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Evidene for a Transverse Single-Spin Asymmetry inLeptoprodution of �+�� Pairs
Hermes CollaborationHERMES { DESY, Notkestra�e 85, D-22607 HamburgAbstrat: A single-spin asymmetry was measured in the azimuthal distribution of �+��pairs produed in semi-inlusive deep-inelasti sattering on a transversely polarized hy-drogen target. For the �rst time, evidene is found for a orrelation between the transversetarget polarization and the azimuthal orientation of the plane ontaining the two pions.The orresponding single-spin asymmetry is expeted to be related to the produt of thelittle-known quark transversity distribution funtion and an unknown naive-T-odd hiral-odd dihadron fragmentation funtion.Keywords: Lepton-Nuleon Sattering.
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Three fundamental parton distribution funtions desribe the struture of the nuleonat leading twist: the unpolarized distribution, the heliity distribution, and the transver-sity distribution. Transversity desribes the distribution of transversely polarized quarksin a nuleon with polarization transverse to the diretion of the hard probe and is the mostdiÆult one to measure. (For a review see Ref. [1℄.) Unlike the other two, it is inaessiblein inlusive deep-inelasti sattering (DIS). A lass of observables sensitive to the transver-sity distribution is that of single-spin asymmetries in semi-inlusive DIS on a transverselypolarized target.In general, single-spin asymmetries are related to mixed produts of the type S �(P 1 � P 2), where S is a spin vetor (typially the spin of the target or of the quark),and P 1 and P 2 are two nonollinear momenta. Single-spin asymmetries are odd undernaive time reversal (naive-T-odd), i.e., time reversal without the interhange of initial and�nal states [2℄. Single-spin asymmetries are sensitive to physis at the amplitude level, asthey an arise only from the interferene between two sattering amplitudes with di�erentphases. Beause of the struture of the mixed produt, single-spin asymmetries require aninterplay between a spin and an orbital angular momentum.Azimuthal single-spin asymmetries in single-hadron prodution in semi-inlusive DIS(ep! e0hX) on a transversely polarized target were reently measured by the Hermes ol-laboration for harged pions [3℄ and by the Compass ollaboration for unidenti�ed hargedhadrons [4, 5℄. For these observables, the orientation of the target transverse polarizationinuenes the distribution of hadrons in the azimuthal angle around the virtual-photondiretion through, e.g., the so-alled Collins [6℄ and Sivers [7℄ mehanisms. In partiular,the Collins asymmetry is sensitive to the transversity distribution. At the partoni level,this asymmetry arises from the proess in whih initially a transversely polarized quarkin the transversely polarized target absorbs the virtual photon. The orientation of thetransverse polarization of the quark hanges in a manner alulable using QED. In thesubsequent hadronization of the quark, the diretion of the momentum of the detetedhadron an be related to the diretion of the spin of the quark via the mixed produtSq � (pq � P h), where pq is the momentum of the struk quark, Sq its spin and P h is themomentum of the deteted hadron. If suh a orrelation exists, the hadron has a prefereneto move to a spei� side with respet to the quark spin and the diretion of its momen-tum. The e�et vanishes when integrating over the omponent of the deteted hadron'smomentum transverse to the momentum of the fragmenting quark. From a formal point ofview, despite the ompliations due to the presene of transverse momentum, fatorizationproofs [8, 9℄ allow the interpretation of the Collins asymmetry in terms of a onvolution inquark transverse-momentum spae of the transversity distribution with a universal naive-T-odd fragmentation funtion, the Collins funtion, whih an be onsidered as an analyzerof the fragmenting quark's transverse polarization. This funtion an be measured in otherproesses, e.g., in e+e� ollisions, and an then be used to extrat the transversity dis-tribution from the above asymmetries [10℄. The only existing data that have been usedto isolate transversity are from suh measurements of single-spin asymmetries of singlehadrons in semi-inlusive DIS.By the early 1990s it had already been pointed out that single-spin asymmetries in{ 1 {



semi-inlusive dihadron1 prodution (ep ! e0h1h2X) on a transversely polarized targetould also be sensitive to transversity [11, 12℄, thereby providing an independent experi-mental onstraint. The underlying mehanism di�ers from the Collins mehanism in thatthe transverse spin of the fragmenting quark is transferred to the relative orbital angularmomentum of the hadron pair. Consequently, this mehanism does not require transversemomentum of the hadron pair.Dihadron fragmentation funtions were introdued in Ref. [13℄. Polarized dihadronfragmentation funtions were studied in Refs. [12, 14, 15, 16℄. They are related to theonept of jet-handedness [11, 17℄, as explained in Ref. [18℄. The deomposition of the rosssetion in terms of quark-distribution and dihadron-fragmentation funtions was arried outto leading twist (twist-2) in Ref. [19℄ and to twist-3 in Ref. [20℄. Polarized �0 fragmentationfuntions [21, 22, 23, 24℄ are (p-wave) omponents of dihadron fragmentation funtions, asreeted in the angular distribution of the deay produts of the �0 meson.Little experimental information exists on the multidimensional kinemati dependeneof dihadron fragmentation funtions. Invariant-mass spetra of hadron pairs were measuredin a number of experiments, some of whih studied semi-inlusive DIS [25, 26, 27℄. Dihadronfragmentation funtions have reently been studied in a nulear environment [28℄, as theymight be relevant to the phenomenon of jet quenhing in heavy-ion physis [29℄. Vetor-meson polarization was analyzed in e+e� and pp ollisions [23, 30, 31, 32, 33℄. However,these data were not interpreted in terms of dihadron fragmentation funtions. Finally,studies of longitudinal jet-handedness gave results onsistent with zero [34℄.Denoting 2R as the di�erene of the momenta of the two hadrons h1 and h2, thehadronization of a transversely polarized quark into the hadron pair an depend on themixed produt Sq � (pq �R). This would imply a preferene of h1 to go to a spei� sidewith respet to the spin and the momentum diretion of the quark, while h2 would go tothe opposite side. This preferene is revealed in the ross setion through a dependeneon the angle �R?, the azimuthal angle of RT , the omponent of R transverse to Ph (seeFig. 1 for the ase of �+�� pairs). Here, Ph is the sum of the momenta of the twohadrons. Sine �R? is the azimuthal orientation of the relative transverse momentum ofthe two hadrons, the orrelation desribed above remains present even if the ross setionis integrated over the transverse omponent Ph? of Ph. The bene�ts of integrating overPh? are the following: i) issues related to fatorization are simpler [34℄, ii) the evolutionequations for the fragmentation funtions involved are known [35, 36℄, iii) distribution andfragmentation funtions appear in a simple produt instead of a onvolution integral overtransverse momentum.This paper reports a measurement of an azimuthal Fourier amplitude of a single-spinasymmetry in semi-inlusive �+�� prodution on a transversely polarized hydrogen target,resulting in the �rst evidene of a naive-T-odd hiral-odd dihadron fragmentation fun-tion that an provide aess to transversity. It is related to the produt of the twist-twohiral-odd transversity distribution hq1 (also alled Æq) for quark avor q and the twist-two hiral-odd naive-T-odd dihadron fragmentation funtion H1̂;q [20, 37℄.2 There are no1The two hadrons, i.e., h1 and h2, have to be of di�erent hadron types.2The supersript ^ indiates that the fragmentation funtion does not survive integration over the{ 2 {
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Figure 1: Depition of the azimuthal angles �R? of the dihadron and �S of the omponent ST ofthe target-polarization transverse to both the virtual-photon and target-nuleon momenta q and P ,respetively. Both angles are evaluated in the virtual-photon-nuleon enter-of-momentum frame.Expliitly, �R? � (q�k)�RTj(q�k)�RT j aros (q�k)�(q�RT )jq�kjjq�RT j and �S � (q�k)�STj(q�k)�ST j aros (q�k)�(q�ST )jq�kjjq�ST j . Here,RT = R � (R � P̂h)P̂h, with R � (P�+ � P��)=2, Ph � P�+ + P�� , and P̂h � Ph= j Ph j,thus RT is the omponent of P�+ orthogonal to Ph, and �R? is the azimuthal angle of RT aboutthe virtual-photon diretion. The dotted lines indiate how vetors are projeted onto planes. Theshort dotted line is parallel to the diretion of the virtual photon. Also inluded is a desription ofthe polar angle �, whih is evaluated in the enter-of-momentum frame of the pion pair.ontributions to this amplitude at subleading twist (i.e., twist-3). Among the various on-tributions to the fragmentation funtion H1̂;q are the interferene H^;sp1;q between the s- andp-wave omponents of the �+�� pair and the interferene H^;pp1;q between two p-waves. Insome of the literature, suh funtions have therefore been alled interferene fragmentationfuntions [15℄, even though in general interferene between di�erent amplitudes is requiredby all naive-T-odd funtions. In this paper the fous is on the sp-interferene, sine it hasreeived the most theoretial attention. In partiular, in Ref. [15℄ H^;sp1;q was predited tohange sign at a very spei� value of the invariant mass M�� of the �+�� pair, lose tothe mass of the �0 meson. However, other models [37, 38℄ predit a ompletely di�erentbehavior.The data presented here were reorded during the 2002-2005 running period of theHermes experiment, using the 27.6 GeV positron or eletron beam and a transverselypolarized hydrogen gas target internal to the Hera storage ring at Desy. The open-ended target ell was fed by an atomi-beam soure [39℄ based on Stern-Gerlah separationombined with transitions of hydrogen hyper�ne states. The nulear polarization of theatoms was ipped at 1{3 min. time intervals, while both this polarization and the atomifration inside the target ell were ontinuously measured [40℄. The average value of thetransverse proton polarization jS?j was 0:74� 0:06.Sattered leptons and oinident hadrons were deteted by the Hermes spetrome-ter [41℄. Its aeptane spanned the sattering-angle range 40 < j�yj < 140 mrad andrelative momentum of the hadron pair. { 3 {



j�xj < 170 mrad, orresponding to an almost full overage in �S from 0 to 2� with onlysmall gaps at 1.40 < �S < 1:74 rad and 4.54 < �S < 4.88 rad. Leptons were identi�ed withan eÆieny exeeding 98% and a hadron ontamination of less than 1% using an ele-tromagneti alorimeter, a transition-radiation detetor, a preshower sintillation ounter,and a dual-radiator ring-imaging �Cerenkov detetor [42℄, mainly used here also to identifyharged pions with momentum jP�j > 1 GeV.Events were seleted with the kinemati requirements W 2 > 10 GeV2, 0:1 < y < 0:85,and Q2 > 1 GeV2, where W is the invariant mass of the initial photon-nuleon system andy = (P � q)=(P � k), with P , q, and k representing the four-momenta of the target nuleon,the virtual photon, and the inident lepton, respetively. A onstraint was plaed on themissing mass: MX > 2 GeV. This avoids ontributions from exlusive two-pion prodution,where fatorization in distribution and fragmentation funtions annot be applied. Allpossible ombinations of deteted �+�� pairs were inluded for eah event, in ontrastto keeping only the ombination with the largest energy fration z, a hoie for whihfragmentation funtions are not de�ned. Here, z refers to the fration of the energy �of the virtual photon (in the target rest frame) that is transferred to the pion pair, i.e.,z = (E�+ +E��)=� = z�+ + z�� .In semi-inlusive deep-inelasti sattering of an unpolarized (U) beam o� an unpolar-ized (U) target, the ross setion �UU for the prodution of pion pairs, integrated over thetransverse momentum Ph? of the pion pair, is given, at leading twist and in leading orderin �s (�0s), by [43℄d7�UUdxdy dz d�S d�R? dos � dM�� =Xq �2e2q2�sxy2 (1� y + y22 )f q1 (x)D1;q(z;M��; os �); (1)where � is the �ne-struture onstant, x = Q2=(2P � q), the Mandelstam invariant s =(P + k)2, f q1 is the polarization-averaged quark distribution funtion and D1;q is a di-hadron fragmentation funtion representing the number density of pion pairs produedfrom unpolarized quarks. The summation runs over the quark and antiquark avors q withharges eq in units of the elementary harge. For an unpolarized beam and integrating overPh?, the ross setion di�erene �UT of the polarized ross setions �U" and �U#, wherethe target is in either of the two orresponding opposite transverse (T ) spin states "#, isgiven at leading twist and in leading order in �s by [43℄d7�UTdxdy dz d�S d�R? dos � dM�� � 12 �d7�U" � d7�U#� =�jST jXq �2e2q2�sxy2 (1� y)12s1� 4 M2�M2�� sin(�R? + �S) sin � hq1(x)H1̂;q(z;M��; os �); (2)where M� is the pion mass and ST is the omponent of the target spin S perpendiular tothe virtual-photon diretion. The azimuthal angle �S always refers to the spin diretion,relative to the lepton-sattering plane, of the target \"" state. Twist-3 ontributions to thepolarized and unpolarized ross setions appear with di�erent azimuthal dependenes [20℄.{ 4 {



Both dihadron fragmentation funtions D1;q and H1̂;q an be expanded in terms ofLegendre funtions of os �. Hene [43℄,D1;q(z;M��; os �) ' D1;q(z;M��) +Dsp1;q(z;M��) os � +Dpp1;q(z;M��)14(3 os2 � � 1) (3)and H1̂;q(z;M�� ; os �) ' H^;sp1;q (z;M��) +H^;pp1;q (z;M��) os �; (4)where the Legendre expansions are trunated to inlude only the s- and p-wave omponents,whih is assumed to be a valid approximation in the range of the invariant mass M�� <1:5 GeV [43℄, whih is typial of the present experiment.In Refs. [15, 37, 43℄, it was proposed to measure �UU and �UT integrated over the angle�, whih has the advantage that in the resulting expression for these ross setions the onlyfragmentation funtions that appear are D1;q(z;M��) and H^;sp1;q (z;M��) (see Eqs. (1-4)).However, this requires an experimental aeptane that is omplete in �, whih is diÆultto ahieve, not only beause of the geometrial aeptane of the detetor, but also beauseof the aeptane in the momentum of the deteted pions. As the momentum seletionjP� j > 1 GeV strongly inuenes the � distribution, the measured asymmetry must bekept di�erential in �.The single-spin asymmetry AUT � 1jST j�UT=�UU ontains omponents of a simultane-ous Fourier and Legendre expansion. The amplitude Asin(�R?+�S) sin �UT of the modulation ofinterest here, whih is related to the produt of transversity and the fragmentation funtionH^;sp1 , is de�ned asAsin(�R?+�S) sin �UT � 2jST j R dos � d�R? d�S sin(�R? + �S) d�7UT = sin �R dos � d�R? d�S d�7UU : (5)Using Eqs. (1-4), it an be written as [43℄Asin(�R?+�S) sin �UT = � (1� y)(1� y + y22 ) 12s1� 4 M2�M2�� Pq e2q hq1(x)H^;sp1;q (z;M��)Pq e2q f q1 (x)D1;q(z;M��) : (6)Due to the fator e2q , the amplitude is expeted to be up-quark dominated.The results reported here are extrated from the single-spin asymmetryAU?(x; z;M��; �R?; �S ; �) � 1jS?jN" �N#N" +N# ; (7)where N"(#) is the luminosity-normalized number of semi-inlusive �+�� pairs detetedwhile the target is in the "(#) spin state with polarization perpendiular to the inominglepton beam (rather than to the virtual-photon diretion). The asymmetry is evaluated asa funtion of x, z, M��, and the angles �R?, �S , and �, whih are de�ned in Fig. 1.3A �2 �t was performed, binned in (�R? + �S) versus �0 � jj� � �=2j � �=2j, with afuntion of the form:AU?(�R? + �S ; �0) = sin(�R? + �S) a sin �01 + b14(3 os2 �0 � 1) ; (8)3The de�nitions of the asymmetry and the angles are onsistent with the \Trento Conventions" [44℄.{ 5 {



where a � Asin(�R?+�S) sin �U? is a free parameter of the �t, while b is varied to study theinuene of the unknown ontribution Dpp1;q to the polarization-averaged 2-hadron rosssetion. The �t is evaluated as a funtion of �0, whih orresponds to a symmetrization ofthe �t around � = �=2. This has the advantage that the ontributions to AU? ontain-ing Dsp1;q and H^;pp1;q drop out (see, e.g., Eqs. (3) and (4)), reduing the statistial uner-tainty on a � Asin(�R?+�S) sin �U? , the modulation amplitude of interest that approximatesAsin(�R?+�S) sin �UT de�ned in Eq. (5).The value of the �t parameter a depends on the value of b. Therefore, a systematiunertainty was assigned to the extrated value of a by studying its response to variationof b. The parameter b was varied within its positivity limits, given by [43℄�3Dp1;q(z;M��)2D1;q(z;M��) � b � 3Dp1;q(z;M��)D1;q(z;M��) ; (9)where Dp1;q(z;M��) indiates the pure p-wave omponent of the fragmentation funtionsD1;q(z;M��). The size of this omponent was estimated using the Pythia6 event genera-tor [45℄ tuned to Hermes data [46℄. The strange ontribution was negleted, while isospinand harge-onjugation symmetry implies that both Dp1;q(z;M��) as well as D1;q(z;M��)have idential values for q = u; �u; d; �d. Varying the Pythia6 estimate by 20% does notsigni�antly hange the systemati unertainty assigned to a. The presented values for aare the entral values in the ranges of a obtained by varying b between its lower and upperbounds, while the \b-san" unertainty is taken to be the standard deviation.The values of the amplitudes Asin(�R?+�S) sin �U? extrated as funtions of M��, x, andz, are shown in Fig. 2 and reported in Table 1. They are positive over the entire rangeof all three variables. The redued-�2 values for the �ts to the data set are in the range0.64{1.38. The measured asymmetry is based on events integrated over Ph? (within theaeptane), whih onsiderably simpli�es an eventual extration of hq1 and H^;sp1;q , sinein this ase hq1H^;sp1;q appears in the expression for the modulation amplitudes as a simpleprodut (see Eq. (6)) instead of in a onvolution integral over transverse momentum.The value of Asin(�R?+�S) sin �U? extrated from events summed over the experimentalaeptane is Asin(�R?+�S) sin �U? = 0:018 � 0:005stat � 0:002b�san, with an additional 8.1%sale unertainty oming from the unertainty in the determination of the target polariza-tion. As disussed below, aeptane e�ets were found to lead to an underestimate of thetrue value of the modulation amplitude by up to 20%. For this result, the ranges seletedin x and M�� are 0:023 < x < 0:4 and 0:5 GeV < M�� < 1:0 GeV. The mean values ofthe kinemati variables are hxi = 0:07, hyi = 0:64, hQ2i = 2:35 GeV2, hzi = 0:43, andhjPh?ji = 0:42 GeV.The modulation amplitudes extrated are not inuened by the addition in the �t ofterms of the form sin�S (whih appears at subleading twist in the polarized ross setion�UT ), or of the form os�R? sin � (whih appears at subleading twist in the unpolarizedross setion �UU ). These angular ombinations exhaust the possibilities up to subleadingtwist. In order to eliminate e�ets of the natural polarization of the Hera lepton beam,data with both beam-heliity states were ombined. The resulting net beam polarization is{ 6 {
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Figure 2: The top panels show Asin(�R?+�S) sin �U? versus M��, x, and z. The bottom panels showthe average values of the variables that were integrated over. For the dependene on x and z,M�� was onstrained to the range 0:5 GeV < M�� < 1:0 GeV, where the signal is expeted to belargest. The error bars show the statistial unertainty. A sale unertainty of 8.1% arises fromthe unertainty in the target polarization. Other ontributions to the systemati unertainty aresummed in quadrature and represented by the asymmetri error band.�0:020� 0:001. The inuene of this small but nonzero net polarization on the amplitudeextrated was shown to be negligible by analyzing separately the data of the two beam-heliity states. There is also no inuene from the addition to the �t of a onstant term,the latter being onsistent with zero. Idential results were obtained using an unbinnedmaximum-likelihood �t.Traking orretions that are applied for the deetions of the sattered partiles ausedby the vertial 0.3 T target holding �eld have also a negligible e�et on the extratedasymmetries.The fully di�erential asymmetry depends on nine kinemati variables: x, y, z, �R?,�S , and �, M��, and Ph? ( d2Ph? = jPh?jdjPh?jd�h). Due to the limited statistialpreision, it is not possible to measure the asymmetry AU? fully di�erential in all relevantvariables. Combined with the fat that the Hermes spetrometer does not have a full 4�aeptane, this implies that the measured number of events is always onvolved with theexperimental aeptane �, e.g.,N"(#)(�R?; �S ; �;M��) / Z dxdy dz d2Ph? �(x; y; z;Ph?; �R?; �S ; �;M��) �� �U"(#)(x; y; z;Ph?; �R?; �S ; �;M��); (10)suh that � does not neessarily drop out of the expression for the asymmetry (Eq. (7))4.Some e�ets of the aeptane an be easily dealt with if the predited asymmetry am-plitude is linearly dependent on all variables in the range over whih they are integrated.4Note that, experimentally, the asymmetry itself is never integrated diretly over any variables: alwaysthe numerator and denominator of the asymmetry are integrated separately.{ 7 {



In that ase, the measured amplitudes are equal to the true amplitudes evaluated at theaverage values of these variables. However, all models predit a highly nonlinear behaviorof the amplitude as a funtion of the invariant mass M��. Moreover, when the integrationof the ross setion over Ph? is inomplete beause of the geometrial aeptane, otherterms in the Ph?-unintegrated ross setion [37, 43℄ might ontribute to the extratedamplitudes.Therefore, a systemati unertainty was estimated based on a Monte Carlo study,whih is explained in more detail in the Appendix. In partiular, two possible soures ofsystemati unertainties have been examined: the di�erene in the modulation amplitudeof interest extrated as done for real data in the experimental aeptane and similarlyin 4� aeptane, and a possible false asymmetry originating from other terms appearingthrough inomplete integration over Ph?.The largest e�et was seen when omparing the amplitudes in 4� and in the experi-mental aeptane. The Monte Carlo simulation used a partiular hoie for transversityand for eah of the dihadron fragmentation funtions, whih results in a reasonable desrip-tion of the kinemati dependenes of the measured amplitudes (f. Figs. 4 and 2). Theamplitudes extrated in the experimental aeptane were found to be underestimated byup to 43% for ertain values of z when ompared to amplitudes extrated in 4� over-age. The e�et was negligible for all x bins when integrating over z, and about 21% whenintegrated over the whole kinemati range. No other models for the dihadron funtionsinvolved, suitable for this simulation, are presently available. This systemati unertaintyestimate applies only when interpreting the results as values based on separate integrationof numerator and denominator of the asymmetry over the relevant ranges of all kinemativariables. This hoie was neessitated by the strong model-dependene of the aeptanee�ets when not integrating over M��.The inomplete integration over Ph? was found to have only a small inuene on theextrated amplitudes due to possible terms in the Ph?-unintegrated ross setion [37, 43℄.In view of the large unertainties above, it an be negleted.The interpretation of the amplitudes extrated an, in priniple, be ompliated by theexperimental ondition that the target polarization is transverse to the beam axis insteadof transverse to the virtual-photon diretion. These beam-axis asymmetries an reeiveontributions not only from the transverse omponent of the nuleon spin with respet tothe virtual-photon diretion but also from a small longitudinal omponent proportional tosin �� , where �� is the angle between the diretions of the virtual photon and the inominglepton beam. Suh a ontribution to the amplitude presented here an our only whena sin�R? amplitude exists in the orresponding asymmetry AUL, i.e., the photon-axisasymmetry in dihadron lepto-prodution with an unpolarized beam on a longitudinallypolarized target [47℄. Suh an amplitude exists at subleading twist [20℄, but was measuredto be small for pairs of unidenti�ed hadrons [48℄. In addition, hsin ��i is typially less than0.09 [48℄, leading to an insigni�ant di�erene in the presented amplitude for lepton-axisand photon-axis asymmetries.Besides this ontribution, no other twist-3 e�ets are present in the measured ampli-tude. Modi�ations due to even higher twist and NLO e�ets are unknown for dihadron{ 8 {



bin boundaries Asin(�R?+�S) sin �U? redued �20.25 GeV< M�� <0.40 GeV 0:010 � 0:009stat � 0:001b�san + 0:002a 0.700.40 GeV< M�� <0.55 GeV 0:012 � 0:007stat � 0:001b�san + 0:003a 1.320.55 GeV< M�� <0.77 GeV 0:024 � 0:007stat � 0:002b�san + 0:004a 0.850.77 GeV< M�� <2.00 GeV 0:019 � 0:008stat � 0:001b�san + 0:000a 0.960.023< x <0.040 0:015 � 0:010stat � 0:001b�san + 0:001a 0.880.040< x <0.055 0:002 � 0:011stat � 0:001b�san + 0:000a 1.030.055< x <0.085 0:035 � 0:010stat � 0:004b�san + 0:002a 1.380.085< x <0.400 0:020 � 0:010stat � 0:001b�san + 0:003a 0.940.000< z <0.340 0:018 � 0:010stat � 0:001b�san + 0:005a 1.040.340< z <0.440 0:010 � 0:010stat � 0:001b�san + 0:006a 0.640.440< z <0.560 0:036 � 0:010stat � 0:005b�san + 0:008a 1.040.560< z <1.000 0:012 � 0:009stat � 0:001b�san + 0:002a 0.840.5 GeV< M�� <1.0 GeV0.023< x <0.400 0:018 � 0:005stat � 0:002b�san + 0:004a 0.870.0< z <1.0Table 1: The extrated modulation amplitudes with statistial unertainty, the systemati uner-tainties arising from the san of b in the �ts and from extrating the amplitudes in the experimentalaeptane as desribed in the text. A further 8.1% sale unertainty from the target polarizationis not listed. In addition, the bin boundaries are given in the various M��-, x-, and z-bins, respe-tively, as well as the redued-�2 values of the �ts. Note that for both the x and z dependenes,the lower and upper limits on M�� are 0.5 GeV and 1 GeV, respetively. The aeptane e�et inthe last row is not an average over those values for x or z bins beause the bin weighting for theamplitudes in 4� di�ers from those for experimental aeptane.prodution in DIS. However, the dominant NLO ontribution to the \longitudinal" rosssetion �L is known to be up to 30% for the unpolarized inlusive DIS ross setion inthese kinemati onditions [49℄.Sine the fragmentation funtionsH^;sp1;q require the interferene between s and p waves,it is supposed to be sizeable in the regions where spin-1 resonanes are present, assumingthe rest of the spetrum to be in an s wave. As an be seen in Fig. 3, in the invariant-massrange explored in this paper the �0 and ! resonanes are present and give large ontributionsto the spetrum. The available theoretial models indiate that H^;sp1;q should be maximalin the viinity of the �0 mass [15, 37, 38℄.Being naive-T-odd, the fragmentation funtion requires the interferene between sat-tering amplitudes with di�erent phases. The model of Ref. [15℄ onsiders the interferenebetween the �0 and the � resonane, as measured in �+�� sattering, prediting a signhange of the fragmentation funtion lose to the �0 mass. The models of Refs. [37, 38℄neglet the ontributions from the � resonane and assume the s-wave amplitude of thespetrum to be real. Thus, the fragmentation funtion turns out to be almost proportionalto the imaginary part of the �0 resonane, i.e., a Breit{Wigner shape peaked at the �0{ 9 {
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average values of x for 4� and the experimental aeptanes, where a strong dependeneof the asymmetry on x, whih is driven by the inrease of transversity with x in therange onsidered, leads to the observed underestimates in the amplitudes extrated whenintegrated over x.
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varying their size and dependenes. The averages of the e�et on the extrated value ofAsin(�R?+�S) sin �U? were then used to estimate a ontribution to the systemati unertainty.Target spin states were again assigned to semi-inlusive events from a Pythia6 MonteCarlo simulation aording to a model for the asymmetry AUT , but now inluding all �h-dependent terms. For the distribution funtions f q1 (x), hq1(x) and for the fragmentationfuntions D1;q(M��; z) and H^;sp1;q (M��; z) the same models were used as before. For thetransverse-momentum dependene of all distribution and fragmentation funtions appear-ing in AUT , a Gaussian Ansatz was used:f1(x;p2T ) = 1�hp2T ie� p2Thp2T i f1(x); (A.1)D1(z;M��; os �;k2T ;kT �RT ) = 1z2�hk2T ie� k2Thk2T iD1(z;M��; os �): (A.2)with pT (kT ) being the initial- (�nal-/fragmenting-) quark's momentum omponent thatis transverse to the initial- (�nal-) hadron's momentum diretion. The same p2T and k2Tdependenes were used for all other distribution and fragmentation funtions. The atualvalues of p2T and k2T are irrelevant as they are absorbed in the CN in Eq. A.3.The �h-dependent terms were implemented suh that the orresponding azimuthalamplitudes Asin(a�h+b�R?+�S+ d2�)UT depend on x, z, and Ph? aording to12Asin(a�h+b�R?+�S+ d2�)UT � R d�h d�R? d�S sin(a�h + b�R? + �S + d2�) d9�UTR d�h d�R? d�S d9�UU= CN z�N x�N fN (jPh?j); (A.3)with N identifying the various possible terms in the full polarized ross setion [37, 43℄,CN a onstant saling fator, �N , �N 2 [0:1; 3℄ and a; b;  and d are either zero or integersdepending on N . The interval [0:1; 3℄ is based on typial parameterizations of the partondistributions f q1 and the single-hadron fragmentation funtionD1;q(z). Similarly, azimuthalamplitudes Asin(a�h+b�R?+�S+ d2�)UU were introdued for the �h-dependent parts in the un-polarized ross setion. Apart from the fat that all these di�erent modulation amplitudesof the polarized and unpolarized ross setion inrease nonlinearly with inreasing x andz, the hoies for �N and �N are quite arbitrary, but were found not to inuene the �nalonlusions. Starting from the expressions for the onvolution integrals in the involvedross setions [37, 43℄ and using the Gaussian Ans�atze Eqs. (A.1,A.2) for the p2T and k2Tdependene of the distribution and fragmentation funtions, the dependenes fN(jPh?j)of the modulation amplitudes on jPh?j were derived [53℄.6The values of the saling fators CN in Eq. A.3 were derived from the averaged mod-ulation amplitudes, whih were randomly hosen in the range [�0:1; 0:1℄, i.e.,R Asin(a�h+b�R?+�S+ d2�)UU=T d9�UUR d9�UU 2 [�0:1; 0:1℄; (A.4)6Due to the fat that no kT � RT dependene is taken into aount for the fragmentation funtions,about half of the �h-dependent terms drop out of the omplete expression for the polarized ross setion.{ 13 {
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