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I. INTRODUCTIONBottomonium prodution at high energies has provided a useful laboratory for testingthe high-energy limit of quantum hromodynamis (QCD) as well as the interplay of per-turbative and non-perturbative phenomena in QCD. The fatorization formalism of non-relativisti QCD (NRQCD) [1℄ is a rigorous theoretial framework for the desription ofheavy-quarkonium prodution and deay. The fatorization hypothesis of NRQCD assumesthe separation of the e�ets of long and short distanes in heavy-quarkonium prodution.NRQCD is organized as a perturbative expansion in two small parameters, the strong-oupling onstant �s and the relative veloity v of the heavy quarks.The phenomenology of strong interations at high energies exhibits a dominant role ofgluon interations in quarkonium prodution. In the onventional parton model [2℄, theinitial-state gluon dynamis is ontrolled by the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi(DGLAP) evolution equation [3℄. In this approah, it is assumed that S > �2 � �2QCD, wherepS is the invariant ollision energy, � is the typial energy sale of the hard interation, and�QCD is the asymptoti sale parameter of QCD. In this way, the DGLAP evolution equationtakes into aount only one big logarithm, namely ln(�=�QCD). In fat, the ollinear-partronapproximation is used, and the transverse momenta of the inoming gluons are negleted.In the high-energy limit, the ontribution from the partoni subproesses involving t-hannel gluon exhanges to the total ross setion an beome dominant. The summationof the large logarithms ln(pS=�) in the evolution equation an then be more importantthan the one of the ln(�=�QCD) terms. In this ase, the non-ollinear gluon dynamisis desribed by the Balitsky-Fadin-Kuraev-Lipatov (BFKL) evolution equation [4℄. In theregion under onsideration, the transverse momenta (kT ) of the inoming gluons and their o�-shell properties an no longer be negleted, and we deal with reggeized t-hannel gluons. Thetheoretial frameworks for this kind of high-energy phenomenology are the kT -fatorizationapproah [5, 6℄ and the quasi-multi-Regge kinematis (QMRK) approah [7, 8℄, whih isbased on e�etive quantum �eld theory implemented with the non-abelian gauge-invariantation, as suggested a few years ago [9℄. Our previous analysis of harmonium produtionat high-energy olliders using the high-energy fatorization sheme [10, 11℄ has shown theequivalene of the kT -fatorization and the QMRK approahes at leading order (LO) in �s.However, the kT -fatorization approah has well-known prinipal diÆulties [12℄ at next-to-2



leading order (NLO). By ontrast, the QMRK approah o�ers a oneptual solution of theNLO problems [13℄. In our LO appliations, the QMRK approah yields similar formulas asthe kT -fatoriztion approah, so that we an essentially ontinue using our previous results[10, 11℄ obtained in the kT -fatorization formalism using the Collins-Ellis presription [6℄.This paper is organized as follows. In Se. II, the QMRK approah is briey reviewed. InSe. III, we explain how the analyti results of Refs. [10, 11℄ relevant for our analysis may beonverted to the QMRK framework. In Se. IV, we perform �ts to the transverse-momentum(pT = jpT j) distributions of inlusive bottomonium prodution measured at the FermilabTevatron to obtain numerial values for the non-perturbative matrix elements (NMEs) ofthe NRQCD fatorization formalism. In Se. V, we summarize our results.II. QMRK APPROACHIn the phenomenology of strong interations at high energies, it is neessary to de-sribe the QCD evolution of the gluon distribution funtions of the olliding partiles start-ing from some sale �0, whih ontrols a non-perturbative regime, to the typial sale �of the hard-sattering proesses, whih is typially of the order of the transverse massMT = qM2 + jpT j2 of the produed partile (or hadron jet) with (invariant) mass Mand transverse two-momentum pT . In the region of very high energies, in the so-alledRegge limit, the typial ratio x = �=pS beomes very small, x � 1. This leads to largelogarithmi ontributions of the type [�s ln(1=x)℄n in the resummation proedure, whih isdesribed by the BFKL evolution equation [4℄ for an un-integrated gluon distribution fun-tion �(x; jqT j2; �2), where qT is the transverse two-momentum of the gluon with respet tothe ight diretion of the inoming hadron from whih it stems. Aordingly, in the QMRKapproah [7℄, the initial-state t-hannel gluons are onsidered as reggeons (or reggeized glu-ons). They arry �nite transverse two-momenta qT with respet to the hadron beam fromwhih they stem and are o� mass shell.Reggeized gluons interat with quarks and Yang-Mills gluons in a spei� way. Reently,in Ref. [8℄, the Feynman rules for the e�etive theory based on the non-abelian gauge-invariant ation [9℄ were derived for the indued and some important e�etive verties. Theindued vertex for the transition from a reggeized gluon to a Yang-Mills gluon R� ! g (PR3



vertex) shown in Fig. 1(a) has the form:���ab (q) = iÆabq2(n�)�; (1)where (n+)� = P �1 =E1, (n�)� = P �2 =E2, P �1;2 are the four-momenta of the olliding protons,and E1;2 are their energies in the enter-of-mass frame. We have (n�)2 = 0, n+ � n� = 2,and S = (P1 + P2)2 = 4E1E2. For any four-momentum k�, we de�ne k� = k � n�. It is easyto see that the four-momenta of the reggeized gluons an be represented asq�1 = q�1T + q�12 (n+)�;q�2 = q�2T + q+22 (n�)�;q+1 = q�2 = 0: (2)The indued interation vertex of one reggeized gluon with two Yang-Mills gluons (PPRvertex) depited in Fig. 1(b) reads����ab (k1; q; k2) = �gsfab q2k�1 (n�)�(n�)� ; (3)where gs = p4��s is the gauge oupling of QCD. The reggeized-gluon propagator displayedin Fig. 1() is given byD��ab (q) = �iÆab 12q2 h(n+)�(n�)� + (n+)�(n�)�i : (4)The Lagrangian of the e�etive theory [9℄ also ontains the standard gluon-gluon and quark-gluon interations for Yang-Mills gluons.Using the Feynman rules for the indued verties (1) and (3) and the ordinary verties,one an onstrut e�etive verties, whih obey Bose and gauge symmetries. For example,the e�etive three-vertex that desribes the prodution of a single Yang-Mills gluon withfour-momentum k� = q�1 + q�2 and olor index b by two-reggeon annihilation R+ +R� ! g(PRR vertex) shown in Fig. 2 reads�+��ba (q1; k; q2) = V ���ab (�q1;�q2; k)(n+)�(n�)� + ����ab (q1; q2; k)(n+)� + ��+�ab (q2; q1; k)(n�)�= 2gsf ba "(n�)�  q+2 + q22q�1 !� (n+)�  q�1 + q21q+2 !+ (q1 � q2)�# ; (5)where V ���ab (k1; k2; k3) = �gsfab h(k1 � k2)�g�� + (k2 � k3)�g�� + (k3 � k1)�g��i (6)4



is the Yang-Mills three-gluon vertex, with all four-momenta taken to be outgoing, and weexploited the following relationÆab(n�)� = ���a (q) �iÆbg��q2 ! : (7)The gauge invariane of the e�etive theory [9℄ leads to the following ondition for am-plitudes in the QMRK: limjq1T j;jq1T j!0 jA(R +R! H+X)j2 = 0: (8)In the QMRK approah, the hadroni ross setion of quarkonium (H) produtionthrough the proess p+ �p! H +X (9)and the partoni ross setion of the two-reggeon fusion subproessR+R !H +X (10)are related asd�(p+ �p !H +X) = Z dx1x1 Z d2q1T� � �x1; jq1T j2; �2� Z dx2x2 Z d2q2T�� � �x2; jq2T j2; �2� d�̂(R+R !H +X): (11)where � (x; jqT j2; �2) is the un-integrated gluon distribution funtion in the proton, x1 =q�1 =(2E1) and x2 = q+2 =(2E2) are the frations of the proton momenta passed on to thereggeized gluons, and the fatorization sale � is hosen to be of order MT . The ollinearand un-integrated gluon distribution funtions are formally related asxG(x; �2) = Z �20 djqT j2� �x; jqT j2; �2� ; (12)so that, for q1T = q2T = 0, we reover the onventional fatorization formula of the ollinearparton model,d�(p + �p! H+X) = Z dx1G(x1; �2) Z dx2G(x2; �2)d�̂(g + g ! H+X): (13)The partoni ross setion or proess (10) may be evaluated asd�̂(R+R! H +X) = N2x1x2S jA(R+R! H +X)j2d�; (14)5



where 2x1x2S is the ux fator of the inoming partiles,A(R+R !H+X) is the produtionamplitude, the overbar indiates average (summation) over initial-state (�nal-state) spinsand olors, d� is the phase spae volume of the outgoing partiles, andN = (x1x2S)216jq1T j2jq2T j2 (15)is a normalization fator that ensures the orret transition to the ollinear-parton limit.This onvention implies that the partoni ross setion in the QMRK approah is normalizedapproximately to the ross setion for on-shell gluons when q1T = q2T = 0.In our numerial alulations, we use the un-integrated gluon distribution funtions byBl�umlein (JB) [14℄, by Jung and Salam (JS) [15℄, and by Kimber,Martin, and Ryskin (KMR)[16℄. A diret omparison between di�erent un-integrated gluon distributions as funtionsof x, jkT j2, and �2 may be found in Ref. [17℄. Note that the JB version is based on theBFKL evolution equation [4℄. On the ontrary, the JS and KMR versions were obtained usingthe more ompliated Catani-Ciafaloni-Fiorani-Marhesini (CCFM) evolution equation [18℄,whih takes into aount both large logarithms of the types ln(1=x) and ln(�=�QCD).III. RELATION BETWEEN QMRK AND kT -FACTORIZATION APPROACHESIn this setion, we obtain the squared amplitudes for inlusive quarkonium produtionvia the fusion of two reggeized gluons in the framework of QMRK [8℄ and NRQCD [1℄. Wework at LO in �s and v and onsider the following partoni subproesses [11℄:R +R ! H h3P (1)J ; 3S(8)1 ; 1S(8)0 ; 3P (8)J i ; (16)R +R ! H h3S(1)1 i+ g: (17)This formalism also allows for a onsistent treatment at NLO, whih is, however, beyondthe sope of this paper and needs a separate investigation.Aording to the presription of Ref. [8℄, the amplitudes of proesses (16) may be obtainedfrom the �ve Feynman diagrams depited in Fig. 3. Of ourse, the last three Feynman dia-grams in Fig. 3 an be ombined through the e�etive PRR vertex. The Feynman diagramspertinent to proess (17) are shown in Fig. 4.The LO results for the squared amplitudes of subproesses (16) and (17) that we �ndby using the Feynman rules of Ref. [8℄ oinide with those we obtained in Ref. [11℄ in the6



kT -fatorization approah. The general relation between the squared amplitudes in bothapproahes is NjA(R +R! H+X)j2 = jAKT(R+R !H +X)j2: (18)The formulas for the 2! 1 subproesses (16) are listed in Eq. (27) of Ref. [11℄. In the ase ofthe 2! 2 subproess (17), our analyti results were not inluded in the journal publiationof Ref. [11℄ for lak of spae. However, they are given in Eq. (38) of the preprint version ofRef. [11℄ and may be obtained in FORTRAN or Mathematia format by eletroni mail uponrequest from the authors.The di�erential hadroni ross setion of proess (11) may then be evaluated from thesquared matrix elements of proesses (16) and (17) as indiated in Eqs. (46) and (48) ofRef. [11℄.IV. BOTTOMONIUM PRODUCTION AT THE TEVATRONThe CDF Collaboration at the Tevatron measured the pT distributions of �(1S), �(2S),and �(3S) mesons in the entral region of rapidity (y), jyj < 0:4, at pS = 1:8 TeV (run I)[19℄ and that of the �(1S) meson in the rapidity regions jyj < 0:6, 0:6 < jyj < 1:2, and1:2 < jyj < 1:8 at pS = 1:96 TeV (run II) [20℄. In both ases, the S-wave bottomonia wereprodued promptly, i.e., diretly or through non-forbidden deays of higher-lying S- and P -wave bottomonium states, inluding asade transitions suh as �(3S)! �b1(2P )! �(1S).As is well known, the ross setion of bottomonium prodution measured at the Tevatronat large values of pT is more than one order of magnitude larger than the predition of theolor-singlet model (CSM) [21℄ implemented in the ollinear parton model [22℄. Swithingfrom the CSM to the NRQCD fatorization formalism [1℄ within the ollinear parton model[23℄ somewhat ameliorates the situation in the large-pT region, at pT >� 10 GeV, but still doesnot lead to agreement at all values of pT . On the other hand, the shape of the pT distributionan be desribed in the olor evaporation model [24℄ improved by the resummation of thelarge logarithmi ontributions from soft-gluon radiation at all orders in �s in the region ofpT < M [25℄. However, the overall normalization of the ross setion an not be preditedin this approah [24, 25℄.In ontrast to previous analyses in the ollinear parton model, we perform a joint �tto the CDF data from run I [19℄ and run II [20℄ for all pT values, inluding the small-7



pT region, to extrat the olor-otet NMEs of the �(nS) and �bJ(nP ) mesons using threedi�erent un-integrated gluon distribution funtions. Our alulations are based on exatanalytial expressions for the relevant squared amplitudes, obtained in the QMRK approahas explained in Se. III.For the reader's onveniene, we list in Table I the inlusive branhing frations of thefeed-down deays of the various bottomonium states, whih an be gleaned from Ref. [26℄.Theses values supersede those presented in Ref. [23℄. Sine the �(nS) mesons are identi�edin Refs. [19, 20℄ through their deays to �+�� pairs, we have to inlude the orrespondingbranhing frations, whih we also adopt from Ref. [26℄, B(�(1S) ! �+ + ��) = 0:0248,B(�(2S)! �++��) = 0:0131, and B(�(3S)! �++��) = 0:0181. We take the pole massof the bottom quark to be mb = 4:77 GeV.We now present and disuss our numerial results. In Table II, we list our �t results forthe relevant olor-otet NMEs for three di�erent hoies of un-integrated gluon distributionfuntion, namely JB [14℄, JS [15℄, and KMR [16℄. The relevant olor-singlet NMEs are not�tted. The olor-singlet NMEs of the �(nS) mesons are determined from the measuredpartial deay widths of �(nS) ! l+ + l� using the vauum saturation approximation andheavy-quark spin symmetry in the NRQCD fatorization formulas and inluding NLO QCDradiative orretions [28℄. The partial deay widths of �b0(nP )! 2, from whih the olor-singlet NMEs of the �bJ(nP ) mesons ould be extrated, are yet unknown. However, theseNMEs an be estimated using the wave funtions evaluated at the origin from potentialmodels [29℄, as was done in Ref. [23℄. We adopt the olor-singlet NMEs of the �b0(nP )mesons from Ref. [23℄.We �rst study the relative importane of the various olor-otet b�b Fok states in diret�(nS) hadroprodution. Previous �ts to CDF data [19℄ were onstrained to the large-pTregion, pT >� 8 GeV, and ould not separate the ontributions proportional to hO�(nS)[1S(8)0 ℄iand hO�(nS)[3P (8)0 ℄i. Instead, they determined the linear ombinationM�(nS)r = hO�(nS) h1S(8)0 ii+ rm2b hO�(nS) h3P (8)0 ii; (19)for the value of r that minimized the error on M�(nS)r . By ontrast, the QMRK ap-proah allows us to over also the small-pT region and thus to �t hO�(nS)[1S(8)0 ℄i andhO�(nS)[3P (8)0 ℄i separately, thanks to the di�erent pT dependenes of the respetive ontribu-tions for pT <� 8 GeV. This feature is niely illustrated for diret �(1S) hadroprodution in8



Fig. 5, where the shapes of the ontributions proportional to hO�(1S)[3S(8)1 ℄i, hO�(1S)[1S(8)0 ℄i,and hO�(1S)[3P (8)0 ℄i are ompared. Notie that the peak positions signi�antly di�er, by upto 2 GeV. Apparently, this suÆes to disentangle the ontributions previously ombined byEq. (19).In Figs. 6, 7, and 8, we ompare the CDF data on prompt �(nS) hadroprodution inrun I [19℄ with the theoretial results evaluated with the JB [14℄, JS [15℄, and KMR [16℄un-integrated gluon distribution funtions, respetively, and the NMEs listed in Table II. Ineah ase, the olor-singlet and olor-otet ontributions are also shown separately. Exeptfor the JB and KMR analyses of �(3S) prodution, the olor-otet ontributions are alwayssuppressed, espeially at low values of pT . In the JS analysis, the �(1S) and �(2S) data aresigni�antly exeeded by the olor-singlet ontributions for pT <� 10 GeV, whih explainsthe poor quality of the �t, with �2=d.o.f. = 27. In the JB analysis, this only happens forpT <� 2 GeV, so that the value of �2=d.o.f. is lowered by one order of magnitude, being�2=d.o.f. = 2:9. By ontrast, the KMR gluon yields an exellent �t, with �2=d.o.f. = 0:5,and will be the only one onsidered in the following disussion. Comparing the olor-singletand olor-otet ontributions in Fig. 8, we observe that the latter is dominant in the �(3S)ase and in the �(2S) ase for pT >� 13 GeV, while it is of minor importane in the �(1S)ase in the whole pT range onsidered. The latter feature is substantiated by the run-II dataand is reeted in all their y subintervals, as may be see from Fig. ??.Notie that the ontributions to prompt �(nS) hadroprodution due to the feed-downfrom the �bJ(3P ) mesons have been negleted above, simply beause the latter have notyet been observed and their partial deay widths are unknown. In the remainder of thissetion, we assess the impat of these ontributions. For the olor-singlet NME, we use thepotential model result hO�b0(3P )[3P (1)0 ℄i = 2:7 GeV5 [29℄. By analogy to the KMR �t resultsfor hO�b0(1P )[3S(8)1 ℄i and hO�b0(2P )[3S(8)1 ℄i in Table II, we expet the value of hO�b0(3P )[3S(8)1 ℄ito be negligibly small, ompatible with zero. Looking at Table I, a naive extrapolationfrom the �bJ(1P ) and �bJ(2P ) states suggests that the inlusive branhing frations for the�bJ(3P ) deays into the �(3S), �(2S), and �(1S) states ould be about 12%, 9%, and 7%,respetively. These deays generate further asade transitions, whose inlusive branhingfrations follow from these estimates in ombination with the entries of Table I. Inludingall these ingredients, we repeat our KMR �t to the CDF data. As illustrated in Fig. 10for prompt �(nS) hadroprodution in run I, the CDF data an be fairly well desribed9



in the QMRK approah to the CSM, while the olor-otet ontributions turn out to benegligibly small. We note in passing that a similar observation, although with lower degreeof agreement between data and theory, an be made for the JB gluon, while the JS gluonbadly fails for pT <� 10 GeV.V. CONCLUSIONWorking at LO in the QMRK approah to NRQCD, we analytially evaluated the squaredamplitudes of prompt bottomonium prodution in two-reggeon ollisions. We extratedthe relevant olor-otet NMEs, hOH[3S(8)1 ℄i, hOH[1S(8)0 ℄i, and hOH[3P (8)0 ℄i for H = �(1S),�(2S), �(3S), �b0(1P ), and �b0(2P ), through �ts to pT distributions of prompt �(nS)hadroprodution measured by the CDF Collaboration at the Tevatron in p�p ollisions withpS = 1:8 TeV [19℄ and 1.96 TeV [20℄ using three di�erent un-integrated gluon distributionfuntions of the proton, namely JB [14℄, JS [15℄, and KMR [16℄. The �ts based on theKMR, JB, and JS gluons turned out to be exellent, fair, and poor, respetively. Theyyielded small to vanishing values for the olor-otet NMEs, espeially when the estimatedfeed-down ontributions from the as-yet unobserved �bJ(3P ) states were inluded.The present analysis, together with a reent investigation of harmonium produtionat high energies [11℄, suggest that the olor-otet NMEs of bottomonium are more stronglysuppressed than those of harmonium as expeted from the veloity saling rules of NRQCD.We illustrated that the QMRK approah [8, 9℄ provides a useful laboratory to desribe thephenomenology of high-energy proesses in the Regge limit of QCD.LO preditions in both the ollinear parton model and the QMRK framework su�er fromsizeable theoretial unertainties, whih are largely due to unphysial-sale dependenes.Substantial improvement an only be ahieved by performing full NLO analyses. While thestage for the NLO NRQCD treatment of 2! 2 proesses has been set in the ollinear partonmodel [30℄, oneptual issues still remain to be elaborated in the QMRK approah. Sine,at NLO, inoming partons an gain a �nite kT kik through the perturbative emission ofpartons, one expets that essential features produed by the QMRK approah at LO willthus automatially show up at NLO in the ollinear parton model.10



VI. ACKNOWLEDGEMENTSWe thank E. Kuraev and M. Ryskin for useful disussions. D.V.V. is grateful to theInternational Center of Fundamental Physis in Mosow and the Dynastiya Foundation for�nanial support. This work was supported in part by BMBF Grant No. 05 HT4GUA/4and by DFG Grant No. KN 365/6{1.[1℄ G. T. Bodwin, E. Braaten, and G. P. Lepage, Phys. Rev. D 51, 1125 (1995); 55, 5853(E)(1997).[2℄ CTEQ Collaboration, R. Brok et al., Rev. Mod. Phys. 67, 157 (1995).[3℄ V. N. Gribov and L. N. Lipatov, Sov. J. Nul. Phys. 15, 438 (1972) [Yad. Fiz. 15, 781 (1972)℄;Yu. L. Dokshitzer, Sov. Phys. JETP 46, 641 (1977) [Zh. Eksp. Teor. Fiz. 73, 1216 (1977)℄;G. Altarelli and G. Parisi, Nul. Phys. B126, 298 (1977).[4℄ E. A. Kuraev, L. N. Lipatov, and V. S. Fadin, Sov. Phys. JETP 44, 443 (1976) [Zh. Eksp.Teor. Fiz. 71, 840 (1976)℄; I. I. Balitsky and L. N. Lipatov, Sov. J. Nul. Phys. 28, 822 (1978)[Yad. Fiz. 28, 1597 (1978)℄.[5℄ L. V. Gribov, E. M. Levin, and M. G. Ryskin, Phys. Rept. 100, 1 (1983); S. Catani,M. Ciafoloni, and F. Hautmann, Nul. Phys. B366, 135 (1991).[6℄ J. C. Collins and R. K. Ellis, Nul. Phys. B360, 3 (1991).[7℄ V. S. Fadin and L. N. Lipatov, Nul. Phys. B477, 767 (1996).[8℄ E. N. Antonov, L. N. Lipatov, E. A. Kuraev, and I. O. Cherednikov, Nul. Phys. B721, 111(2005).[9℄ L. N. Lipatov, Nul. Phys. B452, 369 (1995).[10℄ V. A. Saleev and D. V. Vasin, Phys. Rev. D 68, 114013 (2003); Phys. Atom. Nul. 68, 94(2005) [Yad. Fiz. 68, 95 (2005)℄.[11℄ B. A. Kniehl, D. V. Vasin, and V. A. Saleev, Phys. Rev. D 73, 074022 (2006).[12℄ Small x Collaboration, B. Anderson et al., Eur. Phys. J. C 25, 77 (2002).[13℄ V. S. Fadin, M. I. Kotsky, and L. N. Lipatov, Phys. Lett. B 415, 97 (1997); A. Leonidov andD. Ostrovsky, Eur. Phys. J. C 11, 495 (1999); D. Ostrovsky, Phys. Rev. D 62, 054028 (2000);V. S. Fadin, M. G. Kozlov, and A. V. Reznihenko, Phys. Atom. Nul. 67, 359 (2004) [Yad.11



Fiz. 67, 377 (2004)℄.[14℄ J. Bl�umlein, Report No. DESY 95{121 (1995).[15℄ H. Jung and G. P. Salam, Eur. Phys. J. C 19, 351 (2001).[16℄ M. A. Kimber, A. D. Martin, and M. G. Ryskin, Phys. Rev. D 63, 114027 (2001).[17℄ V. A. Saleev and D. V. Vasin, Phys. Lett. B 548, 161 (2002).[18℄ M. Ciafaloni, Nul. Phys. B296, 49 (1988); S. Catani, F. Fiorani, and G. Marhesini, Phys.Lett. B 234, 339 (1990); G. Marhesini, Nul. Phys. B445, 49 (1995).[19℄ CDF Collaboration, F. Abe et al., Phys. Rev. Lett. 75, 4358 (1995); CDF Collaboration,D. Aosta et al., ibid. 88, 161802 (2002).[20℄ CDF Collaboration, V. M. Abazov et al., Phys. Rev. Lett. 94, 232001 (2005).[21℄ V. G. Kartvelishvili, A. K. Likhoded, and S. R. Slabospitsky, Sov. J. Nul. Phys. 28, 678(1978) [Yad. Fiz. 28, 1315 (1978)℄; E. L. Berger and D. Jones, Phys. Rev. D 23, 1521 (1981);R. Baier and R. R�ukl, Phys. Lett. B 102, 364 (1981).[22℄ N. Brambilla et al., CERN Yellow Report No. CERN-2005-005 and No. FERMILAB-FN-0779,2005.[23℄ E. Braaten, S. Fleming, and A. K. Leibovih, Phys. Rev. D 63, 094006 (2001).[24℄ J. F. Amundson, O. J. P. Eboli, E. M. Gregores, and F. Halzen, Phys. Lett. B 390, 323 (1997).[25℄ E. L. Berger, J. Qiu, and Y. Wang, Phys. Rev. D 71, 034007 (2005); Int. J. Mod. Phys. A 20,3753 (2005).[26℄ Partile Data Group, S. Eidelman et al., Phys. Lett. B 592, 1 (2004).[27℄ CTEQ Collaboration, H. L. Lai et al., Eur. Phys. J. C 12, 375 (2000).[28℄ R. Barbieri, R. Gatto, R. K�ogerler, and Z. Kunszt, Phys. Lett. B 57, 455 (1975); R. Barbieri,M. Ca�o, R. Gatto, and E. Remiddi, Nul. Phys. B192, 61 (1981).[29℄ W. Luha, F. F. Shoberl, and D. Gromes, Phys. Rept. 200, 127 (1991); E. J. Eihten andC. Quigg, Phys. Rev. D 52, 1726 (1995).[30℄ M. Klasen, B. A. Kniehl, L. N. Mihaila, and M. Steinhauser, Nul. Phys. B609, 518 (2001);Phys. Rev. Lett. 89, 032001 (2002); Nul. Phys. B713, 487 (2005); Phys. Rev. D 71, 014016(2005). 12



TABLE I: Inlusive branhing frations of the feed-down deays of the various bottomonium states.InnOut �(3S) �b2(2P ) �b1(2P ) �b0(2P ) �(2S) �b2(1P ) �b1(1P ) �b0(1P ) �(1S)�(3S) 1 0.114 0.113 0.054 0.106 0.00721 0.00742 0.00403 0.102�b2(2P ) � � � 1 � � � � � � 0.162 0.0110 0.0113 0.00616 0.130�b1(2P ) � � � � � � 1 � � � 0.21 0.0143 0.0147 0.00798 0.161�b0(2P ) � � � � � � � � � 1 0.046 0.00313 0.00322 0.00175 0.0167�(2S) � � � � � � � � � � � � 1 0.068 0.07 0.038 0.320�b2(1P ) � � � � � � � � � � � � � � � 1 � � � � � � 0.22�b1(1P ) � � � � � � � � � � � � � � � � � � 1 � � � 0.35�b0(1P ) � � � � � � � � � � � � � � � � � � � � � 1 0.06�(1S) � � � � � � � � � � � � � � � � � � � � � � � � 1
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(c)FIG. 1: Feynman diagrams pertinent to the (a) PR vertex, (b) PPR vertex, and () reggeized-gluonpropagator given in Eqs. (1), (3), and (4), respetively.
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TABLE II: NMEs of the �(1S), �(2S), �(3S), �b0(1P ), and �b0(2P ) mesons from �ts to CDFdata from run I [19℄ and run II [20℄ in the ollinear parton model (PM) [23℄ using the CTEQ5L[27℄ parton distribution funtions of the proton and in the QMRK approah using the JB [14℄, JS[15℄, and KMR [16℄ un-integrated gluon distribution funtions of the proton. The errors on the �tresults are determined by varying in turn eah NME up and down about its entral value until thevalue of �2 is inreased by unity keeping all other NMEs �xed at their entral values.NME PM [23℄ Fit JB Fit JS Fit KMRhO�(1S)[3S(1)1 ℄i=GeV3 10:9� 1:6 10:9� 1:6 10:9� 1:6 10:9� 1:6hO�(1S)[3S(8)1 ℄i=GeV3 �2:0� 4:1�0:6+0:5�� 10�2 (5:3� 0:5)� 10�3 (0:0� 1:8)� 10�4 (0:0� 3:1)� 10�3hO�(1S)[1S(8)0 ℄i=GeV3 � � � (0:0� 4:7)� 10�4 (0:0� 5:2)� 10�5 (0:0� 4:3)� 10�3hO�(1S)[3P (8)0 ℄i=GeV5 � � � (0:0� 1:3)� 10�3 (0:0� 1:6)� 10�4 (9:5� 2:0)� 10�2M�(1S)5 =GeV3 �1:4� 0:7+1:0�0:7�� 10�1 (0:0� 7:6)� 10�4 (0:0� 8:7)� 10�5 (2:1� 0:9)� 10�2hO�b0(1P )[3P (1)0 ℄i=GeV5 2:4� 0:4 2:4� 0:4 2:4� 0:4 2:4� 0:4hO�b0(1P )[3S(8)1 ℄i=GeV3 �1:5� 1:1+1:3�1:0�� 10�2 (0:0� 2:1)� 10�3 (0:0� 8:4)� 10�5 (0:0� 1:4)� 10�3hO�(2S)[3S(1)1 ℄i=GeV3 4:5� 0:7 4:5� 0:7 4:5� 0:7 4:5� 0:7hO�(2S)[3S(8)1 ℄i=GeV3 �1:6� 0:6+0:7�0:5�� 10�1 (0:0� 5:9)� 10�3 (0:0� 4:1)� 10�4 (3:3� 0:8)� 10�2hO�(2S)[1S(8)0 ℄i=GeV3 � � � (0:0� 9:2)� 10�4 (0:0� 8:3)� 10�5 (0:0� 3:7)� 10�3hO�(2S)[3P (8)0 ℄i=GeV5 � � � (0:0� 2:6)� 10�3 (0:0� 2:8)� 10�4 (0:0� 1:6)� 10�2M�(2S)5 =GeV3 ��1:1� 1:0+0:3�0:2�� 10�1 (0:0� 1:5)� 10�3 (0:0� 1:4)� 10�4 (0:0� 7:2)� 10�3hO�b0(2P )[3P (1)0 ℄i=GeV5 2:6� 0:5 2:6� 0:5 2:6� 0:5 2:6� 0:5hO�b0(2P )[3S(8)1 ℄i=GeV3 �0:8� 1:1+1:1�0:8�� 10�2 (1:1� 0:4)� 10�2 (0:0� 2:8)� 10�4 (0:0� 5:7)� 10�3hO�(3S)[3S(1)1 ℄i=GeV3 4:3� 0:9 4:3� 0:9 4:3� 0:9 4:3� 0:9hO�(3S)[3S(8)1 ℄i=GeV3 �3:6� 1:9+1:8�1:3�� 10�2 (1:4� 0:3)� 10�2 (5:9� 4:2)� 10�3 (1:1� 0:4)� 10�2hO�(3S)[1S(8)0 ℄i=GeV3 � � � (0:0� 2:6)� 10�3 (0:0� 8:1)� 10�4 (0:0� 2:7)� 10�3hO�(3S)[3P (8)0 ℄i=GeV5 � � � (2:4� 0:8)� 10�2 (3:4� 4:2)� 10�3 (5:2� 1:1)� 10�2M�(3S)5 =GeV3 �5:4� 4:3+3:1�2:2�� 10�2 (5:2� 4:4)� 10�3 (7:4� 10:2)� 10�4 (1:1� 0:5)� 10�2hO�b0(3P )[3P (1)0 ℄i=GeV5 2:7� 0:7 2:7� 0:7 2:7� 0:7 2:7� 0:7�2=d:o:f : � � � 2:9 27 0:515
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