new physis.In order to preserve unitarity, a formfator is introdued to multiply the amplitudes.The formfator has the form:f(q21; q22; p2sp2) =  �2ffjq21 j+ �2ff � �2ffjq22 j+ �2ff � �2ff��p2sp2�� + �2ff!nff : (23)Here p2sp2 is the invariant mass of a virtual s-hannel spin-2 partile and q21;2 are theinvariant masses of the eletroweak bosons. The energy sale �ff and the exponent nffdesribe the sale of the uto� and the suppression power.The input parameters used by Vbfnlo are:� F1,F2,F3,F4,F5: Coupling parameters for the spin-2 singlet �eld. Default valuesare F1=F2=F5=1, F3=F4=0.� F6,F7: Coupling parameters for the spin-2 triplet �eld. Default values are set to 1.� LAMBDA: Energy sale of the ouplings in GeV. Default value is 1500 GeV.� LAMBDAFF: Energy sale of the formfator in GeV. Default value is 3000 GeV.� NFF: Exponent of the formfator. Default value is 4.Note that a graviton orresponds to F1=F2=F5=1 and F3=F4=F6=F7=0.Vbfnlo also needs the masses and branhing ratios of the spin-2 partiles into SMgauge bosons. 40



� SP2MASS: Mass of the spin-2 singlet partile in GeV. Default value is 1000 GeV.� MSP2TRIPPM: Mass of harged spin-2 triplet partiles in GeV. Default value is1000 GeV.� MSP2TRIPN:Mass of neutral spin-2 triplet partile in GeV. Default value is 1000GeV.� BRRAT: Branhing ratio for spin-2 singlet partile into SM gauge bosons. Defaultvalue is 1.� BRRATTRIPPM: Branhing ratio for harged spin-2 triplet partiles into SM gaugebosons. Default value is 1.� BRRATTRIPN: Branhing ratio for neutral spin-2 triplet partile into SM gaugebosons. Default value is 1.These default values are intended for the proesses 200-230. Respetive values for lightspin-2 resonanes in proess 191 an be found in Ref. [31℄28.4.8 histograms.dat � parameters for histogram optionsVbfnlo an output histogram data in a variety of di�erent formats (Root, Gnuplot,TopDrawer, raw data tables), as desribed in Se.4.1.5.The �le histograms.dat allows the user to set the x-axis range, enable a bin smearing,and enable the alulation of the Monte Carlo error per bin29.Vbfnlo an alulate the Monte Carlo error for eah bin and output this to the rawhistogram data output for 1D and 2D histograms. For the gnuplot histogram output onlythe 1D histograms an display the error bars.� CALC_ERROR_GNUPLOT: Enable or disable y-error bars in 1D gnuplot histograms.Default is false.� CALC_ERROR_1D: Enable or disable y-error bars in raw 1D histogram output. Defaultis true.� CALC_ERROR_2D: Enable or disable z-error bars in raw 2D histogram output. Defaultis false.Furthermore, Vbfnlo uses a smearing between adjaent bins to avoid artefats atNLO when the real emission kinematis and the orresponding subtration term fall intodi�erent bins. As this an lead to remnants at the sharp edges aused by uts the smearingan be swithed o�.� SMEARING: Enable or disable smearing. Default is true.� SMEAR_VALUE: Set the bin fration where the bin smearing is ative. The part thatis put to the next bin beomes larger when the x-value is loser to a bin border.Default is 0.2.28Note that in Ref. [31℄, proess 191 (pp! spin-2 jj !  jj) is referred to as proess 240.29By default 100 bins are used. This number an be altered in utilities/histograms.F.41



The range of the x-axis of the produed histograms is input in the format: xmin xmax.The following desribes those histograms whih are already implemented in Vbfnlo. Byaltering the �le utilities/histograms.F, however, it should be easy for the user to addnew histograms � Vbfnlo will automatially read-in the range of eah reated histogram.� HIST_ID1: Range for pT of tagging jets. Default range is 0 to 250 GeV.� HIST_ID2: Range for pT of tagging jet with higher pT . Default range is 0 to 500 GeV.� HIST_ID3: Range for pT of tagging jet with lower pT . Default range is 0 to 200 GeV.� HIST_ID4: Range for pseudorapidity of tagging jets. Default range is -5 to 5.� HIST_ID5: Range for pseudorapidity of tagging jet with higher pT . Default rangeis -5 to 5.� HIST_ID6: Range for pseudorapidity of tagging jet with lower pT . Default range is-5 to 5.� HIST_ID7: Range for pmaxT of leptons. Default range is 0 to 500 GeV.� HIST_ID8: Range for pminT of leptons. Default range is 0 to 500 GeV.� HIST_ID9: Range for �max of leptons. Default range is 0 to 5.� HIST_ID10: Range for �min of leptons. Default range is 0 to 5.� HIST_ID11: Range for azimuthal angle (in degrees) of tagging jets. Default rangeis -180 to 180.Vbfnlo an also produe 2D histograms. In this ase, both the x and y ranges anbe set using histograms.dat in the format xmin xmax ymin ymax.� 2DHIST_ID1: Range for 2D histogram of d2S=(d�jjdmjj). Default ranges are 0 to 6for the � (x) axis and 0 to 800 GeV for the mjj (y) axis.4.9 random.dat � parameters for seedsTo run with di�erent seeds, simply set the variable SEED in the �le random.dat to adi�erent integer value.
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5 ChangesSine the previous release Version 2.5.0, some hanges have been made that alter pre-vious results (events, ross setions and distributions).5.1 Allowed width of virtualityIn the phase-spae generators, the allowed range of the virtuality of a resonane of in-termediate vetor bosons has been inreased. This mainly a�ets proesses where anintermediate Z boson deays into a pair of neutrinos � i.e.� pp ! Hjj ! ZZjj ! `+`���jj via vetor boson fusion (proess ID 107) andgluon fusion (proess ID 4107)� pp! Hjjj ! ZZjjj ! `+`���jjj (proess ID 117)� pp! Hjj ! ZZjj ! `+`���jj (proess ID 2107)� pp! ZZjj ! `+`���jj (proess ID 211)This not only a�ets the ross setions for these proesses, but also means that the eventsprodued by Vbfnlo-2.6.0 will di�er from those produed by Vbfnlo-2.5, even if thesame random numbers are used.5.2 Matrix element H ! ZZ ! 4`A bug was found and �xed in the implementation of the matrix element alulating thedeay H ! ZZ ! 4`.5.3 Anomalous ouplingsSeveral hanges have been made to the implementation of the anomalous ouplings. ForHiggs prodution via vetor boson fusion (proess IDs 100-107) the variable TREEFAC,whih multiplies the Standard Model ontribution to the tree-level HV V ouplings,has been orreted and altered � now, separate fators for HZZ and HWW are input(TREEFACZ and TREEFACW respetively).When working with anomalous HV V ouplings two types of formfator an be ap-plied whih model e�etive, momentum dependent HV V verties, motivated by newphysis entering with a large sale � at loop level. Corretions to the HV V formfatorF2 (see Eq. 14) have been made. The implementation of the parameterization desribedby PARAMETR3 � where the input determining the anomalous ouplings is in terms of thedimension-6 operators (OW , OB, OWW and OBB) have also been altered.If anomalous triple (and quarti) gauge boson ouplings are being studied, a formfatorgiven by F = �1 + s�2��p ; (24)an be applied in order to preserve unitarity, where � is the sale of new physis. Themomentum dependene of the applied formfator (i.e. s) is now universal for eah phase-spae point, with the invariant mass of the produed bosons as the sale. This ensuresthe proper anellations for anomalous ontributions. The values of the formfator sales43



� and p an be set to di�erent values for eah input desribing the triboson ouplings.In the parameterization TRIANOM = 2, the formfator sales for �� and ��Z are nowseparately set, and the onsisteny of related parameters (i.e. �gZ1 , �� and ��Z) isenfored when formfators are applied.When proesses involving resonant Higgs diagrams (e.g. WWW prodution) are stud-ied with anomalous ouplings, the Higgs width is now alulated with the appropriateanomalous HV V ouplings (the anomalous HV V ouplings in the prodution amplitudeswere taken into aount in previous versions of Vbfnlo). Various orretions have alsobeen made to the anomalous triboson ouplings in diboson plus jet proesses (these wereinorporated into the intermediate release Vbfnlo 2.5.3).5.4 VBF Higgs boson prodution in assoiation with three jetsA small bug was found and �xed in the alulation of the proesses pp ! Hjjj, withproess IDs 110-117.5.5 Previous hanges � version 2.5.0The previous version of Vbfnlo � 2.5.0 � was altered in suh a way that some results dif-fer fromVbfnlo-2.0 and below. These hanges are desribed brie�y here, and in more de-tail on the Vbfnlo website, http://www-itp.partile.uni-karlsruhe.de/vbfnlo/.5.5.1 EWSCHEMEThe implementation of options EWSCHEME = 1 and 4, whih are desribed in Setion 4.1.2,was altered. The new implementation is hopefully more transparent, and is desribed inthis manual.5.5.2 Gluon fusionSine version 2.5.0, in gluon fusion proesses the bottom-quark mass Mb(MH) is usedthroughout the alulation. New, more stable, tensor routines for the boxes and pentagonswere implemented, reduing the number of omitted points with bad numerial auray.
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6 CheksExtensive heks for the LO and the real emission amplitudes, as well as for the totalLO ross setions, have been performed for all proesses implemented in Vbfnlo. Bornamplitudes and real emission diagrams have been ompared with the fully automatiallygenerated results provided by MadGraph [75℄. Complete agreement has been foundin eah ase. Moreover, total LO ross setions with a minimal set of uts agree withthe respetive results obtained by MadEvent30 [76, 77℄, Sherpa31 [78℄ and/or Hela-Phegas32 [79�81℄, a ompletely automati parton level event generator based on Dyson-Shwinger reursive equations.LHA event �les for the LO proesses have been tested with Herwig++33 [82℄, ageneral purpose Monte Carlo event generator for the simulation of hard lepton-leptonand hadron-hadron ollisions.As a �nal and very important test, omparisons with already published results havebeen made. The NLO results for Higgs boson prodution via VBF agree with thoseprodued by the ode Hawk34. In Ref. [83℄, a tuned omparison of LO and NLO QCDresults for Higgs boson prodution via vetor boson fusion at the LHC has been performed.Three di�erent alulations have been ross heked: Vbfnlo, the results of Refs. [84,85℄,and the VV2H program35. For the dominant t- and u-hannel ontributions whih areimplemented in Vbfnlo, good agreement has been found. For the triboson proesses aomparison for the prodution of on-shell gauge bosons without leptoni deays has beenperformed with the results presented in Ref. [86℄. Additionally, the tree-level results forW� have been ompared to the results with an on-shell W boson of Ref. [87℄. Again,in both ases good agreement has been found. Triple photon prodution has been testedagainst FeynArts, FormCal and HadCal [4, 5, 88℄. Results for the CP-odd andCP-even Higgs boson prodution via gluon fusion have been tested against FeynArtsand FormCal [89, 90℄.All fermion loops have been heked against results obtained with FeynArts, Form-Cal and LoopTools. Diboson proesses have been heked against Mfm36 [91�93℄and the gluon-gluon loops have also been heked against gg2VV37 [94, 95℄.

30http://madgraph.hep.uiu.edu/31http://www.sherpa-m.de/32http://hela-phegas.web.ern.h/hela-phegas/33http://projets.hepforge.org/herwig/34 http://omnibus.uni-freiburg.de/�sd565/programs/hawk/hawk.html35http://people.web.psi.h/spira/vv2h/36http://mfm.fnal.gov/37http://gg2VV.hepforge.org/ 45
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