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2PACS numbers: 13.60.-r, 13.60.Le, 13.85.Lg, 14.20.Dh, 14.40.AqThe interest in hard exlusive proesses has grownsine a Quantum Chromodynamis (QCD) fatorizationtheorem was proven for the hard eletroprodution ofmesons by longitudinal photons [1℄. It was shown thatat leading order in the strong-oupling onstant �S andin the �ne-struture onstant � the amplitude for suhreations an be fatorized into three parts (see left panelof Fig. 1): a hard lepton-sattering part, whih an bealulated in Quantum Eletrodynamis and in perturba-tive QCD (pQCD), and two soft parts that parametrizethe struture of the target nuleon by Generalized Par-ton Distributions (GPDs) [2, 3, 4℄ and the struture ofthe produed meson by a distribution amplitude. TheGPDs o�er the possibility to reveal a three-dimensionalrepresentation of the struture of hadrons at the partonilevel, orrelating the longitudinal momentum fration totransverse spatial oordinates [5, 6, 7, 8, 9℄. For reenttheoretial reviews, see Refs. [10, 11, 12℄.The amplitude for exlusive eletroprodution ofmesons with spei� quantum numbers is desribed bya partiular ombination of GPDs. At leading twist, ex-lusive vetor-meson prodution is sensitive to only un-polarized GPDs (H and E), while pseudosalar-mesonprodution is sensitive to polarized GPDs ( eH and eE)without the need for a polarized target or beam. More-over, for �+ prodution, the pseudosalar ontributioninvolving eE dominates at small momentum transfer tothe target as it ontains the t�hannel pion-pole ontri-bution. The omplete amplitude of that ontribution to�+ prodution also ontains the pion harge form fa-tor [13, 14℄.At moderate virtuality of the exhanged photon, next-to-leading-order (NLO) in �S and higher-twist orre-tions to the pQCD leading-order amplitude an on-tribute. Two di�erent types of higher-twist orretions,jointly denoted by the term \power orretions", havebeen estimated in the ase of �+ prodution [15℄: onearising from the intrinsi transverse momentum of thepartons, and the other resulting from the soft-overlapdiagram. In ontrast to the leading-order perturbativemehanism, the latter, shown on the right panel of Fig. 1,does not proeed through one-gluon exhange. Althoughsigni�ant NLO orretions have been alulated [16, 17℄,the higher-twist orretions dominate for the virtuality ofthe exhanged photon of the present data.Alternatively, exlusive proesses an be desribed atthe hadroni level within the Regge formalism (e.g. [18℄)where the interation between the virtual photon and�Present address: National Center of Partile and High EnergyPhysis, Belarusian State University, 22040 Minsk, BelarusyPresent address: CERN, Geneva, Switzerland
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FIG. 1: Leading-order (left panel) and soft-overlap (rightpanel) diagram for the exlusive �+ eletroprodution ampli-tude.the nuleon is desribed in terms of Regge-trajetory ex-hanges in the t-hannel. This approah an desribephotoprodution [19℄ and eletroprodution [20℄ of pseu-dosalar mesons above the resonane region. In the latterase, meson prodution by both transverse and longitu-dinal photons ontribute and an be alulated withinthe Regge formalism.This letter reports a measurement of the virtual-photon ross setion for the hard exlusive reation ep!en�+ on a hydrogen target. The relevant kinemativariables of the proess are the squared four-momentum�Q2 of the exhanged virtual photon, either the Bjorkenvariable xB = Q2=2Mp� (where Mp is the proton massand � is the energy of the virtual photon in the targetrest frame) or the squared invariant mass of the photon-nuleon system W 2, the Mandelstam variable t, and theazimuthal angle � of the pion around the virtual pho-ton momentum relative to the lepton sattering plane.Instead of t, the quantity t0 = t � t0 was used in theanalysis, where �t0 represents the minimum value of �tfor a given value of Q2 and xB .The virtual-photon ross setion has been previouslymeasured above the resonane region (forW 2 > 4 GeV2)at Cea [21℄, Cornell [22℄, Desy [23℄, and more reentlyat JLab [24, 25℄. The present measurement extends thekinemati region to higher values ofW and higher valuesof �t0.The data were olleted with the Hermes spetrom-eter [26℄ during the period 1996-2005. The 27.6 GeVHera eletron or positron beam at Desy sattered o�polarized and unpolarized proton targets. Events wereseleted in whih only one lepton and one positivelyharged hadron were deteted and in whih no additionalluster was reorded by the eletromagneti alorimeter.The Hermes geometrial aeptane of �170 mrad hor-izontally and �(40 � 140) mrad vertially results in de-teted sattering angles ranging from 40 to 220 mrad.Leptons were distinguished from hadrons with an averageeÆieny of 98% and a hadron ontamination less than1% by using an eletromagneti alorimeter, a transition-radiation detetor, a preshower sintillation ounter, and



3a threshold gas �Cerenkov ounter. In 1998 the thresh-old gas �Cerenkov ounter was replaed by a Ring Imag-ing �Cerenkov detetor [27℄. The threshold gas �Cerenkovounter (Ring Imaging �Cerenkov detetor) provided pionidenti�ation in the momentum range 4:9 GeV < p < 15GeV (1 GeV < p < 15 GeV). For the exlusive datasample, the pion momentum was required to be 7 GeV< p < 15 GeV. For this momentum range, the pion iden-ti�ation eÆieny is on average 97% (99%) and the on-tamination from other hadrons less than 3% (2%) for thethreshold gas �Cerenkov ounter (Ring Imaging �Cerenkovdetetor).The kinemati requirement Q2 > 1 GeV2 was imposedon the sattered lepton in order to selet the hard sat-tering regime. The value ofW 2 was required to be higherthan 10 GeV2 to avoid the low-aeptane region forthe hadron de�ned by the spetrometer upper angularlimit of 220 mrad. The resulting kinemati range is 1GeV2 < Q2 < 11 GeV2 and 0:02 < xB < 0:55. Themean W 2 value of the data is 16 GeV2.As the reoiling neutron was not deteted, exlu-sive meson prodution was seleted by requiring thatthe squared missing mass M2X of the reation ep !e�+X orresponds to the squared neutron mass. Dueto the limited experimental resolution, the exlusive �+hannel annot be separated from the neighboring han-nels (de�ned as bakground hannels) with �nal statessuh as �+ + (N�) and �+ + (N��), as their M2X valuesan be smeared into the region orresponding to exlusive�+ hannel. In order to subtrat the bakground han-nels, whih annot be fully desribed by existing MonteCarlo simulations, a two-step proedure was developed.In the �rst step, the yield di�erene between �+ and ��was used. In this yield di�erene, exlusive �+ eventsremain as the exlusive prodution of �� on a hydro-gen target with a reoiling nuleon in the �nal state isforbidden by harge onservation. Bakground eventsarising from the prodution of neutral vetor mesonsanel as they ontribute equally to �+ and �� pro-dution. In the seond step, the Pythia Monte Carlogenerator [28℄ was used in onjuntion with a speialset of Jetset [29℄ fragmentation parameters tuned toprovide an aurate desription of deep inelasti hadronprodution in the Hermes kinemati domain. The dif-ferene N�+ � N�� , where N represents the yield nor-malized by the integrated luminosity L, is well desribedby Pythia if pion momenta larger than 7 GeV are re-quired. The latter onstraint removes mainly bakgroundevents for whih Q2 < 3 GeV2. The upper panel of Fig. 2shows theM2X dependene of the normalized-yield di�er-ene N�+ �N�� for the data and for the Pythia MonteCarlo simulation. The Monte Carlo sample desribesthe data for values of the squared missing mass higherthan 2 GeV2, i.e., outside the region orresponding toexlusive �+ prodution. Finally, the exlusive �+ yieldwas obtained by subtrating the normalized-yield di�er-
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FIG. 2: Upper panel: squared missing-mass dependene ofthe normalized-yield di�erene N�+ � N�� for data (�lledpoints) and Pythia Monte Carlo (histogram). The error barsrepresent the statistial unertainty. Lower panel: squaredmissing-mass dependene of the normalized-yield after bak-ground subtration proedure. The data (�lled points) areompared to a Monte Carlo sample for exlusive �+ produ-tion (histogram) normalized to the data. The inner error barsrepresent the statistial unertainties and the outer error barsrepresent the quadrati sum of statistial and systemati un-ertainties. The latter originate from the bakground subtra-tion proedure. The dashed vertial line indiates the squaredneutron mass.ene of the Pythia Monte Carlo from that of the data:Nexl�+ = (N�+ �N��)data� (N�+ �N��)PYTHIA. The lowerpanel of Fig. 2 shows the peak orresponding to exlu-sive �+ prodution resulting from this double di�erene.The peak is entered at the squared neutron mass andits width of 0.67 GeV2 is onsistent with that of a MonteCarlo sample for exlusive �+ prodution normalized tothe data. The Monte Carlo, denoted as exlusive MonteCarlo, is based on a GPDmodel [15℄ and will be desribedbelow. As Pythia does not simulate nuleon resonaneprodution, the agreement of the exlusive Monte Carlosample with the data for the double di�erene is an in-diation that there is very little ontribution from reso-nant hannels (�+ + �0 for �+ and �� + �++ for ��)to the normalized-yield di�erene N�+ � N�� . In orderto estimate the systemati unertainty of the bakgroundsubtration, the Pythia Monte Carlo normalized-yielddi�erene (N�+ � N��)PYTHIA was hanged by the dis-repany between that normalized-yield and the data inthe region 3 < M2X < 7 GeV2. The disrepany amountsto between 20% and 50%, depending on the spei� kine-



4mati bin in Q2, xB , or t0. The largest disrepanies or-respond to the least populated bins (Q2 > 4 GeV2 and�t0 > 0:3 GeV2). An upper limit on M2X of 1.2 GeV2was hosen in order to optimize the ombined statistialand systemati unertainties for the number of exlusiveevents. The resulting relative systemati unertainty forthe number of exlusive events ranges from 5% to 20%.Within the M2X limit, the fration of bakground eventsin the normalized-yield di�erene N�+ � N�� estimatedwith Pythia amounts to 20%. The number of �+ eventsafter bakground subtration is 4510.As the reoiling neutron was not deteted, t0 was de-termined from the measurement of the four-momenta ofthe sattered lepton and the produed pion. In order toimprove the resolution for exlusive events, t0 was alu-lated by setting MX = Mn. This o�ered the possibilityto disard the lepton energy, the quantity subjet to thelargest unertainty for the present data sample. Thisproedure results in a fator of two improvement in thet0 resolution. The same alulation was applied to thePythia Monte Carlo events that were used to subtratthe bakground.The di�erential ross setion for exlusive �+ produ-tion by virtual photons an be written asd��p!n�+(xB ; Q2; t0; �)dt0d� =1�V (xB ; Q2) d�ep!en�+ (xB ; Q2; t0; �)dxBdQ2dt0d� ; (1)where �V is the virtual-photon ux fator. Within theHand onvention [30℄, this ux fator is�V (xB ; Q2) = �8� 1M2pE2 Q2x3B 1� xB1� � ; (2)where E is the beam energy and � is the virtual-photon polarization parameter. The t0 dependene of thephoton-nuleon di�erential ross setion integrated over� were extrated from the data as follows:d��p!n�+(xB ; Q2; t0)dt0 = 1�V : Nexl�+L �xB �Q2 �t0 � � ; (3)where Nexl�+ is the number of �+ events after bakgroundsubtration, � is the probability to detet the satteredlepton and the produed �+ within the Hermes spe-trometer aeptane, and � is the radiative orretionfator. These quantities were determined for eah kine-mati bin. The symbols �xB , �Q2, and �t0 denote thebin size, whih was hosen aording to the statistialpreision, instrumental resolution, and kinemati smear-ing a�eting eah individual bin. The t0 dependene ofthe di�erential ross setion d�(xB ;Q2;t0)dt0 was determinedfor four Q2 bins and the Q2 dependene of the ross se-tion integrated over t0, �(xB ; Q2), for three xB bins.

The detetion probability � was determined using anexlusive �+ Monte Carlo simulation based on a GPDmodel [15℄ and a Geant simulation [31℄ of the detetor.The variable � is the ratio between the number of simu-lated events reonstruted in the Hermes spetrometerand the number of generated events. These numbers wereevaluated at the reonstruted and generated kinematisrespetively and were integrated over the bin size andover � (and t0 for the determination of �(xB ; Q2)). Thevariable � represents the ombined e�et of the spetrom-eter aeptane, the analysis onstraints (suh as theM2Xonstraint) and the detetor eÆienies. For the GPDmodel [15℄, the power orretions were inluded and thefatorized ansatz was used for the t0 dependene. How-ever, the t0 and � dependenes were modi�ed in orderto desribe the data. Radiative events were inluded inthe Monte Carlo simulation aording to the ode Rad-gen [32℄ adapted to exlusive meson prodution usingthe GPD model [15℄. Fig. 3 shows good agreement be-tween the kinemati distributions of the data and of theexlusive Monte Carlo sample (whih is normalized to thedata by a onstant fator) with the exeption of yields athigh values of Q2, x and espeially�t0.The alulated spetrometer aeptane ranges from0.1 to 0.7 depending on the kinemati bin, while the eÆ-ieny of the detetors and analysis onstraints togetheramounts to about 0.4{0.5. The ombination of both leadsto � values ranging from 0.04 to 0.28. The model depen-dene of the determination of � was estimated by usingthe GPD parametrization [15℄ with di�erent t0 and � de-pendenes and by using a di�erent GPD parametriza-tion [33℄ for the Q2 and xB dependenes. It was furtherstudied to what degree the relevant kinemati variablesQ2, t0 and � are orrelated by the detetor aeptane.These model dependenes amount to a relative system-ati unertainty in � of less than 15%.Events an be smeared from one bin to another bymultiple sattering and bremsstrahlung. This e�et wasinluded in the determination of the detetion probability�. With the seleted bin sizes, the fration of events thatmigrate out of (into) a ertain kinemati bin is on average12% (15%) and is always below 25% (35%) aording tothe exlusive Monte Carlo simulation.The Born ross setion was extrated using the radia-tive orretion fator �, whih was determined from theratio of Monte Carlo samples with and without radiativee�ets. The value of � was found to be 0:77 with littlevariation (less than 3%) as a funtion of Q2, xB or t0 withthe onstraints applied to the data to selet exlusive �+prodution.The mean values for xB , Q2, and t0 for eah kinematibin were estimated from distributions generated at Bornlevel by the exlusive Monte Carlo simulation. The uxfator in Eq. 3 was determined for these mean values ofQ2 and xB . The resulting ross setions were orretedfor bin-averaging e�ets to take into aount the nonlin-
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presene of the pion pole at low �t0, the longitudinalpart of the ross setion is expeted to dominate in thisregion. In Fig. 4 and 5, desribed below, the data areompared to alulations for the longitudinal part of theross setion omputed using a GPD model [15℄ and toalulations for the total ross setion omputed using aRegge model [36℄. The ross setions are alulated forthe mean values of xB , Q2, and t0 of the experimentaldata in eah bin.Fig. 4 shows the t0 dependene of the di�erential rosssetion for four Q2 bins. As Q2 is losely related to xB(due to the Hermes aeptane as well as the upperlimit on the pion momentum) low values of Q2 orre-spond to low values of xB . The dashed-dotted lines inFig. 4 show the leading-order alulations of the longi-tudinal part omputed using the GPD model [15℄. TheGPD eE is onsidered to be dominated by the t�hannelpion-pole and the pseudosalar ontribution to the rosssetion is parametrized in terms of the pion eletromag-neti form fator F�. A Regge-inspired t0 dependeneis used for eE. The GPD eH is negleted here as eE is ex-peted to dominate the ross setion at low�t0. The solidlines inlude the power orretions due to the intrinsitransverse momentum of the partons and due to the soft-overlap ontribution, the latter being dominant. Whilethe leading-order alulation strongly underestimates thedata, the alulations inluding power orretions agreewith the data for �t0 < 0:3 GeV2 for the four Q2 bins. Asthe GPD model requires �t0 to be muh smaller than Q2,the alulations are not expeted to desribe the full t0range. Furthermore, at larger �t0, the data may reeivea signi�ant ontribution from the transverse part of theross setion, whih is not desribed by the GPD model.Fig. 5 shows the Q2 dependene of the ross setion inte-grated over t0 for three xB bins. The Q2 dependene ofthe data is in general well desribed by the alulations



6
1

10

10 2

0 0.5 1 1.5 2 0 0.5 1 1.5 2 0 0.5 1 1.5 2 0 0.5 1 1.5 2

d
σ/

d
t′ 

( 
n

b
/G

eV
2  )

-t′ ( GeV2 )

1 < Q2 < 2 GeV2

0.02 < xB < 0.15

-t′ ( GeV2 )

2 < Q2 < 3 GeV2

0.06 < xB < 0.23

-t′ ( GeV2 )

3 < Q2 < 4 GeV2

0.11 < xB < 0.31

-t′ ( GeV2 )

4 < Q2 < 11 GeV2

0.15 < xB < 0.55

FIG. 4: Di�erential ross setion for exlusive �+ prodution by virtual photons as a funtion of �t0 for four Q2 bins. Theinner error bars represent the statistial unertainties and the outer error bars represent the quadrati sum of statistial andsystemati unertainties. The urves represent alulations based on a GPD model [15℄ for d�Ldt0 using a Regge-type ansatz forthe t0 dependene (dashed-dotted lines: leading-order alulations, solid lines: with power orretions) and a Regge model [36℄for d�dt (dashed lines) and d�Ldt (dotted lines).
10

10 2

2 4 6 8 10

Q2   ( GeV2 )

0.02 < xB < 0.15
0.15 < xB < 0.26
0.26 < xB < 0.55

σ
( 

n
b

 )

FIG. 5: Cross setion for exlusive �+ prodution by vir-tual photons as a funtion of Q2 for three xB bins and inte-grated over t0 (olour online). The inner error bars representthe statistial unertainties and the outer error bars repre-sent the quadrati sum of statistial and systemati uner-tainties. The urves represent alulations based on a GPDmodel [15℄ for �L using a Regge-type ansatz for the t0 depen-dene (dashed-dotted lines: leading-order alulations, solidlines: with power orretions) and a Regge model [36℄ for �(dashed lines). The thin, medium and thik lines orrespondto the low, medium and high xB values, respetively.from the GPD model [15℄ with the inlusion of the powerorretions, although the magnitude of the ross setionis underestimated. The data support the order of magni-tude of the power orretions for the alulations by theGPD model [15℄ at low �t0, a region where the longitu-dinal part of the ross setion is expeted to dominate,and for the available Q2 range.Both the transverse and longitudinal parts of the rosssetion were omputed using a Regge model [36℄, where

pion prodution is desribed by the exhange of � and �Regge trajetories. In this formalism, the meson-nuleonoupling onstants are �xed by pion photoprodutiondata. In the original version [20℄, the �� form fatoris �xed by pion form fator measurements, while the ��transition form fator is unonstrained. In the versionused here [36℄, both form fators are taken to be bothQ2- and t0-dependent. The dashed (dotted) lines in Fig. 4show the total (longitudinal) ross setion omputed us-ing the Regge model. In this model the transverse part ofthe ross setion is estimated to represent from 6% to 8%of the total ross setion at �t0 = 0:07 GeV2 and from15% to 25% of the total ross setion integrated over t0,on�rming the expeted suppression of the transverse tothe longitudinal part of the ross setion. However datafrom JLab [25℄ at lower enter of mass energy (W 2 = 4:9GeV2) show that the transverse part of the ross setionis underestimated by the Regge model by a fator of threeto four. It is not lear if this also holds at the higherW 2 and �t0 values of the Hermes data. Compared tothe alulations for the longitudinal ross setion fromthe Regge model (dotted lines), the t0 dependene of theGPD model [15℄ (solid lines) in Fig. 4 appears too steep.The total ross setion omputed by the Regge modeldesribes well the t0 dependene of the di�erential rosssetion (dashed line on Fig. 4) and the Q2 dependeneof the ross setion integrated over t0 (dashed lines onFig. 5). The model alulations give also a good desrip-tion of the magnitude of the data exept at low �t0 forQ2 < 3 GeV2, where the alulations overestimate thedata up to 70%.In onlusion, the ross setion was measured for ex-lusive eletroprodution of �+ mesons from a hydrogentarget as a funtion of �t0 for four Q2 bins and as a fun-tion of Q2 for three xB bins. A model alulation forthe longitudinal part of the virtual-photon ross setion
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