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SATURATION EFFECTS IN DIS AT LOW x�K. Gole-BiernatII Institute of Theoretial Physis, University of HamburgLuruper Chaussee 149, 22761 Hamburg, GermanyandH. Niewodniza«ski Institute of Nulear PhysisRadzikowskiego 152, 31-342 Kraków, Poland(Reeived July 16, 2002)We review basi ideas related to saturation of parton densities at smallvalue of the Bjorken variable x. A speial emphasis is put on interpretingthe results from the ep deep inelasti sattering experiments at HERA.PACS numbers: 13.60.Hb, 12.38.Bx1. IntrodutionThe idea of parton saturation naturally arises in Deep Inelasti Satter-ing (DIS) at small values of the Bjorken variable x, studied urrently at theHERA ollider in DESY. The main measured small-x e�et is a strong riseof the proton struture funtion F2 in the limit x! 0 for �xed virtuality Q2.Interpreted with the help of linear evolution equations of Quantum Chromo-dynamis, this is a re�etion of inreasing parton densities (sea quarks andgluons). Formally, the parton rise is so strong that for su�iently small xthe omputed ross setion violates unitarity, whih signals that importantphysial e�ets were negleted in the approximation leading to the linearevolution equations. These e�ets are responsible for saturation of the par-ton densities by taming their strong rise. Whether the saturation e�etsare already visible in the F2 at HERA is disputable, the linear DGLAPevolution equations desribe the data for Q2 > 2 GeV2. However, more ex-lusive di�rative proesses strongly hint towards the a�rmative answer tothe posed question. Moreover, the transition region of Q2 ' 1 GeV2 for F2,where the DGLAP analysis enounters basi di�ulties, is easily desribed� Plenary presentation at the X International Workshop on Deep Inelasti Sattering(DIS2002) Craow, Poland, 30 April�4 May, 2002.(2771)



2772 K. Gole-Biernatwithin an approah based on parton saturation. An important result ofsaturation is the existene of a saturation sale whih is re�eted in a newsaling law for inlusive DIS ross setion. The small-x data do really showsuh a regularity.In the following we present basi onepts leading to the notion of partonsaturation and disuss the relevane of this e�et for experimental data,mainly from HERA. 2. Linear evolution equationsIn the standard desription of ep DIS the struture funtion F2 is deter-mined by the quark and antiquark densities in the protonF2 �x;Q2� = Xf e2f xnqf �x;Q2�+ �qf �x;Q2�o + O(�s) ; (1)where the summation is done over quark �avors. As usual, x = Q2=(2P � q)and Q2 = �q2, where P and q are the proton and virtual photon momenta.The quark densities together with the gluon density g(x;Q2) satis�es theDGLAP evolution equations [1℄. In the matrix notation, q = (qf ; �qf ; g),�q(x;Q2)� lnQ2 = 1Zx dzz P �xz ;Q2� q �z;Q2� ; (2)where the matrix of splitting funtions is omputed perturbatively,P �z;Q2� = �s �Q2� P (1)(z) + �2s �Q2� P (2)(z) + ::: : (3)Eq. (2) allows to determine the sale dependene in (1) provided initialonditions at some sale Q20 are given. This is done by �tting their form inx to the existing DIS data. In this way logarithmi saling violation of F2is explained. The above desription applies to Q2 � �2QCD for perturbativeQCD to be valid. How low in Q2 and in x the pure DGLAP approah isappliable should be determined from the analysis of data. In priniple, thevalues of x and Q2 indiating that boundary are orrelated, i.e. Q2 = Q2(x).The low Q2 region brings an issue of the (1=Q2)n orretions (twist ex-pansion) to F2, treated systematially in the operator produt expansionof two eletromagneti urrents. Eq. (1) takes into aount only the loga-rithmi ontribution in this expansion. For moderate x this is a dominantontribution, as shown by suessful DGLAP analysis of DIS data. Forx� 1, however, eah term in the twist expansion,F2 �x;Q2� = F (0)2 �x; lnQ2� + F (1)2 (x; lnQ2)M2Q2 + ::: ; (4)



Saturation E�ets in DIS at Low x 2773an be equally important due to the presene of large logarithms ln(1=x).Thus, a new systematis is neessary allowing to resume these large loga-rithms in the small-x limit independent of the twist expansion. This is donethrough the k?-fatorization formula [2℄ whih ontains all twistsF2 �x;Q2� = Z d2kk4 �(Q2;k) f(x;k) ; (5)where �(Q2;k) is the virtual photon impat fator desribing the proess� ! q�q ! �, see Fig. 1. The funtion f(x;k) is the unintegrated gluondistribution, related to the gluon density at large Q2 and small x byxg �x;Q2� = Z d2k�k2 f(x;k)� �Q2 � k2� : (6)
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Fig. 1. k?-fatorization in DIS, Eq. (5).In the above k is a two-dimensional vetor of transverse momenta of twogluons whih ouple to the quark loop in four possible ways. Notie the inte-gration over all values of jkj in (5). This means that the region of small mo-menta needs speial attention to avoid problems with perturbative stability.The unintegrated gluon distribution satis�es the BFKL equation [3℄ whihan be written as an evolution equation in the rapidity Y = ln(1=x). In theleading order approximation, when the terms proportional to (�s ln(1=x))nare resumed,�f(x;k)�Y = 3�s� Z d2l�l2 �f(x;k + l) � � �k2 � l2� f(x;k)	 : (7)Diagrammatially, the BFKL equation resumes the ladder diagrams withtwo exhanged (reggeized) gluons interating through the real gluons in therungs strongly ordered in rapidity. Eah emitted gluon leads to the largelogarithm �s ln(1=x). Sine this is a olorless exhange whih gives thedominant behavior at large energy ps of the �p system �x = Q2=s�, it istermed the BFKL pomeron.



2774 K. Gole-BiernatThe solution of Eq. (7) gives the x dependene of F2 at small x. In thelimit x ! 0 and Q2 �xed, it is given by the azimuthally symmetri saddlepoint solution f(x; k2)pk2 = x�12�s ln 2=� exp�� ln2(k2=k20)D �p�D ; (8)where D � ln(1=x). Thus for dereasing x, the solution features a power-like rise with x and di�usion in lnk2. Even though at some initial x = x0the solution is onentrated around k2 � k20, it di�uses into the region oflarger and smaller values of k2 for x ! 0, see Fig. 2. Di�usion into theinfrared region means that the BFKL approximation is strongly sensitiveto nonperturbative e�ets sine the ross setion might be dominated by aontribution from jkj ' �. This problem an be phenomenologially uredby a separate treatment of the infrared domain. However, infrared di�usionsignals fundamental di�ulty whih re�ets inompleteness of the BFKLapproximation. This is intimately related to violation of unitarity re�etedin the Froissard bound: F2 �  ln2(1=x), in ontrast to the power-like risein (8). The next-to-leading orretions to the BFKL equation, see [4℄ andreferenes therein, weaken the rise but the two disussed problems remain.
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2Fig. 2. Di�usion pattern from the BFKL equation.The missing physial e�et in the BFKL approximation is parton satura-tion. In the in�nite momentum frame of the proton, the following piture ofthis phenomenon exists. The transverse size of gluons with transverse mo-mentum k is proportional to 1=jkj. For large jkj, the BFKL mehanism of



Saturation E�ets in DIS at Low x 2775gluon radiation, g ! gg, populates the transverse spae with large number(per unit of rapidity) of small size gluons. The same mehanism also appliesto large size gluons with small transverse momenta. In this ase, however,the BFKL approah is inomplete sine large gluons strongly overlap andfusion proesses, gg ! g, are equally important. By taking these proessesinto aount unitarity is restored and infrared di�usion ured. The key el-ement for this is the emergene of a rising with rapidity saturation saleQs(Y ), whih is a fundamental property of parton saturation [5, 7℄. Thedensity of large gluons with jkj < Qs(Y ) no longer strongly rises and uni-tarity is restored. The low momentum ontribution to the ross setion isdominated by jkj ' Qs(Y ) � �QCD for su�iently large Y , whih allowsto avoid the problem of strong sensitivity to the infrared domain. In theforthoming we show how this idea is realized in pratie.3. The dipole pitureThe problem of restoration of unitarity in the desription of DIS at smallx was pioneered by Gribov, Levin and Ryskin in [5℄. In there nonlinear or-retions to the DGLAP evolution equations were presented and subsequentlyrigorously derived in the double logarithmi approximation by Mueller andQiu in [6℄. In this approximation, Q2 is large and x is small suh that termsproportional to (�s lnx lnQ2)n � 1 are resumed. We want to avoid the highQ2 assumption and approah the problem in the approximation in whihthe BFKL formulation of DIS was disussed. To this end we transform thek?-fatorization formula (5) into the Fourier onjugate representation wherethe transverse momentum k is traded for its onjugate transverse separa-tion r. Thus the following formula is found, see e.g. [8℄,F2 = Q24�2�em (�T + �L) ; (9)and �T;L �x;Q2� = Z d2r dz ���	T;L �Q2; r; z� ���2 �̂(r; x) ; (10)where �T;L are �p ross setions for the indiated polarizations. Here ris the q�q dipole transverse separation and z is the longitudinal momen-tum fration of the dipole quark/antiquark with respet to the momentumq0 = q+xp. The physial interpretation of fatorization in (10) is provided inthe proton rest frame. The virtual photon � splits into a q�q pair long beforethe interation with the proton sine the formation time, �q�q � 1=(xM), isvery large in the small-x limit. This proess is desribed by the lowest Fokstate light-one wave funtion of the photon, 	T;L [9℄. The interation withthe proton is enoded in the q�q dipole ross setion �̂(r; x).
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Fig. 3. The illustration of fatorization in Eq. (10).The BFKL approximation has a nie formulation in the dipole piture inthe large N limit [10, 11℄. In this limit, emission of a gluon by a quark anbe viewed as a reation of two dipoles out of the parent dipole, see Fig. 4.Eah new dipole an radiate a gluon with muh softer longitudinal momenta,whih leads to new dipoles. In this way the parent q�q dipole r evolves intoa olletion of dipoles r0 with the density n(r; r0; x). The interation of eahdipole with the proton ours through exhange of a single perturbativegluon. Thus in this piture the dipole ross setion equals�̂(r; x) = Z d2r0 n(r; r0; x)�gp(r0) ; (11)where �gp(r0) desribes the interation of a dipole r0 with the proton TheBFKL e�ets are loated in evolution of the photon wave funtion, the largelogarithms ln(1=x) ome from strong ordering of longitudinal momenta of theemitted gluons. Consequently, the dipole density obeys the BFKL equationin the r-spae�n(r; r0; x)�Y = N�s� Z d2���2 �n(r + �; r0; x)� �(r2 � �2)n(r; r0; x)	 : (12)
Fig. 4. Emission of a gluon in the large N limit.



Saturation E�ets in DIS at Low x 2777The variable r0 is a parameter in Eq. (12), thus the dipole ross setion(11) obeys the same equation. Notie that the integral kernel on the r.h.s.of Eq. (12) has mathematially the same form as in the BFKL equation inthe momentum spae (7). Like in the momentum spae, the saddle pointsolution exhibits the power-like rise in x and di�usion in lnr2n(r; r0; x))pr2 = x�4N�s ln 2=� exp(� ln2(r2=r02)=D)p�D (13)and D � ln(1=x). Now, infrared di�usion orresponds to an unlimited riseof the dipole density for large size parent dipoles.From (11) and (13), the BFKL dipole ross setion behaves as x�� forany r whih leads to violation of unitarity when x! 0 as in the momentumspae. Now, the saturation e�ets would orrespond to interations betweendipoles. Before disussing QCD formulations of these e�ets, we presenta phenomenologial model whih aptures essential features of parton satu-ration and desribes the DIS data.4. The saturation modelIn this model [12℄, the dipole ross setion is bounded by an energyindependent value �0 whih assures unitarity of F2�̂(r; x) = �0 �1� exp�� r24R20(x)�� ; (14)where R0(x), alled saturation radius, is given byR0(x) = 1 GeV�1 � xx0��=2 : (15)The three parameters, �0 = 23 mb, � ' 0:3 and x0 = 3�10�4, were �tted toall small-x DIS data with x < 10�2. The resulting urves for di�erent valuesof x are shown in Fig. 5. At small r, �̂ features olor transpareny, �̂ � r2,whih is perturbative QCD phenomenon, while for large r, �̂ saturates,�̂ ' �0. The transition between the two regimes is governed by the inreasingwith x saturation radius R0(x). Therefore, an important feature of the modelis that for dereasing x, the dipole ross setion saturates for smaller dipolesizes, see Fig. 5. The BFKL rise with x is enoded in the small r part of �̂sine for r � R0, �̂ � x��. In ontrast to the BFKL result, however, withdereasing x the saturation radius R0(x) gets smaller and onsequently �̂never exeeds �0. This is the way infrared di�usion, whih onerns largedipoles, is tamed by the existene of the saturation sale:Q2s (x) � 1R20(x) � x�� : (16)
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0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1Fig. 5. The dipole ross setion in the saturation model.Thus the saturation sale rises when x ! 0. With the dipole ross setion(14) several remarkable features of DIS data are desribed.4.1. Transition to low Q2First, the transition to low Q2 values in the proton struture funtion.This has an intuitive physial interpretation if we relate the saturation radiusto the mean transverse distane between partons. If the partoni systemis dilute and the q�q dipole probe with a harateristi size 1=Q is muhsmaller than the saturation radius, 1=Q� R0(x), the logarithmi behavioris found [12, 13℄ F2 � �0R20(x) ln �Q2R20(x)� : (17)In the opposite ase, when 1=Q� R0(x), the parton system looks dense forthe probe and F2 � Q2�0 ln� 1Q2R20(x)� : (18)This transition is shown in Fig. 6 for ��p = �T + �L � F2=Q2. Witha nonzero quark mass in the q�q dipole even the photoprodution data anbe desribed, whih re�ets a kind of ontinuity in the proposed desription.The transition region between the two regimes, de�ned by the ondition(ritial line in the �x;Q2�-plane)Q2R20(x) = 1 (19)is found to be around Q2 = 1 GeV2 at HERA kinematis (the solid lineaross the model urves in Fig. 6). The ritial line also indiates the limitof validity of the twist expansion (4) in the �x;Q2�-plane [14℄. It is also



Saturation E�ets in DIS at Low x 2779interesting to analyze the energy dependene resulting from the saturationmodel. If this is done for inreasing Q2 values, smooth transition betweenthe soft (F2 � x�0:08) and hard pomeron (F2 � x�0:3) values is found [12℄.
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2780 K. Gole-Biernatnaturally explained [13℄, �D�p��p � 1ln �Q2R20(x)� : (21)With the di�rative q�q and q�qg omponents, the desription of the di�rativedata is quite satisfatory, see Fig. 7 [15℄.The di�rative interations are very important for traing saturatione�ets sine they are mainly sensitive to intermediate dipole sizes, r > 2=Q,whih diretly probe the saturation part of the dipole ross setion. In theinlusive di�rative ross setion, in ontrast to the fully inlusive ase, ther < 2=Q ontribution is suppressed by additional power of 1=Q2 [13, 15℄.
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Saturation E�ets in DIS at Low x 27814.3. Geometri salingThirdly, the partiular feature of (14), i.e. its saling form�̂(r; x) = �̂ rR0(x) ; (22)leads to the observation [17℄ that the virtual photon�proton ross setion(or F2=Q2) is a funtion of only one dimensionless variable � = Q2R20(x)instead of x and Q2 separately��p �x;Q2� = ��p(�) : (23)The new saling (alled geometri saling), valid in the small x domain,is shown in Fig. 8 for the DIS data [17℄. The saling variable � is theratio of two sales, the photon virtuality Q2 and the saturation sale (16).Therefore, in its essene geometri saling is a manifestation of the existeneof the saturation sale.
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2782 K. Gole-BiernatIt is interesting to look at the Regge limit, x ! 0 and Q2 �xed. From(18), the saturation model leads toF2 � Q2 ln�1x� ; (24)whih is in aord with the Froissart bound, straightforwardly applied toDIS: F2 �  ln2(1=x). The logarithm in (24) omes from the wave funtion	T in Eq. (10), thus there is still room for additional logarithmi dependeneon x of the dipole ross setion.5. Nonlinear evolution equationsThe phenomenologial suess of the model (14) raises the question aboutits relation to QCD. In partiular, to what extent is the transition to satu-ration justi�ed by perturbative QCD? The saturation sale Q2s (x) ' 1 GeV2for x � 10�4, thus we hope that at least the onset of saturation ould bedesribed by weakly oupled QCD.The problem of saturation e�ets was attaked by Kovhegov in thedipole piture [18℄. He found in the large N limit a nonlinear equationwhih is a speial ase of more general hierarhy of equations derived byBalitsky [19℄. Stritly speaking, the derived equation is only justi�ed for asattering on a large nuleus sine a ertain lass of diagrams, whih ouldbe relevant for the proton, is suppressed for DIS on a nuleus. However, thisequation an be onsidered as a QCD model for ep DIS at small x. The basiquantity in Kovhegov's formulation is the forward sattering amplitude ofthe q�q dipole (originated from the virtual photon) on a nuleus, N(r; b; Y ).If x and y are the transverse positions of the dipole quarks with respet tothe enter of the nuleus then r = x�y and b = (x+y)=2, where the latterquantity is the impat parameter of the dipole. The dipole ross setion isgiven by �̂(r; x) = 2Z d2bN(r; b; Y ) : (25)Comparing Eq. (25) with Eq. (14), we see that in the saturation modelthe following hypothesis on the form of N is madeN(r; b; Y ) = �1� exp�� r24R20(x)�� �(b� b0) ; (26)where �0 = 2�b20. The theta funtion an also be shifted into the argumentof the exponent. Physially, the saturation model orresponds to the protonbeing a disk in the transverse plane with a sharp boundary. Any edge



Saturation E�ets in DIS at Low x 2783e�ets are ignored. Saturation leads to a uniform blakening of the diskwith dereasing x (for the parent dipole of a �xed size r) without hangingthe disk size, see Fig. 9.
x 0Fig. 9. Saturation (blakening) in the saturation model. Blak means �̂ = �0.In the approah of Kovhegov the amplitude, N(r; b; Y ) is determineddynamially from the nonlinear evolution equation derived in the large Nlimit. Transforming bak into the momentum representation�(k; b; Y ) = Z d2r2� exp(�ik � r) N(r; b; Y )r2 ; (27)the following equation is found for small dipoles r � 1=�QCD��(k; b; Y )�Y = (K 
 �)(k; b; Y ) � �s �2(k; b; Y ) ; (28)where �s = N�s=� and K is the kernel of the linear BFKL equation [18℄.In the dipole piture in the leading ln(1=x) approximation, the above equa-tion desribes not only the prodution but also merging of dipoles in thedipole asade. In addition, an energy independent initial ondition forthe evolution is supplied at Y = Y0 whih desribes the sattering of theparent q�q dipole o� the nuleons through multiple two-gluon olor singletexhange [20℄. The e�et of the nonlinear evolution equation is the gener-ation of the interating dipole asade whih brings the energy dependeneof the solution. In terms of Feynman diagrams, Eq. (28) resumes fan dia-grams with the BFKL ladders and triple pomeron ouplings in the large Nlimit [21℄, see Fig. 10.Assuming the sharp disk model for the b-dependene, both analytialand numerial studies of Eq. (28) [18, 21�24℄ on�rm the piture of blak-ening, antiipated in the saturation model. The dipole ross setion (25)omputed after solving Eq. (28) features olor transpareny for small r andsaturation at large r with a similar dependene on x, i.e. for smaller x thesaturation ours for smaller dipole sizes. Moreover, the saturation saleemerges in suh analysis. This is illustrated in detail in Fig. 11 where thesolution �(k; Y ) of Eq. (28) (solid lines) and the solution of the orrespond-ing linear BFKL equation (dotted lines), projeted on the (k; Y )-plane, are
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Fig. 10. The BFKL fan diagrams resumed by Eq. (28).shown [24℄. The BFKL solution exhibits di�usion into small and large valuesof k even though the initial ondition is onentrated at k = k0. The non-linear saturation e�ets in the equation (28) tame infrared di�usion, pullingthe solution into the infrared safe region. The straight lines for the nonlin-ear solution re�et the saling property: �(k; Y ) = �(k=Qs(Y )), where thesaturation sale Qs(Y ) orresponds to the entral line k = Qs(Y ), see [24℄for more details. It is important to note that the saling sets in independentof initial onditions and it is stritly valid for k < Qs(Y ). For k > Qs(Y ),
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Saturation E�ets in DIS at Low x 2785however, the saling is mildly violated. This was analyzed reently in [25℄where the region of validity of geometri saling was found.Unfortunately, the agreement between the results based on the Eq. (28)and the saturation model is only qualitative and detailed studies of the DISdata with this equation are neessary.An intriguing question, related to proton on�nement, is the impatparameter dependene of the dipole�proton forward sattering amplitudeN(r; b; Y ). Certainly, the sharp disk piture with a �xed boundary is over-simpli�ed if not questionable. Reently, detailed studies with Eq. (28) in ther-representation were done [26℄, assuming the initial ondition N(r; b; Y0) =N(r)S(b) with some nonperturbative pro�le funtion S(b) whih falls asexp(�2m�b) at large b. The result of this analysis is shown in Fig. 12.The blak disk orresponds to saturation but now the saturation area risesaording to the nonlinear evolution equation (28) (or the equation of theColor Glass Condensate [27℄) when x! 0. Thus for eah impat parame-ter b unitarity limit is ahieved. The grey area orresponds to lower partondensities where the linear BFKL equation applies. Within this approah theFroissard bound is saturated: F2 � ln2(1=x).
x 0

Fig. 12. Blak disk expansion and saturation.The impat parameter dependene of the forward sattering amplitudean be studied through the t-dependene of di�rative vetor meson produ-tion in DIS [28℄, see Fig. 13. In this model, the vetor meson produtionis a three step proess, the virtual photon splits into the q�q pair whih in-terats with the proton with the amplitude Aq�q�pel , and then forms a mesondesribed by the wave funtion 	V,d�Vdt = 116� ����Z d2r dz 	� �Q2; r; z� Aq�q�pel (r;�; x)	V(MV; r; z)����2 (29)where MV is the vetor meson mass, and the amplitudeAq�q�pel (r;�; x) = 2 Z d2bN(r; b; x) eib�� (30)and� is a two dimensional vetor of transverse momentum transferred fromthe proton into the q�q system, t = ��2 Qualitatively, the presented above
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Fig. 13. Di�rative vetor meson prodution.results are on�rmed although the proton is not fully blak at the entralimpat parameter b = 0 in HERA kinematis. We would like to stress thatdi�rative vetor meson prodution in �p sattering is potentially the bestproess to study saturation e�ets in DIS sine the transverse size of the q�qpair forming a meson is ontrolled by the vetor meson massr = 1qM2V +Q2 : (31)Thus we expet saturation e�ets to be more important for larger (lighter)vetor mesons. The �rst analysis in this diretion done in [29℄ with thesaturation model seems to on�rm this observation.Let us �nish by pointing out that the nonlinear equation (28) is obtainedin the losed form due to the large N limit assumption. In general, in theleading ln(1=x) approximation, a hierarhy of nonlinear equations is foundby Balitsky [19℄. These equations, written in a losed form by Weigert [30℄,are equivalent to the Color Glass Condensate renormalization group equa-tion [27℄, see [32℄ for details and more referenes. A similar equation toEq. (28) was also derived for di�rative DIS [33℄. A di�erent approah tounitarization at small x relies on the summation of interating reggeizedgluons [34℄, forming a ompound olor singlet state. The BFKL equationis obtained assuming two exhanged reggeized gluons. Reently, an energyspetrum of the sattering amplitude in high energy asymptotis with up toeight reggeized gluons was found in the large N limit [35℄. For the disussionof the relation between the approah based on multiple BFKL pomeron ex-hanges leading to Eq. (28), and the approah based on exhanged reggeizedgluons, see [36℄. 6. Conlusions and outlookWe presented basi onepts of parton saturation. This phenomenonarises in DIS at small x whih is haraterized by a strong rise of parton



Saturation E�ets in DIS at Low x 2787densities in the nuleon. However, the strong rise is tamed in aordanewith unitarity of the desription by the interations between partons (mostlygluons). As a result, gluons form a oherent system haraterized by thesaturation sale. The distribution of gluons with the transverse momentumbelow this sale no longer strongly rises. This e�ets are important not onlyin ep DIS but also in nuleus�nuleus ollisions studied at RHIC [31℄.Formulated in the dipole piture, the saturation e�ets impose strongbound on the form of the dipole�proton ross setion for the dipole sizesbigger than the inverse of the saturation sale. This feature was build in thephenomenologial model [12℄ of the dipole ross setion whih suessfullydesribes the inlusive and di�rative DIS data from HERA. In addition,based on the existene of the saturation sale, the new saling (�geometrisaling�) was proposed and suessfully onfronted with the data. The QCDbased attempt to justify the main features of the phenomenologial desrip-tion, whih gives rise to a formulation of a nonlinear evolution equation,was presented. Based on the numerial solution to this equation we showedthe main e�et of saturation whih suppresses di�usion into small valuesof transverse gluon momenta, present in the approah based on the linearBFKL equation. We also disussed the relevane of the impat parameterstudies whih touh the problem of proton on�nement. Experimentally,this is done through the di�rative vetor meson prodution.From the theoretial side, the future work will onentrate on detailedanalysis of nonlinear equations desribing parton saturation. Refrainingfrom the large N limit, there are two equivalent formulations, the ColorGlass Condensate equation [27℄ and the equation derived by Weigert [30℄whih beautifully summarizes the in�nite hierarhy of the equations obtainedby Balitsky [19℄. It would be good to have full handle over these equations.From the phenomenologial side, more preise data awaited from HERAII will allow to test the parton saturation formulations in great detail. Forthis purpose, the phenomenologial saturation model (14) was re�ned inorder to inlude the DGLAP gluon evolution, expeted at small r [37℄. Allimportant features of the saturation in the original model, however, wereretained.The attrativeness of the presented desription of saturation e�ets tolarge extent relies on the dipole formulation (10) obtained in the leadingln(1=x) approximation. How this piture will hange when the next-to-leading order orretions to the formula (5) are omputed whih introduethe q�qg Fok state in the photon wave funtion in the dipole formulation, isnot known yet. The omputations are under way [38℄.This paper was supported in part by the Polish State Committee forSienti� Researh (KBN) grant no. 5 P03B 144 20 and by the DeutsheForshungsgemeinshaft.
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