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Measurement of J= heliity distributionsin inelasti photoprodution at HERA
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AbstratThe J= deay angular distributions have been measured in inelasti photopro-dution in ep ollisions with the ZEUS detetor at HERA, using an integratedluminosity of 468 pb�1. The range in photon-proton entre-of-mass energy, W ,was 50 < W < 180 GeV. The J= mesons were identi�ed through their de-ay into muon pairs. The polar and azimuthal angles of the �+ were measuredin the J= rest frame and ompared to theoretial preditions at leading andnext-to-leading order in QCD.
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1 IntrodutionIn the HERA photoprodution regime, where the virtuality of the exhanged photon issmall, the prodution of inelasti J= mesons is dominated by boson-gluon fusion: aphoton emitted from the inoming lepton interats with a gluon oming from the pro-ton to produe a � pair whih subsequently forms a J= meson. Prodution of J= through boson-gluon fusion an be alulated using perturbative Quantum Chromody-namis (pQCD) in the olour-singlet (CS), in the non-relativisti QCD (NRQCD) [1, 2℄and in the kT -fatorisation frameworks [3, 4℄.In the CS approah, only the olourless � pair produed in the hard subproess an leadto a physial J= state. In the NRQCD approah, a � pair emerging from the hardproess in a olour-otet (CO) state an also evolve into a J= state with a probabilityproportional to universal long-distane matrix elements (LDME) that are obtained fromexperiment. In the kT -fatorisation approah, the e�ets of non-zero inoming partontransverse momentum are taken into aount. Cross setions are then alulated in theCS approah as a onvolution of unintegrated (transverse-momentum dependent) partondensities and leading-order (LO) o�-shell matrix elements.At HERA, measurements of inelasti J= di�erential ross setions [5,6℄ are reprodued bya next-to-leading-order (NLO) QCD alulation [7,8℄ performed in the CS framework. Themeasurements are also reasonably well desribed by LO CS plus CO alulations [9{11℄,with LDME as determined in a LO analysis of hadroprodution and B-deay data [12{15℄.The polar and azimuthal distributions of the J= deay leptons in the J= rest framemay be used to distinguish between CS and CO models. These heliity distributionsare expeted to be di�erent as a funtion of the J= transverse momentum, pT , andinelastiity, the fration of the inident photon energy arried by the J= in the protonrest frame, z [16℄.Heliity-distribution measurements have already been performed by the ZEUS [5℄ andH1 [6℄ ollaborations. In the �nal study presented here, J= mesons were identi�ed usingthe deay mode J= ! �+�� and were measured in the range 50 < W < 180 GeV, whereW is the photon-proton entre-of-mass energy. The data sample under study inludes thedata used in the previously published ZEUS analysis [5℄ and orresponds to an inreasein statistis of a fator of 12. 1



2 Experimental set-upThe analysis presented here is based on data olleted by the ZEUS detetor at HERAin the period 1996{2007. In 1998{2007 (1996{1997), HERA provided eletron1 beams ofenergy Ee = 27.5 GeV and proton beams of energy Ep = 920 (820) GeV, resulting in aentre-of-mass energy of ps = 318 (300) GeV, orresponding to an integrated luminosityof 430� 11 (38� 0:6) pb�1.A detailed desription of the ZEUS detetor an be found elsewhere [17, 18℄. A briefoutline of the omponents that are most relevant for this analysis is given below. Chargedpartiles were traked in the entral traking detetor (CTD) [19℄, whih operated ina magneti �eld of 1:43 T provided by a thin superonduting oil. Before the 2003{2007 running period, the ZEUS traking system was upgraded with a silion mirovertexdetetor (MVD) [20℄. The high-resolution uranium{sintillator alorimeter (CAL) [21℄onsisted of three parts: the forward (FCAL), the barrel (BCAL) and the rear (RCAL)alorimeters2.Muons were identi�ed by traks in the barrel and rear muon hambers (BMUON andRMUON) [22℄. The muon hambers were plaed inside and outside the magnetised ironyoke surrounding the CAL. The barrel and rear inner muon hambers (BMUI and RMUI)overed the polar-angle regions 34Æ < � < 135Æ and 135Æ < � < 171Æ, respetively. Theluminosity was measured using the Bethe{Heitler reation ep ! ep with the luminos-ity detetor whih onsisted of a lead{sintillator alorimeter [23℄ and, after 2002, anadditional magneti spetrometer [24℄ system.3 Event seletionInelasti events are often seleted using the inelastiity, z. In this analysis, however, theevents were seleted using the transverse momentum, pT , of the J= and additional a-tivity in the detetor. This kind of seletion permits diret omparisons with the di�erenttheoretial preditions [16℄.The online and o�ine seletions as well as the reonstrution of the kinemati variableslosely follow a previous analysis [5℄.1 Here and in the following, the term \eletron" denotes generially both the eletron (e�) and thepositron (e+).2 The ZEUS oordinate system is a right-handed Cartesian system, with the Z axis pointing in theproton beam diretion, referred to as the \forward diretion", and the X axis pointing towards theentre of HERA. The oordinate origin is at the nominal interation point. The polar angle, �, ismeasured with respet to the proton beam diretion. The pseudorapidity is de�ned as �={ln(tan �2 ).2



Online, the BMUI and RMUI hambers were used to tag muons by mathing segmentsin the muon hambers with traks in the CTD/MVD, as well as with energy deposits inthe CAL onsistent with the passage of a minimum-ionising partile (m.i.p.).O�ine, an event was aepted if it had two traks forming a J= andidate. One trak hadto be identi�ed in the inner muon hambers and mathed to a m.i.p. luster in the CAL.It was required to have a momentum greater than 1.8 GeV if it was in the rear region,or a transverse momentum greater than 1.4 GeV if in the barrel region. The other trakhad to be mathed to a m.i.p. luster in the CAL and was required to have a transversemomentum greater than 0.9 GeV. Both traks were restrited to the pseudorapidity regionj�j < 1.75. To rejet osmi rays, events in whih the angle between the two muon trakswas larger than 174Æ were removed.The pT of the J= andidate was required to be larger than 1 GeV. In addition, events wererequired to have an energy deposit larger than 1 GeV in a one of 35Æ around the forwarddiretion (exluding possible alorimeter deposits due to the deay muons). Aordingto Monte Carlo (MC) simulations, these requirements ompletely rejet exlusively pro-dued J= mesons (ep ! epJ= ) as well as proton-di�rative events (ep ! eY J= ) inwhih the mass of the proton dissoiative state, MY , is below 4.4 GeV. To further reduedi�rative bakground, events were also required to have at least one additional trakwith a transverse momentum larger than 0.125 GeV and pseudorapidity j�j < 1.75.4 Kinemati variables and signal extrationThe photon-proton entre-of-mass energy, W , is:W 2 = (P + q)2; (1)where P and q are the four{momenta of the inoming proton and exhanged photon,respetively. It was alulated using:W 2 = 2Ep(E � pZ) (2)where (E � pZ) is summed over all �nal-state energy-ow objets [25℄ (EFOs) whihombine the information from alorimetry and traking.The inelastiity z = P �pJ= P �q was determined as:z = (E � pZ)J= (E � pZ) ; (3)where pJ= is the four-momentum of the J= and (E � pZ)J= was alulated using thetraks forming the J= . 3



The kinemati region onsidered was 50 < W < 180 GeV where the aeptane wasalways above 10%. A requirement of E � pZ < 20 GeV restrited the virtuality of theexhanged photon Q2 = �q2 . 1 GeV2, with a median of � 10�4 GeV2. The eliminationof deep inelasti sattering events was independently on�rmed by searhing for satteredeletrons in the CAL [26℄; none was found.The invariant-mass spetrum of the J= andidates with pT > 1 GeV and z > 0.1 isshown in Fig. 1. Both the J= and  0 peaks are visible. The bakground was estimated by�tting the produt of a seond-order polynomial and an exponential to the region outsidethe invariant-mass window, 2.85{3.3 GeV. The number of J= events was obtained bysubtrating the number of bakground events estimated from the �t proedure from thetotal number of events inside the invariant-mass window; 12310 � 140 J= events werefound. As the signal to bakground ratio is large, the extrated number of J= eventshas little sensitivity to the analytial form of the funtion used for the bakground �t.5 Monte Carlo and bakground evaluationThe inelasti prodution of J= mesons was simulated using the Herwig 5.8 [27℄ MCgenerator, whih generates events aording to the LO diagrams of the boson-gluon-fusion proess, g ! J= g, as alulated in the framework of the CS model. This proessis alled a diret photon proess, beause the inoming photon ouples to the  quarkdiretly. The Herwig MC sample was reweighted in pT , z and W in order to give thebest desription of the data.There are other soures of J= mesons whih were lassi�ed as bakground in the presentanalysis and were estimated either from MC models or previous measurements. Althoughthe relative rate of eah proess is given below, the heliity distributions of these J= soures are poorly known, so the ontributions were not subtrated.Di�rative prodution of J= mesons with proton dissoiation was simulated with theEpsoft [28℄ MC generator, whih was tuned to desribe suh proesses at HERA [29℄.This bakground is suppressed by the requirement on the traks and by the ut on theminimum pT of the J= . The overall ontribution of this bakground is 6%; it is largestin the lowest pT bin (1 � pT � 1:4 GeV), where it is 7.5%, and in the highest z bin(0:9 � z � 1), where it is 66%.The prodution of J= mesons originating from B-meson deays was simulated using thePythia 6.2 MC generator [30℄. The beauty-quark mass was set to 4.75 GeV and the Bto J= branhing ratio was set to the PDG value [31℄. Aording to the MC, 1.6% of theobserved J= events were from B-meson deays; the fration is largest in the highest pT4



bin (4:2 � pT � 10 GeV), where it is equal to 6.3%, and in the lowest z bin (0:1 � z � 0:4),where it is 8.4%.The bakground from  0 to J= deays is expeted to be around 15%, as obtained usingthe diret measurement of the  0 to J= ross setion ratio [5℄ and the branhing ratio ofthe  0 to J= .All generated events were passed through a full simulation of the ZEUS detetor based onGeant 3 [32℄. They were then subjeted to the same trigger requirements and proessedby the same reonstrution program as the data.6 Reonstrution of the heliity parametersThe heliity analysis was performed in the so-alled \target frame" [16℄, i.e. the J= restframe with the axes Z 0 = �Z and Y 0 along the vetor ~q0 � (� ~P 0), where ~q0 and ~P 0 arethe three-vetors assoiated with the exhanged photon and inoming proton. The polarand azimuthal angles of the �+ in this frame are denoted �? and �?.The di�erential ross setions in �? and �? an be parametrised as [16℄:d�d os �? / 1 + � os2 �?; (4)and d�d�? / 1 + �3 + �3 os 2�?; (5)where � and �, the polar and azimuthal angular parameters, are funtions of pT and z.The preditions for � and � depend on the prodution mehanism. The value � = +1orresponds to J= mesons fully transversally polarised, while � = �1 orresponds toJ= mesons fully longitudinally polarised.The � and � parameters were determined in bins of z and pT , eah time integrating overthe other variable. As a funtion of pT , the integration range for z was set to 0:4 < z < 1,thereby avoiding the region 0:1 < z < 0:4 where the ratio of signal to ombinatorialbakground is rather poor (0.52). The integration range in pT started at pT = 1 GeV.In the estimation of the parameters � and �, the heliity distributions of the bakgroundevents present under the J= peak were added to the MC distributions. The shape ofthe bakground heliity distributions was taken from the side bands, while the number ofbakground events was taken from the �ts desribed in Setion 4.The Herwig MC generator-level distributions dN=d os �? (dN=d�?) were re-weightedaording to Eq. 4 (5) within a searh grid of � (�) values. For eah re-weighted distri-bution, the value of �2 was alulated from a omparison to the data. The � (�) value5



providing the minimum �2, �2min, was taken as the entral value. The parameter valueswith �2 = �2min + 1 were used to alulate the statistial unertainties. The �2min perdegree of freedom were typially around one. Equation 4 was �rst used to extrat �, andthen � was inserted into Eq. 5 to extrat �, see Tables 1 and 2.7 Systemati unertaintiesThe following soures of systemati unertainties were investigated (their e�ets are givenin parentheses):� muon hamber eÆienies: the BMUI and RMUI muon hamber eÆienies wereextrated from the data using muon pairs oming from elasti J= events and fromthe proess  ! �+��. These eÆienies are known up to an unertainty of about�5% (< 5% of the statistial error);� analysis uts: this lass omprises the systemati unertainties due to the unertaintiesin the measurement of momentum, transverse momentum and pseudorapidity of themuon deay traks. Eah ut was varied within a range determined by the resolutionin the appropriate variable (< 5% of the statistial error);� CAL energy sale: the CAL energies were varied by �5% in the simulation, in aor-dane with the unertainty in the CAL energy sale (on average 10% of the statistialerror);� hadroni energy resolution: the W and z resolutions are dominated by the hadronienergy resolution a�eting the quantity (E � pZ). The (E � pZ) resolution in the MCwas smeared event by event by �20% (on average 10% of the statistial error);� pT , W and z spetra: the pT , W and z spetra of the J= mesons in the HerwigMC simulation were varied within ranges allowed by the omparison between data andsimulation (on average 15% of the statistial error);� additional trak requirement: the kinemati uts for the additional trak requirementwere tightened and loosened in both data and MC (on average 15% of the statistialerror);� inuene of di�rative ontamination at high z on the � and � extrations as a funtionof pT : � and � were extrated hanging the z integration range from 0:4 < z < 1 to0:4 < z < 0:9 (on average 25% of the statistial error);� angular overage in �?: os �? was restrited to the range �0:8 < os �? < 0:8 in orderto avoid low-aeptane regions (on average 30% of the statistial error);6



� invariant-mass window: the J= invariant mass window was enlarged by 50 MeV andtightened by 100 MeV (on average 30% of the statistial error).All of the above individual soures of systemati unertainty were added in quadrature.No systemati unertainties are quoted for J= oming from B-meson deays and J= oming from  0 deays. The unertainties on the integrated-luminosity determinationand on the J= ! �+�� branhing ratio, whih would result in an overall shift of a rosssetion measurement, do not ontribute to the measurement of the heliity parameters.8 ResultsThe values of the parameter � are shown as a funtion of pT and z in Fig. 2a) and b),respetively; the values of the parameter � are displayed in Fig. 3a) and b). All the valuesare also listed in Tables 1 and 2. The data indiate that the parameter � depends, if atall, only weakly on pT and rises slowly with z. The parameter � does not seem to dependon pT , while it seems to inrease at low and high z.The data are ompared to various theoretial preditions for photoprodution at Q2 = 0.These preditions do not onsider the polarisation due to J= oming from  0 deays,B-meson deays and from di�rative proesses. The urves identi�ed by the label LO CSshow the LO predition in the CS framework inluding both diret and resolved3 proesses.The two lines identi�ed by the label LO + kT (JB) and LO + kT (dGRV), representthe preditions of a kT -fatorisation model [33℄ using two di�erent unintegrated gluondistributions and inluding only diret proesses. The band identi�ed by the label NLOCS represents the preditions of a NLO alulation [34,35℄ inluding only diret proesses.The width of the band gives the unertainties of the alulation due to variations of therenormalisation and fatorisation sales. It stops at z = 0:9 beause no reliable preditionsan be obtained near z = 1 for this �xed-order alulation. The band, identi�ed bythe label LO CS+CO, shows the LO predition [16℄ inluding both CS and CO terms,inluding both diret and resolved proesses. The width of the band results from theunertainties in the values of the long-distane matrix elements. In Fig. 2a) and 3a), withz integrated up to z = 1, the LO CS+CO ross setion is CO dominated.None of the models provides preditions for both � and � that agree well with the dataeverywhere in z and pT . For � as a funtion of pT , all the models roughly desribe thedata, with the NLO CS predition providing the poorest desription. For high valuesof pT , the polarisation in the data remains small, while LO CS predits a progressive3 In these resolved proesses, the inoming photon does not ouple to the  quark diretly, but via itshadroni omponent. They are expeted to ontribute mainly to the region of z < 0.4.7



inrease and NLO CS and LO kT a progressive derease. The LO CS + CO preditionremains at, with a small and positive value of �. For � as a funtion of z, all theoretialpreditions are in rough agreement with the data. The pT and z dependenies of � are notdesribed by the LO CS preditions, while the other models provide better desriptionsof the data.The NLO CS alulation for pT > 1 GeV su�ers from large sale unertainties onnetedto the presene of negative values of the diagonal omponents of the spin density matrixat pT . 1 GeV [34, 35℄. In order to avoid this problem, measurements and alulationswere repeated inreasing the pT ut �rst to 2 GeV and then to 3 GeV. In Fig. 4a) andb) the � and � parameters, respetively, are shown as a funtion of z for pT > 2 GeV,while in Fig. 4) and d) the same parameters are displayed for pT > 3 GeV. All thevalues are listed in Table 3. The NLO CS alulation [35℄, also shown in these �gures, hasnow smaller unertainties, but the agreement with the data is only satisfatory for the �parameter. Sizeable disrepanies remain for the � parameter both for pT > 2 GeV andpT > 3 GeV.9 ConlusionsThe J= heliity distributions in the inelasti photoprodution regime have been measuredusing a luminosity of 468 pb�1. The J= heliity parameters � and � were extrated inthe target frame as a funtion of the transverse momentum and of the inelastiity of theJ= . The results were ompared to LO QCD preditions in the olour-singlet, olour-singlet plus olour-otet and kT fatorisation frameworks. A reent NLO QCD preditionin the olour-singlet framework was also onsidered. Even though the experimental andtheoretial unertainties are large, none of the preditions an desribe all aspets of thedata.AknowledgmentsWe appreiate the ontributions to the onstrution and maintenane of the ZEUS de-tetor of many people who are not listed as authors. The HERA mahine group and theDESY omputing sta� are espeially aknowledged for their suess in providing exellentoperation of the ollider and the data analysis environment. We thank the DESY dire-torate for their strong support and enouragement. It is a pleasure to thank P. Artoisonet,S.M. Baranov, M. Kr�amer and F. Maltoni for helpful disussions and for providing theirpreditions. 8
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pT range (GeV) hpT i (GeV) � �1:0 { 1:4 1.2 0:16+0:15 +0:10�0:16 �0:04 0:26+0:10 +0:05�0:10 �0:081:4 { 1:9 1.6 0:38+0:17 +0:10�0:17 �0:10 �0:12+0:12 +0:07�0:14 �0:011:9 { 2:4 2.1 �0:15+0:17 +0:20�0:17 �0:08 �0:33+0:21 +0:12�0:24 �0:162:4 { 3:4 2.8 0:21+0:17 +0:26�0:16 �0:05 �0:09+0:19 +0:13�0:20 �0:133:4 { 4:2 3.7 0:34+0:32 +0:16�0:28 �0:17 0:21+0:26 +0:10�0:28 �0:034:2 { 10: 5.2 0:31+0:33 +0:21�0:31 �0:19 �0:50+0:27 +0:11�0:28 �0:07Table 1: J= heliity parameters � and � as a funtion of pT measured in thetarget frame for 50 < W < 180 GeV, 0.4 < z < 1 and pT > 1 GeV. The �rstunertainty is statistial and the seond is systemati.z range hzi � �0:10 { 0:40 0.27 0:27+0:43 +0:13�0:40 �0:14 0:99+0:24 +0:14�0:27 �0:400:40 { 0:55 0.48 �0:22+0:19 +0:18�0:18 �0:06 �0:01+0:17 +0:08�0:18 �0:030:55 { 0:70 0.61 0:16+0:12 +0:10�0:13 �0:04 �0:05+0:10 +0:05�0:11 �0:020:70 { 0:80 0.75 0:39+0:15 +0:04�0:15 �0:13 �0:07+0:11 +0:04�0:13 �0:070:80 { 0:90 0.85 0:30+0:17 +0:15�0:17 �0:05 0:04+0:14 +0:08�0:15 �0:080:90 { 1:0 0.95 0:49+0:39 +0:15�0:34 �0:08 0:54+0:26 +0:16�0:28 �0:08Table 2: J= heliity parameters � and � as a funtion of z measured in thetarget frame for 50 < W < 180 GeV, 0.1 < z < 1 and pT > 1 GeV. The �rstunertainty is statistial and the seond is systemati.pT range (GeV) z range hzi � �0:10 { 0:55 0.37 0:35+0:34 +0:04�0:31 �0:41 �0:37+0:35 +0:08�0:39 �0:09pT > 2 0:55 { 0:70 0.61 0:05+0:18 +0:20�0:17 �0:06 �0:10+0:19 +0:08�0:20 �0:050:70 { 0:80 0.75 0:34+0:22 +0:04�0:22 �0:17 �0:05+0:21 +0:06�0:23 �0:250:80 { 0:90 0.85 0:12+0:24 +0:29�0:23 �0:08 �0:39+0:26 +0:22�0:27 �0:010:10 { 0:55 0.38 0:80+0:53 +0:11�0:45 �0:43 0:07+0:40 +0:07�0:44 �0:04pT > 3 0:55 { 0:70 0.62 0:26+0:31 +0:23�0:28 �0:06 �0:26+0:27 +0:20�0:28 �0:060:70 { 0:90 0.79 0:09+0:25 +0:27�0:23 �0:12 �0:35+0:27 +0:09�0:28 �0:07Table 3: J= heliity parameters � and � as a funtion of z measured in thetarget frame for 50 < W < 180 GeV, 0.1 < z < 1 and for pT > 2 and pT > 3 GeV.The �rst unertainty is statistial and the seond is systemati.11
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Figure 1: Dimuon invariant mass, m��, spetrum in the phase-spae region50 < W < 180 GeV, z > 0:1 and pT > 1 GeV. The ontinuous line represents the�tted bakground.
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Figure 2: The heliity parameter �, measured in the target frame, as a funtionof (a) pT , and (b) z. The measurement is performed in the kinemati range 50 <W < 180 GeV, 0:1 < z < 1 and pT > 1 GeV. The measurement as a funtionof pT is restrited to the kinemati range 0:4 < z < 1. The inner (outer) errorbars orrespond to the statistial (total) unertainty. The theoretial urves aredesribed in the text.
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Figure 3: The heliity parameter �, measured in the target frame, as a funtionof (a) pT , and (b) z. The measurement is performed in the kinemati range 50 <W < 180 GeV, 0:1 < z < 1 and pT > 1 GeV. The measurement as a funtionof pT is restrited to the kinemati range 0:4 < z < 1. The inner (outer) errorbars orrespond to the statistial (total) unertainty. The theoretial urves aredesribed in the text.
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Figure 4: Distributions of the heliity parameters (a), () � and (b), (d) � as afuntion of z, measured in the target frame, for 50 < W < 180 GeV, 0:1 < z < 0:9and (a), (b) pT > 2 GeV and (), (d) pT > 3 GeV. The inner (outer) error barsorrespond to the statistial (total) unertainty. The theoretial bands are desribedin the text.
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