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Assoiated prodution of Higgs boson and heavy quarksat the LHC: preditions with the kT -fatorizationA.V. Lipatov, N.P. ZotovMay 19, 2009Skobeltsyn Institute of Nulear Physis,Lomonosov Mosow State University,119991 Mosow, RussiaAbstratIn the framework of the kT -fatorization approah, we study the prodution of Higgsbosons assoiated with a heavy (beauty or top) quark pair at the CERN LHC ollideronditions. Our onsideration is based mainly on the o�-shell gluon-gluon fusion suproessg�g� ! Q �QH. The orresponding matrix element squared have been alulated for the �rsttime. We investigate the total and di�erential ross setions of b�bH and t�tH produtiontaking into aount also the non-negligible ontribution from the q�q ! Q �QH mehanism.In the numerial alulations we use the unintegrated gluon distributions obtained from theCCFM evolution equation. Our results are ompared with the leading and next-to-leadingorder preditions of the ollinear fatorization of QCD.PACS number(s): 12.38.-t, 12.38.Bx1 IntrodutionIt is well known that the eletroweak symmetry breaking in the Standard Model (SM)of elementary partile interations is ahieved via the Higgs mehanism. This mehanismis responsible for the generation of masses of the gauge (W� and Z0) bosons as well asleptons and quarks via Yukawa ouplings. In the minimal model there are a single omplexHiggs doublet, where the Higgs boson H is the physial neutral Higgs salar whih is the onlyremaining part of this doublet after spontaneous symmetry breaking. In non-minimal models(suh as Minimal Supersymmetri Standard Model, MSSM) there are additional harged andneutral salar Higgs partiles. At moment, the Higgs boson is the only missing, undisoveredomponent of modern partile physis, so that the searh for the Higgs boson is of highest1
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priority for partile physis ommunity. It takes important part at the Tevatron experimentsand will be one of the main �elds of study at the LHC ollider [1℄. The lower bound onthe SM Higgs boson mass from diret searhes at the LEP2 energy is mH > 114:4 GeV [2℄,while the reent global SM �ts to eletroweak preision data imply mH < 211 GeV [3℄. TheMSSM requires the existene of a salar Higgs boson lighter than about 130 GeV, so thatthe possibility of Higgs disovery in the mass range near 115 { 130 GeV seems inreasinglylikely.The assoiated prodution of a Higgs boson with a heavy (beauty or top) quark pair anplay a very important role at high energy hadron olliders. At the LHC, the t�tH produtionis an important searh hannel for Higgs masses below 130 GeV [4{6℄. Although the expetedross setion is rather small, the signature is quite distintive. Moreover, analyzing the t�tHprodution rate an provide information on the top-Higgs Yukawa oupling [6{9℄, assumingstandard deay branhing ratios [6℄, before model independent preision measurements of thisoupling are performed at e+e� olliders [10{12℄. The Higgs boson prodution in assoiationwith two beauty quarks is the subjet of intense theoretial investigations also [13{15℄. Inthe SM, the oupling of the Higgs to a b�b pair is suppressed by the small fator mb=v, wherev = (p2GF )�1=2 = 246 GeV, implying that the b�bH prodution rate is very small at both theTevatron and the LHC energies. However, in the MSSM this oupling grows with the ratioof neutral Higgs boson vauum expetation values, tan �, and an be signi�antly enhanedover the SM oupling. Therefore it is one of the most important disovery hannels forsupersymmetri Higgs partiles at the LHC.From the theoretial point of view, the ross setion of Higgs and assoiated heavyquark pair prodution at the Tevatron and the LHC is desribed by the gg ! Q �QH andq�q ! Q �QH subproesses (at the tree level). The leading-order (LO) QCD preditions [14,15℄ are plagued by onsiderable unertainties due to the strong dependene on the renormal-ization and fatorization sales, introdued by the QCD oupling and the parton (quark andgluon) densities. First estimates of radiative orretions were performed [16℄ in the so-alled"e�etive Higgs approximation" (EHA). Reently the alulations of the O(�3s) inlusiveross setion for the b�bH and t�tH prodution have been arried out at next-to-leading order(NLO) [17{20℄ of QCD. These alulations are based on the omplete set of virtual andreal O(�s) orretions to the parton level proesses gg ! Q �QH and qq ! Q �QH, as wellas the tree level proess (q; �q)g ! Q �QH + (q; �q). The NLO ross setions are about 20%smaller and about 30% larger than the relevant LO ross setions at the Tevatron and LHConditions, respetively. It was demonstrated [19, 20℄ that these high-order QCD orretionsgreatly redue the renormalization and fatorization sale dependene of LO results and thusstabilize the theoretial preditions.In the present paper we will study the Higgs and assoiated heavy (beauty and top)quark pair prodution using the so-alled kT -fatorization QCD approah [21{24℄. Thisapproah is based on the familiar Balitsky-Fadin-Kuraev-Lipatov (BFKL) [25℄ or Ciafaloni-Catani-Fiorani-Marhesini (CCFM) [26℄ equations for the non-ollinear gluon evolution in aproton. Detailed desription of the kT -fatorization approah an be found, for example, inreviews [27{29℄. Here we would like to only mention that the main part of high-order radiativeQCD orretions is naturally inluded into the leading-order kT -fatorization formalism.The kT -fatorization approah has been already applied [30{35℄ to study the inlusiveHiggs prodution at the Tevatron and LHC onditions. First investigations [30{33℄ were2



based on the amplitude for salar Higgs boson prodution in the fusion of two o�-shellgluons g�g� ! H. The orresponding matrix elements have been derived �rst in [36℄ usingthe large mt limit where the e�etive Lagrangian [37℄ for the Higgs boson oupling to gluonsan be applied1. The investigations [30{33℄ provoated further studies [34, 35℄ where the o�-shell matrix elements of g�g� ! H subproess have been alulated inluding �nite massesof quarks in the triange loop. It was laimed [35℄ that the kT -fatorization approah give usthe possibility to estimate the size of unknown ollinear high-order orretions.The starting point of present onsideration is the o�-shell amplitude of gluon-gluon fusionsuproess g�g� ! Q �QH. We evaluate the orresponding matrix elements squared for the�rst time and apply them for investigation of the b�bH and t�tH prodution rates at the LHCenergy, ps = 14 TeV. The quark-antiquark annihilation mehanism, q�q ! Q �QH, is expetedto be signi�ant only at relatively large x, and therefore we an safely take it into aout inthe usual leading-order ollinear approximation of QCD. In the numerial alulations wewill use the unintegrated gluon density in a proton whih was obtained [38℄ from the CCFMequation. Of ourse, we expet that e�ets oming from the non-zero gluon virtualities forthe assoiated b�bH and t�tH prodution are not very well prononed even at LHC energies.However, our study is important sine it is planned to inlude the alulated o�-shell matrixelement g�g� ! Q �QH to the Monte-Carlo generator Casade [39℄. We will ompare theresults obtained in the kT -fatorization approah with the leading and next-to-leading orderpreditions of the ollinear fatorization of QCD.The outline of our paper is following. In Setion 2 we reall shortly the basi formulas ofthe kT -fatorization approah with a brief review of alulation steps. We will onentratemainly on the g�g� ! Q �QH subproess. The evaluation of q�q ! Q �QH ontribution is arather straightforward and therefore will not disussed here (for the reader's onveniene,we only ollet the relevant formulas in Appendix). In Setion 3 we present the numerialresults of our alulations and a disussion. Setion 4 ontains our onlusions.2 Theoretial framework2.1 KinematisWe start from the kinematis (see Fig. 1). Let p(1) and p(2) be the four-momenta of theinoming protons and p be the four-momentum of the produed Higgs boson. The initialo�-shell gluons have the four-momenta k1 and k2 and the �nal quark and antiquark have thefour-momenta p1 and p2 and masses mQ, respetively. In the proton-proton enter-of-massframe we an write p(1) = ps=2 (1; 0; 0; 1); p(2) = ps=2 (1; 0; 0;�1); (1)where ps is the total energy of the proess under onsideration and we neglet the massesof the inoming protons. The initial gluon four-momenta in the high energy limit an bewritten as k1 = x1p(1) + k1T ; k2 = x2p(2) + k2T ; (2)1The alulations [30, 32℄ were performed using the relevant on-mass shell matrix element.3



where k1T and k2T are their transverse four-momenta. It is important that k21T = �k21T 6= 0and k22T = �k22T 6= 0. From the onservation laws we an easily obtain the followingonditions: k1T + k2T = p1T + p2T + pT ;x1ps = m1T ey1 +m2T ey2 +mT ey; (3)x2ps = m1T e�y1 +m2T e�y2 +mT e�y;where y and mT are the rapidity and the transverse mass of the produed Higgs boson, p1Tand p2T are the transverse four-momenta of the �nal quark and antiquark, y1, y2, m1T andm2T are their enter-of-mass rapidities and transverse masses, i.e. m2iT = m2Q + p2iT .2.2 O�-shell amplitude of the g�g� ! Q �QH subproessThere are eight Feynman diagrams (see Fig. 2) whih desribe the partoni subproessg�g� ! Q �QH at ��2s order. Let �1 and �2 be the initial o�-shell gluon polarization vetorsand a and b the relevant eight-fold olor indies. Then the relevant matrix element an bepresented as follows:M1 = g2 �u(p1) ta��� p̂1 � k̂1 +m1m21 � (p1 � k1)2H k̂2 � p̂2 +m2m22 � (k2 � p2)2 tb��� u(p2); (4)M2 = g2 �u(p1) tb��� p̂1 � k̂2 +m1m21 � (p1 � k2)2H k̂1 � p̂2 +m2m22 � (k1 � p2)2 ta��� u(p2); (5)M3 = g2 �u(p1) ta��� p̂1 � k̂1 +m1m21 � (p1 � k1)2 tb��� �p̂2 � p̂+m1m21 � (�p2 � p)2H u(p2); (6)M4 = g2 �u(p1) tb��� p̂1 � k̂2 +m1m21 � (p1 � k2)2 ta��� �p̂2 � p̂+m1m21 � (�p2 � p)2H u(p2); (7)M5 = g2 �u(p1)H p̂1 + p̂+m2m22 � (p1 + p)2 tb��� k̂1 � p̂2 +m2m22 � (k1 � p2)2 ta��� u(p2); (8)M6 = g2 �u(p1)H p̂1 + p̂+m2m22 � (p1 + p)2 ta��� k̂2 � p̂2 +m2m22 � (k2 � p2)2 tb��� u(p2); (9)M7 = g2 �u(p1) �C���(k1; k2;�k1 � k2) ����(k1 + k2)2fabt�� �p̂2 � p̂+m1m21 � (�p2 � p)2 H u(p2); (10)M8 = g2 �u(p1)H �� p̂1 + p̂+m2m22 � (p1 + p)2���C���(k1; k2;�k1 � k2) ����(k1 + k2)2fabt u(p2): (11)In the above expressions C���(k; p; q) and H are related to the standard QCD three-gluonoupling and the H-fermion vertexes:C���(k; p; q) = g��(p� k)� + g��(q � p)� + g��(k � q)�; (12)4



H = � esin 2�W mQmZ ; (14)where �W is the Weinberg mixing angle and mZ is the Z-boson mass. The summation onthe initial o�-shell gluon polarizations is arried out using the BFKL presription [21{25℄:X ��(ki) � �(ki) = k�iTk�iTk2iT : (15)This formula onverges to the usual expression P ��� � = �g�� after azimuthal angle aver-aging in the kT ! 0 limit. The evaluation of the traes in (4) | (11) was done using thealgebrai manipulation system Form [40℄. We would like to mention here that the usualmethod of squaring of (4) | (11) results in enormously long output. This tehnial problemwas solved by applying the method of orthogonal amplitudes [41℄.The gauge invariane of the matrix element is a subjet of speial attention in the kT -fatorization approah. Stritly speaking, the diagrams shown in Fig. 2 are insuÆient andhave to be aompanied with the graphs involving diret gluon exhange between the protons(these protons are not shown in Fig. 2). These graphs are neessary to maintain the gaugeinvariane. However, they violate the fatorization sine they annot be represented as aonvolution of the gluon-gluon fusion matrix element with unintegrated gluon density. Thesolution pointed out in [23, 24℄ refers to the fat that, within the partiular gauge (15),the ontribution from these unfatorizable diagrams vanish, and one has to only take intoaount the graphs depited in Fig. 2. We have suessfully tested the gauge invariane ofthe matrix element (4) | (11) numerially.2.3 Cross setion for the Q �QH produtionAording to the kT -fatorization theorem, the Q �QH prodution ross setion via twoo�-shell gluon fusion an be written as a onvolution�(pp! Q �QH) = Z dx1x1 fg(x1;k21T ; �2)dk21T d�12� �� Z dx2x2 fg(x2;k22T ; �2)dk22T d�22� d�̂(g�g� ! Q �QH); (16)where �̂(g�g� ! Q �QH) is the partoni ross setion, fg(x;k2T ; �2) is the unintegrated gluondistribution in a proton and �1 and �2 are the azimuthal angles of the inoming gluons. Themultipartile phase spae �d3pi=2EiÆ(4)(P pin�P pout) is parametrized in terms of transversemomenta, rapidities and azimuthal angles:d3pi2Ei = �2 dp2iT dyi d�i2� : (17)Using the expressions (16) and (17) we obtain the master formula:�(pp! Q �QH) = Z 1256�3(x1x2s)2 j �M(g�g� ! Q �QH)j2��fg(x1;k21T ; �2)fg(x2;k22T ; �2)dk21Tdk22Tdp21Tp22Tdydy1dy2d�12� d�22� d 12� d 22� ; (18)5



where j �M(g�g� ! Q �QH)j2 is the o�-mass shell matrix element squared and averaged overinitial gluon polarizations and olors,  1 and  2 are the azimuthal angles of the �nal statequark and antiquark, respetively. We would like to point out again that j �M(g�g� !Q �QH)j2 strongly depends on the nonzero transverse momenta k21T and k22T . If we averagethe expression (18) over �1 and �2 and take the limit k21T ! 0 and k22T ! 0, then we reoverthe expression for the Q �QH prodution ross setion in the ollinear ��2s approximation.The multidimensional integration in (18) has been performed by means of the MonteCarlo tehnique, using the routine Vegas [42℄. The full C++ ode is available from theauthors upon request2.3 Numerial resultsWe now are in a position to present our results. Aording to (18), in the numerialalulations below we have used the CCFM-evolved unintegrated gluon density in a proton,namely set A0 [38℄. This set is widely disussed in the literature3 and has been implementedin the Monte-Carlo generator Casade [39℄. As it often done for Q �QH prodution [17{20℄,we hoose the renormalization and fatorization sales to be equal: �R = �F = �(mQ +mH=2). In order to investigate the sale dependene of our results we will vary the saleparameter � between 1=2 and 2 about the default value � = 1. As it was proposed in [38℄,for � = 1=2 and � = 2 we use the A0� and A0+ sets of unintegrated gluon densities,respetively. For ompleteness, we set tomb = 4:75 GeV,mt = 172 GeV,mZ = 91:1876 GeV,sin2 �W = 0:23122 and use the LO formula for the oupling onstant �s(�2) with nf = 4ative quark avours at �QCD = 200 MeV, suh that �s(M2Z) = 0:1232.We begin the disussion by presenting our numerial results for the assoiated b�bH andt�tH total ross setions as a funtion of Higgs boson mass for the LHC energy, ps = 14 TeV.We onsider 100 < mH < 200 GeV sine the prodution of a Higgs boson in assoiation witha pair of beauty or top quarks at the LHC will play an important role only for relativelylight Higgs bosons. The solid histograms in Fig. 3 orrespond to the results obtained in thekT -fatorization approah of QCD with the CCFM-evolved gluon density. The theoretialunertainties of these preditions are presented by upper and lower dashed histograms. Thedash-dotted histograms represent results whih were obtained in the standard (ollinear)approximation of QCD at LO4. The ontributions from the quark-antiquark annihilationmehanism, q�q ! Q �QH, are shown by the dotted histograms. One an see that using ofthe kT -fatorization approah leads to some enhanement of the predited b�bH ross setionat low mH region (namely mH < 150 GeV) in respet to the ollinear LO QCD results. Inthe ase of t�tH prodution, the alulated ross setions in both approahes are very loseto eah other. It is beause the large-x region, namely x � 0:1, is only overed here andtherefore there is pratially no e�ets onneted with the small-x physis. It is importantthat we �nd our leading-order preditions fully onsistent with the orresponding LO resultspresented in [17{20℄. The small visible di�erense an easily ome from the di�erent quark2lipatov�theory.sinp.msu.ru3See, for example, review [29℄ for more information.4Numerially, we have used the standard GRV (LO) parametrizations [43℄ of ollinear parton densities.6



and gluon densities5.In ontrast with the NLO QCD results, the kT -fatorization approah not redues thestrong sale dependene of orresponding LO QCD preditions, whih has been pointed outin [17{20℄. We onservatively estimate this theoretial unertainty to be at most of order40� 50% (see Fig. 3). Suh sale dependene is signi�ant, of ourse, and this fat indiatesthe neessarity of inlusion of the high-order orretions to the kT -fatorization formalism.So far the kT -fatorization is based on the leading-order BFKL or CCFM evolution equations.On the other hand, the kernel of BFKL equation has been alulated already at NLO [45℄, sothat in the small-x regime the kT -fatorization an be formulated at NLO auray also [46℄.At moment, this problem is not solved and muh more further e�orts should be onentratedin this �eld. We only mention here that the leading-order kT -fatorization naturally inludesthe high-energy part of the NLO ollinear orretions.Our preditions for the transverse momentum and rapidity distributions of the Higgsboson as well as assoiated beauty or top quark Q are shown in Figs. 4 | 7. The distributionson the azimuthal angle distane between the H and Q as well as the Q and �Q are shown inFigs. 8 and 9, respetively. These alulations were performed using mH = 120 GeV. Theomparison of the kT -fatorization approah to the ollinear one shows the some broadeningof the transverse momentum distributions due to extra transverse momentum of the ollidingo�-shell gluons. Also the kT -fatorization result shows a more homogeneous spread of theazimuthal angle ��H�b distane. At the same time, the ross setions alulated as afuntion of rapidities yH and yQ as well as the azimuthal angle distributions d�=d��Q� �Qshow a similar behaviour, exept for the overall normalization.To elaborate the di�erene between the kT -fatorization approah and the ollinear ap-proximation of QCD, we investigate more exlusive observables, like the ross setion di�er-ential in the total transverse momentum of the Q �QH system, pQ �QHT . In the usual ollinearfatorization of QCD the e�et of intrinsi transverse momenta of the initial gluons annot be desribed until higher order orretions are taken into aount. In the NLO QCD anon-zero pQ �QHT is generated by the emission of an additional gluon, while at LO it is alwaysbalaned to zero. In the kT -fatorization formalism, taking into aount the non-vanishinginitial gluon transverse momentum kT leads to the violation of bak-to-bak kinematiseven at leading order. This e�et is learly illustrated in Fig. 10, where we plot the b�bHand t�tH ross setions as a funtion of pQ �QHT . Note that only the o�-shell gluon-gluon meh-anism, g�g� ! Q �QH, has been taken into aount here. The relevant ontribution fromthe quark-antiquark annihilation, q�q ! Q �QH, is expeted to be almost negligible for b�bHprodution and probably an be sizeble for t�tH one6. Keeping in mind that the NLO for thisobservable is the �rst non-trivial order, it would be useful to ompare the NLO QCD andkT -fatorization preditions in order to investigate the exat e�et of high-order orretionsin ollinear fatorization.In addition, we evaluate the fully exlusive ross setion for b�bH prodution by requiringthat the transverse momentum of one or both �nal state beauty quarks be large than someputT value. This orresponds to an experiment measuring the Higgs deay produts alongwith one or two high pT beauty quark jets that are learly separated from the beam. In5The LO parton densities from CTEQ5L set [44℄ have been used in [17{20℄.6We do not onsider here the problem of proper transverse momentum generation of initial state quarks.7



Fig. 11 we illustrate the dependene of these exlusive ross setions on the putT parameter.Reduting the putT from 50 GeV to zero approximately inreases the relevant ross setionsby a fators of about 10 and 100, respetively. In the ollinear fatorization of QCD, if bothbeauty quarks are required to be produed with pT > 20 GeV, the NLO orretions reduethe LO preditions, and these orretions are positive if beauty quarks produed at smallpT [17℄. However, one an see that preditions of the kT -fatorization approah overestimatethe ollinear LO results in a wide putT range.Finally, we would like to mention that our kT -fatorization alulations an be straight-forwardly generalized to the ase of salar Higgs bosons of the MSSM by replaing the SMbeauty and top quark Yukawa ouplings with the orresponding MSSM ones. It is beausethe o�-mass shell matrix element alulated above (see Setion 2.2) is proportional to thebeauty and top quark Yukawa ouplings. In the MSSM, these ouplings to the salar Higgsbosons, ĝQQH, are given by a simple resaling of SM ouplings gQQH [47℄, i.e.ĝbbh0 = � sin�os � gbbh; ĝtth0 = os�sin� gtthĝbbH0 = os�os � gbbh; ĝttH0 = sin�sin � gtth; (19)where h0 and H0 are the lighter and heavier neutral salars of MSSM, and � is the anglewhih diagonalizes the neutral salar Higgs mass matrix. However, at the NLO level thisresaling is spoiled by one-loop diagrams in whih the Higgs boson ouples to a losed quarkloop. We do not onsider supersymmetri-QCD orretions in this paper.4 ConlusionsWe have studied the assoiated prodution of Higgs boson and beauty or top quark pairin hadroni ollisions at the LHC onditions in the kT -fatorization approah of QCD. Ouronsideration is based on the amplitude of o�-shell gluon-gluon fusion subproess g�g� !Q �QH. The orresponding o�-shell matrix elements have been alulated for the �rst time.Sizeble ontributions from the q�q ! Q �QH mehanism have been taken into aount in theLO approximation of ollinear QCD.We have investigated the total and di�erential ross setions of b�bH and t�tH prodution.In the numerial alulations we have used the unintegrated gluon distributions obtainedfrom the CCFM evolution equation. The omparisons with the leading and next-to-leadingorder QCD preditions have been made. We demonstrate that the kT -fatorization ap-proah not redues the strong sale dependene of ollinear LO QCD preditions, pointedout in [17{20℄. This fat indiates the importane of the high-order orretion within thekT -fatorization approah. These orretions should be developed and taken into aount inthe future appliations. Finally, we show how our results an be generalized to the salarHiggs setor of the MSSM. Our alulations is also important for Higgs boson searhes whereone or two high-pT beauty quarks are tagged in �nal state.
8



5 AknowledgementsWe thank S.P. Baranov for the ross-hek of matrix elements and very helpful disus-sions, H. Jung for his enouraging interest and for providing the CCFM ode for unintegratedgluon distributions. The authors are very grateful to DESY Diretorate for the support inthe framework of Mosow | DESY projet on Monte-Carlo implementation for HERA |LHC. A.V.L. was supported in part by the grants of the president of Russian Federation(MK-438.2008.2) and Helmholtz | Russia Joint Researh Group. Also this researh wassupported by the FASI of Russian Federation (grant NS-8122.2006.2) and the RFBR funda-tion (grant 08-02-00896-a).6 Appendix AHere we present the ompat analyti expressions for the q�q ! Q �QH subproess. Let usde�ne the four-momenta of the inoming and outgoing quark as k1, k2, p1 and p2, respetively.The outgoing quarks have massmQ, i.e. p21 = p22 = m2Q. In the formulas below we will negletthe masses of the inoming quarks.The ontribution of the q�q ! Q �QH subroess to the totalQ �QH ross setion an be easilyalulated using the master formula (18). One should only replae the unintegrated gluondensities fg(x;k2T ; �2) by the quark ones, perform the summation over initial quark avoursand take the ollinear limit. The squared leading-order matrix elements j �M(q�q ! Q �QH)j2summed over �nal polarization states and averaged over initial ones an be written as follows:j �M(q�q ! Q �QH)j2 = (4�)372 sin2 2�W �mQmZ �2 ��2s "F11T 21 + F22T 22 + F12 + F21T1T2 # ; (A:1)where F11 = 128 (p1p2)(p2k1)(p2k2)� 64 (p1p2)(p2k1)(k1k2)� 64 (p1p2)(p2k2)(k1k2)�64 (p1p2)(k1k2)m2Q � 64 (p1k1)(p2k1)(p2k2) + 64 (p1k1)(p2k1)(k1k2)+64 (p1k1)(p2k2)2 + 64 (p1k1)(k1k2)m2Q � 64 (p1k2)(p2k1)(p2k2)+64 (p1k2)(p2k1)2 + 64 (p1k2)(p2k2)(k1k2) + 64 (p1k2)(k1k2)m2Q�128 (p2k1)(p2k2)m2Q + 64 (k1k2)m4Q + 64 (k1k2)2m2Q; (A:2)F22 = 128 (p1p2)(p1k1)(p1k2)� 64 (p1p2)(p1k1)(k1k2)� 64 (p1p2)(p1k2)(k1k2)�64 (p1p2)(k1k2)m2Q � 64 (p1k1)(p1k2)(p2k1)� 64 (p1k1)(p1k2)(p2k2)�128 (p1k1)(p1k2)m2Q + 64 (p1k1)(p2k1)(k1k2) + 64 (p1k1)2(p2k2)+64 (p1k2)(p2k2)(k1k2) + 64 (p1k2)2(p2k1) + 64 (p2k1)(k1k2)m2Q+64 (p2k2)(k1k2)m2Q + 64 (k1k2)m4Q + 64 (k1k2)2m2Q; (A:3)F12 = F21 = �64 (p1p2)(p1k1)(p2k2)� 32 (p1p2)(p1k1)(k1k2)� 64 (p1p2)(p1k2)(p2k1)�32 (p1p2)(p1k2)(k1k2)� 32 (p1p2)(p2k1)(k1k2)� 32 (p1p2)(p2k2)(k1k2)�9
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Figure 1: Kinematis of the g�g� ! Q �QH proess.
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Figure 2: Feynman diagrams whih desribe the partoni subproess g�+ g� ! Q �QH at theleading order in �s and �.
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