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HERMES: DVCS On Transversely Polarised Hydrogen 3Abstrat. Azimuthal asymmetries in exlusive eletroprodution of real photons aremeasured for the �rst time with respet to transverse target polarisation, providingnew onstraints on Generalized Parton Distributions. From the same data set on ahydrogen target, new results for the beam-harge asymmetry are also extrated withbetter preision than those previously reported. By omparing model alulationswith measured asymmetries attributed to the interferene between the deeply virtualCompton sattering and Bethe-Heitler proesses, a model-dependent onstraint isobtained on the total angular momenta arried by up and down quarks in the nuleon.PACS numbers: 13.60.-r 24.85.+p 13.60.Fz 14.20.Dh1. IntrodutionThe partoni struture of the nuleon has traditionally been desribed in terms ofParton Distribution Funtions (PDFs) of the parton's longitudinal momentum as afration of the nuleon's momentum in a frame in whih the nuleon is moving atalmost the veloity of light. These funtions appear in the theoretial desription of,e.g., Deep-Inelasti Sattering (DIS). However, in the ontext of the rapid theoretialdevelopments of the last deade, PDFs have been oneptually subsumed within thebroader framework of Generalized Parton Distributions (GPDs), whih also desribeelasti form fators and amplitudes for hard-exlusive reations leaving the targetnuleon intat [1, 2, 3℄. Most often disussed are the four twist-2 quark-hiralityonserving quark GPDs: the polarisation-independent distributions Hq and Eq andthe polarisation-dependent distributions eHq and eEq. The GPDs Hq and eHq onservenuleon heliity, while Eq and eEq are assoiated with a heliity ip of the nuleon. GPDsdepend on the kinemati variables x and �, whih represent respetively the average anddi�erene of the longitudinal momentum frations of the probed parton in the initial and�nal states. The variable � is typially nonzero in hard-exlusive reations. GPDs alsodepend on the squared four-momentum transfer t = (p� p0)2 to the nuleon, with p (p0)the four-momentum of the nuleon in the initial (�nal) state. PDFs and nuleon elastiform fators appear as kinemati limits (t! 0) and x-moments of GPDs, respetively.Strong interest in the formalism of GPDs and their experimental onstraint has emergedafter moments of ertain GPDs were found to relate diretly to the total (inludingorbital) angular momenta arried by partons in the nuleon, via the Ji relation [2℄:limt!0 Z 10 dx x (Hq(x; �; t) + Eq(x; �; t)) = Jq (1)This �nding o�ers for the �rst time a path towards solving the `nuleon spin puzzle' ofhow the heliities and orbital angular momenta of quarks and gluons ombine to formthe spin of the nuleon. More reent disussions have foused on the potential of GPDsas multi-dimensional representations of hadrons at the partoni level, orrelating thelongitudinal momentum fration with transverse spatial oordinates [4, 5, 6, 7, 8℄.
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Figure 1. Leading-order diagrams for (a) deeply virtual Compton sattering(handbag diagram) and (b) Bethe-Heitler proesses.2. Deeply virtual Compton satteringGeneralized Parton Distributions are aessible through exlusive proesses that involveat least two hard verties, yet leave the target nuleon intat. Among all presentlypratial hard exlusive probes, the Deeply Virtual Compton Sattering (DVCS)proess, i.e., the hard exlusive leptoprodution of a real photon (e.g., �N !  N 0),appears to have the most reliable interpretation in terms of GPDs. In eletroprodution,diret aess to the DVCS amplitude TDVCS is provided by the interferene between theDVCS and Bethe-Heitler (BH) proesses, in whih the photon is radiated from a quarkand from the lepton, respetively (see Fig. 1). Sine these proesses are intrinsiallyindistinguishable, the ross setion is proportional to the squared photon-produtionamplitude written asjTj2 = jTDVCSj2 + jTBHj2 + TDVCST�BH + T�DVCSTBH| {z }I ; (2)where `I' denotes the interferene term. The BH amplitude TBH is preiselyalulable from measured elasti form fators of the nuleon and provides the dominantontribution in Eq. 2 in the kinemati onditions of the present measurement. Theseamplitudes depend on Q2 = �q2 with q = k � k0 and k (k0) the four-momentum of thelepton in the initial (�nal) state, the variable xB = Q2=(2M�) with � = p � q=M andM the nuleon mass, and t. In addition, the amplitudes depend on � and, in the aseof a target polarisation omponent orthogonal to ~q, on �S, the azimuthal angles aboutthe virtual-photon diretion that are de�ned in Fig. 2. The dependenes on � relatedto beam heliity and beam harge have been investigated experimentally [9, 10, 11, 12℄,resulting in �rst onstraints on GPDs.At Leading Order (LO) in the �ne-struture onstant �em, the squared BHamplitude jTBHj2 is independent of the target polarisation with an unpolarised beam,and independent of the lepton harge. In ontrast, the squared DVCS amplitudejTDVCSj2 and the interferene term I an depend on the target polarisation even withan unpolarised beam, and the sign of the interferene term depends also on the lepton
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Figure 2. Momenta and azimuthal angles for exlusive eletroprodution of photonsin the target rest frame. The quantity � denotes the angle between the lepton planeontaining the three-momenta ~k and ~k0 of the inoming and outgoing lepton and theplane orrespondingly de�ned by ~q = ~k�~k0 and the momentum ~q 0 of the real photon.The symbol �S denotes the angle between the lepton plane and ~S?, the omponent ofthe target polarisation vetor that is orthogonal to ~q. These de�nitions are onsistentwith the Trento onventions [13℄.harge. For an unpolarised lepton beam and a transversely polarised nuleon target,these dependenes read [14, 15℄jTBH j2 = KBHP1(�)P2(�)�BH0;UU + nBH1;UU os�+ �BH2;UU os(2�)	o�; (3)jTDV CSj2 = KDVCS�DVCS0;UU + DVCS2;UU os(2�) + �DVCS1;UU os�	+ S?hDVCS0;UT sin (�� �S)+ DVCS2;UT sin(�� �S) os(2�)+ sDVCS2;UT os(�� �S) sin(2�) (4)+�DVCS1;UT sin(�� �S) os�+ sDVCS1;UT os(�� �S) sin�	i�;I = �KIelP1(�)P2(�)�I1;UU os�+ I3;UU os(3�)+�I0;UU + I2;UU os(2�)	+ S?hI1;UT sin (�� �S) os�+ sI1;UT os (�� �S) sin�+ I3;UT sin(�� �S) os(3�) + sI3;UT os(�� �S) sin(3�)+ �I0;UT sin (�� �S)+ I2;UT sin(�� �S) os(2�)+sI2;UT os(�� �S) sin(2�)	i�: (5)Here, S? denotes the magnitude of the transverse target polarisation, el the beamharge in units of the elementary harge, P1(�)P2(�) ontains the �-dependent leptonpropagators, and the braes enlose terms that are kinematially suppressed by 1=Q.The subsripts `UU' and `UT' denote an unpolarised beam with unpolarised andtransversely polarised targets, respetively. The dependenes of the oeÆients n



HERMES: DVCS On Transversely Polarised Hydrogen 6and sn on GPDs are elaborated in Ref. [15℄, where the kinemati fators K arede�ned. The fator KDVCS in Eq. 4 suppresses the squared DVCS amplitude by twoorders of magnitude relative to the interferene term in the kinematis of the presentmeasurement. Note that the azimuthal angles de�ned here are di�erent from those usedin Ref. [15℄ (� = � � �[15℄ and �� �s = � + '[15℄), leading to opposite signs for some ofthe oeÆients given below.The terms of partiular interest in this paper appear in bold fae in Eqs. 4 and 5.The orresponding oeÆients an be approximated asDVCS0;UT / � p�tM ImnHE��EH�+ �eE eH�� eH �eE�o ; (6)I1;UU / p�tQ Re�F1H + �(F1 + F2) eH� t4M2F2E� ; (7)I0;UU / � p�tQ I1;UU; (8)I1;UT / � MQ Im� t4M2 �(2� xB)F1E � 41� xB2� xBF2H�+xB� �F1(H + E)� (F1 + F2)( eH + t4M2 eE)�� ; (9)I0;UT / � p�tQ I1;UT; (10)sI1;UT / � MQ Im� t4M2 �41� xB2� xBF2 eH� (F1+ �F2)xBeE� (11)+ xB �(F1 + F2)��H+ t4M2E�� �F1( eH + xB2 eE)�� ;with the skewness � approximated by � � xB=(2 � xB). The Compton form fatorsH, E , eH and eE are onvolutions of hard sattering amplitudes with the orrespondingtwist-two quark GPDs Hq, Eq, eHq and eEq, while F1 and F2 are the nuleon Dira andPauli form fators [15℄. In Eqs. 6-11, the use of bold fae di�ers from that in Eqs. 4and 5. Here, the terms not in bold fae are suppressed relative to those in bold fae inthe same equation by either xB (or �) or t=M2, whih are of order 0.1 in the kinemationditions of this measurement. The terms ontaining xB eE (or � eE) are not suppressedbeause the pion-pole ontribution to eE sales as 1=xB.The oeÆients I0;UU and I1;UU provide an experimental onstraint on the real partof the Compton form fators, and an be used to test various models for GPDs as inRef. [12℄. Most importantly for the present work, the oeÆients DVCS0;UT , I0;UT and I1;UTprovide rare aess to the GPD E with no kinemati suppression of its ontributionrelative to those of the other GPDs. Measurements sensitive to these oeÆients mayprovide via the Ji relation (Eq. 1) an opportunity to onstrain parameterisations of theGPD Eq in terms of Jq [16℄. The oeÆient I0;UU (I0;UT) has approximately the samedependene on GPDs as I1;UU (I1;UT). The apparent overall suppression of I0;UU andI0;UT by p�t=Q with respet to I1;UU and I1;UT is ompensated by an enhanement from



HERMES: DVCS On Transversely Polarised Hydrogen 7y-dependent fators that are not shown, where y = p � q=p � k. These fators range fromtwo to four in the kinemati onditions of the present measurement. The previouslymentioned strong kinemati suppression of the squared DVCS amplitude relative to theinterferene term is partially ompensated by the unshown kinemati fators that applyto Eqs. 6, 9 and 10. The net suppression is only about one order of magnitude in theHERMES kinemati onditions, and some sensitivity to the GPD E may therefore beprovided by DVCS0;UT . The oeÆient sI1;UT provides experimental sensitivity to the GPDeE, and also to eH, whih was already probed experimentally through measurementsof longitudinal target-spin asymmetries [17, 18℄. The oeÆients DVCS2;UT , sDVCS2;UT , I3;UU,I3;UT and sI3;UT reeive twist-two ontributions involving the unknown gluon heliity-ipGPDs [19℄. These GPDs do not mix with quark GPDs via Q2 evolution and thus probethe intrinsi gluoni properties of the nuleon [20℄. As the ontribution of gluon heliity-ip is suppressed by the strong oupling onstant �S, this ontribution ompetes withthat from twist-four quark GPDs, whih is suppressed by a fator M2=Q2 but not by�s [21℄. Aside from DVCS0;UU and DVCS2;UU , all other oeÆients appearing in Eqs. 4 and 5 arerelated to twist-three quark GPDs.3. The experimentHard exlusive prodution of real photons in the reation ep" ! e0p0 is studied. Datawith a transversely polarised hydrogen target [22℄ were aumulated using the HERMESspetrometer [23℄ and the longitudinally polarised 27.6 GeV eletron and positron beamsof the HERA aelerator at DESY. This �nal data set with the transversely polarisedtarget was olleted over the years 2002-2005. The integrated luminosities for theeletron and positron samples are approximately 100 pb�1 and 70 pb�1, respetively.Events are seleted if there were deteted exatly one photon and one hargedtrak identi�ed as the sattered lepton. The hadron ontamination in the lepton sampleis kept below 1% by ombining the information from a transition-radiation detetor,a preshower sintillator detetor, and an eletromagneti alorimeter. The kinematirequirements imposed are 1 GeV2 < Q2 < 10 GeV2, 0.03 < xB < 0.35, and � < 22 GeV.The real photon is identi�ed through the appearane of a `neutral signal luster', whihis de�ned as an energy deposition larger than 5 GeV in the alorimeter with a signallarger than 1 MeV in the preshower detetor, and the absene of a orresponding hargedtrak in the bak region of the spetrometer. The angular separation �� between thevirtual and real photons is required to be larger than 5 mrad. This value is determinedmainly by the lepton momentum resolution. An upper bound of 45 mrad is imposed onthis angle in order to improve the signal-to-bakground ratio [24℄.The reoiling proton was not deteted. Instead, an `exlusive' sample of eventsis seleted by requiring the squared missing mass M2X = (q + p � q0)2 of the reationep ! e0X to be lose to the squared proton mass, where q0 is the four-momentum ofthe real photon. The seletion riterion was hosen by means of a Monte Carlo (MC)simulation of the distribution in M2X . The simulation is shown in omparison with
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Figure 3. Distributions in squared missing-mass from data with positron (�lledpoints) and eletron (empty irles) beams and from Monte Carlo simulations (solidline). The latter inlude elasti BH (dashed line) and assoiated BH (�lled area)proesses as well as semi-inlusive bakground (dotted line). The simulations and dataare both absolutely normalized. The vertial solid (dashed) lines enlose the seletedexlusive region for the positron (eletron) data. See text for details.experimental data in Fig. 3. In the MC simulation [25℄, the Mo-Tsai formalism [26℄is used for the elasti BH proess that leaves the target nuleon intat, as well asthe BH proess where the nuleon is exited to a resonant state (a ategory knownas assoiated prodution). For the latter, a parameterisation of the total �p rosssetion for the resonane region is used [27℄. The individual ross setions for single-meson deay hannels, e.g., �+ ! p�0, are treated aording to the Maid2000model [28℄. The remaining ontribution is assigned to multi-meson deay hannels,e.g., �+ ! p�0�0, whose relative ontributions are determined aording to isospinrelations. The simulation also takes into aount the semi-inlusive prodution of neutralmesons (mostly �0) where either only one deay photon is deteted or the deay photonsannot be resolved. For this, the MC generator Lepto [29℄ is used in onjuntion witha set of Jetset [30℄ fragmentation parameters that had previously been adjusted toreprodue multipliity distributions observed by HERMES [31℄. Not shown in Fig. 3 isthe ontribution from exlusive �0 prodution, whih is found to be less than 0.5% inthe exlusive region using the model in Ref. [32℄. The MC yield exeeds the data byabout 20% in the exlusive region. This may be due to radiative e�ets not inluded inthe simulation, whih would move events from the peak to the ontinuum and improvethe agreement [33℄. On the other hand, if the DVCS proess were inluded in thesimulation, its ontribution would inrease the elasti peak. This ontribution is highly



HERMES: DVCS On Transversely Polarised Hydrogen 9model-dependent and an vary between 10 and 25% [34℄. The exlusive region for thepositron data is hosen to be �(1:5 GeV)2 < M2X < (1:7 GeV)2, where the value of�(1:5 GeV)2 is displaed from the squared proton mass by three times the resolution inM2X , and the value of (1.7 GeV)2 is the point where the ontributions from the signal andbakground are equal. As theM2X spetrum of the eletron data is found to be shifted byapproximately 0.18 GeV2 towards smaller values relative to that of the positron data,the exlusive region for the eletron data is shifted aordingly. One quarter of thee�et of this shift on the results presented below is assigned as a systemati unertaintyontribution.As the reoiling proton remains undeteted, t is inferred from the measurementof the other �nal-state partiles. For elasti events (leaving the proton intat), thekinemati relationship between the energy and diretion of the real photon permits tto be alulated without using the measured energy of the real photon, whih is thequantity subjet to larger unertainty. Thus the value of t in the exlusive region isalulated as t = �Q2 � 2 � (� �p�2 +Q2 os ��)1 + 1M (� �p�2 +Q2 os��) ; (12)whih is exat for elasti events. Using this method, the average resolution (RMS) in tis improved from 0.11 to 0.03 GeV2. Exlusive events are seleted with �t < 0.7 GeV2in order to redue bakground.4. Azimuthal asymmetriesExperimental observables that provide sensitivity to the oeÆients appearing in Eqs. 4and 5 are the Beam-Charge Asymmetry (BCA)AC(�) � d�+(�)� d��(�)d�+(�) + d��(�) ; (13)and the Transverse Target-Spin Asymmetries (TTSAs)ADVCSUT (�; �S) �1S? � d�+(�; �S)� d�+(�; �S + �) + d��(�; �S)� d��(�; �S + �)d�+(�; �S) + d�+(�; �S + �) + d��(�; �S) + d��(�; �S + �) ; (14)AIUT(�; �S) �1S? � d�+(�; �S)� d�+(�; �S + �)� d��(�; �S) + d��(�; �S + �)d�+(�; �S) + d�+(�; �S + �) + d��(�; �S) + d��(�; �S + �) : (15)Here the subsripts on the A's represent dependene on beam Charge (C) or Transverse(T) target polarisation, with an Unpolarised (U) beam, and the supersripts � stand forthe lepton beam harge. These asymmetries are related to the oeÆients in Eqs. 3{5



HERMES: DVCS On Transversely Polarised Hydrogen 10by:AC(�) = � KIP1(�)P2(�) P3n=0 In;UU os(n�)KBHP1(�)P2(�) P2n=0 BHn;UU os(n�) +KDVCSP2n=0 DVCSn;UU os(n�) (16)' �KIhI1;UU os(�)iKBHBH0;UU ; (17)ADVCSUT (�; �S) =KDVCShP2n=0 DVCSn;UT sin(�� �S) os(n�) +P2n=1 sDVCSn;UT os(�� �S) sin(n�)iKBHP1(�)P2(�) P2n=0 BHn;UU os(n�) +KDVCSP2n=0 DVCSn;UU os(n�) ; (18)' KDVCSDVCS0;UT sin(�� �S)KBHP1(�)P2(�)BH0;UU (19)AIUT(�; �S) =� KIelP1(�)P2(�)hP3n=0 In;UT sin(�� �S) os(n�) +P3n=1 sIn;UT os(�� �S) sin(n�)iKBHP1(�)P2(�) P2n=0 BHn;UU os(n�) +KDVCSP2n=0 DVCSn;UU os(n�) (20)' �KIelhI1;UT sin(�� �S) os�+ sI1;UT os(�� �S) sin(�)iKBHBH0;UU : (21)HERMES reported the �rst measurement of the BCA [12℄, providing aess to I1;UU,the oeÆient of the os� modulation of the interferene term for an unpolarised target.The present paper reports more preise BCA results using a onsiderably larger newdata set from the �rst DVCS measurement done with transverse target polarisation.Most importantly, the extrated TTSAs provide aess to DVCS0;UT , I0;UT and I1;UT, whihare sensitive to the total angular momentum of quarks in the nuleon, as noted above.4.1. Extration of azimuthal asymmetry amplitudesThe distribution in the expetation value of the yield is given by:hN i(S?; el; �; �S) = L (S?; el) �(el; �; �S) �UU(�)�h1 + S?ADVCSUT (�; �S) + elAC(�) + elS?AIUT(�; �S)i: (22)Here L is the integrated luminosity, � the detetion eÆieny, and �UU the ross setionfor an unpolarised target averaged over both beam harges. The BCA AC(�) and theTTSAs ADVCSUT (�; �S) and AIUT(�; �S) in Eq. 22 are expanded in terms of the sameharmonis in � and �S as those appearing in Eqs. 4 and 5 (as well as the harmonisos(�� �S) sin(3�) and sin(�� �S) os(3�) in Eq. 24, inluded as a systemati hek):AC(�;�C) = 3Xn=0 Aos(n�)C os(n�); (23)



HERMES: DVCS On Transversely Polarised Hydrogen 11ADVCSUT (�; �S;�DVCSUT ) = 3Xn=0 Asin(���S) os(n�)UT;DVCS sin(�� �S) os(n�)+ 3Xn=1 Aos(���S) sin(n�)UT;DVCS os(�� �S) sin(n�); (24)AIUT(�; �S;�IUT) = 3Xn=0 Asin(���S) os(n�)UT;I sin(�� �S) os(n�)+ 3Xn=1 Aos(���S) sin(n�)UT;I os(�� �S) sin(n�): (25)Here �C, �DVCSUT and �IUT represent the sets of Fourier oeÆients or azimuthalasymmetry amplitudes, hereafter alled `asymmetry amplitudes', appearing in the right-hand sides of Eqs. 23{25 desribing respetively the dependenes of the squared DVCSamplitude and interferene term on beam Charge (C), Transverse (T) target polarisationor both, with an Unpolarised (U) beam. These 18 asymmetry amplitudes embody theessential sensitivities to GPD models of the oeÆients of the orresponding funtionsof � appearing in Eqs. 4 and 5, to the degree that one an neglet the e�ets of theoeÆients BH1;UU and BH2;UU and the squared unpolarised DVCS amplitude in Eqs. 18{20and the e�et of the �-dependene of the BH propagators. In any ase, the extratedasymmetry amplitudes are well de�ned and an be omputed in various GPD modelsfor diret omparison with the data. For eah kinemati bin in �t, xB or Q2, they aresimultaneously extrated from the observed exlusive event sample using the method ofMaximum Likelihood. The distribution of events is parameterised by the funtion Npar,whih is de�ned asNpar(S?; el; �; �S;�DVCSUT ;�C;�IUT) = L (S?; el) �(el; �; �S) �UU(�)�h1 + S?ADVCSUT (�; �S;�DVCSUT ) + elAC(�;�C) + elS?AIUT(�; �S;�IUT)i: (26)While the net beam polarisations of both positron and eletron data samples used inthe urrent measurement are not ompletely negligible (0:03 � 0:02 and �0:03 � 0:02,respetively), algebrai investigations (on�rmed by MC studies) show that this doesnot a�et the asymmetry amplitudes presented here. Not inluded in Eqs. 23-25 arenegligible terms involving the small omponent of the target polarisation that is parallelto ~q [35℄.Within the sheme known as Extended Maximum Likelihood [36℄, the likelihoodfuntion L to be minimized is taken as� lnL(�DVCSUT ;�C;�IUT) = eNpar(�DVCSUT ;�C;�IUT)� NoXi=1 lnh1 + Si?ADVCSUT (�i; �iS;�DVCSUT ) + eilAC(�i;�C)+ eilSi?AIUT(�i; �iS;�IUT)i; (27)



HERMES: DVCS On Transversely Polarised Hydrogen 12where No is the observed number of events, and the parameterised total number eNparof events is eNpar(�DVCSUT ;�C;�IUT) =Z dS? d� d�S Xel=�1Npar(S?; el; �; �S;�DVCSUT ;�C;�IUT): (28)The ross setion �UU and the detetion eÆieny � do not depend on �DVCSUT , �C or�IUT and thus annot a�et the loation of the likelihood maximum. Hene they havebeen omitted in the logarithms in Eq. 27. It is also not neessary to onsider themexpliitly in evaluating eNpar(�DVCSUT ;�C;�IUT) in Eq. 28, beause the needed informationabout them is enoded in the total yields obtained by ombining events for bothtarget polarisations and beam harges. Luminosity imbalanes between beam hargesor target polarisations are taken into aount by assigning weights wi to the events,whih are adjusted to provide e�etively vanishing net target polarisation and net beamharge for this ombined data set. The weights are normalized to also retain the sameintegrated luminosity L tot as the observed `unweighted' data sample. The resultingevent distribution orresponds to the produt L tot �(�; �S) �UU(�). In this manner, anevent distribution orresponding to Eq. 26 is onstruted to estimate the parameterisedtotal number of events in Eq. 28:eNpar(�DVCSUT ;�C;�IUT) � NoXi=1 wiL (S?; el)=L tot�h1 + Si?ADVCSUT (�i; �iS;�DVCSUT ) + eilAC(�i;�C) + eilSi?AIUT(�i; �iS;�IUT)i:4.2. Bakground orretions and systemati unertaintiesThe results from the minimization of Eq. 27 in eah kinemati bin are orreted forbakground from semi-inlusive and exlusive prodution of neutral mesons, mainlypions, in order to estimate the true asymmetry amplitude:At = Ar � s �As � e � Ae1� s� e ; (29)where Ar stands for the extrated raw asymmetry amplitude, and s and As (e andAe) the frational ontribution and orresponding asymmetry amplitude of the semi-inlusive (exlusive) bakground. The ombination of these bakground ontributionss+ e ranges from 2� 1% to 11� 5% in the kinemati spae [34℄. As these bakgroundontributions are only very weakly beam-harge dependent, their asymmetries withrespet to the beam harge or to the produt of the beam harge and the transversetarget polarisation are negleted. The asymmetry of the semi-inlusive �0 bakgroundwith respet to only the transverse target polarisation is extrated from experimentaldata by requiring two `neutral signal lusters' in the alorimeter with their invariant massbetween 0.10 and 0.17 GeV. The restrition on the energy deposition in the alorimeter



HERMES: DVCS On Transversely Polarised Hydrogen 13of the less energeti neutral signal luster is relaxed to 1 GeV to improve the statistialpreision. The frational energy of the reonstruted neutral pions is required to belarge, z = E�=� > 0:8, as only these ontribute to the exlusive region aordingto MC simulations [34℄. These simulations showed that the extrated �0 asymmetrydoes not depend on whether only one or both photons are in the aeptane. It isonvenient to use the diretion of the reonstruted pion in plae of that of the photonto alulate the azimuthal angles � and �S. For the exlusive �0 bakground, theasymmetry amplitudes with respet to only target polarisation are not extrated dueto the limited statistial preision but rather assumed to be 0 � 1. After applyingEq. 29, the resulting asymmetry amplitude At is expeted to originate from only elastiand assoiated prodution. On average 12% of the BH ross setion arises from thelatter [34℄, aording to the simulation desribed above. The kinemati dependenes ofthis ontribution are shown in Fig. 4. No orretion is made or unertainty assigned forassoiated prodution, as it is onsidered to be part of the signal.
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HERMES: DVCS On Transversely Polarised Hydrogen 17more than twie the total unertainty are found for the entire experimental aeptanefor two of the four amplitudes in Fig. 7 that reeive a ontribution from gluon heliity-ip, whih are Aos(���S) sin(2�)UT;DVCS and Aos(���S) sin(3�)UT;I . The asymmetry amplitudes relatedto the squared DVCS amplitude in the bottom two rows of Fig. 7 orrespond tooeÆients that do not appear in Eq. 4 as a onsequene of the one-photon exhangeapproximation. They are found to be onsistent with zero.6. Comparison with theoryThe data are ompared with various theoretial alulations to LO in �em and �s,whih do not aount for the ontributions of assoiated prodution. The alulationsshown in Figs. 5{7 employ variants of a GPD model developed in Refs. [32, 39℄.These are based on the widely used framework of double distributions involving aprodut of PDFs representing the forward limit and a pro�le funtion representing theskewness dependene [40℄. The forward limits of the GPDs Hq are onstruted usingthe MRST98 [41℄ parameterisation of PDFs evaluated at the measured Q2 value foreah data point. More modern parameterisations are expeted to result in a negligibledi�erene [16℄. In the model desription for eH and eE, the forward limit of the GPD eHis �xed by the quark heliity distributions �q(xB; Q2), while the GPD eE is evaluatedfrom the pion pole, whih provides only the real part. The 'pro�le parameters' bvaland bsea ontrol the skewness dependene of GPDs for the valene and sea quarks,respetively [40, 42℄. The t dependene of the GPDs is alulated in either the simplestansatz where the t dependene fatorises from the t{independent part Hq(x; �), or inthe Regge-inspired ansatz. The GPDs H and E are optionally modi�ed by the so-alled(t{independent) D{term [43℄ ontribution to the double-distribution part of the GPD,with a value alulated in the hiral{quark soliton model [44℄. The twist-three GPDsare treated in the Wandzura-Wilzek approximation, and the gluon heliity-ip GPDsare not inluded. The quark total angular momenta Jq of quarks and antiquarks ofavour q (q = u,d) enter as model parameters for the GPD E. The strange sea isnegleted. The omputational program of Ref. [45℄ is used. The alulation is doneat the average kinematis of every bin (see Table 1). For the omparison of the BCAamplitudes to the double-distribution model shown in Fig. 5, the model variations ofinterest are those that hange the GPD H, sine the impat of the GPDs eH and E issuppressed at HERMES kinemati onditions (see Eq. 7). Four di�erent variants areseleted by hoosing either a fatorised (Fa) or a Regge-inspired (Reg) t dependene,eah with or without the ontribution of the D-term. While these four variants lead tovery di�erent model preditions for Aos�C as illustrated in the �gure, the variation ofthe pro�le parameters bval and bsea lead to smaller hanges [24℄. However, by omparingthe data for the os� amplitude with preditions of all four variants of this model inombination with four spei� sets of values for the pro�le parameters, it is found thatthe alulation using the Regge-inspired t dependene without the D{term and bval =1,bsea = 1 results in a on�dene level muh higher than all the alternatives. Here, b = 1



HERMES: DVCS On Transversely Polarised Hydrogen 18orresponds to a substantial skewness dependene, whih is eliminated for b = 1. Allthe variants shown in Fig. 5 are alulated using pro�le parameter values that yieldthe best agreement with data (see Table 3). For any hoie of the pro�le parameters,the variant Regge with a D-term is exluded, while the fatorised ansatz is disfavouredeither with or without the D-term. The fatorised t dependene is also disfavoured ontheoretial grounds [46, 47℄.The theoretial alulations of the TTSA amplitudes shown in Figs. 6 and 7 aremade using the Regge inspired t dependene without the D-term and bval = 1 andbsea = 1, a ombination that is favoured by the BCA data as desribed above. However,while the alulated TTSA amplitudes are less sensitive to that hoie, some of themare quite sensitive to the hoie of the quark total angular momenta Jq [16℄. Thissensitivity is illustrated by the urves in Fig. 6 evaluated with three di�erent valuesof Ju (0.2, 0.4, 0.6), while �xing Jd = 0 [16℄. Although this model fails to desribethe data for Asin(���S)UT;DVCS , the model urves on�rm the expetation from Eqs. 6, 9 and10 that the TTSA amplitudes Asin(���S)UT;DVCS , Asin(���S) os �UT;I and Asin(���S)UT;I have signi�antsensitivity to Ju. However, for this double-distribution model, the amplitudes related tothe interferene term are in reasonable agreement with the data, of whih Asin(���S) os�UT;Ihas the greatest sensitivity. The urves in Fig. 5 and 7 are evaluated with �xed Ju = 0:4and Jd = 0, sine the sensitivity here to Ju and Jd is negligible.The BCA amplitude Aos �C and the TTSA amplitudes Asin(���S)UT;I and Asin(���S) os�UT;Iare also ompared to alulations based on the `dual-parameterisation' model ofGPDs [48, 49℄ in Figs. 8 and 9. Calulations for all other amplitudes are not shownsine the model ontains neither GPDs eH and eE nor higher-twist ontributions. Forthe BCA amplitude, the urves in Fig. 8 are evaluated with �xed Ju = Jd = 0,whih best desribes the TTSA amplitudes as disussed below. The t dependeneof the GPDs is assumed to be either fatorised and exponential, or non-fatorisedand Regge-inspired [39℄. Both hoies desribe the BCA data equally well, but witha smaller on�dene level (�2/d.o.f.=2.2 for both Fa and Reg) than the favoureddouble-distribution model desribed above. On the other hand, the existing beam-spinasymmetry data [51℄ are better desribed by this dual-parameterisation model. TheRegge-inspired variant of this model with Ju = 0, 0.2, and 0.4, and Jd = 0 is used forthe alulations shown in Fig. 9. It is apparent that also in the dual-parameterisationmodel, the amplitudes Asin(���S) os�UT;I and Asin(���S)UT;I are sensitive to Ju.7. Quark total angular momentumIn either GPD model disussed above, the GPD E is parameterised in terms of Juand Jd [39, 16℄. In both ases these two parameters are �t to the measured overallTTSA amplitudes Asin(���S) os�UT;I and Asin(���S)UT;I appearing in the left olumn of Figs. 6and 9, respetively. The other parameters for the respetive GPD models are the sameas used for the urves in Figs. 6 or 9. The area in the (Ju, Jd)-plane in whih theredued �2��2min value is not larger than unity orresponds to a one-standard-deviation
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Figure 10. Model-dependent onstraints on u-quark total angular momentum Juvs d-quark total angular momentum Jd, obtained by omparing DVCS experimentalresults and theoretial alulations. The onstraints based on the HERMES datafor the TTSA amplitudes Asin (���S) os�UT and Asin(���S)UT;I use the double-distribution(HERMES DD) [32, 39℄ or dual-parameterisation (HERMES Dual) [49℄ GPD models.The additional band (JLab DD) is derived from the omparison of the double-distribution GPD model with neutron ross setion data [55℄. Also shown as small(overlapping) retangles are results from lattie gauge theory by the QCDSF [52℄ andLHPC [47℄ ollaborations, as well as a result for only the valene quark ontribution(DFJK) based on zero-skewness GPDs extrated from nuleon form fator data [53, 54℄.The sizes of the small retangles represent the statistial unertainties of the lattiegauge results, and the parameter range for whih a good DFJK �t to the nuleon formfator data was ahieved. Theoretial unertainties are unavailable.results from �tting the two azimuthal amplitudes separately were found to be onsistent.The large di�erene between the onstraints obtained using the double-distributionand dual-parameterisation models is an indiation of a large model dependene of the(Ju; Jd) onstraint obtained, whih may be related to the failure of both models to fullydesribe all other available DVCS data. Both onstraints are onsistent with results,also shown in Fig. 10, from unquenhed lattie gauge simulations by the QCDSF [52℄and the LHPC [47℄ ollaborations. The statistial unertainties of the lattie gaugeresults are omparable to the size of the plotted symbols. The QCDSF alulation ofthe �rst moments of the GPDs, the so-alled generalized form fators, is based on asimulation using dynamial Wilson fermions with pion masses down to 350 MeV. Thedynamial LHPC alulation is based on a hybrid approah of rooted staggered sea and



HERMES: DVCS On Transversely Polarised Hydrogen 21domain wall valene quarks. In both alulations the generalized form fators have beensimultaneously extrapolated in t and m2� to t = 0 and the physial point, respetively,using the same results from hiral perturbation theory. Both alulations inlude onlyontributions from onneted diagrams. The unertainties are primarily statistial butinlude some systemati unertainties from the hiral, ontinuum and in�nite volumeextrapolations. Also shown in Fig. 10 is a result for only the valene ontributionto the quark total angular momenta [53, 54℄. It is based on the extration of zero-skewness GPDs from nuleon form fator data, assuming handbag diagram dominaneand exploiting well known sum rules. The size of the plotted symbol orresponds to theparameter range for whih a good �t to the nuleon form fator data was ahieved.Table 1. Results of partiular interest for the asymmetry amplitudes of theasymmetries with respet to the beam harge and transverse target polarisation forthe exlusive sample.kinemati bin h�ti hxBi 
Q2� Aos (0�)C Aos �C Asin (���S)UT;DVCS(GeV2) (GeV2) �Æstat � Æsyst �Æstat � Æsyst �Æstat � Æsystoverall 0.12 0.09 2.5 �0:011� 0:010� 0:017 0:043� 0:014� 0:015 �0:073 � 0:024 � 0:0080.00{0.06 0.03 0.08 1.9 0:010� 0:016� 0:010 �0:003� 0:022� 0:012 �0:070 � 0:041 � 0:009�t(GeV2 ) 0.06{0.14 0.10 0.10 2.5 �0:006� 0:019� 0:017 0:015� 0:026� 0:011 �0:067 � 0:043 � 0:0170.14{0.30 0.20 0.11 2.9 �0:026� 0:022� 0:018 0:120� 0:030� 0:012 �0:066 � 0:050 � 0:0110.30{0.70 0.42 0.12 3.5 �0:074� 0:036� 0:024 0:163� 0:052� 0:007 �0:153 � 0:080 � 0:0150.03{0.07 0.10 0.05 1.5 �0:006� 0:017� 0:009 0:051� 0:024� 0:008 �0:008 � 0:051 � 0:008x B 0.07{0.10 0.10 0.08 2.2 �0:027� 0:019� 0:014 0:032� 0:027� 0:012 �0:079 � 0:049 � 0:0100.10{0.15 0.13 0.12 3.1 0:000� 0:022� 0:014 0:037� 0:030� 0:011 �0:105 � 0:047 � 0:0130.15{0.35 0.20 0.20 5.0 �0:003� 0:029� 0:021 0:029� 0:039� 0:022 �0:201 � 0:058 � 0:0271.0{1.5 0.08 0.06 1.2 �0:014� 0:019� 0:016 0:025� 0:026� 0:011 0:044 � 0:056 � 0:012Q2 (GeV2 ) 1.5{2.3 0.10 0.08 1.9 �0:004� 0:018� 0:016 0:070� 0:026� 0:015 �0:080 � 0:046 � 0:0102.3{3.5 0.13 0.11 2.8 �0:023� 0:021� 0:015 0:058� 0:030� 0:008 �0:113 � 0:049 � 0:0123.5{10.0 0.19 0.17 4.9 �0:003� 0:023� 0:016 0:005� 0:032� 0:014 �0:143 � 0:048 � 0:015kinemati bin h�ti hxBi 
Q2� Asin (���S)UT; I Asin (���S) os �UT; I Aos (���S) sin�UT; I(GeV2) (GeV2) �Æstat � Æsyst �Æstat � Æsyst �Æstat � Æsystoverall 0.12 0.09 2.5 0:035� 0:024� 0:024 �0:164� 0:039� 0:023 0:005 � 0:040 � 0:0150.00{0.06 0.03 0.08 1.9 �0:030� 0:031� 0:008 �0:152� 0:068� 0:026 �0:100 � 0:069 � 0:044�t(GeV2 ) 0.06{0.14 0.10 0.10 2.5 0:022� 0:044� 0:021 �0:073� 0:068� 0:008 0:054 � 0:076 � 0:0300.14{0.30 0.20 0.11 2.9 0:133� 0:050� 0:025 �0:244� 0:078� 0:028 0:144 � 0:083 � 0:0200.30{0.70 0.42 0.12 3.5 0:085� 0:082� 0:028 �0:294� 0:126� 0:026 0:024 � 0:113 � 0:0290.03{0.07 0.10 0.05 1.5 0:083� 0:051� 0:021 �0:166� 0:084� 0:047 �0:034 � 0:081 � 0:025x B 0.07{0.10 0.10 0.08 2.2 0:037� 0:048� 0:021 �0:148� 0:078� 0:034 �0:078 � 0:080 � 0:0150.10{0.15 0.13 0.12 3.1 �0:033� 0:048� 0:021 �0:100� 0:072� 0:020 0:078 � 0:073 � 0:0250.15{0.35 0.20 0.20 5.0 0:048� 0:055� 0:024 �0:182� 0:084� 0:026 0:066 � 0:088 � 0:0561.0{1.5 0.08 0.06 1.2 0:117� 0:056� 0:024 �0:174� 0:092� 0:047 �0:034 � 0:093 � 0:018Q2 (GeV2 ) 1.5{2.3 0.10 0.08 1.9 �0:043� 0:046� 0:026 �0:170� 0:073� 0:031 �0:036 � 0:079 � 0:0202.3{3.5 0.13 0.11 2.8 0:066� 0:049� 0:028 �0:249� 0:078� 0:025 0:028 � 0:076 � 0:0263.5{10.0 0.19 0.17 4.9 �0:002� 0:049� 0:020 �0:059� 0:072� 0:011 0:056 � 0:079 � 0:035



HERMES: DVCS On Transversely Polarised Hydrogen 228. ConlusionsTransverse target-spin azimuthal asymmetries in eletroprodution of real photonsare measured for the �rst time, and for both beam harges. A ombined �t ofthis data set separates for the �rst time the azimuthal harmonis of the squaredDVCS amplitude and the interferene term. The extrated harge asymmetry ofthe interferene term is muh more preise than previously published results, andonstrains models for Generalized Parton Distributions. By omparing GPD-modelalulations with extrated azimuthal asymmetry amplitudes assoiated with bothbeam harge and transverse-target polarisation, a model-dependent onstraint onthe total angular momenta arried by u and d-quarks in the nuleon is obtainedas Ju + Jd=2:8 = 0:49 � 0:17(exptot) using a double-distribution GPD model, andJu + Jd=2:8 = �0:02� 0:27(exptot) using the dual-parameterisation model. Thus, suhdata have the potential to provide quantitative information about the spin ontent ofthe nuleon when GPD models beome available that fully desribe all existing DVCSdata. Table 2. Systemati unertainties of the results of partiular interest for the azimuthalamplitudes of the asymmetries with respet to the beam harge and transversetarget polarisation for the exlusive sample. Those results involving transversetarget polarisation are also subjet to an additional 8.1% sale unertainty from thedetermination of the target polarisation.
Soure Aos(0�) C Aos� C Asin(��� S) UT;DVCS Asin(��� S) UT;I Asin(��� S)os� UT;I Aos(��� S)sin� UT;IM2X shift 0.004 0.001 0.000 0.000 0.001 0.001Bakground orretion 0.000 0.001 0.005 0.001 0.004 0.000Calorimeter alibration 0.001 0.003 0.002 0.002 0.005 0.003Aeptane, bin width, alignment 0.017 0.015 0.002 0.024 0.019 0.014
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