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AbstratModels with large extra dimensions as well as unpartile models ould give rise to newphenomena at ollider experiments due to real emission or virtual exhange of gravitonsor unpartiles. In this paper we present the ommon implementation of these proesses inthe Monte Carlo generator Pythia8, using relations between the parameters of the twomodels. The program o�ers several options related to the treatment of the UV region of thee�etive theories, inluding the possibility of using a form fator for the running gravitationaloupling. Charateristi results obtained with Pythia8 have been used to validate theimplementations as well as to illustrate the key features and e�ets of the model parameters.The results presented in this paper are foused on mono-jet, di-photon and di-lepton �nalstates at the LHC.
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1 IntrodutionModels with large extra dimensions (LED) are popular extensions of the Standard Model (SM)and studies of LED phenomena are usually based on the so-alled ADD senario [1℄, wheregravity alone has aess to the extra dimensions. The large size of the extra dimensions gives riseto dense Kaluza-Klein (KK) mass modes whih appear as a ontinuous graviton mass spetrum.Due to the large number of ontributing mass states graviton proesses ould obtain suÆientlylarge ross setions to be observed at ollider experiments, where the new proesses involve realemission or virtual exhange of gravitons. These proesses have been studied in great detail [2℄,however, no signs of new physis have been indiated at existing experiments.More reently so-alled unpartile models [3℄ have also gained a large interest. These mod-els relate to physis originating from a sale invariant new setor whih is oupled to the SMthrough a onnetor setor with a high mass sale. Unpartile models an often, at least from aphenomenologial point of view, be assoiated with extra dimension models and the partiularase addressed here would result in phenomena very similar to the senario of LED gravity.Having aess to proesses with the same �nal state from more than one model an be helpful togeneralise the experimental analysis as well as for studying di�erenes in the measured observ-ables. The latter, in turn, ould also be of value after a disovery to haraterise the observedsignal.This paper desribes the proesses involving real emission or virtual exhange of unpartiles(U) or LED gravitons (G) as implemented in Pythia8 [4℄. The orresponding proesses are:� Mono-jets (U=G+ jet): gg ! U=G+ g, qg ! U=G+ q, q�q ! U=G+ g;� Mono-Z= (U=G+ Z=): f �f ! U=G+ Z, f �f ! U=G + ;� Di-photons (): f �f ! U�=G� ! , gg ! U�=G� ! ;� Di-leptons (`�̀): f �f ! U�=G� ! `�̀, gg ! U�=G� ! `�̀.Beause of the large similarities both models an be overed by a ommon implementation [5℄,where only a simple translation of a few model related onstants is required to hange betweenthe models. In addition to tehnial advantages, this ommon desription makes omparisonsbetween the proesses both onsistent and transparent. The e�etive theory desription of theseproesses behaves poorly in the UV limit and several related options are available in the program.These inlude a form fator [6℄ for the graviton proesses whih represents a realisti alternativeof the behaviour at high energies due to the running of the gravitational oupling.The Pythia8 implementations have been validated against the original theory papers and wepresent here some of these results. Besides providing referene results for the Pythia8 program,the results illustrate di�erent harateristi e�ets of the model parameters and various keyfeatures1. All results are produed with respet to the nominal LHC onditions (pp-ollisions ata entre-of-mass energy of ps = 14 TeV), unless expliitly stated otherwise.This paper is organised as follows. The �rst setion starts with a desription of the modelparameters and di�erent onventions. It is followed by a desription of the implementationof the proesses and the relations between the two models. This setion also desribes theavailable options for treating the UV region of the e�etive theories. Se. 3 to 5 present the1In order to prevent lutter, the �gures presented in this paper do not inlude statistial errors, whih shouldnot be signi�ant for the onlusions. 1



di�erent program options in Pythia8 together with results related to the individual proesses:U=G+ jet, , and `�̀ prodution. In addition, Se. 5 draws speial attention to possibile e�etson the forward-bakward asymmetry in lepton pair prodution from spin-1 unpartile exhange.The U=G+Z= proesses are not addressed here sine they were already presented in a previouspaper [5℄. A omplete list of the proess and model parameter names used in the Pythia8program an be found in the appendix. The appendix also ontains omplementary informationused for the salar unpartile proess, f �f ! ZU , whih is not available in the literature.This paper presents results obtained with Pythia version 8.125 and all parameters notexpliitly mentioned in the text have been kept at the default values of this version. During thework a few minor orretions have been made2, whih all are inluded in the following version8.130. In order to produe results omparable to what is available in the literature, only thehard part of the proess has been onsidered3 and the MRST2001 parton distribution funtions(PDF) of the proton have been used unless stated otherwise.2 Implementation in Pythia8The ommon implementation of the LED graviton and unpartile proesses in Pythia8 is gen-erally based on the ross setion expressions derived for the unpartile ase. These expressionsan be onverted into the orresponding LED graviton formulae by simple translations of a fewmodel related onstants. For this reason we �rst disuss the unpartile proess and afterwardswe introdue the translation into its LED equivalent. The values of the model parameters aresometimes onstrained by arguments valid in di�erent senarios of the model, however, in orderto allow for more phenomenologially motivated studies the implementations in Pythia8 gen-erally allow for any parameter value that is tehnially possible. Partiular model onstraintstherefore have to be respeted expliitly by the users. As mentioned above, the ommon imple-mentation of the U=G + Z= proesses was originally presented in [5℄, together with a study ofU=G+Z prodution at the LHC, but for ompleteness relevant parts related to these proesseswill be repeated here.2.1 Parameter ConventionsThe parameter onvention used here for the unpartile ase follows [7℄. It is assumed that anypotential gaps in the unpartile mass spetrum are suÆiently small not to a�et the high energybehaviour at partile olliders and that the life time is long enough to prevent deays at distanesrelevant for ollider experiments. The main parameters are a sale dimension parameter (dU ),an unpartile renormalisation sale (�U ) and a oupling onstant (�) of the unpartiles to theSM �elds, whih is related to the mass sale of the onnetor setor.In priniple there are restritions on the allowed ranges of the parameters. Full onformalinvariane restrits the saling dimension of the unpartile to dU > 1 (salar), dU > 3 (vetor)and dU > 4 (tensor), whih follow from Mak's unitary onstraint, as disussed for examplein [8℄. By assuming sale invariane, but not full onformal invariane, these restritions arerelaxed. In this paper we take a phenomenologial approah and allow for the full dU range and2The orretions are related to the `�̀ proess and, in addition, the spin-0 ase of the U+Z= proess has beenadded.3Where the program parameters PartonLevel:MI, PartonLevel:ISR and PartonLevel:FSR have been turnedo�. 2



the lowest bound dU > 1 is used as the overall lower limit in Pythia8. For some proesses it is,however, neessary to onstrain this parameter to the range 1 < dU < 2 for numerial reasons.For dU > 2, espeially in the ase of virtual unpartile exhange, ontributions that depend onthe UV ompletion of the theory are relevant whih suggests that the e�etive theory used willnot be valid. The ranges allowed in Pythia8 are in aordane with [7, 9℄, where for exampleEq. (4) in the latter paper shows that the propagator diverges4 when dU ! 2,Z d4xeiPxh0jTO�U (x)O�U (0)j0i / AdU2 sin (dU�) = �U (1)AdU = 16�2p�(2�)2dU �(dU + 12)�(dU � 1)�(2dU ) (2)where AdU is a normalisation onstant related to the rather peuliar unpartile phase spae.Hene, this divergene implies that the virtual U exhange proesses in Pythia8 require dU < 2.The formulae obtained for the U emission proesses on the other hand give �nite results alsofor the range dU > 2. However, in this ase the results have to be interpreted more arefully asdisussed in Se. 2.3.The parameter onvention used here for LED gravity follows [11℄. The gaps between theindividual KK modes of the graviton are determined by the size of the extra dimensions togetherwith a possible urvature of spae-time, like in the so-alled Randall-Sundrum senarios [12℄.It has been shown that a small urvature an remove osmologial onstraints from low energyproesses [13℄. However, for the proesses addressed here it is assumed that any mass gaps in thegraviton mass spetrum are suÆiently small for the high energy phenomena to be una�eted.The main model parameters orrespond to the fundamental sale of D (= n+4) dimensionalgravity (MD), the number of extra dimensions (n) and in the ase of virtual graviton exhange ane�etive ut-o� sale (�T ). The extra dimensions are normally assumed to form a n-dimensionaltorus with a ommon radius (RD). This radius is determined by n, MD together with the 4-dimensional Plank mass and is for this reason not inluded as a parameter for the proesses inPythia8. A number of di�erent onventions are used in the literature and the most popularare related as follows:� GRW [11℄: MD, RD, n, �T (used in Pythia8);� MPP [14℄: Mn+2 = 2Mn+2D ;� HLZ [15℄: Mn+2S = 8�1�n2 �(n2 )Mn+2D , RS = 2�RD;� HR [6℄: �4H = 2��4T .2.2 Implementation of the ProessesThe proesses in Pythia8 are available for unpartiles with spin 0, 1 and 2. However, not allspin values are available for all proesses. The U=G+Z= proesses are implemented as 2{to{2parton level proesses based on the Z matrix elements (ME) alulated in [7℄ for spin-1 andspin-2 unpartile emission. In addition the spin-0 ase is available, whih is based on the MEgiven in the appendix. In the ase of Z prodution, no Z=� interferene is inluded and theZ deays isotropially. The photon proess orresponds to the photon limit of the Z proess.4The relation between dU and the UV sensitivity has for example been studied in [10℄.3



All U=G emission proesses implemented in Pythia8 share the graviton partile ode 5000039,sine the U or G has a ontinuous mass spetrum. This is in ontrast to proesses related toan individual mass state, where for example the �rst KK mode of the graviton would have thepartile ode 5100039. The main di�erene with respet to existing proesses in Pythia8 wasthe ontinuous mass spetrum of the unpartile. This has been solved by generating unpartilemasses, using already existing Pythia8 funtionality, aording to a Breit-Wigner distribu-tion. The events are then re-weighted in order to obtain a orret mass distribution, as givenby the di�erential ross setion. For this reason the Breit-Wigner shape should be mathedto the relevant range of the mass spetrum in order to ahieve the highest possible MonteCarlo (MC) eÆieny and generation speed. The Breit-Wigner shape is de�ned by the programparameters, 5000039:m0, 5000039:mWidth, 5000039:mMin, 5000039:mMax, aording to thestandard partile data sheme in Pythia8.The U=G+jet proesses have been implemented in the same way as the U=G+Z= proesses.They are available for spin-0 and spin-1 unpartiles, however, graviton emission is the onlyavailable spin-2 senario. The proesses are based on MEs from [11℄ for G emission and [7, 16℄for the U proesses. The spin-0 unpartile interations used for the proesses presented here aregiven by the e�etive operators [7℄,L � ��dU�1U Xf �ffOU + ��dUU XG G��G��OU (3)where f refers to fermions and G�� to gauge bosons. Both terms in Eq. (3) lead to amplitudesat leading order for, q�q ! U=G + g and qg ! U=G + q, whereas gg ! U=G + g only involvesthe gluon vertex, i.e. the seond term. Sine the gluon vertex is suppressed by one additionalpower of �U ompared to the fermion verties, i.e. two powers with respet to the ross setion,the MEs of the two quark initiated proesses are approximated by inluding only diagramswith unpartile emission from a fermion line. The oupling onstants of the two terms are notneessarily the same and it ould be of interest to study them separately. Again due to thesuppression by di�erent powers of �U in the two terms, this an be approximated by usingq�q ! U=G + g and qg ! U=G + q to represent the ontributions from the quark verties andgg ! U=G+ g to represent the gluon vertex ontribution.In order to obtain the orresponding graviton emission proesses, the unpartile parametershave been interpreted as follows, r = �02=�2 = 1 (4)dU = n2 + 1 (5)�U =MD (6)AdU ! S0(n) = 2� �n=2�(n2 ) (7)where �2 and �02 refer to the possibility of having di�erent ouplings related to the two e�etivespin-2 unpartile operators [7℄. This translation is automatially done inside Pythia8 when thegraviton proesses are used.The virtual U=G exhange proesses are implemented in Pythia8 as 2{to{2 parton levelproesses. Certain proesses ontain oherent SM amplitudes and onverge to the SM results ifthe unpartile ontribution is lose to zero, e.g. by setting � = 0 or �U ! 1. The SM results4



shown for omparison in the �gures below have been obtained by the orresponding U=G proessusing suh extreme parameter values.The  proesses are available for spin-0 and spin-2 unpartiles based on the matrix elementsin [7, 9℄. In the spin-2 ase, the fermion initiated proess inludes the orresponding SM t-hannelproess (equivalent to PromptPhoton:ffbar2gammagamma) together with the related interferene.The spin-2 gluon proess does not involve the possible SM box diagram whih for this reasonmust be inluded separately, e.g. using the Pythia8 proess5 PromptPhoton:gg2gammagamma.The `�̀ proesses only onern harged lepton pair prodution. The fermion initiated proessis available for both spin-1 and spin-2 unpartiles and inludes the SM Z=� amplitudes andinterferene. The gluon proess is only available for spin-2 and does not ontain any SM on-tributions. All proesses are implemented following the MEs in [7℄. Sine the fermion initiatedproess ould be used for studies at lepton olliders, it should be noted that urrently no SMt-hannel diagram is inluded in Pythia8. For example, this would be relevant for studies ofBhabha sattering. The SM ontribution should therefore be similar to the Pythia8 proess,WeakSingleBoson:ffbar2gmZ, when only the harged lepton �nal states are onsidered. A spin-1 unpartile an have hiral ouplings to fermions whih ould lead to interesting interferenee�ets [17℄. For this reason the hiral properties of the oupling an be spei�ed expliitlyby two oupling parameters (gXX , gXY ). These an be assigned the values 1, 0 or -1 whihare multiplied with the di�erent heliity amplitudes, XX = LL=RR and XY = LR=RL.This implies that a vetor oupling orresponds to, gXX = gXY = 1, and an axial oupling to,gXX = 1; gXY = �1.The orresponding graviton proesses, where the unpartile is replaed by a virtual graviton,are again obtained using the ommon implementation. This has been ahieved by the sameapproah as for the U=G emission proesses where two onstants had to be adjusted. The rosssetions given by the spin-2 unpartile MEs disussed above beome idential to the gravitonross setion expressions in [11℄ when the unpartile parameters are translated as follows,dU = 2 (8)�U = 1 (9)� = p4� (10)�U = �T (11)The virtual graviton exhange proesses are UV sensitive, similar to the unpartile senario.The graviton amplitudes are dominated by ontributions that depend on the UV ompletion ofthe theory when the number of large extra dimensions6, n > 2. Sine this senario is generallyof great interest, the UV sensitive part is ommonly replaed by an arbitrary ut-o� sale, whihparametrises our ignorane and removes the n dependene.2.3 Treatment of the E�etive Theory at High EnergiesSine the urrent limits on the e�etive mass sales related to the di�erent proesses (�U , MDand �T ) are well below the possible enter{of{mass energies of the hard proess, ŝ, at the LHC,a number of di�erent options are available for the ase where the hard sale of the proess5Note that this proess is based on a massless approximation whih an be relevant.6Whih have a similar role to dU in the unpartile model.5



approahes or exeeds the sale of validity of the e�etive theory. These are spei�ed by theprogram parameter CutOffmode, whih an take the following values:� CutOffmode = 0: Inlude all ŝ values;� CutOffmode = 1: Suppress the ross setion for ŝ > �2U (M2D);� CutOffmode = 2: Gravity form fator, using SigmaProess:renormSale2;� CutOffmode = 3: Gravity form fator, using � = E�jet=Z= .The default option (CutOffMode = 0) implies no restritions, but inludes the ross setionontribution for any ŝ value. The �rst alternative option (CutOffMode = 1) simply suppressesthe ross setion [18℄ by a fator �4U=ŝ2 at ŝ values that exeed the mass sale of the e�etivetheory, �2U orM2D. This trunation of the ross setion also implies that the U=G mass spetrumis suppressed at larger values. The U=G mass spetrum beomes inreasingly peaked towardslarger values with inreasing n or dU . For this reason, the suppression e�et generally beomesmore signi�ant for inreased values of these parameters. In a similar way the e�et of thistrunation beomes larger with an inreased transverse energy requirement in the analysis. Thisoption is only implemented for the U=G emission proesses and further details an be foundin [5℄. Starting the trunation diretly above the e�etive mass sale an often be onsideredas onservative, where for example [11℄ estimates the e�etive theory for the LED gravitonproesses to be perturbative up to about 7MD. This rather rude method of trunating theross setion was primarily intended to be used for verifying that the trunated part, whihorresponds to the region where the e�etive theory might not be valid, has a negligible e�eton the total ross setion. However, in the ase where it is not negligible the trunated valueould also be used as a onservative estimate.The possibility of using a form fator [6℄ for the gravitational oupling has also been imple-mented, F (�; t;M; n) = 241 +  �2t2M2!1+n=235�1 (12)Here � is a renormalisation sale and t is a O(1) free parameter whih relates to the unknowndetails of the running of the gravitational oupling. The parameter M is assoiated with theut-o� sale of the e�etive theory (MD or �T depending on the proess). The form fator leadsto a weaker gravitational oupling at higher energies and this provides a realisti alternative ofthe behaviour when ŝ approahes M2. For both real emission and virtual exhange of gravitonsthe renormalisation sale � an be spei�ed (CutOffMode = 2) to follow the hoie made by theprogram parameter, SigmaProess:renormSale2. For graviton emission it is possible to setthe renormalisation sale equal to the jet=Z= entre{of{mass energy (CutOffMode = 3) whihwas used in [6℄. It is argued in [6℄ that the form fator an generally prevent virtual gravitonexhange amplitudes from violating unitarity by requiring t < 2, whih is suggested as an upperbound on this parameter.3 Real Emission, Mono-JetsBoth the LED graviton and unpartile models an lead to �nal states with a single jet plusmissing transverse energy, with balaning transverse momenta. The related G emission proesses6
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Figure 4: Di�erential ross setions as a funtion of the transverse jet energy for LED graviton emissionand emission of spin-1 unpartiles at the LHC (ps = 14 TeV).This setion presents di�erent harateristi results for di-photon prodution due to bothvirtual U and G exhange. The validation of these proesses is based on the results presentedin [6, 7, 9, 11, 13℄ and similar seletion uts as well as model parameter values have been hosenfor easy omparison.4.1 Virtual Graviton ExhangeFig. 5 shows the invariant mass distribution of the two photons produed by LED gravitonexhange, with and without using the form fator in Eq. (12). In aordane with [6℄ the masssale value, �H = 2:5 TeV, has been used8. The results using the form fator are shown for anumber of di�erent values of n. For virtual graviton exhange the renormalisation sale has beenset to �2 = ŝ (CutOffMode = 2, renormSale2 = 4). The harateristi e�ets from the formfator are visible, in partiular the softening of the invariant mass distribution. As expetedfrom Eq. (12), the distributions derease faster at largeM values for large n and they intersetat M = �T , whih for example in Fig. 5 orresponds to 2.8 TeV. The study also showed theexpeted behaviour that the graviton ontribution beomes signi�ant at largerM values withinreased values of �T .4.2 Virtual Unpartile ExhangeThe results related to  prodution at the LHC from virtual unpartile exhange have beenompared with [9℄. Cuts have been applied in all ases on the photon rapidity, j y j< 2:5,and transverse momentum pT > 40 GeV. For the invariant mass distributions the ut on thepolar angle, j os� j< 0:8, has been used and for the angular and rapidity distributions onlythe invariant mass region, 600 < M < 900 GeV, has been onsidered. Fig. 6 and 7 show8The value using the �H onvention was simply translated to, �T = 2:8 TeV, as desribed in setion 2.1.10
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Figure 12: Relative pT di�erene between the graviton and jet due to initial state radiation. The resultsare shown for G+ jet prodution with n = 6 and MD = 4 TeV.Appendix - U=G Spei� Parameters in Pythia8In the Pythia8 program the U=G proesses are turned on/o� by the following parameters,ExtraDimensionsUnpart:ffbar2Ugamma { Real U emission, f �f ! U + .ExtraDimensionsUnpart:ffbar2UZ { Real U emission, f �f ! U + Z.ExtraDimensionsUnpart:qqbar2Ug { Real U emission, q�q! U + g.ExtraDimensionsUnpart:qg2Uq { Real U emission, qg ! U + q.ExtraDimensionsUnpart:gg2Ug { Real U emission, gg ! U + g.ExtraDimensionsLED:ffbar2Ggamma { Real G emission, f �f ! G+ .ExtraDimensionsLED:ffbar2GZ { Real G emission, f �f ! G+ Z.ExtraDimensionsLED:qqbar2Gg { Real G emission, q�q ! G+ g.ExtraDimensionsLED:qg2Gq { Real G emission, qg ! G+ q.ExtraDimensionsLED:gg2Gg { Real G emission, gg ! G+ g.ExtraDimensionsUnpart:ffbar2gammagamma { Virtual U exhange, f �f ! (U�)! .ExtraDimensionsUnpart:gg2gammagamma { Virtual U exhange, gg ! (U�)! .ExtraDimensionsUnpart:ffbar2ll { Virtual U exhange, f �f ! (U�)! `�̀.ExtraDimensionsUnpart:gg2ll { Virtual U exhange, gg ! (U�)! `�̀.ExtraDimensionsLED:ffbar2gammagamma { Virtual G exhange, f �f ! (G�)! .ExtraDimensionsLED:gg2gammagamma { Virtual G exhange, gg ! (G�)! .ExtraDimensionsLED:ffbar2ll { Virtual G exhange, f �f ! (G�)! `�̀.ExtraDimensionsLED:gg2ll { Virtual G exhange, gg ! (G�)! `�̀.The model parameters related to the LED graviton proesses are spei�ed by,17



ExtraDimensionsLED:n { Number of large extra dimensions, n.ExtraDimensionsLED:MD { Fundamental sale of D dimensional gravity, MD.ExtraDimensionsLED:LambdaT { Cut-o� sale for virtual G exhange, �T .ExtraDimensionsLED:CutOffmode { This parameter spei�es the treatment of the highenergy ontributions. Possible values are 0 to 3.ExtraDimensionsLED:t { Form fator parameter, t.The model parameters related to the unpartile proesses are spei�ed by,ExtraDimensionsUnpart:spinU { The unpartile spin. Possible values are, 0, 1 or 2.ExtraDimensionsUnpart:dU { Sale dimension parameter, dU .ExtraDimensionsUnpart:LambdaU { Renormalization sale, �U .ExtraDimensionsUnpart:lambda { Coupling to the SM �elds, �.ExtraDimensionsUnpart:gXX { Options for the LL/RR heliity ontributions, gXX .This parameter is only relevant for the spin-1 `�̀proess, where the available options 0, 1 and 2orrespond to the heliity amplitudes beingmultiplied by a fator 1, 0 or -1.ExtraDimensionsUnpart:gXY { Options for the LR/RL heliity ontributions, gXY .This parameter is only relevant for the spin-1 `�̀proess, where the available options 0, 1 and 2orrespond to the heliity amplitudes beingmultiplied by a fator 1, 0 or -1.ExtraDimensionsUnpart:CutOffmode { This parameter spei�es the treatment of the highenergy ontributions. Possible values are 0 or 1.More details on the meaning of the model parameters are given in the text.Appendix - Salar Unpartile Prodution, f �f ! ZU .The relevant salar unpartile interation terms for this proess are given by,L � OU�dU�1U �f(�01 + �00i5)f (14)Due to CP onservation, the two ouplings �0 or �00 are only onsidered separately. Sine thematrix element expression of the two ases beomes idential in the absene of any interferenewith the SM, only one ommon � value is used for the implementation in aordane with Eq.(3). These ouplings are usually suppressed by a quark mass fator, beause of the hiralityipping, and are therefore expeted to be small in the salar unpartile ase. However, in thephenomenologial spirit of this paper the hoie of restriting model parameter values is left tothe user.As desribed in [5℄, the ross setion for the, f �f ! ZU , proess is given by,d2�dP 2Udt = j �M j216�ŝ2 AdU2��2U  dP 2U�2U !dU�2 (15)18



where j �M j is the olour and spin averaged matrix element and P 2U is the invariant mass of theunpartile, 0 � P 2U � (ps�mZ)2. The matrix element is given by [21℄,j �M j2 = 14N  e2sin2 �W os2 �W ! (g2L;q + g2R;q)�2jAj2 (16)jAj2 = 4 "�st �  1� m2Zt ! 1� P 2Ut !� su (17)� 1� m2Zu ! 1� P 2Uu !+ 2 1� P 2Ut ! 1� P 2Uu !# (18)with gL;d = �12 + 13 sin2 �W , gR;d = +13 sin2 �W , gL;u = 12 � 23 sin2 �W and gR;u = �23 sin2 �W .Regarding the amplitude formula, jAj2, the �rst two terms inside the square brakets resultfrom the t-hannel, the following two terms from the u-hannel and the last term from theinterferene.In the same way as for the other spin versions of this proess, the proess where a photon isemitted together with an unpartile has been obtained by the following photon limit of the Zmatrix element, mZ ! 0 (19)g2L + g2R2 ! Q2 (20)1sin �W os �W ! 1 (21)where Q is the eletri harge of the inoming fermions.
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