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2in the single-spin asymmetry was alulated separately for longitudinally and transversely polar-ized �0 mesons. Negleting s-hannel heliity hanging matrix elements, results for the former anbe ompared to alulations based on generalized parton distributions, whih are sensitive to theontribution of the total angular momentum of the quarks to the proton spin.PACS numbers: 13.60.Le, 13.88.+e, 14.20.Dh, 14.40.Aq, 12.38.QkExlusive eletroprodution of mesons an providenew information about the struture of the nuleon be-ause of its relation to generalized parton distributions(GPDs) [1, 2, 3℄. In Ref. [4℄ it has been proven that theamplitude for hard exlusive eletroprodution of mesonsby longitudinal virtual photons an be fatorized into ahard-sattering part and a soft part that depends on thestruture of the nuleon and the produed meson. In thease of exlusive vetor meson prodution, also the pro-dued meson is longitudinally polarized (in addition tothe virtual photon being longitudinal). The amplitudefor the soft part an be expressed in terms of GPDs.GPDs provide a three-dimensional representation ofthe struture of the nuleon at the partoni level, or-relating the longitudinal momentum fration of a partonwith its transverse spatial oordinates. They are relatedto the standard parton distribution funtions and nuleonform fators [3, 5, 6, 7℄. At leading twist, meson produ-tion is desribed by four types of GPDs: Hq;g, Eq;g, eHq;g,and eEq;g , where q stands for a quark avour and g for agluon. The GPDs are funtions of t, x, and �, where tis the squared four-momentum transfer to the nuleon, xthe average, and � half the di�erene of the longitudinalmomentum frations of the quark or gluon in the initialand �nal state. The quantum numbers of the produedmeson determine the sensitivity to the various GPDs. Inpartiular, at leading twist, prodution of vetor mesonsis sensitive only to the GPDs Hq; Eq ; Hg, and Eg .
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FIG. 1: The lepton sattering and hadron produtionplanes together with the azimuthal angles � and �S .The transverse target-spin asymmetry in exlusiveeletroprodution of longitudinally polarized vetormesons by longitudinal virtual photons is an importantobservable, beause it depends almost linearly on theGPD E [5℄. This is in ontrast to the unpolarized ross

setion, where the ontribution of E is generally smallompared to the ontribution of H . At leading twist, theasymmetry is proportional to sin(���S), where � and �Sare the azimuthal angles about the virtual-photon dire-tion of the hadron prodution plane and the transversepart ~ST of the target spin, respetively, with respet tothe lepton sattering plane (see Fig. 1).The ross setion and asymmetry for exlusive �0 ele-troprodution e+p! e0+�0+p0 an onveniently be de-sribed using spin density matrix elements [9, 10, 11℄. Byusing the angular distribution of the produed vetor me-son and of its deay produts, as desribed by the polarand azimuthal angles # and ' (see Fig. 2), one an sep-arate the ontributions of mesons with longitudinal andtransverse polarization to the measured asymmetries. Ifs-hannel heliity onservation (SCHC) holds, the heli-ity of the virtual photon is transferred to the produedvetor meson. In that ase studying the asymmetry forthe prodution of longitudinally polarized vetor mesonsis tantamount to seleting longitudinal virtual photons.Measurements have shown that SCHC holds reasonablywell for exlusive eletroprodution of �0 mesons on anunpolarized target at Hermes kinematis [12℄. Thus in-formation on the GPD E an be obtained from measure-ments of the transverse target-spin asymmetry in exlu-sive �0 eletroprodution.Ultimately, these studies will help to understand the ori-gin of the nuleon spin, beause it has been shown [3℄that the x-moment in the limit t ! 0 of the sum of theGPDs Hq and Eq is related to the ontribution Jq of thetotal angular momentum of the quark with avour q tothe nuleon spin.In this paper, measurements of exlusive �0 eletropro-dution on transversely polarized protons are presented.For the �rst time, values of the spin density matrix ele-ments (SDMEs) and the transverse target-spin asymme-try for this proess were determined.The data were olleted with the Hermes spetrom-eter [13℄ during the period 2002� 2005. The 27.6 GeVHera eletron or positron beam at Desy sattered o�a transversely polarized hydrogen target [14℄ of whihthe spin diretion was reversed every 1 � 3 minutes.The average magnitude of the target polarization wasjPT j = 0:724�0:059. The lepton beam was longitudinallypolarized, the heliity being reversed periodially. Thenet polarization for the seleted data was 0:095� 0:005,mainly beause more data were taken with positive he-liity.Leptons were distinguished from hadrons with an av-
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�FIG. 2: The polar and azimuthal angles of the deay �+ of the�0 in the �0 rest frame. The positive z-axis is taken oppositeto the diretion of the residual proton, while the angle ' isde�ned with respet to the hadron prodution plane.erage eÆieny of 98% and a hadron ontamination ofless than 1% by using the information from an ele-tromagneti alorimeter, a transition-radiation detetor,a preshower sintillation ounter, and a Ring Imaging�Cerenkov detetor. Events were seleted in whih onlyone lepton and two oppositely harged hadrons were de-teted.In the event seletion, the following kinemati on-straints were imposed: Q2 > 1 GeV2, W 2 > 4 GeV2,and �t0 < 0:4 GeV2. Here �Q2 is the squared four-momentum of the exhanged virtual photon, W the in-variant mass of the virtual-photon proton system, and t0the redued Mandelstam variable t0 = t � t0, where �t0is the minimum value of �t for a given value of Q2 andthe Bjorken variable xB . The average value of W 2 forthe exlusive �0 sample was 25 GeV2. The ondition ont0 was applied to redue non-exlusive bakground.An exlusive event sample was seleted by onstrainingthe value of the variable�E = M2X �M22M ; (1)where MX is the missing mass and M the proton mass.The measured �E distribution, whih inludes on-straints on the invariant mass of the produed hadronpair as disussed below, is shown in Fig. 3. The peakaround zero originates from the exlusive reation. Ex-lusive events were seleted by the requirement �E < 0:6GeV. This resulted in a total number of 7488 events. Thebakground from non-exlusive proesses in the exlusiveregion was estimated by using a Pythia6 Monte Carlosimulation [15, 16℄ in onjuntion with a speial set ofJetset fragmentation parameters, tuned to provide anaurate desription of deep-inelasti hadron produtionin the Hermes kinemati domain [17, 18℄. The simula-tion gave a very good desription of the �E distributionin the non-exlusive region. The bakground frationsin the exlusive region varied between 7% and 23%, de-pending on the value of Q2, xB , or t0, with an averageover all seleted data of 11%.
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0 5 10 15FIG. 3: The �E distributions of the measured yield (num-ber of ounts within the aeptane divided by the inte-grated luminosity) (dots) and a Monte Carlo simulation withPythia6 of the non-exlusive bakground normalized tothe same integrated luminosity (histogram). The kinematiuts and the requirements 0:6 GeV < M�� < 1:0 GeV andMKK > 1:04 GeV were applied. The seleted exlusive re-gion is indiated by the dashed area.The invariant mass of the two-hadron system M��was determined assuming that both hadrons are pions.Resonant �+�� pairs, i.e., pairs produed in the deay�0 ! �+��, were seleted by the ondition 0:6 GeV< M�� < 1:0 GeV. Contributions in the M�� spetrumfrom the deay of a � meson into two kaons were ex-luded by requiring MKK > 1:04 GeV, where MKK isthe invariant mass of the two-hadron system alulatedassuming that both hadrons are kaons. After subtratingthe simulated ontribution from the non-exlusive tail inthe region �E < 0:6 GeV and orreting for the non-onstant aeptane with M��, the M�� spetrum forexlusive events was �tted with a �0-peak plus a lin-ear bakground. For the shape of the �0-peak S�odingand Ross-Stodolsky parametrizations were used. In bothases the resulting bakground was found to be negligible(0:7� 0:5)%.In the analysis the reently developed formalism foreletroprodution of a vetor meson from a polarized nu-leon was used [11℄. The ross setion for exlusive �0leptoprodution is written as d�d d� d' d(os #) dxB dQ2 dt =1(2�)2 d�dxB dQ2 dt W (xB ; Q2; t; �; �S ; '; #); (2)with  being a similar angle as �S , but now de�nedaround the diretion of the lepton beam, andd�dxB dQ2 dt = �v�d�Tdt + " d�Ldt �; (3)



4where �v is the virtual photon ux fator in the Handonvention [19℄, " is the virtual-photon polarization pa-rameter, and d�T =dt and d�L=dt are the usual xB ; Q2,and t dependent �p ross setions for transverse andlongitudinal virtual photons, respetively.The funtionW (xB ; Q2; t; �; �S ; '; #) desribes the an-gular distribution of both the produed �0 and its deaypions. It onsists of several terms orresponding to dif-ferent polarizations of the inoming lepton beam and thetarget nuleon:W =WUU + P`WLU + SLWUL +P`SLWLL + STWUT + P`STWLT ; (4)where the left (right) subsript spei�es the beam (tar-get) polarization: unpolarized (U), longitudinally (L), ortransversely (T ) polarized, and P`, SL, and ST representthe longitudinal polarization of the beam, and the lon-gitudinal and transverse polarization of the target (withrespet to the virtual photon diretion), respetively.For the ase of zero beam polarization and only trans-verse target polarization1 the angular-distribution fun-tion readsW (�; �S ; '; #) =WUU (�; '; #) + STWUT (�; �S ; '; #) :(5)Here and in the following the dependene of the vari-ous angular distribution funtions W on xB ; Q2, and t isomitted for the sake of legibility.The funtions WUY (with Y = U; T ) an be furtherdeomposed into terms orresponding to spei� �0 po-larizations, indiated by the supersripts, aording toWUY (�S ; �; '; #) = 34�� os2# WLLUY (�S ; �)+p2 os# sin# WLTUY (�S ; �; ') + sin2# W TTUY (�S ; �; ') �:(6)Note that in the ase of WUU there is no dependeneon �S . The prodution of a longitudinally polarized �0is desribed by WLLUY , the prodution of a transverselypolarized �0 (inluding the interferene from amplitudeswith positive and negative �0 heliity) by W TTUY , whileWLTUY results from the interferene between longitudinaland transverse �0 polarizations.The terms WABUY an be expanded (see Eqs. 4.10 and4.17 of Ref. [11℄) into trigonometri funtions of the an-gles �S ; �, and ', where the oeÆients are SDMEs (orombinations thereof) u��0��0 for WABUU , and n��0��0 and s��0��01 Beause the target polarization is transverse to the inomingbeam, there is a small longitudinal polarization with respet tothe diretion of the virtual photon. The e�et of the latter andof a small longitudinal polarization of the beam will be disussedlater.

for WABUT . Here the letters u; n, and s stand for unpolar-ized, normal, and sideways (with respet to the diretionof the virtual photon and the eletron sattering plane)target polarization, and the sub(super)sripts refer to theheliity of the virtual photon (�0 meson) in the heliityamplitudes that our in the SDMEs. In the ase ofWUUthere are 15 independent terms in the expansion. Thereis a diret relation between these SDMEs and the ones inthe Shilling-Wolf formalism [9℄. ForWUT the expansionontains 30 independent terms.First the 15 `unpolarized' SDMEs of WUU were deter-mined by �tting the angular distributions of the om-bined events for the two target polarization states. The�t was performed by maximum-likelihood estimationwith a probability density funtionfU (�; '; #) = N�1U A(�; '; #)WUU (�; '; #); (7)where the funtion A represents the aeptane of theHermes spetrometer. The fator NU represents thenormalization integral of the probability density fun-tion, whih was omputed numerially using Monte Carloevents that are within the aeptane of the spetrome-ter. The non-exlusive bakground was inluded in the�t funtion using �xed e�etive values of the SDMEs forthis bakground. The latter were obtained from a �t ofthe angular distribution of the Pythia6 Monte Carloevents for �E < 0:6 GeV. The results for the 15 unpo-larized SDMEs, whih as mentioned are for data taken inthe years 2002�2005, are fully onsistent with those fromthe analysis of all data taken in the period 1996� 2005using the Shilling-Wolf formalism [12℄.Then the 30 SDMEs WUT were determined, keepingthe unpolarized SDMEs �xed to the values found in the�t ofWUU desribed above, using the probability densityfuntionfT (�; �S ; '; #) = N�1T A(�; �S ; '; #)��WUU (�; '; #) + PTWUT (�; �S ; '; #)�:(8)A fator d =d�S , whih takes into aount that the yieldsare evaluated di�erentially in the angle �S , rather thanin  , was left out, sine it was very lose to unity. Asin the unpolarized ase, the bakground was inluded inthe �t. Sine nothing is known about the asymmetryof the bakground, the 30 SDMEs for the bakgroundwere taken to be zero, and the possible inuene of thisassumption was inluded in the systemati unertainties.Besides the target polarization, various other souresof systemati unertainties for the SDMEs and asymme-tries extrated were investigated and evaluated. In mostases the resulting systemati unertainties were foundto be negligible, i.e., very small ompared to the statis-tial unertainty. These inlude the e�et of radiativeorretions and the unertainties resulting from the un-ertainty in the unpolarized SDMEs and the bakground
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6fration. The unertainty due to the angular dependeneand asymmetry of the bakground was taken as the dif-ferene between a �t with a bakground with no angulardependene and asymmetry, and one having the sameangular dependene and asymmetry as the data. Theresulting unertainty was found to be negligible.The inuene of the net beam polarization of approxi-mately 0.095 was estimated by inluding the SDMEs forWLU and WLT in the �t. Even if the latter had largeunertainties, the inuene on the ones for WUT wasnegligible. The data presented in Fig. 5 are e�etivelyintegrated over all or two of the variables Q2, xB , andt0 within the experimental aeptane. The e�et of thiskinemati averaging was estimated by omparing the re-sults of a Monte Carlo simulation that inluded a mod-elled dependene of the asymmetry on these variableswith the model input values at the average kinematis.Also this e�et was found to be negligible.In the extration of the SDMEs the small longitudi-nal omponent of the target polarization with respet tothe diretion of the virtual photon (the average valueof jSL=PT j was 0.072) was negleted. This omponentintrodues a term SLWUL, whih is desribed by 14SDMEs. As the value of SL is small, these SDMEs an-not be determined from the present data. A system-ati unertainty was estimated by using several sets ofrandom values obeying the positivity bounds given inRef. [11℄ for these SDMEs, and evaluating the resultanthanges. Changes of on average 55% of the statistialunertainty were found, with a maximum of 76% for oneSDME (Im(s�+++ + �s�+0 0 )). This is the main soure ofsystemati unertainty.Lastly there are systemati unertainties arising frommisalignment of the detetor, detetor smearing e�ets,and bending of the beam and produed harged partilesin the transverse holding �eld of the target magnet. Theunertainties due to all e�ets together were investigatedwith a Monte Carlo simulation of the possible inueneof these e�ets. The resultant unertainty was found tobe negligible.The resulting SDMEs are shown in Fig. 4. Almostall of them are onsistent with zero within 1:5�, where� represents the total unertainty in the value of anSDME. Note that these inlude s-hannel heliity on-serving SDMEs. Similar SDMEs in the unpolarized asewere found [12℄ to be non-zero and large (0.4 - 0.5).The SDMEs Im�s 0+0+ � s�00+ �, Im s�+�+ , and Imn 0 00+ de-viate more than 2:5� from zero. The former two involvethe interferene between natural (N) and unnatural (U)parity exhange amplitudes [11℄. For instane, Im s 0+0+ontains the produt N 0+0+ (U+++� )� and Im s�+�+ ontainsthe produt N�+�+ (U+++� )�. The detailed analysis of unpo-larized data has shown thatN 0+0+ andN�+�+ are dominantN amplitudes. The U amplitudes presumably are small,as they are suppressed at large Q2. However, U+++� is rel-
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7larized �0 by a longitudinal photon Asin(���S)UT;�L;�L , whih isgiven by Im(n 0 00 0 )=u 0 00 0 .The sin(���S) amplitude for the prodution of trans-versely polarized �0 mesons is given byATT;sin(���S)UT = Im�n++++ + n��++ + 2"n++0 0 �1� (u 0 0++ + "u 0 00 0 ) : (10)The values for this asymmetry are shown in Fig. 5 (bot-tom). Also these are zero within the error bars.A few groups have performed GPD-based alula-tions of the transverse target asymmetry for exlusive�0 prodution. In Refs. [5, 21℄ the quark GPD Eq isparametrized in terms of the value of Ju, taking Jd = 0.Ref. [21℄ inludes the ontribution of gluons. The alu-lated values of Asin(���S)UT;�L;�L are in the range 0.15 to 0.00 forJu = 0.0 to 0.4. In Refs. [22, 23℄ the GPDs are modeledusing data for nuleon form fators, sum rules and pos-itivity onstraints. The results of both alulations aresimilar. Values of Ju and Jd of approximately 0.22 and0.00, respetively, are found, and the alulated valuesof the asymmetry are very small (�0:03 to 0.02), whihis onsistent with the present data. It must be realizedthat the results depend on the modelling of the relevantGPDs of both quarks and gluons, and that the kinemationditions of the alulations are in several ases outsidethe kinemati range of the present data.In summary, the transverse target single-spin asymme-try was measured for exlusive �0 eletroprodution ona transversely polarized hydrogen target. Spin densitymatrix elements were determined by using the angulardistributions of the produed �0 mesons and their de-ay into two pions. Almost all of the SDMEs desribingtransverse target polarization were found to be onsis-tent with zero. A notable exeption is an SDME thatorresponds to the prodution of a longitudinally polar-ized �0 by a transverse virtual photon. The fat that itis non-zero indiates a small violation of s-hannel heli-ity onservation in the ase of a transversely polarizedtarget. The amplitude of the sin(� � �S) omponent ofthe asymmetry for the prodution of longitudinally polar-ized �0 mesons was found to be small (�0:035� 0:103).Negleting double heliity hanging SDMEs, this om-ponent an be identi�ed with the leading-twist term ofthe asymmetry. Calulations based on generalized par-ton distributions predit small values, onsistent with themeasured value.We thank M. Diehl for providing us with the theoret-ial formalism in an early stage and for many interest-ing and helpful disussions. We gratefully aknowledgethe Desy management for its support and the sta� atDesy and the ollaborating institutions for their sig-ni�ant e�ort. This work was supported by the FWO-Flanders, Belgium; the Natural Sienes and Engineer-ing Researh Counil of Canada; the National NaturalSiene Foundation of China; the Alexander von Hum-
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