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1 IntrodutionSine the disovery of the J= meson in 1974, heavy quarkonium has provided a usefullaboratory for quantitative tests of quantum hromodynamis (QCD) and, in partiular,of the interplay of perturbative and nonperturbative phenomena. The fatorization for-malism of nonrelativisti QCD (NRQCD) [1℄ provides a rigorous theoretial frameworkfor the desription of heavy-quarkonium prodution and deay. This formalism impliesa separation of short-distane oeÆients, whih an be alulated perturbatively as ex-pansions in the strong-oupling onstant �s, from long-distane matrix elements (MEs),whih must be extrated from experiment. The relative importane of the latter an beestimated by means of veloity saling rules; i.e., the MEs are predited to sale with ade�nite power of the heavy-quark (Q) veloity v in the limit v � 1. In this way, thetheoretial preditions are organized as double expansions in �s and v. A ruial featureof this formalism is that it takes into aount the omplete struture of the QQ Fokspae, whih is spanned by the states n = 2S+1L(a)J with de�nite spin S, orbital angularmomentum L, total angular momentum J , and olor multipliity a = 1; 8. In partiular,this formalism predits the existene of olor-otet (CO) proesses in nature. This meansthat QQ pairs are produed at short distanes in CO states and subsequently evolve intophysial, olor-singlet (CS) quarkonia by the nonperturbative emission of soft gluons. Inthe limit v ! 0, the traditional CS model (CSM) [2℄ is reovered. The greatest triumphof this formalism was that it was able to orretly desribe [3{5℄ the ross setion of inlu-sive harmonium hadroprodution measured in pp ollisions at the Fermilab Tevatron [6℄,whih had turned out to be more than one order of magnitude in exess of the theoretialpredition based on the CSM.Apart from this phenomenologial drawbak, the CSM also su�ers from severe onep-tual problems indiating that it is inomplete. These inlude the presene of logarithmiinfrared divergenes in the O(�s) orretions to P -wave deays to light hadrons and inthe relativisti orretions to S-wave annihilation [7℄, and the lak of a general argumentfor its validity in higher orders of perturbation theory. While the kT -fatorization [8℄ andhard-omover-sattering [9℄ approahes manage to bring the CSM predition muh loserto the Tevatron data, they do not ure the oneptual defets of the CSM. The olor evap-oration model [10℄, whih is intuitive and useful for qualitative studies, also signi�antlyimproves the desription of the Tevatron data as ompared to the CSM [11℄. However,it does not aount for the proess-spei� weights of the CS and CO ontributions, butrather assumes a �xed ratio of 1 : 7. In this sense, a oequal alternative to the NRQCDfatorization formalism is presently not available.In order to onviningly establish the phenomenologial signi�ane of the CO pro-esses, it is indispensable to identify them in other kinds of high-energy experiments aswell. Studies of harmonium prodution in ep photoprodution, ep and �N deep-inelastisattering (DIS), e+e� annihilation,  ollisions, and b-hadron deays may be found inthe literature; see Refs. [12,13℄ and referenes ited therein. Furthermore, the polariza-tion of  0 mesons produed diretly [14℄ and of J= mesons produed promptly [15,16℄,i.e., either diretly or via the feed-down from heavier harmonia, whih also provides a2



sensitive probe of CO proesses, was investigated. Until reently, none of these studieswas able to prove or disprove the NRQCD fatorization hypothesis. However, H1 data ofep! eJ= +X in DIS at HERA [17℄ and DELPHI data of  ! J= +X at LEP2 [18℄now provide �rst independent evidene for it [19,20℄.Reently, we studied the assoiated prodution of harmonia and eletroweak bosonsat present and future olliders, inluding the Tevatron (Run II), the CERN Large HadronCollider (LHC), the DESY TeV-Energy Superonduting Linear Aelerator (TESLA),and the DESY eletron-proton superollider THERA, whih uses the lepton beam ofTESLA and the proton beam of the DESY Hadron-Eletron Ring Aelerator (HERA)[21℄. Our assessment of the observability of the various proesses in the various experi-ments an be summarized as follows: the proesses with a photon will abundantly takeplae in all onsidered experiments; the proesses with a Z or W boson will produe on-siderable yields at the hadron olliders, namely, several hundred (ten thousand) events peryear at the Tevatron (LHC), while they signi�antly fall short of the one-event-per-yearmark at TESLA and THERA; the proesses with a standard model (SM) Higgs boson(H) are predited to be too rare to be observable in any of the onsidered experiments.As for J= + W assoiated prodution at the Tevatron, the onlusions that had beenreahed in Ref. [22℄ onur with ours [21℄. The assoiated prodution of bottomonia andZ or W bosons at the Tevatron and the LHC was investigated in Ref. [23℄, with theonlusion that suh events represent a hallenge at the Tevatron, while they should er-tainly be observable at the LHC. The CDF Collaboration [24℄ did not �nd evidene for�(1S)+Z or �(1S)+W� signals in Run I at the Tevatron, but established upper boundson the respetive prodution ross setions, whih are well ompatible with the theoret-ial preditions of Ref. [23℄. However, with the expeted Run II inrease of integratedluminosity and the upgrades of the CDF detetor, they expet to ahieve a sensitivitysuÆient to observe these signals [24℄. The ross setions of all partoni proesses on-tributing to the assoiated prodution of heavy quarkonia, with 2S+1LJ = 1S0; 3S1; 1P1; 3PJ(J = 0; 1; 2), and photons, Z bosons, and W bosons in photon-photon, photon-hadron,and hadron-hadron ollisions may be found in Ref. [21℄.In this paper, we take the next step and onsider the prodution of bottomonia inassoiation with Higgs bosons onentrating on hadron-hadron ollisions. Guided by ourprevious �ndings in onnetion with harmonium [21℄, we expet suh signals to be belowthe edge of observability in two-photon ollisions at TESLA and photon-hadron ollisionsat THERA. Therefore, we do not inlude the latter prodution mehanisms in our presentphenomenologial analysis. However, the relevant partoni ross setions may be obtainedfrom our analyti results by adjusting overall olor fators and oupling onstants, as isexplained in the Appendix.In the SM, the total ross setion of pp ! J= + H, with Higgs-boson mass mH =115 GeV, at the LHC was predited to be 2:0 � 10�2 fb, whih orresponds to 4 signalevents per year [21℄. Taking into aount the branhing frations of the J= and H deaysto the deteted partiles and the aeptane uts required for bakground suppression, itbeomes apparent that the prodution rate would need to be inreased by a few orders ofmagnitude before a sound signal ould be observed. Sine the SM Yukawa ouplings are3



proportional to the quark masses, passing from harmonium to bottomonium yields anenhanement by a fator of m2b=m2 � 10. Moreover, the MEs of bottomonium [13,25℄ aretypially one order of magnitude larger than their ounterparts for harmonium [15℄, withthe exeption of hO�(nS)[1S(8)0 ℄i and hO�(nS)[3P (8)J ℄i, whih tend to be omparable to theirounterparts for  (nS). On the other hand, the dynamial quark-mass dependene atsin the opposite diretion. In fat, in the ase of the total ross setion of pp! J= +H,with mH = 115 GeV at the LHC, replaing m by mb while keeping the Yukawa ouplingand the MEs �xed leads to a derease by a bit more than one order of magnitude, so thatthe Yukawa oupling enhanement is slightly overtaken. Detailed alulation reveals thatthe total ross setion of pp! �(1S) +H at the LHC exeeds the one of pp! J= +Hby a fator of 3.6, the result being 7:3 � 10�2 fb, whih orresponds to 15 signal eventsper year.The situation should be onsiderably more promising in the ontext of supersymmetritheories, where the Yukawa ouplings depend on additional input parameters and maybe signi�antly enhaned relative to the referene values in the SM if nature has hosenthese parameters aordingly. In the following, we onentrate on the most popular of suhtheories, the minimal supersymmetri extension of the SM (MSSM). The Higgs setor ofthe MSSM onsists of a two-Higgs-doublet model of type II and aommodates a quintetof physial Higgs bosons: the neutral CP -even h and H bosons, the neutral CP -odd Aboson, and the harged H�-boson pair. At the tree level, the MSSM Higgs setor hastwo free parameters, whih are usually taken to be the mass mA of the A boson andthe ratio tan� = v2=v1 of the vauum expetation values of the two Higgs doublets. Themasses mh, mH, and mH� of the h, H, and H� bosons, respetively, and the mixing angle� that rotates the weak CP -even Higgs eigenstates into the mass eigenstates h and Hare then funtions of mA and tan �. As is well known, these funtions reeive signi�anteletroweak radiative orretions, whose leading terms are of O (GFm4t=m2Z), where GF isFermi's onstant, mt is the top-quark mass, and mZ is the Z-boson mass, and must not benegleted; for a review, see Ref. [26℄. For the sake of our exploratory study, it is suÆientto make a few simplifying assumptions in the treatment of these orretions. Spei�ally,we neglet subleading e�ets due to nonzero values of the Higgs-higgsino mass parameter� and the trilinear Higgs-sfermion ouplings At and Ab. The leading radiative orretionsan then be parameterized by the quantity� = 3GFm4t�2p2 sin2 � ln 1 + m2Sm2t ! ; (1)where mS is the ommon squark mass, and we havem2h = 12 "m2A +m2Z + �� r(m2A +m2Z + �)2 � 4m2Am2Z os2(2�)� 4� �m2A sin2 � +m2Z os2 ��# ; (2)m2H =m2A +m2Z �m2h + �; (3)4



m2H� =m2A +m2W ; (4)tan(2�) = (m2A +m2Z) sin(2�)(m2A �m2Z) os(2�) + �; (5)where mW is the W -boson mass. Solving Eq. (5) for �, one needs to selet the branhwith ��=2 < � < 0. When mh and tan � are hosen to be the input parameters, thenEq. (2) an be solved for mA, whih leads tom2A = m2h(m2Z �m2h) + � (m2h �m2Z os2 �)m2Z os2(2�)�m2h + � sin2 � ; (6)and � an be obtained from Eq. (5) as before. From Eq. (6), we glean that the upperbound on m2h is shifted from its tree-level value, m2Z os2(2�), tom2h < m2Z os2(2�) + � sin2 �: (7)Combining Eqs. (2) and (3) and notiing that the radiant in Eq. (2) an be written as[m2A �m2Z os(4�) + � os(2�)℄2 + [m2Z sin(4�)� � sin(2�)℄2, we learn thatm2H > m2h + ���m2Z sin(4�)� � sin(2�)��� : (8)Furthermore, inserting Eq. (7) into Eq. (3), we �nd thatm2H > m2A +m2Z sin2(2�) + � os2 �: (9)In other words, H is always heavier than h and A.If we assume only the �rst four quark avors to be ative in the olliding hadrons,then the assoiated prodution of bottomonium and a harged Higgs boson is suppressedby the smallness of the duH� and sH� ouplings. If we also take bottom to be an ativeavor, then the �nal state must ontain an additional top quark, W boson, or hargedHiggs boson, whih substantially squeeze the available phase spae and lead to distintivesignals. For these reasons, we only onsider the neutral MSSM Higgs bosons � = h;H;Ain the following. The qq� ouplings y�q emerge by saling the SM Yukawa ouplings withfators g�q ; i.e., y�q = 21=4G1=2F mqg�q : (10)The values of g�q are spei�ed in Table 1. From Table 1, we observe that the values of g�brise linearly with tan � if tan � � 1. In order to obtain suÆiently large ross setions,we are partiularly interested in light Higgs bosons with strong ouplings to the b quark.We thus fous our attention on the h and A bosons, and on the large-tan � regime.This paper is organized as follows. In Se. 2, we present our analyti results andexplain how to evaluate the ross setions of the assoiated prodution of bottomoniaand Higgs bosons in hadroni ollisions. The ontributing partoni ross setions areolleted in the Appendix. In Se. 3, we present our numerial results. Our onlusionsare summarized in Se. 4. 5



Table 1: Values of g�q in Eq. (10) for generi up and down quarks, U and D, respetively.q ghq gHq gAqU os�= sin � sin�= sin � ot�D � sin�= os � os�= os � tan �2 Analyti resultsIn this setion, we present our analyti results for the ross setions of the reationsAB ! CD, where A and B are the inoming hadrons, C is a heavy-quarkonium state,with 2S+1LJ = 1S0; 3S1; 1P1; 3PJ (J = 0; 1; 2), and D = h;A. The results for D = H;Hmay be obtained from those for D = h by aordingly replaing yhQ and mh. We also listthe formulas for the ases where A and/or B are real or quasireal photons, appropriatefor two-photon and photon-hadron ollisions, respetively.We work in the �xed-avor-number sheme; i.e., A and B ontain nf = 4 ative quarkavors q = u; d; s;  if Q = b and nf = 3 ative quark avors q = u; d; s if Q = . Asrequired by parton-model kinematis, we treat the quark avors q as massless. The quarkavor Q, with mass mQ, only appears in the �nal state. The bb Fok states ontributingat LO in v are n = 1S(1)0 ; 1S(8)0 ; 3S(8)1 ; 1P (8)1 if H = �b(nS); n = 3S(1)1 ; 1S(8)0 ; 3S(8)1 ; 3P (8)J ifH = �(nS); n = 1P (1)1 ; 1S(8)0 if H = hb(nP ); and n = 3P (1)J ; 3S(8)1 if H = �bJ(nP ), whereJ = 0; 1; 2. Their MEs satisfy the multipliity relationsDO�(nS) h3P (8)J iE = (2J + 1) DO�(nS) h3P (8)0 iE ;DO�bJ(nP ) h3P (1)J iE = (2J + 1) DO�b0(nP ) h3P (1)0 iE ;DO�bJ(nP ) h3S(8)1 iE = (2J + 1) DO�b0(nP ) h3S(8)1 iE ; (11)whih follow to LO in v from heavy-quark spin symmetry. The CS MEs of �(nS) and�b0(nP ) are related to the respetive radial wave funtions at the origin asDO�(nS) h3S(1)1 iE = 92� jRnS(0)j2;DO�b0(nP ) h3P (1)0 iE = 92� jR0nP (0)j2 ; (12)respetively. In our numerial analysis, we only inlude the �(1S) and �bJ(1P ) mesons.For ompleteness and future use, we also list formulas for all the other bottomonia. Theassignments for the various harmonia are analogous.We now turn to the partoni subproesses ab ! QQ[n℄D. The di�erential rosssetion of suh a proess is alulated from the pertaining transition-matrix element Tas d�=dt = jT j2=(16�s2), where the average is over the spin and olor degrees of freedomof a and b and the spin of D is summed over. We apply the ovariant-projetor method6



of Ref. [27℄ to implement the QQ Fok states n aording to the NRQCD fatorizationformalism.The following partoni subproesses ontribute to LO in �s and v:gg!QQ[&(1)℄D; (13)gg!QQ[&(8)℄D; (14)qq!QQ[&(8)℄D; (15)g!QQ[&(8)℄D; (16)!QQ[&(1)℄D; (17)where & = 1S0; 3S1; 1P1; 3PJ with J = 0; 1; 2. For the reason explained above, q = must notbe inluded if Q = . The proesses g ! QQ[&(1)℄D and  ! QQ[&(8)℄D are forbiddenby olor onservation. Furthermore, the proesses qq ! QQ[&(1)℄D are prohibited beausethe Q-quark line is onneted with the q-quark line by one gluon, whih transmits olor totheQQ pair. Finally, due to harge-onjugation invariane, the proesses gg ! QQ[&(1)℄D,g ! QQ[&(8)℄D, and  ! QQ[&(1)℄D are forbidden for & = 3S1; 1P1, and the proessesqq ! QQ[&(8)℄D are forbidden for & = 1S0; 3PJ .The di�erential ross setions d�=dt of proesses (13){(17) are listed in the Appendix.We ombine the results proportional to the CO MEs DO�(nS) h3P (8)J iE andDO�bJ(nP ) h3S(8)1 iE, for �xed value of the prinipal quantum number n, exploiting the mul-tipliity relations of Eq. (11). The results for proesses (16) and (17) are obtained fromthose for proesses (13) by adjusting overall olor fators and oupling onstants as ex-plained in the Appendix. Similar relations also exist between proesses (13) and (14) for& = 1S0; 3PJ .The evaluation of the hadroni ross setions and their distributions proeeds as ex-plained in Ref. [21℄. Spei�ally, we onsider the distributions in the transverse momentumpT ommon to C and D, the rapidities yC and yD of C and D, respetively, and the CDinvariant mass mCD.3 Numerial resultsWe are now in a position to explore the phenomenologial onsequenes of our alulations.We fous our attention on the ases C = �(1S); �bJ(1P ). These bottomonia an beeÆiently identi�ed experimentally, and their MEs are relatively well onstrained [13,25℄.The predited ross-setion distributions for the �(2S) and �(3S) mesons are similar tothose for the �(1S) meson, but their normalizations are somewhat suppressed due tosmaller MEs [13,25℄. The MEs of the �bJ(2P ) mesons are very similar to those of the�bJ(1P ) mesons [13,25℄, and so are their predited ross-setion distributions. The �b(1S)meson needs experimental on�rmation, while no events for �b(nS) mesons with n > 1and hb(nS) mesons have been seen so far [28℄.We �rst desribe our theoretial input and the kinemati onditions. We use mb =4:88 GeV [13,25℄, mt = 174:3 GeV, mZ = 91:1876 GeV, GF = 1:16639 � 10�5 GeV�2,7



and the LO formula for �(nf )s (�r) [28℄ with nf = 4 and asymptoti sale parameter�(4)QCD = 192 MeV [29℄. As for the proton PDFs, we use the LO set from the CTEQCollaboration (CTEQ5L) [29℄. Unless otherwise spei�ed, we hoose the renormalizationand fatorization sales to be �r = �f = qmCTmDT , where mCT = qm2C + p2T is the trans-verse mass of C and similarly for D. We evaluate DO�(1S) h3S(1)1 iE and DO�b0(1P ) h3P (1)0 iEfrom Eq. (12) with the values of jR1S(0)j2 and jR01P (0)j2 determined in Ref. [25℄ using theQCD-motivated potential by Buhm�uller and Tye [30℄. As for the �(1S) and �bJ(1P ) COMEs, we adopt as our default set the one determined in Ref. [13℄ through a �t to reentCDF data [31℄ using the same proton PDFs and CS MEs as we do. Our MSSM benhmarksenario is de�ned by the parameter set tan � = 50, mh = 100 GeV or mA = 100 GeV,and mS = 1 TeV, and is well inside the urrently allowed region of the MSSM parameterspae [28℄. We then vary tan �, mh, and mA one at a time in the ranges 2 < tan� < 60,90 < mh < 128 GeV, and 90 < mA < 500 GeV, respetively. If D = h, then we takemh as an input parameter and evaluate mA from Eq. (6). The hadroni enter-of-massenergy is pS = 2 TeV in Run II at the Tevatron and pS = 14 TeV at the LHC.Sine our study is at an exploratory level, we refrain from presenting a full-edgedquantitative estimate of the theoretial unertainties in our preditions. Experiene fromprevious analyses of harmonium prodution within the NRQCD fatorization formalism[19,20,32℄ leads us to expet relative errors of the order of �50%. This error estimateshould be on the onservative side, sine the onvergene property of the NRQCD pertur-bative expansion is expeted to be onsiderably improved as one passes from harmoniumto bottomonium, thanks to the redution in size of �s and v. To be spei�, we assessthe theoretial unertainties arising from the lak of knowledge of the preise values ofthe bottomonium MEs and from the freedom in the hoie of the renormalization andfatorization sales.We are now in a position to present our numerial results. Figures 1 and 2 aredevoted to pp ! CD +X at the LHC and to pp ! CD +X in Run II at the Tevatron,respetively. In eah �gure, part (a) gives the pT distributions d�=dpT (upper panel)and the mCD distributions d�=dmCD (lower panel), part (b) the yC distributions d�=dyC(upper panel) and the yD distributions d�=dyD (lower panel), and part () the totalross setions � as funtions of tan� (upper panel) and mD (lower panel). In eahpart, the left olumn refers to D = h and the right one to D = A. In eah frame, weseparately onsider C = �(1S); �J (1P ), both in NRQCD and the CSM. It is summedover C = �0(1P ); �1(1P ); �2(1P ). In the following, n = 1 is implied whenever the label(nL) is omitted.As is evident from Se. 2, � + h and � + A assoiated prodution proeeds throughproess (14) with & = 1S0; 3S1; 3PJ and proess (15) with & = 3S1 (see solid lines in Figs. 1and 2) and is forbidden to LO in the CSM. On the other hand, �bJ + h and �bJ + Aassoiated prodution is already possible in the CSM, through proess (13) with & = 3PJ(see dotted lines in Figs. 1 and 2); in NRQCD, also the CO proesses (14) and (15) with& = 3S1 ontribute.In the study of the assoiated prodution of heavy quarkonia and eletroweak gauge8



bosons [21℄, dominant ontributions at pT � mC were found to generally arise fromso-alled fragmentation-prone partoni subproesses, whih ontain a gluon with smallvirtuality, q2 = m2C, that splits into a QQ pair in the Fok state n = 3S(8)1 . Suh proessesare absent here beause the Higgs bosons are always radiated from the outgoing Q or Qquark lines before the latter form an asymptoti Fok state n.We now turn to the preditions for the LHC. From Figs. 1(a){(), we observe thatthere is hardly any di�erene between the various distributions for D = h and theirounterparts for D = A, exept for a trivial di�erene in the mh and mA dependenes,whih is due to the upper bound on mh, at mh � 128 GeV. In eah frame, the three urvesexhibit similar shapes (exept for the pT distributions), but signi�antly di�er in theiroverall normalizations. Within NRQCD, the results for C = �bJ typially exeed thosefor C = � by a fator of 2. As for C = �bJ , the CSM preditions fall short of the NRQCDones by a fator of 3 to 4. From Fig. 1(a), we read o� that the pT and mCD distributionspeak at pT � 6 GeV and mCD � 116 GeV, respetively. Beyond their peaks, the CSMpreditions for C = �bJ fall o� more rapidly with inreasing value of pT than the NRQCDones. The yC and yD distributions in Fig. 1(b) are symmetri about the origin, reetingthe symmetry of the experimental set-up, and their maxima are rather broad. Figure 1()displays the quadrati tan� dependene disussed in Se. 1, whih is exat for D = A,but only approximate for D = h. For mh�< 120 GeV, the mh dependene is approximatelyexponential, following the heuristi law �(pp ! Ch +X) / exp[�4(mh=100 GeV)℄. Onthe other hand, the mA dependene is approximately power-like over the range of valuesonsidered, a heuristi law being �(pp! CA+X) / m�5A .We now move on to the preditions for Run II at the Tevatron. Comparing Figs. 2(a){() with Figs. 1(a){(), we observe that all distributions are approximately saled down bya fator of 50 as we pass from the LHC to the Tevatron. Apart from that, their qualitativefeatures essentially remain the same.Table 2: Total ross setions � in fb of pp! CD +X at the LHC and of pp ! CD +Xin Run II at the Tevatron, where C = �(1S); �bJ(1P ) and D = h;A, for tan � = 50 andmD = 100 GeV. The values enlosed in parentheses refer to the CSM.C +D LHC Tevatron� + h 3:3 � 102 6:0�bJ + h 7:4 � 102 (1:9 � 102) 1:3� 101 (3.6)� +A 3:4 � 102 6:1�bJ +A 7:4 � 102 (1:9 � 102) 1:3� 101 (3.6)We now assess the observability of the various proesses at the LHC and in Run IIthe Tevatron. To this end, we list their total ross setions for our MSSM benhmarksenario in Table 2. These values an be onverted into annual yields by realling fromTable I of Ref. [21℄ that a ross setion of 0.005 fb (0.25 fb) orresponds to one event9



per year at the LHC (Tevatron). At hadron olliders, the �(1S) mesons are easily de-teted through their deays to e+e� and �+�� pairs, with a ombined branhing fra-tion of B(�(1S) ! l+l�) = 4:86 � 0:13 [28℄. The �bJ(1P ) mesons radiatively deay to�(1S) mesons, the individual branhing frations being B(�b0(1P ) ! �(1S)) < 6%,B(�b1(1P ) ! �(1S)) = (35 � 8)%, and B(�b2(1P ) ! �(1S)) = (22 � 4)% [28℄. Inthe high-tan � regime, light h and A bosons predominantly deay to bb and �+�� pairs,with branhing frations of about 90% and 8%, respetively [28℄. The b hadrons an bedeteted by looking for displaed deay verties with dediated vertex detetors, evenat the LHC. The orresponding numbers of signal events per year estimated assumingdetetion eÆienies of 100% are listed in Table 3.Table 3: Annual numbers of events of pp ! CD +X at the LHC and of pp ! CD +Xin Run II at the Tevatron, where C = �(1S); �bJ(1P ) and D = h;A, for tan� = 50and mD = 100 GeV. The �nal-state partiles are assumed to be deteted via their deays�bJ(1P )! �(1S), �(1S)! e+e�; �+��, and h;A! bb; �+�� with eÆienies of 100%.The values enlosed in parentheses refer to the CSM.C +D LHC Tevatron� + h 3:1 � 103 1:1�bJ + h 1:7 � 103 (4:4 � 102) 6:2� 10�1 (1:6� 10�1)� +A 3:2 � 103 1:2�bJ +A 1:7 � 103 (4:5 � 102) 6:2� 10�1 (1:6� 10�1)We onlude this setion by assessing the theoretial unertainties arising from thelak of knowledge of the preise values of the bottomonium MEs and from the freedomin the hoie of the renormalization and fatorization sales. Besides the QCD-motivatedpotential [30℄, the authors of Ref. [25℄ also employed three other phenomenologial ans�atze,namely, a power-law potential [33℄, a logarithmi potential [34℄, and a Coulomb-plus-linear potential (Cornell potential) [35℄. Taking as the theoretial errors the maximumupward and downward deviations with respet to the results obtained with the QCD-motivated potential, we have DO�(1S) h3S(1)1 iE = 9:28+10:85�2:70 GeV3 and DO�b0(1P ) h3P (1)0 iE =2:03+0:93�0:00 GeV5. Sine there are no errors assigned to the CO MEs quoted in Ref. [13℄,for the purpose of this error analysis, we adopt the older results from Ref. [5℄, whih are�tted to earlier CDF data [36℄. In ompliane with Ref. [13℄ (see also the disussion in theontext of Eq. (4.1) in Ref. [5℄), we assume that DO�(1S) h3P (8)0 iE = m2b DO�(1S) h1S(8)0 iE.We then repeat the evaluation of Table 2 with this set of bottomonium MEs, varying oneME at a time and ombining the individual shifts in quadrature thereby allowing for theupper and lower half-errors to be di�erent. The outome is presented in Table 4. FromTable 4, we observe that the NRQCD results for C = �(1S); �bJ(1P ) arry errors of �84%and �29%, respetively, while the CSM result for C = �bJ(1P ) may be inreased by upto 47%. We note in passing that CO MEs of Ref. [13℄ fall outside the error bars of their10



ounterparts of Ref. [5℄, so that the NRQCD results given in Tables 2 and 4 are not atuallymutually onsistent. While the fae values of the NRQCD results in Table 4 might bynow be obsolete, we believe that the relative errors should still serve as a useful indiator.The CDF data [36℄ from whih the CO MEs of Ref. [5℄ were extrated are only basedon an integrated luminosity of 16.6 pb�1 olleted in 1992{1993. The design value of theintegrated luminosity to be delivered by the Tevatron until the end of 2009 is urrentlyquoted as 8 fb�1 [37℄. The ombined data sample of the CDF and D0 ollaborationswould then be three orders of magnitude larger than the one used in Ref. [36℄, leadingto a redution in statistial error by a fator of about 30. The experimental errors inthe ross setion measurements of bottomonium hadroprodution at the Tevatron shouldthen be dominated by systematis.Table 4: Same as in Table 2, but using the CO MEs of Ref. [5℄ and taking into aountthe theoretial errors on the CS [25℄ and CO [5℄ MEs.C +D LHC Tevatron� + h (4:4� 3:7) � 101 (8:1 � 6:8)� 10�1�bJ + h (2:1� 0:6) � 103 �1:9+0:9�0:0 � 102� (3:8� 1:1)� 101 �3:6+1:7�0:0��+A (4:4� 3:7) � 101 (8:2 � 6:8)� 10�1�bJ +A (2:1� 0:6) � 103 �1:9+0:9�0:0 � 102� (3:8� 1:1)� 101 �3:6+1:6�0:0�Another plausible hoie of renormalization and fatorization sales is �r = �f = mD.For pT � mD (pT � mD), this sale hoie is larger (smaller) than our default setting.The pT distributions are partiularly sensitive to this hange. In order to illustrate this,we realulated the pT distributions shown in the upper panels of Figs. 1(a) and 2(a) usingthis alternative sale hoie. The results are displayed in the upper and lower panels ofFig. 3, respetively. From Fig. 3, we observe that the pT distributions are appreiablyredued in the lower pT range, for pT �< 25 GeV, as we pass from our default sale hoieto the new one. This feature is more pronouned for the Tevatron than for the LHC. Onthe other hand, towards the upper end of the pT values onsidered in the ase of the LHC,the shifts in ross setion indued by swithing to the new sale hoie are insigni�ant.Suh sale unertainties are generally expeted to be redued as next-to-leading-orderorretions are taken into aount.4 ConlusionsWe studied the assoiated prodution of heavy quarkonia C and Higgs bosons D in photon-photon, photon-hadron, and hadron-hadron ollisions to LO in the NRQCD fatorizationformalism. We onsidered all experimentally established heavy quarkonia, with 2S+1LJ =1S0; 3S1; 1P1; 3PJ (J = 0; 1; 2), and the SM Higgs boson D = H as well as the MSSM11



Higgs bosons D = h;H;A;H�. We listed the ross setions of all ontributing partonisubproesses, exept for those withD = H�, whih are either suppressed by small Yukawaouplings or involve an additional heavy partile with a distint signature in the �nal state.We presented numerial results for any ombination of C = �(1S); �bJ(1P ) and D = h;Aappropriate for the LHC and Run II at the Tevatron, onentrating on the region of theurrently allowed MSSM parameter spae haraterized by a large value of tan � and smallvalues of mh and mA.Criteria to disriminate NRQCD against the CSM inlude the following: (i) � + hand �+A assoiated prodution is allowed in NRQCD, but forbidden to LO in the CSM;and (ii) in NRQCD, the ross setions of �bJ + h and �bJ + A assoiated prodution area fator of 3 to 4 larger than in the CSM.In our MSSM benhmark senario, there will be about 3000 (1) diret �(1S) + h !l+l� + bb events per year at the LHC (Tevatron) and similarly for the A boson. The�bJ ! �(1S) feed-down hannels will add about 1500 (0.5) events to eah of theseyields. Results in the same ballpark are expeted for the bottomonia with n = 2; 3. Weonlude that these signals should be learly visible at the LHC, while they should providea hallenge for Run II at the Tevatron.AknowledgmentsB.A.K. and C.P.P. are grateful to the Kavli Institute for Theoretial Physis at theUniversity of California at Santa Barbara and the Seond Institute for Theoretial Physisat the University of Hamburg, respetively, for their hospitality during visits when thispaper was prepared. The researh of B.A.K. was supported in part by the DeutsheForshungsgemeinshaft (DFG) under Grant No. KN 365/1, by the Bundesministeriumf�ur Bildung und Forshung under Grant No. 05 HT1GUA/4, and by the National SieneFoundation under Grant No. PHY99-07949. The researh of C.P.P. was supported in partby the DFG through Graduiertenkolleg No. GRK 602/1 and by the OÆe of the ViePresident for Aademi A�airs of the University of the Philippines. The researh of L.Z.was supported by the Studienstiftung des deutshen Volkes through a PhD sholarship.
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A Partoni ross setionsIn this appendix, we list the di�erential ross setions d�=dt for proesses (13){(17) withD = h;A. The results forD = H;H may be obtained from those for D = h by aordinglyreplaing yhQ and mh. Expressions of the partoni Mandelstam variables s, t, and u interms of pT , yC, and yD may be found in Eq. (4) of Ref. [21℄. The mass mC = M of theheavy quarkonium is taken to be M = 2mQ.d�dt �gg ! QQ h1S(1)0 ih� = 2��2s �yhQ�2M(2m2h � s� t� u)29(m2h � s� t)2(m2h � s� u)2(2m2h � t� u)2 ; (A.1)d�dt �gg ! QQ h3P (1)J ih� = �4��2s �yhQ�2135M3s2(m2h � s� t)4(m2h � s� u)4(2m2h � t� u)4� FJ ; J = 0; 1; 2; (A.2)F0 = �10M2f196m20h � 140m18h [8s+ 7(t+ u)℄+m16h [2756s2 + 4844s(t + u) + 35(59t2 + 134tu + 59u2)℄� 2m14h [1920s3 + 5092s2(t+ u) + s(4329t2 + 9934tu + 4329u2)+ 70(t + u)(17t2 + 50tu+ 17u2)℄+ 2m12h [1680s4 + 6012s3(t+ u) + 4s2(1908t2 + 4409tu + 1908u2)+ 7s(t+ u)(589t2 + 1790tu + 589u2)+ 2(407t4 + 2537t3u+ 4402t2u2 + 2537tu3 + 407u4)℄� 2m10h [968s5 + 4462s4(t+ u) + s3(7559t2 + 17434tu + 7559u2)+ 2s2(t+ u)(2983t2 + 9210tu + 2983u2)+ s(2245t4 + 14659t3u+ 25776t2u2 + 14659tu3 + 2245u4)+ (t+ u)(335t4 + 2874t3u+ 5930t2u2 + 2874tu3 + 335u4)℄+m8h[740s6 + 4412s5(t+ u) + 2s4(4803t2 + 10882tu + 4803u2)+ 2s3(t+ u)(4959t2 + 14882tu + 4959u2)+ s2(5219t4 + 34390t3u+ 60782t2u2 + 34390tu3 + 5219u4)+ 14s(t + u)(99t4 + 934t3u+ 1994t2u2 + 934tu3 + 99u4)+ 10(16t6 + 239t5u+ 1007t4u2 + 1592t3u3 + 1007t2u4 + 239tu5 + 16u6)℄� 2m6h[88s7 + 728s6(t+ u) + s5(2089t2 + 4574tu+ 2089u2)+ 26s4(t+ u)(107t2 + 292tu+ 107u2)+ 5s3(375t4 + 2270t3u+ 3942t2u2 + 2270tu3 + 375u4)+ s2(t+ u)(643t4 + 5906t3u+ 12746t2u2 + 5906tu3 + 643u4)+ s(111t6 + 1965t5u+ 8844t4u2 + 14224t3u3 + 8844t2u4 + 1965tu5 + 111u6)+ 10(t + u)(t2 + 5tu+ u2)(t4 + 19t3u+ 44t2u2 + 19tu3 + u4)℄+m4h[20s8 + 288s7(t+ u) + 8s6(149t2 + 314tu + 149u2)+ 2s5(t+ u)(1077t2 + 2578tu + 1077u2)13



+ 2s4(969t4 + 4952t3u+ 8206t2u2 + 4952tu3 + 969u4)+ 2s3(t+ u)(437t4 + 3048t3u+ 6210t2u2 + 3048tu3 + 437u4)+ s2(179t6 + 2630t5u+ 11681t4u2 + 18788t3u3 + 11681t2u4 + 2630tu5 + 179u6)+ 2s(t+ u)(7t6 + 258t5u+ 1740t4u2 + 3326t3u3 + 1740t2u4 + 258tu5 + 7u6)+ t8 + 52t7u+ 568t6u2 + 2144t5u3 + 3290t4u4 + 2144t3u5 + 568t2u6 + 52tu7 + u8℄� 2m2h[12s8(t+ u) + s7(91t2 + 186tu+ 91u2) + 2s6(t+ u)(121t2 + 260tu+ 121u2)+ s5(308t4 + 1361t3u+ 2142t2u2 + 1361tu3 + 308u4)+ 2s4(t+ u)(101t4 + 511t3u+ 919t2u2 + 511tu3 + 101u4)+ s3(65t6 + 566t5u+ 2070t4u2 + 3182t3u3 + 2070t2u4 + 566tu5 + 65u6)+ s2(t+ u)(8t6 + 119t5u+ 744t4u2 + 1418t3u3 + 744t2u4 + 119tu5 + 8u6)+ stu(13t6 + 204t5u+ 852t4u2 + 1334t3u3 + 852t2u4 + 204tu5 + 13u6)+ tu(t+ u)(t2 + 5tu+ u2)(t4 + 16t3u+ 36t2u2 + 16tu3 + u4)℄+ 9s8(t+ u)2 + 42s7(t+ u)3 + s6(79t4 + 322t3u+ 490t2u2 + 322tu3 + 79u4)+ 4s5(t+ u)(19t4 + 81t3u+ 131t2u2 + 81tu3 + 19u4)+ s4(39t6 + 258t5u+ 755t4u2 + 1080t3u3 + 755t2u4 + 258tu5 + 39u6)+ 2s3(t+ u)(5t6 + 36t5u+ 144t4u2 + 246t3u3 + 144t2u4 + 36tu5 + 5u6)+ s2(t8 + 10t7u+ 91t6u2 + 356t5u3 + 552t4u4 + 356t3u5 + 91t2u6 + 10tu7 + u8)+ 4st2u2(t+ u)(t2 + 5tu+ u2)(3t2 + 7tu+ 3u2)+ t2u2(t+ u)2(t2 + 5tu+ u2)2g; (A.3)F1 = �5(2m2h � s � t� u)2f4m16h s� 4m14h [10s2 + 4s(t+ u) + (t� u)2℄+ 2m12h [62s3 + 72s2(t+ u) + s(23t2 + 10tu+ 23u2) + 8(t+ u)(t� u)2℄�m10h [176s4 + 368s3(t+ u) + 2s2(119t2 + 206tu + 119u2)+ 2s(t+ u)(47t2 � 38tu+ 47u2) + (t� u)2(25t2 + 58tu + 25u2)℄+m8h[124s5 + 400s4(t+ u) + 4s3(109t2 + 234tu+ 109u2)+ 4s2(t+ u)(61t2 + 68tu+ 61u2) + s(113t4 + 86t3u� 118t2u2 + 86tu3 + 113u4)+ (t+ u)(t� u)2(19t2 + 62tu+ 19u2)℄�m6h[40s6 + 192s5(t+ u) + 8s4(41t2 + 96tu+ 41u2)+ 8s3(t+ u)(34t2 + 79tu+ 34u2)+ 2s2(83t4 + 194t3u+ 226t2u2 + 194tu3 + 83u4)+ 4s(t+ u)(19t4 + 17t3u� 44t2u2 + 17tu3 + 19u4)+ (t� u)2(7t4 + 54t3u+ 98t2u2 + 54tu3 + 7u4)℄+m4h[4s7 + 32s6(t+ u) + 2s5(47t2 + 114tu + 47u2)+ 4s4(t+ u)(31t2 + 92tu+ 31u2)+ 2s3(51t4 + 206t3u+ 340t2u2 + 206tu3 + 51u4) + 10s2(t+ u)3(7t2 � 2tu+ 7u2)+ s(27t6 + 100t5u� t4u2 � 140t3u3 � t2u4 + 100tu5 + 27u6)+ (t+ u)(t� u)2(t4 + 16t3u+ 38t2u2 + 16tu3 + u4)℄14



�m2h[6s6(t+ u)2 + 2s5(t+ u)(9t2 + 26tu+ 9u2)+ s4(25t4 + 124t3u+ 214t2u2 + 124tu3 + 25u4)+ 4s3(t+ u)(6t4 + 17t3u+ 36t2u2 + 17tu3 + 6u4)+ s2(15t6 + 56t5u+ 63t4u2 + 60t3u3 + 63t2u4 + 56tu5 + 15u6)+ 2s(t+ u)(2t6 + 14t5u� 3t4u2 � 18t3u3 � 3t2u4 + 14tu5 + 2u6)+ tu(t2 � u2)2(2t2 + 9tu+ 2u2)℄+ s5(t4 + 6t3u+ 6t2u2 + 6tu3 + u4)+ s4(t+ u)(3t4 + 8t3u+ 18t2u2 + 8tu3 + 3u4)+ s3(3t6 + 8t5u+ 25t4u2 + 32t3u3 + 25t2u4 + 8tu5 + 3u6)+ s2(t+ u)(t6 + 6t5u+ 3t4u2 + 4t3u3 + 3t2u4 + 6tu5 + u6)+ stu(4t6 + 5t5u� 2t4u2 � 10t3u3 � 2t2u4 + 5tu5 + 4u6)+ t2u2(t� u)2(t+ u)3g; (A.4)F2 = 448m22h � 16m20h [149s + 168(t+ u)℄+ 16m18h [354s2 + 800s(t + u) + 7(63t2 + 134tu+ 63u2)℄� 4m16h [2111s3 + 6834s2(t+ u) + s(7491t2 + 15766tu + 7491u2)+ 140(t + u)(19t2 + 46tu+ 19u2)℄+ 4m14h [2358s4 + 9272s3(t+ u) + s2(14369t2 + 29782tu + 14369u2)+ s(t+ u)(10041t2 + 23470tu + 10041u2)+ 7(363t4 + 1796t3u+ 2882t2u2 + 1796tu3 + 363u4)℄� 2m12h [4130s5 + 18820s4(t+ u) + 5s3(7093t2 + 14430tu + 7093u2)+ 26s2(t+ u)(1329t2 + 2954tu + 1329u2)+ s(16995t4 + 80520t3u+ 127418t2u2 + 80520tu3 + 16995u4)+ 56(t + u)(57t4 + 332t3u+ 566t2u2 + 332tu3 + 57u4)℄+m10h [5232s6 + 28832s5(t+ u) + 2s4(32427t2 + 64870tu + 32427u2)+ 2s3(t+ u)(38653t2 + 80838tu + 38653u2)+ s2(52313t4 + 233504t3u+ 362542t2u2 + 233504tu3 + 52313u4)+ 4s(t+ u)(4710t4 + 25333t3u+ 41834t2u2 + 25333tu3 + 4710u4)+ 7(t+ u)2(377t4 + 2748t3u+ 5174t2u2 + 2748tu3 + 377u4)℄�m8h[2116s7 + 15080s6(t+ u) + 224s5(191t2 + 377tu + 191u2)+ 4s4(t+ u)(15689t2 + 31000tu + 15689u2)+ s3(52571t4 + 218938t3u+ 332542t2u2 + 218938tu3 + 52571u4)+ s2(t+ u)(25783t4 + 124384t3u+ 197458t2u2 + 124384tu3 + 25783u4)+ s(6841t6 + 57484t5u+ 171535t4u2 + 241720t3u3+ 171535t2u4 + 57484tu5 + 6841u6)+ 7(t+ u)3(99t4 + 980t3u+ 2162t2u2 + 980tu3 + 99u4)℄+m6h[472s8 + 4752s7(t+ u) + 8s6(2279t2 + 4436tu + 2279u2)15



+ 4s5(t+ u)(8689t2 + 16336tu + 8689u2)+ 2s4(18433t4 + 72142t3u+ 107398t2u2 + 72142tu3 + 18433u4)+ 4s3(t+ u)(5706t4 + 24309t3u+ 37018t2u2 + 24309tu3 + 5706u4)+ s2(8227t6 + 60592t5u+ 168433t4u2 + 232088t3u3+ 168433t2u4 + 60592tu5 + 8227u6)+ 2s(t+ u)(785t6 + 7956t5u+ 25901t4u2 + 37404t3u3+ 25901t2u4 + 7956tu5 + 785u6)+ 35(t + u)4(3t4 + 46t3u+ 130t2u2 + 46tu3 + 3u4)℄�m4h[44s9 + 776s8(t+ u) + 2s7(2229t2 + 4262tu+ 2229u2)+ 8s6(t+ u)(1453t2 + 2593tu + 1453u2)+ 4s5(4066t4 + 15109t3u+ 22095t2u2 + 15109tu3 + 4066u4)+ 2s4(t+ u)(6549t4 + 25090t3u+ 36846t2u2 + 25090tu3 + 6549u4)+ s3(6151t6 + 39452t5u+ 101439t4u2 + 136332t3u3+ 101439t2u4 + 39452tu5 + 6151u6)+ s2(t+ u)(1619t6 + 13326t5u+ 38633t4u2 + 53884t3u3+ 38633t2u4 + 13326tu5 + 1619u6)+ s(207t8 + 3214t7u+ 16050t6u2 + 38562t5u3 + 50990t4u4+ 38562t3u5 + 16050t2u6 + 3214tu7 + 207u8)+ 7(t+ u)5(t4 + 32t3u+ 134t2u2 + 32tu3 + u4)℄+m2h[48s9(t+ u) + 2s8(271t2 + 510tu + 271u2)+ 2s7(t+ u)(1023t2 + 1726tu + 1023u2)+ s6(3849t4 + 13644t3u+ 19606t2u2 + 13644tu3 + 3849u4)+ 4s5(t+ u)(1027t4 + 3626t3u+ 5160t2u2 + 3626tu3 + 1027u4)+ 2s4(1290t6 + 7467t5u+ 17981t4u2 + 23632t3u3 + 17981t2u4 + 7467tu5 + 1290u6)+ 10s3(t+ u)(93t6 + 626t5u+ 1608t4u2 + 2162t3u3 + 1608t2u4 + 626tu5 + 93u6)+ s2(173t8 + 2052t7u+ 8737t6u2 + 19348t5u3 + 24948t4u4+ 19348t3u5 + 8737t2u6 + 2052tu7 + 173u8)+ 4s(t+ u)(3t8 + 76t7u+ 441t6u2 + 1135t5u3 + 1522t4u4+ 1135t3u5 + 441t2u6 + 76tu7 + 3u8) + 7tu(t+ u)6(2t2 + 17tu+ 2u2)℄� 24s9(t+ u)2 � 48s8(t+ u)(3t2 + 5tu+ 3u2)� s7(367t4 + 1258t3u+ 1786t2u2 + 1258tu3 + 367u4)� s6(t+ u)(515t4 + 1708t3u+ 2370t2u2 + 1708tu3 + 515u4)� 2s5(215t6 + 1162t5u+ 2665t4u2 + 3440t3u3 + 2665t2u4 + 1162tu5 + 215u6)� 2s4(t+ u)(107t6 + 630t5u+ 1477t4u2 + 1920t3u3 + 1477t2u4 + 630tu5 + 107u6)� s3(59t8 + 558t7u+ 2051t6u2 + 4160t5u3 + 5220t4u4+ 4160t3u5 + 2051t2u6 + 558tu7 + 59u8)16



� s2(t+ u)(7t8 + 112t7u+ 505t6u2 + 1152t5u3 + 1496t4u4+ 1152t3u5 + 505t2u6 + 112tu7 + 7u8)� stu(t+ u)2(12t6 + 85t5u+ 242t4u2 + 326t3u3 + 242t2u4 + 85tu5 + 12u6)� 7t2u2(t+ u)7; (A.5)d�dt �gg ! QQ h1S(8)0 ih� = 158 d�dt �gg ! QQ h1S(1)0 ih� ; (A.6)d�dt �gg ! QQ h3S(8)1 ih� = ��2s �yhQ�24Ms3(m2h � s� t)2(m2h � s� u)2(2m2h � t� u)2� f9m12h � 9m10h [2s+ 3(t+ u)℄ +m8h[10s2 + 40s(t + u) + 3(11t2 + 23tu+ 11u2)℄�m6h[s3 + 15s2(t+ u) + 4s(9t2 + 17tu + 9u2) + 3(t+ u)(7t2 + 16tu+ 7u2)℄+m4h[s3(t+ u) + 2s2(5t2 + 6tu+ 5u2) + 4s(t+ u)(4t2 + 7tu+ 4u2)+ 7t4 + 35t3u+ 51t2u2 + 35tu3 + 7u4℄�m2h[s3(t2 � tu+ u2) + s2(t+ u)(3t2 + tu+ 3u2)+ s(3t4 + 14t3u+ 16t2u2 + 14tu3 + 3u4) + (t+ u)(t2 + tu+ u2)(t2 + 7tu+ u2)℄+ tu[s2(t2 + u2) + 2s(t+ u)(t2 + u2) + (t2 + tu+ u2)2℄g; (A.7)d�dt �gg ! QQ h1P (8)1 ih� = ��2s �yhQ�2M3s3(m2h � s� t)3(m2h � s� u)3(2m2h � t� u)4� f36m20h � 4m18h [38s+ 45(t + u)℄+m16h [300s2 + 668s(t + u) + 3(131t2 + 278tu + 131u2)℄� 2m14h [182s3 + 586s2(t+ u) + s(639t2 + 1330tu + 639u2)+ 6(t+ u)(41t2 + 98tu+ 41u2)℄+m12h [308s4 + 1256s3(t+ u) + s2(1979t2 + 4050tu + 1979u2)+ 7s(t+ u)(199t2 + 450tu + 199u2) + 4(97t4 + 473t3u+ 750t2u2 + 473tu3 + 97u4)℄�m10h [204s5 + 940s4(t+ u) + s3(1841t2 + 3722tu + 1841u2)+ 2s2(t+ u)(937t2 + 2032tu + 937u2)+ 7s(135t4 + 622t3u+ 966t2u2 + 622tu3 + 135u4)+ 6(t+ u)(33t4 + 190t3u+ 310t2u2 + 190tu3 + 33u4)℄+m8h[104s6 + 552s5(t+ u) + 2s4(597t2 + 1198tu + 597u2)+ 4s3(t+ u)(367t2 + 776tu + 367u2)+ s2(1074t4 + 4779t3u+ 7334t2u2 + 4779tu3 + 1074u4)+ s(t+ u)(407t4 + 2145t3u+ 3352t2u2 + 2145tu3 + 407u4)+ 2(32t6 + 303t5u+ 915t4u2 + 1280t3u3 + 915t2u4 + 303tu5 + 32u6)℄� 2m6h[16s7 + 116s6(t+ u) + s5(297t2 + 602tu + 297u2)+ 2s4(t+ u)(197t2 + 418tu + 197u2)+ s3(335t4 + 1481t3u+ 2258t2u2 + 1481tu3 + 335u4)17



+ 2s2(t+ u)(93t4 + 473t3u+ 723t2u2 + 473tu3 + 93u4)+ s(54t6 + 464t5u+ 1319t4u2 + 1814t3u3 + 1319t2u4 + 464tu5 + 54u6)+ 2(t+ u)(3t6 + 40t5u+ 134t4u2 + 186t3u3 + 134t2u4 + 40tu5 + 3u6)℄+m4h[4s8 + 52s7(t+ u) + s6(189t2 + 394tu + 189u2)+ 3s5(t+ u)(101t2 + 230tu + 101u2)+ 2s4(135t4 + 626t3u+ 960t2u2 + 626tu3 + 135u4)+ s3(t+ u)(165t4 + 886t3u+ 1330t2u2 + 886tu3 + 165u4)+ s2(72t6 + 623t5u+ 1733t4u2 + 2368t3u3 + 1733t2u4 + 623tu5 + 72u6)+ s(t+ u)(16t6 + 185t5u+ 559t4u2 + 768t3u3 + 559t2u4 + 185tu5 + 16u6)+ t8 + 28t7u+ 160t6u2 + 376t5u3 + 490t4u4 + 376t3u5 + 160t2u6 + 28tu7 + u8℄�m2h[4s8(t+ u) + s7(27t2 + 58tu+ 27u2) + 2s6(t+ u)(31t2 + 80tu+ 31u2)+ s5(67t4 + 354t3u+ 562t2u2 + 354tu3 + 67u4)+ 4s4(t+ u)(10t4 + 66t3u+ 101t2u2 + 66tu3 + 10u4)+ s3(t+ u)2(17t4 + 153t3u+ 213t2u2 + 153tu3 + 17u4)+ 2s2(t+ u)(3t6 + 42t5u+ 122t4u2 + 168t3u3 + 122t2u4 + 42tu5 + 3u6)+ s(t+ u)2(t6 + 21t5u+ 70t4u2 + 94t3u3 + 70t2u4 + 21tu5 + u6)+ 2tu(t+ u)(t2 + tu+ u2)(t4 + 8t3u+ 12t2u2 + 8tu3 + u4)℄+ (t+ u)[s8(t+ u) + 4s7(t2 + 3tu+ u2) + 3s6(t+ u)(2t2 + 9tu+ 2u2)+ s5(4t4 + 39t3u+ 66t2u2 + 39tu3 + 4u4)+ s4(t+ u)(t4 + 24t3u+ 36t2u2 + 24tu3 + u4)+ 2s3tu(t+ u)2(6t2 + 7tu+ 6u2) + s2tu(t+ u)(5t4 + 15t3u+ 21t2u2 + 15tu3 + 5u4)+ stu(t+ u)2(t4 + 4t3u+ 5t2u2 + 4tu3 + u4) + t2u2(t+ u)(t2 + tu+ u2)2℄g; (A.8)d�dt �gg ! QQ h3P (8)J ih� = 158 2XJ 0=0(2J 0 + 1)d�dt �gg ! QQ h3P (1)J 0 ih� ; (A.9)d�dt �qq ! QQ h3S(8)1 ih� = 4��2s �yhQ�227Ms3(2m2h � t� u)2� [2m4h � 2m2h(3s + t+ u) + 4s2 + 4s(t+ u) + t2 + u2℄; (A.10)d�dt �qq ! QQ h1P (8)1 ih� = 16��2s �yhQ�227M3s3(2m2h � t� u)2� [2m4h � 2m2h(s+ t+ u) + t2 + u2℄; (A.11)d�dt �g ! QQ h1S(8)0 ih� = 16��s d�dt �gg ! QQ h1S(1)0 ih� ; (A.12)d�dt �g ! QQ h3P (8)J ih� = 16��s 2XJ 0=0(2J 0 + 1)d�dt �gg ! QQ h3P (1)J 0 ih� ; (A.13)18



d�dt � ! QQ [n℄h� = 512�29�2s d�dt �gg ! QQ [n℄h� ; n = 1S(1)0 ; 3P (1)J ; (A.14)d�dt �gg ! QQ h1S(1)0 iA� = 2��2s �yAQ�2M9s2(m2A � s� t)2(m2A � s� u)2(2m2A � t� u)2� fm8A � 2m6A(s+ t+ u) +m4A[2s2 + 2s(t+ u) + t2 + 4tu+ u2℄� 2m2Atu(s+ t+ u)+ t2u2g; (A.15)d�dt �gg ! QQ h3P (1)J iA� = �4��2s �yAQ�2135M3s2(m2A � s� t)4(m2A � s� u)4(2m2A � t� u)4�GJ ; J = 0; 1; 2; (A.16)G0 = �10M2f16m16A (t� u)2 � 16m14A (t� u)2[3s+ 4(t+ u)℄+ 4m12A [s4 � 4s3(t+ u) + s2(17t2 � 18tu+ 17u2) + 38s(t + u)(t� u)2+ 2(t� u)2(13t2 + 30tu+ 13u2)℄� 4m10A [4s5 � 12s4(t+ u) + 2s3(3t2 � 2tu+ 3u2) + s2(t+ u)(47t2 � 46tu + 47u2)+ s(t� u)2(47t2 + 110tu + 47u2) + 2(t+ u)(t� u)2(11t2 + 34tu+ 11u2)℄+m8A[24s6 � 48s5(t+ u)� 72s4(t2 + tu+ u2) + 20s3(t+ u)(7t2 + 2tu+ 7u2)+ 3s2(71t4 + 88t3u+ 2t2u2 + 88tu3 + 71u4) + 6s(t+ u)(t� u)2(19t2 + 62tu+ 19u2)+ (t� u)2(41t4 + 276t3u+ 486t2u2 + 276tu3 + 41u4)℄� 2m6A[8s7 � 8s6(t+ u)� 2s5(23t2 + 26tu+ 23u2) + 2s4(t+ u)(5t2 + 12tu + 5u2)+ s3(93t4 + 192t3u+ 230t2u2 + 192tu3 + 93u4)+ s2(t+ u)(65t4 + 96t3u� 2t2u2 + 96tu3 + 65u4)+ s(t� u)2(17t4 + 128t3u+ 230t2u2 + 128tu3 + 17u4)+ (t+ u)(t� u)2(5t4 + 52t3u+ 110t2u2 + 52tu3 + 5u4)℄+m4A[4s8 � 12s6(3t2 + 4tu+ 3u2)� 4s5(t+ u)(7t2 + 2tu+ 7u2)+ 2s4(37t4 + 96t3u+ 136t2u2 + 96tu3 + 37u4)+ 2s3(t+ u)(57t4 + 98t3u+ 130t2u2 + 98tu3 + 57u4)+ s2(47t6 + 164t5u+ 197t4u2 + 144t3u3 + 197t2u4 + 164tu5 + 47u6)+ 4s(t+ u)(t� u)2(t4 + 15t3u+ 34t2u2 + 15tu3 + u4)+ (t2 � u2)2(t4 + 22t3u+ 66t2u2 + 22tu3 + u4)℄+ 2m2A(t+ u)[2s7(t+ u) + 4s6(t2 + tu+ u2)� s5(t+ u)(5t2 + 8tu+ 5u2)� s4(19t4 + 42t3u+ 58t2u2 + 42tu3 + 19u4)� s3(t+ u)(17t4 + 23t3u+ 36t2u2 + 23tu3 + 17u4)� s2(5t6 + 15t5u+ 21t4u2 + 14t3u3 + 21t2u4 + 15tu5 + 5u6)� 3stu(t+ u)(t� u)2(t2 + 4tu+ u2)� tu(t2� u2)2(t2 + 6tu+ u2)℄+ (t+ u)2(s+ t+ u)2[s4(t+ u)2 + 2s3(t+ u)(t2 + u2) + s2(t2 + u2)2+ t2u2(t� u)2℄g; (A.17)19



G1 = 5f64m22A � 48m20A [9s+ 8(t+ u)℄+ 4m18A [325s2 + 584s(t + u) + 4(63t2 + 134tu + 63u2)℄� 4m16A [566s3 + 1563s2(t+ u) + s(1381t2 + 2890tu + 1381u2)+ 20(t + u)(19t2 + 46tu+ 19u2)℄+ 4m14A [619s4 + 2376s3(t+ u) + s2(3267t2 + 6758tu + 3267u2)+ 9s(t+ u)(209t2 + 478tu + 209u2)+ 363t4 + 1796t3u+ 2882t2u2 + 1796tu3 + 363u4℄� 2m12A [864s5 + 4422s4(t+ u) + s3(8557t2 + 17582tu + 8557u2)+ 4s2(t+ u)(1951t2 + 4298tu + 1951u2)+ s(3269t4 + 15024t3u+ 23558t2u2 + 15024tu3 + 3269u4)+ 8(t+ u)(57t4 + 332t3u+ 566t2u2 + 332tu3 + 57u4)℄+m10A [748s6 + 5072s5(t+ u) + 2s4(6631t2 + 13590tu + 6631u2)+ 2s3(t+ u)(8637t2 + 18662tu + 8637u2)+ s2(11747t4 + 51776t3u+ 80050t2u2 + 51776tu3 + 11747u4)+ 4s(t+ u)(946t4 + 4773t3u+ 7714t2u2 + 4773tu3 + 946u4)+ (t+ u)2(377t4 + 2748t3u+ 5174t2u2 + 2748tu3 + 377u4)℄�m8A[184s7 + 1716s6(t+ u) + 16s5(378t2 + 775tu + 378u2)+ 4s4(t+ u)(2697t2 + 5798tu + 2697u2)+ s3(10665t4 + 46174t3u+ 70962t2u2 + 46174tu3 + 10665u4)+ s2(t+ u)(5765t4 + 27152t3u+ 42606t2u2 + 27152tu3 + 5765u4)+ s(t+ u)2(1471t4 + 8390t3u+ 14046t2u2 + 8390tu3 + 1471u4)+ (t+ u)3(99t4 + 980t3u+ 2162t2u2 + 980tu3 + 99u4)℄+m6A[20s8 + 304s7(t+ u) + 80s6(19t2 + 39tu + 19u2)+ 4s5(t+ u)(927t2 + 2002tu + 927u2)+ 2s4(2549t4 + 11026t3u+ 16952t2u2 + 11026tu3 + 2549u4)+ 8s3(t+ u)(512t4 + 2357t3u+ 3666t2u2 + 2357tu3 + 512u4)+ s2(t+ u)2(1829t4 + 9506t3u+ 15006t2u2 + 9506tu3 + 1829u4)+ 2s(t+ u)(187t6 + 1640t5u+ 4899t4u2 + 6900t3u3 + 4899t2u4 + 1640tu5 + 187u6)+ 5(t+ u)4(3t4 + 46t3u+ 130t2u2 + 46tu3 + 3u4)℄�m4A[20s8(t+ u) + 2s7(89t2 + 182tu+ 89u2) + 4s6(t+ u)(157t2 + 342tu+ 157u2)+ 4s5(301t4 + 1317t3u+ 2036t2u2 + 1317tu3 + 301u4)+ 2s4(t+ u)(689t4 + 3194t3u+ 5012t2u2 + 3194tu3 + 689u4)+ s3(941t6 + 6676t5u+ 18033t4u2 + 24588t3u3 + 18033t2u4 + 6676tu5 + 941u6)+ s2(t+ u)(353t6 + 2874t5u+ 8015t4u2 + 11020t3u3 + 8015t2u4 + 2874tu5 + 353u6)+ s(57t8 + 738t7u+ 3246t6u2 + 7294t5u3 + 9442t4u4+ 7294t3u5 + 3246t2u6 + 738tu7 + 57u8)20



+ (t+ u)5(t4 + 32t3u+ 134t2u2 + 32tu3 + u4)℄+m2A[6s8(t+ u)2 + 2s7(t+ u)(19t2 + 42tu+ 19u2)+ s6(111t4 + 500t3u+ 782t2u2 + 500tu3 + 111u4)+ 4s5(t+ u)(47t4 + 225t3u+ 364t2u2 + 225tu3 + 47u4)+ 2s4(96t6 + 691t5u+ 1909t4u2 + 2624t3u3 + 1909t2u4 + 691tu5 + 96u6)+ 2s3(t+ u)(57t6 + 464t5u+ 1294t4u2 + 1778t3u3 + 1294t2u4 + 464tu5 + 57u6)+ s2(35t8 + 440t7u+ 1811t6u2 + 3888t5u3 + 4952t4u4+ 3888t3u5 + 1811t2u6 + 440tu7 + 35u8)+ 4s(t+ u)(t8 + 20t7u+ 93t6u2 + 215t5u3 + 278t4u4+ 215t3u5 + 93t2u6 + 20tu7 + u8) + tu(t+ u)6(2t2 + 17tu+ 2u2)℄� (t+ u)[s7(t+ u)(t2 + 4tu+ u2) + s6(5t4 + 28t3u+ 50t2u2 + 28tu3 + 5u4)+ 2s5(t+ u)(5t4 + 28t3u+ 52t2u2 + 28tu3 + 5u4)+ 2s4(t+ u)2(5t4 + 32t3u+ 56t2u2 + 32tu3 + 5u4)+ s3(t+ u)(5t6 + 56t5u+ 160t4u2 + 224t3u3 + 160t2u4 + 56tu5 + 5u6)+ s2(t8 + 24t7u+ 103t6u2 + 224t5u3 + 284t4u4 + 224t3u5 + 103t2u6 + 24tu7 + u8)+ stu(t+ u)(4t6 + 19t5u+ 46t4u2 + 58t3u3 + 46t2u4 + 19tu5 + 4u6)+ t2u2(t+ u)6℄g; (A.18)G2 = 384m22A � 48m20A [41s+ 48(t + u)℄+ 4m18A [1071s2 + 2604s(t + u) + 4(379t2 + 802tu + 379u2)℄� 4m16A [1350s3 + 4905s2(t+ u) + s(6001t2 + 12634tu + 6001u2)+ 20(t + u)(115t2 + 274tu + 115u2)℄+ 4m14A [1201s4 + 5216s3(t+ u) + s2(9677t2 + 20274tu + 9677u2)+ 6s(t+ u)(1319t2 + 3082tu + 1319u2)+ 4(555t4 + 2696t3u+ 4298t2u2 + 2696tu3 + 555u4)℄� 2m12A [1768s5 + 7602s4(t+ u) + s3(17081t2 + 35646tu + 17081u2)+ 8s2(t+ u)(2706t2 + 6175tu + 2706u2)+ 3s(4399t4 + 20772t3u+ 32874t2u2 + 20772tu3 + 4399u4)+ 16(t + u)(177t4 + 1000t3u+ 1678t2u2 + 1000tu3 + 177u4)℄+m10A [2116s6 + 8896s5(t+ u) + 2s4(9939t2 + 20686tu + 9939u2)+ 2s3(t+ u)(15713t2 + 34582tu + 15713u2)+ s2(30493t4 + 138040t3u+ 216542t2u2 + 138040tu3 + 30493u4)+ 8s(t+ u)(1812t4 + 9605t3u+ 15890t2u2 + 9605tu3 + 1812u4)+ 2391t6 + 21478t5u+ 66169t4u2 + 94100t3u3 + 66169t2u4 + 21478tu5 + 2391u6℄�m8A[856s7 + 4028s6(t+ u) + 16s5(556t2 + 1153tu + 556u2)+ 4s4(t+ u)(3631t2 + 7486tu + 3631u2)+ s3(18407t4 + 76658t3u+ 118270t2u2 + 76658tu3 + 18407u4)21



+ s2(t+ u)(14251t4 + 67500t3u+ 110090t2u2 + 67500tu3 + 14251u4)+ s(5289t6 + 43036t5u+ 127559t4u2 + 179784t3u3+ 127559t2u4 + 43036tu5 + 5289u6)+ (t+ u)(645t6 + 7346t5u+ 25323t4u2 + 37052t3u3+ 25323t2u4 + 7346tu5 + 645u6)℄+m6A[188s8 + 1104s7(t+ u) + 8s6(357t2 + 736tu + 357u2)+ 8s5(t+ u)(613t2 + 1150tu + 613u2)+ s4(7042t4 + 24892t3u+ 36808t2u2 + 24892tu3 + 7042u4)+ 8s3(t+ u)(932t4 + 3449t3u+ 5458t2u2 + 3449tu3 + 932u4)+ s2(4531t6 + 30636t5u+ 84881t4u2 + 117904t3u3+ 84881t2u4 + 30636tu5 + 4531u6)+ 6s(t+ u)(209t6 + 1962t5u+ 6259t4u2 + 9092t3u3 + 6259t2u4 + 1962tu5 + 209u6)+ (t+ u)2(101t6 + 1664t5u+ 6795t4u2 + 10240t3u3 + 6795t2u4 + 1664tu5 + 101u6)℄�m4A[16s9 + 124s8(t+ u) + 2s7(229t2 + 470tu + 229u2)+ 4s6(t+ u)(261t2 + 446tu + 261u2)+ 4s5(464t4 + 1325t3u+ 1794t2u2 + 1325tu3 + 464u4)+ 2s4(t+ u)(1259t4 + 2936t3u+ 4152t2u2 + 2936tu3 + 1259u4)+ s3(2151t6 + 10188t5u+ 23655t4u2 + 31340t3u3 + 23655t2u4 + 10188tu5 + 2151u6)+ s2(t+ u)(967t6 + 6318t5u+ 17545t4u2 + 25076t3u3+ 17545t2u4 + 6318tu5 + 967u6)+ s(179t8 + 2446t7u+ 11502t6u2 + 27386t5u3 + 36254t4u4+ 27386t3u5 + 11502t2u6 + 2446tu7 + 179u8)+ (t+ u)3(7t6 + 226t5u+ 1225t4u2 + 1884t3u3 + 1225t2u4 + 226tu5 + 7u6)℄+m2A[14s8(t+ u)2 + 2s7(t+ u)(39t2 + 58tu+ 39u2)+ s6(249t4 + 580t3u+ 674t2u2 + 580tu3 + 249u4)+ 4s5(t+ u)(127t4 + 174t3u+ 166t2u2 + 174tu3 + 127u4)+ 2s4(306t6 + 935t5u+ 1375t4u2 + 1480t3u3 + 1375t2u4 + 935tu5 + 306u6)+ 2s3(t+ u)(201t6 + 738t5u+ 1426t4u2 + 1854t3u3 + 1426t2u4 + 738tu5 + 201u6)+ s2(125t8 + 1044t7u+ 3733t6u2 + 7996t5u3 + 10328t4u4+ 7996t3u5 + 3733t2u6 + 1044tu7 + 125u8)+ 4s(t+ u)(3t8 + 62t7u+ 308t6u2 + 784t5u3 + 1058t4u4+ 784t3u5 + 308t2u6 + 62tu7 + 3u8)+ tu(t+ u)4(14t4 + 135t3u+ 206t2u2 + 135tu3 + 14u4)℄� (t+ u)[s7(t+ u)(7t2 � 4tu+ 7u2) + s6(35t4 + 28t3u� 2t2u2 + 28tu3 + 35u4)+ 2s5(t+ u)(35t4 + 12t3u� 8t2u2 + 12tu3 + 35u4)+ 2s4(t+ u)2(35t4 + 8t3u+ 6t2u2 + 8tu3 + 35u4)22



+ s3(t+ u)(35t6 + 104t5u+ 132t4u2 + 176t3u3 + 132t2u4 + 104tu5 + 35u6)+ s2(7t8 + 64t7u+ 197t6u2 + 420t5u3 + 548t4u4 + 420t3u5 + 197t2u6 + 64tu7 + 7u8)+ 3stu(t+ u)(4t6 + 19t5u+ 54t4u2 + 74t3u3 + 54t2u4 + 19tu5 + 4u6)+ t2u2(t+ u)4(7t2 + 10tu+ 7u2)℄; (A.19)d�dt �gg ! QQ h1S(8)0 iA� = 158 d�dt �gg ! QQ h1S(1)0 iA� ; (A.20)d�dt �gg ! QQ h3S(8)1 iA� = ��2s �yAQ�24Ms3(m2A � s� t)2(m2A � s� u)2(2m2A � t� u)2� f9m12A �m10A [20s + 27(t+ u)℄ +m8A[14s2 + 46s(t+ u) + 3(11t2 + 23tu + 11u2)℄�m6A[3s3 + 23s2(t+ u) + 42s(t+ u)2 + 3(t+ u)(7t2 + 16tu+ 7u2)℄+m4A[3s3(t+ u) + 2s2(7t2 + 13tu + 7u2) + 2s(t+ u)(9t2 + 20tu+ 9u2)+ 7t4 + 35t3u+ 51t2u2 + 35tu3 + 7u4℄�m2A[s3(t2 + tu+ u2) + s2(t+ u)(3t2 + 7tu+ 3u2)+ s(3t4 + 18t3u+ 26t2u2 + 18tu3 + 3u4) + (t+ u)(t2 + tu+ u2)(t2 + 7tu+ u2)℄+ tu[s(t+ u) + t2 + tu+ u2℄2g; (A.21)d�dt �gg ! QQ h1P (8)1 iA� = ��2s �yAQ�2M3s3(m2A � s� t)3(m2A � s� u)3(2m2A � t� u)4� f3m16A [4s2 + 4s(t+ u) + 3(t+ u)2℄�m14A [28s3 + 76s2(t+ u) + s(73t2 + 142tu + 73u2) + 36(t + u)3℄+m12A [28s4 + 108s3(t+ u) + 2s2(97t2 + 204tu+ 97u2)+ s(t+ u)(161t2 + 330tu + 161u2) + 12(t + u)2(5t2 + 11tu+ 5u2)℄�m10A [20s5 + 76s4(t+ u) + 4s3(43t2 + 97tu + 43u2)+ 2s2(t+ u)(127t2 + 302tu + 127u2)+ s(181t4 + 783t3u+ 1192t2u2 + 783tu3 + 181u4) + 18(t + u)3(3t2 + 8tu+ 3u2)℄+m8A[8s6 + 40s5(t+ u) + s4(79t2 + 190tu+ 79u2)+ 2s3(t+ u)(73t2 + 206tu+ 73u2) + 4s2(48t4 + 229t3u+ 363t2u2 + 229tu3 + 48u4)+ s(t+ u)(117t4 + 560t3u+ 866t2u2 + 560tu3 + 117u4)+ 2(t+ u)2(14t4 + 79t3u+ 129t2u2 + 79tu3 + 14u4)℄�m6A[8s6(t+ u) + s5(23t2 + 58tu+ 23u2) + 2s4(t+ u)(19t2 + 66tu+ 19u2)+ 2s3(38t4 + 201t3u+ 340t2u2 + 201tu3 + 38u4)+ 2s2(t+ u)(45t4 + 226t3u+ 384t2u2 + 226tu3 + 45u4)+ s(45t6 + 337t5u+ 934t4u2 + 1272t3u3 + 934t2u4 + 337tu5 + 45u6)+ 4(t+ u)3(2t4 + 16t3u+ 27t2u2 + 16tu3 + 2u4)℄+m4A[2s6(t+ u)2 + s5(t+ u)(5t2 + 14tu+ 5u2)+ 2s4(7t4 + 31t3u+ 58t2u2 + 31tu3 + 7u4)23



+ s3(t+ u)(29t4 + 122t3u+ 262t2u2 + 122tu3 + 29u4)+ s2(27t6 + 180t5u+ 539t4u2 + 768t3u3 + 539t2u4 + 180tu5 + 27u6)+ s(t+ u)(10t6 + 86t5u+ 255t4u2 + 342t3u3 + 255t2u4 + 86tu5 + 10u6)+ (t+ u)2(t6 + 18t5u+ 63t4u2 + 88t3u3 + 63t2u4 + 18tu5 + u6)℄�m2A[s5(t4 + t3u+ tu3 + u4) + 4s4(t+ u)(t4 + 2t3u+ 5t2u2 + 2tu3 + u4)+ 2s3(3t6 + 16t5u+ 48t4u2 + 76t3u3 + 48t2u4 + 16tu5 + 3u6)+ 2s2(t+ u)(2t6 + 15t5u+ 43t4u2 + 72t3u3 + 43t2u4 + 15tu5 + 2u6)+ s(t8 + 15t7u+ 64t6u2 + 142t5u3 + 180t4u4 + 142t3u5 + 64t2u6 + 15tu7 + u8)+ 2tu(t+ u)3(t4 + 5t3u+ 6t2u2 + 5tu3 + u4)℄+ tu(t+ u)[s4(t+ u)(t2 + tu+ u2) + s3(3t4 + 6t3u+ 14t2u2 + 6tu3 + 3u4)+ s2(t+ u)(3t4 + 4t3u+ 14t2u2 + 4tu3 + 3u4)+ s(t+ u)2(t4 + 2t3u+ 4t2u2 + 2tu3 + u4) + tu(t+ u)(t2 + tu+ u2)2℄g; (A.22)d�dt �gg ! QQ h3P (8)J iA� = 158 2XJ 0=0(2J 0 + 1)d�dt �gg ! QQ h3P (1)J 0 iA� ; (A.23)d�dt �qq ! QQ h3S(8)1 iA� = 4��2s �yAQ�227Ms3(2m2A � t� u)2� [2m4A � 2m2A(s+ t+ u) + t2 + u2℄; (A.24)d�dt �qq ! QQ h1P (8)1 iA� = �16��2s �yAQ�227M3s3(2m2A � t� u)4� f8m6As � 2m4A(2s+ t+ u)2 � 2m2A[s(t� u)2 � (t+ u)3℄� (t+ u)2(t2 + u2)g; (A.25)d�dt �g ! QQ h1S(8)0 iA� = 16��s d�dt �gg ! QQ h1S(1)0 iA� ; (A.26)d�dt �g ! QQ h3P (8)J iA� = 16��s 2XJ 0=0(2J 0 + 1)d�dt �gg ! QQ h3P (1)J 0 iA� ; (A.27)d�dt � ! QQ [n℄A� = 512�29�2s d�dt �gg ! QQ [n℄A� ; n = 1S(1)0 ; 3P (1)J : (A.28)
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(a)Figure 1: (a) pT distributions d�=dpT (upper panel) and mCD distributions d�=dmCD(lower panel) in fb/GeV, (b) yC distributions d�=dyC (upper panel) and yD distributionsd�=dyD (lower panel) in fb, and () total ross setions � in fb as funtions of tan�(upper panel) and mD (lower panel) of pp ! CD +X, where C = �(1S); �bJ(1P ) andD = h (left olumns) or D = A (right olumns), at the LHC. The default values ofthe MSSM input parameters are tan � = 50 and mD = 100 GeV. It is summed overC = �b0(1P ); �b1(1P ); �b2(1P ). In eah frame, the NRQCD (solid line) predition forC = �(1S) and the NRQCD (dashed line) and CSM (dotted line) ones for C = �bJ(1P )are shown separately. 27
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