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Exlusive photoprodution of � mesons atHERA
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AbstratThe exlusive photoprodution reation  p ! � p has been studied with theZEUS experiment in ep ollisions at HERA using an integrated luminosity of468 pb�1. The measurement overs the kinemati range 60 < W < 220 GeV andQ2 < 1 GeV2, where W is the photon-proton entre-of-mass energy and Q2 is thephoton virtuality. These results, whih represent the analysis of the full ZEUSdata sample for this hannel, are ompared to preditions based on perturbativeQCD.
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1 IntrodutionExlusive photoprodution of heavy vetor mesons, J= and �, has previously been stud-ied at HERA [1{4℄. The proess  p ! V p, with V = J= ;� an be desribed byperturbative QCD (pQCD), sine the relatively high masses of the harm and bottomquarks provide suÆiently hard sales. The proess is assumed to exhibit threefold fa-torisation [5{8℄: the photon utuates into a q�q pair; the pair interats with the proton;and �nally the heavy meson is formed in the �nal state. At leading order (LO), theinteration of the q�q pair with the proton proeeds via the exhange of two gluons ina olour-singlet state. Thus the ross setion is proportional to the square of the gluondensity in the proton. The rise of the gluon density with dereasing frational momentum,x, leads to the predition of a ross setion rapidly rising as a funtion of the photon-proton entre-of-mass energy, W , where the relevant x region aessible in heavy-quarkprodution at HERA is 10�4 < x < 10�2. The rise of the ross setion, �, with W an beexpressed as � / W Æ, where a value of Æ � 0.7�0.8 has been measured for the J= [1,4℄.A value of 1.7 is predited for �(1S) prodution in LO [5℄.Prior to this analysis, ZEUS and H1 measured the � photoprodution ross setion for onevalue of W . The inreased statistis of the data used in this study allows the investigationof the dependene of the prodution ross setion on the energy W . The data over thekinemati range 60 < W < 220 GeV and the results are obtained using the �+�� deayhannel. In this measurement the three upsilon states �(1S), �(2S) and � (3S) (denoted�i, i=1,2,3, respetively) are not resolved. Hene the sum of the ross setions multipliedby the orresponding deay branhing ratios to muons, Pi �p!�ip � Bi, was measuredas a funtion of W for two intervals: 60 < W < 130 GeV and 130 < W < 220 GeV.The sample under study represents more than a ten-fold inrease in integrated luminosityompared to the previous ZEUS publiation [2℄.2 Experimental set-upIn 1998{2007 (1996{1997), HERA provided eletron1 beams of energy Ee = 27:5 GeVand proton beams of energy Ep = 920 (820) GeV, resulting in entre-of-mass energies ofps = 318 (300) GeV, orresponding to integrated luminosities of 430 (38) pb�1.A detailed desription of the ZEUS detetor an be found elsewhere [9℄. A brief outlineof the omponents that are most relevant for this analysis is given below.In the kinemati range of the analysis, harged partiles were traked in the entral1 Eletrons and positrons are both referred to as eletrons in this paper.1



traking detetor (CTD) [10℄ and, for the data taken after 2001, also in the mirovertexdetetor (MVD) [11℄. These omponents operated in a magneti �eld of 1:43 T providedby a thin superonduting solenoid. The CTD onsisted of 72 ylindrial drift hamberlayers, organised in nine superlayers overing the polar-angle2 region 15Æ < � < 164Æ. TheMVD provided polar angle overage from 7Æ to 150Æ.The high-resolution uranium{sintillator alorimeter (CAL) [12℄ onsists of three parts:the forward (FCAL), the barrel (BCAL) and the rear (RCAL) alorimeters. Eah partis subdivided transversely into towers and longitudinally into one eletromagneti se-tion (EMC) and either one (in RCAL) or two (in BCAL and FCAL) hadroni setions(HAC). The smallest subdivision of the alorimeter is alled a ell. The CAL energy res-olutions, as measured under test-beam onditions, are �(E)=E = 0:18=pE for eletronsand �(E)=E = 0:35=pE for hadrons (E in GeV).The muon system onsisted of barrel, rear (B/RMUON) [13℄ and forward (FMUON) [9℄traking detetors. The B/RMUON onsisted of limited-streamer (LS) tube hambersplaed behind the BCAL (RCAL), both inside and outside the magnetised iron yokesurrounding the CAL. The barrel and rear muon hambers overed polar angles from 34Æto 135Æ and from 135Æ to 171Æ, respetively. The FMUON onsisted of six planes of LStubes and four planes of drift hambers overing the angular region from 5Æ to 32Æ. Themuon system exploited the magneti �eld of the iron yoke and, in the forward diretion,of two iron toroids magnetised to 1.6 T to provide an independent measurement of themuon momentum.The iron yoke surrounding the CAL was instrumented with proportional drift hambersto form the Baking Calorimeter (BAC) [14, 15℄. The BAC provided position informa-tion for muon reonstrution with a resolution of few mm for two of its oordinates andapproximately 15 m for the third, overing the full angular range.The luminosity was measured using the Bethe-Heitler reation ep ! e p with the lu-minosity detetor whih onsisted of independent lead{sintillator alorimeter [16℄ andmagneti spetrometer [17℄ systems.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 left towardsthe entre of HERA. The oordinate origin is at the nominal interation point. The polar angle, �, ismeasured with respet to the proton beam diretion.2



3 KinematisThe four-momenta of the inoming eletron and proton, and the sattered eletron andproton are denoted by k; p; k0 and p0, respetively. The exlusive reationep! e�p! e�+��p (1)at a given s = (k + p)2 for eletrons and protons, is desribed by the following variables:� Q2 = �q2 = �(k�k0)2, the negative four-momentum squared of the exhanged photon;� y = (q � p)=(k � p), the fration of the eletron energy transferred to the hadroni �nalstate in the rest frame of the initial-state proton;� W 2 = (q + p)2 = �Q2 + 2y(k � p) + M2p , the entre-of-mass energy squared of thephoton-proton system, where Mp is the proton mass;� M�+��, the invariant mass of the �+�� pair.Seleted events (see Setion 4) are restrited to Q2 values from the kinemati minimum,Q2min = M2e y2=(1 � y) � 10�9 GeV2, for y = 0:2, where Me is the eletron mass, to avalue at whih the sattered eletron starts to be observed in the CAL, Q2max � 1 GeV2.The median Q2 value is 10�3 GeV2 and the photon-proton entre-of-mass energy an beexpressed as W 2 � 4EpEey � 2Ep(E � pZ); (2)where (E � pZ) is the di�erene between the energy and the longitudinal momentum ofthe �+�� pair.4 Event seletionExlusive �+�� events in photoprodution were seleted using dediated triggers ando�ine seletion uts. At the trigger level, at least one CTD trak mathed with aF/B/RMUON deposit was required. The o�ine seletion was [18℄:� CAL timing and vertex position onsistent with a nominal ep interation;� two oppositely harged traks mathed to the vertex and no other trak in the entraltraking system;� at least one trak identi�ed as a muon aording to a proedure whih uses informationfrom B/RMUON, FMUON or BAC, whenever available in a given event [19℄; if notexpliitly identi�ed as a muon, the seond trak had to be onsistent with a minimum-ionising partile; 3



� traks with hits in at least 5 CTD superlayers, to ensure a good momentum resolution;� j�1� �2j� 1.5, where �i is the pseudorapidity3 of a given trak, to redue the inueneof the purely eletromagneti Bethe-Heitler bakground;� transverse momentum of a trak pT > 1:5 GeV;� a ut j�� �1 � �2j � 0.1, where �i is the polar angle of a given trak, to further rejetosmi-ray events;� invariant mass M�+�� in the range between 5 and 15 GeV;� the energy of eah CAL luster not assoiated to any of the �nal-state muons to beless than 0:5 GeV. This threshold was set to be above the noise level of the CAL. Itimpliitly seleted exlusive events with an e�etive ut Q2 < 1 GeV2;� to suppress the ontamination from proton-dissoiative events, ep! e�Y , the sum ofthe energy in the FCAL surrounding the beam hole had to be smaller than 1 GeV [18℄.This orresponds to an e�etive ut on the mass MY of the dissoiated system,MY . 4 GeV.The events were seleted in the kinemati range 60 < W < 220 GeV.5 Monte Carlo simulationThe detetor and trigger aeptane and the e�ets due to imperfet detetor responsewere determined using samples of Monte Carlo (MC) events. Vetor-meson produtionwas simulated using the DIFFVM 2.0 generator [20℄ whih is based on Regge phenomenol-ogy and the Vetor Dominane Model in whih the photon utuates into a virtual vetormeson whih interats di�ratively with the proton via Pomeron exhange. For exlu-sive vetor-meson prodution, s-hannel heliity onservation (SCHC) was assumed. Anexponential dependene � ebt was assumed for the di�erential ross setion in the four-momentum-transfer squared distribution at the proton vertex, t, with a slope parame-ter b = 4:5 GeV�2, onsistent with the value obtained for exlusive J= eletroprodu-tion [1,4℄. The W dependene of the  p! � p ross setion was parameterised as / W Æ,with4 Æ = 1.2. Radiative orretions are of the order of 1 % [21℄ and are not inludedin the simulation. The DIFFVM generator supplemented by the JETSET 7.3 pakage[22℄ was used to estimate the value of MY below whih bakground events from protondissoiation, p! �Y , do not leave deposits in FCAL.3 Pseudorapidity is de�ned as � = � ln (tan �2 ).4 This value was obtained from an iterative proess of the analysis.4



The bakground, onsisting of Bethe-Heitler dimuon events, a purely eletromagnetiproess, was simulated using the GRAPE v1.1k [23℄ MC program. All MC events were putthrough the simulation of the ZEUS detetor based on the GEANT [24℄ program versions3.13 (1996{2000) and 3.21 (2003{2007) and were analysed with the same reonstrutionand o�ine proedures as the data. In addition, orretions [18, 19℄ of the muon detetoreÆienies determined from a data set onsisting of isolated J= and Bethe-Heitler eventswere applied.6 Signal extrationThe distributions of the �+�� invariant mass for the seleted events are presented inFig. 1 for the two W intervals, 60 < W < 130 GeV and 130 < W < 220 GeV, and for theentire sample. A lear signal is seen around 9.5 GeV.The mass resolution in the � resonane region is approximately 0.2 GeV and does not al-low the �i, i=1,2,3, states to be resolved. The number of signal events in eah W intervalwas determined using the following method. The MC of the Bethe-Heitler proess wasnormalised to the data in a mass window not ontaining resonanes (5 to 9 GeV, 10:7 to15 GeV). The spetrum outside the resonane regions was reprodued and the distribu-tion was used to obtain the signal by subtrating the bakground under the resonanes.It was assumed that the above three states are produed at HERA in the proportions0.73:0.19:0.08, as measured in p�p ollisions at the Tevatron [25℄. The extrated numberof signal events in the signal region 9{10.7 GeV are tabulated in Table 1 for the di�erentW ranges. The DIFFVM generator was used to obtain the ombined shape of the three�i states (see Fig. 1). The DIFFVM MC was normalised to the observed number ofsignal events. Using the above-mentioned ratios, the number of �(1S) andidates wasalulated and is also presented in Table 1.The proedure to determine the fration of proton-dissoiative events in the �nal sam-ple, fpdiss, has been desribed in detail elsewhere [1℄. Due to the small rate of proton-dissoiative � prodution, it was not possible to use the analysed data themselves toevaluate this fration even on the full data sample. However, this ontribution is ex-peted to be similar in all di�rative vetor meson prodution proesses [26℄. Therefore,di�rative J= meson prodution [1℄ was used to evaluate this orretion. The valueassumed in this paper was fpdiss = 0:25.The e�etive photon ux alulation [27℄ takes into aount the transverse and longi-tudinal ux fators [20℄. Thus, the e�etive ux alulation depends on the assumedparameterisation W Æ of �(p). The unertainty on the W dependene is taken into a-ount as a systemati unertainty. 5



7 Systemati unertaintiesThe following soures of systemati unertainty were onsidered [18℄ (numbers for the fullW range are given):� signal extration method: the bakground was normalised separately to the left andto the right sides of the mass spetrum outside of the signal region: +1�9%;� the unertainty of the CTD traking and muon-hamber performane in the trigger,and the subsequent muon reonstrution in the o�ine analysis: �9%;� fpdiss was varied between 0.2 and 0.3 to aount for unertainties in the experimentalonditions and for the fat that it was evaluated from J= prodution [1℄, resulting inan unertainty of �7%;� the unertainty related to a variation of the treatment of the alorimeter noise: �4%;� the variation of Æ = 1:2� 0:5 results in an unertainty of +3:2;�2:2% on the ep rosssetion and �3:9%;+1:6% on the p ross setion;� variation of the slope parameter b = 4:5 � 0:5 GeV�2 gives a negligible e�et on theaeptane.In addition, the following unertainties related to the �(1S) extration were also onsid-ered:� the �(1S) fration in the signal was varied within the total unertainties quoted bythe CDF ollaboration [25℄: +5%;�6%;� the �(1S) deay branhing ratio: �2:4% [28℄.The total systemati unertainty was determined by adding the individual ontributionsin quadrature. The values for the di�erent W ranges are given in Table 1.The unertainty of the luminosity determination is 2.6 % and is not inluded in the result.8 ResultsAll ep ross setions are given at ps = 318 GeV.For eah W bin, the sum of ep ross setions multiplied by the orresponding deaybranhing ratios to muons was evaluated aording to the formulaXi �p!�ip � Bi = Nsig(1� fpdiss)AL ; (3)6



where Nsig is the number of signal events in the signal mass region, A is the overall aep-tane, Bi is the deay branhing ratio into �+��, and L is the orresponding integratedluminosity.The ep ross setion for �(1S) prodution was alulated aording to�ep!�(1S)p = f�(1S)B1 Xi �p!�ip � Bi; (4)where f�(1S) = 0:73+0:05�0:06 [25℄ and B1 = 2:48� 0:06% [28℄.The p ross setion for exlusive �(1S) photoprodution was obtained through the rela-tion �p!�(1S)p = 1��ep!�(1S)p; (5)where � is the e�etive photon ux [18℄. The following results were obtained for Q2 < 1GeV2: �p!�(1S)p = 160� 51+48�21 pb; 60 < W < 130 GeV (6)�p!�(1S)p = 321� 88+46�114 pb; 130 < W < 220 GeV (7)�p!�(1S)p = 235� 47+30�40 pb; 60 < W < 220 GeV (8)The number of events, the aeptane, the ux and the ross setions in the di�erent Wintervals are given in Table 1.Figure 2 shows the extrated ross setion for the two independent W ranges, 60 < W <130 GeV and 130 < W < 220 GeV. Also shown are a previous ZEUS result [2℄ based ona partially overlapping data set and the H1 result [3℄. The measured two ross setionvalues were used to alulate Æ, resulting in Æ = 1:2 � 0:8, a value onsistent with thetheoretial expetation [5℄.The data are ompared to several theoretial alulations. Frankfurt, MDermott andStrikman (FMS) [5℄ based their alulation on a two-gluon exhange between the inter-ating q�q dipoles and the proton, using CTEQ4L parton density funtions (PDFs) [29℄.Ivanov, Krasnikov and Szymanowski (IKS) [7℄ use a next-to-leading-order (NLO) al-ulation in whih the predition for the W dependene of the ross setion depends onthe sale adopted for the hard sattering (presented here for � =1.3 and 7 GeV). Martin,Nokles, Ryskin and Teubner (MNRT) [6℄ have a NLO alulation using gluon densitiesextrated from HERA data on exlusive J= eletroprodution. Rybarska, Sh�afer andSzzurek (RSS) [8℄ use a kT -fatorisation approah trying a Gaussian-like and a Coulomb-like light-one wave-funtion for the vetor meson. All the alulations are onsistent with7



the data. In the IKS ase, a alulation using an intermediate sale is preferred. In theRSS ase, the data seem to favour a Gaussian-like wave funtion.9 SummaryThe exlusive photoprodution of �(1S) meson has been studied at HERA with theZEUS detetor in the kinemati range 60 < W < 220 GeV, Q2 < 1 GeV2 and ps =318 GeV using the muon deay hannel. The dependene of the ross setion on Whas been extrated and is in agreement with preditions of several alulations based onperturbative QCD.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 exel-lent operation of the ollider and the data-analysis environment. We thank the DESYdiretorate for their strong support and enouragement.
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W range (GeV) 60{130 130{220 60{220Ntot 159� 13 135� 12 294� 17Nsig 41� 13 44� 12 85� 17N�(1S) 30� 9 32� 9 62� 12A 0.216 0.230 0.226Pi �ep!�ip � Bi (pb) 0:30� 0:10+0:09�0:04 0:31� 0:08+0:04�0:11 0:60� 0:12+0:07�0:09�ep!�(1S)p (pb) 8:9� 2:8+2:7�1:2 9:0� 2:4+1:3�3:2 17:6� 3:5+2:3�2:9� 0.055 0.028 0.074W0 (GeV) 100 180 140Pi �p!�ip � Bi (pb) 5:5� 1:8+1:6�0:6 10:9� 3:0+1:5�3:8 8:1� 1:6+0:9�1:3�p!�(1S)p (pb) 160� 51+48�21 321� 88+46�114 235� 47+30�40Table 1: The � prodution ross setion for Q2 < 1 GeV2. The �rst unertaintyis statistial, the seond systemati. Ntot is the total number of events in the signalmass region, Nsig is the number of signal events in the signal mass region, N�(1S)is the extrated number of �(1S) signal events, A is the aeptane, Bi is the deaybranhing ratio to muons of �i, � is the e�etive photon ux used to ompute thep ross setion from the ep ross setion at W0 and a median Q20 = 10�3GeV 2.
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Figure 1: Invariant mass distributions of the �+�� pairs in di�erent W regions:(a) 60 < W < 220 GeV, (b) 60 < W < 130 GeV and () 130 < W < 220 GeV. Thefull dots are the ZEUS data. The hathed and full histograms represent, respetively:the GRAPE distribution of the Bethe-Heitler (BH) bakground and the sum ofDIFFVM distributions of the �(1S), �(2S) and �(3S) signals. The solid line isthe sum of the two ontributions (see text).
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Figure 2: The exlusive �(1S) photoprodution ross setion as a funtion of W .The full squares are the ZEUS data from this measurement in the kinemati regionQ2 < 1 GeV 2, and two W ranges, 60 < W < 130 GeV, and 130 < W < 220 GeV.The inner bars indiate the statistial unertainties, the outer bars are the statistialand systemati unertainties added in quadrature. The earlier measurements ofZEUS [2℄ and H1 [3℄, are also shown. The shaded area denotes preditions ofNLO MNRT [6℄. The long-dashed line is the predition of the FMS model [5℄.The dashed-dotted (dotted) line is the predition of the IKS [7℄ using a sale of 1.3GeV (7 GeV). The small-dashed line (small-dashed three-dots) is the predition ofRSS [8℄, using a Gaussian-like (Coulomb-like) wave funtion.
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