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lusive di�ra
tive pro
esses at HERAwithin the dipole pi
tureH. Kowalskia, L. Motykaa;b and G. Watta;
a Deuts
hes Elektronen-Syn
hrotron DESY, 22607 Hamburg, Germanyb Institute of Physi
s, Jagellonian University, 30-059 Krak�ow, Poland
 Department of Physi
s & Astronomy, University College London, WC1E 6BT, UKAbstra
tWe present a simultaneous analysis, within an impa
t parameter dependent saturateddipole model, of ex
lusive di�ra
tive ve
tor meson (J= , � and �) produ
tion, deeplyvirtual Compton s
attering and the total 
�p 
ross se
tion data measured at HERA.Various 
ross se
tions measured as a fun
tion of the kinemati
 variables Q2, W and t arewell des
ribed, with little sensitivity to the details of the ve
tor meson wave fun
tions.We determine the properties of the gluon density in the proton in both longitudinal andtransverse dimensions, in
luding the impa
t parameter dependent saturation s
ale. Theoverall su

ess of the des
ription indi
ates universality of the emerging gluon distributionand proton shape.1 Introdu
tionEx
lusive di�ra
tive pro
esses at HERA, su
h as ex
lusive ve
tor meson produ
tion or deeplyvirtual Compton s
attering (DVCS), are ex
ellent probes of the proton shape in the perturbativeregime. Several investigations have already shown that these pro
esses 
an be well des
ribedwithin a QCD dipole approa
h with the ve
tor meson wave fun
tions determined by edu
atedguesses and the photon wave fun
tion 
omputed within QED; see, for example, Refs. [1{11℄.It was also pointed out some time ago that the ex
lusive ve
tor meson and DVCS pro
essesprovide severe 
onstraints on the gluon density at low-x [12{21℄.The ve
tor meson and DVCS pro
esses are measured at HERA [22{31℄ in the small-xregime where the behaviour of the in
lusive deep-inelasti
 s
attering (DIS) 
ross se
tion, or thestru
ture fun
tion F2, is driven by the gluon density. The dipole model allows these pro
essesto be 
al
ulated, through the opti
al theorem, from the gluon density determined by a �t to thetotal in
lusive DIS 
ross se
tions. 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 impli
ations on the emerging pattern of QCD evolution and saturation e�e
ts. Theinterplay of saturation and evolution e�e
ts was �rst investigated by Bartels, Gole
-Biernatand Kowalski [32℄, where it was found that the total in
lusive DIS 
ross se
tions, or F2, 
anbe des
ribed either by strong saturation and weak evolution or by strong evolution and weaksaturation e�e
ts. The investigation of Ref. [1℄, whi
h took into a

ount also the proton shapein the transverse plane, 
on
luded that saturation e�e
ts are substantial in the proton 
entre,but that the Gaussian form implies that a large 
ontribution to the 
ross se
tion has to 
omefrom the outskirts of the proton, where the gluon density is diluted. Hen
e the evolution e�e
tshave to be strong and play an important role. An alternative approa
h to determining theimpa
t parameter dependent gluon distribution, based on a two-Pomeron model, is dis
ussedin Refs. [33,34℄.Another important result of dipole model investigations is that a wide variety of DIS data
an be des
ribed with only a few assumptions. The investigations of Refs. [32,35{38℄ show thatthe in
lusive DIS 
ross se
tion 
an be des
ribed together with the in
lusive di�ra
tive DIS 
rossse
tion. Moreover, in Ref. [1℄ it was shown that the in
lusive DIS pro
ess 
an be des
ribedtogether with in
lusive 
harm produ
tion and ex
lusive di�ra
tive J= photoprodu
tion. Thisdes
ription preserves also the main properties of the in
lusive di�ra
tive DIS 
ross se
tion [39℄.In this paper we will extend the analysis of Ref. [1℄ and show that the same minimal set ofassumptions allows the des
ription of a mu
h wider set of re
ently measured data on ex
lusiveJ= , � and � photo- and ele
troprodu
tion and also the DVCS pro
ess. The 
ross se
tions forthese pro
esses have been measured as a fun
tion of the photon virtuality, Q2, the 
�p 
entre-of-mass energy, W , and the squared momentum transfer, t. In addition, for ve
tor mesons theratios of the 
ross se
tions for longitudinally and transversely polarised in
oming photons havebeen determined as a fun
tion of Q2.To perform the analysis we use an impa
t parameter dependent saturated dipole model inwhi
h the gluon density is determined by a DGLAP �t to the total in
lusive DIS 
ross se
tions.The wave fun
tion of the virtual photon is known from QED and the proton and ve
tor mesonwave fun
tions 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 ve
tor meson wave fun
tions. The proper 
hoi
e of the wave fun
tionsis also 
on�rmed by the agreement of the predi
ted size of the 
ross se
tions with data. In thedipole model the absolute normalisation of the ve
tor meson 
ross se
tions follows from theopti
al theorem.The t-distributions determine the area size of the intera
tion region, BD. The parameterBD is obtained by making a �t to the t-distributions of the form d�=dt / exp(�BDjtj). Fors
attering of very small dipoles BD is 
onne
ted to the proton radius Rp via BD = R2p=3.However, for larger dipoles the size of the intera
tion area depends not only on the protonradius but also on the size of the produ
ed ve
tor meson or real photon, whi
h we take intoa

ount following the work of Bartels, Gole
-Biernat and Peters (BGBP) [40℄. This allows the2
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 s
attering of a virtual photon on a proton in the dipole representation.data for all ve
tor mesons and DVCS to be des
ribed using a unique Gaussian proton shape,independent of the produ
ed �nal state.2 The dipole modelIn the dipole model, deep inelasti
 s
attering is viewed as the intera
tion 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 fra
tion z of the photon's light-
one momentum. In theproton rest frame, the dipole lifetime is mu
h longer than the lifetime of its intera
tion with thetarget proton. Therefore, the elasti
 
�p s
attering is assumed to pro
eed in three stages: �rstthe in
oming virtual photon 
u
tuates into a quark{antiquark pair, then the q�q pair s
atterselasti
ally on the proton, and �nally the q�q pair re
ombines to form a virtual photon. This isshown s
hemati
ally in Fig. 1.The amplitude for the elasti
 pro
ess 
�p ! 
�p, A
�p(x;Q;�), is simply the produ
t ofamplitudes of these three subpro
esses 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 in
oming virtual photon to 
u
tuate into aquark{antiquark dipole with heli
ities h and �h and 
avour f . We suppress here referen
es tothe photon heli
ities for simpli
ity. Aq�q(x; r;�) is the elementary amplitude for the s
atteringof 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�erent
onvention from that 
ommonly used, in that we in
lude a fa
tor of 1=(4�) in the integrationmeasure; this 
onvention is re
e
ted in the normalisation of the photon and ve
tor meson wavefun
tions. 3



The elementary elasti
 amplitudeAq�q is de�ned su
h that the elasti
 di�erential 
ross se
tionfor the q�q pair s
attering 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 s
attering of adipole of size r at impa
t 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 impa
t parameter when the dipole size is small
ompared to the size of the proton. The opti
al theorem then 
onne
ts the total 
ross se
tion forthe q�q pair s
attering on the proton to the imaginary part of the forward s
attering 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�erential
ross se
tion as d�q�qd2b = 2[1� ReS(x; r; b)℄: (5)The total 
ross se
tion for 
�p s
attering, or equivalently F2, is obtained, using (1) and (4),by integrating the dipole 
ross se
tion with the photon wave fun
tions:�
�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 fun
tions (	�	)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 heli
ity and f the 
avour of the q�q pair. The dependen
e on thequark 
avour f is spe
i�ed below in Se
t. 2.1. In the perturbative region, that is, for smalldipole sizes r, the dipole 
ross se
tion 
orresponds to ex
hange of a gluon ladder; see Fig. 2(left). The same diagram applies for ex
lusive �nal state produ
tion if the wave fun
tion ofthe outgoing virtual photon is repla
ed by the wave fun
tion of a spe
i�
 �nal state; see Fig. 2(right).The amplitude for produ
tion of an ex
lusive �nal state E, su
h as a ve
tor 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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 s
attering amplitude for in
lusive DIS (left) and ve
tor meson produ
tion(right). For DVCS, the outgoing ve
tor meson in the right-hand diagram is repla
ed by a realphoton.where (	�E	)T;L denotes the overlap of the photon and ex
lusive �nal state wave fun
tions. ForDVCS, the amplitude involves a sum over quark 
avours. This expression, used in the analysisof ex
lusive J= photoprodu
tion by Kowalski and Teaney [1℄, is derived under the assumptionthat the size of the quark{antiquark pair is mu
h smaller than the size of the proton. Theexpli
it perturbative QCD 
al
ulation of Bartels, Gole
-Biernat and Peters [40℄ shows thatthe non-forward wave fun
tions 
an be written as the usual forward wave fun
tions multipliedby exponential fa
tors exp[�i(1 � z)r ��=2℄. E�e
tively, the momentum transfer � should
onjugate to b+ (1 � z)r, the transverse distan
e from the 
entre of the proton to one of thetwo quarks of the dipole, rather than to b, the transverse distan
e 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�ra
tive 
ross se
tion 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 ex
lusive pro
esses per-formed in this paper.2.1 Forward photon wave fun
tionsThe forward photon wave fun
tions were perturbatively 
al
ulated in QCD by many authors;see, for example, Refs. [5,41℄. The normalised photon wave fun
tion 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 subs
ripts h and �h are the heli
ities of the quark and the antiquarkrespe
tively and �r is the azimuthal angle between the ve
tor r and the x-axis in the transverseplane. K0 is a modi�ed Bessel fun
tion of the se
ond kind, �2 � z(1� z)Q2+m2f and N
 = 3 isthe number of 
olours. The 
avour f dependen
e enters through the values of the quark 
hargeef and mass mf , and �rK0(�r) = ��K1(�r).2.1.1 Total DIS 
ross se
tionsIn the 
ase of the total DIS 
ross se
tion �
�p, whi
h is obtained from the elasti
 
�p ! 
�pamplitude via the opti
al theorem, the squared photon wave fun
tions summed over the quarkheli
ities 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 sin
e they 
an be derived from theLO kt-fa
torisation formulae. At large dipole sizes the wave fun
tions are suppressed, sin
efor large values of the argument the modi�ed Bessel fun
tions behave as K0(�r);K1(�r) �p�=(2�r) exp(��r). At larger Q2 values the wave fun
tions 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 wavefun
tions are sensitive to the non-zero quark masses mf , whi
h prevent the integrals over r ofthe modi�ed Bessel fun
tions from diverging. Of 
ourse, near the end-points or at small Q2 theexpressions (15) and (16) should be 
onsidered as a model in whi
h the value of the light quarkmasses provides a 
ut-o� s
ale whi
h should be related to the physi
al 
ut-o� s
ale generatedby 
on�nement e�e
ts. It is therefore 
ustomary in dipole models to identify the light quarkmasses with the pion mass.2.1.2 Deeply virtual Compton s
atteringIn addition to the total DIS 
ross se
tion �
�p, the photon wave fun
tions determine alsothe DVCS pro
ess, 
�p ! 
p. Here the outgoing photon is real and therefore the pro
ess isdire
tly observed at HERA. For real photons, only the transversely polarised overlap fun
tion1This is the origin of the statement that the transverse 
ross se
tion is more inherently non-perturbativethan the longitudinal 
ross se
tion, sin
e the 
ontribution from the end-points is suppressed for the longitudinalbut not the transverse 
ase, see (15) and (16). 6




ontributes to the 
ross se
tion. Summed over the quark heli
ities, 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 ve
tor meson wave fun
tionsVarious 
onventions are used in the literature for the forward ve
tor meson wave fun
tions.Re
ently, Forshaw, Sandapen and Shaw (FSS) [9℄ suggested some guidelines for bringing orderinto this problem. We will adopt their pres
ription in this se
tion, apart from the overallnormalisation fa
tor of 1=(4�) dis
ussed previously, whi
h in our 
ase appears in the integrationmeasure.The simplest approa
h to modelling the ve
tor meson wave fun
tion is to assume, followingRefs. [1, 5, 9℄, that the ve
tor meson is predominantly a quark{antiquark state and that thespin and polarisation stru
ture is the same as in the photon 
ase. In 
omplete analogy to thetransversely polarised photon wave fun
tion (14), the transversely polarised ve
tor meson wavefun
tion 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 fun
tion is slightly more 
ompli
ated due to the fa
t thatthe 
oupling of the quarks to the meson is non-lo
al, 
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�eren
e in the stru
ture ofthe longitudinal wave fun
tion is due to the non-lo
al term proportional to Æ, whi
h was �rstintrodu
ed by Nem
hik, Nikolaev, Predazzi and Zakharov (NNPZ) [2,4℄.Formulae (18) and (19) uniquely de�ne the s
alar part of the ve
tor meson wave fun
tion�T;L(r; z), whi
h is obtained from the photon wave fun
tion by the repla
ementefe z(1� z) K0(�r)2� �! �T;L(r; z); (20)with the prefa
tor 2Q ! MV for the 
ase of the longitudinal polarisation. Note that thisde�nition of �T;L(r; z)jr=0 mat
hes, up to a 
onstant fa
tor, the de�nition of the distributionamplitude in QCD.The overlaps between the photon and the ve
tor meson wave fun
tions 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�e
tive 
harge êf = 2=3, 1=3, or 1=p2, for J= , �, or � mesons respe
tively.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 mat
h the assumptions of other models [1, 5℄. Note that theadditional fa
tor of 1=[z(1 � z)℄ in (21) and (22) as 
ompared to the photon overlap fun
tions(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 wavefun
tion may be negle
ted, allows the normalisation of the ve
tor meson wave fun
tions tounity: 1 =Xh;�h Z d2r Z 10 dz4� ���	Vh�h;�(r; z)���2 : (23)Thus, in the s
heme presented here the normalisation 
onditions for the s
alar parts of thewave fun
tions are1 = N
2� Z 10 dzz2(1� z)2 Z d2r �m2f�2T + �z2 + (1� z)2� (�r�T )2	 ; (24)1 = N
2� Z 10 dz Z d2r �MV �L + Æ m2f �r2rMV z(1� z) �L�2 : (25)Another important 
onstraint on the ve
tor meson wave fun
tions is obtained from the de
aywidth. It is 
ommonly assumed that the de
ay width 
an be des
ribed in a fa
torised way;the perturbative matrix element q�q ! 
� ! l+l� fa
torises out from the details of the wavefun
tion, whi
h 
ontributes only through its properties at the origin.2 The de
ay widths arethen given byfV;T = êf N
2�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 ele
tromagneti
 
urrent, fV , is obtained from the measuredele
troni
 de
ay width by �V!e+e� = 4��2emf2V3MV : (28)In order to 
omplete the model of the ve
tor meson wave fun
tion the s
alar parts of thewave fun
tions �T;L(r; z) should be spe
i�ed. In the photon 
ase the s
alar part is given bymodi�ed Bessel fun
tions, whereas for ve
tor mesons various quark models tell us that a hadronat rest 
an be modelled by Gaussian 
u
tuations in transverse separation. The proton wavefun
tion is also dire
tly seen to have a Gaussian form from the t-distributions of ve
tor mesonsat HERA; see the dis
ussion of the proton shape below. After assuming a Gaussian form themodelling freedom redu
es to the 
hoi
e of a 
u
tuating variable.2Usually, one assumes that the fa
torisation holds and that the perturbative QCD 
orre
tions are similarfor the pro
ess of ve
tor meson produ
tion 
�(Q2) + 2g ! V and for the ve
tor meson de
ay V ! 
� ! l+l�,thus the 
orre
tions 
an be absorbed into the wave fun
tion.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" ve
tor meson wave fun
tions.Dos
h, Gousset, Kulzinger and Pirner (DGKP) [5℄ made the simplest assumption that thelongitudinal momentum fra
tion z 
u
tuates independently of the transverse quark momentumk, where k is the Fourier 
onjugate variable to the dipole ve
tor r. In what follows, this typeof s
alar wave fun
tion will be 
alled the fa
torised wave fun
tion. 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 dependen
e of the wave fun
tion for the longitudinallypolarised meson is given by the short-distan
e 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 fun
tions 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 
orre
tnormalisation and by the 
ondition fV = fV;T = fV;L, are given in Table 1.The main advantage of the fa
torised wave fun
tions is their simpli
ity. Probably a morerealisti
 approa
h starts from the observation of Brodsky, Huang and Lepage [42℄ that the
u
tuation of the quark three-momentum p in the rest frame of the meson 
ould be des
ribedin a boost-invariant form. In the meson rest frame, the momentum p is 
onne
ted 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 s
alar wave fun
tion in momentum spa
e of~�T;L(k; z) / exp ��R28 �k2 +m2fz(1 � z) � 4m2f�� : (32)This is the basis for the \boosted Gaussian" wave fun
tion of FSS [9℄, whi
h was �rst proposedby NNPZ [2, 4℄.4 In the 
on�guration spa
e these wave fun
tions 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 fun
tion [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" ve
tor meson wave fun
tions.Note that the \boosted Gaussian" wave fun
tion has the proper short-distan
e 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 de
ay 
onstantrespe
tively. We 
hoose the \radius" parameter R to reprodu
e the experimentally measuredleptoni
 de
ay width of the ve
tor meson for the longitudinally polarised 
ase. This means thatthe 
al
ulated de
ay 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 thede
ay width 
ondition (27).The parameters of the \boosted Gaussian" wave fun
tion are given in Table 2, where wealso show the value of fV;T (26) 
omputed using the given values of R and NT . (Re
all thatwe require that fV;L = fV .)The \boosted Gaussian" wave fun
tion is very similar to the \Gaus-RF" wave fun
tion usedin the KT investigation [1℄, ex
ept for the Ja
obian of the transformation from the rest framevariables to the light-
one variables. We fo
us here on the \boosted Gaussian" version be
auseof the proper short distan
e limit of the z dependen
e. The \CORNELL" wave fun
tion used inRef. [1℄ 
annot be used for light ve
tor mesons sin
e it was obtained within the nonrelativisti
bound-state model.Comparing the values of the radius parameters given in Tables 1 and 2 we note that themeson des
ription with the \boosted Gaussian" wave fun
tion is more self-
onsistent; the valuesof the radius parameters RT and RL for the \Gaus-LC" wave fun
tions are very di�erentindi
ating that there are large dynami
al 
orre
tions to at least one of the meson polarisationstates. For the \boosted Gaussian" there is only one radius parameter R, sin
e the des
riptionof the meson is assumed to be boost-invariant between the meson rest frame and the light-
oneframe. The short
oming of this approa
h is that the predi
ted de
ay 
onstant fV di�ers slightlybetween the transverse and the longitudinal polarisation 
omponents. However, the di�eren
esbetween the de
ay 
onstants of the \boosted Gaussian" wave fun
tion are relatively small
ompared to the di�eren
es between the radii of the \Gaus-LC" wave fun
tion. To quantifythis e�e
t we �x the parameter RT of the \Gaus-LC" wave fun
tion to the same value as RL,then we predi
t the value of the de
ay 
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 respe
tively, to be 
ompared with the experimental values of fV (= fV;L) of 0:27,0:08 and 0:16. That is, the di�eren
es between fV;T and fV;L for the \Gaus-LC" wave fun
tionare mu
h larger than the equivalent di�eren
es for the \boosted Gaussian" wave fun
tion; seeTable 2.The agreement between the de
ay 
onstants for the longitudinal and transverse polarisationwith the \boosted Gaussian" wave fun
tion is parti
ularly good for the � meson wave fun
tion.10



We note, en passant, that the di�eren
e between the two de
ay 
onstants fV;T and fV;L dependson the assumed quark mass; for the � meson the di�eren
e 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 de
reases slightly with de
reasing quark mass but there is still a signi�
antdi�eren
e even when the quark mass is set to zero.5In Fig. 3 we show the overlap fun
tions between the photon and ve
tor meson wave fun
tionsintegrated over z for the three di�erent ve
tor mesons at Q2 values representative of the datadis
ussed later in Se
t. 3. To be pre
ise, we plot the quantity2�r Z 10 dz4� (	�V	)T;L: (34)The plots show that the longitudinal overlap fun
tions for the \Gaus-LC" and \boosted Gaus-sian" 
ases are more similar than the transverse overlap fun
tions for all three ve
tor mesons.For the � meson there is also a good agreement for the transverse overlap fun
tion. This indi-
ates that observable quantities for � mesons 
omputed with either the \Gaus-LC" or \boostedGaussian" wave fun
tions should be very similar, in spite of the sizable disagreement betweenR2T and R2L for the \Gaus-LC" wave fun
tion.2.3 Dipole 
ross se
tions2.3.1 Review of dipole 
ross se
tionsThe dipole model be
ame an important tool in investigations of deep-inelasti
 s
attering dueto the initial observation of Gole
-Biernat and W�ustho� (GBW) [35, 36℄ that a simple ansatzfor the dipole 
ross se
tion integrated over the impa
t parameter b, �q�q, was able to des
ribesimultaneously the total in
lusive and di�ra
tive DIS 
ross se
tions:�GBWq�q (x; r) = �0 �1� e�r2Q2s(x)=4� ; (35)where �0 is a 
onstant and Qs(x) denotes the x dependent saturation s
ale, 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 in
luding 
harm quarks. After in
lusion 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 theoreti
ally well justi�edfor small-size dipoles only, the GBW model provided a good des
ription of data from mediumQ2 values (� 30 GeV2) down to low Q2 (� 0.1 GeV2). The saturation s
ale Q2s is intimatelyrelated to the gluon density in the transverse plane. The exponent �GBW determines thereforethe growth of the total and di�ra
tive 
ross se
tions with de
reasing x. For dipole sizes whi
hare large in 
omparison to 1=Qs the dipole 
ross se
tion saturates by approa
hing a 
onstantvalue �0, whi
h be
omes independent of �GBW. It is a 
hara
teristi
 feature of the GBW model5For the � meson, the relative di�eren
e of de
ay 
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�eren
e of de
ay 
onstants is 36% for mu;d = 0:3 GeV and14% for mu;d = 0:05 GeV. 11



0.01 0.1 1
r  (fm)

0

0.005

0.01

0.015

0.02

0.025
(r

/2
) 

∫d
z 

(Ψ
V*

Ψ
) T

Transversely polarised J/ψ mesons 

0.01 0.1 1
r  (fm)

0

0.005

0.01

0.015

0.02

0.025

(r
/2

) 
∫d

z 
(Ψ

V*
Ψ

) L

Longitudinally polarised J/ψ mesons

solid: Boosted Gaussian Ψ
V

dashed: Gaus-LC Ψ
V

0.05

3.2

22.4

0.05

3.2

22.4

Labels are Q
2
 values in GeV

2

0.01 0.1 1
r  (fm)

0

0.001

0.002

0.003

0.004

0.005

(r
/2

) 
∫d

z 
(Ψ

V*
Ψ

) T

Transversely polarised φ mesons 

0.01 0.1 1
r  (fm)

0

0.001

0.002

0.003

0.004

0.005

(r
/2

) 
∫d

z 
(Ψ

V*
Ψ

) L

Longitudinally polarised φ mesons

Labels are Q
2
 values in GeV

2

2.4

6.5

13

2.4

6.513
solid: Boosted Gaussian Ψ

V
dashed: Gaus-LC Ψ

V

0.01 0.1 1
r  (fm)

0

0.002

0.004

0.006

0.008

0.01

(r
/2

) 
∫d

z 
(Ψ

V*
Ψ

) T

Transversely polarised ρ mesons 

0.01 0.1 1
r  (fm)

0

0.002

0.004

0.006

0.008

0.01

(r
/2

) 
∫d

z 
(Ψ

V*
Ψ

) L

Longitudinally polarised ρ mesons

solid: Boosted Gaussian Ψ
V

dashed: Gaus-LC Ψ
V

2

4.8

19.7

2

4.8
19.7

Labels are Q
2
 values in GeV

2

Figure 3: Overlap fun
tions (21) and (22) between the photon and ve
tor meson wave fun
tionsintegrated over z for the three di�erent ve
tor mesons at Q2 values representative of the data.12



that a good des
ription of data is due to large saturation e�e
ts, that is, the strong growth dueto the fa
tor x��GBW is, for large dipoles, signi�
antly 
attened by the exponentiation in (35).The assumption of dipole saturation provided an attra
tive theoreti
al ba
kground for in-vestigation of the transition from the perturbative to non-perturbative regimes in the HERAdata. Despite the appealing simpli
ity and su

ess of the GBW model it su�ers from 
learshort
omings. In parti
ular it does not in
lude s
aling violations, that is, at large Q2 it doesnot mat
h with QCD (DGLAP) evolution. Therefore, Bartels, Gole
-Biernat and Kowalski(BGBK) [32℄ proposed a modi�
ation of the original ansatz of (35) by repla
ing Q2s by a gluondensity with expli
it DGLAP evolution:�BGBKq�q (x; r) = �0 �1� exp ���2r2�s(�2)xg(x; �2)=(3�0)�	 : (36)The s
ale of the gluon density, �2, was assumed to be �2 = C=r2 + �20, and the gluon densitywas evolved a

ording to the leading-order (LO) DGLAP equation without quarks.The BGBK form of the dipole 
ross se
tion led to signi�
antly better �ts to the HERA F2data than the original GBW model, espe
ially in the region of larger Q2. The good agreementof the original model with the DIS di�ra
tive HERA data was also preserved. However, the
ontribution from 
harm quarks was omitted in the BGBK analysis.The BGBK analysis found, surprisingly, that there exist two distin
t solutions, both givinga very good des
ription of the HERA data, depending on the quark mass in the photon wavefun
tion. 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, whi
his very similar to the �GBW. As in the original model, the good agreement with data was dueto substantial saturation e�e
ts. In the se
ond solution, whi
h 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 valen
e-like, and QCD evolution played a mu
h more signi�
antrole than in the solution with mu;d;s = 0:14 GeV.The DGLAP evolution, whi
h is generally used in the analysis of HERA data, may not beappropriate when x approa
hes the saturation region. Therefore, Ian
u, Itakura and Munier [37℄proposed a new saturation model, the Colour Glass Condensate (CGC) model, in whi
h gluonsaturation e�e
ts are in
orporated via an approximate solution of the Balitsky{Kov
hegovequation [43{45℄. The CGC dipole 
ross se
tion 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 
oeÆ
ients A and B in these
ond line of (37) are determined uniquely from the 
ondition that �CGCq�q , and its derivativewith respe
t to rQs, are 
ontinuous at rQs = 2:A = � N 20 
2s(1�N0)2 ln(1�N0) ; B = 12 (1�N0)� (1�N0)N0
s : (38)13



Later, also Forshaw and Shaw (FS) [38℄ proposed a Regge-type model with saturation e�e
ts.The CGC and FS models provide a des
ription of HERA in
lusive and di�ra
tive DIS datawhi
h is better than the original GBW model and 
omparable in quality to the BGBK analysis.Both models �nd strong saturation e�e
ts in HERA data 
omparable to the GBW model andthe solution of the BGBK model with mu;d;s = 0:14 GeV.All approa
hes to dipole saturation dis
ussed so far ignored a possible impa
t parameterdependen
e of the dipole 
ross se
tion. This dependen
e was introdu
ed in this 
ontext byKT [1℄, who assumed that the dipole 
ross se
tion is a fun
tion of the opa
ity 
, following forinstan
e Ref. [3℄: d�qqd2b = 2 �1 � e�
2 � : (39)At small x the opa
ity 
 
an be dire
tly 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 se
tion. The di�ra
-tive 
ross se
tion of this type was used around 50 years ago to study the di�ra
tive disso
iationof deuterons by Glauber [46℄ and reintrodu
ed by Mueller [47℄ to des
ribe dipole s
attering indeep-inelasti
 pro
esses.2.3.2 Applied dipole 
ross se
tionsSin
e the des
ription of ex
lusive ve
tor meson produ
tion is the fo
us of this investigation we
on
entrate here on impa
t parameter dependent dipole 
ross se
tions. First, we use the sameform of the di�erential dipole 
ross se
tion as in the KT investigation [1℄:d�q�qd2b = 2 �1 � exp�� �22N
 r2�S(�2)xg(x; �2)T (b)�� : (41)Here, the s
ale �2 is related to the dipole size r by �2 = 4=r2+�20. The gluon density, xg(x; �2),is evolved from a s
ale �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 s
ale �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 negle
ted. For ve
tor mesonprodu
tion, 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 fun
tion 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 whi
h is �xed by the �t to the di�erential 
ross se
tions d�=dtfor ex
lusive ve
tor meson produ
tion. 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 fa
tor) 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 ele
tromagneti
 radius whereas we probe the gluoni
 distribution of the proton.The two-dimensional Fourier transform of (45) has the exponential form whi
h 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 a
ertain area within a sharp boundary, and is zero beyond this boundary. That is, we assume astep fun
tion, again normalised as in (44):TS(b) = 1�b2S�(bS � b) ; (48)where bS is a free parameter, for whi
h the average squared transverse radius of the proton ishb2i = b2S2 : (49)This is the form of T (b) impli
itly used in all b-independent parameterisations of the dipole
ross se
tion. 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 ex
lusive di�ra
tive pro
esses at large values of (M2V + Q2) the typi
al dipole size r is small,and the t-dependen
e of the 
ross se
tion is determined entirely by the proton transverse pro�le.15



the s
attering amplitudes N (x; r; b) or N (x; r) 
an vary between zero and one, where N = 1 isthe unitarity limit.To introdu
e the impa
t parameter dependen
e 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 impa
t parameter:Qs � Qs(x; b) = �x0x ��2 �exp�� b22BCGC�� 12
s : (53)Note that, in 
ontrast to the parameterBG in the KT approa
h, a straightforward interpretationof BCGC in terms of the proton size is not possible due to the r and Y dependen
e of the exponent2�
s + 1��Y ln 2rQs� in (52).Following KT [1℄ we de�ne the saturation s
ale Q2S � 2=r2S , where the saturation radius rSis the dipole size where the s
attering 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 s
ale Q2S = 2=r2S de�ned by (54) 
oin
ides with Q2s(x) � (x0=x)�GBW GeV2. However,for the CGC (37) and b-CGC (52) models, the saturation s
ale 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 s
ales. The saturation s
ale QS is the quantity we shall later 
ompute and 
ompare for thedi�erent dipole models in Se
t. 5.2.3.3 Phenomenologi
al 
orre
tions for ex
lusive pro
essesAfter performing the angular integrations, (11) redu
es 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 fun
tion of the �rst kind and E = V; 
 denotes either the ex
lusive ve
tormeson or DVCS �nal state. The derivation of the expression for the ex
lusive ve
tor mesonprodu
tion or DVCS amplitude, (11), relies on the assumption that the S-matrix is purely realand therefore the ex
lusive amplitude A is purely imaginary. The real part of the amplitude
an be a

ounted for by multiplying the di�erential 
ross se
tion for ve
tor meson produ
tionor DVCS, (12), by a fa
tor (1 + �2), where � is the ratio of real to imaginary parts of thes
attering amplitude A and is 
al
ulated using� = tan(��=2); with � � � ln�A
�p!EpT;L �� ln(1=x) : (56)16



This pro
edure (or similar) is adopted in other des
riptions of ve
tor meson produ
tion toa

ount for the real part of the amplitude; see, for example, Refs. [4,9,19℄.For ve
tor meson produ
tion or DVCS, we should use the o�-diagonal (or generalised) gluondistribution, sin
e the two gluons in the right-hand diagram of Fig. 2 
arry di�erent fra
tionsx and x0 of the proton's (light-
one) momentum. In the leading ln(1=x) limit, the skewed e�e
tvanishes. However, the skewed e�e
t 
an be a

ounted for, in the limit that x0 � x � 1, bymultiplying the gluon distribution xg(x; �2) in (41) by a fa
tor Rg, given by [49℄Rg(�) = 22�+3p� �(� + 5=2)�(�+ 4) ; with � � � ln [xg(x; �2)℄� ln(1=x) : (57)This skewedness e�e
t is also a

ounted for in the 
al
ulation of ve
tor meson produ
tionby Martin, Ryskin and Teubner (MRT) [19℄, but is negle
ted in most other dipole modeldes
riptions.3 Des
ription of HERA data with the \b-Sat" modelIn this se
tion we des
ribe HERA data within the generalised impa
t parameter dipole satu-ration (\b-Sat") model in whi
h the dipole 
ross se
tion is given by (41) and the proton shapefun
tion T (b) is assumed to be purely Gaussian (45). The total DIS 
ross se
tion is given by (6)and the photon overlap fun
tions by (15) and (16). For ex
lusive pro
esses, the di�erential 
rossse
tions are given by (12) with the phenomenologi
al improvements des
ribed in Se
t. 2.3.3.For ve
tor mesons the overlaps of wave fun
tions are given by (21) and (22), and for the DVCSpro
ess by (17).The light quark masses are taken to be mu;d;s = 0:14 GeV, the value of the pion mass,whi
h ensures the proper exponential 
ut-o� of the photon wave fun
tions (15) and (16) atlarge distan
es. The value of the 
harm mass was 
hosen to be m
 = 1:4 GeV, but other
hoi
es for the 
harm and light quark masses are also dis
ussed 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 des
ribe with these four parameters the totalDIS 
ross se
tion for xB � 0:01 and all total and di�erential 
ross se
tions for J= , � and �meson produ
tion, as well as DVCS. The dipole 
ross se
tion as determined in the b-Sat modelis shown at various impa
t parameters in Fig. 4.3.1 Total 
�p 
ross se
tionThe 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 qui
kly
onverging iterative pro
edure in whi
h the F2 data are �tted alternately with the t-distributionsof the ve
tor meson data (see Se
t. 3.3) whi
h 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 se
tion at various impa
t 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 predi
tions using the b-Sat model in this paper are evaluated with the set of parametersgiven in the �rst line unless expli
itly stated otherwise.18



Figure 5: Top: The total DIS 
ross se
tion �
�ptot vs. W 2 for di�erent Q2. The data pointsplotted are from ZEUS [22, 23℄. Bottom: The �tot parameter for in
lusive 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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-1Figure 6: The gluon distribution xg(x; �2) for di�erent �xed �2 (left) or �xed r (right).whi
h is more appropriate as a 
ut-o� mass for ve
tor meson bound states, gives a �t to F2 ofstill a

eptable quality; see Table 3. The last line of Table 3 shows also the �t results performedwith the step-like proton shape de�ned by (48) with the parameter bS = 4 GeV�1, whi
h wedis
uss further in Se
t. 5.To 
ompare with the �ts obtained by global analysis using the NLO DGLAP formalism,we evaluated the �2 for a subset of the ZEUS F2 data [23℄ with xB � 0:01 and Q2 � 2 GeV2
omprising of 116 data points. The main b-Sat �t shown in the �rst line of Table 3 gave a �2of 114, while the most re
ent NLO DGLAP �t by the MRST group [50℄ gave a �2 of 96 for the116 data points.In Fig. 5 we show the 
omparison of the main b-Sat �t results with measurements of thetotal DIS 
ross se
tion �
�ptot . In the same �gure we also show the 
omparison for the rate ofrise of the total DIS 
ross se
tion, �tot, de�ned by �
�ptot / (1=x)�tot . Both 
omparisons show avery good agreement between data and the b-Sat model results.Let us make some general remarks about the sensitivity of the �t to the assumed quarkmasses and the proton shape. Table 3 shows that the variation of the 
harm quark massdoes not sizably 
hange the �t parameters. On the other hand, the 
hoi
e of the light quarkmass in
uen
es the value of the �g parameter and 
onsequently the evolution of the gluondensity. In Fig. 6 we show the gluon distribution for di�erent s
ales �2 or dipole sizes r. The
orrelation between the assumed value of the light quark mass and the �g and �20 parameterswas investigated in detail in Ref. [1℄. Consequently, in the b-Sat model the des
ription of the
hange of the parameter �tot with Q2 is mainly due to evolution e�e
ts and not to saturatione�e
ts as in, for example, the GBW model [35,36℄.3.2 Ve
tor meson total 
ross se
tionsWe now 
ompare our predi
tions for ex
lusive ve
tor meson produ
tion with re
ent publishedHERA data for J= [25{27℄, � [28℄ and � [29℄ meson produ
tion.7 The H1 J= 
ross se
-7The ZEUS 
�p 
ross se
tions [25, 26, 28℄ are given as � = �T + �L, while H1 [27, 29℄ give � = �T + "�L,where " = (1� y)=(1� y + y2=2) and h"i � 0:99. We use the ZEUS de�nition in our 
al
ulations.20
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Figure 7: Total ve
tor meson 
ross se
tion � vs. (Q2 +M2V ) 
ompared to predi
tions from theb-Sat model using two di�erent ve
tor meson wave fun
tions. The ZEUS J= photoprodu
tionpoint is taken from Table 1 of Ref. [25℄, from the muon de
ay 
hannel with W = 90{110 GeV.tions [27℄ are measured in the range jtj < 1:2 GeV2 while ZEUS measure jtj < 1 GeV2 forele
troprodu
tion [26℄ and jtj < 1:8 GeV2 (J= ! �+��) or jtj < 1:25 GeV2 (J= ! e+e�)for photoprodu
tion [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 ) dependen
e of the total 
ross se
tion � for all threeve
tor mesons at a �xed value of W . The inner error bars indi
ate the statisti
al un
ertaintiesonly, while the outer error bars in
lude the systemati
 un
ertainties added in quadrature. Thepredi
tions are given integrated over the appropriate t range. For the J= data, the predi
tionsshown 
orrespond to the H1 t range. The predi
tions of the model are in good agreementwith data for both ve
tor meson wave fun
tions. The model reprodu
es the Q2 dependen
e aswell as the absolute magnitude of the data. The predi
tion for the absolute normalisation isdetermined mainly by the gluon density obtained from the �t to the total DIS 
ross se
tion(or F2) and the shapes of the \Gaus-LC" and \boosted Gaussian" wave fun
tions, dis
ussedin Se
t. 2.2. Although these two ve
tor meson wave fun
tions are quite di�erent, they leadto similar predi
tions using the 
onstraints from the normalisation and ve
tor meson de
aywidth 
onditions given in (24), (25), (26) and (27). Note that, unlike the MRT 
al
ulations [19℄
ompared to the H1 J= data in [27℄, we do not require an additional normalisation fa
tor� 2 to a
hieve agreement with the data. Note also that the MRT 
al
ulations [19℄, basedon kt-fa
torisation using an unintegrated gluon distribution, take as input the gluon densitydetermined from the global analyses using 
ollinear fa
torisation. There is no a priori reasonwhy the �tted parameters in the two gluon distributions determined in these two 
al
ulationalframeworks should be identi
al. The dipole approa
h is self-
onsistent in that the gluon densityis determined from the in
lusive pro
ess and applied to ex
lusive pro
esses within the same
al
ulational framework. 21
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19.7Figure 8: Total ve
tor meson 
ross se
tion � vs. W 
ompared to predi
tions from the b-Satmodel using two di�erent ve
tor meson wave fun
tions. The ZEUS J= data points [25, 26℄have been s
aled to the H1 Q2 values [27℄ using the Q2 dependen
e measured by ZEUS of theform � / (Q2 +M2V )�2:44 [26℄.In Fig. 8 we show the W dependen
e of the total 
ross se
tion � for �xed values of Q2.Here, the \boosted Gaussian" ve
tor meson wave fun
tion gives a slightly better des
riptionof the data. In Fig. 9 we show the e�e
t of 
hanging the 
harm quark mass from the defaultvalue of 1.4 GeV to 1.35 GeV or 1.5 GeV. We also show the e�e
t of 
hanging the light quarkmasses from 0.14 GeV to 0.05 GeV. In ea
h 
ase, we re�t the F2 data to determine the gluondistribution with parameters given in Table 3. The absolute magnitude of the J= 
ross se
tionsis strongly dependent on the 
hoi
e of the 
harm quark mass, parti
ularly at small Q2 values.The 
ross se
tions for the � and � ve
tor mesons are only weakly dependent on the 
hoi
e ofthe light quark masses. This is be
ause, in the Q2 range 
onsidered in this paper, the s
ale forlight ve
tor meson produ
tion, given by �2 = z(1 � z)Q2 +m2f , is predominantly given by Q2whereas for J= mesons the s
ale �2 is dominated by the square of the 
harm quark mass. Notealso that for all ve
tor mesons the sensitivity of the 
ross se
tion to the quark mass de
reaseswith in
reasing Q2.We then perform a �t to the theory predi
tions shown in Fig. 8 of the form � / W Æ and
ompare the values of Æ obtained to the experimental values; see Fig. 10. For � produ
tion,we instead show �P(0) 
al
ulated from Æ = 4[�P(hti) � 1℄, where �P(hti) = �P(0) + �0Phti,hti = �1=BD, BD is the theoreti
al predi
tion (see Fig. 14), and �0P= 0:25 GeV�2. We observeagain a reasonable agreement of the model results with data.A variable whi
h is more sensitive to the details of the wave fun
tion is the ratio of thelongitudinal to the transverse 
ross se
tions, R � �L=�T , shown in Fig. 11. This is due tothe fa
t that the ratio �L=�T probes the behaviour of the transversely polarised ve
tor mesonwave fun
tion 
lose to the end-points (z ! 0; 1). At large values of Q2, the 
ontributionsfrom the intermediate values of z ' 1=2 follow the simple, perturbative s
aling that leads to22
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tor meson wave fun
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omparedto predi
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aland non-
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 un
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Figure 11: The ratio R � �L=�T vs. Q2 
ompared to predi
tions from the b-Sat model usingtwo di�erent ve
tor meson wave fun
tions.�L=�T � Q2. This simple s
aling is a�e
ted by the Q2 evolution of the anomalous dimension ofthe gluon distribution [15, 19℄, and by the 
ontributions from the end-points to the transverse
ross se
tion, whi
h are di�erent for the \Gaus-LC" and \boosted Gaussian" ve
tor mesonwave fun
tions. Fig. 11 shows that the \boosted Gaussian" wave fun
tion is favoured by the� meson data, where the \Gaus-LC" wave fun
tion leads to a value of �L=�T whi
h rises toorapidly with in
reasing Q2. For J= and � mesons, both ve
tor meson wave fun
tions lead to asimilar behaviour. In Fig. 12 we show the e�e
t of 
hanging the quark masses when using the\boosted Gaussian" wave fun
tion. For � mesons, the ratio �L=�T shows a strong dependen
eon the quark mass. A more pre
ise analysis, whi
h goes beyond the s
ope of this paper, showsthat the ratio �L=�T is very sensitive to the behaviour of the wave fun
tions at the end-points(z ! 0; 1).3.3 Ve
tor meson t-distributionsThe observed t-distributions of the ve
tor meson pro
esses are an important sour
e of infor-mation on the shape of the proton in the low-x region. Fig. 13 shows the HERA data ont-distributions for J= [25{27℄ and � [28℄ meson produ
tion. Fig. 14 shows the e�e
tive slopeof the t-distribution, the parameter BD, for J= , � and � [29℄ ve
tor mesons as a fun
tion of(Q2 +M2V ). The parameter BD des
ribes the area size of the intera
tion region and is ob-tained by making a �t to the observed (or 
omputed in the model) t-distributions of the formd�=dt / exp(�BDjtj). The theory predi
tions for BD are all obtained by making �ts to d�=dtin the range jtj < 0:5 GeV2. Figs. 13 and 14 show that the t dependen
e and the (Q2 +M2V )dependen
e of BD are well des
ribed by the dipole model predi
tions for all three ve
tor mesonswhether using either the \Gaus-LC" or the \boosted Gaussian" ve
tor meson wave fun
tions.We note that this good des
ription is obtained with only one value of the width of the proton24
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Figure 12: The ratio R � �L=�T vs. Q2 
ompared to predi
tions from the b-Sat model usingthe \boosted Gaussian" ve
tor meson wave fun
tion for di�erent quark masses.
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Figure 13: Di�erential ve
tor meson 
ross se
tion d�=dt vs. jtj 
ompared to predi
tions fromthe b-Sat model using two di�erent ve
tor meson wave fun
tions. The ZEUS photoprodu
tion(J= ! �+��) data points [25℄ shown in the se
ond plot show only the statisti
al errorsand are for W = 90{110 GeV with the predi
tions 
al
ulated at W = 100 GeV. The ZEUSele
troprodu
tion data points [26℄ shown in the same plot are for W = 90 GeV.25
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Figure 14: The t-slope parameter BD vs. (Q2 +M2V ), where BD is de�ned by �tting d�=dt /exp(�BDjtj), 
ompared to predi
tions from the b-Sat model using two di�erent ve
tor mesonwave fun
tions.shape, BG.The proton shape, in the b-Sat model, is assumed to be purely Gaussian (45). The widthof the Gaussian, BG, determined by optimising the agreement between the model predi
tionsand data for the t-distributions of the ve
tor mesons and their e�e
tive slopes BD, is foundto be BG = 4 GeV�2. This value is mainly determined by the t-distributions of J= mesonsmeasured by ZEUS [25, 26℄ and H1 [27℄. We note, however, that although the values of theBD parameters measured by the two experiments are in agreement within errors, the spread oftheir values is somewhat large; see the �rst plot of Fig. 14. We estimate the error on the valueof the parameter BG as being around 0.5 GeV�2.The value of BG = 4 GeV�2 found in this investigation is slightly smaller than in the KT [1℄investigation where BG = 4:25 GeV�2 was determined using only the ZEUS J= photoprodu
-tion data [25℄. Fig. 14 shows that the subsequent ZEUS measurements of J= ele
troprodu
-tion [26℄ exhibit higher values of BD and therefore require a higher value of BG. Note thatthe e�e
t of taking the size of the ve
tor meson into a

ount, that is, in
luding the BGBP [40℄fa
tor in (12) arising from the non-forward wave fun
tions, exp [i(1� z)r ��℄, lowers the 
rossse
tion for non-zero t and therefore lowers the required value of BG; re
all that this fa
tor wasnegle
ted by KT [1℄.Note also that the obtained values of BD at the same (Q2+M2V ) are larger for light ve
tormesons than for J= , in a

ordan
e with the data. This o

urs be
ause the s
ales Q2 and m2fenter the photon wave fun
tion in slightly di�erent ways. We shall illustrate this by 
omparingJ= photoprodu
tion with light ve
tor meson ele
troprodu
tion at the same value of (Q2+M2V ),implying Q2 ' 4m2
 . The 
hara
teristi
 size of the s
attering dipole is set by 1=� with �2 =z(1 � z)Q2 + m2f . For the photoprodu
tion of J= , � has no z dependen
e, �2 = m2
 . In
ontrast, for light ve
tor mesons �2 varies with z from Q2=4 at z = 1=2 down to m2u;d;s at z ! 026
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Figure 15: The t-slope parameter BD vs. (Q2 + M2V ) 
ompared to predi
tions from the b-Sat model using the \boosted Gaussian" ve
tor meson wave fun
tion. We show the e�e
t ofswit
hing o� the eikonalisation in the dipole 
ross se
tion (41), and omitting the BGBP [40℄fa
tor, exp [i(1� z)r ��℄, in (12).and z ! 1, so that the e�e
tive value of �2 is signi�
antly lower than Q2=4 + m2u;d;s ' m2
 .Therefore, for light ve
tor meson produ
tion at Q2 ' 4m2
 , the typi
al dipole size is largerthan for photoprodu
tion of J= . This is parti
ularly pronoun
ed at the end-points z ! 0and z ! 1 for the transversely polarised light ve
tor mesons. At suÆ
iently large values ofQ2, however, the longitudinally polarised mesons dominate and the typi
al dipole size be
omessmall enough to have a negligible 
ontribution to BD for both light and heavy mesons. Hen
e,at large (Q2 +M2V ), BD tends to a universal value determined by the proton shape alone.It is important to realise that the dependen
e of BD on (Q2+M2V ) observed for light ve
tormesons originates from the enlargement of the intera
tion area due to the dipole transverseextension. Re
all that this e�e
t is taken into a

ount by the BGBP [40℄ pres
ription of theQCD dipole s
attering at t 6= 0. It also partly arises from the saturation e�e
ts whi
h play astronger role for the larger typi
al dipole sizes at small (Q2+M2V ). We investigate the interplaybetween these two me
hanisms on the value of BD in Fig. 15. We show the e�e
t of swit
hing o�the eikonalisation, that is, repla
ing the dipole 
ross se
tion (39) by the opa
ity 
 (40). We alsoshow the e�e
t of omitting the BGBP [40℄ fa
tor, exp [i(1� z)r ��℄, in (12). Without thesetwo e�e
ts, whi
h diminish with in
reasing (Q2 +M2V ), the t-slope BD tends to the universalvalue of BD = BG = 4 GeV�2. Without the BGBP fa
tor, the eikonalisation has a signi�
ante�e
t for � and � mesons, but it is not enough to des
ribe the BD data points. With the BGBPfa
tor, the eikonalisation has only a small e�e
t and the rise of BD with de
reasing (Q2+M2V )ni
ely reprodu
es the rise observed in the data.We also investigated, for 
ompleteness, the W dependen
e of the t-distributions. In Fig. 16we show theW dependen
e of d�=dt for �xed values of jtj and Q2. For ea
h value of t, we makea �t of the form d�=dt / W 4[�P(t)�1℄ and then plot �P(t) against jtj; see Fig. 17. We also �t the27



W  (GeV)
10

2

)2
/d

t 
 (

n
b

/G
eV

σd

1

10

10
2

10
3

2 = 0.05 GeV
2

 p,  Qψ J/→ p γ

)2|t|  (GeV

0.03
0.10
0.22

0.43

0.83

W  (GeV)
10

2

)2
/d

t 
 (

n
b

/G
eV

σd

1

10

10
2

10
3

H1

VΨBoosted Gaussian 

VΨGaus-LC 

2 = 8.9 GeV
2

 p,  Qψ J/→*p γ

)2|t|  (GeV

0.05

0.19

0.64

W  (GeV)
0 50 100 150

)2
/d

t 
 (

n
b

/G
eV

σd

1

10

10
2

ZEUS

VΨBoosted Gaussian 

VΨGaus-LC 

 pφ →*p γ
2 = 5 GeV2Q)

2
|t|  (GeV

0.025

0.12

0.25

0.45

0.73

Figure 16: Di�erential ve
tor meson 
ross se
tion d�=dt vs. W 
ompared to predi
tions fromthe b-Sat model using two di�erent ve
tor meson wave fun
tions.
28



)2|t|  (GeV
0 0.2 0.4 0.6 0.8 1 1.2

(t
)

IPα

1

1.1

1.2

1.3

1.4
)2 = 0.05 GeV

2
H1  (Q

)2 = 0 GeV
2

ZEUS  (Q
VΨBoosted Gaussian 

VΨGaus-LC 

 p  (photoproduction) ψ J/→ p γ

)2|t|  (GeV
0 0.2 0.4 0.6 0.8 1 1.2

(t
)

IPα

1

1.1

1.2

1.3

1.4
)2 = 8.9 GeV

2
H1  (Q

)2 = 6.8 GeV
2

ZEUS  (Q
VΨBoosted Gaussian 

VΨGaus-LC 

 p  (electroproduction)ψ J/→*p γ

)
2

|t|  (GeV

0 0.2 0.4 0.6 0.8

(t
)

IPα

0.8

0.9

1

1.1

1.2

ZEUS

VΨBoosted Gaussian 

VΨGaus-LC 

 pφ →*p γ

2 = 5 GeV2Q

Figure 17: The Pomeron traje
tory �P(t) vs. jtj, where �P(t) is determined by �tting d�=dt /W 4[�P(t)�1℄, 
ompared to predi
tions from the b-Sat model using two di�erent ve
tor mesonwave fun
tions.
29



W  (GeV)
10

2

)
-2

  (
G

eV
D

B

3

4

5

6
)2 = 0.05 GeV

2
H1  (Q

)2 = 0 GeV
2

ZEUS  (Q
VΨBoosted Gaussian 

VΨGaus-LC 

 p  (photoproduction)ψ J/→ p γ

W  (GeV)
10

2

)
-2

  (
G

eV
D

B

3

4

5

6
)2 = 8.9 GeV

2
H1  (Q

VΨBoosted Gaussian 

VΨGaus-LC 

 p  (electroproduction)ψ J/→*p γ

Figure 18: The t-slope parameter BD vs. W , where BD is de�ned by �tting d�=dt /exp(�BDjtj), 
ompared to predi
tions from the b-Sat model using two di�erent ve
tor me-son wave fun
tions. 30



)
2

  (GeV2Q
1 10 10

2

  (
n

b
)

σ

10
-1

1

10

 pγ →*p γ

W = 82 GeV

H1

ZEUS

W  (GeV)
40 60 80 100 120 140

  (
n

b
)

σ

0

2

4

6

8

10

12
 pγ →*p γ

2 = 8 GeV2Q

H1

ZEUS

Figure 19: Total DVCS 
ross se
tions � vs.Q2 (left) and � vs.W (right) 
ompared to predi
tionsfrom the b-Sat model.same data to the form d�=dt / exp(�BDjtj) for ea
h value of W , then we plot BD against W ;see Fig. 18.3.4 Deeply virtual Compton s
atteringWe now 
ompare to the re
ently published DVCS data from H1 [30℄ and ZEUS [31℄. We usethe b-Sat model with a Gaussian T (b) and BG = 4 GeV�2, and quark masses mu;d;s = 0:14GeV and m
 = 1:4 GeV. In Fig. 19 (left) we show the Q2 dependen
e of the 
ross se
tionintegrated over jtj up to 1 GeV2 for W = 82 GeV 
ompared to the H1 data [30℄. We also showthe ZEUS data [31℄ at W = 89 GeV res
aled to W = 82 GeV using � / W Æ, with Æ = 0:75 [31℄.In Fig. 19 (right) we show the W dependen
e of the 
ross se
tion integrated over jtj up to 1GeV2 for Q2 = 8 GeV2 
ompared to the H1 data [30℄. We also show the ZEUS data [31℄ atQ2 = 9:6 GeV2 res
aled to Q2 = 8 GeV2 using � / Q�2n, with n = 1:54 [31℄. Fitting the theorypredi
tions to the form � / W Æ gives Æ = 0:80 to be 
ompared with the experimental value of0:77� 0:23� 0:19 [30℄. We see from Fig. 19 that the Q2 and W dependen
e of the DVCS data,as well as the absolute normalisation, are well des
ribed by the b-Sat model.The t-distribution is shown in Fig. 20 for Q2 = 8 GeV2 and W = 82 GeV 
ompared to theH1 data [30℄. At small t the data are well-des
ribed, while at larger t the predi
tion slightlyoverestimates the data, due to a t-slope whi
h is too small. Fitting the theory predi
tion tothe form d�=dt / exp(�BDjtj) for jtj < 0:5 GeV2 gives BD = 5:29 GeV�2, to be 
omparedwith the experimental value of 6:02 � 0:35 � 0:39 GeV�2 [30℄. When 
omparing these valuesone should bear in mind that the value of the parameter BG = 4 GeV�2 determined from the31
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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 ve
tor meson data has a possible un
ertainty whi
h 
ould be as large as0.5 GeV�2.Summarising, we 
an see that the agreement of the predi
tions from the b-Sat model withDVCS data is remarkably good, espe
ially if we note that the DVCS data were not used in�xing any parameters of the model.4 Impa
t parameter dependent CGC modelWe have seen that almost all features of the ex
lusive di�ra
tive HERA pro
esses are welldes
ribed by the impa
t 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 evolutionwhi
h may not be appropriate when x approa
hes the saturation region. Therefore, we alsoinvestigated the impa
t parameter dependent CGC (\b-CGC") model, in whi
h the dipole 
rossse
tion is given by (52) and (53). In the b-CGC model the evolution e�e
ts are in
luded viaan approximate solution to the Balitsky{Kov
hegov equation [43{45℄.Similar to the b-Sat model, the parameter BCGC = 5:5 GeV�2 in (53) is determined byrequiring a good des
ription of the t-slopes of ve
tor 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 des
ription 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 fa
tthat in the impa
t parameter dependent des
ription, saturation e�e
ts 
an only be sizable inthe 
ore of the proton, see the dis
ussion in Se
t. 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 se
tion, that is, the b-Sat model.Although almost all features of the ve
tor meson and DVCS data are well des
ribed by theb-Sat model, there is one ex
eption, namely �0P. It is predi
ted to be 
lose to zero, due tothe assumed fa
torisation 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) dependen
e is notfa
torised from the b dependen
e. Therefore, an appre
iable �0P is a
hievable, as shown inFig. 21. Here, we use the \boosted Gaussian" ve
tor meson wave fun
tion in both 
ases. In fa
t,for photoprodu
tion, a �t to the model predi
tions 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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ale Q2S � 2=r2S , where rS is de�ned as the solution of (54), foundin the b-Sat and b-CGC models (left), and in the GBW and CGC models (right).that, with the ex
eption of �0P, the b-CGC model gives a 
onsiderably worse overall des
riptionof ex
lusive pro
esses than the b-Sat model.5 Saturation and related topi
sA frequently asked question, whether or not the HERA data require saturation, is answered inthe saturation models like GBW [35,36℄ or CGC [37℄ with a 
lear yes. In the impa
t parameterdependent models, su
h as the models dis
ussed in this paper, the answer is more involved. Inthis se
tion, we will therefore dis
uss the saturation e�e
ts in some detail.In the GBW model the e�e
ts of saturation are 
learly seen, for example, in the 
hange ofrate of rise, �tot, of the total DIS 
ross se
tion with Q2, see Fig. 5 (bottom). In this modelthe value of the observed parameter �tot is related to the value of the 
onstant �GBW � 0:3modulated by the saturation e�e
ts. Sin
e the variation of �tot withQ2 is substantial, saturationhas to be an important e�e
t. Note that, in the GBW model, saturation is the only me
hanismwhi
h 
an modulate the parameter �tot.The saturation e�e
ts are best quanti�ed by the value of the saturation s
ale Q2S � 2=r2S ,where the saturation radius rS is de�ned as the solution of (54). In Fig. 22 we show thesaturation s
ale for the impa
t parameter dependent (left) and independent (right) models.Fig. 22 (right) shows that the saturation s
ale in the GBW model is signi�
antly higher thanin the CGC model. (The GBW and CGC �ts shown here are des
ribed in more detail inSe
t. 5.2.) This is understandable sin
e in the CGC model the variation of the �tot parameteris partly due to evolution in addition to the saturation e�e
ts. However, even in the CGCmodel the saturation e�e
ts are fairly strong, as dis
ussed by Ian
u, Itakura and Munier [37℄and by Forshaw and Shaw [38℄. Fig. 22 (left) shows that in the b-Sat and b-CGC models the35



Figure 23: The b-dependen
e of the total 
ross se
tion, �
�ptot , for Q2 = 0:4, 4 and 40 GeV2 withx = 10�4, 10�3 and 10�2 respe
tively, using a Gaussian T (b) of width BG = 4 GeV�2.saturation s
ale is strongly dependent on the impa
t parameter b. In the 
entre of the proton(b � 0), the b-Sat and b-CGC models have a similar saturation s
ale, 
omparable to the valuein the GBW model. As b in
reases the value of the saturation s
ale drops qui
kly in bothmodels. This is again understandable sin
e, in the b-Sat model with a Gaussian proton shape,at larger values of b the gluon density is diluted by the fa
tor T (b) and so the smaller gluondensity leads to smaller saturation s
ales. In this model, the variation of �tot with Q2 is mostlydue to evolution e�e
ts, sin
e the gluon density at the initial s
ale �20 is 
hara
terised by a lowvalue of the parameter �g � 0. The observed large values of �tot 
an only be generated byevolution, as dis
ussed in detail by KT [1℄.In Fig. 23 we show the b-dependen
e of the total 
ross se
tion to give a feeling for the relative
ontributions from the di�erent impa
t parameters. The median value of this distribution isaround b = 2:6 GeV�1, that is, the majority of the 
ross se
tion is determined by the dilutegluon region, where the saturation s
ale is small.To summarise, in the impa
t parameter dependent dipole models, evolution plays a greaterrole than saturation on average. However, in the 
entre of the proton (b � 0), the saturatione�e
ts are large in both the b-Sat and b-CGC models. In the 
entre of the proton the saturations
ale is 
omparable to the saturation s
ale found in the original GBW model.The GBW model is theoreti
ally very attra
tive sin
e all observables in this model are afun
tion of only one variable, r2Q2s(x), where Q2s(x) = (x0=x)�GBW . This leads to so-
alledgeometri
 s
aling in whi
h �
�p is only a fun
tion of � = Q2=Q2s(x), whi
h is 
on�rmed tosome a

ura
y by data [51℄.8 A similar s
aling has re
ently been observed for (t-integrated)8Note, however, that the in
lusion of the 
harm quark 
ontribution violates geometri
 s
aling to a 
ertainextent. 36



di�ra
tive DIS data [52℄. The notion of geometri
 s
aling is essential for development of thetheoreti
al approa
h to saturation. Indeed, geometri
 s
aling seems to be a universal featureof a wide 
lass of evolution equations with saturation e�e
ts, irrespe
tive of the form of thenon-linear term [53{55℄. In the b-Sat model, approximate geometri
 s
aling is also present, as itis imposed by the �t to the data. This s
aling, however, is not an intrinsi
 feature of the b-Satmodel be
ause of the greater importan
e of DGLAP evolution 
ompared to saturation e�e
ts,and also be
ause of the additional s
ale introdu
ed by the impa
t parameter dependen
e.The theoreti
al understanding of saturation phenomena follows from evolution equationsobtained within perturbative QCD. It is therefore interesting to ask the question whether thesaturation e�e
ts determined in the models from �ts to HERA data belong in the perturbativeor non-perturbative domain. As shown in Fig. 22, the saturation s
ale 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 dynami
s are driven by the perturbative e�e
ts. The models dis
ussed hereare, however, by 
onstru
tion perturbative; the renormalisation and fa
torisation s
ale �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 expe
ted for a`soft' pro
ess, and are 
lose to the expe
tations from theoreti
al studies of perturbative non-linear evolution equations; see, for example, Refs. [56{58℄. This indi
ates 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 fun
tionT (b) given by (48), with the parameter bS = 4 GeV�1; see the last line of Table 3. Re
all thatthis form of T (b) is impli
itly used in all b-independent parameterisations of the dipole 
rossse
tion. 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, indi
ating a slight shift in the balan
ebetween evolution and saturation e�e
ts. Note from (49) that a step T (b) with bS = 4 GeV�1
orresponds 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 se
tions for ex
lusive pro
esses are also similar. However, for larger values ofjtj, the step T (b) gives a dip in the t-distributions, whi
h is not observed in the data, as seenin Fig. 25 for J= produ
tion. Here, we have used the \boosted Gaussian" ve
tor meson wavefun
tions in both 
ases. The reason for the dip at large jtj 
an be explained by noti
ing that37
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tion of x and impa
t parameter b.Model Q2/GeV2 mu;d;s/GeV m
/GeV �0/mb x0/10�4 � �2=d:o:f:GBW [0.25,45℄ 0:14 | 20.1 5.16 0.289 216:5=130 = 1:67GBW [0.25,45℄ 0:14 1:4 23.9 1.11 0.287 204:9=130 = 1:58GBW [0.25,650℄ 0:14 1:4 22.5 1.69 0.317 414:4=160 = 2:59CGC [0.25,45℄ 0:14 | 25.8 0.263 0.252 117:2=130 = 0:90CGC [0.25,45℄ 0:14 1:4 35.7 0:00270 0.177 116:8=130 = 0:90CGC [0.25,650℄ 0:14 1:4 34.5 0:00485 0.188 173:7=160 = 1:09Table 5: Parameters of the GBW (35) and CGC (37) models determined from �ts to F2data [22,23℄.the two-dimensional Fourier transform of the step fun
tion (48) gives the Bessel fun
tion of the�rst kind, 2J1(bS�)=(bS�), whi
h os
illates through zero, whereas the two-dimensional Fouriertransform of a Gaussian is simply another Gaussian. Although there is some un
ertainty in themeasured 
ross se
tion at large jtj due to the treatment of proton disso
iation, the un
ertaintyis not expe
ted to a

ount for the large dis
repan
y between the predi
tions with the step T (b)and the data, and so the step T (b) must be ruled out as a model for the proton shape.5.2 The GBW and CGC models without impa
t parameter depen-den
eFor 
ompleteness we give here the results of the �ts using the impa
t parameter independentGBW (35) and CGC (37) dipole models. We �rst make �ts to ZEUS F2 data [22, 23℄ with38
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ale Q2S � 2=r2S , where rS is de�ned as the solution of (54), foundin the GBW and CGC models with and without 
harm quarks. The presen
e of 
harm quarksdramati
ally lowers the saturation s
ale, espe
ially for the CGC model.x � 0:01 and Q2 2 [0:25; 45℄ GeV2 using the CGC model (37) with N0 = 0:7 (�xed), �rstwithout any 
harm quark 
ontribution as in the original paper [37℄, then in
luding the 
harm
ontribution. We also show the e�e
t of in
luding the data with higher Q2 > 45 GeV2. For
omparison, we perform similar �ts using the original GBW model (35). We take x = xB forlight quarks and x = xB(1 + 4m2
=Q2) for 
harm quarks. The light quark masses are taken tobe mu;d;s = 0:14 GeV, with the 
harm quark mass m
 = 1:4 GeV. The results of these �ts areshown in Table 5.We note that the des
ription of the data by the CGC model is sizably better than bythe GBW model. This is presumably due to the la
k of evolution e�e
ts in the GBW modeland 
an be seen from the fa
t that the worsening of the �2 value when the data points withQ2 > 45 GeV2 are in
luded is more prominent for the GBW model than the CGC model; seethe right-hand 
olumn of Table 5.Noti
e also that the saturation s
ale in the CGC �t is dramati
ally lowered with the intro-du
tion of 
harm quarks, as shown in Fig. 26. The fa
t that saturation e�e
ts are very sensitiveto the presen
e of the 
harm 
ontribution was �rst noti
ed in the original GBW paper [35℄ andalso in the KT [1℄ impa
t parameter dependent analysis. In parti
ular, Thorne [59℄ has em-phasised the importan
e of the 
harm 
ontribution, whi
h has been omitted in some analysesof the saturation s
ale at HERA.In Fig. 27 we show the dipole 
ross se
tion �q�q(x; r) at �xed x = 10�4, integrated over theimpa
t parameter b, obtained in the �ts using the b-Sat, b-CGC, GBW and CGC models withmu;d;s = 0:14 GeV and m
 = 1:4 GeV. At smaller values of r the b-Sat model has a slightlylarger dipole 
ross se
tion than the other models due to the presen
e of DGLAP evolution. Atlarger r the GBW and CGC models tend to a 
onstant value of �0, while the b-Sat and b-CGCmodels 
ontinue to in
rease with in
reasing r; see also the dis
ussion in Ref. [1℄. However, as40
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Figure 27: The dipole 
ross se
tion �q�q(x; r) at �xed x = 10�4, integrated over the impa
tparameter b, obtained in the b-Sat, b-CGC, GBW and CGC models.dis
ussed in Se
t. 2.1.1, the 
ontribution to the total 
ross se
tion from large dipole sizes isgenerally suppressed by the photon wave fun
tions, as is 
learly seen in Fig. 28.6 Summary and outlookWe have presented an analysis of ex
lusive di�ra
tive ve
tor meson and DVCS data measuredat HERA within an impa
t parameter dependent saturated dipole (\b-Sat") model. Various
ross se
tions measured as a fun
tion of Q2, W and t 
an be des
ribed by a model with aminimal number of free parameters, namely the parameters �20, Ag and �g of the initial gluondistribution, xg(x; �20) = Ag x��g (1 � x)5:6, and the proton width BG. The wave fun
tions ofthe virtual photon are known from QED, while the ve
tor meson wave fun
tions are assumedto have a Gaussian shape. The variable whi
h 
u
tuates in the Gaussian is, of 
ourse, notknown pre
isely. However, we have shown that the observed distributions are fairly insensitiveto the parti
ular assumptions, with possible ex
eption of the �L=�T ratio for the � meson. Amore pre
ise measurement of this distribution and of the spin density matrix elements wouldallow better 
onstraints to be made on the form of the ve
tor meson wave fun
tions.An important �nding of this investigation is that, although the ve
tor meson wave fun
tionsare not fully known, one obtains a good des
ription of the measured data. The model param-eters, whi
h were �xed by the �t to the total in
lusive DIS 
ross se
tion and the ve
tor mesont-distributions, des
ribe the measured Q2 and W dependen
e of ve
tor meson produ
tion andDVCS very well, together with the absolute normalisation. The measured DVCS t-distributionagrees with the model expe
tation within the measurement error. We expe
t that the highluminosity a
hieved by HERA will allow the t-distributions of ve
tor mesons and DVCS to bemeasured more pre
isely. They provide important information about the proton size and thetransverse dynami
s of the evolution pro
ess. 41



Figure 28: The distribution of dipole sizes r 
ontributing to the total in
lusive DIS 
ross se
tionin the b-Sat model for various virtualities, Q2, of the photon. The median values are indi
atedby verti
al arrows. 42



The b-Sat model, whi
h gives the best des
ription of data, uses the Glauber{Mueller dipole
ross se
tion (41) with DGLAP evolution of the gluon density. Although the overall des
riptionof ex
lusive pro
esses is very good, this approa
h has some limitations, seen most 
learly in thela
k ofW dependen
e of BD in J= photoprodu
tion, Fig. 18. Although this is a deli
ate e�e
t,the measurement pre
ision is suÆ
ient to show that there is a 
oupling between the transverseand longitudinal evolution variables, that is, �0P 6= 0. We therefore introdu
ed impa
t parameterdependen
e into the CGC model, the \b-CGC" model, whi
h leads to a 
onsiderably poorer�t to F2 than the b-Sat model and a worse overall des
ription of ex
lusive pro
esses, but abetter des
ription of the �0Pparameter. The saturation s
ale Q2S evaluated in this investigationdoes not depend sizably on the adopted evolution s
heme and is 
onsistent with the results ofRef. [1℄.An important �nding of this investigation is that the t-dependen
es of all three ve
tormesons and the DVCS pro
ess 
an be simultaneously des
ribed with one universal shape of theproton. The parameter 
hara
terising the size of the proton, BG = 4 GeV�2, determined inthis investigation, 
orresponds to a root-mean-square impa
t 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 
on
entrated in the 
entre of the protonthan quarks. DVCS measurements planned at JLab should help 
larify this somewhat puzzlingpi
ture (see, for example, [61℄).The investigation presented here demonstrates that a wide 
lass of high-energy s
atteringpro
esses measured at HERA may be understood within a simple and uni�ed framework. Thekey ingredient is the gluon density whi
h is probed in the longitudinal and transverse dire
tions.The su

ess of the des
ription indi
ates the universality of the emerging gluon distribution.Let us �nish with a general remark that ve
tor meson and DVCS pro
esses may be used toprobe the properties of nu
lear matter in a new way. In measurements with polarised beamsit is possible to a
hieve pre
ision whi
h would allow a holographi
 pi
ture of protons andnu
lei to be obtained [62{64℄. Su
h a measurement 
ould be performed at an ep 
ollider withroughly a third of the HERA 
entre-of-mass energy, similar to the one des
ribed in the eRHICproposal [65,66℄.A
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 Resear
h No. 1 P03B 028 28.A Conne
tion to the KT paperIn the pre
eding analysis [1℄ of J= photoprodu
tion in the impa
t 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 fun
tions and to 
al
ulate the de
ay 
onstants and the overlaps.KT [1℄ de�ned the overlap fun
tions between the ve
tor meson and the photon wave fun
-tions in the following way:(	�V	)T = êfep2N
2�mf �m2fK0(�r)��T (r; z)� �z2 + (1 � z)2� �K1(�r)�r ��T (r; z)	 ; (59)(	�V	)L = êfep2N
2� 2QK0(�r)z(1� z)��L(r; z); (60)where the s
alar \Gaus-LC" wave fun
tions ��T;L(r; z) were de�ned as the Fourier transformsof fa
torised wave fun
tions given in the momentum spa
e 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 de
ay 
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 = êfp2N
2Z 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 fun
tions ��T and ��L are expressed in terms of the wave fun
tions �Tand �L written in the 
onventions of this paper:��T (r; z) = p2N
z(1� z) mf �T (r; z); (67)��L(r; z) =p2N
MV �L(r; z): (68)44



Meson MV /GeV fV mf/GeV �NT/GeV�1 R2T/GeV�2 �NL/GeV�1 R2L/GeV�2J= 3.097 0.274 1.4 171 6.5 119 3.0� 1.019 0.076 0.14 164 16.0 214 9.7� 0.776 0.156 0.14 211 21.9 222 10.4Table 6: Parameters of the \Gaus-LC" ve
tor meson wave fun
tions. These are identi
al tothose in Table 1, but using �NT;L instead of NT;L; see (69) and (70).Note the modi�
ation of the z-dependent part of �T (r; z). Of 
ourse, the radius parametersRT;L are the same in both 
onventions. The normalisation fa
tors are, however, transformeda

ording to �NT =p2N
mf 2�R2T NT ; (69)�NL =p2N
MV 2�R2L NL: (70)The parameters of the \Gaus-LC" wave fun
tions in its initial formulation are given in Table 6.Referen
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