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DESY 06-09529th August 2006Exlusive di�rative proesses at HERAwithin the dipole pitureH. Kowalskia, L. Motykaa;b and G. Watta;a Deutshes Elektronen-Synhrotron DESY, 22607 Hamburg, Germanyb Institute of Physis, Jagellonian University, 30-059 Krak�ow, Poland Department of Physis & Astronomy, University College London, WC1E 6BT, UKAbstratWe present a simultaneous analysis, within an impat parameter dependent saturateddipole model, of exlusive di�rative vetor meson (J= , � and �) prodution, deeplyvirtual Compton sattering and the total �p ross setion data measured at HERA.Various ross setions measured as a funtion of the kinemati variables Q2, W and t arewell desribed, with little sensitivity to the details of the vetor meson wave funtions.We determine the properties of the gluon density in the proton in both longitudinal andtransverse dimensions, inluding the impat parameter dependent saturation sale. Theoverall suess of the desription indiates universality of the emerging gluon distributionand proton shape.1 IntrodutionExlusive di�rative proesses at HERA, suh as exlusive vetor meson prodution or deeplyvirtual Compton sattering (DVCS), are exellent probes of the proton shape in the perturbativeregime. Several investigations have already shown that these proesses an be well desribedwithin a QCD dipole approah with the vetor meson wave funtions determined by eduatedguesses and the photon wave funtion omputed within QED; see, for example, Refs. [1{11℄.It was also pointed out some time ago that the exlusive vetor meson and DVCS proessesprovide severe onstraints on the gluon density at low-x [12{21℄.The vetor meson and DVCS proesses are measured at HERA [22{31℄ in the small-xregime where the behaviour of the inlusive deep-inelasti sattering (DIS) ross setion, or thestruture funtion F2, is driven by the gluon density. The dipole model allows these proessesto be alulated, through the optial theorem, from the gluon density determined by a �t to thetotal inlusive DIS ross setions. Usually, it is assumed that the evolution of the gluon densityis independent of the proton shape in the transverse plane. The investigation of Kowalski



and Teaney (KT) [1℄ has shown that the Gaussian form of the proton shape, implied by thedata, has impliations on the emerging pattern of QCD evolution and saturation e�ets. Theinterplay of saturation and evolution e�ets was �rst investigated by Bartels, Gole-Biernatand Kowalski [32℄, where it was found that the total inlusive DIS ross setions, or F2, anbe desribed either by strong saturation and weak evolution or by strong evolution and weaksaturation e�ets. The investigation of Ref. [1℄, whih took into aount also the proton shapein the transverse plane, onluded that saturation e�ets are substantial in the proton entre,but that the Gaussian form implies that a large ontribution to the ross setion has to omefrom the outskirts of the proton, where the gluon density is diluted. Hene the evolution e�etshave to be strong and play an important role. An alternative approah to determining theimpat parameter dependent gluon distribution, based on a two-Pomeron model, is disussedin Refs. [33,34℄.Another important result of dipole model investigations is that a wide variety of DIS dataan be desribed with only a few assumptions. The investigations of Refs. [32,35{38℄ show thatthe inlusive DIS ross setion an be desribed together with the inlusive di�rative DIS rosssetion. Moreover, in Ref. [1℄ it was shown that the inlusive DIS proess an be desribedtogether with inlusive harm prodution and exlusive di�rative J= photoprodution. Thisdesription preserves also the main properties of the inlusive di�rative DIS ross setion [39℄.In this paper we will extend the analysis of Ref. [1℄ and show that the same minimal set ofassumptions allows the desription of a muh wider set of reently measured data on exlusiveJ= , � and � photo- and eletroprodution and also the DVCS proess. The ross setions forthese proesses have been measured as a funtion of the photon virtuality, Q2, the �p entre-of-mass energy, W , and the squared momentum transfer, t. In addition, for vetor mesons theratios of the ross setions for longitudinally and transversely polarised inoming photons havebeen determined as a funtion of Q2.To perform the analysis we use an impat parameter dependent saturated dipole model inwhih the gluon density is determined by a DGLAP �t to the total inlusive DIS ross setions.The wave funtion of the virtual photon is known from QED and the proton and vetor mesonwave funtions are assumed to have a Gaussian shape. The parameters of these Gaussiandistributions are easily determined from data. The results are ompared to numerous datadistributions provided by the HERA experiments. In this framework the W distributions aremainly sensitive to the square of the gluon density and the Q2 distributions and �L=�T ratiosto the properties of the vetor meson wave funtions. The proper hoie of the wave funtionsis also on�rmed by the agreement of the predited size of the ross setions with data. In thedipole model the absolute normalisation of the vetor meson ross setions follows from theoptial theorem.The t-distributions determine the area size of the interation region, BD. The parameterBD is obtained by making a �t to the t-distributions of the form d�=dt / exp(�BDjtj). Forsattering of very small dipoles BD is onneted to the proton radius Rp via BD = R2p=3.However, for larger dipoles the size of the interation area depends not only on the protonradius but also on the size of the produed vetor meson or real photon, whih we take intoaount following the work of Bartels, Gole-Biernat and Peters (BGBP) [40℄. This allows the2
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p pFigure 1: The elasti sattering of a virtual photon on a proton in the dipole representation.data for all vetor mesons and DVCS to be desribed using a unique Gaussian proton shape,independent of the produed �nal state.2 The dipole modelIn the dipole model, deep inelasti sattering is viewed as the interation of a olour dipole,that is, mostly a quark{antiquark pair, with the proton. The transverse size of the pair isdenoted by r and a quark arries a fration z of the photon's light-one momentum. In theproton rest frame, the dipole lifetime is muh longer than the lifetime of its interation with thetarget proton. Therefore, the elasti �p sattering is assumed to proeed in three stages: �rstthe inoming virtual photon utuates into a quark{antiquark pair, then the q�q pair satterselastially on the proton, and �nally the q�q pair reombines to form a virtual photon. This isshown shematially in Fig. 1.The amplitude for the elasti proess �p ! �p, A�p(x;Q;�), is simply the produt ofamplitudes of these three subproesses integrated over the dipole variables r and z:A�p(x;Q;�) =Xf Xh;�h Z d2r Z 10 dz4� 	�h�h(r; z;Q)Aq�q(x; r;�)	h�h(r; z;Q); (1)where 	h�h(r; z;Q) denotes the amplitude for the inoming virtual photon to utuate into aquark{antiquark dipole with heliities h and �h and avour f . We suppress here referenes tothe photon heliities for simpliity. Aq�q(x; r;�) is the elementary amplitude for the satteringof a dipole of size r on the proton, � denotes the transverse momentum lost by the outgoingproton, and x is the Bjorken variable. Note that, following Ref. [1℄, we hoose a slightly di�erentonvention from that ommonly used, in that we inlude a fator of 1=(4�) in the integrationmeasure; this onvention is reeted in the normalisation of the photon and vetor meson wavefuntions. 3



The elementary elasti amplitudeAq�q is de�ned suh that the elasti di�erential ross setionfor the q�q pair sattering on the proton isd�q�qdt = 116� jAq�q(x; r;�)j2 ; (2)where t = ��2. It an be related to the S-matrix element S(x; r; b) for the sattering of adipole of size r at impat parameter b:Aq�q(x; r;�) = Z d2b e�ib��Aq�q(x; r; b) = i Z d2b e�ib�� 2 [1� S(x; r; b)℄ : (3)This orresponds to the intuitive notion of impat parameter when the dipole size is smallompared to the size of the proton. The optial theorem then onnets the total ross setion forthe q�q pair sattering on the proton to the imaginary part of the forward sattering amplitude:�q�q(x; r) = ImAq�q(x; r;� = 0) = Z d2b 2[1 � ReS(x; r; b)℄: (4)The integration over b of the S-matrix element motivates the de�nition of the q�q{p di�erentialross setion as d�q�qd2b = 2[1� ReS(x; r; b)℄: (5)The total ross setion for �p sattering, or equivalently F2, is obtained, using (1) and (4),by integrating the dipole ross setion with the photon wave funtions:��pT;L(x;Q) = ImA�pT;L(x;Q;� = 0) =Xf Z d2r Z 10 dz4� (	�	)fT;L �q�q(x; r); (6)with the overlap of the photon wave funtions (	�	)fT;L de�ned as(	�	)fT � 12Xh;�h h	�h�h;�=+1	h�h;�=+1 +	�h�h;�=�1	h�h;�=�1i ; (7)(	�	)fL �Xh;�h 	�h�h;�=0	h�h;�=0; (8)where � denotes the photon heliity and f the avour of the q�q pair. The dependene on thequark avour f is spei�ed below in Set. 2.1. In the perturbative region, that is, for smalldipole sizes r, the dipole ross setion orresponds to exhange of a gluon ladder; see Fig. 2(left). The same diagram applies for exlusive �nal state prodution if the wave funtion ofthe outgoing virtual photon is replaed by the wave funtion of a spei� �nal state; see Fig. 2(right).The amplitude for prodution of an exlusive �nal state E, suh as a vetor meson (E = V )or a real photon in DVCS (E = ), is given byA�p!EpT;L (x;Q;�) = Z d2r Z 10 dz4� (	�E	)T;L Aq�q(x; r;�) (9)= i Z d2r Z 10 dz4� Z d2b (	�E	)T;L e�ib�� 2[1� S(x; r; b)℄; (10)4
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x x′Figure 2: The elasti sattering amplitude for inlusive DIS (left) and vetor meson prodution(right). For DVCS, the outgoing vetor meson in the right-hand diagram is replaed by a realphoton.where (	�E	)T;L denotes the overlap of the photon and exlusive �nal state wave funtions. ForDVCS, the amplitude involves a sum over quark avours. This expression, used in the analysisof exlusive J= photoprodution by Kowalski and Teaney [1℄, is derived under the assumptionthat the size of the quark{antiquark pair is muh smaller than the size of the proton. Theexpliit perturbative QCD alulation of Bartels, Gole-Biernat and Peters [40℄ shows thatthe non-forward wave funtions an be written as the usual forward wave funtions multipliedby exponential fators exp[�i(1 � z)r ��=2℄. E�etively, the momentum transfer � shouldonjugate to b+ (1 � z)r, the transverse distane from the entre of the proton to one of thetwo quarks of the dipole, rather than to b, the transverse distane from the entre of the protonto the entre-of-mass of the quark dipole; see the right-hand diagram of Fig. 2.Assuming that the S-matrix element is predominantly real we may substitute 2[1�S(x; r; b)℄in (10) with d�q�q=d2b.These two hanges lead toA�p!EpT;L (x;Q;�) = i Z d2r Z 10 dz4� Z d2b (	�E	)T;L e�i[b�(1�z)r℄�� d�q�qd2b : (11)The elasti di�rative ross setion is then given byd��p!EpT;Ldt = 116� ���A�p!EpT;L ���2 = 116� ����Z d2r Z 10 dz4� Z d2b (	�E	)T;L e�i[b�(1�z)r℄�� d�q�qd2b ����2 : (12)This is the basi equation for the simultaneous analysis of di�erent exlusive proesses per-formed in this paper.2.1 Forward photon wave funtionsThe forward photon wave funtions were perturbatively alulated in QCD by many authors;see, for example, Refs. [5,41℄. The normalised photon wave funtion for the longitudinal photonpolarisation (� = 0) is given by [9℄	h�h;�=0(r; z;Q) = efepN Æh;��h 2Qz(1 � z) K0(�r)2� ; (13)5



and for the transverse photon polarisations (� = �1) by	h�h;�=�1(r; z;Q) = �efep2N �ie�i�r [zÆh;�Æ�h;� � (1 � z)Æh;�Æ�h;�℄�r + mfÆh;�Æ�h;�	 K0(�r)2� ;(14)where e = p4��em, the subsripts h and �h are the heliities of the quark and the antiquarkrespetively and �r is the azimuthal angle between the vetor r and the x-axis in the transverseplane. K0 is a modi�ed Bessel funtion of the seond kind, �2 � z(1� z)Q2+m2f and N = 3 isthe number of olours. The avour f dependene enters through the values of the quark hargeef and mass mf , and �rK0(�r) = ��K1(�r).2.1.1 Total DIS ross setionsIn the ase of the total DIS ross setion ��p, whih is obtained from the elasti �p ! �pamplitude via the optial theorem, the squared photon wave funtions summed over the quarkheliities for a given photon polarisation and quark avour are given by the tree-level QEDexpressions:(	�	)fT � 12 Xh;�h=� 12�=�1 	�h�h;�	h�h;� = 2N� �eme2f ��z2 + (1� z)2� �2K21 (�r) +m2fK20 (�r)	 ; (15)(	�	)fL � Xh;�h=� 12 	�h�h;�=0	h�h;�=0 = 8N� �eme2fQ2z2(1 � z)2K20 (�r): (16)At small dipole sizes these expressions are well motivated sine they an be derived from theLO kt-fatorisation formulae. At large dipole sizes the wave funtions are suppressed, sinefor large values of the argument the modi�ed Bessel funtions behave as K0(�r);K1(�r) �p�=(2�r) exp(��r). At larger Q2 values the wave funtions are suppressed for large r unlessz is lose to the end-point values of zero or one.1 Near the end-points or at small Q2 the wavefuntions are sensitive to the non-zero quark masses mf , whih prevent the integrals over r ofthe modi�ed Bessel funtions from diverging. Of ourse, near the end-points or at small Q2 theexpressions (15) and (16) should be onsidered as a model in whih the value of the light quarkmasses provides a ut-o� sale whih should be related to the physial ut-o� sale generatedby on�nement e�ets. It is therefore ustomary in dipole models to identify the light quarkmasses with the pion mass.2.1.2 Deeply virtual Compton satteringIn addition to the total DIS ross setion ��p, the photon wave funtions determine alsothe DVCS proess, �p ! p. Here the outgoing photon is real and therefore the proess isdiretly observed at HERA. For real photons, only the transversely polarised overlap funtion1This is the origin of the statement that the transverse ross setion is more inherently non-perturbativethan the longitudinal ross setion, sine the ontribution from the end-points is suppressed for the longitudinalbut not the transverse ase, see (15) and (16). 6



ontributes to the ross setion. Summed over the quark heliities, for a given quark avour fit is given by(	�	)fT = 2N� �eme2f ��z2 + (1� z)2� �K1(�r)mfK1(mfr) +m2fK0(�r)K0(mfr)	 : (17)2.2 Forward vetor meson wave funtionsVarious onventions are used in the literature for the forward vetor meson wave funtions.Reently, Forshaw, Sandapen and Shaw (FSS) [9℄ suggested some guidelines for bringing orderinto this problem. We will adopt their presription in this setion, apart from the overallnormalisation fator of 1=(4�) disussed previously, whih in our ase appears in the integrationmeasure.The simplest approah to modelling the vetor meson wave funtion is to assume, followingRefs. [1, 5, 9℄, that the vetor meson is predominantly a quark{antiquark state and that thespin and polarisation struture is the same as in the photon ase. In omplete analogy to thetransversely polarised photon wave funtion (14), the transversely polarised vetor meson wavefuntion is	Vh�h;�=�1(r; z) = �p2N 1z(1 � z) �ie�i�r [zÆh;�Æ�h;� � (1� z)Æh;�Æ�h;�℄�r + mfÆh;�Æ�h;�	 �T (r; z):(18)The longitudinally polarised wave funtion is slightly more ompliated due to the fat thatthe oupling of the quarks to the meson is non-loal, ontrary to the photon ase [9℄. It is givenby 	Vh�h;�=0(r; z) =pN Æh;��h �MV + Æ m2f �r2rMV z(1� z) � �L(r; z); (19)where r2r � (1=r)�r + �2r and MV is the meson mass. The di�erene in the struture ofthe longitudinal wave funtion is due to the non-loal term proportional to Æ, whih was �rstintrodued by Nemhik, Nikolaev, Predazzi and Zakharov (NNPZ) [2,4℄.Formulae (18) and (19) uniquely de�ne the salar part of the vetor meson wave funtion�T;L(r; z), whih is obtained from the photon wave funtion by the replaementefe z(1� z) K0(�r)2� �! �T;L(r; z); (20)with the prefator 2Q ! MV for the ase of the longitudinal polarisation. Note that thisde�nition of �T;L(r; z)jr=0 mathes, up to a onstant fator, the de�nition of the distributionamplitude in QCD.The overlaps between the photon and the vetor meson wave funtions read then:(	�V	)T = êfe N�z(1� z) �m2fK0(�r)�T (r; z)� �z2 + (1 � z)2� �K1(�r)�r�T (r; z)	 ; (21)(	�V	)L = êfe N� 2Qz(1� z)K0(�r) �MV �L(r; z) + Æ m2f �r2rMV z(1� z)�L(r; z)� ; (22)7



where the e�etive harge êf = 2=3, 1=3, or 1=p2, for J= , �, or � mesons respetively.Although it seems to be more natural to set Æ = 1 as it was done in Refs. [2,4,9℄, we shall alsouse the value Æ = 0 in order to math the assumptions of other models [1, 5℄. Note that theadditional fator of 1=[z(1 � z)℄ in (21) and (22) as ompared to the photon overlap funtions(15) and (16) is due to the identi�ation (20).The usual assumption that the quantum numbers of the meson are saturated by the quark{antiquark pair, that is, that the possible ontributions of gluon or sea-quark states to the wavefuntion may be negleted, allows the normalisation of the vetor meson wave funtions tounity: 1 =Xh;�h Z d2r Z 10 dz4� ���	Vh�h;�(r; z)���2 : (23)Thus, in the sheme presented here the normalisation onditions for the salar parts of thewave funtions are1 = N2� Z 10 dzz2(1� z)2 Z d2r �m2f�2T + �z2 + (1� z)2� (�r�T )2	 ; (24)1 = N2� Z 10 dz Z d2r �MV �L + Æ m2f �r2rMV z(1� z) �L�2 : (25)Another important onstraint on the vetor meson wave funtions is obtained from the deaywidth. It is ommonly assumed that the deay width an be desribed in a fatorised way;the perturbative matrix element q�q ! � ! l+l� fatorises out from the details of the wavefuntion, whih ontributes only through its properties at the origin.2 The deay widths arethen given byfV;T = êf N2�MV Z 10 dzz2(1� z)2 �m2f � �z2 + (1� z)2�r2r	�T (r; z)����r=0 ; (26)fV;L = êf N� Z 10 dz �MV + Æ m2f �r2rMV z(1� z)��L(r; z)����r=0 : (27)The oupling of the meson to the eletromagneti urrent, fV , is obtained from the measuredeletroni deay width by �V!e+e� = 4��2emf2V3MV : (28)In order to omplete the model of the vetor meson wave funtion the salar parts of thewave funtions �T;L(r; z) should be spei�ed. In the photon ase the salar part is given bymodi�ed Bessel funtions, whereas for vetor mesons various quark models tell us that a hadronat rest an be modelled by Gaussian utuations in transverse separation. The proton wavefuntion is also diretly seen to have a Gaussian form from the t-distributions of vetor mesonsat HERA; see the disussion of the proton shape below. After assuming a Gaussian form themodelling freedom redues to the hoie of a utuating variable.2Usually, one assumes that the fatorisation holds and that the perturbative QCD orretions are similarfor the proess of vetor meson prodution �(Q2) + 2g ! V and for the vetor meson deay V ! � ! l+l�,thus the orretions an be absorbed into the wave funtion.8



Meson MV /GeV fV mf/GeV NT R2T/GeV�2 NL R2L/GeV�2J= 3.097 0.274 1.4 1.23 6.5 0.83 3.0� 1.019 0.076 0.14 4.75 16.0 1.41 9.7� 0.776 0.156 0.14 4.47 21.9 1.79 10.4Table 1: Parameters of the \Gaus-LC" vetor meson wave funtions.Dosh, Gousset, Kulzinger and Pirner (DGKP) [5℄ made the simplest assumption that thelongitudinal momentum fration z utuates independently of the transverse quark momentumk, where k is the Fourier onjugate variable to the dipole vetor r. In what follows, this typeof salar wave funtion will be alled the fatorised wave funtion. In the DGKP model theparameter Æ = 0 in (22), (25) and (27). The DGKP model was further simpli�ed by Kowalskiand Teaney [1℄, who assumed that the z dependene of the wave funtion for the longitudinallypolarised meson is given by the short-distane limit of z(1 � z) [17℄. For the transverselypolarised meson they set �T (r; z) / [z(1 � z)℄2 in order to suppress the ontribution from theend-points (z ! 0; 1). This leads to the \Gaus-LC" [1℄ wave funtions given by3�T (r; z) = NT [z(1� z)℄2 exp(�r2=2R2T ); (29)�L(r; z) = NLz(1� z) exp(�r2=2R2L): (30)The values of the onstants NT;L and RT;L in (29) and (30), determined by requiring the orretnormalisation and by the ondition fV = fV;T = fV;L, are given in Table 1.The main advantage of the fatorised wave funtions is their simpliity. Probably a morerealisti approah starts from the observation of Brodsky, Huang and Lepage [42℄ that theutuation of the quark three-momentum p in the rest frame of the meson ould be desribedin a boost-invariant form. In the meson rest frame, the momentum p is onneted to the q�qinvariant mass by M2 = 4(p2 +m2f). In the light-one frame, the q�q invariant mass is given byM2 = (k2 +m2f)=[z(1� z)℄. This leads top2 = k2 +m2f4z(1 � z) �m2f ; (31)and a simple ansatz for the salar wave funtion in momentum spae of~�T;L(k; z) / exp ��R28 �k2 +m2fz(1 � z) � 4m2f�� : (32)This is the basis for the \boosted Gaussian" wave funtion of FSS [9℄, whih was �rst proposedby NNPZ [2, 4℄.4 In the on�guration spae these wave funtions are given by the Fouriertransform of (32):�T;L(r; z) = NT;Lz(1� z) exp�� m2fR28z(1� z) � 2z(1� z)r2R2 + m2fR22 � : (33)3Kowalski and Teaney [1℄ used a somewhat di�erent onvention; see the appendix for more details.4Following FSS [9℄ we set the Coulombi part of the NNPZ wave funtion [2, 4℄ to zero to avoid singularbehaviour at the origin. This should be reasonable for � and � mesons, but has less justi�ation for J= mesons.9



Meson MV /GeV fV mf/GeV NT NL R2/GeV�2 fV;TJ= 3.097 0.274 1.4 0.578 0.575 2.3 0.307� 1.019 0.076 0.14 0.919 0.825 11.2 0.075� 0.776 0.156 0.14 0.911 0.853 12.9 0.182Table 2: Parameters of the \boosted Gaussian" vetor meson wave funtions.Note that the \boosted Gaussian" wave funtion has the proper short-distane limit,� z(1�z),for mf ! 0. Following the authors of the model we set Æ = 1 in equations (22), (25) and(27), de�ning the longitudinally polarised overlap, the normalisation and the deay onstantrespetively. We hoose the \radius" parameter R to reprodue the experimentally measuredleptoni deay width of the vetor meson for the longitudinally polarised ase. This means thatthe alulated deay width for the transversely polarised ase will be slightly di�erent. Theparameters R and NT;L are determined by the normalisation onditions (24) and (25) and thedeay width ondition (27).The parameters of the \boosted Gaussian" wave funtion are given in Table 2, where wealso show the value of fV;T (26) omputed using the given values of R and NT . (Reall thatwe require that fV;L = fV .)The \boosted Gaussian" wave funtion is very similar to the \Gaus-RF" wave funtion usedin the KT investigation [1℄, exept for the Jaobian of the transformation from the rest framevariables to the light-one variables. We fous here on the \boosted Gaussian" version beauseof the proper short distane limit of the z dependene. The \CORNELL" wave funtion used inRef. [1℄ annot be used for light vetor mesons sine it was obtained within the nonrelativistibound-state model.Comparing the values of the radius parameters given in Tables 1 and 2 we note that themeson desription with the \boosted Gaussian" wave funtion is more self-onsistent; the valuesof the radius parameters RT and RL for the \Gaus-LC" wave funtions are very di�erentindiating that there are large dynamial orretions to at least one of the meson polarisationstates. For the \boosted Gaussian" there is only one radius parameter R, sine the desriptionof the meson is assumed to be boost-invariant between the meson rest frame and the light-oneframe. The shortoming of this approah is that the predited deay onstant fV di�ers slightlybetween the transverse and the longitudinal polarisation omponents. However, the di�erenesbetween the deay onstants of the \boosted Gaussian" wave funtion are relatively smallompared to the di�erenes between the radii of the \Gaus-LC" wave funtion. To quantifythis e�et we �x the parameter RT of the \Gaus-LC" wave funtion to the same value as RL,then we predit the value of the deay onstant fV;T (allowing for NT to be determined fromthe normalisation onstraint). The resulting values of fV;T were 0:44, 0:13 and 0:33 for J= , �and � mesons respetively, to be ompared with the experimental values of fV (= fV;L) of 0:27,0:08 and 0:16. That is, the di�erenes between fV;T and fV;L for the \Gaus-LC" wave funtionare muh larger than the equivalent di�erenes for the \boosted Gaussian" wave funtion; seeTable 2.The agreement between the deay onstants for the longitudinal and transverse polarisationwith the \boosted Gaussian" wave funtion is partiularly good for the � meson wave funtion.10



We note, en passant, that the di�erene between the two deay onstants fV;T and fV;L dependson the assumed quark mass; for the � meson the di�erene is minimal for the strange quarkmass of 0.14 GeV, for the J= meson it is minimal for the harm quark mass of 1.15 GeV, andfor the � meson it dereases slightly with dereasing quark mass but there is still a signi�antdi�erene even when the quark mass is set to zero.5In Fig. 3 we show the overlap funtions between the photon and vetor meson wave funtionsintegrated over z for the three di�erent vetor mesons at Q2 values representative of the datadisussed later in Set. 3. To be preise, we plot the quantity2�r Z 10 dz4� (	�V	)T;L: (34)The plots show that the longitudinal overlap funtions for the \Gaus-LC" and \boosted Gaus-sian" ases are more similar than the transverse overlap funtions for all three vetor mesons.For the � meson there is also a good agreement for the transverse overlap funtion. This indi-ates that observable quantities for � mesons omputed with either the \Gaus-LC" or \boostedGaussian" wave funtions should be very similar, in spite of the sizable disagreement betweenR2T and R2L for the \Gaus-LC" wave funtion.2.3 Dipole ross setions2.3.1 Review of dipole ross setionsThe dipole model beame an important tool in investigations of deep-inelasti sattering dueto the initial observation of Gole-Biernat and W�ustho� (GBW) [35, 36℄ that a simple ansatzfor the dipole ross setion integrated over the impat parameter b, �q�q, was able to desribesimultaneously the total inlusive and di�rative DIS ross setions:�GBWq�q (x; r) = �0 �1� e�r2Q2s(x)=4� ; (35)where �0 is a onstant and Qs(x) denotes the x dependent saturation sale, Q2s(x) = (x0=x)�GBWGeV2. The parameters �0 = 23 mb, �GBW = 0:29 and x0 = 3�10�4 were determined from a �tto the F2 data without inluding harm quarks. After inlusion of the harm quark ontributionwith mass m = 1:5 GeV into the �t, the parameters of the GBW model hanged to �0 = 29mb, �GBW = 0:28 and x0 = 4 � 10�5. Although the dipole model is theoretially well justi�edfor small-size dipoles only, the GBW model provided a good desription of data from mediumQ2 values (� 30 GeV2) down to low Q2 (� 0.1 GeV2). The saturation sale Q2s is intimatelyrelated to the gluon density in the transverse plane. The exponent �GBW determines thereforethe growth of the total and di�rative ross setions with dereasing x. For dipole sizes whihare large in omparison to 1=Qs the dipole ross setion saturates by approahing a onstantvalue �0, whih beomes independent of �GBW. It is a harateristi feature of the GBW model5For the � meson, the relative di�erene of deay onstants fV;T and fV;L is 11% for ms = 0:3 GeV and 3%for ms = 0:05 GeV. For the � meson, the relative di�erene of deay onstants is 36% for mu;d = 0:3 GeV and14% for mu;d = 0:05 GeV. 11
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Figure 3: Overlap funtions (21) and (22) between the photon and vetor meson wave funtionsintegrated over z for the three di�erent vetor mesons at Q2 values representative of the data.12



that a good desription of data is due to large saturation e�ets, that is, the strong growth dueto the fator x��GBW is, for large dipoles, signi�antly attened by the exponentiation in (35).The assumption of dipole saturation provided an attrative theoretial bakground for in-vestigation of the transition from the perturbative to non-perturbative regimes in the HERAdata. Despite the appealing simpliity and suess of the GBW model it su�ers from learshortomings. In partiular it does not inlude saling violations, that is, at large Q2 it doesnot math with QCD (DGLAP) evolution. Therefore, Bartels, Gole-Biernat and Kowalski(BGBK) [32℄ proposed a modi�ation of the original ansatz of (35) by replaing Q2s by a gluondensity with expliit DGLAP evolution:�BGBKq�q (x; r) = �0 �1� exp ���2r2�s(�2)xg(x; �2)=(3�0)�	 : (36)The sale of the gluon density, �2, was assumed to be �2 = C=r2 + �20, and the gluon densitywas evolved aording to the leading-order (LO) DGLAP equation without quarks.The BGBK form of the dipole ross setion led to signi�antly better �ts to the HERA F2data than the original GBW model, espeially in the region of larger Q2. The good agreementof the original model with the DIS di�rative HERA data was also preserved. However, theontribution from harm quarks was omitted in the BGBK analysis.The BGBK analysis found, surprisingly, that there exist two distint solutions, both givinga very good desription of the HERA data, depending on the quark mass in the photon wavefuntion. The �rst solution was obtained assuming mu;d;s = 0:14 GeV and led to the initialgluon density, xg(x; �20) / x��g , with the value of exponent �g = 0:28 at �20 = 0:52 GeV2, whihis very similar to the �GBW. As in the original model, the good agreement with data was dueto substantial saturation e�ets. In the seond solution, whih took mu;d;s = 0, the value of theexponent was very di�erent, �g = �0:41 at a �xed �20 = 1 GeV2. The initial gluon density nolonger rose at small x; it was valene-like, and QCD evolution played a muh more signi�antrole than in the solution with mu;d;s = 0:14 GeV.The DGLAP evolution, whih is generally used in the analysis of HERA data, may not beappropriate when x approahes the saturation region. Therefore, Ianu, Itakura and Munier [37℄proposed a new saturation model, the Colour Glass Condensate (CGC) model, in whih gluonsaturation e�ets are inorporated via an approximate solution of the Balitsky{Kovhegovequation [43{45℄. The CGC dipole ross setion is�CGCq�q (x; r) = �0 �8<:N0 � rQs2 �2(s+ 1��Y ln 2rQs ) : rQs � 21 � e�A ln2(BrQs) : rQs > 2 ; (37)where Y = ln(1=x), s = 0:63, � = 9:9 and Qs � Qs(x) = (x0=x)�=2. The free parameters �0,N0, � and x0 were determined by a �t to HERA F2 data. The oeÆients A and B in theseond line of (37) are determined uniquely from the ondition that �CGCq�q , and its derivativewith respet to rQs, are ontinuous at rQs = 2:A = � N 20 2s(1�N0)2 ln(1�N0) ; B = 12 (1�N0)� (1�N0)N0s : (38)13



Later, also Forshaw and Shaw (FS) [38℄ proposed a Regge-type model with saturation e�ets.The CGC and FS models provide a desription of HERA inlusive and di�rative DIS datawhih is better than the original GBW model and omparable in quality to the BGBK analysis.Both models �nd strong saturation e�ets in HERA data omparable to the GBW model andthe solution of the BGBK model with mu;d;s = 0:14 GeV.All approahes to dipole saturation disussed so far ignored a possible impat parameterdependene of the dipole ross setion. This dependene was introdued in this ontext byKT [1℄, who assumed that the dipole ross setion is a funtion of the opaity 
, following forinstane Ref. [3℄: d�qqd2b = 2 �1 � e�
2 � : (39)At small x the opaity 
 an be diretly related to the gluon density, xg(x; �2), and thetransverse pro�le of the proton, T (b):
 = �2N r2 �S(�2)xg(x; �2)T (b): (40)The formulae of (39) and (40) are alled the Glauber{Mueller dipole ross setion. The di�ra-tive ross setion of this type was used around 50 years ago to study the di�rative dissoiationof deuterons by Glauber [46℄ and reintrodued by Mueller [47℄ to desribe dipole sattering indeep-inelasti proesses.2.3.2 Applied dipole ross setionsSine the desription of exlusive vetor meson prodution is the fous of this investigation weonentrate here on impat parameter dependent dipole ross setions. First, we use the sameform of the di�erential dipole ross setion as in the KT investigation [1℄:d�q�qd2b = 2 �1 � exp�� �22N r2�S(�2)xg(x; �2)T (b)�� : (41)Here, the sale �2 is related to the dipole size r by �2 = 4=r2+�20. The gluon density, xg(x; �2),is evolved from a sale �20 up to �2 using LO DGLAP evolution without quarks:�xg(x; �2)� ln�2 = �S(�2)2� Z 1x dz Pgg(z)xz g �xz ; �2� : (42)The initial gluon density at the sale �20 is taken in the formxg(x; �20) = Ag x��g (1 � x)5:6: (43)The values of the parameters �20, Ag, and �g are determined from a �t to F2 data. For thelight quarks, the gluon density is evaluated at x = xB (Bjorken-x), while for harm quarks,x = xB(1 + 4m2=Q2). The ontribution from beauty quarks is negleted. For vetor mesonprodution, the gluon density is evaluated at x = xB(1 +M2V =Q2). The LO formula for therunning strong oupling �S(�2) is used, with three �xed avours and �QCD = 0:2 GeV.14



The proton shape funtion T (b) is normalised so thatZ d2b T (b) = 1: (44)We onsider �rst a Gaussian form for T (b), that is,TG(b) = 12�BG e� b22BG ; (45)where BG is a free parameter whih is �xed by the �t to the di�erential ross setions d�=dtfor exlusive vetor meson prodution. This distribution yields the average squared transverseradius of the proton, hb2i = 2BG: (46)Assuming that the Gaussian distribution given by (45) holds also in three dimensions (with adi�erent normalisation fator) we obtain the relationship between the parameter BG and theHofstadter radius of the proton Rp, namelyR2p = 3BG. Note that the Hofstadter experiment [48℄measured the eletromagneti radius whereas we probe the gluoni distribution of the proton.The two-dimensional Fourier transform of (45) has the exponential form whih is supportedby the data:6 d��p!V pdt / e�BGjtj: (47)Alternatively, we assume that the gluoni density in the proton is evenly distributed over aertain area within a sharp boundary, and is zero beyond this boundary. That is, we assume astep funtion, again normalised as in (44):TS(b) = 1�b2S�(bS � b) ; (48)where bS is a free parameter, for whih the average squared transverse radius of the proton ishb2i = b2S2 : (49)This is the form of T (b) impliitly used in all b-independent parameterisations of the dipoleross setion. That is, it is usually assumed thatd�q�qd2b � 2[1� ReS(x; r; b)℄ � 2N (x; r; b) = 2N (x; r)� (bS � b) ; (50)so that integration over b gives �q�q(x; r) = �0N (x; r); (51)where the parameter �0 � 2�b2S is usually obtained by �tting to the F2 data. This is the formassumed in the GBW model (35), the BGBK model (36), and the CGC model (37). Note that6Note that for exlusive di�rative proesses at large values of (M2V + Q2) the typial dipole size r is small,and the t-dependene of the ross setion is determined entirely by the proton transverse pro�le.15



the sattering amplitudes N (x; r; b) or N (x; r) an vary between zero and one, where N = 1 isthe unitarity limit.To introdue the impat parameter dependene into the CGC model [37℄, we modify (37)to obtain the \b-CGC" model:d�q�qd2b � 2N (x; r; b) = 2 �8<:N0 � rQs2 �2(s+ 1��Y ln 2rQs ) : rQs � 21� e�A ln2(BrQs) : rQs > 2 ; (52)where now the parameter Qs depends on the impat parameter:Qs � Qs(x; b) = �x0x ��2 �exp�� b22BCGC�� 12s : (53)Note that, in ontrast to the parameterBG in the KT approah, a straightforward interpretationof BCGC in terms of the proton size is not possible due to the r and Y dependene of the exponent2�s + 1��Y ln 2rQs� in (52).Following KT [1℄ we de�ne the saturation sale Q2S � 2=r2S , where the saturation radius rSis the dipole size where the sattering amplitude N has a value of 1 � exp(�1=2) ' 0:4, thatis, rS is de�ned by solving N (x; rS; b) = 1 � e� 12 ; (54)with the same ondition for the b-independent dipole models. For the GBW model (35), thesaturation sale Q2S = 2=r2S de�ned by (54) oinides with Q2s(x) � (x0=x)�GBW GeV2. However,for the CGC (37) and b-CGC (52) models, the saturation sale QS de�ned by (54) di�ers fromthe parameter Qs. Note that we use upper-ase S and lower-ase s to distinguish between thesetwo sales. The saturation sale QS is the quantity we shall later ompute and ompare for thedi�erent dipole models in Set. 5.2.3.3 Phenomenologial orretions for exlusive proessesAfter performing the angular integrations, (11) redues toA�p!EpT;L = i Z 10 dr (2�r)Z 10 dz4� Z 10 db (2�b) (	�E	)T;L J0(b�) J0 ([1� z℄r�) d�q�qd2b ; (55)where J0 is the Bessel funtion of the �rst kind and E = V;  denotes either the exlusive vetormeson or DVCS �nal state. The derivation of the expression for the exlusive vetor mesonprodution or DVCS amplitude, (11), relies on the assumption that the S-matrix is purely realand therefore the exlusive amplitude A is purely imaginary. The real part of the amplitudean be aounted for by multiplying the di�erential ross setion for vetor meson produtionor DVCS, (12), by a fator (1 + �2), where � is the ratio of real to imaginary parts of thesattering amplitude A and is alulated using� = tan(��=2); with � � � ln�A�p!EpT;L �� ln(1=x) : (56)16



This proedure (or similar) is adopted in other desriptions of vetor meson prodution toaount for the real part of the amplitude; see, for example, Refs. [4,9,19℄.For vetor meson prodution or DVCS, we should use the o�-diagonal (or generalised) gluondistribution, sine the two gluons in the right-hand diagram of Fig. 2 arry di�erent frationsx and x0 of the proton's (light-one) momentum. In the leading ln(1=x) limit, the skewed e�etvanishes. However, the skewed e�et an be aounted for, in the limit that x0 � x � 1, bymultiplying the gluon distribution xg(x; �2) in (41) by a fator Rg, given by [49℄Rg(�) = 22�+3p� �(� + 5=2)�(�+ 4) ; with � � � ln [xg(x; �2)℄� ln(1=x) : (57)This skewedness e�et is also aounted for in the alulation of vetor meson produtionby Martin, Ryskin and Teubner (MRT) [19℄, but is negleted in most other dipole modeldesriptions.3 Desription of HERA data with the \b-Sat" modelIn this setion we desribe HERA data within the generalised impat parameter dipole satu-ration (\b-Sat") model in whih the dipole ross setion is given by (41) and the proton shapefuntion T (b) is assumed to be purely Gaussian (45). The total DIS ross setion is given by (6)and the photon overlap funtions by (15) and (16). For exlusive proesses, the di�erential rosssetions are given by (12) with the phenomenologial improvements desribed in Set. 2.3.3.For vetor mesons the overlaps of wave funtions are given by (21) and (22), and for the DVCSproess by (17).The light quark masses are taken to be mu;d;s = 0:14 GeV, the value of the pion mass,whih ensures the proper exponential ut-o� of the photon wave funtions (15) and (16) atlarge distanes. The value of the harm mass was hosen to be m = 1:4 GeV, but otherhoies for the harm and light quark masses are also disussed below. The free parameters ofthe model are �20, Ag and �g of the initial gluon distribution, xg(x; �20) = Ag x��g (1�x)5:6, andthe proton width BG. The aim of the model is to desribe with these four parameters the totalDIS ross setion for xB � 0:01 and all total and di�erential ross setions for J= , � and �meson prodution, as well as DVCS. The dipole ross setion as determined in the b-Sat modelis shown at various impat parameters in Fig. 4.3.1 Total �p ross setionThe parameters in the initial gluon distribution (43) are determined by �tting the ZEUS F2data [22, 23℄ with xB � 0:01 and Q2 2 [0:25; 650℄ GeV2. They are obtained in a quiklyonverging iterative proedure in whih the F2 data are �tted alternately with the t-distributionsof the vetor meson data (see Set. 3.3) whih determine the parameter BG = 4 GeV�2. Aswell as our main �t with mu;d;s = 0:14 GeV and m = 1:4 GeV, shown in the �rst line of Table3, we also make alternative �ts with di�erent quark masses. As in Ref. [1℄, the best �t to F2 isobtained with very low light quark masses, mu;d;s = 0:05 GeV. The quark mass of 0.14 GeV,17



Figure 4: Dipole ross setion at various impat parameters, as determined in the b-Sat model.
Model T (b) Q2/GeV2 mu;d;s/GeV m/GeV �20=GeV2 Ag �g �2=d:o:f:b-Sat Gaussian [0.25,650℄ 0:14 1:4 1:17 2:55 0:020 193:0=160 = 1:21b-Sat Gaussian [0.25,650℄ 0:14 1:35 1:20 2:51 0:024 190:2=160 = 1:19b-Sat Gaussian [0.25,650℄ 0:14 1:5 1:11 2:64 0:011 198:1=160 = 1:24b-Sat Gaussian [0.25,650℄ 0:05 1:4 0:77 3:61 �0:118 144:7=160 = 0:90b-Sat Step [0.25,650℄ 0:14 1:4 1:50 2:20 0.071 199:6=160 = 1:25Table 3: Parameters of the initial gluon distribution (43) determined from �ts to F2 data [22,23℄.All preditions using the b-Sat model in this paper are evaluated with the set of parametersgiven in the �rst line unless expliitly stated otherwise.18



Figure 5: Top: The total DIS ross setion ��ptot vs. W 2 for di�erent Q2. The data pointsplotted are from ZEUS [22, 23℄. Bottom: The �tot parameter for inlusive DIS de�ned by��ptot / (1=x)�tot. The data points plotted are from ZEUS [22,23℄ and H1 [24℄.19
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)2  (GeV2
ψJ/ + M2Q

10 10
2

  (
n

b
)

σ

10
-1

1

10

10
2  pψ J/→*p γ

W = 90 GeV

H1

ZEUS

VΨBoosted Gaussian 

VΨGaus-LC 

)2  (GeV2
φ + M2Q

1 10

  (
n

b
)

σ

10
-1

1

10

10
2

ZEUS

VΨBoosted Gaussian 

VΨGaus-LC 

 pφ →*p γ

W = 75 GeV

)2  (GeV2
ρ + M2Q

1 10

  (
n

b
)

σ

1

10

10
2

10
3

H1

VΨBoosted Gaussian 

VΨGaus-LC 

 pρ →*p γ

W = 75 GeV

Figure 7: Total vetor meson ross setion � vs. (Q2 +M2V ) ompared to preditions from theb-Sat model using two di�erent vetor meson wave funtions. The ZEUS J= photoprodutionpoint is taken from Table 1 of Ref. [25℄, from the muon deay hannel with W = 90{110 GeV.tions [27℄ are measured in the range jtj < 1:2 GeV2 while ZEUS measure jtj < 1 GeV2 foreletroprodution [26℄ and jtj < 1:8 GeV2 (J= ! �+��) or jtj < 1:25 GeV2 (J= ! e+e�)for photoprodution [25℄. The ZEUS � data [28℄ have jtj < 0:6 GeV2, while the H1 � data [29℄have jtj < 0:5 GeV2.In Fig. 7 we show the (Q2 + M2V ) dependene of the total ross setion � for all threevetor mesons at a �xed value of W . The inner error bars indiate the statistial unertaintiesonly, while the outer error bars inlude the systemati unertainties added in quadrature. Thepreditions are given integrated over the appropriate t range. For the J= data, the preditionsshown orrespond to the H1 t range. The preditions of the model are in good agreementwith data for both vetor meson wave funtions. The model reprodues the Q2 dependene aswell as the absolute magnitude of the data. The predition for the absolute normalisation isdetermined mainly by the gluon density obtained from the �t to the total DIS ross setion(or F2) and the shapes of the \Gaus-LC" and \boosted Gaussian" wave funtions, disussedin Set. 2.2. Although these two vetor meson wave funtions are quite di�erent, they leadto similar preditions using the onstraints from the normalisation and vetor meson deaywidth onditions given in (24), (25), (26) and (27). Note that, unlike the MRT alulations [19℄ompared to the H1 J= data in [27℄, we do not require an additional normalisation fator� 2 to ahieve agreement with the data. Note also that the MRT alulations [19℄, basedon kt-fatorisation using an unintegrated gluon distribution, take as input the gluon densitydetermined from the global analyses using ollinear fatorisation. There is no a priori reasonwhy the �tted parameters in the two gluon distributions determined in these two alulationalframeworks should be idential. The dipole approah is self-onsistent in that the gluon densityis determined from the inlusive proess and applied to exlusive proesses within the samealulational framework. 21
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Model Q2/GeV2 mu;d;s/GeV m/GeV N0 x0/10�4 � �2=d:o:f:b-CGC [0.25,45℄ 0:14 1:4 0.417 5:95 0.159 211:2=130 = 1:62Table 4: Parameters of the b-CGC model, (52) and (53), determined from a �t to F2 data[22,23℄.t-distributions of the vetor meson data has a possible unertainty whih ould be as large as0.5 GeV�2.Summarising, we an see that the agreement of the preditions from the b-Sat model withDVCS data is remarkably good, espeially if we note that the DVCS data were not used in�xing any parameters of the model.4 Impat parameter dependent CGC modelWe have seen that almost all features of the exlusive di�rative HERA proesses are welldesribed by the impat parameter dependent saturation (\b-Sat") model with a GaussianT (b) of width BG = 4 GeV�2. The b-Sat model assumes the validity of DGLAP evolutionwhih may not be appropriate when x approahes the saturation region. Therefore, we alsoinvestigated the impat parameter dependent CGC (\b-CGC") model, in whih the dipole rosssetion is given by (52) and (53). In the b-CGC model the evolution e�ets are inluded viaan approximate solution to the Balitsky{Kovhegov equation [43{45℄.Similar to the b-Sat model, the parameter BCGC = 5:5 GeV�2 in (53) is determined byrequiring a good desription of the t-slopes of vetor meson data, while the three parametersN0, � and x0 in (52) and (53) are determined by �tting the F2 data [22, 23℄ with xB � 0:01and Q2 2 [0:25; 45℄ GeV2. The results of the �t are shown in Table 4. The �t to the F2 datawith the b-CGC model gives a sizably worse desription than the b-Sat model as seen from thevalue of the �2=d:o:f: in Table 4 and the omparison with data of the parameter �tot shownin the bottom plot of Fig. 5. The signi�ant deterioration of the �t quality is due to the fatthat in the impat parameter dependent desription, saturation e�ets an only be sizable inthe ore of the proton, see the disussion in Set. 5. The relatively poor quality of the �tis the main reason why we prefer to use a DGLAP-evolved gluon density together with theGlauber{Mueller dipole ross setion, that is, the b-Sat model.Although almost all features of the vetor meson and DVCS data are well desribed by theb-Sat model, there is one exeption, namely �0P. It is predited to be lose to zero, due tothe assumed fatorisation of T (b) from the gluon distribution xg(x; �2), in some disagreementwith the data; see Figs. 17 and 18. In the b-CGC model the W (or x) dependene is notfatorised from the b dependene. Therefore, an appreiable �0P is ahievable, as shown inFig. 21. Here, we use the \boosted Gaussian" vetor meson wave funtion in both ases. In fat,for photoprodution, a �t to the model preditions of the form BD = B0+4�0Pln[W=(90 GeV)℄gives �0P= 0:075 for the b-CGC model ompared to �0P= 0:004 for the b-Sat model. However,the value of �0P from the b-CGC model is still slightly low when ompared to the values of0:116 � 0:026�0:0100:025 [25℄ or �0P= 0:164 � 0:028 � 0:030 [27℄ measured by experiment. We note33
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Figure 23: The b-dependene of the total ross setion, ��ptot , for Q2 = 0:4, 4 and 40 GeV2 withx = 10�4, 10�3 and 10�2 respetively, using a Gaussian T (b) of width BG = 4 GeV�2.saturation sale is strongly dependent on the impat parameter b. In the entre of the proton(b � 0), the b-Sat and b-CGC models have a similar saturation sale, omparable to the valuein the GBW model. As b inreases the value of the saturation sale drops quikly in bothmodels. This is again understandable sine, in the b-Sat model with a Gaussian proton shape,at larger values of b the gluon density is diluted by the fator T (b) and so the smaller gluondensity leads to smaller saturation sales. In this model, the variation of �tot with Q2 is mostlydue to evolution e�ets, sine the gluon density at the initial sale �20 is haraterised by a lowvalue of the parameter �g � 0. The observed large values of �tot an only be generated byevolution, as disussed in detail by KT [1℄.In Fig. 23 we show the b-dependene of the total ross setion to give a feeling for the relativeontributions from the di�erent impat parameters. The median value of this distribution isaround b = 2:6 GeV�1, that is, the majority of the ross setion is determined by the dilutegluon region, where the saturation sale is small.To summarise, in the impat parameter dependent dipole models, evolution plays a greaterrole than saturation on average. However, in the entre of the proton (b � 0), the saturatione�ets are large in both the b-Sat and b-CGC models. In the entre of the proton the saturationsale is omparable to the saturation sale found in the original GBW model.The GBW model is theoretially very attrative sine all observables in this model are afuntion of only one variable, r2Q2s(x), where Q2s(x) = (x0=x)�GBW . This leads to so-alledgeometri saling in whih ��p is only a funtion of � = Q2=Q2s(x), whih is on�rmed tosome auray by data [51℄.8 A similar saling has reently been observed for (t-integrated)8Note, however, that the inlusion of the harm quark ontribution violates geometri saling to a ertainextent. 36



di�rative DIS data [52℄. The notion of geometri saling is essential for development of thetheoretial approah to saturation. Indeed, geometri saling seems to be a universal featureof a wide lass of evolution equations with saturation e�ets, irrespetive of the form of thenon-linear term [53{55℄. In the b-Sat model, approximate geometri saling is also present, as itis imposed by the �t to the data. This saling, however, is not an intrinsi feature of the b-Satmodel beause of the greater importane of DGLAP evolution ompared to saturation e�ets,and also beause of the additional sale introdued by the impat parameter dependene.The theoretial understanding of saturation phenomena follows from evolution equationsobtained within perturbative QCD. It is therefore interesting to ask the question whether thesaturation e�ets determined in the models from �ts to HERA data belong in the perturbativeor non-perturbative domain. As shown in Fig. 22, the saturation sale determined in theproton entre in the b-Sat model is around 0.5 GeV2 at x � 10�3. This number lies in-between the value of �2QCD = 0:04 GeV2, being learly non-perturbative, and the value ofaround 1 GeV2, onsidered to be perturbative. Therefore it is not obvious to what extentthe saturation dynamis are driven by the perturbative e�ets. The models disussed hereare, however, by onstrution perturbative; the renormalisation and fatorisation sale �2 =4=r2 + �20, used to evaluate the strong oupling and the gluon density, is bounded from belowby �20 ' 1 GeV2 and is around 2 GeV2 if Q2S � 2=r2S ' 0:5 GeV2. Moreover, in the entre ofthe proton, the value of the saturation exponent�S � � ln(Q2S)� ln(1=x) (58)varies between �S = 0:19 at x = 10�2 and �S = 0:27 at x = 10�4, as shown in Fig. 24.Therefore, the values of this exponent are greater than the value of �S ' 0:08 expeted for a`soft' proess, and are lose to the expetations from theoretial studies of perturbative non-linear evolution equations; see, for example, Refs. [56{58℄. This indiates that the saturationphenomena studied in the b-Sat model is outside of the non-perturbative region.5.1 Step T (b)We also performed an alternative �t to F2 data using the b-Sat model with the step funtionT (b) given by (48), with the parameter bS = 4 GeV�1; see the last line of Table 3. Reall thatthis form of T (b) is impliitly used in all b-independent parameterisations of the dipole rosssetion. The �t was of similar quality and gave a slightly larger gluon distribution ompared tothe orresponding �t with a Gaussian T (b), see Fig. 6, indiating a slight shift in the balanebetween evolution and saturation e�ets. Note from (49) that a step T (b) with bS = 4 GeV�1orresponds to hb2i = 8 GeV�2, the same value as for the Gaussian T (b) with BG = 4 GeV�2from (46).For small jtj, the results with a step T (b) are lose to those with a Gaussian T (b), and sothe total ross setions for exlusive proesses are also similar. However, for larger values ofjtj, the step T (b) gives a dip in the t-distributions, whih is not observed in the data, as seenin Fig. 25 for J= prodution. Here, we have used the \boosted Gaussian" vetor meson wavefuntions in both ases. The reason for the dip at large jtj an be explained by notiing that37
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Figure 28: The distribution of dipole sizes r ontributing to the total inlusive DIS ross setionin the b-Sat model for various virtualities, Q2, of the photon. The median values are indiatedby vertial arrows. 42



The b-Sat model, whih gives the best desription of data, uses the Glauber{Mueller dipoleross setion (41) with DGLAP evolution of the gluon density. Although the overall desriptionof exlusive proesses is very good, this approah has some limitations, seen most learly in thelak ofW dependene of BD in J= photoprodution, Fig. 18. Although this is a deliate e�et,the measurement preision is suÆient to show that there is a oupling between the transverseand longitudinal evolution variables, that is, �0P 6= 0. We therefore introdued impat parameterdependene into the CGC model, the \b-CGC" model, whih leads to a onsiderably poorer�t to F2 than the b-Sat model and a worse overall desription of exlusive proesses, but abetter desription of the �0Pparameter. The saturation sale Q2S evaluated in this investigationdoes not depend sizably on the adopted evolution sheme and is onsistent with the results ofRef. [1℄.An important �nding of this investigation is that the t-dependenes of all three vetormesons and the DVCS proess an be simultaneously desribed with one universal shape of theproton. The parameter haraterising the size of the proton, BG = 4 GeV�2, determined inthis investigation, orresponds to a root-mean-square impat parameter phb2i, given by (46),of 0.56 fm. This is rather smaller than the proton harge radius of 0:870� 0:008 fm [60℄.9 Thisleads to a rather surprising result that gluons are more onentrated in the entre of the protonthan quarks. DVCS measurements planned at JLab should help larify this somewhat puzzlingpiture (see, for example, [61℄).The investigation presented here demonstrates that a wide lass of high-energy satteringproesses measured at HERA may be understood within a simple and uni�ed framework. Thekey ingredient is the gluon density whih is probed in the longitudinal and transverse diretions.The suess of the desription indiates the universality of the emerging gluon distribution.Let us �nish with a general remark that vetor meson and DVCS proesses may be used toprobe the properties of nulear matter in a new way. In measurements with polarised beamsit is possible to ahieve preision whih would allow a holographi piture of protons andnulei to be obtained [62{64℄. Suh a measurement ould be performed at an ep ollider withroughly a third of the HERA entre-of-mass energy, similar to the one desribed in the eRHICproposal [65,66℄.AknowledgmentsWe are grateful to Al Mueller for disussions and omments. We thank Markus Diehl for hissuggestion to investigate DVCS. L.M. gratefully aknowledges the support of the grant of thePolish State Committee for Sienti� Researh No. 1 P03B 028 28.A Connetion to the KT paperIn the preeding analysis [1℄ of J= photoprodution in the impat parameter dependent dipolesaturation model, Kowalski and Teaney (KT) used a somewhat di�erent onvention to de�ne9The proton harge radius was �rst measured by Hofstadter [48℄ to be 0:74� 0:24 fm.43



the wave funtions and to alulate the deay onstants and the overlaps.KT [1℄ de�ned the overlap funtions between the vetor meson and the photon wave fun-tions in the following way:(	�V	)T = êfep2N2�mf �m2fK0(�r)��T (r; z)� �z2 + (1 � z)2� �K1(�r)�r ��T (r; z)	 ; (59)(	�V	)L = êfep2N2� 2QK0(�r)z(1� z)��L(r; z); (60)where the salar \Gaus-LC" wave funtions ��T;L(r; z) were de�ned as the Fourier transformsof fatorised wave funtions given in the momentum spae by~�T;L(k; z) = �NT;Lz(1� z) exp(�k2R2T;L=2); (61)leading to ��T;L(r; z) = Z d2k(2�)2 exp (ik � r) ~�T;L(k; z)= �NT;Lz(1 � z)Z d2k(2�)2 exp (ik � r) exp(�k2R2T;L=2)= �NT;L2�R2T;Lz(1� z) exp � r22R2T;L! : (62)In that representation the normalisation onditions were given by1 = Z d2k(2�)2 Z 10 dz4� (�z2 + (1 � z)2� k2m2f + 1) ���~�T (k; z)���2 ; (63)1 = Z d2k(2�)2 Z 10 dz4� ���~�L(k; z)���2 ; (64)and the deay onstants read,fV;T = êfp2N mfMV Z d2k(2�)2 Z 10 dz4�z(1 � z) (�z2 + (1� z)2� k2m2f + 1) ~�T (k; z); (65)fV;L = êfp2N2Z d2k(2�)2 Z 10 dz4� ~�L(k; z): (66)It is straightforward to observe that the KT formulae (59,60), (63,64) and (65,66) may beobtained from the formulae of the present paper (21,22), (24,25) and (26,27) if Æ = 0 and thepreviously used wave funtions ��T and ��L are expressed in terms of the wave funtions �Tand �L written in the onventions of this paper:��T (r; z) = p2Nz(1� z) mf �T (r; z); (67)��L(r; z) =p2NMV �L(r; z): (68)44
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