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Pion pole and transversity effets in hard exlusivemeson leptoprodution
Sergey Goloskokov�Bogoliubov Laboratory of Theoretial Physis, Joint Institute for Nulear Researh,Dubna 141980, Mosow region, RussiaE-mail: goloskkv�theor.jinr.ruWe investigate exlusive eletroprodution of vetor and pseudosalar mesons at large photonvirtuality Q2. These reations were analyzed within the handbag approah where amplitudesfatorize into hard subproesses and generalized parton distributions (GPDs).The essential role of transversity effets were found in pseudosalar and light vetor meson lep-toprodution. These ontributions are important at low Q2 and determined by twist-3 effetsaompanied by transversity GPDs. The transversity ontributions lead to large transverse rosssetions for most reations of pseudosalar meson leptoprodution. The transversity effets invetor meson prodution are visible in spin observables.We onsider spin effets in the w and r0 leptoprodution reations. It is shown that the pionpole ontribution is very important in the w prodution. Suh effets in the r0 hannel are muhsmaller. Our results on spin asymmetries and spin density matrix elements in these reations werefound to be in good agreement with HERMES data.
XXII International Baldin Seminar on High Energy Physis Problems,15-20 September 2014JINR, Dubna, Russia�Speaker. Copyright owned by the author(s) under the terms of the Creative Commons Attribution-NonCommerial-ShareAlike Liene. http://pos.sissa.it/
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Pion pole and transversity effets in hard exlusive meson leptoprodution Sergey Goloskokov1. introdutionOur investigations of hard eletroprodution of vetor mesons [1℄ were based on the handbagapproah where the amplitude of meson prodution at high Q2 fatorizes into hard meson eletro-prodution off partons, and GPDs [2℄. The hard subproesses were analysed within the modi�edperturbative approah [3℄ where we onsidered the quark transverse degrees of freedom aom-panied by the Sudakov suppressions. This approah desribes suessfully the data on r0 and feletroprodution and disussed in setion 2.The amplitudes of the pseudosalar meson (PM) leptoprodution in the leading twist approx-imation are sensitive to GPDs eH and eE. It was found that these ontributions were not suf�ientto desribe spin effets in the PM prodution at suf�iently low Q2 [4℄. To be onsistent withexperiment, essential ontributions from the transversity GPDs HT , ĒT are needed [5℄. Within thehandbag approah the transversity GPDs go together with the twist-3 meson wave funtion. Wedisuss in setion 3 the role of transversity effets in the PM leptoprodution at HERMES andCLAS energies. We show that the transversity GPDs lead to a large transverse ross setion formost reations of the PM leptoprodution [5℄, whih exeed the leading twist longitudinal rosssetion. The role of transversity effets were analysed in the vetor meson (VM) leptoprodu-tion too. The transversity GPDs were found to be important in the spin density matrix elements(SDMEs) and spin asymmetries of the VM leptoprodution with a transversely polarized target.The obtained results are in good agreement with CLAS, HERMES and COMPASS data.The HERMES data on SDMEs for the w prodution indiated strong ontributions from un-natural parity exhanges. Using GPDs from our analyses of the hard meson leptoprodution weinvestigated w SDMEs [6℄. It was found that the pion pole (PP) ontribution plays an importantrole in the w prodution and is essential in explanation of the large unnatural-parity effets ob-served by HERMES. Based on our approah we found w SDMEs to be in good agreement with theHERMES experimental results [7℄. The PP ontribution to the r0 prodution is muh smaller withrespet to the w ase. We disuss the PP effets in setion 4.2. Handbag approah. Vetor meson leptoprodutionWithin the handbag approah the meson prodution amplitude at suf�iently high photon vir-tuality Q2 is fatorized [2℄ into a hard subproess amplitude H and GPDs F whih ontain in-formation on the hadron struture. In the forward limit and zero skewness GPDs are equivalent toordinary Parton Distribution Funtions (PDFs). With the help of sum rules they are onneted withhadron form fators, and information on the parton angular momenta an be extrated.The leading ontributions to the meson prodution amplitude off non-�ip proton an be de-sribed in terms of various parton effetsMm 0+;m+ µ Z 1�1 dxH am 0+;m+Fa(x;x ; t): (2.1)Here a is a �avor fator,H am 0+;m+ is a hard meson eletroprodution amplitude off partons with thesame heliities, m and m 0 are heliities of the photon and produed meson. In the VM produtionwe have Fa GPDs ontributions from gluons, quarks and sea. In the PM prodution polarizedGPDs �Fa give ontribution. 2
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Pion pole and transversity effets in hard exlusive meson leptoprodution Sergey GoloskokovThe subproess amplitude is alulated within the modi�ed perturbative approah [3℄. Weonsider the k2?=Q2 orretions in the propagators of the hard subproess amplitude H togetherwith the nonperturbative k?-dependent meson wave funtion [8℄. The power orretions an beregarded as an effetive onsideration of the higher twist effets. The gluoni orretions aretreated in the form of the Sudakov fators whose resummation an be done in the impat parameterspae [3℄.The GPDs are estimated using the double distribution representation [9℄Fa(x;x ; t) = Z 1�1 db Z 1�jb j�1+jb j da d (b +x a� x̄) fa(b ;a ; t): (2.2)whih onnets GPDs F with PDFs h through the double distribution funtionfa(b ;a ; t) = ha(b ; t) G(2ni+2)22ni+1G2(ni+1) [(1�jb j)2�a2℄ni(1�jb j)2ni+1 : (2.3)Here n=1 for valene quarks and n=2 for gluon and sea ontributions.The t- dependene in PDFs h is onsidered in the Regge formh(b ; t) = Neb0tb�a(t) (1�b )n; (2.4)and a(t) is the orresponding Regge trajetory. The parameters in (2.4) are obtained from theknown information about PDFs [10℄ e.g, or from the nuleon form fator analysis [11℄.

Figure 1: Left: The longitudinal ross setion for f at Q2 = 3:8GeV2. Data: HERMES (solid irle), ZEUS(open square), H1 (solid square), open irle- CLAS data point. Right: The longitudinal ross setion for rprodution at Q2 = 4:0GeV2. Data: HERMES (solid irle), ZEUS (open square), H1 (solid square), E665(open triangle), CLAS- open irles, CORNEL -solid triangleThe handbag approah was suessfully applied to light meson leptoprodution [1℄. The rosssetions and spin observables of light VM leptoprodution were found to be in good agreementwith HERMES, COMPASS and HERA data. As an example, in Fig. 1, (left), we show our resultsfor W dependene of the f leptoprodution at �xed Q2 whih reprodue the experimental data inthe whole range from CLAS to HERA energies. This shows that gluon and sea GPDs work wellfrom small to large x- Bjorken. In Fig. 1, (right), we show a similar plot for the r prodution. Wesee that the model desribes the r meson leptoprodution quite well for W > 4GeV. The rapidgrowth of the ross setion at lower energies has not been understood within the handbag model.3
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Pion pole and transversity effets in hard exlusive meson leptoprodution Sergey Goloskokov3. Transversity effets in light meson leptoprodution.Exlusive eletroprodution of PM was studied within the handbag approah [4, 5℄. At theleading-twist auray the PM prodution is only sensitive to GPDs eH and eE whih ontribute tothe amplitudes for longitudinally polarized virtual photons [4℄. Suh ontributions are not suf�ientto desribe the experimental results on eletroprodution of PM at low Q2. We an show this fromthe Asin(fs)UT asymmetry, Fig. 2.
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-t'[GeV2]Figure 2: Asin(fs)UT asymmetry: solid line predition of our approah. Dashed line- without twist-3 effets.This asymmetry is proportional to M0�;++ and M0+;0+ interfereneAsin(fs)UT µ Im[M�0�;++M0+;0+℄: (3.1)In the handbag approah the amplitude M0�;++ µ t 0. Small PP ontribution to M0�;++ an notexplain this asymmetry- (dashed line in Fig. 2). Thus, the new suf�iently large ontribution to theM0�;++ amplitude is needed.It was found that at low Q2 the PM leptoprodution data also require ontributions fromtransversity GPDs HT and ĒT whih determine the amplitudes M0�;++ and M0+;++, respetively.Within the handbag approah the transversity GPDs are aompanied by a twist-3 meson wavefuntion in the hard amplitudeH [5℄ whih is the same for both the MM;tw�30�;++ amplitudesMM;tw�30�;++ µ Z 1�1 dxH0�;++(x; :::)HMT ; MM;tw�30+;++ µ p�t 04m Z 1�1 dxH0�;++(x; :::) ĒMT : (3.2)TheHT GPDs in the forward limit and x = 0 are equal to transversity PDFs d . We parameterizethe PDF d by using the model [12℄HaT (x;0;0) = d a(x); and d a(x) =CNaT x1=2 (1� x) [qa(x)+Dqa(x)℄: (3.3)The information on ĒT is obtained now only in the lattie QCD [13℄. The lower moments ofĒuT and ĒdT were found to be quite large, have the same sign and a similar size. We parameterizeēT PDF in the form (2.4) with parameters determined from the lattie estimations. The doubledistribution is used to alulate GPDs as before. Note that HuT and HdT GPDs have different signs.4
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Pion pole and transversity effets in hard exlusive meson leptoprodution Sergey GoloskokovThese properties of GPDs provide an essential ompensation of the ĒT ontribution in the p+amplitude, but HT effets are not small there. For the p0 prodution we have the opposite ase �the ĒT ontributions are large and the HT effets are smaller.We present here our results on the PM leptoprodution based on the handbag approah. Inalulation, we use the leading ontributions together with the transversity effets (3.2) whih areessential at low Q2. In Fig. 3 (left), we present the model results for the p0 prodution rosssetion [5℄. At small momentum transfer the HT ontribution is visible and provides a nonzeroross setion. At �t 0 � 0:2GeV2 the ĒT ontribution beomes essential and gives a maximumin the ross setion. A similar ontribution from ĒT is observed in the interferene ross setionsTT . The fat that we desribe well both unseparated s and sTT ross setions an indiate thattransversity effets were probably observed in CLAS [14℄. In Fig. 3 (right), we show the h and p0ross setion ratio obtained in the model [5℄. At small momentum transfer this ratio is ontrolledby the HT ontribution. At larger �t the ET ontributions beome important. The value about 1/3for the ross setion ratio in the momentum transfer �t 0 > 0:2GeV2 is a onsequene of the �avorstruture of the h and p0 amplitudes. This result was on�rmed by the preliminary CLAS data[15℄.
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Figure 3: Left: p0 prodution in the CLAS energy range together with the data [14℄. Dashed-dot-dottedline- s =sT +esL, dashed line-sLT , dashed-dotted-sTT . Right: h=p0 prodution ratio in the CLAS energyrange together with preliminary data [15℄.Now we show some our results for transversity effets in the VM leptoprodution. In thisase, the transversity M0�;++ and M0+;++ amplitudes have the form (3.2) but they are parametri-ally about 3 times smaller [16℄ with respet to the PM amplitudes. In alulations, we use thesame parameterizations for transversity GPDs HT and ĒT whih were used in our study of the PMleptoprodution and an be found in [5, 16℄.The importane of the transversity GPDs was examined in the SDMEs and asymmetries mea-sured with a transversely polarized target. The ĒT ontribution is essential in some SDMEs. Really,r500 � Re[M�0+;0+M0+;++℄; r100 ��jM0+;++j2; M0+;++ =< ĒT > : (3.4)Our results [16℄ for these SDMEs are shown in Fig.4, (left). They reprodue HERMES data [17℄well. 5
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Pion pole and transversity effets in hard exlusive meson leptoprodution Sergey Goloskokov
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Figure 4: Left:Transversity effets at SDMEs at W = 5GeV together with HERMES data [17℄. Right;Transversity effets in Asin(fs)UT moment of asymmetry at COMPASS together with data [18℄The sin(fs) moment of the AUT asymmetry is determined by the HT GPDs.Asin(fs)UT � Im[M�0�;++M0+;0+℄; M0�;++ =< HT > (3.5)This asymmetry is found to be not small at COMPASS [16℄ and ompatible with the data [18℄,Fig. 4, (right). Thus, we see that the transversity effets are important in the desription of PMand VM prodution at CLAS, HERMES and COMPASS energy. Our results are ompatible withexperimental data.4. Large unnatural parity effets in w prodution. Pion pole effets.The HERMES data on the spin density matrix element for the w prodution indiate strongontributions from unnatural parity ontribution. The natural and unnatural parity amplitudes anbe determined as MNm 0n 0;mn = 12 [Mm 0n 0;mn +(�1)m�m 0M�m 0n 0;�mn ℄;MUm 0n 0;mn = 12 [Mm 0n 0;mn � (�1)m�m 0M�m 0n 0;�mn ℄: (4.1)In most reations the unnatural parity (UP) ontributions are small with respet to the naturalone. However, in the w prodution at HERMES [7℄ it was found an unusual result: the ratio of theunnatural to the natural parity ross setionU1 = 2dsU(g�T !VT )+ edsU(g�L !VL)ds ; (4.2)whih was expeted to be small, was found to be larger than unity, see Fig.5, (left).Using GPDs from our analyses of hard meson leptoprodution we investigate [6℄ w SDMEsmeasured by the HERMES Collaboration [7℄. It was found that the PP ontribution, Fig.5, (right),6
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Pion pole and transversity effets in hard exlusive meson leptoprodution Sergey Goloskokov
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Figure 5: Left: U1-the unnatural to natural parity ross setion ratio at HERMES [7℄. Right: the PPontribution in the w prodution.whih has unnatural parity nature gives an important effet in the w prodution. The PP ontribu-tion to heliity amplitudes is ontrolled by the Vp0g transition form fator. The PP ontribution toheliity ampitudes looks like as follows:Mpole++;++ � rpVt�m2p mx Q2p1�x 2 ; Mpole+�;++ �� rpVt�m2p p�t 0Q22 (4.3)with rpV � gpV (Q2)gpN N FpNN(t): (4.4)The transition form fator gpV (0) is determined from the VM radiative deayG(V ! pg)� aelm24 jgpV (0)j2M3V : (4.5)We �nd jgpw (0)j= 2:3GeV�1; jgpr (0)j = :85GeV�1: (4.6)This means that jgpw j is about 3 times larger with respet to jgpr j and we should observe large PPeffets in w and small in r prodution. The Q2 dependene of gpV (Q2) was extrated from theU1data at Q2 < 4GeV2 [6℄, Fig.5 (left).In what follows we will disuss a omparison of our results on PP effets in the w and rprodution with data at HERMES energy. The natural and unnatural parity asymmetry PP= dsN(g�T !VT )�dsU(g�T !VT )dsN(g�T !VT )+dsU(g�T !VT ) (4.7)is an important example. If the UP ontribution is small, we �nd P� 1. If it is large, we have rathera different value for the P asymmetry. We �nd that with the PP ontribution the w asymmetryP��0:5 (full line) in agreement with experiment. While negleting the PP ontribution we obtainP� 0:5 (dashed line). Our results together with the HERMES data for w are shown in Fig.6, (left).In this �gure we show for omparison the model results for CLAS energy W = 3:5GeV by the7
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Pion pole and transversity effets in hard exlusive meson leptoprodution Sergey Goloskokovdotted line and for COMPASS energy W = 8GeV by the dash-dotted urve. It an be seen that atCOMPASS energies PP effets are rather small for w . For the r prodution PP effets are smalland the asymmetry P is lose to unity -see Fig.6, (right).
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Figure 6: Left: P(w) asymmetry at HERMES. Blak solid line- with PP, Red-dashed line -without PP. Blakdotted line-forW = 3:5GeV (CLAS), Blue dashed-dotted line forW = 8GeV (COMPASS). Right: P(r0) atHERMES. Blak solid with PP, Red-dashed -without PP.Interesting effets are observed in the ratio of the longitudinal and the transverse ross setionR' ds(g�L !VL)ds(g�T !VT ) (4.8)for the w and r prodution. The PP give an essential ontribution to amplitudes with transverselypolarized protons (4.3). As a result, the PP effets lead to a quite small R � 0:3 ratio for the wprodution at HERMES. This ratio is about R � 1:2 for the r prodution and lose to the w asewithout the PP ontribution, see Fig. 7, (left). In this �gure, we show for omparison our resultsfor the R ratio for the w prodution at CLAS and COMPASS energies.The model results for SDMEr0400 = ds(g�T !VL)+ eds(g�L !VL)ds (4.9)for the w prodution are shown in Fig. 7, (right). The r0400 SDME is onneted with the R ratio andwe �nd similar results for both observables, see Fig 7.The SDME r11�1 shows the differene of the natural and unnatural parity ontributionsr11�1 =�Imr21�1 = dsN(g�T !VT )�sU(g�T !VT )2ds : (4.10)Results for this SDMEs for the w prodution are shown in Fig. 8, (left). We see that the PP effetsare very strong here. With PP we �nd r11�1 � �0:2 and without PP r11�1 � 0:2. For the r mesonprodution results are shown on Fig. 9, (right). The PP ontribution is small here and the resultsare lose the to w ase without PP. 8
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Pion pole and transversity effets in hard exlusive meson leptoprodution Sergey Goloskokov
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Figure 7: Left: R(w); Right: r0400(w) at HERMES: Blak solid with PP, Red-dashed -without PP. Blakdotted-forW = 3:5GeV (CLAS), Blue dashed-dotted forW = 8GeV (COMPASS).
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Figure 8: Left: SDMEs for w at HERMES: Right: SDMEs for r . At HERMES: Blak solid with PP,Red-dashed -without PP.The SDME Imr61�1 is proportional to interferene of two UP amplitudesImr61�1 � ReMU(+�++)MU(+�0+): (4.11)Our model results show that the PP ontribution to unnatural parity amplitudes desribes well theQ2 and t dependenes of Imr61�1 SDME, see Fig. 9. Without PP this SDME is equal to zero.5. ConlusionThe exlusive eletroprodution of vetor and pseudosalar mesons was analyzed here withinthe handbag approah where the amplitude fatorizes [2℄ into the subproess amplitudes and GPDs,whih ontain information about the hadron struture. The hard subproess amplitude is alulatedwithin the k? fatorization sheme [3℄. The results based on this approah on the VM ross setions9
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Figure 9: SDME Im r61�1 for w at HERMES: Left: Q2 dependene of SDME ; Right: �t dependene ofSDMEs: Blak solid with PP, Red-dashed -without PPand various spin observables are in good agreement with data at HERMES, COMPASS and HERAenergies at high Q2 [1℄.The role of transversity HT and ĒT GPDs in leptoprodution of light mesons was investigatedwithin the framework of the handbag approah in [4, 5℄. The transversity GPDs in ombinationwith twist-3 meson wave funtions our in the amplitudes for transitions from a transverselypolarized virtual photon to a longitudinal polarized vetor meson. It was found that the transversityeffets are essential in the PM leptoprodution where they lead to large transverse ross setions,whih exeed substantially the leading twist longitudinal ross setion. There is an experimentalindiation that the transversity effets in the PM prodution were likely observed in CLAS [14℄. Inthe VM prodution, transversity ontributions were analysed [16℄ in SDMEs and in asymmetriesmeasured with a transversely polarized target where suh effets are essential. The results areonsistent with HERMES and COMPASS data [17, 18℄ on the r0 prodution.Using GPDs from our analyses of hard meson leptoprodution we investigated the w SDMEs[6℄ measured by the HERMES Collaboration [7℄. It was found that PP give an essential ontribu-tions to the w prodution. The PP ontribution explains the large unnatural-parity effets whihexeed the natural parity ontribution in the w prodution, as observed by HERMES. For examplethe ratio of the unnatural to the natural parity ross setion was found for w to be larger than unityinstead of the expeted small value. Results for the r prodution were presented too. The PPontribution in the r0 prodution is muh smaller with respet to the w ase, whih is onsistentwith experiment [17℄. Our results [6℄ are in good agreement with the HERMES experimental data[7, 17℄.This work is supported in part by the Russian Foundation for Basi Researh, Grant 12-02-00613 and by the Heisenberg-Landau program.
10
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