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Dipole Showers and Automated NLO Mathing in Herwig++Simon Pl�atzer1 and Stefan Gieseke21 DESY, Notkestrasse 85, D-22607 Hamburg, Germany2 Institut f�ur Theoretishe Physik, KIT, D-76128 Karlsruhe, GermanySeptember 29, 2011Abstrat. We report on the implementation of a oherent dipole shower algorithm along with an automatedimplementation for dipole subtration and for performing powheg- and MC�NLO-type mathing to next-to-leading order (NLO) alulations. Both programs are implemented as add-on modules to the eventgenerator Herwig++. A preliminary tune of parameters to data aquired at LEP, HERA and Drell-Yanpair prodution at the Tevatron has been performed, and we �nd an overall very good desription whihis slightly improved by the NLO mathing.PACS. 12.38.Bx Perturbative QCD alulations { 12.38.Cy Summation of QCD perturbation theory1 IntrodutionMany physis analyses at the Large Hadron Collider (LHC)are nowadays based on Monte Carlo simulations [1{5℄,e.g. for aeptane determination or even for bakgroundsubtration. With the high preision aimed for in manyanalyses it is mandatory to provide many of the simula-tions with the highest possible theoretial auray. Formost proesses this is now next-to-leading order (NLO) inthe perturbative expansion of Quantum Chromodynamis(QCD). During the last deade, enormous progress wasmade in the development of tehniques to math NLOalulations on the one hand and to merge multiple jettree level matrix elements on the other hand with partonshower algorithms.First attempts to improve parton shower emission pat-terns with the information from the full matrix elementfor the hardest gluon emission were made with so-alledmatrix element orretions [6, 7℄, that have long been im-plemented in the standard event generators. The next bigimprovement was made when matrix elements for multi-ple hard emissions were merged with parton shower al-gorithms, �rst for e+e� annihilation proesses [8, 9℄ andthen also for hadroni ollisions [10℄. An alternative ap-proah was proposed in [11℄, where di�erent implementa-tions have been systematially ompared as well. The ex-periene that was made with these algorithms over the lastyears [12℄ has lead to further improvements [13, 14℄ suhthat now the systemati unertainties due to e.g. mathingsale dependene have been signi�antly redued.Mathing to NLO matrix elements has been initiated�rst with a phase spae sliing method [15{17℄. A moresystemati mathing has then been introdued by Frix-ione and Webber in the MC�NLO approah [18℄. Thisapproah has then been generalised to inlude massive

partons [19℄. Many proesses have been inluded in themeantime [20{22℄. As the algorithm depends on subtra-tion terms for a spei� parton shower implementation,the �rst versions of MC�NLO have been tailored to workwith Herwig only. Now, it also works with Herwig++,i.e. as the subtration sheme has been generalised to-wards the Herwig++ parton shower implementation, allproesses available in the MC�NLO pakage an also beshowered with Herwig++ to ahieve formal auray atNLO [23℄.As the mathing of NLO matrix elements and partonshower algorithms takes plae perturbatively to the spei-�ed order, i.e. the next-to-leading order, there is formallyan ambiguity left that an be used to devise alternativemathing shemes. One suh sheme has been proposedby Nason [24℄ and now goes under the name powheg.The guiding priniple of this algorithm is to allow for amathing algorithm that does not introdue events withnegative weight, as the MC�NLO presription does. Thisapproah has also been very suessfully established dur-ing the last years and implemented as a separate programpakage [25℄. Many proesses are available in this programpakage [26{30℄. However, the method itself is also usedby other groups to math NLO alulations with partonshowers within a given shower pakage. Many proessesare available with Herwig++ [31{35℄ or sherpa [36℄.The internal implementations bene�t from the inlusionof trunated showers (see below).On the parton shower side, a number of new partonshower algorithms have been developed during the lastyears, partly together with the rewrite of old generators[37, 38℄. Many new developments have addressed the ideaof implementing a shower that is diretly related to thesubtration terms ommonly used in NLO alulations.This led to the implementation of parton showers with
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2 Simon Pl�atzer, Stefan Gieseke: Dipole Showers and Automated NLO Mathing in Herwig++splitting kernels based on the Catani{Seymour subtra-tion sheme [39, 40℄ for NLO alulations [41, 42℄, whihwas proposed in [43℄. Similar ideas are followed with othersubtration shemes as e.g. in the vinia shower [44℄ whereQCD antenna subtration terms are failitated.With more and more NLO alulations being mathedone-by-one the question arises whether this step an beautomated. In fat, the powheg method is already a �rststep into this diretion, as the method as suh is indepen-dent of the showering algorithm. In partiular, no spei�subtration terms or the like are needed in order to matha given NLO alulation to any shower. There are sub-tleties on the shower side, though. The powheg methodguarantees to give the hardest emission within the par-ton evolution and ensures that this is generated aordingto the phase spae weighting of the NLO matrix element.However, if the shower does not evolve in the same hard-ness measure as the powheg algorithm, one has to intro-due so-alled trunated showers. This has been disussedalready in early powheg implementations [45℄ and is nowpart of Herwig++ [14℄ and sherpa [13℄.Many NLO alulations are available as ready-to-useomputer odes that often ome as pakages that inlude anumber of proesses at NLO already. Most of these odesuse the Catani{Seymour subtration method to regulariseinfrared divergenes. More reently, also the omplete au-tomation of NLO alulations has been disussed with �rsttools readily available [46,47℄, based on the approah [48℄.Some more alulations are already based on a fully au-tomated tool hain [49{53℄. Part of this progress relieson the automati generation of Catani{Seymour subtra-tion terms [54{56℄ or FKS subtration terms [57℄. Thelatest developments unify the mathing of multiple tree{level emissions and the mathing of NLO orretions tothe Born level [58, 59℄.In this paper we introdue an implementation of aparton shower based on the Catani{Seymour subtrationterms, similar to the showers introdued in [41, 42℄. Thegoal of the implementation is to provide a framework foran automati mathing of NLO omputations to a partonshower. The use of the subtration terms is highly bene-�ial as the MC�NLO like mathing, that is based on asubtration of the parton shower ontribution to the NLOobservable beomes trivial. Together with a framework tohandle powheg like mathing we will have the possibilityto hek systematis within a single implementation. Byusing a shower based framework we may diretly make useof trunated showers in order to minimise systemati un-ertainties inherent to the mathing formalism. As a �rststep in this programme we present the shower implemen-tation, whih is embedded as a module in the Herwig++event generator. In addition we present NLO mathings tothe basi QCD proesses.The paper is organised as follows. In Se. 2 we intro-due the dipole shower in detail. Se. 3 introdues theimplementation of an automati mathing with this par-ton shower, that we all Mathbox. In Ses. 4, 5 and 6we present omparisons to data from LEP, HERA and theTevatron, respetively.

2 Dipole ShowersThe dipole shower algorithm outlined in [60℄ has been im-plemented as an add-on module to Herwig++, [1℄. Inthis setion we briey review its properties and give a fulldesription of the implementation.The authors have shown that parton showers basedon Catani-Seymour subtration kernels [39℄ orretly re-produe the Sudakov anomalous dimensions and properlyinlude e�ets of soft gluon oherene, upon using an or-dering of emissions in transverse momenta as de�ned bythe emitting dipoles. The simple inversion of the kinematiparametrisation used in the ontext of NLO subtration,however, does not resemble a physial piture for initialstate radiation. An alternative has been suggested andimplemented in the simulation presented here.2.1 Starting the ShowerThe dipole shower starts evolving o� a hard sub proess,whih is assigned olour ow information in the large-Nlimit. This olour ow information is used to �rst sort alloloured partons attahed to the hard sub proess intoolour singlets. Pratially, this is done by making use ofthe fat that a olour singlet is `simply onneted' in thesense of its olour ow topology: Any parton i in a oloursinglet an be reahed from a parton j in the same singletby just following olour lines and hanging from a olourto an anti-olour line at an external gluon. Eah oloursinglet is now an independently evolving entity, and anonly split into two olour singlets in the presene of ag ! q�q splitting. In the next step, the partons in eahsinglet are sorted suh that olour onneted partons areloated at neighbouring positions, when representing thesinglet group of partons as a sequene. Note that thesesequenes may be open or losed: We will all a sequeneopen, or non-irular, if there exists a irular permutationof the elements in it suh that the partons at the �rst andlast position are not olour onneted. Conversely, if theredoes not exist suh a permutation, the sequene is alledirular or losed. The possible sequenes are depited inFig. 1. One this sorting has been aomplished, we willrefer to these singlet sequenes as dipole hains: eah pairof subsequent partons in a singlet sequene forms a dipole,whih may radiate. For eah parton in eah dipole, a hardsale is then determined as de�ned in [60℄.2.2 Evolution of the Parton EnsembleThe main shower algorithm ats on a set of dipole hains,and proeeds as long as this set is not empty. Dipolehains are removed from the list, if they stopped evolv-ing, i.e. if there was no splitting seleted with a p2? abovethe shower's infrared uto� �2IR. The �rst entry in theset of dipole hains is taken to be the urrent hain. Foreah dipole (i; j) in the urrent hain (with both possibleemitter{spetator assignments, i.e. also onsidering (j; i)along with (i; j)), any possible splitting (i; j) ! (i0; k; j)



Simon Pl�atzer, Stefan Gieseke: Dipole Showers and Automated NLO Mathing in Herwig++ 3is onsidered to ompete with all other possible splittingsof the hain. For any suh splitting, given a hard salep2? assoiated to the emitter under onsideration, a saleq2? is seleted with probability given by the Sudakov formfator�(i;j)!(i0;k;j)(q2?; p2?) =exp � Z p2?q2? dq2 Z z+(q2)z�(q2) dzP(i;j)!(i0;k;j)(q2; z)! ; (1)where P(i;j)!(i0 ;k;j)(q2; z) is the appropriate splitting prob-ability as de�ned in [60℄, using the respetive dipole split-ting funtion Vi0;k;j .The splitting with the largest seleted value of q2? isthen hosen to be the one to happen, exept the largestq2? turned out to be below the infrared uto�. In this asethe urrent hain is removed from the set of dipole hains,inserted into the event reord and the algorithm proeedswith the next hain. The momentum fration z is hosento be distributed aording to dP(i;j)!(i0 ;k;j)(q2?; z). Sinefor now we use azimuthally averaged splitting kernels, theazimuthal orientation of the transverse momentum is ho-sen to be distributed at. The momenta of the splittingproduts and the spetator after emission are then alu-lated as spei�ed in [60℄.As the evolution fators into dipole hains as indepen-dently evolving objets, all possible emitters in the hain{ after having inserted the generated splitting { now getthe seleted q2? assigned as their hard sale, or stay atthe kinematially allowed sale p2?;i;j if q2? > p2?;i;j . If ag ! q�q splitting has been seleted for a irular hain, thishain beomes non-irular. If it has been seleted for analready non-irular hain, this hain breaks up into twoindependent hains exatly between the q�q-pair, owing tothe olour struture of this splitting. This situation, alongwith non-exeptional splittings is depited in Fig. 1.2.3 Finishing the ShowerAfter the shower evolution has terminated, the inomingpartons with momenta pa;b in general have non-vanishingtransverse momenta with respet to the beam diretions.This neessitates a realignment of the omplete event en-ountered at this stage. Following the arguments of [60℄,the momenta of the evolved inoming partons pa;b aretaken to de�ne the frame of the ollision at hand, i.e.hadron momenta ~Pa;b. We then seek a Lorentz transfor-mation to take ~Pa;b to the externally �xed hadron mo-menta Pa;b, whih is in turn used to realign the ompleteevent.To onstrut the momenta of the inoming hadrons~Pa;b, we require the three-momenta of ~Pa;b being ollinearwith the respetive partoni three-momenta and de�nemomentum frationsxa;b = 2 ~Pb;a � pa;bS : (2)

! !Gluon emission o� a irular hain.The hain stays irular.! !Gluon emission o� a non-irular hain.The hain stays non-irular.! !g ! q�q splitting in a irular hain.The hain beomes non-irular.! !g ! q�q splitting in a non-irular hain,triggering breakup of the hain.Fig. 1. Examples of parton emission from dipole hains. Inthese examples always the upper dipole has been onsideredfor emissions. Note that any dipole may split in two di�erentways, splitting either of its legs. These ompeting possibilitiesare not shown in the transition diagrams.The momentum frations are further onstrained by re-quiring that ( ~Pa + ~Pb)2 = S (3)where S is the entre-of-mass energy squared of the olli-sion, suh that the desired Lorentz transformation exists.The seond onstraint is in priniple to be hosen insuh a way as to preserve the most relevant kinematiquantity of the hard proess whih initiated the showering.By default, we hoose this to be the rapidity of a systemX , whih is either the system of non-oloured partiles atthe hard sub-proess, or the omplete �nal state in aseof a pure QCD hard sattering.2.4 Cluster HadronizationThe luster hadronization model, originally proposed in[61℄, is the hadronization model used by the Herwig++event generator. The model in its initial stage just af-ter parton showering, performs a splitting of gluons intoquark-antiquark pairs suh that in the large-N limit aset of olour singlet lusters emerge from the event underonsideration.These lusters are then subsequently onverted intohadrons, by either splitting them into lusters of lowerinvariant mass or performing diretly the deay to meson



4 Simon Pl�atzer, Stefan Gieseke: Dipole Showers and Automated NLO Mathing in Herwig++pairs, in ase another q�q pair is `popped' from the vauuminside the luster, or baryon pairs, where the reation ofa diquark-antidiquark pair is assumed. Further details ofthe model will not be disussed here.The main assumption of the model is however, thatboth quarks are loated on their onstituent mass shell,and gluons are as well assigned a non-vanishing onstituentmass, entering as a parameter of the model. In the stan-dard Herwig++ parton shower, ating as a 1 ! 2 as-ade, only sales and momentum frations of the splittingsare determined during the evolution, the full kinematiinformation being onstruted after the end of the pertur-bative evolution. This setup thus straightforwardly allowsto inlude the onstituent masses in this partiular step.Sine the dipole shower preserves momentum onservationloally to eah splitting, ending up with a set of masslesspartons, suh a treatment is not possible.The way to perform the `reshu�ing' of the masslessparton momenta to their onstituent mass shells is hosento be the following algorithm: Let Q be the total momen-tum of all �nal state partons and perform a boost � to theentre-of-mass system of Q, �Q = (Q̂;0). The boostedparton momenta pi are now put on the onstituent massshell, inluding a global resaling of their three-momenta,pi = (jpij;pi)! p0i = �q�2jpij2 +m2;i; �pi� : (4)Momentum onservation then implies the following rela-tion be satis�ed,̂Q =Xi q�2jpij2 +m2;i ; (5)whih may be solved numerially to yield a value for �.Finally the inverse boost ��1 is applied to the new partonmomenta p0i.3 The Mathbox ImplementationClosely related to the dipole shower implementation, thoughtehnially independent of it, is the development of theMathbox module. Mathbox is based on an extendedversion of ThePEG, the extensions providing funtional-ity to perform hard proess generation at the level of NLOQCD auray and easing the setup of run time interfaesto external odes for hard proess generation. We have im-plemented an automated generation of subtration termsbased on the dipole subtration formalism [39℄, based onthe information available from ThePEG matrix elementimplementations, whih will be disussed in further de-tail in setion 3.2. A full NLO alulation to be run inthe Mathbox framework only requires the implementa-tion of tree-level and one-loop amplitudes, the presene ofolour (and spin) orrelated amplitudes for the Born pro-ess and the presene of a phase spae generator appro-priate to the proess under onsideration. Fig. 2 skethesthe involved software modules and their interation withan external implementation of a NLO alulation.

Fig. 2. A sketh of the interation of the Mathbox and dipoleshower modules as integrated in Herwig++. To perform amathed NLO alulation an external ode only has to providetree-level and one-loop amplitudes along with olour- and spin-orrelated amplitudes of the Born proess and an appropriatephase spae generator.Besides being apable of performing a Monte Carlo in-tegration of `plain' NLO orretions, the main purpose ofMathbox is to turn a NLO alulation into a mathedalulation to be onsistently ombined with a partonshower. Here, funtionality is espeially provided to al-ulate the inlusive NLO ross setion di�erential in theBorn degrees of freedom, whih, along with a matrix ele-ment orretion to the shower, is the main ingredient tothe powheg method of ombining parton showers andNLO QCD orretions.Mathbox is automatially generatingmatrix elementorretions from the NLO real emission ontribution. Itfurther allows the possibility to overome problems in thepowheg mathing owing to radiation zeroes in the Bornmatrix element. The matrix element orretion splittingkernel, whih is essentially de�ned by the ratio of realemission and Born matrix elements squared is turned intothe orresponding distribution inluding the Sudakov formfator by using the ExSample library, [62℄. ExSampleallows the eÆient sampling of distributions of this type,without having to provide any analyti knowledge on thesplitting kernel or trying to estimate enhanement fa-tors to simpler funtions suh as dipole splitting kernels.ExSample is also used to sample emissions in the dipoleshower implementation.3.1 NotationWe onsider NLO alulations arried out using the dipolesubtration method, [39℄. Instead of using the notation es-tablished there, we unify the indies of all possible dipolesto ease readability, as expressions beome quite ompli-ated espeially when onsidering the powheg type math-ing. For the subtration dipoles we hoose the notationDij;k ;Daij ;Daik ;Dai;b ! D� ; (6)where the arguments are uni�ed and we make expliit thedependene on either real emission or `tilde' kinematis,



Simon Pl�atzer, Stefan Gieseke: Dipole Showers and Automated NLO Mathing in Herwig++ 5e.g.Dij;k(qa; qb; q1; :::; qn+1) ! D�(p�n(qn+1)jqn+1) : (7)In this notation, pn now refers to the whole phase spaepoint,pa; pb; p1; :::; pn ! pn � (p̂a; p̂b; p̂1; :::; p̂n) ; (8)where we have added hat symbols to the momenta to dis-tinguish a single momentum from a omplete phase spaepoint. The `tilde' mapping and its inverse are denoted byfpij(qi; qj ; qk) ; epk(qi; qj ; qk)! p�n(qn+1) (9)qi;j;k(fpij ; ~pk; p2?; z; �)! q�n+1(pn; p2?; z; �) :Di�erential ross setions are onsidered in ollinear fa-torisation,d�X (pnjQ; xa; xb; �F ) =fP a(xa; �F )fP b(xb; �F )d�X (pnjQ)dxadxb (10)where the partoni ross setion is in general of the formd�X(pnjQ) = F (p̂a; p̂b)X(pn)d�(pnjQ) : (11)Here F (p̂a; p̂b) is the appropriate ux fator and X(pn)generially denotes any ontribution to the ross setionwhih an be ast in the above form, i.e. tree-level ampli-tudes squared, one-loop tree-level interferenes, subtra-tion terms, or the `deonvoluted' �nite ollinear terms tobe disussed below. The phase spae measure d�(pnjQ) isgiven byd�(pnjQ) =(2�)dÆ nXi=1 pi � pa � pb �Q! nYi=1 dd�1q̂i(2�)d�12q̂0i (12)In latter setions, it will turn out to be useful to rewritethis asd�X (pnjQ; xa; xb) = X(pn)dF (xa; p̂a; xb; p̂b)d�(pnjQ)� X(pn)d�F (pnjQ; xa; xb) ; (13)where we dropped making expliit the fatorisation saledependene from now on.The �nite ollinear terms originating from ounter termsto renormalise parton distribution funtions and integratedsubtration terms are reported in [39℄. These are given asonvolutions of Born-type ross setions of olour orre-lated amplitudes with ertain `insertion operators', e.g. forthe inoming parton aZ 10 dz C(pan(z))d�(pnjQa(z))dF (xa; zp̂a; xb; p̂b) ; (14)where the supersript a along with an argument z indi-ates, that parton a's momentum is resaled by z. The in-sertion operators themselves inlude +-distributions, and

events should be generated aording to the resaled in-oming momentum zp̂a. A numerial implementation is at�rst sight not obvious. Considering however the integra-tion over the momentum fration xa, these ontributionsan be rewritten in terms of a Born-type ross setionmultiplied by modi�ed PDFs along the lines ofZ 10 dx Z 10 dzf(x)B(xz)P (z) =Z 10 dxB(x) Z 1x dzz f �xz �P (z) (15)and the +-distributions an be expressed in a way to allowfor numerial implementation. All possible ontributionsfor light quarks are implemented in Mathbox.Any NLO ross setion within the dipole subtrationthus takes the form�NLO = Z jMB(pn)j2u(pn)d�F (pnjQ; xa; xb) (16)+ Z [2RehM�B(pn)MV (pn)i+hMB(pn)jIjM(pn)i℄�=0 u(pn)d�F (pnjQ; xa; xb)+ Z hMB(pn)j( ~P+ ~K)jM(pn)iu(pn)d~�F (pnjQ; xa; xb)+ Z �jMR(qn+1)j2u(qn+1)�X� D�(p�n(qn+1)jqn+1)u(p�n(qn+1))!� d�F (qn+1jQ; xa; xb)where the insertion operators I are given in [39℄ and havebeen implemented for light quarks in full generality aswell. ~P, ~K and d~�F denote the deonvoluted versions ofthe �nite ollinear terms originating from the insertion op-erators P,K given in [39℄. Here, the test funtions u(pn)refer to the lass of events to be generated by a MonteCarlo realisation of the above integrals, and MB;R de-note the Born and real emission amplitudes, respetively.Sine only the struture of the real emission and subtra-tion terms turns out to be relevant for mathing purposes,we from now on olletively denote Born, virtual and in-sertion operator ontributions byZ jMBV (pn)j2u(pn)d�F (pnjQ; xa; xb) :Sine all the integrals will be dealt with by means ofMonte Carlo methods, di�erentials are expressed in termsof a Jaobian expressing the physial variables in termsof random numbers and a volume element on the unithyperube of these random numbers, e.g.d�(pnjQ) = �����pn�r ���� dkr : (17)We identify ratios of di�erentials to atually mean the ra-tios of the orresponding funtions multiplied by the Jao-bian in use to express them in terms of random numbers,



6 Simon Pl�atzer, Stefan Gieseke: Dipole Showers and Automated NLO Mathing in Herwig++e.g. for two ross setions we de�ned�X (qmjQ)d�Y (pnjQ) � X(qm)Y (pn) ����qm�rq �������pn�rp ��� : (18)3.2 Automated Dipole SubtrationAny matrix element implemented in ThePEG is expetedto provide information on the diagrams ontributing toit. It is this information, whih is used to generate sub-tration dipoles by a simple algorithm of heking, for anyontributing diagram, if any two external oloured legs areattahed to the same vertex. By removing this vertex fromthe diagram information, the diagram of the orrespond-ing `underlying Born proess' is obtained. Conversely, thesame pairing of diagrams provides a way to identify whihreal emission proesses are to be onsidered given anyBorn proess. This information is used when setting upthe inlusive NLO ross setion alulation and generatingmatrix element orretions for the parton shower. From agiven matrix element objet implementing a real emissionontribution, Mathbox heks a set of Born matrix el-ement objets provided along with the real emission onesfor the underlying Born proesses obtained and adds allmathing pairs to the alulation if there exists a sub-tration dipole objet whih laims responsibility for thegiven pairing. Similarly, all insertion operator implemen-tations present are heked if they laim responsibility fora given Born proess, thus ompleting the setup of a NLOalulation. The omplete alulation is then injeted asa ThePEG SubProessHandler objet into the stage ofevent generation.For running unmathed alulations, a group of eventsonsisting of real emission and `tilde' phase spae pointsis provided along with the relative weights of the individ-ual ontributions present in the group. The sum of theseweights, i.e. real emission minus subtration term ontri-butions is driving the ross setion integration and eventunweighting.3.3 Subtrative NLO MathingOwing to the fat that the dipole shower implementationuses splitting kernels whih preisely equal the dipole sub-tration terms, following the steps leading to MC�NLOhere results in a very simple mathing.1 This subtrativemathing is basially idential to the NLO alulation it-self, exept that instead of event groups now a single realemission phase spae point is generated from the sub-trated real emission ontribution. In an algorithmi man-ner, the mathing may thus be expressed very simply:1 Though the kinemati parametrisation di�ers from the oneused in the subtration ontext, it an be related to the usual`tilde' parametrisation by a boost in ase a single emission isonsidered.

{ Generate Born-type events pn with densityjMBV (pn)j2d�F (pnjQ; xa; xb) ; (19){ generate real-emission type events qn+1 with density jMR(qn+1)j2 �X� D�(p�n(qn+1)jqn+1)!� d�F (qn+1jQ; xa; xb) ; (20){ and feed either into the dipole shower.A subtlety, however, arises here. Sine we are interestedin desribing the hardest emission aording to the exatreal emission matrix element, the parton shower shouldnot generate harder emissions than the one �xed from theNLO alulation. Pratially, this is implemented by al-ulating the p�? as de�ned by the inverse `tilde' mappingfrom eah dipole on�guration �, sine the kinematis ofthe emission appears di�erently depending on the emittingdipole onsidered. p�? is ommuniated as a veto sale tothe dipole shower, whih is not allowed to generate emis-sions with p? > p�? o� the emitter, emission and spe-tator partons used to evaluate D�. Another approah, inwhih the dipole shower is generally not allowed to emitat sales p? larger than �nal state transverse momentaan equivalently be used and may beome the default ina future version. This treatment is then very similar tothe Herwig shower in use with the traditional MC�NLOimplementation.3.4 NLO Mathing with Matrix Element CorretionsThe splitting kernels to be used for a matrix element or-retion are given by the ratio of real emission and Bornmatrix elements squared, weighted by (in priniple) ar-bitrary weight funtions for eah kinemati mapping ofa subtration term, i.e. for eah subtration term. It ismost simple to hoose the subtration terms themselvesto de�ne these weight funtions. This has the advantagethat all divergenes but the divergene assoiated to thesubtration term D� are divided out from the real emis-sion matrix element, and dynamial features of the Bornmatrix element, like peaks owing to unstable partiles, areattened out in the splitting kernel onsidered.Within this proedure, one faes three major problems:{ Some of the subtration dipoles, in partiular the oneswith initial state emitter and �nal state spetator orvie versa, are not positive-de�nite. This makes aMonteCarlo treatment of the orresponding Sudakov-typedistribution hard to implement. Sine the regions, wherethese dipole kernels beome negative orrespond tohard, large angle parton emission, it is lear that thisproblem an be ured by hanging the irrelevant �-nite terms of the subtration dipoles, provided theyare onsistently taken into aount in the integratedones. Within the Mathbox implementation this hasso far been arried out for the qq initial-�nal dipoles,



Simon Pl�atzer, Stefan Gieseke: Dipole Showers and Automated NLO Mathing in Herwig++ 7whih have been modi�ed to reprodue the matrix ele-ment squared for gluon emission o� the orrespondingvetor urrent and are thus positive by de�nition.{ The Born matrix element squared may ontain zeroes.In this ase, its inverse is obviously ill-de�ned.{ The implementation of the parton densities at hand,whih enter as a ratio in the splitting kernels as well,may not be stable in partiular for large x in the sensethat the interpolation used osillates around zero ratherthan tending to zero smoothly. This poses a problemsimilar to the zeroes in the Born matrix element, how-ever now without any physial interpretation.The latter two problems an be solved by introduingan auxiliary ross setion d�sreen(pnjQ; p2?) whih entersinto the de�nition of the splitting kernelsdP�(p2?; z; �jpn) = d3r D�(pnjq�n+1)P� D�(p�n(q�n+1)jq�n+1)� d�R(q�n+1jQ; x0a; x0b)d�B(pnjQ; xa; xb) + d�sreen;�(pnjQ; p2?) ; (21)where we have already written the splitting kernel di�er-ential in the random numbers determining p2?, z and �,and the dependene of q�n+1 = q�n+1(pn; p2?; z; �) on thesplitting variables is understood impliitly. In order notto hange the divergene struture implying the resumma-tion of large logarithms, the sreening ross setion needsto vanish as p2? ! 0. Sine Born zeroes annot our forp2? ! 0 (the QCD singularities fator in this limit withrespet to the Born proess) Eq. (21) is free of these prob-lems. If, in addition, the sreening ross setion does notdepend on the parton distributions, the tehnial issueswith PDFs beoming zero are ured as well.The sreening ross setion has however to be takeninto aount for the �xed order alulation in order toreprodue the orret NLO ross setion and will therebyspoil the original simpliity of using the NLOK-fator dif-ferential in the Born variables to generate events to enterthe matrix element orreted shower. Inluding the sreen-ing ross setion the �xed order ross setion an thenbe alulated to be onstruted of densities for Born-typeand real emission type events. The densities for Born-typeevents losely resemble the K-fator modi�ation,d�inlusive(pnjQ; xa; xb) =d�BV (pnjQ; xa; xb) + Z d3rd�R,inlusive(pnjQ; xa; xb)d3r (22)whered�R,inlusive(pnjQ; xa; xb)dkrBd3r =d�B(pnjQ)dkrB X� D�(pnjq�n+1)P� D�(p�n(q�n+1)jq�n+1)R(pnjq�n+1) ;(23)

andR(pnjq�n+1) = �d�F (q�n+1jQ; x0a; x0b)d�(pnjQ)+ d�R(q�n+1jQ; x0a; x0b)d�B(pnjQ; xa; xb) + d�sreen;�(pnjQ; p2?) : (24)To generate events aording to these densities, a k + 3-dimensional random number point is hosen, where thethree additional degrees of freedom are disarded. Owingto the fat that the integration volume in terms of randomnumbers is the unit hyperube, this proedure produesthe integration over the degrees of freedom of the partonemitted in the real emission on average.Events of real emission type are to be generated withdensityd�R(qn+1jQ; xa; xb) �X� �R(p�n jqn+1) D�(p�njqn+1)P� D�(p�njqn+1) ; (25)�R(p�n jqn+1) = d�sreen;�(p�njQ; p2?)d�B(p�n jQ; x0a; x0b) + d�sreen;�(p�n jQ; p2?) ; (26)whih is just a reweighting of the real emission ontribu-tion. Events of both lasses an then be showered by aparton shower using a matrix element orretion as de-�ned at the beginning of this setion, and a ommunia-tion of veto sales applies to the real emission ontributionalong the same lines as for the subtrative mathing. Notethat the individual ontributions are positive, as long asthe sreening ross setion is bounded from above by areasonable value.Sine this type of mathing is independent of the par-ton shower to at downstream, the atual implementationdoes not make any referene to the dipole parton shower,and real emission ontributions aording to the matrixelement orretion are generated outside any shower mod-ule, presenting a real emission sub proess supplementedwith proper veto sales, or a Born-type sub proess to theshower, if radiation has been generated aording to thematrix element orretion or not, respetively.Note that, when putting the sreening ross setion tozero, the original simpliity of the powheg-type math-ing is reovered. The matrix element orretions, inlusiveand real-emission type ontributions are all setup and al-ulated in an automated way within the Mathbox im-plementation. The sreening ross setion is by defaulthosen from the orresponding phase spae and the di-mensionality required by the phase spae, i.e.d�sreen;�(p�n(qn+1)jQ; p2?) = (p�?)2s�(qn+1) d�(qn+1jQ)(s�(qn+1))nout ;(27)where p�? is the transverse momentum assoiated to themapping p�n(qn+1), s�(qn+1) is the appropriate mass squaredof the emitter-spetator pair in p�n, and nout is the numberof outgoing partiles. Other hoies may be possible.



8 Simon Pl�atzer, Stefan Gieseke: Dipole Showers and Automated NLO Mathing in Herwig++4 Results at LEPThe variety of data aquired by the LEP experiments al-low for a systemati �t of parameters of the parton showerand the hadronization model. In a preliminary �t, the pa-rameters assumed to mainly determine the desription ofevent shape variables and jet rates as measured by theDELPHI experiment [63℄ and jet observables as reportedby the OPAL ollaboration [64℄ have been �tted using theRivet [65℄ and Professor [66℄ systems. The parametersand ranges onsidered are given in Tab. 1, along with ashort desription. Parameters whih are known to mainlya�et individual hadron multipliities have not been var-ied, and fragmentation parameters for heavy quarks havebeen set equal to the values of those for light quarks. Asimple modi�ation of the running of �s in the infrared hasbeen adopted by replaing its argument q2 ! q2 + �2soft.This modi�ation has originally been motivated to supplyanother model for intrinsi transverse momentum gener-ation by letting the initial state shower evolve down tovery small sales along the lines of [67℄. We see howeverno reason that it should not be onsidered for �nal stateradiation as well.Separate �ts have been performed for LO and NLOpreditions. LO preditions have been obtained by run-ning just the parton shower, using a one-loop running �s.NLO predition have been obtained by means of supple-menting the shower with the matrix element orretionmathing without using the Born sreening ross setionand a two-loop running �s. In total we �nd that the NLOsimulation gives a marginally better �t than the LO one,though the desription of data is ompletely omparablewithin experimental unertainties.The �tted parameter values are displayed in Tab. 2.Most notably, the hadronization parameters for the LOand NLO �t do not signi�antly di�er. For both predi-tions, a modi�ation of the infrared running of �s seemsnot to be preferred. The infrared uto� of the partonshower is determined more preisely by the NLO �t, whihprefers a smaller uto�. Also �s(M2Z) is determined morepreisely by the NLO �t. Both �s values obtained areompatible with the world average [68℄ of 0:1184, wherethe NLO result is loser to this value. Note that thisshould be regarded a oinidene at the level of the ap-proximation onsidered and it is ertainly not possible touniquely relate the obtained value to one applying to theMS sheme. In Figs. 3 and 4 the LO and NLO simula-tion results are ompared for seleted observables. Fig. 5shows the energy-energy-orrelation, whih has not beeninluded in the �t.4.1 Comparison of Mathing StrategiesTheMathbox framework provides the faility to swithbetween the powheg-type mathing with matrix elementorretions inluding or exluding the auxiliary Born sreen-ing ross setion, and subtrative mathing. For reasons ofsystematis it is instrutive to ompare these approahes.No separate �t for the variants not onsidered so far has
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Fig. 3. Some event shape variables as predited by the leadingorder and next-to-leading order simulations. Here, we addition-ally ompare to the standard Herwig++ shower (version 2.5.1with default settings), showing that the dipole shower gives asigni�antly improved desription already at leading order.
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Fig. 4. The di�erential three jet rate as predited by the lead-ing order and next-to-leading order simulations.
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b

b

b

b

b

b

b

b

b
b

b
b

b b b b b b b b b b b b b b b b b

OPAL datab

NLO w/ screening

NLO w/o screening

NLO subtractive

10−2

10−1

1

10 1

10 2

Integrated 2-jet rate with Durham algorithm (91.2 GeV)

R
2

10−4 10−3 10−2 10−1

0.6

0.8

1

1.2

1.4

yDurham
cut

M
C

/
d
a
ta

Fig. 6. Comparison of mathing strategies exempli�ed for theDurham two-jet rate.a given dipole (i; j) may be onsidered a gauge invariantsubset in the soft and/or ollinear limits for N ! 1.This implies that the infrared uto�s and soft sales en-tering the emission probabilities need not be the same forall dipoles. The emitter-spetator on�gurations forminggauge invariant quantities in this sense are the two emit-ter hoies for �nal-�nal dipoles, initial-initial dipoles, andthe ombination of initial-�nal and �nal-initial on�gu-rations. Fitting DIS data therefore allows one to �x theinfrared uto� and soft sale for the latter, before �nallyonstraining the same parameters for initial-initial dipolesat a hadron ollider, whih is onsidered in the next se-tion.For the �t desribed here, the same tehnique as forLEP, and data aumulated by the H1 experiment [69℄have been used. For LO and NLO, the defaultHerwig++PDFs, MSTW 2008 LO** [70, 71℄ and MRST 2002 NLO[72℄, have been used. The same PDFs were onsidered forhadron ollider data to be disussed in the next setion.The NLO �t was obtained by running the mathing withmatrix element orretion.The �ndings are similar as for the �t to LEP data.We �nd a reasonable predition of transverse energy owsover the whole range of (x;Q2) plane. The mathed NLOpredition gives a omparable �t to the LO simulation,while preferring both a smaller infrared uto� and sreen-ing sale. The �tted parameters are given in Tab. 3.Fig. 7 shows the average transverse energy as a fun-tion of Q2 in the entral detetor region. This observableis learly improved by the NLO mathing at small mo-mentum transfers. A more detailed analysis of DIS datainluding inlusive jet and event shape data is urrentlyunderway.6 Results at the TevatronAfter having determined the simulation parameters forhadronization, �nal state radiation, and radiation o� a
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0.010.1
110

0 0.2 0.4 0.6 0.8 1N�1 dN=dz
z

q ! qg

Fig. 10. Example omparison of sampled �nal-�nal splittingmomentum fration (blue lines) versus results from a numeri-al integration (turquoise lines) at two di�erent dipole masses,sij = (100GeV)2 (ontinuous lines) and sij = (50GeV)2 (bro-ken lines).
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Fig. 11. Envelopes of the ratio of the subtration to the realemission ross setion versus the propagator denominator forall singular on�gurations in Z + jet prodution.



Simon Pl�atzer, Stefan Gieseke: Dipole Showers and Automated NLO Mathing in Herwig++ 13setion, plotted against eah of the invariants entering thepropagator denominators.The `plain' NLO ross setion, and the inlusive oneentering the mathing with matrix element orretion havebeen heked to agree, with and without the usage of theBorn `sreening' ross setion. The NLO ross setion fore+e� ! jets has been validated against the analytiallyknown K-fator of 1 + �s=�. The NLO ross setion forDIS and Drell-Yan has been heked against the existingpowheg implementation in Herwig++. For deep inelas-ti sattering, the subtration terms have been modi�ed inorder to have positive de�nite dipole kernels, �nite termsof the integrated subtration terms have been hangedaordingly. The funtionality of the subtration has beenheked with both variants, and the NLO ross setionswith and without modi�ations are found to agree.A.3 NLO Mathing with Matrix Element CorretionsA non-trivial ross hek of the matrix element orretionode and ExSample as the underlying `working horse', isto onsider the spetra for a gluon emission o� a q�q dipoleas generated by the shower, whih is validated againsta numerial integration of the expeted distribution im-plemented in a ompletely independent ode. By puttingthe real emission matrix element entering the mathing tobe equal to the sum of dipoles (the orretness of whihhas been heked by verifying that the ross setion ofthe subtrated real emission matrix element is onsistentwith zero), the matrix element orretion must produethe same spetrum as the shower ode. We have hekedthat this is indeed the ase. It should be stressed that themahinery underlying the setup of the matrix element or-retion is muh more omplex than the shower implemen-tation, and, that the splitting kernel entering the matrixelement orretion does depend on more parameters2 thanthe one parameter of the shower kernel (orresponding tothe dipole invariant mass).

2 In a realisti appliation these are not two random num-bers needed for the Born proess, but indeed six, sine photonradiation is generated of eah inoming lepton, requiring tworandom numbers per inoming lepton.



14 Simon Pl�atzer, Stefan Gieseke: Dipole Showers and Automated NLO Mathing in Herwig++Parameter Range Desription�s(M2Z) 0:1 � 0:13 Input �s at Z mass.�IR;FF 0:5 GeV� 2:0 GeV Infrared uto� for �nal-�nal dipoles�soft;FF 0:0 GeV� 1:2 GeV Soft sale for �nal-�nal dipolesmg; 0:67 GeV � 3:0 GeV Gluon onstituent massClmax 0:5 GeV� 10 GeV Maximum luster massClpow 0:0 � 10:0 Cluster mass exponentClsmr 0:0 � 10:0 Cluster diretion smearingPsplit 0:0 � 1:4 Cluster mass splitting parameterTable 1. The parameters varied for the �t to LEP data.Parameter LO NLO�s(M2Z) 0:113185 � 0:007281 0:117550 � 0:005053�IR;FF (1:416023 � 0:306430) GeV (1:245196 � 0:226821) GeV�soft;FF (0:242725 � 0:202069) GeV 0:0 GeV 3mg; (1:080386 � 0:499546) GeV (1:007680 � 0:265565) GeVClmax (4:170320 � 0:589504) GeV (3:664004 � 0:639504) GeVClpow 5:734681 � 1:006965 5:687022 � 0:869322Clsmr 4:548755 � 2:350193 3:115744 � 2:436793Psplit 0:765173 � 0:074008 0:771329 � 0:074248Table 2. Parameters for LO and NLO �ts to LEP data.Parameter LO NLO�IR;FI (0:796205 � 0:333340) GeV (0:718418 � 0:210448) GeV�soft;FI (1:355894 � 0:432515) GeV (1:003714 � 0:252398)GeVTable 3. Parameters for LO and NLO �ts to HERA data.Parameter LO NLO�IR;II 0:367359 GeV 0:275894 GeV�soft;II 0:205854 GeV 0:254028 GeV�?;valene 1:68463 GeV 1:26905 GeV�?;sea 1:29001 GeV 1:1613 GeVTable 4. Parameters for LO and NLO �ts to the CDF Drell-Yan data.

3 This parameter was predited negative by Professor though onsistent with zero and has thus been �xed.
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