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Probing nonrelativisti QCD fatorization in polarizedJ= photoprodution at next-to-leading orderMathias Butenshoen, Bernd A. KniehlII. Institut f�ur Theoretishe Physik, Universit�at Hamburg,Luruper Chaussee 149, 22761 Hamburg, GermanyAbstratWe analyze the polarization observables of J= photoprodution at next-to-leading order (NLO) within the fatorization formalism of nonrelativisti quantumhromodynamis (NRQCD). This is the �rst NLO study of heavy-quarkonium polar-ization inluding the full relativisti orretions due to the intermediate 1S[8℄0 , 3S[8℄1 ,and 3P [8℄J olor-otet (CO) states in the worldwide endeavor to test NRQCD fa-torization at the quantum level. We present theoretial preditions in the heliity,target, and Collins-Soper frames of DESY HERA, evaluated using the CO long-distane matrix elements previously extrated through a global �t to experimentaldata of unpolarized J= prodution, and onfront them with reent measurementsby the H1 and ZEUS Collaborations. We �nd the overall agreement to be satisfa-tory, but the ase for NRQCD to be not as strong as for the J= yield.PACS numbers: 12.38.Bx, 13.60.Le, 13.88.+e, 14.40.Pq
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The test of NRQCD fatorization [1℄ has been identi�ed to be among the most exigentmilestones on the roadmap of heavy-quarkonium physis at the present time [2℄. Quarko-nia are systems onsisting of a quark and its antipartile bound by the strong fore, amongwhih harmonium  and bottomonium bb are onsidered heavy. The J= meson, thelowest-lying  state of spin one, whih was simultaneously disovered at the BrookhavenNational Laboratory [3℄ and the Stanford Linear Aelerator Center [4℄ in November 1974(The Nobel Prize in Physis 1976), provides a partiularly useful laboratory for suh atest beause it is opiously produed at all high-energy partile olliders, owing to itsrelatively low mass, and partiularly easy to detet experimentally. In fat, sharing thetotal-angular-momentum, parity, and harge-onjugation quantum numbers JPC = 1��with the photon, it an deay to e+e� and �+�� pairs produing spetaular signaturesin the detetors, the branhing fration of either deay hannel being as large as about6% [5℄.In fat, the NRQCD fatorization formalism [1℄ provides a rigorous theoretial frame-work for the desription of heavy-quarkonium prodution and deay. This implies a sepa-ration of proess-dependent short-distane oeÆients, to be alulated perturbatively asexpansions in the strong-oupling onstant �s, from supposedly universal long-distanematrix elements (LDMEs), to be extrated from experiment. The relative importane ofthe latter an be estimated by means of veloity saling rules, whih predit eah of theLDMEs to sale with a de�nite power of the heavy-quark (Q = ; b) veloity v in the limitv � 1. In this way, the theoretial preditions are organized as double expansions in �sand v. A ruial feature of this formalism is that the QQ pair an at short distanes beprodued in any Fok state n = 2S+1L[a℄J with de�nite spin S, orbital angular momentumL, total angular momentum J , and olor multipliity a = 1; 8. In partiular, this for-malism predits the existene of intermediate CO states in nature, whih subsequentlyevolve into physial, olor-singlet (CS) quarkonia by the nonperturbative emission of softgluons. In the limit v ! 0, the traditional CS model (CSM) is reovered in the ase ofS-wave quarkonia. In the ase of J= prodution, the CSM predition is based just onthe 3S [1℄1 CS state, while the leading relativisti orretions, of relative order O(v4), arebuilt 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 by notiing that the NLOtreatment of P -wave quarkonia is plagued by unaneled infrared singularities, whih are,however, properly removed in NRQCD. This oneptual problem annot be ured fromwithin the CSM, neither by proeeding to higher orders nor by invoking kT fatorizationet.. As it were, NRQCD fatorization, appropriately improved at large transverse mo-menta pT by systemati expansion in powers of m2Q=p2T [6℄, is the only game in town,whih makes its experimental veri�ation suh a matter of paramount importane andgeneral interest [2℄.The present status of testing NRQCD fatorization in harmonium prodution is asfollows. Very reently, NRQCD fatorization has been onsolidated at NLO by a global �t[7℄ to all available high-quality data of inlusive unpolarized J= prodution, omprisinga total of 194 data points from 26 data sets olleted by 10 experiments at 6 olliders,namely by Belle at KEKB; DELPHI at LEP II; H1 and ZEUS at HERA I and II; PHENIX2



at RHIC; CDF at Tevatron I and II; and ATLAS, CMS, ALICE, and LHCb at the LHC.This �t suessfully pinned down the three CO LDMEs in ompliane with the veloitysaling rules, establishing their universality, and yielded an overall desription of the datawell within the theoretial unertainties; appreiable deviations arose only in the ase oftwo-photon sattering, where the useable data omprises only 16 events and has not beenon�rmed by any of the other three LEP II experiments, however. On the other hand, theNLO CS preditions were found to signi�antly undershoot all the measurements, exeptfor the single data point of e+e� annihilation.In ontrast to the J= yield, NRQCD interpretations of J= polarization measure-ments have so far been exhibiting a rather onfusing pattern [2℄, presumably beause thetheoretial status is muh less advaned there. In fat, omplete NRQCD preditions forJ= polarization observables so far only exist at LO. At NLO, the CSM preditions fordiret photoprodution [8,9℄ and hadroprodution [10℄ as well as the 1S [8℄0 and 3S[8℄1 ontri-butions to hadroprodution [11℄, whih may be obtained using standard tehniques, areknown. The NLO alulation of 3P [8℄J ontributions, whih are expeted to be signi�ant,is far more intriate beause the appliations of the respetive projetion operators to theshort-distane sattering amplitudes produe partiularly lengthy expressions involvingompliated tensor loop integrals and exhibiting an entangled pattern of infrared singu-larities. This tehnial bottlenek is overome here for the �rst time for J= polarizationobservables.Reent high-quality measurements by the H1 [12℄ and ZEUS [13℄ Collaborations atHERA provide a strong motivation for us to start by studying photoprodution, wherethe inoming leptons interat with the protons via quasi-real photons, of low virtualityQ2 = �p2 , and are deeted under small angles. Suh quasi-real photons partiipatein the hard sattering either diretly or via partons into whih they utuate (resolve)intermittently. However, resolved photoprodution is greatly suppressed, to the level of1% [7℄, by the ut z > 0:3 (0.4) applied by H1 [12℄ (ZEUS [13℄) and is thus negletedhere. Here, z = (pJ= � pp)=(p � pp), with pJ= , p , and pp being the four-momentaof the J= meson, photon, and proton, respetively, denotes the inelastiity variable,whih measures the fration of photon energy transferred to the J= meson in the protonrest frame. Another important variable of photoprodution is the p invariant mass,W = q(p + pp)2.The polarization of the J= meson is onveniently analyzed experimentally by mea-suring the angular distribution of its leptoni deays, whih is ustomarily parametrizedusing the three polarization observables �, �, and �, as [14℄d�(J= ! l+l�)d os � d� / 1 + � os2 � + � sin(2�) os�+ �2 sin2 � os(2�); (1)where � and � are respetively the polar the azimuthal angles of l+ in the J= rest frame.This de�nition, of ourse, depends on the hoie of oordinate frame. Among the mostfrequently employed oordinate frames are the heliity (reoil), Collins-Soper, and target3



hOJ= (1S[8℄0 )i (3:04� 0:35)� 10�2 GeV3hOJ= (3S[8℄1 )i (1:68� 0:46)� 10�3 GeV3hOJ= (3P [8℄0 )i (�9:08� 1:61)� 10�3 GeV5Table 1: J= NLO CO LDMEs orreted for feed-down [7℄.frames, in whih the polar axes point in the diretion of �(~p + ~pp), ~p=j~pj� ~pp=j~ppj, and�~pp, respetively. The values � = 0;+1;�1 orrespond to unpolarized, fully transverselypolarized, and fully longitudinally polarized J= mesons, respetively.On the theoretial side, we have� = d�11 � d�00d�11 + d�00 ;� = p2Re d�10d�11 + d�00 ;� = 2d�1;�1d�11 + d�00 ; (2)where d�ij, with i; j = 0;�1 denoting the z omponent of S, is the ij omponent of theep! J= +X di�erential ross setion in the spin density matrix formalism. Invoking theWeizs�aker-Williams approximation and the fatorization theorems of the QCD partonmodel and NRQCD [1℄, we haved�ij =Xk;n Z dxdy f=e(x)fk=p(y)hOJ= [n℄i� 12sdPS �ij(k ! [n℄ +X); (3)where f=e(x) is the photon ux funtion, fk=p(y) the parton distribution funtion (PDF)of parton k = g; q; q with q = u; d; s, hOJ= [n℄i are the LDMEs, s = (p + pk)2, and dPSis the phase spae measure of the outgoing partiles. The spin density matrix elementsof the partoni ross setions, �ij(k ! [n℄ + X), are averaged (summed) over thespins and olors of the inoming (outgoing) partiles, keeping i and j �xed for the pair in Fok state n. The quantities �ij are evaluated by applying polarization and olorprojetors similar to those listed in Ref. [15℄ to the squared QCD matrix elements of open prodution. For n = 3S[1℄1 ; 3S[8℄1 ; 3P [8℄J , the [n℄ spin polarization vetors �(i) appearingin �ij are replaed by their expliit expressions [16℄. In the ase of n = 3P [8℄J , for whihS = L = 1, the z omponents of L are summed over. For n = 1S[8℄0 , �11 and �00 are eahset to one third of the squared matrix element, and �10 = �1;�1 = 0. For spae limitation,we refrain from presenting here more tehnial details, but refer the interested reader toa forthoming publiation.We now desribe the theoretial input for our numerial analysis. In all our NRQCDalulations, we use the CO LDME set extrated in Ref. [7℄ after subtrating from the4
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Figure 1: (olor online) NLO NRQCD preditions (solid lines) for � and � as funtionsof pT and z in the heliity, Collins-Soper, and target frames inluding theoretial uner-tainties (shaded/yellow bands) ompared to H1 [12℄ and ZEUS [13℄ data. For ompari-son, also the NLO CSM (dot-dashed lines) preditions inluding theoretial unertainties(hathed/blue bands) as well as the LO NRQCD (dashed lines) and LO CSM (dottedlines) ones are shown.data �tted to the estimated ontributions due to feed-down from heavier harmonia. Forthe reader's onveniene, these values are listed in Table 1. For onsisteny, we alsoadopt the residual input from Ref. [7℄. In partiular, we hoose the CS LDME to behOJ= (3S[1℄1 )i = 1:32 GeV3 [17℄ and the harm-quark mass, whih we renormalize aordingto the on-shell sheme, to be m = 1:5 GeV, adopt the values of the eletron mass me andthe eletromagneti oupling onstant � from Ref. [5℄, and use the one-loop (two-loop)formula for �(nf )s (�r), with nf = 4 ative quark avors, at LO (NLO). As for the protonPDFs, we use the CTEQ6L1 (CTEQ6M) set [18℄ at LO (NLO), whih omes with anasymptoti sale parameter of �(4)QCD = 215 MeV (326 MeV). We evaluate the photonux funtion using Eq. (5) of Ref. [19℄. Our default hoies for the MS renormalization,5



fatorization, and NRQCD sales are �r = �f = mT and �� = m, respetively, wheremT = qp2T + 4m2 is the J= transverse mass. The bulk of the theoretial unertainty isdue 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 their default values. In our NLONRQCD preditions, we must also inlude the errors in the CO LDMEs. To this end,we determine the maximum upward and downward shifts generated by independentlyvarying their values aording to Table 1 and add the resulting half-errors in quadratureto those due to sale variations.In Fig. 1, we ompare our NLO NRQCD preditions for � and � as funtions of pTand z, evaluated from Eq. (2) with the respetive di�erential ross setions inserted onthe r.h.s., with the measurements by H1 [12℄ in the heliity and Collins-Soper frames andby ZEUS [13℄ in the target frame. The H1 data was taken during the years 2006 and2007, and orresponds to an integrated luminosity of 165 pb�1, while the ZEUS analysisovers all data olleted from 1996 through 2007, orresponding to 430 pb�1. At HERA,27.5 GeV eletrons or positrons were olliding with 820 GeV (920 GeV) protons before(sine) 1998. As the admixture of 820 GeV protons in the ZEUS data sample is negligible,we take the .m. energy to be 318 GeV also there. We adopt the experimental aeptaneuts, indiated in eah of the six frames of Fig. 1, exept for the pT distribution by ZEUSin Fig. 1(). Unfortunately, ZEUS did not impose any upper z ut, whih poses twoproblems on the theoretial side. On the one hand, in the kinemati endpoint region, atz � 1, where the sattering beomes elasti, the ross setion is overwhelmed by di�rativeJ= prodution, the treatment of whih lies beyond the sope of our paper. On the otherhand, the NRQCD expansion in v breaks down in the limit z ! 1, so that our �xed-orderalulation beomes invalid. We avoid these problems by introduing the ut z < 0:95,aepting that the omparison with the ZEUS data then has to be taken with a grain ofsalt.For omparison, also the LO NRQCD as well as the LO and NLO CSM preditionsare shown in Fig. 1. In order to visualize the size of the NLO orretions to the hard-sattering ross setions, the LO preditions are evaluated with the same LDMEs. Weobserve that, in all the ases onsidered, the inlusion of the NLO orretions has aonsiderably less dramati e�et in NRQCD than in the CSM, where the normalizationsand shapes of the various distributions are radially modi�ed. This indiates that theperturbative expansion in �s onverges more rapidly in NRQCD than in the CSM. Lookingat the �(pT ) distributions in Figs. 1(a){(), we notie that NRQCD predits large-pT J= mesons to be approximately unpolarized, both at LO and NLO, whih is niely on�rmedby the H1 measurements in Figs. 1(a) and (b). However, the ZEUS measurement inFig. 1(), whih reahes all the way up to z = 1, exhibits a onspiuous tendeny towardstransverse polarization, whih might well reet the notion that di�ratively produedvetor mesons prefer to be strongly transversely polarized at z � 1 [20℄. Comparing theNLO NRQCD and CSM preditions in the three di�erent frames, we onlude that theColins-Soper frame possesses the most disriminating power. As expeted, the theoretialunertainties, whih are hiey due to sale variations, steadily derease as the value ofpT inreases, whih just reets asymptoti freedom. By the same token, the theoretial6



unertainties in the z distributions in Figs. 1(d){(e), whih are dominated by ontributionsfrom the pT region lose to the lower ut-o� at pT = 1 GeV, are quite sizable, whih makesa useful interpretation of the experimental data more diÆult.At this point, we ompare our results with the theoretial literature. We agree withthe LO NRQCD formulas for �ij(k! [n℄ + k) listed in Appendix B of Ref. [16℄. Weare able to niely reprodue the NLO CSM results for � and � as funtions of pT and zshown in Fig. 2 of Ref. [8℄ and Fig. 2 of Ref. [9℄ if we adopt the theoretial inputs spei�edthere. The di�erenes between those NLO CSM results and the respetive results in ourFig. 1 are due to the use of di�erent theoretial inputs. A similar statement applies to theLO NRQCD results graphially displayed in Refs. [12,13,16℄, whih are evaluated usingCO LDMEs obtained from LO �ts to Tevatron I data.In ontrast to the unpolarized J= yield, where the most preise world data uniformlyand vigorously support NRQCD and distintly disfavor the CSM at NLO [7℄, the situationseems to be less obvious for the J= polarization in photoprodution, as a super�ialglane at Fig. 1 suggests. However, detailed investigation reveals that the overall �2 valueof all the H1 and ZEUS data in Fig. 1 w.r.t. the default NLO preditions is redued bymore than 50% as the CO ontributions are inluded, marking a general trend towardsontinued veri�ation of NRQCD fatorization. Unfortunately, this is where the legay ofHERA, whih was shut down in 2007, ends. With the help of the proposed lepton-protonollider LHeC at CERN, polarized J= photoprodution ould be studied more preiselyand up to muh larger values of pT . Fortunately, measurements of J= polarization havealso been performed in hadroprodution at the Tevatron and will be arried on at theLHC for many years. This is arguably the last frontier in the international endeavor totest NRQCD fatorization in harmonium physis.This work was supported in part by BMBF Grant No. 05H09GUE and HGF GrantNo. HA 101.Referenes[1℄ G. T. Bodwin, E. Braaten, and G. P. Lepage, Phys. Rev. D 51, 1125 (1995); 55,5853(E) (1997).[2℄ N. Brambilla et al. (Quarkonium Working Group), Eur. Phys. J. C 71, 1534 (2011).[3℄ J. J. Aubert et al. (E598 Collaboration), Phys. Rev. Lett. 33, 1404 (1974).[4℄ J. E. Augustin et al. (SLAC-SP-017 Collaboration), Phys. Rev. Lett. 33, 1406 (1974).[5℄ K. Nakamura et al. (Partile Data Group), J. Phys. G 37, 075021 (2010).[6℄ Z.-B. Kang, J.-W. Qiu, and G. Sterman, Nul. Phys. B (Pro. Suppl.) 214, 39 (2011);arXiv:1109.1520 [hep-ph℄.[7℄ M. Butenshoen and B. A. Kniehl, Phys. Rev. D 84, R051501 (2011).7

http://arxiv.org/abs/1109.1520


[8℄ P. Artoisenet, J. Campbell, F. Maltoni, and F. Tramontano, Phys. Rev. Lett. 102,142001 (2009).[9℄ C. H. Chang, R. Li, and J. X. Wang, Phys. Rev. D 80, 034020 (2009).[10℄ B. Gong and J. X. Wang, Phys. Rev. Lett. 100, 232001 (2008); Phys. Rev. D 78,074011 (2008).[11℄ B. Gong, X. Q. Li, and J. X. Wang, Phys. Lett. B 673, 197 (2009); 693, 612(E)(2010).[12℄ F. D. Aaron et al. (H1 Collaboration), Eur. Phys. J. C 68, 401 (2010).[13℄ S. Chekanov et al. (ZEUS Collaboration), JHEP 0912, 007 (2009).[14℄ C. S. Lam and W.-K. Tung, Phys. Rev. D 18, 2447 (1978).[15℄ A. Petrelli, M. Caiari, M. Greo, F. Maltoni, and M. L. Mangano, Nul. Phys.B514, 245 (1998)[16℄ M. Beneke, M. Kr�amer and M. V�anttinen, Phys. Rev. D 57, 4258 (1998)[17℄ G. T. Bodwin, H. S. Chung, D. Kang, J. Lee, and C. Yu, Phys. Rev. D 77, 094017(2008).[18℄ J. Pumplin et al. (CTEQ Collaboration), JHEP 0207, 012 (2002).[19℄ B. A. Kniehl, G. Kramer, and M. Spira, Z. Phys. C 76, 689 (1997).[20℄ S. J. Brodsky, L. Frankfurt, J. F. Gunion, A. H. Mueller and M. Strikman, Phys.Rev. D 50, 3134 (1994).

8


