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WHIZARD � LCFORUM 2012: A Status ReportJ�urgen Reuter11DESY, Notketra�e 85, 22607 Hamburg, GermanyDOI: will be assignedThis is a status report of the WHIZARD Monte Carlo multi-purpose event generator given at theLCFORUM 2012 at DESY. In ase you use the program, please do ite the oÆial referene(s), [1, 2℄.I review here the development of the WHIZARD generator version 2 with a speial emphasis on linearollider physis.
1 IntrodutionThe multi-purpose Monte Carlo event generator WHIZARD was developed as a tool for linear olliderphysis during the late 1990s [3℄. Some of the �rst studies with exlusive four, six and eight fermion �nalstates for linear ollider physis have been done with WHIZARD [4, 5, 6, 7℄. The �rst publi version,1.00, of WHIZARD has been released in Deember 2000. It was written in Fortran90/95 and used fromits beginnings the VAMP pakage [8℄ for a multi-hannel adaptive Monte Carlo integration. The majorimprovement was an algorithm to model the phase spae hannels for a proess under onsideration andto provide the orresponding phase spae mappings to atten out the divergenies of the integrand for anoptimized importane sampling. In the 1.xx (now alled legay) versions of WHIZARD, matrix elementsfrom early version of MadGraph [9℄ and CompHep [10℄ as well as from the at that time newly developedOptimized Matrix Element Generator O'Mega [2℄ ould be used. Parton shower and hadronization ould besimulated via an interfae to PYTHIA [11℄.During the years 2001-2005/06, many tehnial and physis features have been added on demand of eithertheoretial or experimental users of the program or the authors itself. Support for several event �le formatshave been added. For a realisti simulation of linear lepton olliders, the ability to use strutured beamshave beome ruial, spei�ally for experimental feasibility studies and detetor development. Along theselines, initial state radiation (ISR) following the approah of Ref. [28℄, kT distribution of the radiating initialbeams as well as expliit photons from ISR in the �nal state events. Beamstrahlung, i.e. the modi�ationsof the beam spetra due to lassial eletromagneti interations of the lepton beams, as well as photonbeam options via Compton baksattering o� laser photons ould be simulated by attahing the CIRCE1and CIRCE2 generators [12℄ to the main WHIZARD program. The main ore in version 1.xx onnets thedi�erent parts of the program via glueing shell sripts that steer the ompilation of di�erent proesses aswell as the integration, event generation and the built-in graphial analysis of WHIZARD.WHIZARD has been extensively used for linear ollider physis, e.g for the development of the TESLATehnial Design Report [13, 14, 15℄. The big SLAC event samples for the Standard Model bakgrounds havebeen generated with WHIZARD. Though here WHIZARD has been used as a generator for SM bakgroundsone of the main fouses of the tool has always been the realm of beyond the Standard Model (BSM) physis.Many of these developments have already been present in the legay branh WHIZARD 1.xx, but I willsummarize them together with the overview of the new features in WHIZARD 2.1
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process setup, cuts, analysis definitions, etc.Figure 1: Struture of the WHIZARD program.2 WHIZARD 2: (New) Tehnial and Physis Features2.1 Struture and tehnial featuresWHIZARD has been basially rewritten sine 2007. One of the main motivations was the inlusion of severalfeatures like event-dependent sales, running ouplings, parton showering, handling of a large number ofBSM models whih are neessary for the purpose of simulating signals and bakgrounds at the Large HadronCollider (LHC). But it was also a question of maintenane of the ode, doumentation, easening releaseprodutions, bug �xes, and treating regressions that made a omplete rewriting of the ode neessary. Sineroughly the same time WHIZARD is loated at the HepForge web page, [16℄, where also the revision ontrolsystem of the projet has been moved to. With the start of the �rst release andidates of WHIZARD 2late in 2009 the line of development for the legay branh, 1.xx, stopped with revision 1.94. Until then,only bug �xes and doumentation issues are takled, and the latest release, 1.97, appeared with a ompletedmanual doumenting the �nal status and usage of WHIZARD 1.9x. For the new release branh, the versionsystem has hanged to the triple number system, i.e. (main release).(major version).(minor version). The�rst release was in April 2010 for the MC4BSM workshop in Copenhagen, the atual release at the momentis 2.0.7 from Marh 2012.WHIZARD 2 now is a well-strutured program ontaining the exlusive optimized matrix element gener-ator O'Mega [2, 17℄, the multi-hannel adaptive integration pakage VAMP [8℄, the two programs CIRCE1and CIRCE2 [12℄ for ISR, beamstrahlung and photon ollider physis, as well as tools for graphial dataanalysis. The basi struture of the program is shown in Fig. 1. The rewriting of the ode (in total morethan 60,000 lines of new ode) was a major undertaking. The ode has been ompletely streamlined, inthe sense that now there are only programming languages used, Fortran2003 and OCaml (for the matrixelement generator O'Mega). All system alls to binaries are done from the Fortran ode itself, so that allshell and Perl sripts have been abandoned. A huge standardization of modern programming tools was theusage of the autotools, i.e. automake/autoonf/libtool setup whih leads to a muh easier ontrol of distribu-tions and easier maintenane (e.g. regressions et.). To further ontrol the line of development, the revisionontrol system (subversion) at the HepForge page is used, together with the tra system for bug, featurerequest and enhanement tikets for the projet management of the software. A ruise ontrol system is usedwhih heks new submissions to the software repository for ompatibility for di�erent ompiler suites andoperating systems and runs a very large lass of ompatibility tests, sanity and regression heks. A verylean modularization has been ahieved using the objet-oriented features in Fortran2003. WHIZARD 2now works as a shared library, whih makes a ore re-ompilation unneessary whenever one physis proesshad been hanged. New proesses an be dynamially inluded, while the old stati option is still available,e.g. for the use in bath systems and on the Grid. The matrix elements whih for LHC multi-leg proessesan beome rather lengthy are automatially split up in subroutines whih makes ompilation by over-eagerompiler optimizers muh faster. WHIZARD an also be run as a shell (WHISH) now, though this is still inan experimental status. For using parallelization and multiple threads, an OpenMP parallelization for theheliity amplitudes has been set up, while an MPI parallelization of the multi-hannel integration will be2



uts = any 5 degree < Theta < 175 degree[selet if abs (Eta) < eta_ut [lepton℄℄uts = any E > 2 * mW [extrat index 2[sort by Pt [lepton℄℄℄Figure 2: Example for a SINDARIN sripting language expression for uts.released soon.The program an be downloaded from the HepForge page, unpaked and then the standard steps shouldbe taken to ompile and install it: on�gure, make, and make install. For the on�guration, it might beneessary to speify paths or ags for external programs to be linked in, like e.g. LHAPDF, StdHEP, HepMC.Before the last make install step, an optional make hek is reommended to asertain that everything runsorretly on the urrent system. WHIZARD 2 is intended to be installed entrally, e.g. in usr/loal but analso be installed loally without administrator rights. Eah user an then work in his own home or workdiretory.2.2 Physis and Performane featuresIn this setion I summarize the main physis features of WHIZARD with a speial emphasis both on the newdevelopments in WHIZARD 2 as well as on the ILC-relevant features. First of all, there was an improvementon the already quite performant phase spae setup of WHIZARD, where due to a symmetrized phase spaeforest onstrution a further performane gain ould be ahieved. The new modular struture of WHIZARD2 made it possible to easily inlude event-dependent sales like they are used in parton density funtions(PDFs) as well as running oupling onstants like �s. A very powerful invention was the new steering syntaxof the program, Sripting INtegration, Data Analysis, Results display and INterfaes, or short SINDARIN.This is similar to a sripting language, and allows to easily de�ne arbitrary (algebrai) expressions for uts,sales et. as well as to denote all the ommands neessary to generate matrix elements, ompile them,integrate them, generate events and set up an analysis. Fig. 2 shows an example for a ut de�nition inSINDARIN: the �rst line selets any lepton with polar angle 5 degrees away from the beam axis underthe ondition that its absolute rapidity is below some prede�ned ut variable. The seond line selets anyseond-hardest lepton in pT if its energy exeeds twie the W mass. Analysis expressions and histogramsan be de�ned in the same way.WHIZARD 2 uses proess libraries, whih allows the usage of proesses from di�erent BSM models inparallel. As not the multi-leg matrix elements, but the high-dimensional phase spae integration is themajor bottlenek for going to higher and higher multipliities, fatorizing amplitudes into prodution andsubsequent deays is (in a well-de�ned approximation) not to bad an idea. WHIZARD 2 realizes this for theevent generation and hene distributions where the user an speify whether he wants no spin orrelations,only lassial spin orrelations (i.e. the diagonal of the spin density matrix) or full spin orrelations. Anexample for squark pair prodution where one of the two squarks deays via a slepton into jet, lepton andthe lightest neutralino is shown in Fig. 3. One is able to de�ne ontainers of partiles for deays and antherefore handle inlusive proesses and deays. With respet to WHIZARD 1.xx, the algorithms for theavor sums of initial and �nal state partiles have been greatly improved. A more elaborate elimination ofredundanies from summation over internal and external ombinations of avours (partiularly quarks injets, espeially for LHC physis) will be available soon and is expeted to further improve both ode size andspeed. For the analysis, the graphial pakage GAMELAN based on LaTeX and MetaPost has been alsoimproved. Again on the tehnial side, the algorithm using MD5 hek sums has been revisited, suh that isnow possible to reuse every bit and piee of the steps: the ode, the objet �les, the phase spae setup �le,the integration grids and the already generated events, whenever those things are still ompatible with thesetup in the input �le. Other new features, that will be disussed in more detail below, are the interfae [18℄to the program FeynRules [19℄ whih allows to inlude a new BSM model just by speifying its Lagrangian,and the initial and �nal state parton shower of WHIZARD [20℄ together with an MLM mathing proedurebetween hard matrix elements and the parton shower.3
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−)Figure 3: Fatorization of proesses in distributions: the jet-lepton invariant mass is shown for squark pairprodution at the LHC, where one of the squarks subsequently deays into a jet, a lepton and the lightestneutralino. Upper left: full matrix element, upper right fatorized with full spin orrelations, lower row:fatorized with lassial (left) and no spin orrelations (right), respetively.2.3 Fields, Beams, Interations, Models in WHIZARDIn the disussion of the implemented physis ontent in WHIZARD (2), we �rst start with the hard matrixelements, partile types, interation types, Lorentz strutures et. The possible partile types in WHIZARDontain salars, spin 1/2 fermions (both Dira and Majorana) together with fermion-number violating vertiesfollowing the rules in [21, 22℄, spin 1 partiles (both massless and massive, in unitarity and Feynman gauge aswell as in priniple for arbitraryR� gauges), spin 3/2 partiles (only as Majorana partiles in their inarnationas gravitinos), as well as spin 2 partiles (massless and massive). Partiles ould be dynami (i.e. propagatingpartiles) or pure insertions. The latter an e.g. be used as spurion �elds in operator insertions. There arealso unphysial partiles for testing purposes inside Ward- and Slavnoy-Taylor identities (see e.g. [23, 24℄).Note that for all the partile types there are routines that add up to a large test suite, testing (espeiallynumerially) equations of motion, transversality, irreduibility of the on-shell �elds as well as e.g. Majoranaproerties of di�erent verties.For the verties, there is a huge list of Lorentz strutures that are supported by WHIZARD ranging frompurely salar ouplings over salar-vetor ouplings (inl. dimension 5 operators), pure vetor ouplings,fermioni ouplings to salars, to vetors, to tensors as well as dimension 5 and 6 operators that appeare.g. in the ontext of supersymmetri Ward identities), as well as gravitino ouplings of dimensions 5 and6. Completely general Lorentz strutures that will allow an automati generation of a library with theorresponding Fortran routines is under onstrution, and will presumably be ready by the end of the year.Color ows in WHIZARD are generated in the olor ow formalism [25, 26℄. While in the legay versionWHIZARD 1.9x this was done in a rather slow approah with the help of a PERL sript, in WHIZARD 2 thiswas performed diretly inside the ore of O'Mega and �nally even more re�ned as a olorizing of the DiretedAylial Graph (DAG) as a representation of the olored amplitude [17℄. Though in priniple every SU(N)gauge group is supported, we fous here on standard SU(3) for QCD. At the moment, the fundamentaland anti-fundamental representations are supported, the adjoint representation, whih already overs allstandard partiles in the SM, SUSY and extra-dimensional models. In preparation are generalized olorstrutures inluding olor sextets and deuplets as well as baryon-number violating verties as in �ijk�i�j�k .4



beams = p, p => lhapdf { $lhapdf_file = "teq5l.LHgrid" }beams = p, p => pdf_builtin {$pdf_builtin_set = "mstw2008nlo"}beams = e1, E1 => ire1 => isrbeams = A, A => ire2 { $ire2_file = "teslagg_500.ire" }beams = e1, E1=> beam_events { $beam_events_file = "uniform_spread_2.5%.dat" }beams = e1, E1 => user_strfun ("esan"), noneFigure 4: Strutured beams in WHIZARD 2 as they appear in SINDARIN ommands.These olor strutures are foreseen to be made publi in late 2012.Conerning strutured beams, the omplete setup for beam struture relevant for lepton olliders fromWHIZARD 1 have been taken over in or re-implemented for WHIZARD 2, while the support for struturedbeams for hadron olliders has been muh enlarged and modernized. Examples for strutured beams asSINDARIN ommands are shown in Fig. 4 1. For lepton olliders, initial state radiation (ISR) is implementedaording to the alulations presented in [28, 29℄ whih ontains the resummed results for soft-ollinearphoton from [30, 31℄ together with the expliit alulation of hard-ollinear photons up to third order inperturbation theory. WHIZARD an also generate expliity the pT distribution of the photons in the eventas well as of the eletron beam remnants from the ISR reoil.Polarized beams are supported, where it is possible to speify arbitrary polarization states (not onlylinear or irular polarization modes) by using an expliit spin density matrix as input. Beamstrahlung,i.e. the deformation of the beam spetrum due to marosopi (lassial) eletromagneti interations an besimulated via the CIRCE module [12℄, while photon ollider spetra from Compton bak sattering are on-tained in the CIRCE2 generator within the WHIZARD pakage. External beam spetra whih are basiallylong lists of energy ratio (or expliit energy) values an be read in, or user-de�ned ode an be inluded,ompiled and linked in the dynami setup of WHIZARD 2 at runtime. What is at the moment not (yet)implemented is eletromagneti �nal state radiation (FSR) using a Yennie-Frautshi-Suura approah [32℄.Conerning hadroni beam environments, the support for PDFLIB inside CERNLIB for PDFs has beenabandoned in WHIZARD 2. Like WHIZARD 1, WHIZARD 2 now exlusively ontains an interfae to theLHAPDF external library [33℄ supporting in priniple all (modern) PDF sets, inluding photon PDF andpion PDFs. To be independent from installing LHAPDF and linking it into WHIZARD, the most prominentand reent PDF sets have been diretly inluded into WHIZARD together with the routines for the runningstrong oupling from the PDF ollaborations. Hadronization as well as hadroni events an be simulatedthrough PYTHIA [11℄ whih ships with the main WHIZARD distribution. Of ourse, it also possible towrite out parton level events into some event �le, read them in into a di�erent hadronization program andthen read the hadroni event �le bak into WHIZARD for an analysis.2.4 Parton ShowerParton showering an be done as inWHIZARD 1 with an external program that is either linked to WHIZARDor via the pipe over an external event �le that is to be onverted from partoni to hadron level. In WHIZARD2, the latest Fortran version of PYTHIA [11℄ is inluded in the distribution tarball, so parton showering viaPYTHIA (like hadronzation and hadroni deays) an be diretly steered from the SINDARIN input �le.In WHIZARD 2, there are now two homebrew parton showers, one along the lines of the PYTHIA partonshower as kT -ordered shower inluding angular ordering, the other one an analyti parton shower. Thedetails of this latter shower are desribed in full detail in [20℄ (also f. referenes therein). Conerningthe original analyti �nal state parton shower [34℄, several improvements have been made, like a runningsale of the strong oupling onstant and olor oherene by imposing angular ordering. A omparisonto experimental results from the LEP ollaborations have been made, f. Fig. 5. The main new feature,however, is the analyti initial state shower, whih is the main part of [20℄. There, an automati MLM-typemathing proedure [35℄ has been implemented to smoothly onnet high-pT tails of jet distributions e.g. in1For a omplete overview of SINDARIN ommands, f. the WHIZARD manual [27℄.5



MODEL TYPE with CKM matrix trivial CKMQED with e; �; �;  { QEDQCD with d; u; s; ; b; t; g { QCDStandard Model SM CKM SMSM with anomalous gauge ouplings SM a CKM SM aSM with anomalous top ouplings SMtop CKM SMtopSM with K matrix | SM KMMSSM MSSM CKM MSSMMSSM with gravitinos | MSSM GravNMSSM NMSSM CKM NMSSMextended SUSY models | PSSSMLittlest Higgs | LittlestLittlest Higgs with ungauged U(1) | Littlest EtaLittlest Higgs with T parity | Littlest TparSimplest Little Higgs (anomaly-free) | SimplestSimplest Little Higgs (universal) | Simplest univ3-site model | ThreeshlUED | UEDSUSY Xdim. (ino�.) | SEDSM with Z 0 | ZprimeSM with gravitino and photino | GravTestAugmentable SM template | TemplateTable 1: List of implemented BSM models in WHIZARD.Drell-Yan proesses with the low-pT regime. As this is a workshop on linear ollider, I do not go into thedetails of the initial state shower, whih has been ompared to Tevatron and LHC data in [20℄, here.2.5 Models and BSM physisComing bak to hard matrix elements, many BSM models have been implemented in WHIZARD and used forLHC and ILC simulations, and most of them have been validated with the help of the FeynRules interfae ofWHIZARD. Among these are, �rst of all, SUSY models [36, 37℄ have been implemented, the MSSM togetherwith implementations of non-minimal models like the NMSSM [38℄ or extended SUSY models [39, 40, 41℄.Already in WHIZARD 1 existed an interfae to other odes following the SUSY Les Houhes Aord (SLHA1/2) [42, 43, 44℄. Also some pioneering work on the ombination of SUSY NLO matrix elements with theeletromagneti showers have been done [46, 45℄. A seond fous lay on Little Higgs models (with andwithout T-parity), again with several studies for linear ollider physis [47, 48℄. On the more exoti side,models based on nonommutative spaetime have been studied with WHIZARD [49, 50, 51℄. One of theoriginal motivations was the study on a strongly interating setor of eletroweak symmetry breaking, whihhas been pursued in WHIZARD 2 both along the lines of anomalous ouplings [52℄ as well as in terms of newresonanes in the eletroweak setor [53℄. For the unitarization of these hannels, a method had to be foundto distinguish in the framework of the DAGs of the matrix element generation s- from t-/u-like hannels.Table 1 gives a list of all the models that are implemented. For implementing a new model, it is highlyreommended that this is done via the WHIZARD-FeynRules interfae [18℄.2.6 NLO development in WHIZARDThere has been some work on the inlusion of (virtual) NLO orretions into WHIZARD mentioned in theprevious paragraph in the ontext of SUSY studies at the ILC. The goal of the more reent developments is tohave a setup for NLO alulations and simulationswithinWHIZARD for both LHC and ILC physis that is as6



automated as possible. NLO alulations nowadays are mostly based on some sort of subtration formalism,that groups the soft-ollinear divergenes into spei� parts of the alulations to make them �nite andperformable for a phase-spae integration. The most widely used is the Catani-Seymour dipole subtrationformalism [54, 55℄. A �rst proof-of-priniple implementation of the integrated and unintegrated dipoleshave been done in [56, 57℄. An automated generation of the CS dipoles is in onstrution at the moment,but already gives orret results for QED proesses. Along with the dipoles omes an implementationof using several instanes of the proess setup within the phase spae integration, whih is neessary forthe unintegrated dipoles in order to take are of the squeezed kinematis in the phase spae integrationof the subtration terms. The implementation will be made publi several steps (together with a BLHAinterfae [58℄) several steps from summer until the end of this year.3 Summary and OutlookWHIZARD 2 is a ompletely newly strutured update of an already versatile multi-purpose Monte Carloevent generator that has been released with many new tehnial and physis features in April 2010. Manyfurther improvements and features have been added in the past two years. Though the main motivationfor the restruturing of the ode was to deal with the omplexities of LHC physis, linear ollider physishas always been a major �eld of appliation for WHIZARD. Quite reently, all relevant features regardingILC/CLIC physis from WHIZARD 1 have been reimplemented in WHIZARD 2, and many improvementson the phase spae setup, olor, parton shower, BSM models, speed and performane, maintenane andusability have been made. Continuos e�ort will go spei�ally into the diretion of multi-leg amplitudes,NLO development and more BSM overage to be ready for the high-energy phase of LHC and a possiblefuture linear ollider.4 AknowledgmentsJRR thanks the WHIZARD team, F. Bah, H.-W. Boshmann, W. Kilian, T. Ohl, S. Shmidt, C. Spekner,M. Trudewind, D. Wiesler, and T. Wirtz as well as F. Braam for the joint e�ort to make this projetsuessful.This projet has been partially supported by the Helmholtz Alliane \Physis at the Terasale", theGerman ministry BMBF, the ministry MWK of the German state Baden-W�urttemberg, the German Re-searh Assoiation DFG, as well as the Sottish Universities Physis Alliane (SUPA). JRR wants to thankthe institutes at Carleton University, Ottawa, the Institute of Physis in Freiburg as well as the Shool ofPhysis and Astronomy in Edinburgh as well as the Aspen Center of Physis for their hospitality, as part ofthis projet has been realized there.Referenes[1℄ W. Kilian, T. Ohl and J. Reuter, Eur. Phys. J. C 71, 1742 (2011) [arXiv:0708.4233 [hep-ph℄℄.[2℄ M. Moretti, T. Ohl and J. Reuter, In *2nd ECFA/DESY Study 1998-2001* 1981-2009 [hep-ph/0102195℄.[3℄ W. Kilian, In *2nd ECFA/DESY Study 1998-2001* 1924-1980[4℄ W. Kilian, \WHIZARD: Complete simulations for eletroweak multi-partile proesses"[5℄ W. Kilian, \e�e+ ! 6, 8 fermions with WHIZARD"[6℄ E. Boos, H. J. He, W. Kilian, A. Pukhov, C. P. Yuan and P. M. Zerwas, Phys. Rev. D 57, 1553 (1998) [hep-ph/9708310℄.[7℄ E. Boos, H. J. He, W. Kilian, A. Pukhov, C. P. Yuan and P. M. Zerwas, Phys. Rev. D 61, 077901 (2000) [hep-ph/9908409℄.[8℄ T. Ohl, Comput. Phys. Commun. 120, 13 (1999) [hep-ph/9806432℄.[9℄ T. Stelzer and W. F. Long, Comput. Phys. Commun. 81, 357 (1994) [hep-ph/9401258℄.[10℄ E. E. Boos, M. N. Dubinin, V. A. Ilyin, A. E. Pukhov and V. I. Savrin, hep-ph/9503280.[11℄ T. Sjostrand, L. Lonnblad and S. Mrenna, hep-ph/0108264.[12℄ T. Ohl, Comput. Phys. Commun. 101, 269 (1997) [hep-ph/9607454℄.[13℄ F. Rihard, (ed.), J. R. Shneider, (ed.), D. Trines, (ed.) and A. Wagner, (ed.), hep-ph/0106314.7
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Figure 5: Validation of the analyti �nal state shower in WHIZARD: On top the thrust distribution ine+e� ! jets, where the grey histograms with error bars are the data, the dashed line is PYTHIA, the dottedWHIZARD, on the bottom the Y23 parameter whih shows the value of the jet de�nition parameter at whiha two-jet event starts to be resolved as a three-jet event (in red [error bars℄ OPAL data, the green urveshows WHIZARD, while the blue one os PYTHIA). For more details f. [20℄.
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