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21 IntrodutionThe Standard Model is urrently being re-disoveredat the LHC, and new exlusion limits on Beyond theStandard Model partiles { and on the Higgs mass {are being delivered by the experimental ollaborationswith an impressive speed. Higher order orretions playan important role in obtaining bounds on the Higgs bo-son and New Physis. In partiular, the exlusion limitsfor the Higgs boson would look very di�erent if we onlyhad leading order tools at hand. Further, it will be veryimportant to have preise theory preditions to on-strain model parameters one a signal of New Physishas been established. Therefore it is of major impor-tane to provide tools for next-to-leading order (NLO)preditions whih are largely automated, suh that sig-nal and bakground rates for a multitude of proessesan be estimated reliably.The need for an automation of NLO alulationshas been notied some time ago and lead to publi pro-grams like FeynArts [1℄ and QGraf [2℄ for diagram gen-eration and FormCal/LoopTools[3℄ and GRACE [4℄for the automated alulation of NLO orretions, pri-marily in the eletroweak setor. However, the alu-lation of one-loop amplitudes with more than four ex-ternal legs were still tedious ase-by-ase alulations.Only very reently, oneptual and tehnial advanesin multi-leg one-loop alulations allowed the alu-lation of six-point [5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24℄ and even seven-point [25,26℄ pro-esses at all, and opened the door to the possibilityof an automated generation and evaluation of multi-legone-loop amplitudes. As a onsequene, already exist-ing exellent publi tools, eah ontaining a olletionof hard-oded individual proesses, like e.g. MCFM [27,28℄, VBFNLO [29,30℄, MC�NLO [31,32℄, POWHEG-Box[33,34℄, POWHEL [35,36,37℄, an be anked by exibleautomated tools suh that basially any proess whihmay turn out to be important for the omparison ofLHC �ndings to theory an be evaluated at NLO au-ray.We have reently experiened major advanes inthe ativity of onstruting pakages for fully auto-mated one-loop alulations, see e.g. [38,39,40,41,42,43℄. The onepts that lead to these advanes havebeen reently reviewed in [44℄. Among the most im-portant developments are the integrand-redution teh-nique [45,46℄ and the generalized n-dimensional unitar-ity [47℄. Their main outome is a numerial reonstru-tion of a representation of the tensor struture of anyone-loop integrand where the multi-partile pole on-�guration is manifest. As a onsequene, deomposingone-loop amplitudes in terms of basi integrals beomes

equivalent to reonstruting the polynomial forms ofthe residues to all multi-partile uts. Within this al-gorithm, the integrand of a given sattering amplitude,arrying omplete and expliit information on the ho-sen dimensional-regularisation sheme, is the only in-put required to aomplish the task of its evaluation.In fat, the integration is substituted by a muh simpleroperation, namely by polynomial �tting, whih requiresthe sampling of the integrand on the solutions of gen-eralised on-shell onditions.In this artile, we present the program pakage Go-Sam whih allows the automated alulation of one-loop amplitudes for multi-partile proesses. Amplitudesare expressed in terms of Feynman diagrams, wherethe integrand is generated analytially using QGRAF [2℄,FORM [48℄, spinney [49℄ and haggies [50℄. The individ-ual program tasks are steered via python sripts, whilethe user only needs to edit an \input ard" to speifythe details of the proess to be alulated, and launhthe generation of the soure ode and its ompilation,without having to worry about internal details of theode generation.The program o�ers the option to use di�erent redu-tion tehniques: either the unitarity-based integrand re-dution as implemented in Samurai [40℄ or traditionaltensor redution as implemented in Golem95C [51,52℄interfaed through tensorial reonstrution at the in-tegrand level [53℄, or a ombination of both. It an beused to alulate one-loop orretions within both QCDand eletroweak theory. Beyond the Standard Modeltheories an be interfaed using FeynRules [54℄ or Lan-HEP [55℄. The Binoth-Les Houhes-interfae [56℄ to pro-grams providing the real radiation ontributions is alsoinluded.The advantage of generating analyti expressions forthe integrand of eah diagram gives the user the exi-bility to organize the omputation aording to his owneÆieny preferenes. For instane, the omputing al-gorithm an proeed either diagram-by-diagram or bygrouping diagrams that share a ommon set of denom-inators (suitable for a unitarity-based redution), andit an deal with the evaluation of the rational terms ei-ther on the same footing as the rest of the amplitude, orthrough an independent routine whih evaluates themanalytially. These options and the other features ofGoSam will be disussed in detail in the following.In Setion 2, after giving an overview on the di-agram generation and on proessing gauge-group andLorentz algebra, we disuss the ode generation andthe redution strategies. The installation requirementsare given in Setion 3, while Setion 4 desribes the us-age of GoSam, ontaining all the set-up options whihan be ativated by editing the input ard. In Setion



35 we show results for proesses of various omplexity.The release of GoSam is aompanied by the generatedode for some example proesses, listed in Appendix A.2 Overview and Algorithms2.1 OverviewGoSam produes, in a fully automated way, all the oderequired to perform the alulation of one-loop matrixelements. There are three main steps in the proess ofonstruting the ode: the generation of all ontributingdiagrams within a proess diretory, the generation ofthe Fortran ode, and �nally ompiling and linkingthe generated ode. These steps are self-ontained inthe sense that after eah step all the �les ontained inthe proess diretory ould be transfered to a di�erentmahine where the next step will be arried out.In the following setions we fous on the algorithmsthat are employed for the onstrution of the ode toprodue and evaluate matrix elements.The �rst step (setting up a proess diretory), whihonsists in the generation of some general soure �lesand the generation of the diagrams, is desribed in Se-tion 2.2. The seond step (generating the fortran ode)is arried out by means of advaned algorithms for al-gebrai manipulation and ode optimization whih arepresented in Setions 2.3 and 2.4. The third step (om-pilation and linking) is not spei� to our ode genera-tion, therefore will not be desribed here.The pratial proedures to be followed by the userin generating the ode will be given in Setion 4, whihan be onsidered a short version of the user manual.2.2 Generation and Organisation of the DiagramsFor the diagram generation both at tree level and one-loop level we employ the program QGRAF [2℄. This pro-gram already o�ers several ways of exluding unwanteddiagrams, for example by requesting a ertain numberof propagators or verties of a ertain type or by spei-fying topologial properties suh as the presene of tad-poles or on-shell propagators. Although QGRAF is a veryreliable and fast generator, we extend its possibilitiesby adding another level of analysing and �ltering overdiagrams by means of Python. This gives several advan-tages: �rst of all, the possibilities o�ered by QGRAF arenot always suÆient to distinguish ertain lasses of di-agrams (see examples in Fig. 1); seondly, QGRAF annothandle the sign for diagrams with Majorana fermionsin a reliable way; �nally, in order to fully optimize the
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u(b) Diagram 2.Fig. 1 Two examples for diagrams whih are diÆult to iso-late using QGRAF. The diagram in Fig. 1(a) is zero in dimen-sional regularisation. However, in QGRAF there is no operatorto identify this type of diagrams. In Fig. 1(b) the Z boson isemitted from a losed quark line. These diagrams form a sep-arate gauge invariant lass and ould be treated separatelyfrom diagrams where the Z boson omes from an externalquark line.redution, we want to lassify and group diagrams a-ording to the sets of their propagators.Within our framework, QGRAF generates three setsof output �les: an expression for eah diagram to beproessed with FORM [48℄, Python ode for drawing alldiagrams, and Python ode for omputing the proper-ties of eah diagram. The information about the modelfor QGRAF is either read from the built-in Standard Mo-del �le or is generated from a user de�ned LanHEP [55℄or Universal FeynRules Output (UFO) [54℄ �le.The Python program automatially performs sev-eral operations:{ diagrams whose olor fator turns out to be zero aredropped automatially;{ the fermion ow is determined and used to omputean overall sign for eah diagram, whih is relevantin the presene of Majorana fermions;{ the number of propagators ontaining the loop mo-mentum, i.e. the loop size of the diagram, the tensorrank and the kinemati invariants of the assoiatedloop integral are omputed;{ diagrams with an assoiated vanishing loop integral(see Fig. 1(a)) are deteted and agged for the dia-gram seletion;{ all propagators and verties are lassi�ed for the di-agram seletion; diagrams ontaining massive quarkself-energy insertions or losed massless quark loopsare speially agged.Any one-loop diagram an be written in the formD = Z dnqi�n=2 N (q)QNl=1 [(q + rl)2 �m2l + iÆ℄ (1)where the numerator is a polynomial of tensor1 rank r.N (q) = C0 + C�11 q�1 + : : :+ C�1:::�rr q�1 � � � q�r ; (2)1 Index ontrations in Eq. (2) are understood in n-dimensional spae.



4and the N �N kinemati matrix is de�ned asSij = (ri � rj)2 �m2i �m2j : (3)All masses an be either real or omplex. Importantinformation about the integrals that will appear in theredution of eah one-loop diagram is ontained in thetensor rank r of the loop integral and its kinematimatrix Sij .We de�ne a preorder relation on one-loop diagrams,suh that D1 � D2 if their assoiated matries S(D1)and S(D2) are related by a �nite (not neessarily unique)hain of transformationsS(D2) T1�! S0 T2�! : : : Tm�! S(D1) (4)where eah transformation is one of the following:{ the identity,{ the simultaneous permutation of rows and olumns,{ the simultaneous deletion of the row and olumnwith the same index, whih orresponds to pinhingthe orresponding propagator in the diagram.The relation \�" an be read as \appears in the redu-tion of". Our algorithm groups the one-loop diagramsD1; : : : ;DD of a proess into subsets V1; : : : ; VG suhthat{ V1; : : : ; VG form a partition of fD1; : : :DDg and{ eah ell Vi ontains a maximum element maxVi 2Vi, suh that D � maxVi ;8D 2 Vi.The partitioning proedure provides an important gainin eÆieny, beause while arrying out the tensor re-dution for the diagram maxVi, all other diagrams inthe same ell Vi are redued with virtually no addi-tional omputational ost. The gain in eÆieny anbe observed when reduing the diagram using the OPPmethod [45℄ and its implementations in CutTools [57℄and Samurai [40℄, as well as in lassial tensor redu-tion methods as implemented e.g. in Golem95C [51,52℄,PJFRY [58℄ and LoopTools [3,59℄.In order to draw the diagrams, we �rst ompute anordering of the external legs whih allows for a planarembedding of the graph. Suh ordering an always befound for a tree or a one-loop graph sine non-planargraphs only start to appear in diagrams with two ormore loops. After the legs have been assigned to theverties of a regular polygon, we use our own implemen-tation of the algorithms desribed in [60℄ for �xing theoordinates of the remaining verties; the algorithm hasbeen extended to determine an appealing layout alsofor graphs ontaining tadpoles. Starting from these o-ordinates and using the pakage Axodraw [61℄, GoSamgenerates a LATEX �le that ontains graphial represen-tations of all diagrams.

2.3 Algebrai Proessing2.3.1 Color AlgebraIn the models used by GoSam, we allow one unbrokengauge group SU(NC) to be treated impliitly; any ad-ditional gauge group, broken or unbroken, needs to beexpanded expliitly. Any partile of the model may beharged under the SU(NC) group in the trivial, (anti-)fundamental or adjoint representation. Other represen-tations are urrently not implemented.For a given proess we projet eah Feynman dia-gram onto a olor basis onsisting of strings of gener-ators TA1ii1 TA2i1i2 � � �TApip�1j and Kroneker deltas Æij butno ontrations of adjoint indies and no struture on-stants fABC . Considering, for example, the proessu(1) + �u(2)! Z(3) + g(4) + g(5)GoSam �nds the olor basisj1i = q(1)i1 �q(2)j2 gA4(4)gA5(5)(TA4TA5)j2i1 ;j2i = q(1)i1 �q(2)j2 gA4(4)gA5(5)(TA5TA4)j2i1 ;j3i = q(1)i1 �q(2)j2 gA4(4)gA5(5)Æj2i1trfTA5TA4g;where q(�)i� and gA�(�) are the olor parts of the quarkand gluon wave funtions respetively. The dimensionof this olor basis forNg external gluons andNq�q quark-antiquark pairs is given by [62℄:d(Ng; Nq�q) = NgXi=0(�1)i�Ngi � � (Ng +Nq�q � i)! : (5)It should be noted that the olor basis onstruted inthis way is not a basis in the mathematial sense, as onean �nd linear relations between the vetors jii onethe number of external partons is large enough.Any Feynman diagram an be redued to the formD = kXi=1 Cijii (6)for the proess spei� olor basis j1i; : : : ; jki by ap-plying the following set of relations:TAij TAkl = TR�ÆilÆkj � 1NC ÆijÆkl� ; (7)fABC = 1iTR �TAij TBjkTCki � TAij TCjkTBki� : (8)The same set of simpli�ations is used to ompute thematries hijji and hijTI �TJ jji. The former is neededfor squaring the matrix element, whereas the latter isused to provide olor orrelated Born matrix elementswhih we use for heking the IR poles of the virtual



5amplitude and also to provide the relevant informationfor parton showers like POWHEG [63,33,34℄. For the aboveexample, GoSam obtains2hijji = TRCF 0� (N2C � 1) �1 NC�1 (N2C � 1) NCNC NC N2C1A : (9)Similarly, the program omputes the matries hijTI �TJ jji for all pairs of partons I and J .IfM(0) denotes the tree-level matrix element of theproess and we haveM(0) = kXj=1 C(0)j jji; (10)then the square of the tree level amplitude an be writ-ten as���M(0)���2 = kXi;j=1�C(0)i �� C(0)j hijji: (11)For the interferene term between leading and next-to-leading order we use a slightly di�erent philosophy.First of all we note that it is suÆient to fous on asingle group V� as de�ned in Setion 2.2,�M(1)�yM(0) + h:: =X� Z dnqi�n=2 N�(q)QNl=1 [(q + rl)2 �m2l + iÆ℄ + h:: (12)In order to redue the omplexity at the level of theredution, we perform the ontration with the tree-level already at the integrand level,N�(q) = kXi;j=1hijji�C(0)i �� C(1)j (q); (13)where C(1)j is formed by the sum over the orrespondingoeÆients of all diagrams D 2 V�.2.3.2 Lorentz AlgebraIn this Setion we disuss the algorithms used by Go-Sam to transform the oeÆients C(0)i and C(1)i (q), asde�ned in the previous setion, suh that the resultis suitable for eÆient numerial evaluation. One ofthe major goals is to split the n-dimensional algebra(n = 4� 2") into stritly four-dimensional objets andsymbols representing the higher-dimensional remain-der.2In the atual ode the results are given in terms of TRand NC only.

In GoSam we have implemented the 't Hooft-Velt-man sheme (HV) and dimensional redution (DRED).In both shemes all external vetors (momenta and po-larisation vetors) are kept in four dimensions. Internalvetors, however, are kept in the n-dimensional vetorspae. We adopt the onventions used in [49℄, where k̂denotes the four-dimensional projetion of an in gen-eral n-dimensional vetor k. The (n � 4)-dimensionalorthogonal projetion is denoted as ~k. For the integra-tion momentum q we introdue in addition the symbol�2 = �~q2, suh thatq2 = q̂2 + ~q2 = q̂2 � �2: (14)We also introdue suitable projetors by splitting themetri tensorg�� = ĝ�� + ~g�� ; ĝ��~g�� = 0; ĝ�� = 4; ~g�� = n� 4:(15)In the follwing, we desribe the 't Hooft algebrain detail. For DRED, the only di�erenes are that thenumerator algebra is performed in four dimensions forboth external and internal vetors (i.e. q � q̂) and thatin the very end all appearanes of q2 are replaed byq̂2 � �2.Wave Funtions and Propagators GoSam ontains alibrary of representations of wave funtions and propa-gators up to spin two3. The exat form of the intera-tion verties is taken from the model �les.The representation of all wave funtions with non-trivial spin is based on massless spinors. Eah massiveexternal vetor pi is replaed by its light-one proje-tion li with respet to a lightlike referene vetor k,p�i = l�i + p2i2pi � k k�: (16)For spin 1/2 partiles we use the assignment of wavefuntions as shown in Table 1; here, we quote the def-inition of the massive spinors from [49℄ assuming thesplitting of Eq. (16):��p�� = jli � pp2[lk℄ jk℄ ; ��p�� = jl℄� pp2hlki jki ; (17a)
p��� = hlj � pp2[kl℄ [kj ; �p��� = [lj � pp2hkli hkj : (17b)In order to preserve the ondition that for any loop inte-gral the tensor rank does not exeed the number of loop3Proesses with partiles of spin 3/2 and spin 2 have not beentested extensively. Furthermore, these proesses an lead tointegrals where the rank is higher than the loop size, whihat the moment are neither implemented in Samurai nor inGolem95C.



6 (a) Assignment of initial and �-nal states for quarks and leptons.l�, q l+, �qinitial u�(k; j3) �v�(k; j3)�nal �u�(k; j3) v�(k; j3) (b) Wave funtions for mass-less fermions.u�(k;+1) = v�(k;�1) = jkiu�(k;�1) = v�(k;+1) = jk℄�u�(k;+1) = �v�(k;�1) = [kj�u�(k;�1) = �v�(k;+1) = hkj () Wave funtions for massive fermions.u�(p;+1) = ��p+� �u�(p;+1) = �p+��u�(p;�1) = ��p+� �u�(p;�1) = 
p+��v�(p;+1) = ��p�℄ �v�(p;+1) = 
p���v�(p;�1) = ��p�� �v�(p;�1) = [p���Table 1 Assignment of quark and lepton wave funtions. We label the physial spin states by j3 = �1, whih is twie the3-omponent of the spin. The wave funtions assigned in Table (a) are mapped onto the braket notation used in spinney [49℄as de�ned in Tables (b) and ().propagators we �x all gauge boson propagators to be inFeynman gauge. Their wave funtions are onstrutedas [64℄"�(p;+1) = 
qj�jp[�p2 
qp[� ; "�(p;�1) = �qj�jp[�p2 �p[q� ; (18)where p[ = p in the massless ase and p[ = l aordingto Eq. (16) in the massive ase. In the latter ase thethird polarisation is de�ned as"�(p; 0) = 1pp2 �2p[� � p�� : (19)The wave funtions and propagators for spin 3/2 andspin 2 partiles orrespond to those in [65℄.Simpli�ations One all wave funtions and propaga-tors have been substituted by the above de�nitions andall verties have been replaed by their orrespond-ing expressions from the model �le then all vetor-likequantities and all metri tensors are split into theirfour-dimensional and their orthogonal part. As we usethe 't Hooft algebra, 5 is de�ned as a purely four-dimensional objet, 5 = i����� ̂�̂� ̂�̂�. By applyingthe usual anti-ommutation relations for Dira matri-es we an always separate the four-dimensional and(n�4)-dimensional parts of Dira traes, as we an usethe fat that [62,49℄tr(1) � tr(̂�1 � � � ̂�l~�l+1 � � � ~�l+p) =tr(̂�1 � � � ̂�l) � tr(~�l+1 � � � ~�l+p): (20)The same logi applies to open spinor lines suh as [49℄tr(1) � hk1ĵ�1 � � � ̂�l~�l+1 � � � ~�l+p jk2i =hk1ĵ�1 � � � ̂�l jk2i � tr(~�l+1 � � � ~�l+p): (21)While the (n� 4)-dimensional traes are redued om-pletely to produts of (n � 4)-dimensional metri ten-sors ~g�� , the four-dimensional part is treated suh thatthe number of terms in the resulting expression is keptas small as possible. Any spinor line or trae is bro-ken up at any position where a light-like vetor ap-pears. Furthermore, Chisholm idenities are used to re-solve Lorentz ontrations between both Dira traes

and open spinor lines. If any traes remain we use thebuilt-in trae algorithm of FORM [48℄.In the �nal result we an always avoid the expliitappearane of Levi-Civit�a tensors, notiing that anysuh tensor is ontrated with at least one light-likevetor4 k̂�, and we an replaek̂������ = � i4 ([kĵ� ̂�̂� jki � hkĵ� ̂�̂� jk℄) : (22)Hene, the kinemati part of the numerator, at the endof our simpli�ation algorithm, is expressed entirely interms of:{ spinor produts of the form hkikji, [kikj ℄ or [kiĵ�jkji�q̂�,{ dot produts k̂i � k̂j or k̂i � q̂,{ onstants of the Lagrangian suh as masses, widthsand oupling onstants,{ the symbols �2 = q̂2 � q2 and " = (n� 4)=2.Treatment of R2 rational terms In our representationfor the numerator of one-loop diagrams, terms ontain-ing the symbols �2 or " an lead to a so-alled R2term [66℄, whih ontributes to the rational part of theamplitude. In general, there are two ways of splittingthe numerator funtion:N (q̂; �2; ") = N0(q̂; �2) + "N1(q̂; �2)+ "2N2(q̂; �2) (23a)or, alternatively,N (q̂; �2; ") = N̂ (q̂) + ~N (q̂; �2; "): (23b)It should be noted that in Eq. (23a) the terms N1 andN2 do not arise in DRED, where only terms ontaining�2 ontribute to R2. Instead of relying on the onstru-tion of R2 from speialized Feynman rules [67,68,69,70℄, we generate the R2 part along with all other ontri-butions without the need to separate the di�erent parts.For eÆieny reasons, however, we provide an impliitand an expliit onstrution of the R2 terms.4Any external massive vetor at this point has been replaedby a pair of light-like ones. Contrations between two Levi-Civit�a symbols an be resolved to produts of metri tensors.



7The impliit onstrution uses the splitting of Eq. (23a)and treats all three numerator funtions Ni on equalgrounds. Eah of the three terms is redued separatelyin a numerial redution and the Laurent series of thethree results are added up taking into aount the pow-ers of ".The expliit onstrution of R2 is based on the as-sumption that eah term in ~N in Eq. (23b) ontains atleast one power of �2 or ". The expressions for those in-tegrals are relatively simple and known expliitly. Hene,the part of the amplitude whih originates from ~N isomputed analytially whereas the purely four-dimen-sional part N̂ is passed to the numerial redution.2.4 Code Generation2.4.1 Abbreviation SystemTo prepare the numerator funtions of the one-loop di-agrams for their numerial evaluation, we separate thesymbol �2 and dot produts involving the momentumq̂ from all other fators. All subexpressions whih donot depend on either q̂ or �2 are substituted by ab-breviation symbols, whih are evaluated only one perphase spae point. Eah of the two parts is then pro-essed using haggies [50℄, whih generates optimizedFortran ode for their numerial evaluation. For eahdiagram we generate an interfae to Samurai [40℄, Go-lem95C [52℄ and/or PJFRY [58℄. The two latter odesare interfaed using tensorial reonstrution at the in-tegrand level [53℄.2.4.2 Redution StrategiesIn the implementation of GoSam, great emphasis hasbeen put on maintaining exibility with respet to theredution algorithm that the user deides to use. On theone hand, this is important beause the best hoie ofthe redution method in terms of speed and numerialstability an strongly depend on the spei� proess.On the other hand, we tried to keep the ode exible toallow further extensions to new redution libraries, suhthat GoSam an be used as a laboratory for interfaingfuture methods with a realisti environment.Our standard hoie for the redution is Samurai,whih provides a very fast and stable redution in alarge part of the phase spae. Furthermore, Samuraireports to the lient ode if the quality of the reon-strution of the numerator suÆes the numerial re-quirements (for details we refer to [40℄). In GoSam weuse this information to trigger an alternative redutionwith either Golem95C [52℄ or PJFRY [58℄ whenever these
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Fig. 2 Redution strategies urrently implemented in Go-Sam: the redution algorithm is hosen by setting the variableredution interoperation in the generated Fortran ode andan be modi�ed at run time. 0: Samurai only; 1: Golem95Conly; 2: Samurai with resue option (Golem95C); 3: Samuraiwith numerator from tensorial reonstrution; 4: same as 3but with resue option(Golem95C). 11, 12 and 14 are the sameas 1, 2, 3 (respetively) with the di�erene that PJFRY is usedinstead of Golem95C.reonstrution tests fail, as shown in Fig. 2. The redu-tion algorithms implemented in these libraries extendto phase spae regions of small Gram determinants andtherefore over most ases in whih on-shell methodsannot operate suÆiently well. This ombination ofon-shell tehniques and traditional tensor redution isahieved using tensorial reonstrution at the integrandlevel [53℄, whih also provides the possibility of runningon-shell methods with a reonstruted numerator. Inaddition to solving the problem of numerial instabili-ties, in some ases this option an redue the ompu-tational ost of the redution. Sine the reonstrutednumerator is typially of a form where kinematis andloop momentum dependene are already separated , theuse of a reonstruted numerator tends to be fasterthan the original proedure, in partiular in ases witha large number of legs and low rank.The owhart in Fig. 2 summarizes all possible re-dution strategies whih are urrently implemented. Thestrategy in use is seleted by assigning the variableredution interoperation in the generated Fortranode. The availability of the branhes is determinedduring ode generation by ativating (at least one of)the extensions (samurai, golem95, pjfry) in the input



8ard. Swithing between ative branhes is possible atrun time. In detail, the possible hoies for the variableredution interoperation are the following:0 the numerators of the one-loop diagrams are reduedby Samurai, no resue system is used in ase thereonstrution test fails;1 the tensor oeÆients of the numerators are reon-struted using the tensorial reonstrution at theintegrand level, the numerator is expressed in termsof tensor integral form fators whih are evaluatedusing Golem95C;2 the numerators are redued by Samurai; wheneverthe reonstrution test fails, numerators are reduedusing the option 1 as a bakup method;3 tensorial reonstrution is used to ompute the tensoroeÆients; Samurai is employed for the redutionof the reonstruted numerator, no resue system isused;4 as in option 3, Samurai is used to redue the re-onstruted numerator, Golem95C is used as bakupoption;11 same as 1 but PJFRY is used instead of Golem95C;12 same as 2 but PJFRY is used instead of Golem95C;14 same as 4 but PJFRY is used instead of Golem95C.It is diÆult to make a statement about the \opti-mal" redution method beause this depends on theproess under onsideration. For multi-leg proesses,e.g. b�bb�b prodution, we found that Samurai is learlysuperior to tensor redution in what onerns timingsand size of the ode. Conerning points whih need aspeial treatment, we did not make extensive studiesusing traditional tensor redution only, but one anertainly say that the ombination of Samurai andtensorial reonstrution seems to be optimal in whatonerns the avoidane of numerial instabilities due toinverse Gram determinants.2.5 Conventions of the AmplitudesIn this setion we briey disuss the onventions hosenfor the results returned by GoSam. Depending on theatual setup for a given proess, in partiular if an im-ported model �le is used, onventions may be slightlydi�erent. Here we restrit the disussion to the asewhere the user wants to ompute QCD orretions toa proess and in the setup �les he has put gs = 1. Inthis ase, the tree-level matrix element squared an bewritten asjMj2tree = Ay0A0 = (gs)2b � a0 : (24)The fully renormalisedmatrix element at one-loop level,i.e. the interferene term between tree-level and one-

loop, an be written asjMj21-loop = Ay1A0 +Ay0A1 = 2 � <(Ay0A1) =jMj2bare+jMj2t, ÆmQ+jMj2t, �s+jMj2wf, g+jMj2wf, Q =�s(�)2� (4�)"� (1� ") � (gs)2b � h0 + �1" + �2"2 +O(")i :(25)A all to the subroutine samplitude returns an arrayonsisting of the four numbers (a0; 0; �1; �2) in thisorder. The average over initial state olours and helii-ties is inluded in the default setup. In ases where theproess is loop indued, i.e. the tree level amplitude isabsent, the program returns the values for Ay1A1 wherea fator ��s(�)2� (4�)"� (1� ")�2has been pulled out.After all UV-renormalisation ontributions have beentaken into aount orretly, only IR-singularities re-main, whih an be omputed using the routine ir sub-trations. This routine returns a vetor of length two,ontaining the oeÆients of the single and the doublepole, whih should be equal to (�1; �2) and thereforean be used as a hek of the result.Ultraviolet Renormalisation in QCD For UV-renormal-isation we use the MS sheme for the gluon and allmassless quarks, whereas a subtration at zero momen-tum is hosen for massive quarks [71℄. Currently, oun-terterms are only provided for QCD orretions. In thease of eletroweak orretions only unrenormalised re-sults an be produed automatially.For omputations involving loop propagators for mas-sive fermions, we introdued the automati generationof a mass ounter term needed for the on-shell renormal-isation of the massive partile. Here, we exploit the fatthat suh a ounter term is stritly related to the mas-sive fermion self energy bubble diagrams (see Fig. 3). As
t
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t

gFig. 3 Feynman diagram of a massive quark self energy inQCD. For this type of diagram GoSam automatially gener-ates UV-ounterterms.desribed in Setion 2.2, the programGoSam analyzes



9all generated diagrams. In that step also self-energy in-sertions of massive quarks are deteted, where we makethe replaement(=q + =r +m) � g��[(q + r)2 �m2℄ q2 ! (=q + =r +m) � g��[(q + r)2 �m2℄ q2+ m4 �6q � r + 3(r2 �m2)m2+3(4 + 1HV)�2r2 � 3m2 � g��[(q + r)2 �m2℄ q2 : (26)The symbol 1HV is one in the 'tHooft Veltman shemeand zero in DRED.Performing the integral, ontrating the expressionwith the QCD verties at both sides and multiplyingthe missing fator of (2�)�1 we retrieve the expressionfor the mass ounter-term,Æmm = �s2� (4�)"� (1� ") CF2 � �2m2�" �3" + 5� 1HV� : (27)Furthermore, the renormalisation of �s leads to aterm of the formjMj2t, �s = b � �s2� (4�)"� (1� ") jMj2tree � ���0"+2TR3" Nf+Nf;hXq=Nf+1 � �2m2q�" + CA6 (1� 1HV)35 ; (28)with �0 = (11CA� 4TRNf )=6, Nf being the number oflight quark avours,Nf;h the number of heavy avours,and b is the power of the oupling in the Born amplitudeas de�ned in Eq. (24). The last term of Eq. (28) pro-vides the �nite renormalisation needed to ompensatethe sheme dependene of �s,�DRs = �MSs  1 + CA6 �MSs2� ! : (29)A further ontribution onsists of the wave-funtionrenormalisation of massive external quark lines. If wedenote the set of external massive quark lines by Qh =fQ1(m1); : : : ; Qp(mp)g we obtainjMj2wf, Q = ��s2� (4�)"� (1� ") CF2 �XQ(m)2Qh � �2m2�" �3" + 5� 1HV� � jMj2tree; (30)Finally, also the wave funtion of the gluon reeivesa ontribution from the presene of heavy quarks in

losed fermion loops. If Ng is the number of externalgluon lines, this ontribution an be written asjMj2wf, g = ��s2� (4�)"� (1� ") Ng 2TR3" �Nf+Nf;hXq=Nf+1 � �2m2q�" � jMj2tree; (31)At the level of the generated Fortran ode the pres-ene of these ontributions an be ontrolled by a setof variables de�ned in the module onfig.f90. Thevariable renormalisation an be set to 0, 1, or 2.If renormalisation=0, none of the ounterterms arpresent. If renormalisation=2 only jMj2t, ÆmQ is in-luded, whih is the ounterterm stemming from allterms of the type of Eq. (27) ontributing to the am-plitude.In the ase where renormalisation=1 a more �ne-grained ontrol over the ounterterms is possible.renorm logs: if set to false, in all ounterterms thegeneration of logarithms is disabled, i.e. fators ofthe form (�)" in eqs. (27) to (31) are replaed byone.renorm beta: if set to false, the ounterterm jMj2t, �sis set to zero.renorm mqwf: if set to false, the ounterterm jMj2wf, Qis set to zero.renorm mqse: if set to false, the ounterterm jMj2t, ÆmQis set to zero.renorm deoupling if set to false, the ountertermjMj2wf, g is set to zero.The default settings for renormalisation=1 are truefor all the renorm options listed above.Finite Renormalisation of 5 in QCD In the 'tHooftVeltman sheme, a �nite renormalisation term for 5is required beyond tree level. The relevant terms aregenerated only if fr5 is added in the input ard tothe list of extensions before ode generation. Currently,the automati generation of this �nite ontribution isnot performed if model �les di�erent from the built-inmodel �les are used. In agreement with [72℄ and [73℄ wereplae the axial omponent at eah vertex,�5 ! 12Zaxial (�5 � 5�) ; (32)withZaxial = 1� 2�s2�CF � 1HV: (33)One it is generated, this ontribution an be swithedon and o� at run-time through the variable renorm gam-ma5, whih is de�ned in the module onfig.f90.



10Conversion between the Shemes In GoSam we haveimplemented two di�erent shemes, the 't Hooft Velt-man sheme and dimensional redution. By default,the former is used, while the latter an be ativatedby adding the extension dred. If a QCD omputationhas been done in dimensional redution the result anbe onverted bak to the 'tHooft Veltman sheme byadding a ontribution for eah external massless parton,jMCDRj21-loop = jMDRj21-loop� �s2� jMDRj2tree NextXI=1 ~DRI ; (34)with ~DRq = ~DR�q = CF =2 and ~DRg = CA=6. This on-version an be swithed on by setting onvert to drto true in the module onfig.f90. At one-loop level,the 't Hooft Veltman sheme and onventional dimen-sional regularisation (CDR) are equivalent in the sensethat ~'tHVI = 0 for all partons.3 Requirements and Installation3.1 RequirementsThe program GoSam is designed to run in any mod-ern Linux/Unix environment; we expet that Python (�2:6), Java (� 1:5) and Make are installed on the system.Furthermore, a Fortran 95 ompiler is required in or-der to ompile the generated ode. Some Fortran 2003features are used if one wants to make use of the LesHouhes interfae [56℄. We have tried all examples usinggfortran versions 4.1 and 4.5.On top of a standard Linux environment, the pro-grams FORM [48℄, version� 3:3 (newer than Aug.11, 2010)and QGRAF [2℄ need to be installed on the system.Where-as spinney [49℄ and haggies [50℄ are part of GoSamand are not required to be installed separately, at leastone of the libraries Samurai [40℄ and Golem95C [52℄needs to be present at ompile time of the generatedode. Optionally, PJFRY [58℄ an be used on top of Go-lem95C.3.2 Download and InstallationQGRAF The program an be downloaded as Fortransoure ode fromhttp://fif.ist.utl.pt/~paulo/qgraf.html .After unpaking the tar-ball, a single Fortran77 �leneeds to be ompiled.

FORM The program is available athttp://www.nikhef.nl/~form/both as a ompiled binary for many platforms and asa tar-ball. The build proess, if built from the soure�les, is ontrolled by Autotools.Samurai and Golem95C These libraries are availableas tar-balls and from subversion repositories athttp://projets.hepforge.org/samurai/and http://projets.hepforge.org/golem/95/respetively. For the user's onveniene we have pre-pared a pakage ontaining Samurai and Golem95Ctogether with the integral libraries OneLOop [74℄, QCD-Loop [75℄ and FF [59℄. The pakage gosam-ontrib-1.0.tar.gz ontaining all these libraries is availablefor download from:http://projets.hepforge.org/gosam/GoSam The user an download the ode either as atar-ball or from the subversion repository athttp://projets.hepforge.org/gosam/ .The build proess and installation of GoSam is on-trolled by Python Distutils, while the build proessfor the libraries Samurai and Golem95C is ontrolledby Autotools.Therefore the installation proeeds in two steps:1. For all omponents whih use Autotools, the fol-lowing sequene of ommands installs them underthe user de�ned diretory MYPATH../onfigure --prefix=MYPATHmake FC=gfortran F77=gfortranmake install # or sudo make installIf the onfigure sript is not present, the user needsto run sh ./autogen.sh �rst.2. For GoSam whih is built using Distutils, theuser needs to runpython setup.py install \--prefix MYPATHIf MYPATH is di�erent from the system default (e.g./usr/bin), the environment variables PATH, LD LIB-RARY PATH and PYTHONPATH might have to be setaordingly. For more details we diret the user tothe GoSam referene manual and to the doumen-tation of the beforementioned programs.

http://cfif.ist.utl.pt/~paulo/qgraf.html
http://www.nikhef.nl/~form/
http://projects.hepforge.org/samurai/
http://projects.hepforge.org/golem/95/
http://projects.hepforge.org/gosam/
http://projects.hepforge.org/gosam/


114 Using GoSam4.1 Setting up a simple ProessGoSam is a very exible program and omes with awide range of on�guration options. Not all of theseoptions are relevant for simple proesses and often theuser an leave most of the settings at their default val-ues. In order to generate the ode for a proess, oneneeds to prepare an input �le, whih will be alled pro-ess ard in the following, whih ontains{ proess spei� information, suh as a list of initialand �nal state partiles, their heliities (optional)and the order of the oupling onstants;{ sheme spei� information and approximations, suhas the regularisation and renormalisation shemes,the underlying model, masses and widths whih areset to zero, the seletion of subsets of diagrams; thelatter might be proess dependent;{ system spei� information, suh as paths to pro-grams and libraries or ompiler options;{ optional information for optimisationswhih ontrolthe ode generation.In the following we explain how to set up the required�les for the proess q�q ! gZ0 ! g e�e+. The exampleomputes the QCD orretions for the u�u initial state,where me = 0 and Nf = 5 massless quarks are as-sumed. For our example, we follow an approah wherewe keep the di�erent types of information in separate�les { proess.r, sheme.r and system.r { anduse GoSam to produe a proess ard for this proessbased on these �les. This is not required | one ouldalso produe and edit the proess ard diretly | it ishowever more onvenient to store system spei� infor-mation into a separate, re-usable �le, and it makes theode generation more transparent.Proess spei� information The following listing on-tains the information whih is spei� to the proess.The syntax of proess ards requires that no blank har-ater is left between the equals sign and the propertyname. Commentary an be added to any line, markedby the `#' harater. Line ontinuation is ahieved usinga bakslash at the end of a line.5Listing 1 File 'proess.r'1 proess_path=qqgz2 in=u,u~3 out=g,e-,e+4 heliities=+-+-+,+---+,-++-+,-+--+5 order=QCD ,1,35The line numbers are just for referene and should not beinluded in the atual �les.

The �rst line de�nes the (relative) path to the dire-tory where the proess �les will be generated. GoSamexpets that this diretory has already been reated.Lines 2 and 3 de�ne the initial and �nal state of theproess in terms of �eld names, whih are de�ned inthe model �le. Besides the �eld names one an also usePDG odes [76,77℄ instead. Hene, the following lineswould be equivalent to lines 2 and 3 in Listing 1:2 in=2,-23 out=21,11,-11Line 4 desribes the heliity amplitudes whih shouldbe generated. If no heliities are spei�ed, the programdefaults to the generation of all possible heliity on-�gurations, some of whih may turn out to be zero.The di�erent heliity amplitudes are separated by om-mas; within one heliity amplitude there is one hara-ter (usually `+', `-' and `0') per external partile fromthe left to the right. In the above example for the rea-tionu(k1; �1)�u(k2; �2)! g(k3; �3)e�(k4; �4)e+(k5; �5)we have the following assignments:Heliity �1 �2 �3 �4 �50 + - + - +1 + - - - +2 - + + - +3 - + - - +With the above value for heliities we generate allnon-vanishing heliities for the partons but keep thelepton heliities �xed. In more ompliated examplesthis way of listing all heliities expliitly an be verytedious. Therefore, we introdued the option to gener-ate sets of heliities using square brakets. For example,if the gluon heliity is replaed by [+-℄, the braket isexpanded automatially to take the values +,-.4 heliities=+-[+-℄-+, -+[+-℄-+A further syntatial redution an be ahieved for thequarks. The urrent expansion of a square braket andits opposite value an be assigned to a pair of variablesas in [xy=+-℄. If the braket expands to `+' then x isassigned `+' and y is assigned the opposite sign, i.e. `-'.If the braket expands to `-' the assignments are x=-and y=+. Hene, the heliity states of a massless quarkanti-quark pair are generated by [qQ=+-℄Q, and the se-letion of heliities in our example an be abbreviatedto4 heliities=[qQ=+-℄Q[+-℄-+whih is equivalent to the version of this line in List-ing 1.



12 Finally, the order (power) of the oupling onstantshas to be spei�ed. Line 5 ontains a keyword for thetype of oupling (QCD or QED), the order of this ouplingonstant in the unsquared tree level amplitude (in ourexample: 1) and the order of the oupling onstant inthe unsquared one-loop amplitude (in our example: 3).One an also useGoSam to generate the tree level only,by giving only the power of the tree level amplitude:5 order=QCD ,1Conversely,GoSam will generate the virtual amplitudesquared for proesses where no tree level is present ifthe tree level order is replaed by the keyword NONE.5 order=QCD ,NONE ,3Up to now, the �le would generate all 8 tree leveland 180 one-loop diagrams ontributing to the proessu�u ! g e�e+, regardless of the intermediate states.Nevertheless, what we intended to generate were onlythose diagrams where the eletron pair omes from thedeay of a Z ! e�e+.GoSam o�ers two ways of ahiev-ing this diagram seletion, either by passing a onditionto QGRAF or by applying a �lter written in Python. The�rst option would be spei�ed by the option qgraf.verbatim, whih opies the argument of the option tothe QGRAF input �le in verbatim. The following �lterdemands the appearane of exatly one Z-propagator,leaving us with 2 tree-level and 45 one-loop diagrams:6 qgraf.verbatim= true=iprop[Z,1,1℄;The alternative solution is the appliation of a Python�lter using the options filter.lo for tree level andfilter.nlo for one-loop diagrams. The urrent exam-ple requires the two lines6 filter.lo= IPROP([Z℄)==17 filter.nlo= IPROP([Z℄)==1Sheme spei� information For our example we putall sheme spei� de�nitions in the �le sheme.r. Itontains the hoie of a suitable regularisation shemeand �xes what types of UV ounterterms are inludedin the �nal result.Listing 2 File 'sheme.r'1 extensions=dred2 qgraf.options=onshell3 zero=mU,mD,mC,mS,mB,me,wT4 one=gsIn Listing 2, line 1 selets dimensional redution asa regularisation sheme. If dred is not spei�ed in thelist of extensions,GoSamworks in the 'tHooft Veltmansheme by default. Line 2 removes all on-shell bubbles

on external legs. This is, on the one hand, required tobe onsistent with the renormalisation sheme. On theother hand, those diagrams would lead to zero denom-inators at the algebrai level. In line 3 all light quarkmasses, the mass of the eletron and the width of thetop quark are set to zero. Further, as a onventionrather than a sheme, the strong oupling gs is set toone in line 4, whih means that gs will not our in thealgebrai expressions, assuming that the user will mul-tiply the �nal result by his desired value for the strongoupling. If the option one=gs is not used, the defaultvalue ontained in the �le ommon/model.f90 will beused. This default value of ourse an be hanged bythe user.System spei� information In order to adapt the odegeneration to the system environment,GoSam needs to�nd a way of determining all relevant paths and optionsfor the programs and libraries used during generation,ompilation and linking of the ode. Those settings are�xed in the �le system.r in our example.6Listing 3 File 'system.r'1 system.extensions=samurai ,golem952 samurai.fflags=\3 -I${PREFIX}/inlude/samurai4 samurai.ldflags=\5 -L${PREFIX}/lib -lsamurai6 samurai.version=2.1.17 golem95.fflags=\8 -I${PREFIX}/inlude/golem959 golem95.ldflags=\10 -L${PREFIX}/lib -lgolem9511 form.bin=${PREFIX }/bin/tform12 qgraf.bin=${PREFIX}/bin/qgraf13 f.bin=gfortranGenerating the Code After having prepared the input�les orretly we need to ollet the information dis-tributed over the three �les proess.r, sheme.rand system.r in one input �le, whih we will allgosam.in here. The orresponding ommand is:gosam.py --template gosam.in \--merge proess.r \--merge sheme.r --merge system.rThe generated �le an be proessed with gosam.py di-retly but requires the proess diretory to be present.mkdir qqgzgosam.py gosam.ind qqgz6In this example we assume that the user has de�ned anenvironment variable PREFIX.



13All further steps are ontrolled by the generated make�les; in order to generate and ompile all �les relevantfor the matrix element one needs to invokemake ompileThe generated ode an be tested with the programmatrix/test.f90.The following sequene of ommandswill ompile and run the example program.d matrixmake test.exe./test.exeThe last lines of the program output should look asfollows7# LO: 0.3450350717601E-06# NLO , finite part -10.77604823456547# NLO , single pole -19.98478948141949# NLO , double pole -5.666666665861926# IR, single pole -19.98478948439310# IR, double pole -5.666666666666666The printed numbers are, in this order, a0, 0=a0, �1=a0,�2=a0 and the pole parts alulated from the infraredinsertion operator [78,79℄.One an generate a visual representation of all gen-erated diagrams using the ommandmake dowhih generates the �le do/proess.ps using a Py-thon implementation of the algorithm desribed in [60℄and the LATEX pakage AXODRAW [61℄.4.1.1 Further OptionsGoSam provides a range of options whih inuenethe ode generation, the ompilation and the numer-ial evaluation of the amplitude. Giving an exhaustivelist of all options would be far beyond the sope of thisartile and the interested user is referred to the refer-ene manual. Nonetheless, we would like to point outsome of GoSam's apabilities by presenting the orre-sponding options.Generating the R2 Term When setting up a proessthe user an speify if and how the R2 term of theamplitude should be generated by setting the variabler2 in the setup �le.r2=expliit7The atual numbers depend on the random number genera-tor of the system beause the phase spae point is generatedrandomly; however, the pole parts should agree between thematrix element and the infrared insertion operator given thatthe matrix element is fully renormalised.

Possible options for r2 are impliit, whih is the de-fault, expliit, off and only. The keyword impliitmeans that the R2 term is generated along with thefour-dimensional numerator as a funtion in terms of q̂,�2 and " and is redued at runtime by sampling di�er-ent values for �2. This is the slowest but also the mostgeneral option. Using the keyword expliit arries outthe redution of terms ontaining �2 or " during odegeneration (see Appendix B). The keyword off putsthe R2 term to zero whih is useful if the user wants toprovide his own alulation for these terms. Conversely,using r2=only disards everything but the R2 term (re-duing it as in the ase expliit) and puts GoSam inthe position of providing R2 terms for external odeswhih work entirely in four dimensions.Diagram Seletion GoSam o�ers a two-fold way of se-leting and disarding diagrams. One an either inu-ene the way QGRAF generates diagrams or apply �l-ters to the diagrams after they have been generated byQGRAF or ombine the two methods. Let us assume thatin the above example we want to remove the third gen-eration of quarks ompletely. Hene, all losed quarkloops would be massless and therefore the seond gen-eration is just an exat opy of the �rst one. We antherefore restrit the generation of losed quark loopsto up and down quarks.GoSam has a �lter preisely forthis purpose, whih takes the �eld names of the avoursto be generated as arguments.filter.nlo=NFGEN(U,D)This �lter an be ombined with the already existing�lter seleting only diagrams ontaining a Z-propagatorusing the AND funtion:filter.nlo=AND( NFGEN(U,D), \IPROP([Z℄) == 1 )A further feature of the ode generated by GoSamis the possibility of seleting diagrams at runtime. Forexample, we would like to distinguish at runtime threedi�erent gauge invariant sets of diagrams at one-looplevel:1. diagrams with a losed quark loop where the Z isattahed to the loop;2. diagrams with a losed quark loop where the Z isemitted from the external quark line;3. diagrams without a losed quark loop.In order to provide the ode for a diagram seletion atruntime one simply replaes the above �lter by a list of�lters as followsfilter.nlo=[\AND( NFGEN(U,D), IPROP([Z℄) == 1, \



14 NF, LOOPVERTICES([Z℄,_,_) == 1), \AND( NFGEN(U,D), IPROP([Z℄) == 1, \NF, LOOPVERTICES([Z℄,_,_) == 0), \AND( NFGEN(U,D), IPROP([Z℄) == 1, \NOT(NF))℄The two new �lters in use are NF whih selets losedquark loops only and LOOPVERTICES whih ounts thenumber of verties attahed to the loop with the givensets of �elds running through the vertex (where re-plaes any �eld). In the Fortran �les one an aess thediagram seletion through the routine update flags.The three seletion riteria are stored in a derived datatype virt flags whih has �elds eval 0, . . . , eval 2,in general ranging from zero to the length of the listgiven in filter.nlo.use groupstype(virt_flags) :: flagsflags%eval_0=.true. !first group onlyflags%eval_1=.false.flags%eval_2=.false.all update_flags(flags)Additional Extensions Some of GoSam's funtionalityis available through the extensions variable. On topof the already presented options for seleting a regular-isation sheme (by adding the option dred) or for ati-vating interfaes to several di�erent redution libraries(samurai, golem95, pjfry) the user an also add thefollowing options:fr5 adds and ativates the relevant ode for the om-putation of the �nite renormalisation of 5 requiredin the 'tHooft Veltman sheme as desribed in Eq. (32).powhegbox generates routines for the omputation ofthe olor and spin orrelated Born matrix elementsas required by POWHEG [34℄.autotools uses make �les whih use Autoonf and Au-tomake for ompilation of the matrix element.gaugehek replaes the polarisation vetors of exter-nal vetor �elds by��(ki)! ��(ki) + zik�i (35)where the variable zi defaults to zero and is a-essible in the Fortran ode through the symbolgaugeiz.4.2 Interfaing the odeThe matrix element ode generated by GoSam pro-vides several routines to transparently aess partial orfull results of the amplitude alulation. Here, we only

present a minimal set of routines whih an be usedto obtain the set of oeÆients [a0; 0; �1; �2℄ for agiven sale and a given set of external momenta. Theroutines, whih an be aessed through the modulesmatrix8 are de�ned as follows:initgolem This subroutine must be alled one beforethe �rst matrix element evaluation. It initializes alldependent model parameters and alls the initiali-sation routines of the redution libraries.interfaesubroutine initgolem(init_libs)use onfig, only: kilogial, optional , && intent(in) :: init_libsend subroutineend interfaeThe optional argument init libs an usually beomitted. It should be used only when several ini-tialisation alls beome neessary, but the redutionlibraries and loop libraries should be initialized onlyone. All model parameters are aessible as globalvariables in the module model and should be modi-�ed (if at all) before alling initgolem.samplitude This subroutine starts the atual alula-tion of the amplitude for a given phase spae point.interfaesubroutine samplitude && (ves ,sale2,amp ,ok,h)use onfig, only: kiuse kinematis , only: num_legsreal(ki), dimension(num_legs ,4),&& intent(in) :: vesdouble preision , && intent(in) :: sale2double preision , && intent(out) :: amplogial, optional , && intent(out) :: okinteger, optional , && intent(in) :: hend subroutineend interfaeThe �rst mandatory arguments of this routine arethe external momenta ves, where ves(i,:) on-tains the momentum of the i-th partile as a ve-tor [Ei; pxi ; pyi ; pzi ℄, and we use in-out kinematis, i.e.p1 + p2 ! p3 + : : : + pN . Maximal numerial sta-bility is ahieved if the beam axis is hosen along8If a proess name was given all modules are pre�xed by thename, e.g. if proess name=pr01, the module matrix would berenamed into pr01 matrix.



15the z-axis. The seond argument, sale2 = �2R, isthe square of the renormalisation sale. As a thirdargument the routine expets a vetor whih a-epts the result in the format [a0; 0; �1; �2℄ withthe oeÆents being de�ned in Eqs. (24) and (25).The optional argument ok may be used in order toreport the outome of the reonstrution tests insamurai if no resue method has been hosen (seeSetion 2.4.2). The last argument allows one to se-let a single heliity subamplitude; the index h runsfrom zero to the number of heliities minus one. Thelabeling of the heliities is doumented for eah pro-ess in the �le do/proess.ps.exitgolem This routine should be alled one after thelast amplitude evaluation in the program. It losesall open log �les and graefully terminates the re-dution and loop libraries.interfaesubroutine exitgolem(exit_libs)use onfig, only: kilogial , optional ,& intent(in) :: exit_libsend subroutineend interfaeThe optional argument exit libs should only beset if multiple alls to this routine (e.g. for di�erentmatrix elements) are neessary and the dependentlibraries should be terminated only one.A small program whih omputes the amplitude for aset of phase spae points is automatially generatedwith the amplitude ode in the �le test.f90 in thesubdiretory matrix. The sript onfig.sh in the pro-ess diretory returns suitable ompilation and linkingoptions for the generated matrix element ode.4.3 Using the BLHA InterfaeThe so-alled Binoth Les Houhes Aord (BLHA) [56℄de�nes an interfae for a standardized ommuniationbetween one-loop programs (OLP) and Monte Carlo(MC) tools. The ommuniation between the two sidesis split into two main phases: an initialisation phase anda runtime phase. During initialisation the two programsestablish an agreement by exhanging a set of �les andtypially initiate the ode generation. The OLP runtimeode is then linked to the MC program and, during theruntime phase, alled through a well-de�ned set of rou-tines providing NLO results for the phase spae pointsgenerated by the MC. Aording to this standard, itis the responsibility of the MC program to provide re-sults for the Born matrix element, for the real emission
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phaseFig. 4 Shemati overview over the interation betweenMonte Carlo tool and one-loop program in the Binoth LesHouhes Aord.and for a suitable set of infrared subtration terms. Ashemati overview on this proedure is shown in Fig. 4.GoSam an at as an OLP in the framework of theBLHA. In the simplest ase, the MC writes an order�le | in this example it is alled olp order.lh| andinvokes the sript gosam.py as follows:gosam.py --olp olp_order.lhFurther, GoSam spei� options an be passed eitherin a �le or diretly at the ommand line. One an, forexample, use autotools for the ompilation by modify-ing the above line as follows.gosam.py --olp olp_order.lh \extensions=autotoolsThe ontrat �le is given the extension .ol by de-fault and would be olp order.ol in this example. Al-ternatively, the name an be altered using the -o op-tion.If suessful, the invoation of gosam.py generatesa set of �les whih an be ompiled as before with agenerated make �le. The BLHA routines are de�nedin the Fortran module olp module but an also beaessed from C programs9. The routines OLP Startand OLP EvalSubProess are de�ned exatly as in theBLHA proposal [56℄. For onveniene, we extended theinterfae by the funtions OLP Finalize(), whih ter-minates all redution libraries, and OLP Option(har*,int*), whih an be used to pass non-standard optionsat runtime. For example, a valid all in C to adjust theHiggs mass would beint ierr;OLP_Options("mH=146.78", &ierr);A value of one in ierr indiates that the setting wassuessful. A value of zero indiates an error.9A header �le is provided in olp.h.



164.4 Using External Model FilesWith a few modi�ations in the proess desription�les, GoSam an immediately make use of model �lesgenerated by either FeynRules [80℄ in the UFO format [54℄or by LanHEP [55℄. In both ases, the following limita-tions and di�erenes with respet to the default model�les, sm and smdiag, apply:{ As usual, partiles an be spei�ed by their PDGode. The �eld names, as used by QGRAF, are partiand antii for the partiles with the PDG ode i and�i respetively. For example, the W+ and the W�boson would be alled part24 and anti24.{ All model parameters are pre�xed by the letters mdlin order to avoid name lashes with existing variablenames in the matrix element ode.{ The variable model.options and the extension fr5are not guaranteed to work with models other thanthe built-in models.Importing models in the UFO format A model desrip-tion in the UFO format onsists of a Python pakagestored in a diretory. In order to import the model intoGoSam one needs to set the model variable in the inputard to speify the keyword FeynRules in front of thediretory name, where we assume that the model de-sription is in the diretory $HOME/models/MSSM UFO.model=FeynRules ,$HOME/models/MSSM_UFOImporting models in the LanHEP format LanHEP mo-del desriptions onsist of a set of plain text �les inthe same diretory with a ommon numbering (suh asfun4.mdl, lgrng4.mdl, prtls4.mdl, vars4.mdl). ALanHEP model an be loaded by speifying the pathand the ommon number in the model variable. As-suming the �les are situated in the diretory $HOME/models/MSSM LHEP one would set the variable as fol-lows.model=$HOME/models/MSSM_LHEP ,4Details about the allowed names for the table olumnsare desribed in theGoSam referene manual. Preom-piled MSSM UFO and MSSM LHEP �les an also be foundin the subdiretory examples/model.5 Sample Calulations and BenhmarksThe odes produed by GoSam have been tested onseveral proesses. In this setion we desribe some ex-amples of appliations. Additional results, whose orre-sponding ode is also inluded in the oÆial distributionof the program, will be reported in Appendix B.

5.1 pp!W� + j with SHERPAIn Setion 4.3 the BLHA interfae of GoSam was pre-sented. This interfae allows one to link the programto a Monte Carlo event generator, whih is, in gen-eral, responsible for supplying the missing ingredientsfor a omplete NLO alulation of a physial ross se-tion. Among the di�erent general purpose Monte Carloevent generators, SHERPA[81℄ is one of those whiho�ers these tools: omputing the LO ross setion, thereal orretions with both the subtration terms andthe orresponding integrated ounterparts [82,83,84℄.Furthermore, SHERPA o�ers the possibility to matha NLO alulation with a parton shower [85,86℄. Usingthe BLHA interfae, we linked GoSam with SHERPAto ompute the physial ross setion for W�+1 jet atNLO.The �rst steps to perform this linking is to write aSHERPA input ard for the desired proess. Instru-tions and many examples on how to write this an befound in the on-line manual [87℄. Running the ode forthe �rst time will produe an order �le OLE order.lhwhih ontains all the neessary information for Go-Sam, to produe the desired ode for the loop part ofthe proess. This inludes a list of all partoni sub-proesses needed. In parallel to the prodution of theneeded SHERPA libraries with the provided sript, onean at this point run the gosam.py ommand with theag --olp and the orret path to the order �le asexplained in Setion 4.3. Further options may be spe-i�ed. Among them it is useful to have a seond, Go-Sam-spei�, input ard with all the importantGoSamoptions. Sine, at the end, SHERPA needs to be linkedto a dynami library, it is onvenient to run GoSamwith the autotools extension, whih allows the diretreation of both stati and dynami libraries, togetherwith the test routine test. The gosam.py sript re-ates all the �les needed for interfaingGoSam with theMonte Carlo event generator together with the ode forthe one-loop omputation of all needed subproesses,and a make�le to run them. The di�erent parton-levelsubproesses are ontained in di�erent subdiretories.At this point the user simply has to run the make�le togenerate and ompile the ode. One the one-loop partof the ode is ready, the produed shared library mustbe added to the list of needed libraries in the SHERPAinput ard as follows.SHERPA_LDADD = LHOLE golem_olp;With this operation the generation of the ode is om-pleted. The evaluation of the proess and the physialanalysis an then be performed at the user's disretion



17following the advie given in the SHERPA on-line do-umentation [87℄.We tested the BLHA interfae by omputingW�+1jet and produing distributions for several typial ob-servables. In Figs. 5(a) and 5(b) the inlusive transversemomentum and rapidity of the jets is shown. These dis-tributions were ompared with similar ones produedusing the program MCFM [27,28℄, and perfet agree-ment was found.5.2 pp!W� + j, EW CorretionsAs a �rst example of an eletroweak alulation, weomputed the virtual one-loop orretions to u �d!Wg.A omplete analytial alulation for this proess waspresented in Ref. [88℄.parametersMZ 91.1876 MW 80.419os �w 0.88156596117995394232 � MWFor the kinemati point given in Tab. 2 and the aboveparameters we obtain the following result:result u�d!Wga0 2.8123648358832950=a0 unren. -94.52525523327047�1=a0 unren. 17.84240236996827�2=a0 unren. -0.5555555555555560renormalizedGoSam Eqs.(67,70) of Ref. [88℄�1=a0 4.743825167813529 4.7438251678146885�2=a0 -0.5555555555555560 -0.5555555555555555The poles have been renormalized using Eqs.(49)-(64) in Setions 3.3 and 3.4 of [88℄. Our result is agree-ment with Eqs.(67),(70) of Ref. [88℄ and with Ref. [89℄for the infrared divergenes that remain after renormal-isation.5.3  ! The proess  !  in the Standard Model �rst arisesat the one-loop order, and proeeds through a losedloop of fermions and W bosons. Of the 16 heliity am-plitudes ontributing to it, only three are independentand their analyti expressions an be found in [90℄. Thepure QED ontribution, involving a fermion loop, isontained in samurai-1.0 [40℄ and will not be repeatedhere. Instead, we show the results of the W -loop on-tribution to the independent heliity amplitudes, as anexample of EW orretions that an be handled withGoSam.

parametersps 1000 � psMW 80.376 e 1With the above parameters and the kinematis of Tab. 3we obtain the following results.result  !  (EW)GoSam(dred) Refs.[90℄jM++++j 12.02541904626610 12.025419045962jM++�+j 7.380406043429961 7.3804060437434jM++��j 982.7804939723322 982.780493970935.4 pp! �01�01 in the MSSMAs an example for the usage of GoSam with a model �ledi�erent from the Standard Model we alulated theQCD orretions to neutralino pair prodution in theMSSM. The model �le has been imported via the in-terfae UFO (Universal FeynRules Output) [54℄ whihfailitates the import of Feynman rules generated byFeynRules [80℄ to programs generating one-loop am-plitudes. To import suh �les within the GoSam setup,all the user has to do is to give the path to the orre-sponding model �le in the input ard.For this example, we ombined the one-loop am-plitude with the real radiation orretions to obtainresults for di�erential ross setions. A alulation ofneutralino pair prodution for the LHC presenting to-tal ross setions at NLO is given in [91℄.For the infrared subtration terms the program Mad-Dipole [92,93℄ is used, the real emission part is alu-lated using MadGraph/MadEvent [94℄. The virtual ma-trix element is renormalized in the MS sheme, whilemassive partiles are treated in the on-shell sheme.The renormalisation terms spei� to the massiveMSSMpartiles have been added manually.In Fig. 6 we show the di�erential ross setion forthem�01�01 invariant mass, where we employed a jet vetoto suppress large ontributions from the hannel qg !�01�01q whih opens up at order �2�s, but for large pjetTbelongs to the distint proess of neutralino pair plusone hard jet prodution at leading order. We usedNf =5 massless quark avours and the MSTW08 [95℄ partondistribution funtions. For the SUSY parameters we usethe modi�ed benhmarks point SPS1amod suggested in[96℄, and we use ps = 7TeV.For referene, we also give the result for the unrenor-malised amplitude at one spei� phase spae point foru�u ! �01�01 in the DRED sheme, using the followingparameters and momenta:
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0.4(b) Inlusive pseudorapidity of the leading jet for W� +1 jet prodution at LHC with ps = 7 TeV.Fig. 5 NLO alulation of W�+1 jet prodution at LHC using GoSam interfaed with SHERPA via the BHLA interfae. Theomparison to MCFM is also shown.E px py pzu 500 0 0 500�d 500 0 0 500W 503.23360778049988 110.20691318538486 441.95397288433196 -198.26237811718670g 496.76639221950012 -110.20691318538488 -441.95397288433202 198.26237811718664Table 2 Kinemati point used in pp!W� + j, EW.E px py pz 500 0 0 500 500 0 0 -500 500 436.6186300198938284 -59.1784256571505765 236.3516148798047425 500 -436.6186300198938284 59.1784256571505765 -236.3516148798047425Table 3 Kinemati point used in  ! .parametersMZ 91.1876 �Z 0MW 79.829013 sin2 �w 1�M2W =M2Z� MZ Nf 1gs 1 ��1w 127.934M�01 96.6880686 M~g 607.713704M~uL 561.119014 M~uR 549.259265Mh0 110.899057 MH0 399.960116All widths have been set to zero; for further set-tings we refer to the model parameter �les ontained inthe subdiretory examples/model/MSSM UFO. We haveheked that the pole terms of the renormalised ampli-tude anel with the infrared poles from MadDipole.For the phase spae point given in Tab. 4 we obtain thefollowing numbers.GoSam result u�u! �01�01a0 0.8680577964243597�10�30=a0 -31.9136615197871�1=a0 13.4374663711899�2=a0 2.6666666666667

5.5 e+e� ! e+e� in QEDAs an example of a QED alulation, we ompared thevirtual QED orretions for the proess e+e� ! e+e�with the results provided in [97℄. The results omparedin the table are the bare unrenormalised amplitudesin the 't Hooft Veltman sheme. No ounterterms orsubtration terms have been added to the result.parametersps 1.0 � 7:2973525376 � 10�3� ps me 0:51099891 � 10�3Using the parameters given above and the kinemat-is of Tab. 5 we obtain the following results.result e+e� ! e+e�GoSam Ref. [97℄a0 0:7586101468103622 0:75861014681036190=a0 0:5005827938274887 0:5005828268263969�1=a0 0:0474506407008029 0:0474506427003504�2=a0 0 0



19E px py pzu 1000 0 0 1000�u 1000 0 0 -1000�01 1000 42.3752677206678996 115.0009952646289548 987.7401101322898285�01 1000 -42.3752677206678996 -115.0009952646289548 -987.7401101322898285Table 4 Kinemati point used in pp! �01�01 in the MSSM.E px py pze+ (in) 0.5 0 0.4999997388800458 0e� (in) 0.5 0 -0.4999997388800458 0e+ (out) 0.1780937847558600 0.1279164180985903 0.05006809884093004 0.1133477415216646e� (out) 0.3563944406457374 0.02860530642319879 0.1832142729949070 0.3043534176228102 0.4655117745984024 0.1565217245217891 0.1331461741539769 0.4177011591444748Table 5 Kinemati point used in e+e� ! e+e�.
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Fig. 6 Comparison of the NLO and LO m�01�01 distributionsfor the proess pp! �01�01 with a jet veto on jets with pjetT >20 GeV and � < 4:5. The band gives the dependene of theresult on � = �F = �R between �0=2 and 2�0. We hoose�0 = MZ . The blak line gives the bin error for the value atthe entral sale.5.6 pp! ttHThis proess has been ompared with the results givenin [39℄. The partoni subproesses u�u! t�tH and gg !t�tH where omputed both in the 'tHooft Veltman shemeand in dimensional redution and the fully renormalisedresults were suessfully ompared as an internal onsis-teny hek. Apart from wave funtion renormalisationand mass ounterterms, Yukawa oupling renormalisa-tion is also needed here. Yukawa oupling ountertermsare in this ase equal to the wave funtion ounterterms.The Yukawa top mass is set equal to its pole mass.parametersps 500.0 Nf 5� mt Nf;h 1mt 172.6 �s 0.1076395107858145mH 130 v 246.21835258713082

The kinematis used to obtain the results below isgiven in Tab. 6. The results are given in the 'tHooftVeltman sheme, and are fully renormalised.result u�u! t�tHGoSam Ref. [39℄a0 � 104 2:200490364806190 2:20049046137828280=a0 �15:29615178164782 �15:29615211731521�1=a0 �1:640361500121837 �1:640361536072381�2=a0 �2:666666666666666 �2:666666725182165result gg ! t�tHGoSam Ref. [39℄a0 � 105 6:127399805961155 6:1274000748720430=a0 9:006680638719660 9:006680836410272�1=a0 2:986347664537282 2:9863477301662056�2=a0 �6:000000000000004 �6:000000131659877On an Intel Core i7 950 at 3GHz the evaluation ofa single phase spae point took 44ms in the u�u hanneland 223ms in the gg hannel. The ode was ompiledwith gfortran without optimisations.5.7 gg ! ttZThis amplitude, fully renormalised, has been omparedwith the results given in [37℄.parametersgs 1 GF 0.0000116639� mt Nf 5mt 170.9 MW 80.45MZ 91.18The kinematis used to obtain the results below is givenin Tab. 7.



20 E px py pzu=g 250.0 0.0 0.0 250.0�u=g 250.0 0.0 0.0 -250.0H 136.35582793693018 15.133871809486299 27.986733991031045 26.088703626953386t 181.47665951104506 20.889486679044587 -50.105625289561424 14.002628607367491�t 182.16751255202476 -36.023358488530903 22.118891298530357 -40.091332234320859Table 6 Kinemati point used in pp! t�tH.E px py pzg 7000.0 0.0 0.0 7000.0g 7000.0 0.0 0.0 -7000.0t 6270.1855170414337 -4977.7694025303863 806.93726196887712 3725.2619580634337�t 6925.5258180925930 5306.3374282745517 -1281.8763412410237 -4258.3185872039012Z 804.28866486597315 -328.56802574416463 474.93907927214622 533.05662914046729Table 7 Kinemati point used for gg! t�tZ.result gg! t�tZGoSam Ref. [37℄a0 � 106 0:1531395190212139 0:15313951902128310=a0 �204:9208290898557 �204:920829867328�1=a0 50:62939646427283 50:6293965717156�2=a0 �5:999999999999997 �6:00000000000003The evaluation of a single phase spae point took 1433ms on a 2GHz proessor. The ode was ompiled withgfortran -O2.5.8 pp! bbbb+XA detailed disussion of this proess an be found in[98,99℄. In this setion we fous on the parts that arerelevant in the ontext of the virtual orretions. Inpartiular we ompared our result to the one given in[38℄, whih is the fully renormalised amplitude inludingthe mass ounterterms for the top-quark ontribution.parametersps 500 Nf 5� ps Nf;h 1mt 174 mb 0�t 0 gs 1The results below are obtained for the phase spae pointof Tab. 8 using the above parameters.result gg ! b�bb�bGoSam Ref. [38℄a0 � 106 1:022839601391936 1:0228396013919100=a0 �36:97653243659754 �36:97653243473214�1=a0 �34:01491655155776 �34:01491655142099�2=a0 �11:33333333333512 �11:33333333333343

result u�u! b�bb�bGoSam Ref. [38℄a0 � 109 5:753293428094349 5:7532934280943910=a0 �22:19223384585620 �22:19223384564902�1=a0 �20:89828996870689 �20:89828996857439�2=a0 �8:000000000000199 �8:000000000000037On an Intel Xeon E7340 the running time for thealulation of a single phase spae point was 19:6 s forthe gluon initiated hannel and 440 ms for the quarkhannel.5.9 pp! ttbb+XThis proess has been ompared with the results givenin [38℄. We have set up the proess both in the 'tHooftVeltman sheme and in dimensional redution and su-essfully ompared the fully renormalised results as aninternal onsisteny hek. The results below are givenin the 'tHooft Veltman sheme, and only the ounter-terms for jMj2t, Æmt are inluded.parametersps 500.0 Nf 5� ps Nf;h 1mt 174.0 mb 0.0�t 0.0 gs 1.0Using the above parameters and the phase spaepoint of Tab. 9 we obtain the following results.result u�u! t�tb�bGoSam Ref. [38℄a0 � 108 2:201164677187755 2:2011646771877270=a0 8:880263116574282 8:880263117410131�1=a0 �4:730495922109534 �4:730495921691266�2=a0 �5:333333333333468 �5:333333333333190



21E px py pzu=g 250.0 0.0 0.0 250.0�u=g 250.0 0.0 0.0 -250.0b 147.5321146846735 24.97040523056789 -18.43157602837212 144.2306511496888�b 108.7035966213640 103.2557390255471 -0.5484684659584054 33.97680766420219b 194.0630765341365 -79.89596300367462 7.485866671764871 -176.6948628845280�b 49.70121215982584 -48.33018125244035 11.49417782256567 -1.512595929362970Table 8 Kinemati point used in pp! b�bb�b.E px py pzu=g 250.0 0.0 0.0 250.0�u=g 250.0 0.0 0.0 -250.0t 190.1845561691092 12.99421901255723 -9.591511769543683 75.05543670827210�t 182.9642163285034 53.73271578143694 -0.2854146459513714 17.68101382654795b 100.9874727883170 -41.57664370692741 3.895531135098977 -91.94931862397770�b 25.86375471407044 -25.15029108706678 5.981395280396083 -0.7871319108423604Table 9 Kinemati point used in pp! t�tb�b.result gg! t�tb�bGoSam Ref. [38℄a0 � 108 8:279470201927135 8:2794702019271280=a0 21:83922035777929 21:83922035648926�1=a0 �12:59181277770347 �12:59181277853837�2=a0 �8:666666666666764 �8:666666666666549On an Intel Core i7 950 at 3GHz the evaluation of asingle phase spae point took 393ms in the u�u hanneland 12.3 s in the gg hannel. The ode was ompiledwith gfortran without optimisations.5.10 pp!W+W�bbThe subproesses u�u!W+W�b�b and gg ! W+W�b�bhave been alulated both in [38℄ and [39℄. Aord-ingly, the results below are given in the 't Hooft Veltmansheme, where only the ounterterms for jMj2t, Æmt areinluded. parametersps 500.0 Nf 5� ps Nf;h 1mt 174.0 mb 0�t 0 gs 1MZ 91.188 �Z 2.44140351MW 80.419 �W 01=� 132.50686625With the above parameters and the kinematis de�nedin Tab. 10 we obtain the following results.

result gg !W+W�b�bGoSam Ref. [39℄a0 � 108 1:549796787502985 1:5497958157024940=a0 �17:80558461276584 �17:80558440908488�1=a0 �19:61125131175888 �19:611251301307803�2=a0 �8:666666666666668 �8:66666666666661result u�u!W+W�b�bGoSam Ref. [39℄a0 � 108 2:338048681706755 2:3380486763704830=a0 �5:936151367348438 �5:936151368788066�1=a0 �10:44868110371249 �10:44868110378090�2=a0 �5:333333333333312 �5:3333333333333365.11 ud!W+gggThe amplitude u �d ! W+ggg is an important hannelin the alulation of the proess pp!W++3 jets. TheQCD orretions to this proess have been presented inRefs. [6,7,8,9℄.The subproess with one quark pair and three glu-ons onsists of more than 1500 Feynman diagrams. Wehave omputed the amplitude inluding the leptoni de-ay of the W -boson and ompared our result to [38℄.parametersps 500.0 Nf 5� ps Nf;h 1mt 174.0 MZ 91.188�t; �W ; �Z 0.0 MW 80.419gs 1.0 GF 1:16639 � 10�5Furthermore, the values for the dependent parametersare os2 �W =M2W =M2Z and � = p2GF M2W sin2 �W =�.



22 E px py pzu=g 250.0 0.0 0.0 250.0�u=g 250.0 0.0 0.0 -250.0W+ 154.8819879118765 22.40377113462118 -16.53704884550758 129.4056091248114W� 126.4095336206695 92.64238702192333 -0.4920930146078141 30.48443210132545b 174.1159068988160 -71.68369328357026 6.716416578342183 -158.5329205583824�b 44.59257156863792 -43.36246487297426 10.31272528177322 -1.357120667754454Table 10 Kinemati point used in pp!W+W�b�b.E px py pzu 250.0 0.0 0.0 250.0�d 250.0 0.0 0.0 -250.0W+ 162.5391101447744 23.90724239064912 -17.64681636854432 138.0897548661186g 104.0753327455388 98.85942812363483 -0.5251163702879512 32.53017998659339g 185.8004692730082 -76.49423931754684 7.167141557113385 -169.1717405928078g 47.58508783667868 -46.27243119673712 11.00479118171890 -1.448194259904179Table 11 Kinemati point used in u�d!W+ggg.For the phase spae point of Tab. 11 we obtain thenumbers below. result u�d!W+gggGoSam Ref. [38℄a0 � 107 8:5527357390693210=a0 �36:45372625230239 �36:4536949986367�1=a0 �34:70010131004584 �34:70007155977844�2=a0 �11:66666666666747 �11:666656664302845On an Intel Core 2 i5 Laptop at 2.0GHz the evaluationof a single phase spae point took about 2.5 s for u �d!e+�eggg and about 7.5 s for on-shell W's without deay.The ode was ompiled with gfortran -02.5.12 u �d!W+(! �ee+)bb (massive b-quark)The proess u �d ! W+bb, with an on-shell W -boson,has been studied in [100℄, while the e�ets of the W -deay have been reently aounted for in [101℄, and im-plemented within MCFM. We onsider the latter pro-ess, and ompare the renormalised amplitude evalu-ated by MCFM. The b-quark is treated as massive inall diagrams exept in the vauum-polarisation like on-tributions. parameters� 80:0 gs 1mt 172.5 mb 4.75MZ 91.1876 MW 80.419�W 2.1054 GF 0.0000116639Vud 0.975Using the above parameters and the kinematis givenin Tab. 12 we obtain the following results.

result u�d! �ee+b�bGoSam MCFM-6.0a0 � 107 1:884434667673654 1:884434667745364410=a0 41:21712989438873 41:217129894410029�1=a0 26:60367070701196�2=a0 �2:666666666666624IR�1 26:60367070701218IR�2 �2:666666666666667The evaluation of a single phase spae point took9:12ms on a 2GHz proessor. The ode was ompiledwith gfortran -O2.6 ConlusionsWe have presented the program pakageGoSam whihprodues, in a fully automated way, the ode requiredto perform the evaluation of one-loop matrix elementsfor multi-partile proesses. The program is publilyavailable at http://projets.hepforge.org/gosam/and an be used to alulate one-loop amplitudes withinQCD, eletroweak theory, or other models whih an beimported via an interfae to LanHEP and UFO, alsoinluded in the release. Monte Carlo programs for thereal radiation an be easily linked through the BLHAinterfae.GoSam is extremely exible, allowing for both uni-tarity-based redution at integrand level and traditionaltensor redution, or even for a ombination of the twoapproahes when required. The amplitudes are gener-ated in terms of Feynman diagrams within the dimen-sional regularisation sheme, and optionally the alu-lation an be arried out either in the 't Hooft Velt-man or in the dimensional redution variant. The user

http://projects.hepforge.org/gosam/


23E px py pzu 76.084349979114506 0.0 0.0 76.084349979114506�d 1998.0331337409114 0.0 0.0 -1998.0331337409114�e -953.55303294091811 955.01676368653477 50.025808060592873 17.060211586132972e+ -190.20402007017753 194.22279012023398 4.3588877692445251 39.063065018596490b -417.39085287123652 468.23544715890415 208.22173996408185 40.625785184424117�b -360.80087787946474 456.64248275435313 -262.60643579391922 -96.749061789153586Table 12 Kinemati point used in u�d!W+b�b.an hoose among di�erent libraries for the master in-tegrals, and the setup is suh that other libraries anbe linked easily.The alulation of the rational terms is very modu-lar and an proeed either along with the same numer-ial redution as the rest of the amplitude, or indepen-dently, before any redution, by using analyti informa-tion on the integrals whih an potentially give rise toa rational part. In the urrent version of the ode, UV-renormalisation ounterterms are provided for QCD or-retions only. Further improvements onerning the fullautomatisation of eletroweak orretions are planned.Di�erent systems to detet and resue numerial in-stabilities are implemented, and the user an swithbetween them without having to re-generate the soureode. Due to a areful organisation of the alulationboth at the ode generation stage and at the redu-tion stage, the runtimes for multi-partile amplitudesare very satisfatory. Moreover, the GoSam generatoran also produe odes for proesses that inlude inter-mediate states with omplex masses.Within the ontext of the automated mathing ofMonte Carlo programs to NLO virtual amplitudes,Go-Sam an be used as a module to produe di�erentialross setions for multi-partile proesses whih an beompared diretly to experiment. Therefore we believethat GoSam an ontribute to the goal of using NLOtools as a standard framework for the LHC data anal-ysis at the TeV sale.Aknowledgements We would like to thank the SHERPAollaboration for the support, in partiular Jennifer Arhibald,Frank Krauss and Marek Sh�onherr. We also would like tothank Rikkert Frederix, Adam Kardos, Stefano Pozzorini,Zoltan Trosanyi, Thomas Shutzmeier and Christian Sturmfor their input to various omparisons and larifying dis-ussions, and Edoardo Mirabella for important feedbak onSamurai. G.C. and G.L. were supported by the British Sieneand Tehnology Failities Counil (STFC). The work of G.Cwas supported by DFG Sonderforshungsbereih Transregio9, Computergest�utzte Theoretishe Teilhenphysik. N.G. wassupported in part by the U.S. Department of Energy un-der ontrat No. DE-FG02-91ER40677. P.M. and T.R. weresupported by the Alexander von Humboldt Foundation, inthe framework of the Sofja Kovaleskaja Award Projet \Ad-vanedMathematial Methods for Partile Physis", endowed

by the German Federal Ministry of Eduation and Researh.The work of G.O. was supported in part by the NationalSiene Foundation under Grant PHY-0855489 and PHY-1068550. The researh of F.T. is supported by Marie-Curie-IEF, projet: \SAMURAI-Apps". We also aknowledge thesupport of the Researh Exeutive Ageny (REA) of the Eu-ropean Union under the Grant Agreement number PITN-GA-2010-264564 (LHCPhenoNet).AppendixA: Examples inluded in the releaseIn the followingwe give results for the proesses listed inthe examples diretory. Unless stated otherwise, we as-sume that the oupling onstants (e and gs in the stan-dard model) have been set to one in the input ard. Theonventions for the returned numbers (a0; 0; �1; �2)are as stated in Setion 2.5. Dimensionful parametersare understood to be in powers of GeV.As an illustration of the potential of GoSam, wedisplay in Table A the timings required by a wide list ofbenhmark proesses. The �rst value provided in the ta-ble is the time required for the ode generation (Gener-ation, given in seonds): we remind the reader that thisoperation only needs to be performed one per proess.The seond value is the timing for the full alulationof the amplitude at one phase-spae point (Evaluation,in milliseonds). Results are obtained with an Intel(R)Core(TM) i7 CPU 950 � 3.07GHz.A.1: How to run the examplesThe example diretories only de�ne the system inde-pendent part of the setup. All settings whih are de-�ned in the �le system.r (see Setion 4) must beput either in a �le alled $HOME/.gosam or in the �lesetup.in in the GoSam examples/ diretory. A sriptruntests.sh is provided to generate, ompile and runthe test programs. The names of the diretories respe-tively examples to be run should be spei�ed at theommand line, e.g../runtests.sh eeuu bghb



24Proess Generation [s℄ Evaluation [ms℄bg ! Hb 236 2.49d �d! t�t 341 4.71d �d! t�t (DRED) 324 4.05dg ! dg 398 3.08dg ! dg (DRED) 402 3.28e+e� ! t�t 221 1.27e+e� ! t�t (LanHEP) 180 1.27e+e� ! u�u 122 0.65gg ! gg 525 1.69gg ! gg (DRED) 428 1.66gg ! gg (LanHep) 1022 1.70gg ! gZ 529 15.18gg ! t�t 1132 24.65gg ! t�t (DRED) 957 30.13gg ! t�t (UFO) 1225 29.45H !  140 0.24gb! e���et 337 2.89u�d! e���e 71 0.09u�d! e���eg 154 1.15u�u! d�d 186 2.06�ud!W+W+�s 1295 17.37 !  597 6.08Table 13 Time required for ode generation and alulationof one phase-spae point. The results were obtained with anIntel(R) Core(TM) i7 CPU 950 � 3.07GHz. The time for theevaluation of a phase spae point is taken as the average ofthe time obtained from the evaluation of 100 random pointsgenerated using RAMBO [102℄, where the ode was ompiledusing gfortran without any optimisation options. The gener-ation of the R2 term was set to expliit.If the sript is invoked without arguments it will loopover all subdiretories. A seond sript, summarize.sh,an be used in order to ollet the test results and printa summary to the sreen. The ommand./summarize.shwill produe an output like the following one.+ bghb (sueeded)+ eeuu (sueeded)grep: ./ddtt/...: No suh file ...The examples e+e� ! t�t have an expliit dependeneon the Golem95C library and will therefore fail if theextension golem95 is not added.A.2: e+e� ! uuThe following parameters and momenta have been usedto produe the numerial result:E px py pze+ E 0 0 Ee� E 0 0 -Eu E E sin � sin� E sin � os � E os ��u E -E sin � sin� -E sin � os � -E os �

parametersE 74.7646520969852 �2 4E2� 2.46 � 1.35MZ 91.1876 �Z 2.4952MW os �wMZ sin �w 0.47303762result e+e� ! uuGoSam analytia0 3.78783062130275280=a0 1.86960440108932 �CF (�2 � 8)� CF�1=a0 �3:0000000000000�CF �3� CF�2=a0 �2:0000000000000�CF �2� CFA.3: e+e� ! ttThis example has been produed twie: one with thedefault model �le and one with a model �le importedfrom LanHEP [55℄. Thus it also an serve as an exam-ple of how to import model parameters from LanHEP.The result is given in dimensional redution, and norenormalisation terms are inluded.parametersMZ 91.1876 �Z 2.4952MW os �wMZ sin �w 0.47303762mt 172.5 �2 m2tThe following results are obtained with the above pa-rameters and the kinemati point of Tab. 14.result e+e� ! ttGoSam analytia0 6.3620691850584166 6.36206918506310610=a0 13.182472828297422 13.182472828302023�1=a0 12.211527682024421 12.211527682032367�2=a0 0. 0.A.4: uu! ddThis example has been produed twie: one in the'tHooft Veltman (HV) sheme and one with dimen-sional redution (DRED). Only the result in the HVsheme will be listed below, for the DRED alulationsee the diretory uudd dred.parameters� 91.188 Nf 2Using the above parameters and the phase spae pointof Tab. 15 we obtain the following numbers.



25E px py pze+ 74.7646520969852 0. 0. 74.7646520969852e� 6067.88254935176 0. 0. -6067.88254935176t 5867.13826404309 16.7946967430656 169.437140279981 -5862.12966020487�t 275.508937405653 -16.7946967430656 -169.437140279981 -130.988237049907Table 14 Kinemati point used in e+e� ! t�tE px py pzu 102.6289752320661 0 0 102.6289752320661�u 102.6289752320661 0 0 -102.6289752320661d 102.6289752320661 -85.98802977488269 -12.11018104528534 54.70017191625945�d 102.6289752320661 85.98802977488269 12.11018104528534 -54.70017191625945Table 15 Kinemati point used in u�u! d�d.result uu! ddGoSam(HV) Ref. [103℄a0 0.28535063700913421 0.285350637009134160=a0 -2.7940629929270155 -2.7940629929268876�1=a0 -6.4881359148866604 -6.4881359148866391�2=a0 -5.3333333333333 -5.3333333333333A.5: gg ! ggThis example has been produed both with the defaultmodel �le and with a model �le imported from LanHEP.Further, it has been alulated in the 'tHooft Veltmansheme and in the dimensional redution sheme. Onlythe results in the 'tHooft Veltman sheme are listedbelow, for further details please see the subdiretoriesgggg dred and gggg lhep. The result is for the heliityon�guration g(+)g(+) ! g(�)g(�), and pure Yang-Mills theory, i.e. fermion loops are not inluded.parameters�2 442 Nf 0�s 0.13Evaluating the amplitude for above parameters and thephase spae point given in Tab. 16 we obtain the follow-ing results. result gg ! ggGoSam(HV) Ref. [104℄a0 14.120983050796795 14.1209830507968040=a0 -124.0247557942351 -124.02475579423495�1=a0 55.003597347101078 55.003597347101035�2=a0 -12.00000000000000 -12.A.6: gg ! gZAs this proess has no tree level amplitude, the resultis for the one-loop amplitude squared.

parameters�2 s12 �s 1MZ 91.1876 �Z 0sin �w 0.4808222 MW os �wMZNf 2With the above parameters and the kinematis givenin Tab. 17 we obtain the following result.result gg! gZGoSam Ref. [105℄a0 - -jMj21-loop 0.1075742599502829 0.10757425995048300A.7: dd! ttThis example has been alulated in the 'tHooft Velt-man sheme and in the dimensional redution sheme.Only the results in the 'tHooft Veltman sheme arelisted below, for the renormalised amplitude with Nf =5 and the top mass renormalised on-shell.For further details please see the subdiretories ddttand ddtt dred. parametersmt 172.5 �2 m2t�s 1 Nf 5With the above parameters and the kinematis givenin Tab. 18 we obtain the following results.result dd! ttGoSam(HV) Ref. [27,106℄ (MCFM)a0 0.43024349783870747 0.430243497838678820=a0 -22.526901042662193 -22.526901042658068�1=a0 10.579577611830414 10.579577611830567�2=a0 -2.6666666666666599 -2.666666666666721



26 E px py pzp1 220.9501779577791 0 0 220.9501779577791p2 220.9501779577791 0 0 -220.9501779577791p3 220.9501779577791 119.9098300357375 183.0492135511419 -30.55485589367430p4 220.9501779577791 -119.9098300357375 -183.0492135511419 30.55485589367430Table 16 Kinemati point used in gg ! gg.E px py pzg 100 0 0 100g 100 0 0 -100g 79.2120540156 3.65874234516586 - 25.1245942606679 75.0327786308013Z 120.7879459844 -3.65874234516586 25.1245942606679 - 75.0327786308013Table 17 Kinemati point used in gg ! gZ.E px py pzd 74.7646520969852 0 0 74.7646520969852d 6067.88254935176 0 0 -6067.88254935176t 5867.13826404309 16.7946967430656 169.437140279981 -5862.12966020487t 275.508937405653 -16.7946967430656 -169.437140279981 -130.988237049907Table 18 Kinemati point used in dd! tt.A.8: gg ! ttThe result is for the renormalised amplitude in the HVsheme. parametersmt 171.2 �t 0Nf 5 � 71.2With the above parameters and the kinematis givenin Tab. 19 we obtain the following results.result gg! ttGoSam(HV) Ref. [27,106℄ (MCFM)a0 4.5576116986983433 4.55761169869834240=a0 15.352143751168184 15.352143750919995�1=a0 -27.235240992743407 -27.235240936279297�2=a0 -6.0 -6.0A.9: bg ! HbFor this proess the mass of the b-quark is set to zero.However, in order to have a oupling between the b-quark and the Higgs boson, the following Yukawa ou-pling is implemented in the model �le:Lyuk = YHb � L R � ; YHb = �mb(�)v :parametersmb 0 �mb(�) 2.937956mH 120 v 246.2185� 91:188

With the above parameters and the kinematis givenin Tab. 20 we obtain the following results.result bg ! HbGoSam(HV) Refs. [107,39℄a0 � 107 2.09926265849001642 2.099262658489971950=a0 -24.131948141318752 -24.131948141995107�1=a0 11.957924609547224 11.957924605423791�2=a0 -5.6666666666666643 -5.6666666666666670A.10: H ! The deay width �H! of this loop indued proessis known analytially at lowest order. For omparisonwe used the equations inluding the top loop and thebosoni ontribution given in [108,109℄. The deay widthan be expressed as�H! = GF�2m3H128p2�3 � �̂ (�W ; �t) (A.1)where �i = m2H=(4m2i ) for i =W; t.parametersmH 124.5 mt 172.5mW 80.398result H ! GoSam Refs. [108,109℄�̂ (�W ; �t) 3.366785118586698 3.36678512043889



27E px py pzg 137.84795086008967 0. 0. 137.84795086008967g 3161.1731634194916 0. 0. -3161.1731634194916t 3058.6441209877348 16.445287185144903 165.91204201912493 -3049.2945357402382t 240.37699329184659 -16.445287185144903 -165.91204201912493 25.969323180836145Table 19 Kinemati point used in gg ! ttE px py pzb 250 0 0 250g 250 0 0 -250H 264.4 -83.84841332241601 -86.85350630148753 -202.3197272300720b 235.6 83.84841332241601 86.85350630148753 202.3197272300720Table 20 Kinemati point used in bg ! Hb.A.11: ud! e� �eThis example has been alulated in the 'tHooft Velt-man sheme and in the dimensional redution sheme.Only the results in the 'tHooft Veltman sheme arelisted below, for the renormalised amplitude. In addi-tion to a alulation with the default model �le, alu-lations using LanHEP [55℄ and UFO [54℄ are also on-tained in the examples diretory.parametersps 200 � 91:1876With the above parameters and the kinematis givenin Tab. 21 we obtain the following results.result ud! e� �eGoSam(HV) Ref. [39℄a0 1.4138127601912656 1.41381276019126730=a0 5.4861229357937624 5.4861229357937660�1=a0 0.18879169932851950 0.18879169932852413�2=a0 -2.666666666666667 -2.6666666666666665A.12: ud! e� �e gWe list the renormalised amplitude in the HV sheme.parametersMW 80.398 �W 2.1054sin �w 0.4808222 MZ MW = os �wNf 5 Vud 0.97419�2 s12With the above parameters and the kinematis givenin Tab. 22 we obtain the following results.result ud! e� �e gGoSam(HV) Ref. [39℄a0 � 107 2.8398509625435832 2.83985096254359220=a0 -8.6052919370147745 -8.6052919368774248�1=a0 -18.722010655600936 -18.722010655557121�2=a0 -5.6666666666666 -5.66666666666667

A.13: g b! e� �e tWe list the renormalised result in the dimensional re-dution sheme. parametersMW 80.4190 �W 2.04760MZ 91.1876 �Z 2.49520mt 171.2 �t 0� 71.2 e 0.30794906326863203With the above parameters and the kinematis givenin Tab. 23 we obtain the following results.result g b! e� �e tGoSam Ref. [27,106℄ (MCFM)a0 � 102 8.52301540675800134 8.523015407081301060=a0 -79.879718568538991 -79.879718569273024�1=a0 26.570185488790770 26.570185487963364�2=a0 -4.3333333333333401 -4.3333333331689596A.14: ud!W+W+  sResults are given for the unrenormalised amplitude inthe dimensional redution sheme.parameters� 80 Nf 5With the above parameters and the kinematis givenin Tab. 24 we obtain the following results.result u d!W+W+  sGoSam Ref. [20, v3℄a00=a0 23.3596455167118 23.35965�1=a0 13.6255429251954 13.62554�2=a0 -5.333333333333 -5.33333
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