
The spae-time struture of hard sattering proessesJ.M. Laget1, 21 CEA-Salay, Servie de Physique Nul�eaire, F91191 Gif-sur-Yvette, Cedex, Frane2 Thomas Je�erson National Aelerator Faility, Newport News, Virginia 23606(Dated: June 14, 2004)Reent studies of exlusive eletroprodution of vetor mesons at JLab make it possible for the�rst time to play with two independent hard sales: the virtuality Q2 of the photon, whih sets theobservation sale, and the momentum transfer t to the hadroni system, whih sets the interationsale. They reinfore the desription of hard sattering proesses in terms of few e�etive degreesof freedom relevant to the Jlab-Hermes energy range.PACS numbers: PACS : 13.60.Le, 12.40.NnThe study of exlusive eletro-prodution of ! mesons,reently ompleted at JLab [1℄, provides us with an origi-nal insight on the spae time struture of hard satteringproesses between the onstituents of hadrons. The dataspeak for themselves in Figure 1. The high intensity ofthe CEBAF beam, ombined with the large aeptaneof CLAS, allowed us to perform measurement with anunpreedented auray: the two top panels show previ-ous data, reorded 30 years ago or so with real photons atSLAC [2℄ or virtual photons at DESY [3℄, while the twobottom panels show the JLab data [1, 4℄. The extensionto higher virtuality Q2 of the photon reveals the under-lying reation mehanisms. At low momentum transfer�t (small angle), the variation of the ross setion withQ2 (from left to right panels) falls down as the eletro-magneti form fator of the pion, the exhange of whihdominates the ! hannel [5℄ in the JLab energy range. Atlarge �t (large angle) on the ontrary, the ross setionstays almost at and points toward the oupling of thevirtual photon to point-like objets.At large momentum transfers (large angles) the impatparameter (b � 1=p�t) is small enough to fore the par-tons to exhange the minimum number of gluons beforethey reombine into the �nal partiles. These hard sat-tering proesses are at the origin of the saling rules [6℄,whih have been veri�ed in many reations: around 90Æ,the ross setion behaves as sN�2, being s =W 2 the to-tal available energy squared and N the number of ativeonstituents. However, a quantitative understanding ofexperimental ross setions has been diÆult to ahieve.In the simplest ase, Compton sattering, perturbativealulations (see e.g. [7℄) fall short by an order of mag-nitude for the ross setion and predit spin transfer o-eÆients with a sign opposite to experiment [8℄. Oneis fored to rely on models based on e�etive partonidegrees of freedom relevant to the sale of observation,either Generalized Parton Distributions (GPDs) [9℄ ordressed quarks and gluons [5, 10, 11℄.The photo-prodution of � meson, whih is dominantlymade of a pair of strange quark-antiquark, selets twogluons exhange mehanisms [5℄. A fair agreement withthe experiment [12℄ is ahieved when a dressed gluon
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2)FIG. 1: (Color on line) The ross setion of the prodution of! mesons by real (left) and virtual photons (right).propagator omputed on Lattie and a orrelated quarkwave funtion of the proton are used [10℄.In the photo-prodution of � and ! mesons, light quarkinterhange proesses are not forbidden and ontributein addition to two-gluon exhange. A fair agreementwith the experiments [4, 13℄ is ahieved when saturatingRegge trajetories [14, 15℄ are used for the propagatorsof the various exhanged mesons [10℄. This is an eonom-ial way to deal with hard sattering mehanisms sinethe saturation of the Regge trajetories (approahing �1when �t ! 1) is losely related to the one-gluon ex-hange interation between quarks [14℄. The ! mesonprodution hannel is partiularly instrutive in this re-



2spet sine pion exhange dominates the ross setion.As an be seen in the left panels of Figure 1, the agree-ment with the experiments is exellent (the rise and thenode at the highest �t are due to the exhange of theu-hannel nuleon non-degenerated Regge trajetory).Real Compton Sattering an also be desribed in thisapproah. In the JLab energy range (4 to 6 GeV) a realphoton utuates into vetors mesons, sine they havethe same quantum numbers, over a distane ommensu-rate to the size of the nuleon. Real Compton Satteringand vetor meson prodution observables are thereforerelated. Not only the di�erential ross setion [10℄ butalso the spin transfer oeÆients [11℄ math the valuesreently determined at JLab [8℄.
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FIG. 2: (Color on line) A shemati view of the evolution ofhard sattering mehanisms.When the inoming photon beomes virtual (as it is ex-hanged between the sattered eletron and the hadrons)two things happen. On the one hand, the lifetime�� = 2�=(Q2+m2V ) of its hadroni omponent dereases:its oupling beomes more point-like. On the other hand,the transverse wave length (� � 1=Q) of the photon de-reases: it probes proesses whih our at shorter andshorter distanes. This is shematially depited in Fig-ure 2. When both the virtuality Q2 of the photon andthe momentum transfer �t are small (top left panel), thephoton behaves as a beam of vetor mesons whih passesfar away the nuleon target (large impat parameter b):the partons whih may be exhanged have enough time tointerat whih eah other and build the various mesons,the exhange of whih drives the ross setion. At high�t (top right), the small impat parameter b is ommen-surate to the hadronization length of the partons whihmust be absorbed or reombined into the �nal partiles,within the interation volume of radius b, before theyhadronize. In other words, the two partons, whih areexhanged between the meson and the nuleon, have just

the time to exhange one gluon. When Q2 inreases, theresolving power of the photon inreases and allows it toresolve the struture of the exhanged quanta. When�t is small (bottom left), it \sees" the partons insidethe pion whih is exhanged between the distant mesonand nuleon. When �t is large (bottom right), its wavelength � beomes omparable to the impat parameterb: the virtual photon \sees" the partons whih are ex-hanged during the hard sattering.More quantitatively, the expressions of the various am-plitudes, together with the orresponding oupling on-stants, are given in refs. [5, 10, 11℄. The Q2 dependenyis already built in the two-gluon as well as the f2 me-son exhange amplitudes. It happens [16℄ to lead to theorret dependeny as funtion of Q2 and �t (at leastup to �t � 1:5 GeV2) in the � meson eletro-produtionsetor [17℄, whih emphasises two-gluon exhange. Whenthe pion eletromagneti form fatorF�!(Q2) = 11 + Q2�20 (1)with �20 = 0:462 GeV2, is introdued at the �! vertex ofthe �-exhange amplitude whih reprodues real photondata, one obtains the dashed urves in the right panelsof Figure 1. They reprodue the evolution of the virtualphoton ross setion at low momentum transfer, but fallshort by more than an order of magnitude at large mo-mentum transfer. The agreement is restored (full urves)when a dependene against �t is given to the pion formfator. It is natural to relate it to the way the pion satu-rating Regge trajetory, ��(t) [15℄, approahes its asymp-tote �1: F�!(Q2; t) = 11 + Q2�2�(t) (2)with �2�(t) = �20 ��1 + ��(0)1 + ��(t)�2 (3)When t ! �1, ��(t) ! �1, and F�!(Q2; t) beomesindependent of Q2 at large �t.Suh an ansatz links the evolution of F�! , from theoupling to a full edged pion toward the oupling toa point-like parton, with the underlying hard mehanismwhih dominates the ross setion near 90Æ, the exhangeof two quarks whih interat by exhanging the minimumnumber of gluons. While it is given to us by the experi-ment, it provides us with a quantity to be ompared to amore fundamental theory, as Lattie Gauge alulationsfor instane. But also it provides us with links with otheranalysis. For instane, the e�etive radius of the partonswhih the virtual photon ouples to at �t � 2:5 GeV2 isabout: p< r2 > � p6��(�2:5) � 0:15 fm (4)



3very lose to the value dedued from a reent analysis ofthe moments of the response funtions of the nuleon inthe JLab momentum range [18℄.
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edt = �v ��d�Tdt + �d�Ldt + � os 2�d�TTdt�p�(1 + �) os�d�TLdt � (5)where �v, � and � are respetively the ux of thevirtual photon, its polarization and the angle be-tween the hadroni plane and the leptoni plane (seee.g. [19℄). Two gluon- as well as f2 meson- ex-hanges onserve heliity, ontribute by the same amountto the Transverse (�T )and the Longitudinal (�L)partsof the ross setion, and have a vanishing ontribu-tion to the Transverse-Transverse (�TT )and Transverse-Longitudinal (�TL) parts. On the ontrary, pion ex-hange dominates the Transverse part and ontributeslittle to the Longitudinal part (at least at low�t), but in-dues large interferene ross setions. This prevents theidenti�ation of the Longitudinal and Transverse parts of

the ross setion from the deay angular distribution ofthe ! meson, assuming s-Channel Heliity Conservation(SCHC).
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FIG. 4: (Color on line) The four parts of the ross setionof the eletro-prodution of � mesons are plotted against �t.The dashed urves inlude the ontributions of the two glu-ons and f2 meson exhange amplitudes only. The full urvesinlude also the ontribution of the � meson exhange.The situation is di�erent in the � meson eletro-prodution hannel, whih is dominated by the exhangeof two gluons and f2 meson (Fig. 4). The � exhangeontribution is vanishing, but the � meson exhange on-tributes. I use a dipole eletromagneti form fator F��with a ut-o� mass �0 = 1 GeV2, instead of the monopolewith �0 = 0:462 GeV2 of [11℄. Up to Q2 � 1:5 GeV2,the two hoies are equivalent, but the dipole form fa-tor agrees better with the data at higher Q2. I also letit depend on the momentum transfer �t aording toeqs. 2 and 3 where I use the saturating Regge trajetoryof the � meson whih leads to a good aount of the �meson photo-prodution at large �t [13℄. At low �t (upto � 1 GeV2), the smallness of the two interferene re-sponse funtions �TT and �LT indiates that SCHC issatis�ed and that the Transverse and the Longitudinalparts an be determined from the analysis of the deayangular distribution of the � meson.This study is under progress at JLab, and so far onlythe integrated Transverse and Longitudinal ross setionhave been extrated at JLab [20℄ and before [21{24℄.Fig. 5 ompares the predition of the model to these data



4at Q2 = 2:3 GeV2. The e�et of the �t dependeny ofthe eletromagneti form fator manifests itself at low en-ergy, sine the minimum value jtminj of the momentumtransfer, whih is allowed by the kinematis, inreaseswhen the energyW dereases. The ross setion beomesmore sensitive to the �t dependeny of the form fator.The Transverse ross setion is well reprodued, but theLongitudinal ross setion is over predited by the model.At low X < 10�2 this disrepany has been resolved byfully taking into aount [25℄ the momentum dependenyof the vetor meson wave funtion. Whether this appliesto larger X � 0:3 is still an open question.
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