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3PACS numbers:13.20.Gd Deays of J= , � and other quarkonia13.85.-t Hadron-indued high- and super-high-energy interations24.85.+p Quarks, gluons, and QCD in nulei and nulear proesses13.88.+e Polarisation in interations and satteringI. INTRODUCTIONSine the disovery of harmonium more than thirtyyears ago, its prodution in hadroni ollisions has at-trated onsiderable theoretial and experimental inter-est for a variety of reasons. In partiular the ques-tion of the prodution mehanism, whih requires anunderstanding of the hadronisation proess in the non-perturbative regime and, in addition, the inuene ofnulear matter, are of partiular importane sine thesuppression of J= prodution has been onsidered as apossible indiator of the quark-gluon plasma [1℄.The theoretial treatment of quarkonium produtionis usually broken into two steps: the reation of aheavy quark pair in interations of the olliding par-tons, alulable by means of perturbative QCD, andthe transition to a bound state, involving poorly under-stood non-perturbative proesses and even more prob-lemati nulear e�ets. A variety of approahes havebeen developed to desribe quarkonium prodution suhas the Color Evaporation Model (CEM) [2℄, the ColorSinglet Model (CSM) [3℄, and non-relativisti QCD(NRQCD) [4℄. A measurement of the fration of J= oming from the deay of other harmonium states (feed-down) provides useful tests of the model preditions.While a rather rih sample of data on J= prodution ex-ists, the available data on the prodution rates, or eventhe experimentally simpler frational prodution rates,of the other harmonium states su�er from impreision.Moreover very little experimental information is availableon the possible polarisation of the produed harmoniumstates.In this paper we report on the prodution of the har-monium states �1 and �2 in ollisions of a 920 GeVproton beam with nulear targets. The � mesons areidenti�ed via their radiative deay into J= mesons whihin turn are deaying into lepton pairs. The produtionand deay hain is:pA! �+X ; � !  J= !  l+l� (l = e; �): (1)To minimise systemati unertainties the � rates arenormalised to the total prodution rate of J= . We de�neR� , the fration of J= originating from radiative �deays: R� = P2i=1 �(�i)Br(�i ! J= )�(J= ) (2)where Br(�i ! J= ) are the branhing ratios for thedi�erent �i ! J=  deays, �(�i) are their produtionross setions per nuleon and �(J= ) is the total J= 

prodution ross setion per nuleon. In Tab. I the mainproperties of the three � states (�0, �1 and �2) arereported. Due to the negligible �0 ! J=  branhingratio, we limit our study to �1 and �2 prodution.State Mass (MeV=2) Width (MeV=2) BR(! J= )�0 3414:76 � 0:35 10:4� 0:7 (1:30 � 0:11)%�1 3510:66 � 0:07 0:89 � 0:05 (35:6� 1:9)%�2 3556:20 � 0:09 2:06 � 0:12 (20:2� 1:0)%TABLE I: Properties of the three � states [5℄.In Setion II an overview of the physis motivations forour measurement is given together with a survey of theexisting experimental results. In Setion III the experi-ment and the data taking onditions are desribed and inSetion IV the priniple of the measurement is explained.The simulation used for evaluating detetion eÆieniesand the measurements in the muon and eletron deayhannels are desribed in Setions V, VIA and VIB, re-spetively. In Setion VII, the e�et of possible J= and� polarisations (not diretly measured in this analysis)on R� and R12 = R�1=R�2 is disussed. A disussionof systemati unertainties and the �nal result are givenin Setions VIII and IX, respetively.II. � PRODUCTIONA. QCD Models of Charmonium ProdutionIn the Color Evaporation Model (CEM), harmoniumprodution is desribed as the reation of � pairs withan invariant mass below the D �D threshold. Their hadro-nisation is mediated by the emission of soft gluons whihdo not signi�antly alter the kinematis of the � sys-tem. The prodution rates of the various harmoniumstates are predited to be proportional to eah other andindependent of the projetile, target and energy. Mostexperiments measuring R� in proton and pion induedinterations [6℄-[21℄ provide ompatible results with thepredited value R� � 0:4 [22℄. The assumption of theuniversality of harmonium hadronisation implies thatthe value of R� should be independent of the kine-mati variables xF and pT of the produed harmoniumstate [22℄ (xF is the Feynman variable in the nuleon-nuleon enter-of-mass system; pT is the transverse mo-mentum relative to the inoming beam).In the Color Singlet Model (CSM), the quark pair isreated in a hard sattering reation as a olour sin-



4glet (CS) with the same quantum numbers as the �nalquarkonium. Sine two gluons an form a olourless C-even state suh as the � states, but at least three gluonsare needed to form a olourless C-odd state suh as the states,  prodution in this model is suppressed by anadditional fator �s. As a result, the J= produtionrate should be dominated by feed-down from radiative� deays and R� is predited to be lose to 1. Most ofthe proton indued � measurements are in disagreementwith this assumption [6℄-[14℄.In response to the disagreement between the CSMand measurements in most harmonium produtionfeatures [23℄, a more generalised perturbative QCDapproah for harmonium prodution, `non-relativistiQCD' (NRQCD), was developed whih inludes not only pairs produed as olour singlets but also as olourotets (CO). The CO states subsequently evolve into theobserved harmonium by soft gluon emission. At theHERA-B beam energy of 920 GeV, the dominant pro-dution proess is gg fusion whih ontributes both toCO and CS states. Therefore � prodution dominatesthe CS part of J= prodution while diret J= and J= from  0 deay are produed via CO states. The pre-dited ratio, R� � 0:3 [22℄ is in agreement with mostof the existing measurements in proton indued inter-ations [6℄-[14℄. NRQCD predits only small di�erenesin the di�erential ross setions of the di�erent harmo-nium states as a funtion of xF , mostly at large values ofxF . More visible di�erenes an arise when onsideringnulear-matter e�ets (A-dependene) due to the di�er-ing absorption probabilities of the various harmoniumand pre-harmonium states in nulei [22℄.B. Interations with Nuleons and A-dependeneThe CEM model and NRQCD di�er in their predi-tions of the suppression of the harmonium produtionrate per nuleon in interations with heavy nulei om-pared to interations with single proton targets. Sup-pression an our in interations of the generated �quarks with nulear matter whih ould lead to an xFdependene: for xF > 0, the formation length of the �nalharmonium state exeeds the size of the nuleus, whilefor xF < 0, an inreasingly larger fration is formed al-ready inside the nuleus. In the ontext of the CEM, onlyone proto-harmonium state exists and thus for xF > 0,the di�erenes in suppression between J= ,  0 and the� states should be small. For xF < 0, the � and  0states should be more suppressed than the J= due totheir larger interation ross setions. In the ontextof NRQCD, substantial di�erenes in the suppressionof the various harmonium states are expeted even forxF > 0 sine the wave funtion of the CO states extendsover a muh larger distane and the resulting interationross setion is onsiderably larger than that of the CSstates [22℄.

C. R� and the Quark-Gluon PlasmaThe so-alled \anomalous" suppression of J= hasbeen proposed as a possible indiator of the forma-tion of a quark-gluon plasma [1℄ and suh suppres-sion has subsequently been reported by several experi-ments [24℄ [25℄ [26℄. Nevertheless the onlusion that thereported suppression is indeed anomalous is ontingenton the full understanding of normal suppression meh-anisms, i. e. those existing in the absene of a quark-gluon plasma as is expeted to be the ase in proton-nuleus reations. In this respet the measurement ofthe fration of J= arising from feed-down deays (�and  0) is important sine the anomalous suppressionis expeted to be sensitive to the mass and binding en-ergy of the di�erent harmonium states. Diretly pro-dued J= survive in the quark-gluon plasma up to about1:5T [27℄, T being the ritial temperature, while �and  0 states dissoiate just above T. Thus several dropsin the distribution of harmonium survival probabilityas a funtion of the temperature are expeted, with thesize of the drops dependant on the frations R�and R 0(R 0 = �( 0)Br( 0!J= X)�(J= ) ). Experimentally, only the �rstdrop has been reported [24℄ [25℄ [26℄, and is interpreted asindiating the disassoiation of � and  0. Several mod-els attempt to desribe the totality of experimental dataon J= suppression. They generally assume R� � 0:3and R 0 � 0:1. Nevertheless all the proposed models failto simultaneously desribe all the existing data, as theyall overestimate the suppression unless other e�ets, suhas J= regeneration, are assumed to desribe the RHICdata [27℄. From the value of R� shown in Set. IX andthe result from [28℄, R 0 � 7%, R� +R 0 � 0:27, whihis lower than generally assumed.D. Previous MeasurementsThe prodution of � has been measured both inproton- and pion-indued reations on various nuleartargets and in pp and p�p interations [6℄-[21℄. Tab. IIlists all the published measurements of � prodution inhadroni interations and reports their most relevant fea-tures. From this table some observations an be made:� all �xed target measurements are based on at mosta few hundreds �;� all experiments observe only one of the two J= deay hannels (e+e� or �+��);� the photon eÆieny never exeeds 30%;� most measurements are performed in the positivexF range.Tab. III shows the measured values of R� and/or of the� ross setions separately for proton and pion induedreations. The values shown in Figs. 1 and 2 have been



5updated using the urrent PDG values [5℄ for the � andJ= deay branhing ratios, and the J= ross setionsobtained from [29℄.The available data satter strongly, well beyond theirrespetive unertainties, and no energy dependene isdisernible. The proton data seem to favour a valueR� � 0:3, supporting the predition of NRQCD, butthe quality of the available data does not allow a �rmonlusion.III. THE EXPERIMENT AND THE DATASAMPLEThe HERA-B detetor [30℄ was a forward magnetispetrometer used to study the interations of the 920GeV proton beam (ps = 41:6 GeV) of the HERA a-elerator on a variety of nulear targets. The detetoromponents relevant for this analysis are the wire tar-get system [31℄ whih ould be dynamially positionedin the halo of the proton beam, the Silion Vertex De-tetor (VDS) [32℄, the dipole magnet of 2.13 Tm, thedrift-tube Traking System (OTR) [33℄, the Ring Imag-ing Cherenkov Counter (RICH) [34℄, the sampling Ele-tromagneti Calorimeter (ECAL) [35℄ and the Muon De-tetor (MUON) [36℄.The data sample of about 160 million events used forthis analysis was aquired at an interation rate of about5 MHz with a dediated di-lepton trigger [37℄ in orderto selet both J= ! e+e� and J= ! �+�� �nalstates. In total about 300,000 J= were reonstruted,distributed almost equally in the two deay hannels.Nine di�erent wire on�gurations were used, both insingle and double wire runs. The wire materials usedwere arbon (C, �64% of the full statistis), tungsten(W, �31%), and titanium (Ti, �5%). Continuous on-line monitoring ensured stable running onditions, andfurther o�ine data quality heks were applied to seletonly runs with properly funtioning detetor and triggeromponents.IV. EXPERIMENTAL METHODR� is de�ned in Eq. 2. The quantity to be measuredis:R� = N�1 �"dirJ= "�1J= �"�1 + N�2 �"dirJ= "�2J= �"�2NJ= + N�1"�1 � ( "dirJ= "�1J= � 1) + N�2"�2 � ( "dirJ= "�2J= � 1)(3)where NJ= is the total number of observed J= 's, N�1(N�2) is the number of ounted �1's (�2's), "dirJ= isthe diret J= total detetion eÆieny, inluding trig-ger losses, reonstrution and ut seletion, "�1J= ("�2J= )is the total detetion eÆieny for J= oming from �1(�2) deay and "�1 ("�2 ) is the identi�ation eÆieny

of the photon from �1 (�2) deay for events with iden-ti�ed J= 's. The measurement method onsists of eval-uating NJ= by analysis of the di-lepton invariant massspetra andN�1 , N�2 by analysis of the J= - invariantmass spetra, for events with seleted J= andidates.The eÆieny terms in Eq. 3 are extrated from the MCsimulation.The prodution ratio of the two states an be deter-mined using:R12 = R�1R�2 = N�1N�2 � "�2J= � "�2"�1J= � "�1 (4)(where R�1 + R�2 = R�) and the prodution rosssetion ratio an be evaluated using:�(�1)�(�2) = R12Br(�2 ! J= )Br(�1 ! J= ) (5)In order to perform an internally onsistent analysis,the same proedure and uts are applied to both the e+e�and �+�� hannels exept for the lepton partile identi-�ation (PID) requirements.A. J= SeletionLeptons from J= deay are seleted from the trig-gered traks, re-�tted using o�ine alignment onstantsand taking into aount multiple sattering when extrap-olating to the target. A �2 probability of the trak �t> 0:3% is required. Additional PID uts are applied de-pending on the lepton hannel.In the muon hannel, a muon likelihood is onstrutedfrom information in the MUON detetor and is requiredto be greater than 5% and a kaon likelihood is on-struted from RICH information and required to be lessthan 99%.In the eletron hannel a more omplex set of PID utsis needed. First the alorimeter is searhed for a lusteronsistent with having been aused by a Bremsstrahlungphoton emitted in front of the magnet [35℄. Sine thepresene of suh a luster very e�etively identi�es ele-trons, the ut values used for the remaining two partileidenti�ation riteria an be substantially relaxed whensuh a Bremsstrahlung luster is found. The additionaltwo riteria are a more restritive mathing requirementbetween the OTR trak of the eletron andidate andits orresponding ECAL luster, and a requirement thatthe trak momentum be onsistent with the depositedalorimeter energy.One opposite sign lepton andidates (�+�� or e+e�)are seleted, their ommon vertex is �tted and the �2probability of the �t is required to be greater than 1%.In a few perent of the events, more than one di-leptonombination pass all uts, in whih ase only the one withthe lowest produt of trak-�t �2 is retained. Finally,the invariant mass of the di-lepton pair is alulated and



6Exp. beam/ p(s) l+l�  " xF pT E ut NJ= N� �itarget GeV det. % GeV/ GeV sep.ISR [6℄ pp < 55 > e+e� d > 0:4 658 31 � 11 nR702 [7℄ pp 52.4,62.7 e+e� d < 3 0.4-0.6 975 nISR [8℄ pp 62 e+e� d < 5 > 0:4 nE610 [9℄ pBe 19.4,21.7 �+�� d 16 0.1-0.7 < 2 3-50 157 � 17 11:8 � 5:4 fE705 [10℄ pLi 23.8 �+�� d 27 -0.1-0.5 0.-0.4 > 1:0 6090 � 90 250� 35 fE771 [12℄ pSi 38.8 e+e�  0.8 > 0:0 0.25-0.7 11660 � 139 66 yHERA-B [14℄ pC,Ti 41.6 fe+e��+�� d 30 -0.25-0.15 ET >1.0 4420 � 100 370� 74 nCDF [11℄,[13℄ p�p 1800 �+�� fd f15 > 4:0 > 1:0 f8800032642�185 f119�141230�72 fynE369 [15℄ ��Be; p 20.2 �+�� d 0-0.8 < 3 < 5 160 17:2 � 6:6 nWA11 [16℄ ��Be 18.7 �+��  1 44750 157 yIHEP140 [17℄ ��p 8.6 e+e� d > 0:4 < 2 > 2 120 10 nE673 [18℄ ��Be 20.6 �+�� d 21 10-25 1056 � 36 84 � 15 nE610 [19℄ ��Be 18.9 �+�� d 19 0.1-0.7 < 2 3-50 908 � 41 53:6 � 17:1 fE705 [20℄ f���+�Li 23.8 �+�� d 27 f5560�9012470�160 f300�35590�50 nE672/706 [21℄ ��Be 31.1 �+�� fd f112 0.1-0.8 > 10 7750 � 110 f379�66105�18 ffyTABLE II: Previous R� measurements in hadroni ollisions. Symbols:  detetion (d=diret, =-onversion). �1-�2separation (y=yes, n=no, f=with 2-states �t).Exp. Measured values Updated valuesR� �(�1)�(�2) �(�1) �(�2) R� �(�1)�(�2) �(�1) �(�2)(nb/n) (nb/n) (nb/n) (nb/n)[6℄ 0:43 � 0:21 0:43 � 0:21[7℄ 0:15+0:10�0:15 0:15+0:10�0:15[8℄ 0.47(8) 0.47(8)[9℄ 0.47(23) 0.24(28) 64(81) 268(136) 0.47(23) 0.24(28) 39(49) 162(81)[10℄ 0.30(4) 0.08(25)(15) 31(62)(3) 364(124)(36) 0.30(4) 0.09(29)(17) 24(48)(2) 244(83)(16)[12℄ 0.77(30)(15) 0.53(20)(7) 526(138)(64) 996(286)(134) 0.76(29)(16) 0.61(24)(4) 488(128)(56) 805(231)(92)[14℄ 0.32(6)(4) 0.32(6)(4)[11℄ 0.297(17)(57) 1.04(29)(12) 0.297(17)(57) 1.19(33)(14)[15℄ 0.70(28) 0.70(28)[16℄ 0.30(5) 0.68(28) 65(18) 96(29) 0.30(5) 0.79(28) 58(13) 74(19)[17℄ 0.44(16) 1(�x) 28(10) 28(10) 0.44(16) 1(�x) 22(8) 22(8)[18℄ 0.37(9) 1.12(42) 0.37(9) 1.11(41)[19℄ 0.31(10) 0.96(64) 130(56) 134(64) 0.31(10) 0.98(74) 102(43) 104(49)[20℄ 0.40(4) 0.40(4)[20℄ 0.37(3) 0.70(15) 131(17) 189(31) 0.37(3) 0.80(16) 101(13) 126(19)[21℄ 0.443(41)(35) 0.57(16) 464(87) 815(168) 0.443(41)(35) 0.65(18) 356(66) 544(107)TABLE III: R� , �(�1)�(�2) , �(�1) and �(�2) results in hadroni ollisions. Statistial and systemati unertainties are shownin brakets (less signi�ant digits). See text for an explanation of the updated values.required to be within 2� of the nominal J= mass, with� = 36 MeV/2 in the muon hannel and 64 MeV/2 inthe eletron hannel. B. Mass Di�erene PlotThe next step after J= seletion is the identi�ationof suitable photon andidates. A photon is de�ned as areonstruted ECAL luster [38℄ with at least three on-tiguous hit ells. The luster energy, E , is required to be
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15 25 35FIG. 2: Summary of experimental results on R� (a), �(�1)�(�2) (b), �(�1) () and �(�2) (d) in �N interations.at least 0.3 GeV and the luster transverse energy, ET ,is required to be at least 0.2 GeV, for an optimal lus-ter reonstrution. Furthermore, the ECAL ell with thehighest energy deposit of the luster is required to ontainat least 80% of the total luster energy in order to providesome disrimination against showering hadrons. Clusterswhih math reonstruted traks are exluded unlessthe mathing trak is formed only from hits behind themagnet and point to the seleted di-lepton vertex. Suhtraks are mainly from onversions of event-related pho-tons behind the magnet. Finally, beause of high bak-ground near the proton beam pipe, lusters in an ellip-ti region around the pipe (px2lust=4 + y2lust < 22 m,where xlust and ylust are the horizontal and vertialpositions of the luster with respet to the beam) areexluded.Sine a photon from a � deay annot be distinguishedfrom the others in the event (on average � 20), the om-binatorial bakground to the � signal is very large, aswill be shown in Set. IVC.To largely eliminate the unertainty due to di-leptonmass resolution, the analysis is performed using the massdi�erene, �M = M(J= ) � M(J= ). The domi-nant ontribution to the mass di�erene resolution isthe intrinsi photon energy resolution determined by theECAL.

C. Bakground DesriptionThe analysis ruially depends on the bakgroundshape being orretly desribed. We distinguish between\physial" bakgrounds (due to the deay of heavierstates whih inlude a J= and one or more photons intheir deay produts) and \ombinatorial" bakground(due to photons from the event ombined with di-leptonswhih share no parent resonane). The ombinatorialbakground by far dominates. The only signi�ant phys-ial bakground omes from  (2S) ! J= �0�0 whihontributes at the level of � 15% of the � rate but with arather at distribution in the �M spetrum. The shapeof this bakground is estimated from Monte Carlo andsubtrated after proper normalisation.A \Mixed Event" (ME) proedure is adopted for mod-elling the ombinatorial bakground: a J= andidatefrom one event (\event-A") is mixed with the photonsof several (� 20) other seleted events (whih we all all\event-B"). Event-B is required to have the same neutralluster multipliity as event-A to ensure similar photonenergy spetra. Furthermore, the angular di�erene be-tween the vetor sums of transverse momenta of all pho-tons in event-A and event-B is required to be no morethan 2�=20 to ensure the events to be kinematially sim-ilar and thus to have similar aeptane.



8Extensive tests, both with Monte Carlo and the dataitself, were performed to verify the ME proedure. Forexample, using the data, the ombination of photons withl+l� pairs in the J= side bands (de�ned as the di-leptonmass intervals outside 3� of the nominal J= mass, seeSet. IVA) in the SE (\same event") and with l+l� pairsinside the J= mass window in the ME spetra show noreetion of the � peak and the SE over ME ratio forthese events is found to be at. The normalisation ofthe ME spetrum is inorporated into the �t of the �Mspetrum as a free parameter (see Set. VIB).V. THE MONTE CARLO SIMULATIONA. Event generator and detetor simulationIn the HERA-B Monte Carlo, the basi proess pN !Q �QX is simulated, �rst, by generating the heavy quarks(Q �Q), inluding hadronisation, with PYTHIA 5.7 [39℄;seondly, the energy of the remaining part of the proess(X) is given as an input to FRITIOF [40℄, whih is usedto simulate the interations inside the nuleus. PYTHIAdesribes by default the harmonium prodution basedon the Color Singlet Model. Further olour singlet andolour otet proesses were therefore added, aording tothe NRQCD approah [14℄. Di�ering kinemati distri-butions for diretly produed J= and J= from feed-down deays generated aording to this model result inslightly di�erent aeptanes: � 78:3% for diret J= and � 77:6% for J= from both �1 and �2, with nosigni�ant di�erene between the two � states.In the simulation, both diret J= and � statesare generated with no polarisation and all results aregiven under this assumption. The e�ets of J= and� polarisation are disussed and treated separately (seeSet. VII).The detetor response is simulated using GEANT3.21 [41℄ and inludes individual detetor hannel reso-lutions, noise, eÆienies and alibration preision. Theseond level trigger algorithm is applied to the simulateddetetor hits and the �rst level trigger eÆieny is takenfrom an eÆieny map obtained from the data itself. Thegenerated Monte Carlo is reonstruted with the samepakage used for reonstruting the data and the sameanalysis uts are applied to the MC and the data.In order to hek the MC material desription,whih inuenes the photon eÆieny determination,three di�erent studies were performed by using theBremsstrahlung tag [35℄, the �0 signal (where the de-ay photons are seen as neutral lusters or as onvertedphotons), and the onverted photons (see Set. VBand VIII).The predited resolution of the �1 and �2 states isfound to be � 0:032 GeV=2, in agreement with real data(see Set. VIB).

B. J= and photon eÆienyAording to Eq. 3, the ratios of eÆienies for J= oming from the deay of the � states to that of di-retly produed J= are needed. These ratios are esti-mated from MC and the values obtained are reported inTable IV. As an be seen from the table, these ratiosare independent of target, deay hannel and � state,within the errors.The photon detetion eÆienies are also evaluatedwith the MC although an additional orretion fatorderived from the data was found to be needed, as willbe disussed below. For the eÆieny evaluation, thesame analysis as for the data is performed, but the pho-ton from the � deay is seleted using MC generationinformation and heked for aeptane after all uts areapplied. The alternative of extrating the number of �'sfrom the MC using the ME bakground subtration ap-plied to the data, and thus inferring the photon eÆienywithout reourse to the MC generation information, wasfound to give a ompatible eÆieny, but with lower pre-ision.The MC estimate for photon detetion eÆieny washeked by omparing the eÆieny derived from MC tothat, obtained from data, for the detetion by the ECALof reonstruted eletrons or positrons from photon on-versions before the magnet. Sine the average di-leptontriggered data run ontains several thousands of suh re-onstrutible onversions, the method a�ords a detailedhek of the stability of photon detetion eÆieny overthe run as well as a hek of the MC.The traks from the onverted photons are required toshare a ommon VDS trak segment and to have hitsin the OTR hamber immediately before the ECAL (todisriminate against eletrons whih start to shower be-fore the ECAL). When using the positron from suh apair as a probe, the eletron (\tag") is also required tohave an assoiated ECAL luster with a deposited en-ergy ompatible with the eletron trak momentum (andvie versa). For seleted eletron and positron probes,the ECAL is searhed for a geometrially mathing lus-ter and the ratio of the deposited ECAL energy to thetrak momentum (\E/p ratio") is entered into a his-togram. Signal to bakground ratios of the order of 15are ahieved. The E/p ratio histogram of the probe aswell as the orresponding E/p histogram of the tag are�tted to gaussians to desribe the signal and third or-der polynomials for the bakground desription. The �tdesribes the data well with �2 values typially equal toor less than the number of degrees of freedom. The eÆ-ieny is extrated from the �t parameters. The ratio ofMC eÆienies estimates to the eÆieny derived by thismethod is found to be 1:144�0:034, with the quoted un-ertainty dominated by run to run variations. Roughlyhalf the di�erene between eÆieny estimates from MCand data an be attributed to a higher ECAL lustermultipliity in the data ompared to the MC { when aluster aused by a photon from a � overlaps with an-



9other luster the photon's measured energy beomes toolarge and the mass estimate inorret. The remaining(� 7%) disrepany is not understood but is likely dueto ases where the energy deposited by the photon (ele-tron) is onsiderably less than would be expeted fromgaussian statistis.In Tab. V the values of eÆieny and the width of �1and �2 are reported for the two lepton hannels and forthe di�erent target materials.Mat. �+�� e+e�"dirJ= "�1J= "dirJ= "�2J= "dirJ= "�1J= "dirJ= "�2J= C 0:972(7) 0:965(5) 0:970(12) 0:950(7)W 0:957(8) 0:974(6) 0:985(14) 0:955(9)Ti 1:008(26) 0:957(17) - -TABLE IV: The ratio of eÆienies for detetion of diretlyprodued J= 's to that of J= 's oming from �1 and �2deay. The eÆienies for �+�� and e+e� hannels and foreah target material are given separately.Mat. "�1 (%) ��1 (MeV=2) "�2 (%) ��2 (MeV=2)C 40:5 � 0:4 30:2� 0:4 41:2� 0:2 33:0 � 0:2W 37:1 � 0:5 32:0� 0:7 38:2� 0:3 34:3 � 0:5Ti 41:3 � 1:3 31:6� 0:8 41:4� 0:8 30:2 � 0:3C 39:6 � 0:6 32:1� 0:4 40:4� 0:3 33:0 � 0:2W 38:6 � 1:0 33:7� 0:8 38:3� 0:6 35:4 � 0:4TABLE V: Photon detetion eÆienies and the expetedwidths of �M peaks for �1 and �2 for the muon (�rst part)and the eletron (seond part) hannels.VI. EVENT COUNTINGA. J= ountinga. The muon hannel: The �+�� invariant massspetra for C, Ti, and W samples as well as the summedspetrum are shown in Fig. 3 along with a �tted urve.The �t inludes the J= and  0 peaks, eah desribed bya superposition of three gaussians with a ommon meanplus a radiative tail to desribe the photon emission pro-ess  ! �+�� [28℄, and an exponential to desribethe bakground. The numbers of J= within the masswindow used for � seletion are reported in Tab. VI.b. The eletron hannel: The e+e� invariant massspetra for the di�erent materials and the full sample areshown in Fig. 4. The �t used for the signals (J= and 0) inludes a Gaussian for the right part of the peaksand, for the left part, a Breit-Wigner to take into aountthe Bremsstrahlung tail, while a gaussian (exponential)

desribes the bakground in the low (high) mass regionwith the requirement of ontinuity of the funtions and ofthe �rst derivatives. The numbers of J= within the masswindow used for � seletion are reported in Tab. VI.B. � ountingThe �M spetra are shown in Fig. 5 for the muonhannel, and Fig. 6 for the eletron hannel. In the upperparts of these �gures, the SE data are indiated by points.Fits to the ME and SE samples are shown as solid lines.The two urves are not distinguishable exept in the �Mregion between 0.3 and 0.6 GeV=2 where the ME urveis below the SE urve. The �t to the SE spetrum usesthe ME parameterization to desribe the bakground andGaussian distributions for the signal, as desribed below.In order to evaluate the quality of the bakground de-sription, the bakground subtrated spetra are shownbelow the �tted �M spetra for visual representationonly. A lear � signal is visible both in the arbon andtungsten samples, while in the titanium sample, the sig-ni�ane of the � signal is at the level of � 3:5� only.The detetor resolution for the two � states is ompa-rable with their mass di�erene, resulting in a single �peak in the �M spetrum. It is nevertheless possible toount separately the number of �1 and �2 (and there-fore measure R12) by using a �t with two gaussians withsome of the parameters �xed, namely:1. �M�1 = 0:4137 GeV=2 [5℄;2. ��1 �xed aording to the MC predition fromTab V;3. �M(�2)��M(�1) = 0:0455 GeV=2 [5℄;4. ��2��1 = 1:05 as predited by MC.The free parameters are N� = N�1+�2 , N�1N�2 and theME normalisation parameter. In Tab. VII the values ofthe �tted N� and N�1N�2 are reported for both the ele-tron and muon hannels together with the � ountingobtained with a single-gaussian �t where the � is on-sidered as a single peak.In order to verify the assumptions made, a system-ati study of the e�et of releasing the di�erent �xedparameters or varying them within a range around theassumed values was done, as well as a ross hek of the� ounting with the signal modelled as a single gaussianto desribe both � states. The results of these studiesare disussed in Set. VIII.VII. POLARISATIONThe experimental determination of polarisation an beused to probe assumptions on the impat of spei� QCDproesses and the inuene of nulear e�ets. The data
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available for this analysis of � prodution does not allowa determination of the polarisation of the � states be-ause of large bakgrounds. In the following we disussangular distributions for the deay produts of � and di-retly produed J= states with the goal of investigatingthe possible inuenes of polarisation on the aeptanesand thus on the determination of the � rates.

Mat. 1-G �t 2-G �t�+��N� N�1+�2 N�1N�2 �(�1)(GeV/2)C 6280� 510 6390� 420 1:20 � 0:26 0:030W 3120� 560 2830� 330 1:26 � 0:52 0:032Ti 390� 110 390� 110 0:63 � 0:63 0:030Tot 9570� 710 9630� 550 1:19 � 0:24 0:031e+e�N� N�1+�2 N�1N�2 �(�1)(GeV/2)C 3890� 480 3600� 390 0:79 � 0:31 0:032W 2080� 370 1870� 330 0:71 � 0:48 0:034Tot 5630� 660 5250� 500 0:76 � 0:28 0:033TABLE VII: Results of the �t of the � signal in the �+��and e+e�hannels. See text for the meaning of the di�erent�t proedures.
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isation.If one assumes no azimuthal dependene for the pro-dution proess, the � deay depends on three angleswhih are hosen as follows: a polar deay angle, �, de�n-ing the diretion of the J= in the � rest system withrespet to the polarisation diretion; a polar angle, �0,de�ning the diretion of the positive lepton in the J= rest system with respet to the J= diretion (in the �rest system); an azimuth angle, �0, whih is the anglebetween the plane de�ned by the polarisation axis andthe J= diretion, and the deay plane of the J= .For a state jJ;Mi the angular distribution an bedeomposed into terms with trigonometri expressions



12T Ji (�; �0; �0) and oeÆients KJ;Mi [43℄:W J;M (�; �0; �0) =Xi KJ;Mi T Ji (�; �0; �0): (7)The angular funtions T Ji (�; �0; �0) and the oeÆientsKJ;Mi , expressed in terms of heliity amplitudes, are re-ported in Table X in the appendix. With the additionalassumption that for both � states only the leading mul-tipole, the eletri dipole, ontributes to the radiativedeay, the oeÆients KJ;Mi are uniquely de�ned (see ap-pendix for the numerial values). The assumption thathigher order multipoles an be negleted is well justi�edby experimental results [5℄. The pure � polarisationstates are thus unambiguously de�ned.B. J= polarisation1. J= angular distributionsIn leptoni J= deays, the J= polarisation an bedetermined from the angular distribution of the leptons.After integrating over the azimuthal orientation of thedeay plane of the J= (or assuming azimuthal symme-try) the distribution of the polar deay angle �0 an beparameterised as:1N dNd os �0 = a(�)(1 + � os2 �0); a(�) = 12(1 + �=3) ; (8)where �0 is the angle between the l+ and the quantisationaxis. The form of the distribution (8) is independentof the hosen quantisation axis (in general however thevalue of � is dependent on this hoie).2. J= polarisation measurementA measurement of J= polarisation by the HERA-Bollaboration is reported in [44℄. However the J= sam-ple used for this study inludes not only diretly pro-dued J= but also J= from � and it is not possibleto distinguish between the two ontributions. Thereforethe �-value derived from the observed distribution, �obs,has to be onsidered as the average J= polarisation pa-rameter, independent of the origin.The polarisation parameters have been determined us-ing as quantisation axis, the bisetor of the angle be-tween pb and pt, where pb, pt are the momenta of thebeam proton and the target nuleon, respetively, in theJ= entre-of-mass system (`Collins{Soper frame'). Theexperimental value of the polarisation parameter, aver-aged over the muon and the eletron deay hannels andon the target materials, and assuming no dependene onpJ= T and xJ= F in the HERA-B aeptane, is [44℄:�obs = �0:35� 0:04: (9)

C. Method for the evaluation of systematiunertainties due to polarisationIn this setion we explain the method used to estimatethe systemati unertainties for R� and R12 arising frompossible polarisations of the � and diretly produedJ= states. The only experimental onstraint whih anbe used for these estimations is the measured �obs (se-tion VIIB 2). 1. Priniple of the methodThe eÆienies entering in the formulae for R� andR12 (3, 4) depend in general on the polarisation of the� and the diretly produed J= states. The eÆien-ies will be evaluated for the � pure polarisation statesdesribed in setion VIIA whih will then be used tolimit the ranges of possible R� and R12 values whih willin turn be used to determine the unertainties of thesevalues in setion VIII B. As in the J= analysis [44℄,we evaluate the polarisation states in the Collins{Soperframe. Despite this spei� hoie and the restrition topure polarisation states, we assume to get an estimate ofunertainties indued by polarisation.The formulae for R� and R12 require the detetioneÆeny for diret J= prodution "dirJ= whih dependson the polarisation parameter �dir. Sine the observedpolarisation, �obs, also inludes the e�et of possible �polarisation, �dir has to be disentangled from it using thevalues �1 and �2 obtained for the assumed polarisationstates of �1 and �2 respetively. This is done withan iterative proedure in whih the yet-to-be-determinedvalues of R� and R12 are used as inputs.2. Determination of �dir; �1; �2Starting from Eq. (8) the observed polar deay angledistribution an be deomposed into ontributions fromdiretly produed J= and J= from �1 and �2 events:aobs(1+�obs os2 �0) = Xi=dir;1;2 fi ai (1+�i os2 �0); (10)with ai = a(�i). The frations fi(i = dir; 1; 2) of thedi�erent types of J= are determined by R� and R12.With Pi fi = 1, f1 + f2 = R� and f1=f2 = R12 oneobtainsfdir = 1�R� ; f1 = R�R121 +R12 ; f2 = R�1 +R12 : (11)Sine there is no diret measurement of �1 and �2,the angular distributions orresponding to the di�erentpure polarisation states jJ;Mi of �1 and �2 desribedin Set. VIIA are used to determine the sub-ranges al-lowed for �1 and �2, out of the full [�1:0; 1:0℄ interval.For this purpose, the unpolarised � angular distribution



13is re-weighted with the orresponding funtion (7). Theresulting os �0 distribution is then �tted with the fun-tion (8) whih then yields �1 or �2 orresponding to thetested pure � polarisation state.Solving (10) for �dir as a funtion of �obs for givenvalues of �1, �2, R� and R12 yields:�dir(�obs j�1; �2; R� ; R12) = aobs�obs � a1 f1 �1 � a2 f2 �2aobs � a1 f1 � a2 f2 :(12)In this equation R� and R12 enter via the frations fi.On the other hand, as both depend also on �dir, an iter-ative proedure is applied starting with �dir = 0.3. Polarisation dependene of the eÆieniesFor eah tested pure � polarisation state with the or-responding set of values �dir; �1; �2, new eÆienies "and "J= are determined.a. J= eÆienies: Assuming no dependene of �on xJ= F and pJ= T (approximately valid within the un-ertainty of our measurement [44℄), we an write "J= (�)as: "J= (�) = NJ= reoNJ= gen= R A(os �0; P ) �M(P ) � (1 + � os2 �0) � d os �0dPR M(P ) � (1 + � os2 �0) � d os �0dP ;(13)where �0 is the polar angle in the polarisation frame,P is shorthand for all the other phase spae variables,A(os �0; P ) is the aeptane at the kinematial point(os �0; P ), M(P ) is the squared matrix element in Pand � is the polarisation parameter. After alulatingthe integrals we �nd:"J= (�) = "J= (� = 0)1 + � � hos2 �0i(1 + �=3) ; (14)where hos2 �0i is given by:hos2 �0i = R A(os �0; P ) �M(P ) � os2 �0 � d os �0dPR A(os �0; P ) �M(P ) � d os �0dP :All J= eÆienies, both for diret J= and for J= fromthe two � states, are alulated using Eq. 14.b. Photon eÆienies: To determine the e�et ofpolarisation on the photon eÆienies we start with theformula: "�J = N�J;MN�J;MJ= ; (15)where J; M denotes the polarisation state onsidered,N�J;MJ= is the number of J= oming from �J andN�J;M is the number of observed �J . The value of

N�J;MJ= is obtained from a �t of the l+l� mass distri-bution, where eah event enters with a weight:w(os �0; �J;M ) = 1 + �J;M � os2 �0(1 + �J;M=3) : (16)The value of N�J;M is obtained from a �t of the �Mdistribution of true �J (using MC generator informa-tion to selet the orret J=  ombination), where theweight for eah entry in the histogram orresponds toa ertain pure polarisation state of �J , alulated byEq. 7.VIII. SYSTEMATIC UNCERTAINTIESA. Unertainties from reonstrution, alibration,simulation and bakground subtrationWith the exeption of J= ounting, all of the system-ati unertainties in the measurement of R� are om-mon to the e+e� and �+�� hannels. The J= ountingsystemati unertainties are estimated to be 2% in theeletron hannel and 0.25% in the muon hannel.The remaining systemati unertainty estimates inlude:� ounting:- photon seletion (7%);- variation of l+l� mass window (2%);- � ounting proedure (4%) inluding:� variation of the �xed parameters of thedouble-gaussian �t: �M�1 , ��1 , �M(�2)��M(�1) and ��2��1 ;� �t with free �M�1 and/or ��1 ;� hange of binning of the �M spetrum.- Extensive tests were performed on the bakgrounddetermination with the mixed event proedure:� variation of orretions orresponding to om-binations of J= 's with photons from � de-ays in ME whih do not our in SE (+3%);� relaxing the requirement of the same neutralluster multipliity in ME and SE (�2%);� variation of the ut on the neutral luster di-retion in ME with respet to SE (�3%);� allowing for an additional, polynomial termin the bakground to improve the �t aroundthe � signal yields an asymmetri unertainty(+4%).The total ontribution from the bakground de-sription to the systemati unertainty in the �ounting is estimated to range between �4% and+6%.



14EÆieny evaluation- the use of di�erent kinemati distributions for thegeneration of the J= (see Ref. [28℄ and [37℄), af-feting both "�J= "dirJ= and " , introdues a systematie�et on R� of 4%;- tests on the photon eÆieny simulation were per-formed inluding the omparison between real dataand Monte Carlo of the  onversion yield and ofthe detetion eÆieny of photons from eletronBremsstrahlung. The overall systemati uner-tainty on " determination and orretion is foundto be 6:5%.The overall systemati unertainty on R� , evaluatedas the quadrati sum of the above terms, is therefore+13�12% for both J= deay hannels.The systemati unertainty on R12 is ompletely dom-inated by the auray of the ECAL energy alibrationwhih a�ets �M(�1) whih in turn a�ets the ratioN�1N�2 . A �ne tuning of the ECAL alibration as a funtionof the photon energy was performed using the �0 ! signal. An absolute alibration auray of � 2% wasobtained and on �M�1 of � 8 MeV=2. By sanning�M(�1) in suh range around the nominal value [5℄, avariation of N�1N�2 (and thus R12) of 35% is obtained. Noe�et on R12 is observed by hanging the other �xed �tparameters. B. Polarisation e�etsSine the diret J= and � polarisations annot be de-termined separately from our data, we estimate insteadsystemati unertainties on the referene values reportedin Table VIII (and denoted by Rref� and Rref12 in the fol-lowing) whih were obtained with the assumption of zeropolarisation. The results of this study are expressed asoverall shifts of the values of R� and R12 due to theaverage polarisation of diretly produed J= with un-ertainties obtained from the maximum variation of �polarisations allowed by the measurement:R��Rref�Rref� = +9:5%+11%�7%R12�Rref12Rref12 = +0%+16%�11%; (17)where the following ingredients are used:� The entral values are obtained from the averagemeasured value for �obs and with the assumption ofno polarisation of �1 and �2 (�obs = �0:35, �1 =0 and �2 = 0, yielding �dir = �0:424). Therefore, ifthe observed J= polarisation were due exlusivelyto diret J= polarisation, the measured R� wouldbe shifted up by 9:5%, while obviously no e�et onR12 is produed.

� The variation bands in Eq. 17 are obtained by tak-ing the extreme positive and negative variations ofthe entral values de�ned above, of all ombina-tions of �obs (varied in a 95% .l. range around themeasured value, see Eq. 9) with �1 and �2 (or-responding to the di�erent pure heliity states M1and M2):{ upper value: �obs = �0:44; �1 = �0:24, �2 =0:18 for R� ; �1 = �0:24, �2 = �0:18 for R12;{ lower value: �obs = �0:26; �1 = 0:22 and�2 = �0:18 for R� ; �1 = 0:22 and �2 = 0:18for R12.� Di�erent polarisation values give overlappingranges of possible R� and R12 values. Any valuein eah range is equally probable. Thus, even ifthe error on �obs was Gaussian distributed, the er-rors of R� and R12 would not be Gaussian dis-tributed. To take into aount that the polarisa-tion parameter �obs was determined as an averageover the whole aepted phase spae and over dif-ferent materials, �obs was varied in a �2� rangewith equal weights. Seleting the maximum devia-tions the measured values R�and R12 would haveto be saled: R� = fR� � Rref�R12 = fR12 � Rref12 ; (18)with fR� 2 [1.02, 1.21℄ and fR12 2 [0.89, 1.16℄,where the unertainties due to polarization are fullyontained in the ranges given.� Note that the orrelation between the values of R�and R12 are ignored in Eqs. 17 and 18.IX. RESULTSA. R�The measured values for R� are omputed from Eq. 3,assuming zero J= polarisation and are reported inTab. VIII, separately for muon and eletron hannels andombined sample. When averaged over deay hannelsand target materials, a value ofR� = 0:188� 0:013st+0:024�0:022sys (19)is obtained. The quoted unertainties inlude all system-ati ontributions (exept the polarisation ontributionwhih is given in Eq. 17 as a variation band at 95% .l).The following observations an be made:� The results obtained in the two lepton hannels areompatible within 1� in both C andW samples. Nomeasurement for the Ti in the eletron hannel ispossible due to the low statistis;



15� The values of R� obtained separately in the threetarget samples are onsistent with eah other;� The present result is lower than most values pub-lished in the literature in pN interations (seeTab. III and Fig. 1). Despite the fat that the vari-ous available measurements are taken at widely dif-fering entre of mass energies, they are for the mostpart ompatible within � 1:5�, exept for E705(2:3�) and ISR (3:3�).The present measurement is lower than the pre-vious HERA-B result [14℄ by about 2�. The twoanalyses are quite similar, although more extensivesystemati heks have been performed in onne-tion with the present one. These heks did notunover any error in the previous analysis and wethus believe that the di�erenes are largely sta-tistial. The average of the two HERA-B results,R� = 0:198+0:028�0:026, di�ers by less than 1� from theresult of Eq. 19. B. R12The measured values of R12 are evaluated using Eq. 4,assuming no polarisation for either the diretly produedJ= 's or the �'s, and are summarised in Table VIII.As above, no dependene on target material is ob-served. The results from the eletron hannel are on-sistently lower than the muon results, but nonetheless inagreement to within 1� of the statistial unertainties.The �nal result averaged over deay hannel and targetmaterial is: R12 = 1:02� 0:17st � 0:36sys (20)where the systemati unertainty does not inlude thepolarisation ontribution whih is given in Eq. 17 as avariation band at 95% .l. The J= yields from �1 and�2 are therefore found to be equal, although with largeunertainties.C. Dependene on kinemati variablesA study of the dependene of R� on the kinemativariables xJ= F and pJ= T in the ranges overed by HERA-B (xJ= F 2 [�0:35; 0:15℄, pJ= T . 5 GeV=) was performedby applying the desribed proedure in �ve xJ= F andthree pJ= T intervals respetively. The resulting distribu-tions, for both hannels ombined, are shown in Fig. 7a)-b). The data is ompatible with a at dependene of R�on both kinemati variables, although more omplex de-pendenes annot be ruled out.

D. A-dependeneThe atomi mass number (A) dependene of inlusiveross setions is often parameterised as a power law:�pA = �pNA� (21)where �pA is the inlusive prodution ross setion inollisions of protons with a nulear target of atomi massnumber A, �pN is the average ross setion in ollisions ofprotons with a single nuleon and � haraterises the Adependene of the ross setion. The di�erene between� for J= prodution and that for � prodution an beomputed from the measured values of R� for C and Wtargets given in Tab. VIII from the following formula:�� = �� � �J= = 1:logAWAC � logR�WR�C (22)where AW = 184 and AC = 12 are the tungsten andarbon atomi mass numbers. The results, plotted asa funtion of xJ= F and pJ= T are shown in Figs. 7),d). Averaged over the visible xJ= F and pJ= T range,�� = 0:05 � 0:04. The preditions of the various pro-dution models for �� are all within the unertainties ofthe measurement [22℄.E. � ross setions and ratioFrom Eq. 5 we obtain the values for the ross setionratio �(�1)�(�2) under the assumption of zero polarisation forboth J= and �. The results are reported in Tab. VIII.The target material averaged result is:�(�1)�(�2) = 0:57� 0:23 (23)where the unertainty inludes the systemati ontribu-tions (exept polarisation - see above). The � produ-tion ross setions, de�ned as:�(�i) = �(J= )R� iBr(�i ! J= ) ; i = 1; 2 (24)are alulated using the estimate of the total J= ross setion at ps = 41:6 GeV , �(J= ) = (502 �44) nb/nuleon reported in [29℄ and assuming that R�is independent of xJ= F over the full xJ= F and pJ= T range.The following target material averaged values are ob-tained: �(�1) = 133� 35 nb=nuleon;�(�2) = 231� 61 nb=nuleon: (25)leading to a total � prodution ross setion �(�) =364� 74 nb=nuleon. Fig. 1 shows all available measure-ments of the �1 and �2 prodution ross setions andtheir ratio in proton-nuleus interations at �xed-targetenergies.



16Mat. e+e� �+�� ombinedR�C 0:174 � 0:029st+0:022�0:021sys 0:190 � 0:018st+0:024�0:022sys 0:185 � 0:015st+0:024�0:022sysTi - 0:197 � 0:079st+0:025�0:023sys 0:197 � 0:079st+0:025�0:023sysW 0:202 � 0:055st+0:026�0:024sys 0:191 � 0:034st+0:025�0:022sys 0:194 � 0:029st+0:025�0:023sysTot 0:180 � 0:025st+0:023�0:021sys 0:190 � 0:015st+0:024�0:022sys 0:188 � 0:013st+0:024�0:022sysR12C 0:82 � 0:32st 1:23 � 0:27st 1:06 � 0:21st � 0:37sysTi - 0:67 � 0:67st 0:67 � 0:67st � 0:23sysW 0:73 � 0:49st 1:27 � 0:53st 0:98 � 0:36st � 0:34sysTot 0:79 � 0:27st 1:17 � 0:22st 1:02 � 0:17st � 0:36sys�(�1)�(�2)C 0:47 � 0:19st 0:70 � 0:16st 0:60 � 0:12st � 0:21sysTi - 0:38 � 0:38st 0:38 � 0:38st � 0:13sysW 0:41 � 0:28st 0:72 � 0:30st 0:56 � 0:21st � 0:20sysTot 0:45 � 0:16st 0:66 � 0:13st 0:57 � 0:10st � 0:20sysTABLE VIII: Measured values of R� , R12 and �(�1)�(�2) in e+e�, �+�� and ombined sample for the di�erent materials and thefull data sample.
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The measured value R� = 0:188� 0:013st+0:024�0:022sys is� 2� lower than the previously published result fromHERA-B. Our new value is also lower than, but not in-ompatible with, most of the previously published val-ues obtained from pN interations, independent of theentre of mass energies and the kinemati ranges of themeasurements. The present result supports the NRQCDalulations [22℄. When taken together with the alreadypublished result of HERA-B on  0 prodution [28℄, thefration of all J= mesons oming from deays of highermass harmonium states is found to be � 27%.By separately ounting the ontribution of �1 and �2,we obtain a ratio of the two states R12 = R�1=R�2 =1:02 � 0:40 and a ross setion ratio �(�1)�(�2) = 0:57 �0:23. The �1 and �2 ross setions are measured tobe �(�1) = 133 � 35 nb/nuleon and �(�2) = 231 �



1761 nb/nuleon in the full xJ= F range.No signi�ant departure from a at dependene of R�on the kinemati variables xJ= F and pJ= T is found withinthe limited auray of our measurement. No signi�antdi�erene in the A-dependene of � and J= produtionis found within the limits of the available statistis.For the �rst time, an evaluation of the e�et of po-larisation of J= and � on the measured values of R�and R12 was performed. The behaviour of R� and R12as a funtion of the polarisation, expressed by the � pa-rameter, was studied with the onlusion that R� andR12 are unertain with fators in the ranges [1.02,1.21℄and [0.89,1.16℄, respetively, ignoring orrelations be-tween the two.No mention of the inuene of polarisation on the mea-surement of R� an be found in any of the previousmeasurements. Nonetheless, we suspet that all mea-surements are subjet to similar unertainties to greateror lesser extents, depending on the geometry of the ap-paratus used.XI. ACKNOWLEDGEMENTSWe express our gratitude to the DESY laboratoryfor the strong support in setting up and running theHERA-B experiment. We are also indebted to theDESY aelerator group for the ontinuous e�orts toprovide good and stable beam onditions. The HERA-Bexperiment would not have been possible without theenormous e�ort and ommitment of our tehnial andadministrative sta�. It is a pleasure to thank all of them.APPENDIX A: � ANGULAR DISTRIBUTIONSThe angular deay distribution of a pure polarisationstate jJ;Mi is given as an expansion into heliity ampli-tudes AJj�j by [43℄:W J;M (�; �0; �0) = (A1)+JX�; �0=�J X�=�1 dJM �(�) dJ�M �0(�) AJj�0j ���0(�0; �0)

with the density matrix for the J= heliity (IX):���0(�0; �0) = X�=�1D1� �(�0; �0;��0) D1��0 �(�0; �0;��0):(A2)Using the notation of [43℄ the angular distribution anbe deomposed into terms with trigonometri expressionsT Ji (�; �0; �0) and oeÆients KJ;Mi (AJj�j):W J;M (�; �0; �0) =Xi KJ;Mi (AJj�j) T Ji (�; �0; �0): (A3)The KJ;Mi (AJj�j) and T Ji (�; �0; �0) are reported for J =1; 2 in Table X. The normalisations are for the angulardistributionsZ W J;M (�; �0; �0) d os � d� d os �0 d�0 = 64�29 for J = 164�215 for J = 2(A4)The heliity amplitudes AJj�j an be expanded in multi-pole amplitudes (E1, M2, E3), see for example [43℄. Withthe restrition to eletri dipole transitions the heliityamplitudes beome:J = 1 : A0 =q 12 ; A1 =q 12 (A5)J = 2 : A0 =q 110 ; A1 =q 310 ; A2 =q 35The Table X reports also the oeÆientsKJ;Mi alulatedwith these values for the heliity amplitudes. Hene, withthe restrition to the lowest multipole, the angular distri-butions of a � deay for a given polarisation state jJ;Miis fully determined (obviously, the relative ontributionsof di�erent polarisation states are not �xed).[1℄ T. Matsui and H. Satz, Phys. Lett. B178 (1986) 416.[2℄ R.V. Gavai et al., Int. J. Mod. Phys. A10 (1995) 3043.[3℄ R. Baier and R. R�ukl, Z. Phys. C19 (1983) 251;G.A. Shuler, hep-ph/9403387, CERN-TH.7170/94.[4℄ G.T. Bodwin et al., Phys. Rev. D51 (1995) 1125;M. Beneke and I.Z. Rothstein, Phys. Rev. D54 (1996)2005, Erratum ibid., D54 (1996) 7082.[5℄ W.-M. Yao et al. (Partile Data Group), Review of Par-tile Physis, J. Phys. G 33 (2006) 1.[6℄ J.H. Cobb et al., Phys. Lett. B72 (1978) 497.
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