
Vol. 33 (2002) ACTA PHYSICA POLONICA B No 10
SATURATION EFFECTS IN DIS AT LOW x�K. Gole
-BiernatII Institute of Theoreti
al Physi
s, University of HamburgLuruper Chaussee 149, 22761 Hamburg, GermanyandH. Niewodni
za«ski Institute of Nu
lear Physi
sRadzikowskiego 152, 31-342 Kraków, Poland(Re
eived July 16, 2002)We review basi
 ideas related to saturation of parton densities at smallvalue of the Bjorken variable x. A spe
ial emphasis is put on interpretingthe results from the ep deep inelasti
 s
attering experiments at HERA.PACS numbers: 13.60.Hb, 12.38.Bx1. Introdu
tionThe idea of parton saturation naturally arises in Deep Inelasti
 S
atter-ing (DIS) at small values of the Bjorken variable x, studied 
urrently at theHERA 
ollider in DESY. The main measured small-x e�e
t is a strong riseof the proton stru
ture fun
tion F2 in the limit x! 0 for �xed virtuality Q2.Interpreted with the help of linear evolution equations of Quantum Chromo-dynami
s, this is a re�e
tion of in
reasing parton densities (sea quarks andgluons). Formally, the parton rise is so strong that for su�
iently small xthe 
omputed 
ross se
tion violates unitarity, whi
h signals that importantphysi
al e�e
ts were negle
ted in the approximation leading to the linearevolution equations. These e�e
ts are responsible for saturation of the par-ton densities by taming their strong rise. Whether the saturation e�e
tsare already visible in the F2 at HERA is disputable, the linear DGLAPevolution equations des
ribe the data for Q2 > 2 GeV2. However, more ex-
lusive di�ra
tive pro
esses strongly hint towards the a�rmative answer tothe posed question. Moreover, the transition region of Q2 ' 1 GeV2 for F2,where the DGLAP analysis en
ounters basi
 di�
ulties, is easily des
ribed� Plenary presentation at the X International Workshop on Deep Inelasti
 S
attering(DIS2002) Cra
ow, Poland, 30 April�4 May, 2002.(2771)



2772 K. Gole
-Biernatwithin an approa
h based on parton saturation. An important result ofsaturation is the existen
e of a saturation s
ale whi
h is re�e
ted in a news
aling law for in
lusive DIS 
ross se
tion. The small-x data do really showsu
h a regularity.In the following we present basi
 
on
epts leading to the notion of partonsaturation and dis
uss the relevan
e of this e�e
t for experimental data,mainly from HERA. 2. Linear evolution equationsIn the standard des
ription of ep DIS the stru
ture fun
tion 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 fun
tions is 
omputed perturbatively,P �z;Q2� = �s �Q2� P (1)(z) + �2s �Q2� P (2)(z) + ::: : (3)Eq. (2) allows to determine the s
ale dependen
e in (1) provided initial
onditions at some s
ale Q20 are given. This is done by �tting their form inx to the existing DIS data. In this way logarithmi
 s
aling violation of F2is explained. The above des
ription applies to Q2 � �2QCD for perturbativeQCD to be valid. How low in Q2 and in x the pure DGLAP approa
h isappli
able should be determined from the analysis of data. In prin
iple, thevalues of x and Q2 indi
ating that boundary are 
orrelated, i.e. Q2 = Q2(x).The low Q2 region brings an issue of the (1=Q2)n 
orre
tions (twist ex-pansion) to F2, treated systemati
ally in the operator produ
t expansionof two ele
tromagneti
 
urrents. Eq. (1) takes into a

ount only the loga-rithmi
 
ontribution in this expansion. For moderate x this is a dominant
ontribution, as shown by su

essful DGLAP analysis of DIS data. Forx� 1, however, ea
h term in the twist expansion,F2 �x;Q2� = F (0)2 �x; lnQ2� + F (1)2 (x; lnQ2)M2Q2 + ::: ; (4)
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an be equally important due to the presen
e of large logarithms ln(1=x).Thus, a new systemati
s is ne
essary allowing to resume these large loga-rithms in the small-x limit independent of the twist expansion. This is donethrough the k?-fa
torization formula [2℄ whi
h 
ontains all twistsF2 �x;Q2� = Z d2kk4 �(Q2;k) f(x;k) ; (5)where �(Q2;k) is the virtual photon impa
t fa
tor des
ribing the pro
ess
� ! q�q ! 
�, see Fig. 1. The fun
tion 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)
kk

PP

Φ
q q

Fig. 1. k?-fa
torization in DIS, Eq. (5).In the above k is a two-dimensional ve
tor of transverse momenta of twogluons whi
h 
ouple to the quark loop in four possible ways. Noti
e the inte-gration over all values of jkj in (5). This means that the region of small mo-menta needs spe
ial attention to avoid problems with perturbative stability.The unintegrated gluon distribution satis�es the BFKL equation [3℄ whi
h
an 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)Diagrammati
ally, the BFKL equation resumes the ladder diagrams withtwo ex
hanged (reggeized) gluons intera
ting through the real gluons in therungs strongly ordered in rapidity. Ea
h emitted gluon leads to the largelogarithm �s ln(1=x). Sin
e this is a 
olorless ex
hange whi
h 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 dependen
e 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 de
reasing x, the solution features a power-like rise with x and di�usion in lnk2. Even though at some initial x = x0the solution is 
on
entrated 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�e
ts sin
e the 
ross se
tion might be dominated by a
ontribution from jkj ' �. This problem 
an be phenomenologi
ally 
uredby a separate treatment of the infrared domain. However, infrared di�usionsignals fundamental di�
ulty whi
h re�e
ts in
ompleteness of the BFKLapproximation. This is intimately related to violation of unitarity re�e
tedin the Froissard bound: F2 � 
 ln2(1=x), in 
ontrast to the power-like risein (8). The next-to-leading 
orre
tions to the BFKL equation, see [4℄ andreferen
es therein, weaken the rise but the two dis
ussed problems remain.
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2Fig. 2. Di�usion pattern from the BFKL equation.The missing physi
al e�e
t in the BFKL approximation is parton satura-tion. In the in�nite momentum frame of the proton, the following pi
ture ofthis phenomenon exists. The transverse size of gluons with transverse mo-mentum k is proportional to 1=jkj. For large jkj, the BFKL me
hanism of
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ts in DIS at Low x 2775gluon radiation, g ! gg, populates the transverse spa
e with large number(per unit of rapidity) of small size gluons. The same me
hanism also appliesto large size gluons with small transverse momenta. In this 
ase, however,the BFKL approa
h is in
omplete sin
e large gluons strongly overlap andfusion pro
esses, gg ! g, are equally important. By taking these pro
essesinto a

ount unitarity is restored and infrared di�usion 
ured. The key el-ement for this is the emergen
e of a rising with rapidity saturation s
aleQs(Y ), whi
h 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 se
tion isdominated by jkj ' Qs(Y ) � �QCD for su�
iently large Y , whi
h allowsto avoid the problem of strong sensitivity to the infrared domain. In theforth
oming we show how this idea is realized in pra
ti
e.3. The dipole pi
tureThe problem of restoration of unitarity in the des
ription of DIS at smallx was pioneered by Gribov, Levin and Ryskin in [5℄. In there nonlinear 
or-re
tions 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 su
h that termsproportional to (�s lnx lnQ2)n � 1 are resumed. We want to avoid the highQ2 assumption and approa
h the problem in the approximation in whi
hthe BFKL formulation of DIS was dis
ussed. To this end we transform thek?-fa
torization 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 se
tions for the indi
ated polarizations. Here ris the q�q dipole transverse separation and z is the longitudinal momen-tum fra
tion of the dipole quark/antiquark with respe
t to the momentumq0 = q+xp. The physi
al interpretation of fa
torization in (10) is provided inthe proton rest frame. The virtual photon 
� splits into a q�q pair long beforethe intera
tion with the proton sin
e the formation time, �q�q � 1=(xM), isvery large in the small-x limit. This pro
ess is des
ribed by the lowest Fo
kstate light-
one wave fun
tion of the photon, 	T;L [9℄. The intera
tion withthe proton is en
oded in the q�q dipole 
ross se
tion �̂(r; x).
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Fig. 3. The illustration of fa
torization in Eq. (10).The BFKL approximation has a ni
e formulation in the dipole pi
ture 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.Ea
h new dipole 
an radiate a gluon with mu
h softer longitudinal momenta,whi
h leads to new dipoles. In this way the parent q�q dipole r evolves intoa 
olle
tion of dipoles r0 with the density n(r; r0; x). The intera
tion of ea
hdipole with the proton o

urs through ex
hange of a single perturbativegluon. Thus in this pi
ture the dipole 
ross se
tion equals�̂(r; x) = Z d2r0 n(r; r0; x)�gp(r0) ; (11)where �gp(r0) des
ribes the intera
tion of a dipole r0 with the proton TheBFKL e�e
ts are lo
ated in evolution of the photon wave fun
tion, 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-spa
e�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.
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ts in DIS at Low x 2777The variable r0 is a parameter in Eq. (12), thus the dipole 
ross se
tion(11) obeys the same equation. Noti
e that the integral kernel on the r.h.s.of Eq. (12) has mathemati
ally the same form as in the BFKL equation inthe momentum spa
e (7). Like in the momentum spa
e, 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 se
tion behaves as x�� forany r whi
h leads to violation of unitarity when x! 0 as in the momentumspa
e. Now, the saturation e�e
ts would 
orrespond to intera
tions betweendipoles. Before dis
ussing QCD formulations of these e�e
ts, we presenta phenomenologi
al model whi
h 
aptures essential features of parton satu-ration and des
ribes the DIS data.4. The saturation modelIn this model [12℄, the dipole 
ross se
tion is bounded by an energyindependent value �0 whi
h 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 transparen
y, �̂ � r2,whi
h is perturbative QCD phenomenon, while for large r, �̂ saturates,�̂ ' �0. The transition between the two regimes is governed by the in
reasingwith x saturation radius R0(x). Therefore, an important feature of the modelis that for de
reasing x, the dipole 
ross se
tion saturates for smaller dipolesizes, see Fig. 5. The BFKL rise with x is en
oded in the small r part of �̂sin
e for r � R0, �̂ � x��. In 
ontrast to the BFKL result, however, withde
reasing x the saturation radius R0(x) gets smaller and 
onsequently �̂never ex
eeds �0. This is the way infrared di�usion, whi
h 
on
erns largedipoles, is tamed by the existen
e of the saturation s
ale:Q2s (x) � 1R20(x) � x�� : (16)
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ross se
tion in the saturation model.Thus the saturation s
ale rises when x ! 0. With the dipole 
ross se
tion(14) several remarkable features of DIS data are des
ribed.4.1. Transition to low Q2First, the transition to low Q2 values in the proton stru
ture fun
tion.This has an intuitive physi
al interpretation if we relate the saturation radiusto the mean transverse distan
e between partons. If the partoni
 systemis dilute and the q�q dipole probe with a 
hara
teristi
 size 1=Q is mu
hsmaller 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 photoprodu
tion data 
anbe des
ribed, whi
h re�e
ts a kind of 
ontinuity in the proposed des
ription.The transition region between the two regimes, de�ned by the 
ondition(
riti
al line in the �x;Q2�-plane)Q2R20(x) = 1 (19)is found to be around Q2 = 1 GeV2 at HERA kinemati
s (the solid linea
ross the model 
urves in Fig. 6). The 
riti
al line also indi
ates the limitof validity of the twist expansion (4) in the �x;Q2�-plane [14℄. It is also
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ts in DIS at Low x 2779interesting to analyze the energy dependen
e resulting from the saturationmodel. If this is done for in
reasing 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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2Fig. 6. The 
ross se
tion �
�p = �T + �L for �xed 
�p 
enter-of-mass energy W(x = Q2=W 2). The dotted lines, for whi
h mq = 0, show the e�e
t of the dipolequark mass mq = 140 MeV. 4.2. DIS di�ra
tionSe
ondly, on
e the dipole 
ross se
tion is determined from the in
lusivedata analysis, it 
an be used as a predi
tion for di�ra
tive DIS [15℄ sin
e forthe q�q pair in the di�ra
tive �nal stated �DT;Ldt j t=0 = 116� Z d2r dz ���	T;L(r; z)���2 �̂2(x; r) : (20)The total di�ra
tive 
ross se
tion �D
�p = �DT+�DL is found after dividing (20)by the di�ra
tive slope BD, taken from the experiment. A very importantresult of the saturation model is that with the form (14), the 
onstant ratioas a fun
tion of Q2 and x of the di�ra
tive and in
lusive 
ross se
tions is
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-Biernatnaturally explained [13℄, �D
�p�
�p � 1ln �Q2R20(x)� : (21)With the di�ra
tive q�q and q�qg 
omponents, the des
ription of the di�ra
tivedata is quite satisfa
tory, see Fig. 7 [15℄.The di�ra
tive intera
tions are very important for tra
ing saturatione�e
ts sin
e they are mainly sensitive to intermediate dipole sizes, r > 2=Q,whi
h dire
tly probe the saturation part of the dipole 
ross se
tion. In thein
lusive di�ra
tive 
ross se
tion, in 
ontrast to the fully in
lusive 
ase, ther < 2=Q 
ontribution is suppressed by additional power of 1=Q2 [13, 15℄.
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ts in DIS at Low x 27814.3. Geometri
 s
alingThirdly, the parti
ular feature of (14), i.e. its s
aling form�̂(r; x) = �̂ rR0(x) ; (22)leads to the observation [17℄ that the virtual photon�proton 
ross se
tion(or F2=Q2) is a fun
tion of only one dimensionless variable � = Q2R20(x)instead of x and Q2 separately�
�p �x;Q2� = �
�p(�) : (23)The new s
aling (
alled geometri
 s
aling), valid in the small x domain,is shown in Fig. 8 for the DIS data [17℄. The s
aling variable � is theratio of two s
ales, the photon virtuality Q2 and the saturation s
ale (16).Therefore, in its essen
e geometri
 s
aling is a manifestation of the existen
eof the saturation s
ale.
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-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)whi
h is in a

ord with the Froissart bound, straightforwardly applied toDIS: F2 � 
 ln2(1=x). The logarithm in (24) 
omes from the wave fun
tion	T in Eq. (10), thus there is still room for additional logarithmi
 dependen
eon x of the dipole 
ross se
tion.5. Nonlinear evolution equationsThe phenomenologi
al su

ess of the model (14) raises the question aboutits relation to QCD. In parti
ular, to what extent is the transition to satu-ration justi�ed by perturbative QCD? The saturation s
ale Q2s (x) ' 1 GeV2for x � 10�4, thus we hope that at least the onset of saturation 
ould bedes
ribed by weakly 
oupled QCD.The problem of saturation e�e
ts was atta
ked by Kov
hegov in thedipole pi
ture [18℄. He found in the large N
 limit a nonlinear equationwhi
h is a spe
ial 
ase of more general hierar
hy of equations derived byBalitsky [19℄. Stri
tly speaking, the derived equation is only justi�ed for as
attering on a large nu
leus sin
e a 
ertain 
lass of diagrams, whi
h 
ouldbe relevant for the proton, is suppressed for DIS on a nu
leus. However, thisequation 
an be 
onsidered as a QCD model for ep DIS at small x. The basi
quantity in Kov
hegov's formulation is the forward s
attering amplitude ofthe q�q dipole (originated from the virtual photon) on a nu
leus, N(r; b; Y ).If x and y are the transverse positions of the dipole quarks with respe
t tothe 
enter of the nu
leus then r = x�y and b = (x+y)=2, where the latterquantity is the impa
t parameter of the dipole. The dipole 
ross se
tion 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 fun
tion 
an also be shifted into the argumentof the exponent. Physi
ally, the saturation model 
orresponds to the protonbeing a disk in the transverse plane with a sharp boundary. Any edge
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ts are ignored. Saturation leads to a uniform bla
kening of the diskwith de
reasing x (for the parent dipole of a �xed size r) without 
hangingthe disk size, see Fig. 9.
x 0Fig. 9. Saturation (bla
kening) in the saturation model. Bla
k means �̂ = �0.In the approa
h of Kov
hegov the amplitude, N(r; b; Y ) is determineddynami
ally from the nonlinear evolution equation derived in the large N
limit. Transforming ba
k 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 pi
ture in the leading ln(1=x) approximation, the above equa-tion des
ribes not only the produ
tion but also merging of dipoles in thedipole 
as
ade. In addition, an energy independent initial 
ondition forthe evolution is supplied at Y = Y0 whi
h des
ribes the s
attering of theparent q�q dipole o� the nu
leons through multiple two-gluon 
olor singletex
hange [20℄. The e�e
t of the nonlinear evolution equation is the gener-ation of the intera
ting dipole 
as
ade whi
h brings the energy dependen
eof the solution. In terms of Feynman diagrams, Eq. (28) resumes fan dia-grams with the BFKL ladders and triple pomeron 
ouplings in the large N
limit [21℄, see Fig. 10.Assuming the sharp disk model for the b-dependen
e, both analyti
aland numeri
al studies of Eq. (28) [18, 21�24℄ 
on�rm the pi
ture of bla
k-ening, anti
ipated in the saturation model. The dipole 
ross se
tion (25)
omputed after solving Eq. (28) features 
olor transparen
y for small r andsaturation at large r with a similar dependen
e on x, i.e. for smaller x thesaturation o

urs for smaller dipole sizes. Moreover, the saturation s
aleemerges in su
h 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), proje
ted on the (k; Y )-plane, are
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*γ

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 
on
entrated at k = k0. The non-linear saturation e�e
ts in the equation (28) tame infrared di�usion, pullingthe solution into the infrared safe region. The straight lines for the nonlin-ear solution re�e
t the s
aling property: �(k; Y ) = �(k=Qs(Y )), where thesaturation s
ale Qs(Y ) 
orresponds to the 
entral line k = Qs(Y ), see [24℄for more details. It is important to note that the s
aling sets in independentof initial 
onditions and it is stri
tly valid for k < Qs(Y ). For k > Qs(Y ),
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Fig. 11. Di�usion in the BFKL and Balitsky�Kov
hegov equations.
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ts in DIS at Low x 2785however, the s
aling is mildly violated. This was analyzed re
ently in [25℄where the region of validity of geometri
 s
aling 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 ne
essary.An intriguing question, related to proton 
on�nement, is the impa
tparameter dependen
e of the dipole�proton forward s
attering amplitudeN(r; b; Y ). Certainly, the sharp disk pi
ture with a �xed boundary is over-simpli�ed if not questionable. Re
ently, 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 fun
tion S(b) whi
h falls asexp(�2m�b) at large b. The result of this analysis is shown in Fig. 12.The bla
k disk 
orresponds to saturation but now the saturation area risesa

ording to the nonlinear evolution equation (28) (or the equation of theColor Glass Condensate [27℄) when x! 0. Thus for ea
h impa
t parame-ter b unitarity limit is a
hieved. The grey area 
orresponds to lower partondensities where the linear BFKL equation applies. Within this approa
h theFroissard bound is saturated: F2 � ln2(1=x).
x 0

Fig. 12. Bla
k disk expansion and saturation.The impa
t parameter dependen
e of the forward s
attering amplitude
an be studied through the t-dependen
e of di�ra
tive ve
tor meson produ
-tion in DIS [28℄, see Fig. 13. In this model, the ve
tor meson produ
tionis a three step pro
ess, the virtual photon splits into the q�q pair whi
h in-tera
ts with the proton with the amplitude Aq�q�pel , and then forms a mesondes
ribed by the wave fun
tion 	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 ve
tor meson mass, and the amplitudeAq�q�pel (r;�; x) = 2 Z d2bN(r; b; x) eib�� (30)and� is a two dimensional ve
tor of transverse momentum transferred fromthe proton into the q�q system, t = ��2 Qualitatively, the presented above
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Fig. 13. Di�ra
tive ve
tor meson produ
tion.results are 
on�rmed although the proton is not fully bla
k at the 
entralimpa
t parameter b = 0 in HERA kinemati
s. We would like to stress thatdi�ra
tive ve
tor meson produ
tion in 
�p s
attering is potentially the bestpro
ess to study saturation e�e
ts in DIS sin
e the transverse size of the q�qpair forming a meson is 
ontrolled by the ve
tor meson massr = 1qM2V +Q2 : (31)Thus we expe
t saturation e�e
ts to be more important for larger (lighter)ve
tor mesons. The �rst analysis in this dire
tion 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 hierar
hy 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 referen
es. A similar equation toEq. (28) was also derived for di�ra
tive DIS [33℄. A di�erent approa
h tounitarization at small x relies on the summation of intera
ting reggeizedgluons [34℄, forming a 
ompound 
olor singlet state. The BFKL equationis obtained assuming two ex
hanged reggeized gluons. Re
ently, an energyspe
trum of the s
attering amplitude in high energy asymptoti
s with up toeight reggeized gluons was found in the large N
 limit [35℄. For the dis
ussionof the relation between the approa
h based on multiple BFKL pomeron ex-
hanges leading to Eq. (28), and the approa
h based on ex
hanged reggeizedgluons, see [36℄. 6. Con
lusions and outlookWe presented basi
 
on
epts of parton saturation. This phenomenonarises in DIS at small x whi
h is 
hara
terized by a strong rise of parton
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ts in DIS at Low x 2787densities in the nu
leon. However, the strong rise is tamed in a

ordan
ewith unitarity of the des
ription by the intera
tions between partons (mostlygluons). As a result, gluons form a 
oherent system 
hara
terized by thesaturation s
ale. The distribution of gluons with the transverse momentumbelow this s
ale no longer strongly rises. This e�e
ts are important not onlyin ep DIS but also in nu
leus�nu
leus 
ollisions studied at RHIC [31℄.Formulated in the dipole pi
ture, the saturation e�e
ts impose strongbound on the form of the dipole�proton 
ross se
tion for the dipole sizesbigger than the inverse of the saturation s
ale. This feature was build in thephenomenologi
al model [12℄ of the dipole 
ross se
tion whi
h su

essfullydes
ribes the in
lusive and di�ra
tive DIS data from HERA. In addition,based on the existen
e of the saturation s
ale, the new s
aling (�geometri
s
aling�) was proposed and su

essfully 
onfronted with the data. The QCDbased attempt to justify the main features of the phenomenologi
al des
rip-tion, whi
h gives rise to a formulation of a nonlinear evolution equation,was presented. Based on the numeri
al solution to this equation we showedthe main e�e
t of saturation whi
h suppresses di�usion into small valuesof transverse gluon momenta, present in the approa
h based on the linearBFKL equation. We also dis
ussed the relevan
e of the impa
t parameterstudies whi
h tou
h the problem of proton 
on�nement. Experimentally,this is done through the di�ra
tive ve
tor meson produ
tion.From the theoreti
al side, the future work will 
on
entrate on detailedanalysis of nonlinear equations des
ribing parton saturation. Refrainingfrom the large N
 limit, there are two equivalent formulations, the ColorGlass Condensate equation [27℄ and the equation derived by Weigert [30℄whi
h beautifully summarizes the in�nite hierar
hy of the equations obtainedby Balitsky [19℄. It would be good to have full handle over these equations.From the phenomenologi
al side, more pre
ise data awaited from HERAII will allow to test the parton saturation formulations in great detail. Forthis purpose, the phenomenologi
al saturation model (14) was re�ned inorder to in
lude the DGLAP gluon evolution, expe
ted at small r [37℄. Allimportant features of the saturation in the original model, however, wereretained.The attra
tiveness of the presented des
ription of saturation e�e
ts tolarge extent relies on the dipole formulation (10) obtained in the leadingln(1=x) approximation. How this pi
ture will 
hange when the next-to-leading order 
orre
tions to the formula (5) are 
omputed whi
h introdu
ethe q�qg Fo
k state in the photon wave fun
tion in the dipole formulation, isnot known yet. The 
omputations are under way [38℄.This paper was supported in part by the Polish State Committee forS
ienti�
 Resear
h (KBN) grant no. 5 P03B 144 20 and by the Deuts
heFors
hungsgemeins
haft.



2788 K. Gole
-BiernatREFERENCES[1℄ V.N. Gribov, L.N. Lipatov, Sov. J. Nu
l. Phys. 15, 438 (1972); G. Altarelli,G. Parisi, Nu
l. Phys. B126, 298 (1977); Yu.L. Dokshitzer, Sov. Phys. JETP46, 641 (1977).[2℄ S. Catani, M. Ciafaloni, F. Hautmann, Phys. Lett. B242, 97 (1990); Nu
l.Phys. B366, 657 (1991); J.C. Collins, R.K. Ellis, Nu
l. Phys. B360, 3 (1991);E.M. Levin, M.G. Ryskin, Yu.M. Shabel'sky, A. Shuvaev, Sov. J. Nu
l. Phys.53, 657 (1991).[3℄ L.N. Lipatov, Sov. J. Nu
l. Phys. 23, 338 (1976); E.A. Kuraev, L.N. Lipatov,V.S. Fadin, Sov. Phys. JETP 44, 443 (1976); Sov. Phys. JETP 45, 199 (1977);Ya.Ya. Balitsky, L.N. Lipatov, Sov. J. Nu
l. Phys. 28, 338 (1978).[4℄ V. Fadin, BFKL news, Talk given at LISHEP 98, Rio de Janeiro, Brazil, 16�20Feb. 1998, hep-ph/9807528; G.P. Salam, A
ta Phys. Pol. 30, 3679 (1999).[5℄ L.V. Gribov, E.M. Levin, M.G. Ryskin, Phys. Rep. 100, 1 (1983).[6℄ A.H. Mueller, Jian-wei Qiu, Nu
l. Phys. B268, 427 (1986).[7℄ J.C. Collins, J. Kwie
i«ski, Nu
l. Phys. B335, 89 (1989); J. Bartels, G. Levin,Nu
l. Phys. B387, 617 (1992); L. M
Lerran, R. Venugopalan, Phys. Rev.D49,2233 (1994); Phys. Rev. D49, 3352 (1994); Phys. Rev. D50, 2225 (1994).[8℄ J.R. Forshaw, D.A. Ross, Quantum Chromodynami
s and the Pomeron, Cam-bridge University Press, England, Cambridge 1996.[9℄ J.D. Bjorken, J.B. Kogut, D.E. Sopper, Phys. Rev. D3, 1382 (1970).[10℄ A.H. Mueller, Nu
l. Phys. B415, 373 (1994); Nu
l. Phys. B437, 107 (1995);A.H. Mueller, B. Patel, Nu
l. Phys. B425, 471 (1994); Z. Chen, A.H. Mueller,Nu
l. Phys. B451, 579 (1995).[11℄ N.N. Nikolaev, B.G. Zakharov, Z. Phys. C64, 651 (1994); Sov. Phys. JETP78, 598 (1994).[12℄ K. Gole
-Biernat, M. Wüstho�, Phys. Rev. D59, 014017 (1999).[13℄ K. Gole
-Biernat, J. Phys. G 28, 1057 (2002).[14℄ J. Bartels, K. Gole
-Biernat, K. Peters, Eur. Phys. J. C17, 121 (2000).[15℄ K. Gole
-Biernat, M. Wüstho�, Phys. Rev. D60, 114023 (1999), Eur. Phys. J.C20, 313 (2001).[16℄ ZEUS Collaboration, M. Derri
k et al, Eur. Phys. J. C6, 43 (1999).[17℄ A.M. Sta±to, K. Gole
-Biernat, J. Kwie
i«ski, Phys. Rev. Lett. B86, 596(2001).[18℄ Yu.V. Kov
hegov, Phys. Rev. D60, 034008 (1999); Phys. Rev. D61, 074018(2000).[19℄ I. Balitsky, Nu
l. Phys. B463, 99 (1996); hep-ph/0101042.[20℄ A.H. Mueller, Nu
l. Phys. B335, 115 (1990).[21℄ M.A. Braun, Eur. Phys. J. C16, 337 (2000); N. Armesto, M.A. Braun, Eur.Phys. J. C20, 517 (2001).



Saturation E�e
ts in DIS at Low x 2789[22℄ E. Levin, K. Tu
hin, Nu
l. Phys. B573, 833 (2000); Nu
l. Phys. A691, 779(2001); Nu
l. Phys. A693, 787 (2001).[23℄ E. Levin, M. Lublinsky, Nu
l. Phys. A696, 833 (2001); M. Lublinsky, Eur.Phys. J. C21, 513 (2001).[24℄ K. Gole
-Biernat, L. Motyka, A.M. Sta±to, Phys. Rev. D65, 074037 (2002).[25℄ J. Kwie
i«ski, A.M. Sta±to, hep-ph/0203030; E. Ian
u, K. Itakura, L. M
Ler-ran, hep-ph/0203137; E. Ian
u, K. Itakura, L. M
Lerran, hep-ph/0205198.[26℄ E. Ferreiro, E. Ian
u, K. Itakura, L. M
Lerran, hep-ph/0206241.[27℄ E. Ian
u, A. Leonidov, L. M
Lerran, Nu
l. Phys. A692, 583 (2001); Phys.Lett. B510, 133 (2001); E. Ferreiro, E. Ian
u, A. Leonidov, L. M
Lerran,Nu
l. Phys. A703, 489 (2002).[28℄ S. Munier, A.M. Sta±to, A.H. Mueller, Nu
l. Phys. B603, 427 (2001); S. Mu-nier, hep-ph/0206117.[29℄ A.C. Caldwell, M.S. Soares, Nu
l. Phys. A696, 125 (2001).[30℄ H. Weigert, Nu
l. Phys. A703, 823 (2002).[31℄ L. M
Lerran, hep-ph/0202025.[32℄ J.-P. Blaizot, E. Ian
u, H. Weigert, hep-ph/02060779.[33℄ Yu. V. Kov
hegov, E. Levin, Nu
l. Phys. B577, 221 (1999).[34℄ J. Bartels, Nu
l. Phys. B175, 365 (1980); J. Kwie
i«ski, M. Praszaªowi
z,Phys. Lett. B94, 413 (1980).[35℄ G.P. Kor
hemsky, J. Kota«ski, A.N. Manashov, Phys. Rev. Lett. 88, 122002(2002); J. Kota«ski, A
ta Phys. Pol. B33 (2002), next issue.[36℄ Yu.V. Kov
hegov, hep-ph/020223.[37℄ J. Bartels, K. Gole
-Biernat, H. Kowalski, Phys. Rev. D66, 014001 (2002);A
ta Phys. Pol. B33, 2853 (2002).[38℄ S. Gieseke, A
ta Phys. Pol. B33, 2873 (2002).


