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1 IntrodutionThis paper presents a new measurement of the angu-lar distribution of leptons from J= 's produed inlu-sively in proton-nuleus ollisions at entre-of-mass en-ergy ps = 41:6 GeV. The data were olleted by theDESY experiment HERA-B and overed the kinematiranges �0:34 < xF < 0:14 in the Feynman-x variable and0 < pT < 5:4 GeV= in transverse momentum. In this do-main, the average fration of J= mesons oming from �and  0 deays has been determined as � 27% [1,2℄. Mostprevious analyses were based on the hoie of one spei�de�nition of the polarization frame and were limited to the
measurement of the polar angle distribution, from whihthe so-alled \polarization" parameter is extrated. Thepresent measurement inludes for the �rst time a system-ati omparison of the results obtained for the full deayangular distribution in three di�erent referene frames {and signi�ant di�erenes are found between them. Someof the results are presented separately for the two targetmaterials used in the experiment (arbon, A = 12, andtungsten, A = 184), leaving open the possibility that thenulear medium may a�et the observed deay kinemat-is (for example as a onsequene of a varying mixtureof J= 's from deays of heavier harmonium states anddiret J= 's). The analysis is based on almost the same



3sample used in the measurement of the J= kinemati dis-tributions desribed in [3℄, with a total of about 83000 and143000 J= 's reonstruted, respetively, in the dimuonand dieletron deay hannels (exluding only the smallfration of data olleted with titanium). The reader isreferred to that paper for a desription of detetor, datataking, trigger, seletion riteria and Monte Carlo simula-tion.The next setion explains the de�nitions and on-ventions used in the measurement (Set. 2). The resultsare presented in Set. 3 and disussed in the onlusions(Set. 4).2 De�nitionsIn any hosen referene system, the most general (parityonserving) form of the two-lepton deay angular distri-bution of a J= isdNd(os �) d� / 1 + �� os2 � + �� sin2 � os(2�)+ ��� sin(2�) os�; (1)where � is the angle between the diretion of the posi-tive lepton and a hosen polarization axis in the J= restframe. �, the orresponding azimuthal angle, is de�nedwith respet to the plane of the olliding hadrons; ��, ���and �� are the quantities to be measured.1 The param-eter �� is usually alled \polarization"; more generally,any observed deviation of at least one of the three param-eters from zero would be the indiation of polarized J= prodution. Non-zero values of �� and ��� indiate an az-imuthal anisotropy of the distribution, whih may arise asa onsequene of spei� hoies of the referene frame.The following di�erent de�nitions of the polarizationaxis are ommonly used in the literature:{ the diretion of the beam momentum (as seen in theJ= rest frame) in the so-alled Gottfried-Jakson(GJ) frame [4℄;{ the diretion of the J= in the enter-of-mass systemof the olliding hadrons (heliity frame, HX);{ the bisetor between the diretions of the beam mo-mentum and of the opposite of the target momentum(as seen in the J= rest frame) in the Collins-Soper(CS) frame [5℄.The results of the present analysis are presented in all ofthese frames.The values of ��, �� and ��� are extrated from thedata by onsidering single-variable projeted angular dis-tributions. When averaged over � and os �, respetively,the angular distribution of the deay leptons is redued tothe forms dNd(os �) / 1 + �� os2 � (2)1 The sign of the measured ��� depends on the hosen orien-tation of the y axis (the one perpendiular to the plane of theolliding hadrons). In the onvention adopted for the presentanalysis, the y axis is oriented as the vetor produt of thebeam momentum and the target momentum, pbeam � ptarget.

and dNd� / 1 + 2��3 + �� os(2�): (3)One possible way of determining the value of ��� is tode�ne the variable �� as�� = ��� 34� for os � < 0�� �4 for os � > 0 (4)and measure the distributiondNd�� / 1 + p2���3 + �� os��: (5)3 ResultsThe eÆieny-orreted single-variable angular distribu-tions averaged over the aepted phase spae (�0:34 <xF < 0:14, 0 < pT < 5:4 GeV=) are shown in Fig. 1 withstatistial unertainties only. The results are given sepa-rately in the two deay hannels (�+��, e+e�) for ar-bon and tungsten target data ombined. As an be seen,the measured distributions follow the orret symmetriand/or periodi behaviour expressed by the formulas inEqs. 2, 3 and 5, indiating a good level of reliability of theaeptane and eÆieny orretion proedures; the hi-square probabilities obtained by �tting the distributionsare on average 15% and 50% in the muon and eletronhannels, respetively. The values of the output parame-ters of the �ts are listed in Table 1. The di�erene betweenthe values measured in the two hannels is always less than1:3�. All results presented hereafter are averages of muonand eletron measurements. We remark that a prelimi-nary value of �0:35 � 0:04 was used for the e�etive ��(CS frame) in the evaluation of systemati unertaintiesof a previous HERA-B analysis [2℄; suh value deviatesslightly, but well within errors, from the ombined valuein Table 1.The �nal results inluding the estimated systematiunertainties are displayed in Fig. 2 as a funtion of thetransverse momentum and Feynman-x of the J= . As be-fore, the two target data samples have been ombined.The orresponding numerial values are listed in Tables 2,3 and 4, where hpT i and hxF i indiate averages over theJ= 's reonstruted in a given bin. The bin boundaries arede�ned by the following lists: 0; 0:5; 1:0; 1:5; 2:5; 5:4GeV=(0; 0:2; 0:4; 0:6; 0:8; 1:0; 1:5; 2:5; 5:4 GeV= for the heliityframe) for pT and �0:34;�0:15;�0:10;�0:05; 0; 0:05; 0:14for xF . The systemati errors have been evaluated with theproedure already desribed in our report on the measure-ment of the J= kinemati distributions [3℄, taking intoaount the impat of signal seletion and optimization,signal ounting method, di�erenes in aquisition ondi-tions, and the kinematis of the MC generation. Addi-tional systemati tests onsisted in �tting the angular dis-tributions exluding the angular ranges with the lowesteÆieny. Statistial and systemati errors are obviouslyorrelated from frame to frame. The systemati errors indi�erent pT /xF bins are partly orrelated.
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Fig. 1. EÆieny-orreted distributions of the angular variables os � (a, b), � (, d) and �� (e, f) measured in the muon (leftolumn) and eletron (right olumn) deay hannels of the J= over the whole visible phase spae. The results obtained in theCollins-Soper, Gottfried-Jakson and heliity frames are represented, respetively, by blak irles, white squares and asterisks.The errors are only statistial. For a better visualizations, the Collins-Soper and heliity distributions are displayed with theiratual values shifted by a onstant. The distributions are �tted with the urves of Eqs. 2, 3 and 5.Table 1. Output parameters obtained by �tting the distributions shown in Fig. 1 with the urves of Eqs. 2, 3 and 5. The errorsin the parameters reet only statistial unertainties of the distributions. The errors are orrelated from one frame to another.The systemati unertainties for the average values are in all frames of the order of 0:05 for ��, 0:02 for �� and 0:015 for ���.Frame/hannel �� �� ���CS/�+�� �0:296� 0:029 �0:0194 � 0:0051 0:0158 � 0:0049CS/e+e� �0:383� 0:061 �0:022 � 0:011 0:0195 � 0:0096CS/avg. �0:313� 0:026 �0:0199 � 0:0046 0:0168 � 0:0043GJ/�+�� �0:185� 0:021 �0:0400 � 0:0051 0:0433 � 0:0051GJ/e+e� �0:256� 0:051 �0:031 � 0:011 0:058 � 0:010GJ/avg. �0:195� 0:019 �0:0385 � 0:0046 0:0463 � 0:0045HX/�+�� �0:115� 0:012 �0:0714 � 0:0055 0:0049 � 0:0049HX/e+e� �0:092� 0:027 �0:075 � 0:012 0:0161 � 0:0094HX/avg. �0:111� 0:011 �0:0720 � 0:0050 0:0073 � 0:0043
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6 The results indiate an anisotropy of the J= deay an-gular distribution, visible in either its polar or azimuthalprojetions (in the CS and HX frames, respetively), orin both (GJ frame). Moreover, there is a de�nite hierar-hy in the magnitudes of the parameters �� and ��. Inpartiular, the polar anisotropy (�� < 0) inreases whengoing from the HX to the CS frame, while the azimuthalparameter �� hanges following a reversed order. Bothparameters have in-between magnitudes in the GJ frame.A kinemati dependene haraterizes the results. For ex-ample, the magnitude of the polarization parameter �� in-reases with dereasing pT . This low-pT e�et is the samein the three frames { as expeted from the fat that allframes oinide at pT = 0 { whereas di�erent polariza-tion magnitudes are measured at higher pT , following thealready mentioned hierarhy.By performing a target-dependent analysis, gener-ally small di�erenes between the polarization parame-ters measured with arbon and tungsten data have beenfound and taken into aount in the systemati errors ofthe already shown ombined measurements. However, theresults for the parameter �� show a slightly signi�anttarget dependene in the lowest pT bin. The polarizationmeasured in the CS frame as a funtion of pT and xF isshown in Fig. 3 for the two target materials; the num-bers are listed in Table 5. In the �rst pT bin, arbon andtungsten results di�er by about 3� at the statistial level;the signi�ane of the di�erene is redued to the 2� levelwhen also the systemati errors are inluded in the om-parison.Sine the largest polarization e�ets are seen at lowpT , speial attention has been devoted to the investiga-tion of the systemati variations in the value of �� for0 < pT < 0:5 GeV=. In fat, the determination of thelow-pT eÆieny is espeially sensitive to the Monte Carlodesription of the detetor region lose to the beam pipe.Various tests have been performed, whih onsisted in re-duing the geometrial aeptane around the beam pipe,hanging the beam diretion in the Monte Carlo and test-ing di�erent seletion riteria for the low momentum lep-tons. As an extreme hek, the aeptane determinationhas been varied to reprodue the detetor onditions ofaquisition periods not orrelated to the onsidered sam-ple. Final systemati unertainties of ' 0:1 and ' 0:2 havebeen evaluated for �� for the arbon and tungsten targets,respetively (Table 5).4 ConlusionsHERA-B has measured the two-lepton deay angular dis-tribution of J= 's produed inlusively in proton-nuleusollisions, using the deay hannels e+e� and �+��. Thedistributions of the polar and azimuthal angles have beendetermined in three di�erent polarization frames. The re-sults an be summarized as follows.{ In the observed phase spae, �� is negative, indiat-ing that the J= 's are produed with a preferred spinomponent 0 along the referene axis.

{ There is a de�nite hierarhy for the values of the deayangular parameters measured in di�erent frames: thepolar and azimuthal parameters satisfy the relationsj��(HX)j < j��(GJ)j < j��(CS)jj��(HX)j > j��(GJ)j > j��(CS)j;while ��� is signi�antly di�erent from zero only in theGJ frame.{ The polarization e�ets depend on the kinematis ofthe J= . In partiular, the polar anisotropy inreaseswith dereasing pT and is maximal in the limit pT ! 0.The di�erent results obtained in the three frames {in terms of both polar and azimuthal distributions { arean example whih shows that an analysis limited to onlyone frame and one polarization parameter is in general in-omplete. For example, the present measurement of onlythe polarization parameter �� (i.e. ignoring ��) in the HXframe for pT > 1 GeV= may be misunderstood as a sig-ni�ant indiation of unpolarized J= prodution.Among existing measurements of the parameter ��,E866 [6℄ (p-Cu atps = 38:8 GeV) has measured in the CSframe a pT -independent polarization onsistent with zero,while the CDF Run II [7℄ data (p�p atps = 1:96 TeV) indi-ate a negative polarization in the HX frame inreasing inmagnitude with inreasing pT . These results have been ob-tained in kinemati ranges (E866: xF > 0:25, CDF: pT > 5GeV=) whih have no overlap with the HERA-B data andbetween eah other. The three results are therefore not inontradition; their omparison has to be interpreted asa further indiation that the observed polarization e�etshange with varying kinemati onditions of the produedJ= .AknowledgmentsWe express our gratitude to the DESY laboratory for thestrong support in setting up and running the HERA-Bexperiment. We are also indebted to the DESY aelera-tor group for their ontinuous e�orts to provide good andstable beam onditions. The HERA-B experiment wouldnot have been possible without the enormous e�ort andommitment of our tehnial and administrative sta�. Itis a pleasure to thank all of them.Referenes1. I. Abt et al. (HERA-B Collaboration), Eur. Phys. J. C49(2007) 545.2. I. Abt et al. (HERA-B Collaboration), submitted to Phys.Rev. D, arXiv:0807.2167v1.3. I. Abt et al. (HERA-B Collaboration), DESY-08-180,arXiv:0812.0734v1 [hep-ex℄.4. K. Gottfried and J.D. Jakson, Il Nuovo Cimento, 33 (1964)309.5. J.C. Collins and D.E. Soper, Phys. Rev. D16 (1977) 2219.6. T.H. Chang et al. (E866 Collaboration), Phys. Rev. Lett. 91(2003) 211801.7. A. Abulenia et al. (CDF Collaboration), Phys. Rev.Lett. 99 (2007) 132001.
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7Table 2. Values of the parameters ��, �� and ��� measured in the Collins-Soper frame as funtions of the average reonstrutedpT and xF for ombined arbon and tungsten data. The errors are statistial and systemati.hpT i (GeV/) �� �� ���0:35 �0:56 � 0:07 � 0:21 �0:026 � 0:013 � 0:027 0:042 � 0:020 � 0:0220:79 �0:28 � 0:05 � 0:13 �0:017 � 0:010 � 0:020 �0:001 � 0:014 � 0:0221:25 �0:199 � 0:046 � 0:083 �0:031 � 0:012 � 0:018 0:016 � 0:014 � 0:0211:89 �0:164 � 0:049 � 0:039 �0:028 � 0:017 � 0:023 0:046 � 0:015 � 0:0173:11 �0:159 � 0:040 � 0:034 �0:063 � 0:035 � 0:061 0:042 � 0:024 � 0:011hxF i �� �� ����0:193 �0:202 � 0:072 � 0:116 �0:014 � 0:019 � 0:032 0:039 � 0:023 � 0:057�0:123 �0:179 � 0:050 � 0:068 �0:017 � 0:014 � 0:014 �0:003 � 0:019 � 0:024�0:074 �0:296 � 0:052 � 0:068 �0:024 � 0:010 � 0:012 0:009 � 0:016 � 0:018�0:026 �0:284 � 0:051 � 0:094 �0:025 � 0:011 � 0:017 0:021 � 0:013 � 0:0250:021 �0:10 � 0:11 � 0:15 �0:072 � 0:013 � 0:029 0:040 � 0:018 � 0:0440:067 �0:51 � 0:27 � 0:22 �0:030 � 0:025 � 0:047 0:007 � 0:039 � 0:076Table 3. Values of the parameters ��, �� and ��� measured in the Gottfried-Jakson frame as funtions of the averagereonstruted pT and xF for ombined arbon and tungsten data. The errors are statistial and systemati.hpT i (GeV/) �� �� ���0:35 �0:53 � 0:06 � 0:19 �0:029 � 0:014 � 0:028 0:069 � 0:020 � 0:0200:79 �0:219 � 0:033 � 0:091 �0:022 � 0:010 � 0:021 0:046 � 0:014 � 0:0271:25 �0:096 � 0:033 � 0:059 �0:048 � 0:014 � 0:018 0:049 � 0:017 � 0:0321:89 �0:075 � 0:025 � 0:031 �0:064 � 0:017 � 0:022 0:058 � 0:018 � 0:0373:11 �0:018 � 0:041 � 0:033 �0:171 � 0:036 � 0:054 0:063 � 0:026 � 0:038hxF i �� �� ����0:193 �0:096 � 0:039 � 0:075 �0:023 � 0:021 � 0:026 0:050 � 0:024 � 0:063�0:123 �0:120 � 0:033 � 0:063 �0:065 � 0:015 � 0:020 0:046 � 0:020 � 0:031�0:074 �0:151 � 0:028 � 0:063 �0:050 � 0:012 � 0:020 0:059 � 0:018 � 0:024�0:026 �0:141 � 0:031 � 0:070 �0:041 � 0:011 � 0:023 0:083 � 0:014 � 0:0290:021 �0:140 � 0:057 � 0:084 �0:084 � 0:013 � 0:029 0:088 � 0:019 � 0:0450:067 �0:10 � 0:10 � 0:10 �0:014 � 0:026 � 0:039 0:014 � 0:049 � 0:072Table 4. Values of the parameters ��, �� and ��� measured in the heliity frame as funtions of the average reonstruted pTand xF for ombined arbon and tungsten data. The errors are statistial and systemati.hpT i (GeV/) �� �� ���0:14 �0:49 � 0:07 � 0:20 �0:045 � 0:029 � 0:047 0:075 � 0:043 � 0:0260:31 �0:31 � 0:05 � 0:11 �0:005 � 0:021 � 0:041 0:075 � 0:028 � 0:0270:51 �0:153 � 0:031 � 0:096 �0:025 � 0:017 � 0:034 0:022 � 0:026 � 0:0280:71 �0:164 � 0:026 � 0:085 �0:058 � 0:018 � 0:029 �0:021 � 0:023 � 0:0300:90 �0:093 � 0:028 � 0:075 �0:031 � 0:017 � 0:025 0:051 � 0:023 � 0:0311:25 �0:017 � 0:020 � 0:059 �0:091 � 0:022 � 0:021 �0:012 � 0:017 � 0:0341:89 �0:037 � 0:021 � 0:037 �0:090 � 0:026 � 0:023 0:014 � 0:017 � 0:0423:11 �0:001 � 0:037 � 0:016 �0:243 � 0:055 � 0:063 0:032 � 0:027 � 0:062hxF i �� �� ����0:193 �0:092 � 0:037 � 0:067 �0:037 � 0:023 � 0:025 0:059 � 0:025 � 0:062�0:123 �0:117 � 0:026 � 0:050 �0:067 � 0:017 � 0:027 0:024 � 0:021 � 0:035�0:074 �0:070 � 0:024 � 0:043 �0:085 � 0:015 � 0:030 0:058 � 0:016 � 0:029�0:026 0:014 � 0:019 � 0:041 �0:112 � 0:023 � 0:034 0:073 � 0:016 � 0:0330:021 �0:075 � 0:023 � 0:043 �0:100 � 0:027 � 0:040 0:042 � 0:020 � 0:0480:067 �0:064 � 0:041 � 0:049 �0:028 � 0:029 � 0:047 �0:085 � 0:044 � 0:073



8Table 5. Values of the parameter �� measured in the Collins-Soper frame as a funtion of the average reonstruted pT andxF for arbon (C) and tungsten (W) data. The errors are statistial and systemati.hpT i (GeV/) �� (C) �� (W)0:35 �0:38 � 0:10 � 0:11 �0:81 � 0:10 � 0:200:79 �0:271 � 0:062 � 0:078 �0:32 � 0:09 � 0:171:25 �0:192 � 0:054 � 0:066 �0:22 � 0:09 � 0:131:89 �0:147 � 0:062 � 0:052 �0:227 � 0:081 � 0:0763:11 �0:164 � 0:049 � 0:039 �0:146 � 0:072 � 0:038hxF i �� (C) �� (W)�0:193 �0:097 � 0:090 � 0:099 �0:32 � 0:12 � 0:08�0:123 �0:176 � 0:054 � 0:062 �0:18 � 0:15 � 0:10�0:074 �0:304 � 0:079 � 0:067 �0:29 � 0:07 � 0:10�0:026 �0:236 � 0:062 � 0:097 �0:37 � 0:09 � 0:100:021 0:03 � 0:15 � 0:15 �0:21 � 0:17 � 0:100:067 �0:71 � 0:31 � 0:23 �0:02 � 0:52 � 0:10
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(b)Fig. 3. The parameter �� measured in the Collins-Soper frame in arbon (blak points) and tungsten (white points) as funtionsof the average reonstruted pT (a) and xF (b). The vertial error bars represent quadrati sums of statistial and systematiunertainties. The horizontal bars indiate the adopted binning.
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