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World data of J= prodution onsolidate NRQCDfatorization at NLOMathias Butensh�on, Bernd A. KniehlII. Institut f�ur Theoretishe Physik, Universit�at Hamburg,Luruper Chaussee 149, 22761 Hamburg, GermanyAbstratWe alulate the ross setions of inlusive J= prodution in photoprodutionand two-photon sattering, involving both diret and resolved photons, and in e+e�annihilation at next-to-leading order (NLO) within the fatorization formalism ofnonrelativisti quantum hromodynamis (NRQCD), inluding the full relativistiorretions due to the intermediate 1S[8℄0 , 3S[8℄1 , and 3P [8℄J olor-otet (CO) states.Exploiting also our previous results on hadroprodution, we perform a ombined �tof the respetive CO long-distane matrix elements (LDMEs) to all available high-quality data of inlusive J= prodution, from KEKB, LEP II, RHIC, HERA, theTevatron, and the LHC, omprising a total of 194 data points from 26 data sets.PACS numbers: 12.38.Bx, 13.60.Le, 13.85.Ni, 14.40.Gx
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The fatorization formalism of NRQCD [1℄ provides a rigorous theoretial frameworkfor the desription of heavy-quarkonium prodution and deay. This implies a separa-tion of proess-dependent short-distane oeÆients, to be alulated perturbatively asexpansions in the strong-oupling onstant �s, from supposedly universal LDMEs, to beextrated from experiment. The relative importane of the latter an be estimated bymeans of veloity saling rules; i.e., the LDMEs are predited to sale with a de�nitepower of the heavy-quark (Q) veloity v in the limit v � 1. In this way, the theoretialpreditions are organized as double expansions in �s and v. A ruial feature of this for-malism is that it takes into aount the omplete struture of the QQ Fok spae, whihis spanned by the states n = 2S+1L[a℄J with de�nite spin S, orbital angular momentum L,total angular momentum J , and olor multipliity a = 1; 8. In partiular, this formalismpredits the existene of CO proesses in nature. This means that QQ pairs are produedat short distanes in CO states and subsequently evolve into physial, olor-singlet (CS)quarkonia by the nonperturbative emission of soft gluons. In the limit v ! 0, the tra-ditional CS model (CSM) is reovered in the ase of S-wave quarkonia. In the ase ofJ= prodution, the CSM predition is based just on the 3S[1℄1 CS state, while the leadingrelativisti orretions, of relative order O(v4), are built up by the 1S[8℄0 , 3S[8℄1 , and 3P [8℄J(J = 0; 1; 2) CO states. The CSM is not a omplete theory, as may be understood bynotiing that the NLO treatment of P -wave quarkonia is plagued by unaneled infraredsingularities, whih are, however, properly removed in NRQCD.The test of NRQCD fatorization has been identi�ed to be among the most exigentmilestones on the roadmap of quarkonium physis at the present time [2℄. While, forJ= polarization, omparisons of HERA and Tevatron data with NRQCD preditions,whih are not yet fully known at NLO, unravel a rather onfusing pattern, the situationis eventually learing up for the J= yield, whih is now fully known at NLO in NRQCDfor diret photoprodution [3℄ and hadroprodution [4,5℄. In fat, it has been demon-strated [4℄ that the set of CO LDMEs �tted to transverse-momentum (pT ) distributionsmeasured at HERA [6,7℄ and by CDF at Tevatron II [8℄ also lead to very good desrip-tions of distributions in the p .m. energy W and the inelastiity z, whih measures thefration of  energy passed on to the J= meson in the p rest frame, from HERA [6,7℄and of pT distributions from RHIC [9℄ and the LHC [10℄. On the other hand, the Teva-tron II [8℄ data alone an only pin down two linear ombinations of the three CO LDMEs[5,11℄, and the �t results of Ref. [5℄ are inompatible with Ref. [4℄. It is the purposeof this Letter, to overome this highly unsatisfatory situation jeopardizing the suessof NRQCD fatorization by performing a global �t to all available high-quality data ofinlusive unpolarized J= prodution, omprising a total of 194 data points from 26 datasets. Spei�ally, these inlude pT distributions in hadroprodution from PHENIX [9℄at RHIC, CDF at Tevatron I [12℄ and Tevatron II [8℄, ATLAS [13℄, CMS [10℄, ALICE[14℄, and LHCb [15℄ at the LHC; p2T , W , and z distributions in photoprodution fromZEUS [16℄ and H1 [6℄ at HERA I and H1 [7℄ at HERA II; a p2T distribution in two-photonsattering from DELPHI [17℄ at LEP II; and a total ross setion in e+e� annihilationfrom Belle [18℄ at KEKB.Inoming photons partiipate in the hard sattering either diretly or via partons into2



hOJ= (1S[8℄0 )i (4:97� 0:44)� 10�2 GeV3hOJ= (3S[8℄1 )i (2:24� 0:59)� 10�3 GeV3hOJ= (3P [8℄0 )i (�1:61� 0:20)� 10�2 GeV5Table 1: NLO �t results for the J= CO LDMEs.whih they utuate (resolve) intermittently, and both modes of interation ontributeat the same order of perturbation theory. Therefore, we need to extend the theoretialingredients available from Refs. [3,4℄ by also treating p ! J= + X with the photonbeing resolved and  ! J= + X with none [19℄, one, or both of the photons beingresolved at NLO in NRQCD. We repeat the analysis of Ref. [19℄, in whih the Coulombsingularities were regularized by v, using dimensional regularization as in Refs. [3,4℄ inorder to obtain analyti expressions suÆiently ompat for our purposes. We also �nd itneessary to revisit e+e� ! J= +X at NLO in NRQCD beause the results of Ref. [20℄have not yet been veri�ed by an independent alulation, are only available in numerialform, and lak the 3S[8℄1 ontribution, whih omes both with X = qq [21℄ and gg. Higher-order orretions to the CSM proess e+e� ! [3S[1℄1 ℄gg [22℄, whih enters our analysisat NLO, are beyond the order onsidered here.The additional analyti alulations proeed along the lines of Refs. [3,4℄ and are notdesribed here in detail for lak of spae. We merely present our master formula basedon the fatorization theorems of the QCD parton model and NRQCD [1℄:d�(AB ! J= +X) = Xi;j;k;l;n Z dx1dx2dy1dy2 fi=A(x1)fk=i(y1)fj=B(x2)fl=j(y2)� hOJ= [n℄id�(kl ! [n℄ +X); (1)where fi=A(x1) is the parton distribution funtion (PDF) of parton i = g; q; q in hadronA = p; p or the ux funtion of photon i =  in harged lepton A = e�; e+, fk=i(y1) isÆikÆ(1� y1) or the PDF of parton k in the resolved photon i, d�(kl! [n℄ +X) are thepartoni ross setions, and hOJ= [n℄i are the LDMEs. In the �xed-avor-number sheme,we have q = u; d; s. In the ase of e+e� annihilation, all distribution funtions in Eq. (1)are delta funtions. As in Refs. [3,4℄, X always ontains one hard parton at leading order(LO) and is void of heavy avors, whih may be tagged and vetoed experimentally.We now desribe our theoretial input for our numerial analyses. We set m =1:5 GeV, adopt the values of me, �, and the branhing ratios B(J= ! e+e�) andB(J= ! �+��) from Ref. [23℄, and use the one-loop (two-loop) formula for �(nf )s (�), withnf = 4 ative quark avors, at LO (NLO). As for the proton PDFs, we use set CTEQ6L1(CTEQ6M) [24℄ at LO (NLO), whih omes with an asymptoti sale parameter of �(4)QCD =215 MeV (326 MeV). As for the photon PDFs, we employ the best-�t set AFG04 BF ofRef. [25℄. We evaluate the photon ux funtion using Eq. (5) of Ref. [26℄, with theupper uto� on the photon virtuality Q2 hosen as in the onsidered data set. As for theCS LDME, we adopt the value hOJ= (3S[1℄1 )i = 1:32 GeV3 from Ref. [27℄. Our default3



hoies for the renormalization, fatorization, and NRQCD sales are �r = �f = mT and�� = m, respetively, where mT = qp2T + 4m2 is the J= transverse mass. The bulk ofthe theoretial unertainty is due to the lak of knowledge of orretions beyond NLO,whih are estimated by varying �r, �f , and �� by a fator 2 up and down relative to theirdefault values.We exlude from our �t all data points of photoprodution and two-photon satteringwith pT < 1 GeV and of hadroprodution with pT < 3 GeV, whih annot be suessfullydesribed by our �xed-order alulations as expeted. This leaves a total of 194 datapoints. The �t results for the CO LDMEs obtained at NLO in NRQCD with default salehoies are olleted in Table 1. They depend only feebly on the preise loations of thepT uts. In the following, we use the values of Table 1 throughout.In Figs. 1 and 2(a), all data sets �tted to, exept the single data point from Belle [18℄,are ompared with our default NLO NRQCD results (solid lines). For omparison, also thedefault preditions at LO (dashed lines) as well as those of the CSM at NLO (dot-dashedlines) and LO (dotted lines) are shown. The yellow and blue (shaded) bands indiate thetheoretial errors on the NLO NRQCD and CSM preditions. We observe from Figs. 1that the experimental data are niely desribed by NLO NRQCD, being almost exlusivelyontained within its error bands, while they overshoot the NLO CSM preditions typiallyby 1{2 orders of magnitude for hadroprodution and a fator of 3{5 for photoprodution.The desription of the z distributions in photoprodution by NLO NRQCD signi�antlybene�ts from two features, rendering it onsiderably more favorable than in Refs. [3,4℄. Onthe one hand, as onjetured in Refs. [3,4℄, resolved photoprodution usefully enhanes theross setion in the low-z range, being dominant for z�<0:25, as is evident from Fig. 2(b).On the other hand, owing to the negative value of hOJ= (3P [8℄0 )i in Table 1, the 1S[8℄0 and3P [8℄J ontributions interfere destrutively thus attenuating the familiar rise in ross setionin the limit z ! 1, as may be seen from Fig. 2(). As for the p2T and W distributions inphotoprodution, the ut z > 0:3 (0.4) applied by H1 (ZEUS) greatly suppresses resolvedphotoprodution, to the level of 1%. In ontrast to the LO analysis of Ref. [28℄, theDELPHI [17℄ data tend to systematially overshoot the NLO NRQCD result, albeit thedeviation is by no means signi�ant in view of the sizeable experimental errors. As isevident from Fig. 2(d), this may be attributed to the destrutive interferene of the 1S[8℄0and 3P [8℄J ontributions mentioned above, whih is a genuine NLO phenomenon. We haveto bear in mind, however, that the DELPHI measurement omprises only 16 events withpT > 1 GeV and has not been on�rmed by any of the other three LEP II experiments. Intwo-photon sattering at LEP II, the single-resolved ontribution vastly dominates overthe diret and double-resolved ones, as was already observed for the LO ase in Ref. [28℄.The Belle measurement, �(e+e� ! J= +X) = (0:43� 0:13) pb, is ompatible both withthe NLO NRQCD and CSM results, (0:70+0:35�0:17) pb and (0:24+0:20�0:09) pb, respetively; atLO, where X = g, we are dealing with a pure CO proess, with a total ross setion of0.23 pb. The overall goodness �2d:o:f: = 857=194 = 4:42 of our NLO NRQCD �t, whih wequote for ompleteness, is of limited informative value, sine the theoretial unertaintiesexeed most of the experimental errors. 4
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