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DIFFRACTIVE SCATTERING�E.A. De WolfPhysi
s Department, University of AntwerpenUniversiteitsplein 1, B-2610 Antwerpen, Belgium(Re
eived September 27, 2002)We dis
uss basi
 
on
epts and properties of di�ra
tive phenomena insoft hadron 
ollisions and in deep-inelasti
 s
attering at low Bjorken-x.The paper is not a review of the rapidly developing �eld but presents anattempt to show in simple terms the 
lose inter-relationship between thedynami
s of high-energy hadroni
 and deep-inelasti
 di�ra
tion. Using thesaturation model of Gole
-Biernat and Wüstho� as an example, a sim-ple explanation of geometri
al s
aling is presented. The relation betweenthe QCD anomalous multipli
ity dimension and the Pomeron inter
ept isdis
ussed.PACS numbers: 13.60.Hb, 13.60.�r, 13.85.Lg, 13.85.Dz1. Introdu
tionAfter nearly two de
ades outside of the mainstream of high-energy phys-i
s, the subje
t of di�ra
tive s
attering has made a spe
ta
ular 
ome-ba
kwith the observation of Large Rapidity Gap events at the HERA ep 
olliderand similar studies at the highest energy hadron 
olliders. It has be
omea �eld of intense resear
h and many detailed aspe
ts have been repeatedlyreviewed [1, 2℄.To develop a phenomenology of very high energy s
attering and di�ra
-tion, a �eld of resear
h whi
h originated in soft hadron�hadron 
ollisions,it is tempting and traditional to start from a t-
hannel formalism basedon Regge theory. For Deep-Inelasti
 S
attering (DIS) and hard di�ra
tivepro
esses this leads to the simple (and popular) Pomeron pi
ture as �rst pro-posed by Ingelman and S
hlein [3℄. Although Regge theory is perfe
tly validand beautiful, based on very general properties of the s
attering amplitudes,it is plagued by many problems in pra
ti
al appli
ations whi
h, as happened� Presented at the XLII Cra
ow S
hool of Theoreti
al Physi
s, Zakopane, PolandMay 31�June 9, 2002. (4165)



4166 E.A. De Wolfin the past, severely limit its predi
tive power. Apart from the fundamen-tal theoreti
al question how to derive the theory as a strong-
oupling limitof QCD, the theory itself provides little insight into the relation betweenproperties of the �nal states, the stru
ture of the theory and the physi
almeaning of its parameters. This be
omes parti
ularly important when theformalism is used outside its traditional domain of appli
ation, su
h as indeep-inelasti
 s
attering.In this paper, we shall mainly adopt an s-
hannel pi
ture of di�ra
tion.Di�ra
tive s
attering is explained by the di�erential absorption by the targetof the large number of states whi
h 
oherently build up the initial-statehadron or (virtual) photon and s
atter with di�erent 
ross se
tions. Su
han approa
h in
orporates from the outset basi
 quantum me
hani
s andunitarity, and permits, at least 
on
eptually, a uni�ed treatment of hadron,and real and virtual photon s
attering. It will allow us to appre
iate the
lose inter-relation between the dynami
s of high-energy hadroni
 and deep-inelasti
 di�ra
tion (DDIS) at very small Bjorken-x and to understand thatlong-distan
e physi
s plays a very important role in both. It is also theapproa
h used in the most su

essful of the present theoreti
al models [2℄.The main thrust of the paper will be to argue that the physi
s 
an beunderstood on the basis of a surprisingly small number of dynami
al ingre-dients. This in turn leads to a view of the 
ollision dynami
s whi
h is simpleenough to help develop intuition, provide physi
al insight and suggest fruit-ful avenues of resear
h. The paper is mainly addressed to experimentalistsentering the �eld and we hope it will broaden their view of the subje
t. Nooriginality is 
laimed in the presentation of the material although any errorsof interpretation should be attributed solely to the author.2. Preliminaries2.1. DIS kinemati
s and 
ross se
tionsThe standard kinemati
al variables to des
ribe ep DIS are depi
ted in�gure 1(a). The 
enter-of-mass energy squared of the ep system is s =(P + k)2, with P and k the initial-state four-momenta of the proton andele
tron (or positron), respe
tively. W , the CMS energy of the virtual-photon proton system, is given by W 2 = (P + q)2. The photon virtualityQ2 and the Bjorken variables x and y are de�ned asq2 = �Q2 = (k � k0)2; x = Q22 P q = Q2W 2 +Q2 �m2p ; y = P qP k : (2.1)Negle
ting the proton mass, one has
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W 2Fig. 1. Kinemati
 variables (a) for the rea
tion e p! e X ; (b) for the semi-in
lusiverea
tion e p! e N X with a rapidity gap.Q2 = x y s; W 2 = Q2 1� xx ' Q2x ; (2.2)the latter expression being valid for x� 1.For the �rapidity-gap� pro
ess presented in �gure 1(b), and where abaryon with four-momentum P 0 is dete
ted in the �nal state, one de�nesthe additional variablest = (P � P 0)2 ; � = Q2 +M2X � tQ2 +W 2 ; � = Q2Q2 +M2X � t = x� : (2.3)The variable � is the fra
tional energy-loss su�ered by the in
ident proton.The variable � 
an naively be thought of as representing the fra
tional mo-mentum 
arried by a stru
k parton in an obje
t � Pomeron or Reggeon �
arrying longitudinal momentum �, emitted by the proton and subsequentlyundergoing a hard s
atter. For small jtj one has� = Q2Q2 +M2X = x� ; M2X = 1� �� Q2 ; � = (Q2 +M2X)W 2 : (2.4)In stri
t analogy with the total ep 
ross se
tiond2�dxdQ2 = 4��2emx Q4 �1� y + y22(1 +R)� F2(x;Q2) ; (2.5)
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h de�nes the stru
ture fun
tion F2(x;Q2) (�em is the QED 
oupling),the di�erential 
ross se
tion for a Semi-In
lusive (SI) DIS pro
ess (�gure 1(b))
an be written asd3�dxdQ2d� = 4��2emx Q4 �1� y + y22(1 +R)� F SI(3)2 (�; x;Q2): (2.6)Alternatively, in measurements of the di�ra
tive (D(3)) 
ontribution toF2(x;Q2), one often uses the de�nitiond3�d�dQ2d� = 4��2em� Q4 �1� y + y22(1 +R)� FD(3)2 (�; �;Q2) ; (2.7)repla
ing x by � in equation (2.6). R = �L=�T is the ratio of the 
rossse
tions for longitudinally and transversely polarized virtual photons. Sin
ey is usually small in experiment, R 
an often be negle
ted. Equations (2.6)and (2.7) are equivalent sin
e they represent the same experimental data.From an experimental point of view, there is no a priori reason to prefer oneover the other and both should be measured. For �xed (x;Q2) (i.e.W �xed),the � dependen
e of F SI(3)2 (�; x;Q2) re�e
ts that on MX . Alternatively, for�xed (�;Q2) (i.e.MX �xed) theW dependen
e of FD(3)2 (�; �;Q2) is exploredby varying �.The stru
ture fun
tion F2 is related to the absorption 
ross se
tion ofa virtual photon by the proton, �
?p. For di�ra
tive s
attering at high W(low x), we have similarlyFD;SI(3)2 (x;Q2; �) = Q24�2�em d2�D;SI(3)
?pd�d t : (2.8)2.2. Regge formalism2.2.1. Total and elasti
 
ross se
tionsSin
e the Regge formalism is so often used in present analyses of di�ra
-tive HERA data, it is useful to re
all here its main ingredients and predi
-tions. For small-angle elasti
 s
attering of two hadrons a and b at high s,dominated by Pomeron ex
hange, the Regge s
attering amplitude (ignoringthe small real part) takes the fa
torized formAabel (s; t) = is�a(t)� ss0��P(t)�1 �b(t) : (2.9)Here, s0 is an arbitrary mass s
ale, frequently 
hosen to be of the orderof 1 GeV2. The dependen
e on the spe
ies of the in
oming hadron is 
on-tained in the form fa
tors, �a;b(t), usually parameterized as an exponential
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tory. In its simplest version it isa Regge pole, with inter
ept �P(0) = 1+ ", slightly larger than 1; " 
ontrolsthe large-s or large W growth of the total and elasti
 
ross se
tions. Thename �Pomeron� was �rst used in [5℄, but �rst dis
ussed by Gribov [6℄ andlater named after Pomeran
huk [7℄. The observed large-s-dependen
e of the
ross se
tions 
an be a

ommodated with a traje
tory �P(t) of the form�P(t) = �P(0) + �0Pt = 1 + "+ �0Pt : (2.10)In Regge theory �P(t), i.e. �P(0) and �0P, must be independent of the spe
iesof the parti
les 
olliding. We shall see that their meaning in terms of theparti
le produ
tion dynami
s is, at least qualitatively, easy to understand.The energy dependen
es of the elasti
 and total 
ross se
tion are given byd�abeldt ����t=0 = 116� [�a(0)�b(0)℄2 � ss0�2" ; (2.11)�abT = �a(0)�b(0)� ss0�" : (2.12)The meaning of �0Pbe
omes 
lear if one 
onsiders d�abel =dt at small jtj,using an exponential approximationd�abeldt = 116� [�a(0)�b(0)℄2eB(s)t � ss0�2" = ��abT �216� eB(s)t ; (2.13)with B(s) = 2�B0;a +B0;b + �0P ln ss0� : (2.14)The energy-independent terms B0;a;b originate from the form-fa
tors in equa-tion (2.9). From pp data B0;p � 2� 3 GeV�2.Equation (2.14) predi
ts that the forward elasti
 peak �shrinks� withenergy: B(s) in
reases (here logarithmi
ally) with s. In impa
t parameter(~b) spa
e (2.9) be
omesAab(s;~b) = i �a(0)�b(0)8� � ss0�"B(s) e�~b2=2B(s) : (2.15)The transverse size of the �intera
tion region� is Gaussian with B(s) = h~b2i.The 
ollision 
an be visualized in the impa
t-parameter plane, �gure 2.The s
attering pro�le is a dis
 with a b-dependent opa
ity, the mean radius of
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Fig. 2. Qualitative pi
ture of the high-energy evolution of a hadroni
 target inimpa
t parameter spa
e. From [4℄.the dis
 being proportional topB(s). B(s) 
ontains an s-independent and aln s=s0 term. The radius expands with s with a rate of growth determined by�0P, estimated to be� 0:25 GeV�2 [8℄ (for a mu
h earlier but similar estimatesee [9℄). At the same time, the opa
ity at �xed b is likely to in
rease too.In a perturbative QCD pi
ture, this 
orresponds to an in
rease of the gluondensity in the target or, in the proton rest frame, with an in
rease of theintera
tion probability (symbolized by in
reasing bla
kness in the �gure).Sin
e the latter 
annot ex
eed unity, it follows that also the gluon density
annot rise inde�nitely.Con
erning the meaning of �P(0), it will be
ome 
lear in Se
tion 6.2that the in
rease of �T with s 
an be attributed to an in
rease of the num-ber of (wee) partons in proje
tile and target. This will allow us to relate�P(0) to the wee-parton density in rapidity or, more generally, to the QCDmultipli
ity anomalous dimension.2.2.2. Triple-Regge parameterization of the rea
tion a+ b! 
+XRegge theory 
an be generalized to in
lusive rea
tions. The invariant
ross se
tion of an in
lusive pro
ess, a+b! 
+X, is then expressed in termsof the Regge�Mueller expansion whi
h is based on Mueller's generalizedopti
al theorem [10℄. This states that an in
lusive rea
tion ab ! 
X is
onne
ted to the elasti
 (�forward�) three-body amplitude A(ab�
! ab�
) viaE d3�dp3 (ab! 
X) � 1s Dis
M2 A(ab�
! ab�
) ; (2.16)where the dis
ontinuity is taken a
ross the M2X 
ut of the elasti
 Reggeizedamplitude. For the triple-Pomeron diagram, valid in the (di�ra
tive) regionof phase spa
e where the momentum fra
tion of parti
le 
 is near one, ors � W 2 � (M2X ; Q2) � (jtj;m2p); equation (2.16) takes the approximateform E d3�dp3 = 1� d2�dt d� ' s� d2�dt dM2X = f(�; t) � �Pp(M2X) ; (2.17)
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attering 4171where t is the four-momentum transfer squared. The ��ux fa
tor� f(�; t) isgiven by f(�; t) = N F 2(t) �[1�2�P(t)℄ : (2.18)In the above equations, N is a normalization fa
tor, F (t) the form-fa
tor ofthe ppP-vertex; �Pp 
an be interpreted as the Pomeron�proton total 
rossse
tion. Assuming �Pp � (M2X)", and using equation (2.10), (2.17) and(2.18) imply that d2�dt d� ����t=0 � s"�(1+") = (M2X)"�(1+2") : (2.19)The two expressions on the right-hand side of equation (2.19) are equivalent.However, they show that the model predi
ts di�erent � dependen
es if eithers is kept �xed and MX varied, or if M2X is �xed and s varied. Nevertheless,sin
e " is small, both expressions in equation (2.19) show that the triple-Regge PPP 
ontribution in the region � � 1 is of the generi
 formd2�dt d� ����t=0 � 1�(1+Æ) with Æ � 1 (2.20)and predi
ts a �universal� 1=� dependen
e as long as Æ is universal. Reggetheory also implies that both �el=�T and �D=�T in
rease as s". This eventu-ally leads to violation of unitarity sin
e " is found to be positive. The totaldi�ra
tive 
ross se
tion, �DT , grows as s2".Although the appli
ability of Mueller's opti
al theorem to rea
tions with(far) o�-shell parti
les has not been proven, it is very frequently used as thestarting point in analyses of di�ra
tive phenomena in 
?p s
attering. In that
ase, s in the above equations has to be repla
ed byW 2 or 1=x if Q2 is �xed.2.2.3. ProblemsIn spite of the elegan
e of the Regge approa
h, it has been known for along time [11℄ that the theory with a �super-
riti
al Pomeron�: �P(0) = 1+"(" > 0), is plagued by unitarity problems as s!1 whi
h are espe
ially se-vere for inelasti
 di�ra
tion: (i) the power-law dependen
e, �T / s" violatesthe Froissart�Martin bound [12℄; (ii) the ratio �el=�T / s"=ln s eventuallyex
eeds the bla
k-disk geometri
al bound (�el � 12�T); (iii) the ratio �DT=�Tin
reases as s". This disagrees with experiment not only for hadron 
olli-sions [13℄, but also for deep-inelasti
 di�ra
tion, where the ratio �DT=�T isfound to be essentially independent of W [14, 15℄ (see Se
tion 4.3).



4172 E.A. De Wolf3. Experimental results on total and elasti
 
ross se
tions3.1. Energy dependen
e of hadroni
 total 
ross se
tionsThe s-dependen
e of total hadron�hadron 
ross se
tions, �T, has beenmeasured for many 
ombinations of hadrons. Above � 20 GeV all hadroni

ross se
tions rise with s. This was �rst dis
overed for K+p 
ollisions in1970 at the Serpukhov a

elerator [17℄. The rise of the pp total 
ross se
tionwas �rst observed at the ISR [18℄ and later 
on�rmed at Fermilab [19℄. A
ompilation of pp, pp and ��p data is shown in �gure 3. The solid lines

Fig. 3. Total 
ross se
tions measured in hadroni
 s
attering as a fun
tion of the
enter-of-mass energy for pp, pp, ��p s
attering. The 
ross se
tions show a �uni-versal� rise at high energies of the form � � s0:08 [16℄.are �ts whi
h in
lude a 
omponent de
reasing rapidly with s and a se
ondrising 
omponent whi
h persists at high energies. In [16℄ it was observedthat all measured hadron�hadron (and 
p) 
ross se
tions grow in an similarway at high s. An e
onomi
al parameterization is a sum of two power-lawterms in s �T = Xs" + Y s"0; (3.1)where the 
onstants X and Y depend on the rea
tion. This obviously isinspired by Regge theory, the two terms in equation (3.1) 
orresponding toPomeron and �normal� Regge (Reggeon) ex
hanges, respe
tively. The valueof " is not very pre
isely established. Various re
ent �global� �ts �nd thedata to be 
ompatible with " in the range 0.08�0.1 [16, 20, 21℄; "0 is foundto be � �0:45 [16℄. Global �ts to total, elasti
 and di�ra
tive 
ross se
tionsperformed mu
h earlier yielded similar values for " [22℄. One should alsonote [23℄ that the present data 
annot dis
riminate between �simple-pole�



Di�ra
tive S
attering 4173�ts inspired by a Regge-model of t-
hannel ex
hanges leading to a power-lawdependen
e, and equally valid �ts to log2 s and log s (or, for that matter,eplog s) fun
tional dependen
es.Although the signi�
an
e of equation (3.1) has been over-emphasized,the �universal� high-energy behaviour of the total hadroni
 
ross se
tionsis an important observation whi
h 
alls for deeper understanding. It alsoraises the question (not addressed in Regge theory) whi
h parti
ular �nalstates are responsible for this in
rease.As already mentioned, the single-Pomeron ex
hange amplitude violatesunitarity thus indi
ating an in
onsisten
y of this model. The simplest wayto over
ome this problem is to introdu
e multiple Pomeron ex
hanges (ormultiple intera
tions) in a single s
attering pro
ess, as shown in �gure 4 [24℄.The total amplitude 
an then be written as the sum of n-Pomeron ex
hangeamplitudes A(n)(s; t). For ea
h n-Pomeron graph one 
an de�ne a theoreti
al�total� 
ross se
tion applying the opti
al theorem to the 
orresponding n-Pomeron amplitude�(n) = (�1)n+1 1s Imm�A(n)� ; �tot = 1Xn=1(�1)n+1�(n) : (3.2)As a simpli�ed model 
onsider only the �rst two graphs shown in Fig. 4,assuming �(n) � 4�(2) < �(1) with n > 2. Then, the total 
ross se
tion be-
(a) (b) (c)Fig. 4. Hadron�hadron s
attering via Pomeron ex
hange: (a) one-Pomeron, (b)two-Pomeron, and (
) three-Pomeron ex
hange graphs. From [24℄.
omes �tot = �(1)��(2), where �(1) and �(2) are the 
ross se
tions of the one-and two-Pomeron ex
hange graphs, respe
tively. The energy-dependen
e ofthe two-Pomeron 
ross se
tion is dire
tly linked to that of �(1) � s" andturns out to be �(2) � s2". The two-Pomeron 
ross se
tion grows fasterwith energy than the one-Pomeron 
ross se
tion. Sin
e its 
ontribution isnegative, this leads to a weaker energy-dependen
e of the total 
ross se
tionthan in the single-Pomeron ex
hange model and a smaller e�e
tive Pomeroninter
ept. It also breaks Regge fa
torization.Interestingly, a

ording to the Abramovski, Gribov, Kan
heli (AGK)
an
ellation theorem, the 
ontribution of the two-Pomeron graph to the in-
lusive inelasti
 single-parti
le 
ross se
tion vanishes [26℄. Analogously, thefa
torization violating 
ontributions due to multi-Pomeron ex
hange graphs
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an
el out in all orders. This means that only the one-Pomeron graph deter-mines the in
lusive parti
le 
ross se
tion in the 
entral region. Consequently,a study of the energy-dependen
e of the single-parti
le in
lusive spe
trumshould allow to measure the value of the Pomeron inter
ept in soft hadroni
intera
tions, in a way whi
h is una�e
ted by multi-Pomeron (or s
reening)e�e
ts.The results of su
h an analysis is shown in �gure 5 [25℄. The authors usea double-Regge expansion, valid at high energies and in the 
entral regionof 
enter-of-mass rapidity (y = 0), whi
h predi
ts the energy-dependen
ed�dy ����y=0 = aPP s� + aRP s(2��1)=4 + aRR s�1=2 ; (3.3)
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Fig. 5. Cross se
tions of negatively 
harged parti
les and K0S in the rea
tions pp!
� +X , p�p ! 
� +X , pp ! K0S +X and p�p ! K0S +X in the 
entral 
enter-of-mass rapidity region, (d�=dy)y=0. 
� stands for a negatively 
harged hadron. Thesolid 
urves are �ts with the double-Regge expression (3.3) with a super-
riti
alPomeron: as�+bs(2��1)=4+
s�1=2 yielding � ' 0:17 for all rea
tions. The dashedlines represent the s� term. For referen
es to data see [25℄.



Di�ra
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attering 4175where the a-parameters are Reggeon 
ouplings and 1+� is the value of thePomeron inter
ept, una�e
ted by multi-Pomeron absorptive e�e
ts. The�t yields � = 0:170 � 0:008, for negative parti
le (
�) produ
tion and� = 0:167 � 0:024 for K0S in
lusive produ
tion. As anti
ipated above, thisis substantially larger than the e�e
tive inter
ept ' 0:08 dedu
ed from thes-dependen
e of hadron�hadron total 
ross se
tions whi
h is a�e
ted by there-s
attering 
ontributions.In [27℄ it is argued that the �bare� value of� is still larger, sin
e renormal-ization e�e
ts indu
ed by Pomeron�Pomeron intera
tions lower its e�e
tivevalue. The 
orre
tion is estimated to be � 0:14. In all, this implies thatthe bare Pomeron inter
ept 
ould be as large as 1:3 and thus 
omparable(see below) to what is measured in deep-inelasti
 s
attering. For the latterpro
ess, absorption e�e
ts due to multi-Pomeron ex
hange are expe
ted tobe mu
h smaller than in soft hadroni
 
ollisions, due to the short intera
tiontime, and to diminish with in
reasing Q2 with the result that the Pomeroninter
ept measured in DIS 
ould 
ome 
lose to that of the bare Pomeron�a
tive� in soft hadron 
ollisions.Let us note also that the parameterization (3.3) predi
ts 
ross se
tionsfor negatively 
harged parti
les and K0S of 251 � 26 mb and 25 � 7 mb,respe
tively, at LHC energies.3.2. The 
?p total 
ross se
tion at HERAThe measurement of the total 
?p 
ross se
tion as a fun
tion ofQ2 andWis one of the major a
hievements of the experiments at HERA. Some resultsare shown in Fig. 6 [32℄. Remembering that 1=pQ2 = R
? determines thetransverse distan
e whi
h the photon 
an resolve, we note that for small Q2(large R
?) the 
ross se
tion has a hadron-like in
rease with W : the photona
ts like a hadron. With in
reasing Q2, the rise with W be
omes stronger:the photon shrinks and be
omes more and more point-like.Parameterizing the W -dependen
e as �
?ptot � (W 2)�tot , one obtains theresults shown in �gure 7. Within the measured range, �tot in
reases linearlywith log (Q2) from a value ' 0:08 at low Q2, the same as in hadron�hadronintera
tions, to ' 0:35 at the highest Q2. These data were also analysedin [33℄. If interpreted in terms of Regge ex
hanges, it is 
lear that for 
?p
ollisions, �universality� of the traje
tory parameters no longer holds: �P(0)depends on Q2, and a 
ontinuous transition is seen between the soft regimeand that where a �small-size� 
? hits a proton. The dynami
s evolves in a
ontinuous manner. Evidently, as is well-known, the results for �small-size�virtual photons 
an be (partly) interpreted in terms of perturbative QCDradiation and the familiar parton-density evolution equations.
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Fig. 6. 
�p 
ross se
tion as a fun
tion of W 2 at various Q2, shown on the left sidetogether with the s
ale fa
tor applied to the data for better visibility. The full linesshow a QCD-�t [28℄, the dashed lines are a �t by the Gole
-Biernat�Wüstho�saturation model [29℄. From [30℄.

Fig. 7. The exponent �tot in �
?ptot � (W 2)�tot , versus Q2. The full line showsa �t to the form indi
ated with a = 0:0481 � 0:0013(stat) � 0:0037(syst) and� = 292� 20(stat)� 51(syst) MeV. Extrapolation to Q2 = 0:48 GeV2 gives a valueof 0:08 [31℄.
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 s
attering and forward slope3.3.1. Hadron hadron intera
tionsFigure 8(a) shows data on the forward elasti
 slope in pp and pp intera
-tions. The shrinkage of the di�ra
tive peak with ps, expe
ted from Reggetheory is 
learly seen. Expressed in geometri
al or opti
al terms, the �e�e
-tive intera
tion radius� of the proton be
omes larger with in
reasing s, ass
hemati
ally illustrated in �gure 2.

Fig. 8. (a) slope parameter B(s), (b) ratio of elasti
 to total 
ross se
tion versusps for �pp=pp intera
tions. The solid lines are Regge �ts. For details see [21℄.The values of the slopes are in rough agreement with what is expe
tedfor (opti
al) di�ra
tion on a �bla
k� fully absorbing disk of radius R forwhi
h B = R2=4. For a proton with R � 1=m� (m� is the pion mass), B isexpe
ted to have a value of 13 GeV�2 whi
h 
ompares well with the data.However, for s
attering on a bla
k disk, �el=�T = 1=2, whereas experiment,�gure 8(b), shows a value between 1=5 and 1=4 at high s. This means thatthe proton is semi-transparent, even at zero impa
t parameter as shown ex-perimentally in [34℄. Indeed, sin
e the wavefun
tions of the hadrons enteringthe 
ollision are a superposition of states, some will be fully absorbed, while



4178 E.A. De Wolfothers will pass through almost una�e
ted. This agrees with the idea of 
olortransparen
y in QCD (see Se
tion 6.3.2). Su
h a mixture of states with verydi�erent absorption probabilities will be essential for inelasti
 di�ra
tion too

ur, see Se
tion 5.2.3.3.2. Real and virtual photon quasi-elasti
 s
atteringAmong the many results now available (for a review see [37℄), �gure 9shows, as an example, DIS measurements of the W -dependen
e of elasti
�0 ele
troprodu
tion as a fun
tion of Q2. For ea
h Q2 interval, the 
rossse
tion is assumed to be of the form W Æ. In the same manner as for the 
?ptotal 
ross se
tion, the data suggest a marked in
rease of Æ when Q2 entersa regime where pQCD be
omes relevant. However, the errors remain sizableand, in W -regions where the DIS data overlap (3:5 � Q2 � 13:0 GeV2), theQ2-dependen
e of Æ is statisti
ally not yet very signi�
ant. Measurementsat larger Q2 are needed to 
larify this important issue.
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Fig. 9. W dependen
e of the 
ross se
tion �(
�p! �0p) for various Q2 values. Thedata for Q2 < 1 GeV2 obtained previously [35℄ are also shown. The solid lines showa �t with �
?p!�0p � W Æ . The shaded area indi
ates normalization un
ertaintiesdue to proton disso
iation ba
kground. From [36℄.As to the shape of the di�ra
tive peak, �gure 10 shows a 
ompilation [30℄of the slope B, at �xedW , as a fun
tion of an e�e
tive s
ale, Q2e� = Q2+m2V ,for various ve
tor mesons with mass mV . The slope be
omes smaller with
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Fig. 10. Slope parameter B(s) as a fun
tion of Q2e� ; Q2e� = Q2 for � and !,Q2e� = Q2 +M2� for �, Q2e� = Q2 +M2J=	 for J=	 . From [30℄.in
reasing Q2e� . In the photoprodu
tion region, Q2e� = 0, the slopes for �and ! are quite similar to those observed in proton�proton s
attering, see�gure 8. At higher Q2e� , they are 
onsiderably smaller, approximately half ofthat observed in proton�proton s
attering. The e�e
tive intera
tion regionredu
es to about that of a single proton, as expe
ted for a proje
tile whi
hbe
omes more point-like as Q2 grows. At the same time the total 
rossse
tion itself grows faster with W than in hadron intera
tions.For elasti
 J= photoprodu
tion, ZEUS re
ently measured (see [38℄) thedi�erential 
ross-se
tion, d�=dt / (W )2�P(t)�2, in the energy-range20 < W < 290 GeV, and jtj < 1:25 GeV2. From the t-slope in bins ofW , yielding e.g. B = 4:3 � 0:08 (stat)+0:16�0:41 (syst) GeV�2 at W = 90 GeV,one derives �P(0) = 1:201 � 0:013 (stat)+0:003�0:011 (syst) and �0P = 0:126 �0:029 (stat)+0:015�0:028 (syst) GeV�2. The latter value implies that shrinkage issmaller than in soft hadroni
 
ollision but not negligible. This was predi
tedin [39℄.A re
ent �rst-time ZEUS measurement [36℄ of the leading traje
tory pa-rameters from ex
lusive � produ
tion in DIS, 
?p ! �0p ,(1 < Q2 < 40 GeV2), yielded �P(0) = 1:14 � 0:01 (stat)+0:03�0:03 (syst), �0P=



4180 E.A. De Wolf0:04� 0:07 (stat)+0:13�0:04 (syst) GeV�2. While not 
on
lusive, given the errors,this measurement also suggests a smaller value of �0Pthan that of the �soft�Pomeron (�0P� 0:25 GeV�2).From a measurement of the spin-density matrix of the �0 de
ay, ZEUS[36℄ also extra
ted �L=�T, the ratio of the 
ross se
tion for longitudinallyand transversely polarized 
?, as a fun
tion of Q2 andW . The ratio stronglyin
reases with Q2 but is found to be independent ofW , a somewhat surpris-ing result given the expe
tation that at large Q2 the average transverse sizeof the longitudinally polarized 
? is mu
h smaller than that of a transverselypolarized 
? [40℄.3.3.3. Brief summaryAlthough more pre
ise measurements are evidently needed, and forth-
oming, the present data on total and elasti
 di�erential 
ross se
tions sug-gest a 
lear trend. As is the 
ase for real hadrons, for near-on-shell photons�u
tuating into light ve
tor mesons, (�, �) and whi
h have large (order 1 fm)transverse extensions (inversely proportional to the Compton wavelength ofthe light quarks in the meson) the e�e
tive Pomeron traje
tory �P(t) is 
loseto that found in soft 
ollisions. For heavier ve
tor mesons (e.g. J= ), whi
hare 
hara
terized by a smaller transverse size, or in DIS, present data pro-vide some indi
ation for a weaker shrinkage, with �0Psmaller than the �soft�value 0:25 GeV�2. At the same time, the e�e
tive inter
ept �P(0) growswith de
reasing size R
? . The transition from the soft hadron-like regime toDIS is a smooth one. 4. Inelasti
 di�ra
tion4.1. Experimental signaturesIn 
ontrast to forward elasti
 s
attering, whi
h beautifully re�e
ts thewave-nature of the parti
les, the phenomenon of di�ra
tion disso
iation,predi
ted by Good and Walker [41℄, has no 
lassi
al analogue. For hadron�hadron s
attering, it 
orresponds to quasi-elasti
 s
attering between the twohadrons, where, in single di�ra
tion, one of them is ex
ited into a higher massstate retaining its quantum numbers. This 
oherent ex
itation, illustratedin �gure 11 for single-di�ra
tion, requires not only small transverse (�PT)but also small longitudinal (�PL) momentum transfer. This leads to the
oheren
e 
ondition (see e.g. [42, 43℄):� � M2Xs < m�mp � 0:1�0:2 : (4.1)The 
oheren
e 
ondition arises from the need to 
onserve the 
oheren
eof the quasi-elasti
ally s
attered target and implies that the di�ra
tive mass



Di�ra
tive S
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annot be too large. For zero-angle produ
tion the minimum four-momentum transfer at whi
h the mass MX 
an be produ
ed is jtminj =[(M2X�m2p)=2p℄2, with p the in
ident momentum in the target rest frame. Inthe transition, the wavenumber k of the in
ident hadron varies by an amount�k /pjtminj. The 
ondition of 
oheren
e follows from the requirement thatthe wavenumber 
hanges little during the passage through the target, so thatthe waves des
ribing the target before and after the intera
tion 
an stay inphase. For DIS kinemati
s, the minimum value of t required to produ
e agiven MX from a target with mass mT is jtminj ' m2T(M2X +Q2)2=W 4. Fora typi
al hadroni
 radius of 1 fm, M2X < 0:2 W 2.
RT

RL

M

P
0

P0

∆ PT ∆ PL
,

m pFig. 11. Single di�ra
tion disso
iation. The invariant mass of the produ
edhadrons, M , is denoted by MX in the main text. From [44℄.The generi
 topology of a single-di�ra
tive (here pp) event is illustratedin �gure 12. The upper-limit on MX implies that the di�ra
tive hadroni
�nal states exhibit a large rapidity gap between the quasi-elasti
ally s
at-tered proton and the disso
iation produ
ts X of the p. The width of thegap in (pseudo-)rapidity spa
e measured from the rapidity of the initial-state proton is �� � ln 1� . In 
ollider experiments di�ra
tive events arethus identi�ed either by dete
ting dire
tly a �fast� (�leading�) proton in aspe
trometer, by the presen
e in the main dete
tor of a large rapidity regiondevoid of hadrons (a rapidity gap), or by exploiting the 
hara
teristi
 1=M2Xdependen
e of di�ra
tion.
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Fig. 12. Topology for p�p! pX [44℄.



4182 E.A. De WolfNaively, the intera
tion is often viewed as pro
eeding via the emissionfrom the proton of a Pomeron, a 
olorless obje
t with va
uum quantumnumbers whi
h subsequently intera
ts with the p. In QCD su
h an obje
t,if it were to exist as a physi
al entity, must be a 
olour-singlet 
omposedof quarks, antiquarks and gluons. It will be
ome 
lear later, however, thatsu
h a pi
ture is an unne
essary and probably misleading simpli�
ation ofme
hanism behind di�ra
tive physi
s.4.2. Hadron hadron inelasti
 di�ra
tionEviden
e for an important di�ra
tive 
omponent in the in
lusive rea
tionp+ p! p+X, with ex
itation of large masses, was �rst established at theISR by the CHLM 
ollaboration [46℄. Figure 13 shows single di�ra
tive pp
ross se
tions from low to high s. The di�ra
tive enhan
ement be
omesless and less prominent as s de
reases, in line with the previous dis
ussionabout the need to maintain 
oheren
e of the target. The MX -spe
trumdrops rapidly in the resonan
e region. Beyond that it levels-o� and showsan approximate 1=M2X dependen
e.
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Fig. 13. Single di�ra
tive pp 
ross se
tions [43℄). The �gure shows how the 
har-a
teristi
 1=M2X (Regge) behavior of di�ra
tion be
omes manifest as s in
reases.The arrows indi
ate the low mass (MX � 2 GeV) resonan
e region. From [45℄.
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ompilation of measurements [13℄, now plotted against M2X , is shownin �gure 14 for pp and �pp single di�ra
tive 
ross se
tions at t = �0:05 GeV2(for earlier 
ompilations see [47℄). The distribution falls as 1=(M2X )1+�over the entire MX region. Quite remarkably, it is independent of s over�ve orders of magnitude. The data are 
onsistent with the same value of�P(0) � 1 = " = 0:104 (denoted � in the �gure) as that extra
ted from the�t in [21℄ to total and elasti
 
ross se
tions data.
14   GeV    (0.01  < ξ < 0.03)
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Fig. 14. Cross se
tions d2�sd=dM2Xdt for p + p(�p) ! p(�p) +X at t = �0:05 GeV2and ps = 14; 20; 546 and 1800 GeV. For a des
ription of the 
urves see [13℄.The 1=M2X s
aling shown by the data in �gure 14 implies that, sin
e " issmall, the rapidity-gap distribution, d2�sd=dt d�� is nearly independent of s.In Regge models of di�ra
tion, this distribution is related to the �Pomeron�ux�, see equation (2.18). Su
h a weak energy-dependen
e must re�e
t afundamental, but not yet understood, property of the baryon �re-formation�pro
ess in the �nal state. A stri
t energy-independen
e would be 
onsis-tent with short-range order [48℄, a well-established property of multiparti
leprodu
tion.
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lusive di�ra
tion at HERAIn DIS at small x measured at HERA, inelasti
 di�ra
tion o

urs at arate of O(10%) of all events [49℄. Although it surprised many in the pQCD
ommunity, it had been anti
ipated even before the advent of QCD [50℄. Itwas also predi
ted from Regge theory [51℄. The o

urren
e of su
h di�ra
-tive events, also 
alled �Large Rapidity Gap events� are indeed di�
ult tounderstand in the parton pi
ture on the basis of pQCD alone.The experimental e�ort at HERA has 
on
entrated on measurementsof the di�ra
tive part, FD(3)2 , of the stru
ture fun
tion F2, equation (2.7).The data have been reviewed on many o

asions and details 
an be foundin [1, 2, 52, 53℄.New preliminary H1 1997 in
lusive di�ra
tive data [15℄ have been usedto extra
t �P(0) from the �-dependen
e of FD(3)2 (�; Q2; xP) with mu
h in-
reased pre
ision, yielding�P(0) = 1:173 � 0:018(stat:) � 0:017(syst:)+0:063�0:035(model) :This value is not mu
h higher than �P(0) ' 1:1 in soft pro
esses. As �gure 15shows, there is no eviden
e for a systemati
 variation with Q2. The datafurther suggest that the e�e
tive inter
ept for �T(
?p) is larger than that ofthe di�ra
tive 
ontribution at high Q2.
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Fig. 15. H1: e�e
tive value of �P(0) as fun
tion of Q2: � extra
ted from FD(3)2 ;from a �t of F2(x;Q2) to the form x��(Q2); N H1 1994 data [54℄. From [15℄.
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attering 4185Another striking HERA result, �rst obtained by ZEUS [14℄, is illustratedin �gure 16 and in �gure 17 whi
h shows more re
ent H1 measurements [15℄.For Q2 and MX (and thus �) �xed, the relative rate of di�ra
tive eventsis nearly W -independent, ex
ept at very small �. Standard triple-Reggetheory, without multi-Pomeron ex
hange, predi
ts an in
rease as (W 2)", in
lear disagreement with data.

Fig. 16. Ratio of di�ra
tive and total 
ross se
tions at �xed values of Q2, fordi�erent regions of the invariant di�ra
tive mass MX . The lines are predi
tions ofthe saturation model [29℄ .
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Fig. 17. Re
ent H1 measurements of �D(3), the ratio of the di�ra
tive to the in
lu-sive 
ross se
tion versus W . Data at � = 0:9 are s
aled by a fa
tor of �ve [15℄.As dis
ussed in [55℄, no adequate explanation within purely pQCD ofthe 
onstan
y of the mentioned ratio is known at present. The authors 
on-
lude that the non-perturbative QCD 
ontribution to di�ra
tive produ
tionis essential. Indeed, 
onstan
y of the ratio is obtained quite naturally inthe quasi-
lassi
al gluon �eld approa
h (see Bu
hmüller in [2℄). It is also
orre
tly predi
ted in the GBW-model [29℄. There, it is a 
onsequen
e ofthe basi
 assumption that the 
ross se
tion of the system radiated o� the 
?partoni
 �u
tuations saturates as the energy in
reases, on
e this system hasa
quired a large transverse extension and thus intera
ts non-perturbatively.
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Fig. 18. In
lusive spe
trum for the rea
tions pp ! pX and pp ! �pX (insert).From [56℄.

Fig. 19. The fra
tion of leading protons, measured with the ZEUS Leading ProtonSpe
trometer, as a fun
tion of xL = 1� � in bins of x and Q2. From [57℄.



4188 E.A. De Wolf4.3.1. An interlude: Leading baryons, the energy-loss spe
trumIn
lusive di�ra
tion shows a fra
tional proton energy-loss spe
trum ofthe form given in equation (2.20). For " = 0 this intruigingly resembles asoft bremsstrahlung spe
trum. Early QCD-models for di�ra
tion have beenproposed based on this analogy whi
h indeed predi
t a 1=M2X spe
trum [58℄.In this 
ontext it is interesting to re
all a 
al
ulation of the Leading-Parti
le(LP) energy loss using a QED soft radiation analogy by Stodolsky [59℄.Assume that a �leading� parti
le loses energy analogously to an ele
tronwhi
h emits soft photons via bremsstrahlung. If � is the total energy lost bythe in
ident hadron whi
h has initial energy E0, the probability to radiateN parti
les of total energy �, with Ni of them having energy !i, is given byPN (�) = XN1;N2;:::P (N1)P (N2) � � � Æ (� �N1!1 �N2!2 � � � �)�Æ(N �N1 �N2 � � � �) ; (4.2)where P (Ni) = hdNd! d!iNiNi! exp��dNd! d!� ; (4.3)is the Poisson probability (valid in QED for soft radiation) for Ni emissionsin the energy-interval !i, !i + d!, with [(dN=d!)d!℄ their mean number.Setting dN=d! = �=! and summing over all N one �nds, after a lengthy
al
ulation, the surprisingly simple resultf(z) � 1� d�dz = � (1� jzj)��1 ; (4.4)with z the fra
tional energy E=E0 of the proton. For � ' 1 one obtains a�at distribution.The previous 
al
ulation assumed Poisson emission whi
h disagrees withexperimental observations (and pQCD predi
tions). Generalizing to an emis-sion pro
ess where the multipli
ity distribution obeys Koba�Nielsen�Olesen(KNO) s
aling (valid in pQCD [60, 61℄), hNiP (N) = 	(N=hNi) with 	(u)energy-independent, one �nds [62℄1� d�dz = 1Z0 d����	 ���� �(1� z)1��: (4.5)The mean number of radiated obje
ts is hNi = � ln� ss0� with s0 a s
aleparameter. A �at z spe
trum is re
overed for �� ' 1. The parameter �� is the
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attering 4189mean number of emitted obje
ts per unit of rapidity. For 
omparison withexperimental data one has to assume that these obje
ts (they were 
alled�
lusters� in an
ient times) are resonan
es or higher-mass states de
aying onaverage into two or three �nal-state parti
les. A density �� � 1 is thereforea reasonable number.In the limit z ! 1, and for 	(u) � u� near u = 0, one obtains1� d�dz � � (� + 2) 11� z 1[ln(1� z)�1℄�+2 : (4.6)Thus, besides being �at away from z = 1, the spe
trum develops a di�ra
-tive-like peak at large z. Ignoring the logarithmi
 fa
tor, this result 
oin
ideswith equation (2.20) for �P(0) = 1. In fa
t, in triple-Regge language, the fullexpression, equation (4.6), 
orresponds to a Pomeron 
ut , and not a simplePomeron pole, in line with general theoreti
al expe
tation. In this model,the enhan
ement near z = 1 is due to low-multipli
ity events. The detailedshape of the spe
trum is, therefore, determined by that of the KNO fun
tionat small values of u.We �nd it remarkable that the quite simple and reasonable assumptionsleading to equation (4.5) are su�
ient to 
apture essential aspe
ts of the LPspe
trum and its �di�ra
tive limit�, z ! 1. If both �� and 	 vary slowlywith energy, the same will hold for the LP spe
trum and for the di�ra
tivepeak. This is, so far, not in disagreement with experiment.The ��atness� of the leading proton spe
trum is well-known from hadron�hadron 
ollisions. An example for pp intera
tions is shown in �gure 18.The same �atness is seen in DIS data (an example from ZEUS is shown in�gure 19). Although the spe
tra are found to be independent of x and Q2 inthe DIS regime, a small but signi�
ant in
rease of the rate with Q2 is nowseen in the low-Q2 region [57℄.Whereas di�ra
tive data at very small � and so-
alled Leading-Baryondata at larger �, outside of the di�ra
tive region, are usually analyzedseparately, our previous dis
ussion argues in favour of 
ombined analysesof su
h data. This has re
ently been done by the authors of [45℄ who
ombined di�ra
tive stru
ture fun
tion measurements with Leading-Protonand Leading-Neutron results from H1. Results are shown in �gure 20 [45℄whi
h displays � FLP2 and � FD2 as fun
tions of �. A 
ombined triple-Regge�t, in
luding Pomeron, Reggeon and pion ex
hange 
ontributions yields�P(0) = 1:250 � 0:023 and a Reggeon traje
tory 
ompatible with f2 ex-
hange: �R(0) = 0:770 � 0:030. Note the somewhat larger value of �P(0)than the re
ent H1 measurement quoted in Se
tion 4.3.
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Fig. 20. Di�ra
tive (Di�, open 
ir
les and open squares) and leading proton (LP,bla
k triangles) stru
ture fun
tion data vs �, for �xed x and Q2. The �gure 
om-bines, in ea
h plot, the di�ra
tive and leading proton H1 data with similar valuesof x and Q2. The quoted Q2 values are those of the di�ra
tive data; the 
orre-sponding Leading-Proton values are Q2 = 4:4; 7:5; 13:3 and 28:6 GeV2. Thebla
k 
ir
les and bla
k squares are data with MX < 2 GeV. The plotted 
urvesrepresent a global �t: total (solid line), Pomeron (dotted line) and Reggeon pluspion 
ontributions (dashed line). For details and referen
es see [45℄.5. UnitarityThe importan
e of unitarity is not always su�
iently appre
iated. Thisse
tion is therefore devoted to a des
ription of its main aspe
ts and impli-
ations.The unitarity of the s
attering matrix, T , implies 
lose relationshipsbetween total 
ross se
tions, the elasti
 s
attering amplitude and the ampli-tudes of inelasti
 �nal states. The unitarity relation between states jii andjfi reads
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attering 41912Im hf jT jii = Xjeihejhf jT+jeihejT jii + Xjnihnjhf jT+jnihnjT jii ; (5.1)where Pjeihej stands for summation and integration over all possible elasti
intermediate states jei. The se
ond term is the 
ontribution from all possibleinelasti
 states; jii is the initial and jfi an arbitrary �nal state.For forward elasti
 s
attering, t = 0 (jii � jfi) equation (5.1) immedi-ately leads to the opti
al theorem. However, the relation has mu
h wider
onsequen
es sin
e the state jfi 
an be any state. It shows that the imag-inary part of the amplitude of any parti
ular �nal state hf jT jii in generalre
eives 
ontributions from all other �nal states. Su
h �unitarization e�e
ts�will be small only if the �overlap� (hf jT jnihnjT jii) of the states jii; jfi withthe states jni happens to be small. This will, therefore, depend 
ru
ially onthe topology in momentum spa
e of the inelasti
 states and on the phasesof the amplitudes.The two terms on the right-hand side of equation (5.1) are 
alled theelasti
 and inelasti
 overlap fun
tions, respe
tively, and were �rst introdu
edby Van Hove [63℄. For elasti
 s
attering (and negle
ting the real part), we seethat the amplitude 
an, in prin
iple, be 
al
ulated from the knowledge of theinelasti
 �nal states. This is the so-
alled s-
hannel approa
h to di�ra
tives
attering. It provides an alternative to the t-
hannel approa
h in whi
h thedi�ra
tive amplitudes are analyzed in terms of their singularities, poles and
uts, in the 
omplex angular momentum plane.An important result is obtained (valid only at high s) when equation(5.1) is written in impa
t-parameter (~b) spa
e1. Using angular momentum
onservation one �nds2 Im Ael(s; b) = jAel(s; b)j2 +Gin(s; b) : (5.2)Here Ael(s; b) is the elasti
 amplitude; Gin(s; b), the inelasti
 overlap fun
-tion, is the 
ontribution from all inelasti
 
hannels. From equation (5.2)follows that Im Ael(s; b) at impa
t parameter b is generated by the absorp-tion into the inelasti
 
hannels at the same impa
t parameter: �unitarity isdiagonal in b-spa
e�.For ReAel = 0, equation (5.2) 
an be solved easily for Ael if Gin(s; b)is known. Alternatively, knowledge of Ael(s; b; t) 
an be used to determineGin(s; b) (see e.g. [34℄). For DIS, it is presently unknown but of greatinterest.1 For a re
ent mathemati
al dis
ussion of the validity of this transformation at �niteenergies, and further referen
es, see [64℄.



4192 E.A. De WolfEquation (5.2) has the general solutionGin(s; b) = 1� e�
(s;b) ; (5.3)Ael(s; b) = i n1� e�
(s;b)2 +i �(s;b)o : (5.4)The �opa
ity� fun
tion or eikonal, 
(b), and the phase �(s; b) are arbitraryreal fun
tions. The former has a simple meaning: exp [�
(b)℄ is the proba-bility that no inelasti
 intera
tions with the target o

ur. We further havethe general relations�el(s) = Z d2b jAel(s; b)j2 ; (5.5)�T(s) = 2Z d2b ImAel(s; b) ; (5.6)�in(s) = Z d2b �2ImAel(s; b)� jAelj2(s; b)� : (5.7)5.1. Elasti
 di�ra
tion and shrinkageFor s
attering on a proton, absorption into inelasti
 
hannels will be mostimportant for values of b smaller than the proton radius. From equation (5.2)follows that this will generate a large imaginary elasti
 amplitude at thesame impa
t parameter. The impa
t parameter pro�le will be maximum atb = 0, where absorption is strongest, and the elasti
 di�erential 
ross se
tion,d�el=dt, sharply peaked at t = 0, its width re�e
ting the transverse extensionof the e�e
tive intera
tion region. The experimental fa
t that ReAel is smallat high s implies that elasti
 s
attering 
an indeed be 
onsidered as the�shadow� of the inelasti
 
hannels.The physi
al meaning of the slope B(s) 
an also be understood fromthe shape of Gin(s; b) and equation (5.1). Indeed, Gin(s; b) is a measure ofthe overlap of the amplitude of a given �nal state with the same state butrotated along the in
ident dire
tion over an angle �, the elasti
 s
atteringangle. For most of the �nal states jni, the transverse momentum of pro-du
ed parti
les, pT, relative to the in
ident dire
tion is sharply 
ut o�, andits average in
reases slowly with s: the distribution in rapidity-pT spa
eresembles that of a uniformly �lled 
ylinder, sometimes 
alled a �Wilson�Feynman liquid�, with short-range 
orrelations only between the hadrons.For su
h a 
on�guration, it is easily veri�ed that the inelasti
 overlap fun
-tion, and thus ImAel, will fall-o� as an exponential in t, at small jtj, witha slope determined by the mean number of parti
les produ
ed and by theirhp2Ti. For example, in a model where parti
les are produ
ed independently,
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attering 4193one �nds [63℄ (see also [65℄)B(s) � 
onstant+ hnihp2Ti : (5.8)Consequently, B(s) grows with energy like hni, the mean multipli
ity ofprodu
ed hadrons if hp2Ti is 
onstant. This explains the shrinkage of d�el=dt.For this estimate phases of the multiparti
le amplitudes are negle
ted. Thephase of the amplitude is related to the position in spa
e-time where theparti
le is produ
ed [66℄, and is unknown.Writing hni = !0�y = !0 ln(s=s0), we see that B(s) depends on theparti
le density in rapidity spa
e in inelasti
 
ollisions and by the varian
eof the transverse momentum distributions. In more rigorous 
al
ulations,the se
ond-order transverse momentum transfer 
orrelation fun
tion2 entersin equation (5.8) instead of hp2Ti [48, 67℄.This result is generi
 and valid in a wide 
lass of models (see e.g. [68℄).In pro
esses where hp2Ti is larger than a soft s
ale, or large 
ompared to jtj,the se
ond term on the right-hand side of equation (5.8) will be unimportantand shrinkage will be small or absent. This likely happens in (quasi-)elasti
pro
esses where a large s
ale 
an be identi�ed (�hard di�ra
tion�).Whereas the overlap of the amplitude of two �Feynman�Wilson liquids�will be negligible at large t, one realizes easily that hard jet emission will
ontribute to non-zero values of the overlap fun
tion at large t. This is thebasi
 reason for the importan
e of very large t s
attering and its 
onne
tionwith perturbative QCD.In a general 
ollision pro
ess, and 
?p in parti
ular, both !0 and hp2Ti
an be expe
ted to be pro
ess- and (perhaps) energy-dependent. There isno sound reason to believe that these quantities, and thus the inter
ept andslope of the dominant Regge traje
tory, are universal.The arguments given show 
learly the 
onne
tion between propertiesof the �nal states and Regge traje
tory parameters for di�ra
tive s
atter-ing. Sin
e the relevant dynami
al quantities, here !0 and hp2Ti, are 
learlyidenti�ed, generalization beyond the Regge framework is simple, at least
on
eptually.5.2. Inelasti
 di�ra
tion as a regeneration pro
essThe possibility of inelasti
 di�ra
tion has been predi
ted in the seminalpapers by Feinberg and by Good and Walker [41℄. Consider a proje
tile(hadron, real or virtual photon, et
.) hitting a target at rest. The proje
tile,being 
omposite, 
an be des
ribed as a quantum-me
hani
al superposition of2 In pQCD �ladder-language�, this is the 
orrelation between neighbouring propagatortransverse momenta.
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ontaining various numbers, types and 
on�gurations of 
onstituents.The various states in this superposition are likely to be absorbed in di�erentamounts by the target. As a result, the superposition of states after thes
attering is not simply proportional to the in
ident one. Hen
e, the pro
esswill, besides elasti
 s
attering, also lead to produ
tion of inelasti
 stateswith the same internal quantum numbers as the proje
tile. This is thefundamental basis for inelasti
 di�ra
tion and requires little more than thesuperposition prin
iple of quantum me
hani
s, unitarity and the 
oheren
e
ondition, equation (4.1).Assume that the proje
tile, jBi, at a �xed impa
t parameter (~b) from thetarget is a linear 
ombination of states whi
h are eigenstates of di�ra
tionjBi = Xk Ck j	ki ; (5.9)ImT j	ki = tk j	ki ; (5.10)where ImT is the imaginary part of the s
attering operator and the (real)eigenvalue tk is the probability for the state j	ki to intera
t with the target.The eigenvalues or absorption 
oe�
ients tk of 
ourse vary with ~b. Thestates are normalized so that hBjBi = Pk jCkj2 = 1. From equation (5.9)and equation (5.10) one easily derives thatd�Td2b = 2 hti ; (5.11)d�eld2b = hti2 : (5.12)The 
ross se
tion for inelasti
 di�ra
tive produ
tion, with elasti
 s
atteringremoved, is d�ineldi�d2b = ht2i � hti2 : (5.13)The bra
kets h� � �i denote an average of tk or t2k, weighted a

ording totheir probability of o

urren
e, jCkj2, in jBi. We note the important re-sult that inelasti
 di�ra
tion is proportional to the varian
e in 
ross se
tionsof the diagonal 
hannels. Elasti
 s
attering, on the other hand, is propor-tional to their mean value. Equations (5.11)�(5.13) further imply the upper(Pumplin) bound [69℄ �di�(b) + �el(b) � 12 �tot(b) : (5.14)From equation (5.13) follows that, if the varian
e is zero (e.g. when allstates are absorbed with the same strength) there is no inelasti
 di�ra
tion.
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tion will be strongest in regions of b-spa
e where absorption showsthe strongest variation i.e. at the �edges� of the target: hadroni
 inelasti
di�ra
tion is more peripheral than the elasti
 pro
ess whi
h is largest atsmall b. Further, in the 
ase of 
omplete absorption at a given b, inelasti
di�ra
tion vanishes at the same b.Note that for virtual photon s
attering, the purely elasti
 rea
tion 
anbe negle
ted. In this 
ase, the term hti2 in equation (5.13) is absent. Forreal and virtual photon�hadron intera
tions, very little is known experimen-tally about the impa
t parameter pro�le. It requires a measurement of thet-dependen
e over a wide range in t. For elasti
 � produ
tion it was studiedfor the �rst time in [70℄, following the method of Amaldi and S
hubert [34℄.As remarked in [71℄, �The in
rease of �T (in DIS) with energy o

ursbe
ause some regions of impa
t parameter are 
hanging from grey to bla
kand regions at larger b are going from white (no absorption) to grey. How-ever, the region where absorption shows the strongest variation, and whi
h
ontributes to di�ra
tion, grows less rapidly than those b-regions giving elas-ti
 and highly inelasti
 s
attering. This would explain the observation thatthe in
lusive di�ra
tive 
ross se
tion grows less rapidly than expe
ted fromRegge arguments (
f. �gure 17). Regge theory is indeed expe
ted to hold forthose regions in b where the absorption is weak. Regions of large absorptionthen 
orrespond to multiple Pomeron ex
hanges.�6. A generi
 pi
ture of high energy 
ollisionsWell before the advent of QCD, and inspired by the ideas of Io�e, Fein-berg, Gribov, Pomeran
hu
k and others, a basi
, although semi-quantitative,understanding of the spa
e-time evolution of a high-energy s
attering pro-
ess was developed [50, 72, 73℄. It testi�es to the profoundness of these ideasthat, in spite of major developments in the �eld of strong intera
tions, thephysi
al pi
ture then developed still remains valid to a very large extent.Perturbative QCD has allowed us to 
larify many issues, and produ
e 
rispquantitative predi
tions in some 
ases, but the ideas then formulated, rea
h-ing well beyond pQCD, 
ontinue to be of great value. They provide a viewof the 
ollision dynami
s whi
h is simple enough to help develop intuition,provide physi
al insight and, hopefully, inspire new dire
tions for future ex-perimental resear
h. 6.1. Io�e timeIt was �rst observed in QED [74℄ that photon emission from ele
tronspropagating through a medium o

urs over distan
es whi
h in
rease withenergy. In their seminal paper [75℄ Gribov, Io�e and Pomeran
huk demon-strated that at high energies large longitudinal distan
es, now usually re-
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oheren
e-lengths, l
, be
ome important for any kind of pro-je
tile, in
luding virtual photons, when 
onsidered in the rest frame of thetarget. The typi
al time involved is O(E=�2), with E the energy of theproje
tile and � a hadroni
 mass s
ale, and basi
ally follows from relativity.For DIS, Io�e [76℄ demonstrated that the longitudinal distan
es involved,measured in the target rest frame and in the Bjorken limit, are growing asl
 / 1mN x; (6.1)where mN is the target mass. It should be noted, however, that s
alingviolations, whi
h are espe
ially strong at small x, modify equation (6.1) andredu
e the value of l
 [77℄. In addition l
 depends on the polarization of thevirtual photon. The value of l
 be
omes large for small x or large W . AtHERA, for Q2 = 10 GeV2, the x values range between 10�2 and 10�4 andl
 
orresponds to distan
es of up to 1000 fermi. Pi
torially speaking thismeans that partoni
 �u
tuations of the virtual photon, the Fo
k states, arelong-lived and travel a substantial distan
e before intera
ting.6.2. The Gribov�Feynman parton modelThe parton model views a high-energy intera
tion of any proje
tile, par-ti
le a, with a target, parti
le b at rest as follows (see �gure 21). The fasthadron �u
tuates into point-like partons: quarks and gluons. The �u
tua-tions have a lifetime t / E�2 before intera
tion with the target o

urs.
< n >

} NFig. 21. A high energy intera
tion in the parton model. From [68℄.During this time the partons are in a 
oherent state whi
h 
an be de-s
ribed by means of a wave fun
tion. Ea
h parton 
an, in turn, 
reate itsown parton 
as
ade, ea
h 
reating hni partons, resulting eventually in theemission of a total of N soft partons (�wee� partons in Feynman's termi-nology [72℄). The latter should not be 
onfused with the partons of pQCD.They are non-perturbative (�dressed�) obje
ts due to the long time-evolutionof the 
as
ade and have a
quired a large transverse extension. They intera
twith a target with a large hadron-like 
ross se
tion.
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attering 4197For a highly virtual photon, the 
as
ade starts with a q�q �u
tuation(or dipole) of small transverse extension and is followed by an initial evolu-tion stage where the strong 
oupling remains perturbative and the evolution
al
ulable. However, the non-perturbative end of the 
as
ade is likely to besimilar to that originating from a high-energy hadron. Sin
e gluons ratherthan quarks will be the dominant 
omponent of the 
as
ade, and sin
e glu-ons 
arry a larger 
olor 
harge, it should not have been a surprise to �ndthat the intera
tion, when viewed in an in�nite-momentum frame, is drivenby the gluon 
onstituents in the proton. The same holds for �di�ra
tive�stru
ture fun
tions of the proton or of the Pomeron.As argued by Gribov [73℄, a fast proje
tile 
an intera
t with the targetonly through its wee 
omponent. Indeed, the 
ross se
tion of intera
tion oftwo point-like parti
les with large relative energy, psab, is not larger than��2 � 1=sab � exp(��ab) (� is the wavelength in the 
.m. frame of a; b, �abis the relative rapidity). Thus, only slow partons of the proje
tile are able tointera
t with a non-negligible 
ross se
tion. Sin
e there are N wee partonsin total, the intera
tion 
ross se
tion is proportional to the probability thatat least one wee out of N intera
ts with the target. For small N this isproportional to N .The intera
tion 
an also be viewed from the rest-frame of the proje
tile,or from any 
ollinear rest-frame. The distribution of the wee partons in therest-frame of parti
le b is, a

ording to the above arguments, solely deter-mined by parti
le a and does not depend on the properties of parti
le b. Onthe other hand, in the rest frame of parti
le a the distribution is determinedby the properties of parti
le b. This is possible only if the distribution ofpartons with rapidities � mu
h smaller than the hadron's rapidity, �p, doesnot depend on the quantum numbers and the mass of that hadron. It followsthat the distribution of the wee partons with � � �p should be independentof the proje
tile and target , i.e. be �universal�. Indeed, in the 
as
ade thememory of the initial state is lost after a few steps only, if it resembles aMarkov pro
ess.The fa
t that the wee-parton 
omponent of any hadron is independentof the hadron itself, explains semi-qualitatively why hadroni
 total 
rossse
tions show a �universal� energy-dependen
e at large s, as dis
ussed inSe
tion 3.1. In addition, if the intera
tion between wee's is e�e
tively short-range in rapidity (implying that the produ
ed hadrons show short-rangerapidity 
orrelations), hadrons produ
ed in regions of rapidity su�
ientlyfar from target and proje
tile will also show �universal� properties.
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tion in the impa
t-parameter plane, �gure 2. In ea
hstep of the 
as
ade the newly emitted parton a
quires a 
ertain amount oftransverse momentum, kT. If the emission is purely random in kT-spa
e,the last parton in the 
as
ade will, as the result of a random walk in impa
t-parameter spa
e, have moved a distan
e b2N from the origin. On average, andfor a 
ompletely random pro
ess (whi
h pre
ludes any kind of pT-orderingof the emissions), one hashb2N i / 1hk2Ti N = !0hk2Ti ln ss0 ; (6.2)for N / ln s. In this simpli�ed pi
ture, the (transverse) growth of theintera
tion region with energy is thus the result of a di�usion pro
ess. It isrepresented as the shaded area in Fig. 2. Thus, !0=hk2Ti 
an be identi�edwith �0P in equation (2.14). The argument based on the overlap fun
tion,Se
tion 5.1, leads to the same result but is more general.It is super�uous to mention that wee-parton properties, and their inter-a
tions, 
annot be 
al
ulated in pQCD, neither for hadroni
 
ollisions nor fordeep-inelasti
 ep s
attering, sin
e they are asso
iated with long-wavelength�u
tuations of the 
olor �elds. For DIS, this ignoran
e is parameterized inthe parton distributions at a small s
ale. However, in the small-x region,the wee partons are equally important in both types of s
attering pro
esses.6.2.2. Rise of the total 
ross se
tion and �P(0)Consider �gure 21. Sin
e ea
h parton in the parton 
as
ade 
an form itsown 
hain of partons, and so on, this multipli
ation pro
ess will generi
ally(but not in detail) lead to a total mean N � ehni, if hni is mean multipli
ityin a single 
hain [68℄. With hni / !0 ln s one �nds:N / s!0 : (6.3)This 
an be rewritten in a frame-independent form�T = �0(proje
tile)� �0(target) � 1s0 � � ss0�!0 : (6.4)The �impa
t-fa
tors�, �0, are parti
le-spe
i�
 but independent of s. Equation(6.4) �explains� the power-law (or Regge) behaviour of �T.For a 
ollision of a small-size (in b-spa
e) virtual photon with a proton,Q2 larger than a few GeV2, the evolution of !0 with Q2 is 
al
ulable inpQCD. This is one of the major theoreti
al advantages of deep-inelasti
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attering over soft hadron�hadron intera
tions. Evidently, in DIS, the roleof s is taken over by W 2 or 1=x.From equation (6.4) we see again that �P(0) � 1 in Regge theory has tobe interpreted as the wee-parton density in a parton 
as
ade. This resultis generi
. However, sin
e the detailed pro
ess-spe
i�
 dynami
s of the par-ton 
as
ade (DGLAP [78℄, BFKL [79℄,. . . ) will in�uen
e the evolution of!0, we may 
on
lude that a �universal� Pomeron traje
tory with pro
ess-independent parameters does not exist.The power-law form, equation (6.4), is a result typi
al for a self-similar(fra
tal) bran
hing pro
ess with �xed 
oupling 
onstant and !0 is related tothe fra
tal dimension. Early pre-QCD examples 
an be found in [80℄. Fora running 
oupling 
onstant, the s dependen
e is generally less strong, butfaster than any power of ln s.6.2.3. Total 
ross se
tions, di�ra
tion and wee-parton multipli
itySuppose the proje
tile is a superposition of states with, at given impa
tparameter b, n wee partons, ea
h of whi
h 
an intera
t with the target witha probability f(b). If the stru
ture of the target is ignored, we have (forbrevity, we omit the argument b in the following)�tot =X�tot(n)P (n) ; (6.5)where P (n) is the probability that the 
as
ade has produ
ed n su
h partons.Using 
onservation of probability (or unitarity) we �nd�tot(n) = 2Tel(n) ; Tel(n) = 1�p1� �in(n) ; �in(n) = 1� (1� f)n:(6.6)The last equation in (6.6) is the probability that at least one out of n partonsintera
ts with the target.The previous equations 
an be 
ompa
tly expressed in terms of the gen-erating fun
tion of P (n), � (z)� (z) = X P (n) (1 + z)n; (6.7)�tot = 2XP (n)[1� (1� f)n=2℄ = 2� 2� (p1� f � 1) ; (6.8)�di�+el = XP (n)[1� (1� f)n=2℄2= 1� 2 � �p1� f � 1�+ � (�f) : (6.9)For the ratio of total di�ra
tive (sum of inelasti
 and elasti
) 
ross se
tionto the total 
ross se
tion, R(b), at �xed impa
t parameter, we obtainR(b) = �di�+el�tot = 1� 12 1� � (�f)1� � (p1� f � 1) : (6.10)



4200 E.A. De WolfIn the 
ase of total absorption, f ! 1, the ratio 
onverges towards thebla
k-disk limit of 12 , as it should3.Assuming, as an example, P (n) to be Poissonian we obtain�tot � 12fhni ; (6.11)�di�+el � f24 hn2i = f24 �hni2 + hni� ; (6.12)provided f or hni or both are small enough. These 
onditions mean thatmultiple intera
tions with the target 
an be negle
ted, or that the partoni
system hitting the target is su�
iently dilute and no saturation takes pla
e.Equation (6.11) suggests a relation between the total 
ross se
tion (orF2 in DIS) and the mean parton multipli
ity whi
h was �rst tested exper-imentally in [81℄ and is illustrated in Fig. 22. Using a Modi�ed LeadingLog (MLLA) pQCD expression for the energy-dependen
e of hni (Eq. (7.32)in [82℄), an ex
ellent des
ription of the x-dependen
e of F2(x;Q2) data atlow x was a
hieved with two free parameters only.
0

0.5

1

1.5

2

1 10 10
2

F
2(

x,
Q

2 )
F

2(
x,

Q
2 )

H1      Q2 = 25 GeV2

ZEUS Q2 = 22 GeV2

√seq=2Q1/√x (GeV)Fig. 22. Comparison of e+e� data on average 
harged parti
le multipli
ities versusps and the HERA low-x F2 data versus 2Q1=px, with Q1 = 270 MeV, for Q2 =22 GeV2 (ZEUS) and 25 GeV2 (H1). The e+e� multipli
ity data (solid lines)are represented by 
urves resulting from a phenomenologi
al �t of a se
ond-orderpolynomial in ln s to e+e� data. They are normalized to the F2 data for ea
h Q2bin separately. From [81℄.If saturation (parton-re
ombination) e�e
ts in the parton 
as
ade inDIS happened to o

ur, we 
an expe
t that the similarity of the energy-dependen
e between mean parti
le multipli
ities in e+e� and F2 will break3 For DIS at very large W , it follows, quite remarkably, that for s
attering on a verylarge fully absorbing nu
leus, 50% of the total 
ross se
tion will be di�ra
tive, evenwhen Q2 is very large (but Q2=W 2 � 1).
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attering 4201down for very high multipli
ity events. Given the present interest in thistopi
 [29℄, a dedi
ated measurement of the W -dependen
e of semi-in
lusivestru
ture fun
tions F (n)2 (x;Q2), at �xed large �nal-state multipli
ity n, andof its di�ra
tive 
ounterpart, might therefore be of 
onsiderable importan
e.Assuming a s" dependen
e of hni, we further see that (6.11) and (6.12)predi
t the energy-dependen
es �tot / s" and �di�+el / s2", the same asobtained in Regge theory, and thus show the same unitarity violating defe
tsas mentioned in Se
tion 2.2.3. To obtain a 
onstant ratio, R(b), at ea
himpa
t parameter, it seems unavoidable to in
lude in the 
al
ulation the fullmultiple-s
attering terms and possibly (so far unknown) parton 
orrelations.The role of parton 
orrelations 
an be illustrated using the fa
torial 
u-mulant expansion of � (z) (see e.g. [83, 84℄):� (z) = exp(hniz + 1X2 zqq! Kq) ;The 
umulants Kq are a measure of the 
orrelations and identi
ally zero forq > 1 if the partons are un
orrelated. The inelasti
 
ross se
tion 
an nowbe written as�in = 1� � (�f) = 1� exp8<:�N f + 1Xq=2 (�f)qq! Kq9=; : (6.13)Comparing equation (5.3) with equation (6.13) we see that the eikonalfun
tion 
(b) 
an be expressed in terms of the 
umulant generating fun
tionln� (�f). This shows that not only multiple s
attering 
ontributions, butalso parton�parton 
orrelations (provided that Kq 6= 0 for q > 1) 
ontributeto the total and di�ra
tive 
ross se
tions. Su
h 
orrelations have not beenexpli
itly taken into a

ount, as far as we know, in present pQCD 
al
u-lations of DDIS, with the ex
eption of [85℄ using the 
on
ept of (Mueller)dipoles in onium�onium s
attering.6.3. Models for di�ra
tion6.3.1. Di�ra
tion and the parton model: the Miettinen and Pumplin paperThe �rst detailed 
al
ulations of hadroni
 di�ra
tion in the frameworkof the parton model were presented in [86℄. This work, although 22 yearsold, remains of great interest and we summarize its main 
on
lusions.



4202 E.A. De WolfIt is assumed that the diagonal states (Se
tion 5.2) j	ki are the statesof the parton model, 
omposed of quarks and gluons and a radiation 
loudof wee partons. These states are 
hara
terized by a de�nite number Nof partons with impa
t parameters ~b1; : : : ;~bN and longitudinal momentumfra
tions, or rapidities, y1; : : : ; yN .Sin
e there are parton states whi
h are ri
h in wee partons, and otherswith a few or no wees, these states will intera
t with a target with verydi�erent 
ross se
tions. Hen
e, inelasti
 di�ra
tion will be generated bythe me
hanism of Good and Walker. The �u
tuations in the intera
tionprobabilities tk (equation (5.10)) arise from �u
tuations in the number ofwee partons, �u
tuations in yi and from �u
tuations in ~bi.Assuming un
orrelated wee partons, and �tting all free parameters of themodel to �el(pp) and �T(pp) at ps = 53 GeV, the 
al
ulated total inelasti
di�ra
tive 
ross se
tion was found to be in very good agreement with data.
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Fig. 23. Di�erential t distribution, d�DDdt , and model 
al
ulations. The de
omposi-tion is shown of the full 
ross se
tion into 
ontributions due to �u
tuations in thenumber (N), rapidities (yi) and relative impa
t parameters (bi) of the wee par-tons. The N -�u
tuation dominates near t = 0, and the bi �u
tuation 
omponentat large t. From [86℄..



Di�ra
tive S
attering 4203The yi �u
tuations 
ontribute little (about 10%), whereas �u
tuations in biand in parton number ea
h a

ount for about 45% of �DDin . Also the forwardvalue and the slope of the t distribution are 
orre
tly predi
ted. This is anon-trivial result sin
e the 
al
ulated (and measured) slope B � 6:9 GeV�2is only about half that of elasti
 s
attering B � 12 GeV�2. Interestingly, asseen from �gure 23, the small jtj disso
iation is dominated by the large andvery steep (slope � 12:2 GeV�2) 
ontribution due to the parton-number�u
tuations, see also equation (6.12). The bi �u
tuations, on the other hand,dominate at large jtj.The ZEUS Collaboration re
ently presented new measurements, shown in�gure 24 (see [87℄), of the t-slope in di�ra
tive DIS, using their Leading Pro-ton Spe
trometer (LPS). The slope has a value B = 6:8�0:6 (stat)+1:2�0:7 (syst)for 4 < Q2 < 100 GeV2, MX > 2 GeV, � < 0:03. Some eviden
e for shrink-age is seen but no dependen
e on Q2. The value of the t slope is strikinglysimilar to that in the pp data.

Fig. 24. ZEUS: the t distribution measured in DIS, using the Leading ProtonSpe
trometer [87℄. The slope has a value B = 6:8� 0:6 (stat)+1:2�0:7 (syst) GeV�2.



4204 E.A. De Wolf6.3.2. Modern QCD models of di�ra
tionIt seems evident that the Miettinen�Pumplin (MP) model grasps theessential physi
s whi
h remains valid in the 
ontext of DDIS at HERA.In [86℄ ad-ho
 assumptions were needed to build a model of the hadronFo
k states. In DIS the light-
one �wave fun
tions� of the lowest-order 
?Fo
k states (q�q, q�q + gluon) are known [50, 88℄ and quantitative results 
anbe obtained. Nevertheless, the intera
tion of the wee partons needs to beparameterized empiri
ally, as it must be for soft hadron�hadron 
ollisions.The presently popular models for di�ra
tion in DIS have been reviewedin [2℄. They use the same basi
 
on
epts dis
ussed in previous se
tionsunder various disguises. The most su

essful of these are merely modernizedversions of the Aligned Jet Model [50℄ whi
h, it should be remembered, pre-dates QCD.Considered in the target rest frame, the Fo
k-state wavefun
tion of thepartoni
 
? �u
tuation 
arries the information on the virtuality of the photonand further depends on its transverse size and the fra
tional momenta andmasses of the partons. In the simplest 
ase of a q�q �u
tuation, or q�q dipole,the wave fun
tion is then 
onvoluted with the amplitude for the elasti
 inter-a
tion of the 
olour dipole and the target hadron. At t = 0, this amplitudeis determined by the 
ross se
tion for the s
attering of the dipole with thetarget, �(%). It is assumed to be independent of Q2, in a

ord with theGribov�Feynman argument of wee-parton s
attering and short-range orderin the 
as
ade, but depends on x.Consider, as an example, the very su

essful saturation model of Gole
-Biernat and Wüstho� (GBW) [29℄ whi
h expands on mu
h earlier work [88℄.The physi
al pi
ture is that in whi
h, in the nu
leon rest frame, a photonwith virtuality Q2, emitted by a lepton, disso
iates into a q�q pair far up-stream of the nu
leon. This is then followed by the s
attering of the 
olourdipole on the nu
leon. In this pi
ture, as also assumed in the MP model,the relative transverse separation % of the q�q pair and the longitudinal mo-mentum fra
tion z of the quark remain essentially un
hanged during the
ollision. The 
?p 
ross se
tions take the following fa
torized form [88, 89℄�T;L(x;Q2) = Z d 2% 1Z0 dz j	T;L (z; %;Q2)j2 � (x; %); (6.14)where 	T;L is photon wave fun
tion of transversely (T) and longitudinallypolarized (L) photons.In (6.14), all Q2 dependen
e is 
ontained in the Fo
k-state wavefun
tion,whi
h further depends on the �avour and mass of the partons. The W - or x-dependen
e of �T;L(x;Q2) is solely determined by that of � (x; %). The latter
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tive S
attering 4205is the prin
ipal quantity in the s-
hannel des
ription of di�ra
tive s
atter-ing. On
e the dipole 
ross se
tion is known, (6.14) enables a parameter-free
al
ulation of the proton stru
ture fun
tion at small x. In our simple pi
-ture, we may interpret it as an e�e
tive 
ross se
tion, the produ
t of thewee-parton �ux with the single wee-parton nu
leon 
ross se
tion.Although the impa
t-parameter dependen
e of � (x; %) is not expli
itly
onsidered (only its average enters in (6.14)), this is 
learly of great interestfor the t-dependen
e of the di�ra
tion [70℄, and needs to be studied further.Turning to di�ra
tion, the di�erential 
ross se
tion at t = 0 takes theform d�DT;Ldt �����t=0 = 116� Z d 2% 1Z0 dz j	T;L (z; %)j2 �2 (x; %): (6.15)The form of (6.15) di�ers only from (6.14) by the substitution �(x; %) !�2(x; %), in a

ord with the general formula (5.13) 4.Comparing to the MP-model, we see that the relative impa
t param-eter and rapidity �u
tuations are in
luded here through the photon wavefun
tion. The important parton-number �u
tuations, whi
h also depend onparton�parton 
orrelations, however, are not expli
itly 
onsidered.The energy-dependen
e of � (x; %) follows from the fa
t that, in low-xDIS, the perturbative evolution of the q�q dipole results in further �hard�parton multipli
ation whi
h in
reases also the wee-parton �ux and thusthe total 
ross se
tion. Indeed, due to the bremsstrahlung nature of softgluon spe
trum / dzg=zg (zg is the momentum fra
tion of the photon
arried by a gluon) Fo
k states with n su
h gluons give a 
ontribution/ ln (1=x)n to the total photoabsorption 
ross se
tion, whi
h 
an be re-absorbed into an energy-dependent dipole 
ross se
tion [88℄. For example,in the DGLAP approximation, summing over all n produ
es the well-knownexp [2pln (1=x) ln (1=�s(Q2))℄ in
rease of the 
?p 
ross se
tion and �stan-dard� s
aling violations.The q�q dipole-proton 
ross se
tion �(x; %) has to be modeled althoughit is known in the perturbative limit of very small dipoles and related thereto the in
lusive gluon distribution xg(x; �2) of the target [91℄.�(x; %) = �23 �s[x g(x;C=%)℄%2 +O(%4); (6.16)4 In the dipole formulation of DIS, and 
ontrary to hadron di�ra
tion, even inelasti
DDIS is 
onsidered to be purely elasti
: the dipole states (q�q) and higher-order Fo
k-states q�q+gluons are assumed to be orthogonal eigenstates of the di�ra
tive T -matrix,and no regeneration (mixing of the states) o

urs. If these states are not orthogonal,they will regenerate and thus add an additional 
ontribution to the di�ra
tive 
rossse
tion, presently negle
ted.



4206 E.A. De Wolfvalid at small %; C is a s
ale parameter. For a (q�qg)-dipole system, �(x; %)is roughly a fa
tor 9=4 larger. This explains the predominant role of gluonsin low-x DIS. In the GBW model, the e�e
tive dipole 
ross se
tion is takento be of the form�(x; %) = �0 �1 � exp�� %24R20(x)�� ; (6.17)where the x-dependent radius R0 is parameterized as1R20(x) = Q20 �x0x �� ; (6.18)with Q0 = 1 GeV. The parameters �0 = 23 mb, x0 = 3� 10�4 and � = 0:29have been determined by a �t to data on F2 [29℄. As seen in �gure 25, thedipole 
ross se
tion saturates at a value �0 for large-size dipoles where it isentirely non-perturbative. Also, as x! 0, saturation sets in at de
reasinglysmall transverse sizes, and the 
ontribution from large-size dipoles be
omesmore important.
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Fig. 25. The dipole 
ross se
tion �(%) for various values of Bjorken-x. The GBWparameterisation, Eqs. (6.17) and (6.18), with � = 0:29 is shown as the solid
urve. The dashed lines 
orrespond to the 1=x dependen
e given by Eq. (6.19)with parameters nf = 3, K = 0:288, � = 1:03 GeV, taken from [90℄. The dot-dashed lines show 0:05� �2(%).



Di�ra
tive S
attering 4207Sin
e equation (6.15) depends on the square of �(x; %), it follows thatstill larger sizes are involved in di�ra
tion than those dominating the total
ross se
tion: non-perturbative soft physi
s is of even greater importan
e inDDIS (see the dot-dashed lines in Fig. 25). Saturation e�e
ts are thereforepredi
ted to be more important than in in
lusive DIS.Be
ause of the saturation property of (6.17), nearly the same dependen
eon x and Q2 of DDIS and DIS is found, thus giving a natural explanationof the 
onstan
y of their ratio as mentioned in Se
tion 4.3.In the GBW model, two essential s
ales appear: the 
hara
teristi
 trans-verse size of the q�q dipole / 1=Q, solely determined by the 
? wave fun
tion,and R0(x). Naively, 1=R20(x) 
an be interpreted as the mean number of softpartons in the 
as
ade; R0(x) is their mean relative transverse distan
e andQR0(x) = 1 de�nes a 
riti
al line. For 1=Q � R0(x) the partoni
 sys-tem is dilute, for 1=Q � R0(x) the system is densely pa
ked and multiples
attering and parton-intera
tions be
ome important.It is interesting to note here that the �tted value of � (� 0:29) is quite
lose to that derived from the 
.m. energy-dependen
e (ps) of the meanparti
le multipli
ity in e+e� annihilation, where it is found that hni � s0:25provides a reasonable �t of the data [92℄. Remembering the striking analogydis
ussed in Se
tion 6.2.3, we have also plotted in �gure 25 expression (6.17)wherein 1=R20(x) in Eq. (6.18) is repla
ed by that of the mean soft gluonmultipli
ity in a gluon jet with energy-squared / 1=x, as given in [90℄1R20 � Q20Ng = KQ20 y�a1C2 exp [2Cpy + ÆG(y)℄ ; (6.19)with K an overall normalization 
onstant, C =p4N
=�0, andÆG(y) = Cpy �2a2C2 + �1�20 [ln(2y) + 2℄�+ C2y �a3C2 � a1�1�20 [ln(2y) + 1℄� :(6.20)Here ey =p1=x=� and further �0 = (11N
�2nf )=3; �1 = [17N2
 �nf (5N
+3CF )℄=3, N
 = 3 is the number of 
olours and CF = 4=3. The numbers aiare tabulated in [93℄. � is the QCD s
ale parameter and nf the number ofa
tive �avours.The dashed 
urves in �gure 25 show the dipole 
ross se
tion as obtainedfrom equation (6.19). It is essentially indistinguishable from the GBW pa-rameterisation for x = 10�2 � 10�3, but di�eren
es be
ome noti
able atsmaller x. This follows from the fa
t that, due to the running of �s, themultipli
ity grows slower than a power in 1=x and �saturation� is delayedin 
omparison with Eq. (6.18), the latter being a result 
hara
teristi
 of a
as
ade pro
ess with a �xed 
oupling 
onstant.



4208 E.A. De WolfThe results shown in Fig. 25 imply that the ansatz in Eq. (6.19) willlead to an equally satisfa
tory des
ription of F2 and FD2 as was obtainedin the original GBW work. However, the parameterization (6.19), 
ontraryto (6.18), involves no free parameters, apart from Q0 and the normalization
onstant K whi
h was taken from a �t to e+e� data [90℄. In parti
ular, theimportant parameter � follows in the former 
ase from theory.If 1=R20(x) is interpreted as the mean number of soft partons 
on�ned inthe target within a transverse surfa
e of radius R, it is evident that the GBWparameter � 
an be identi�ed with the anomalous (multipli
ity) dimension,~
, of the parton 
as
ade (see [95℄ for a re
ent review and further referen
es)whi
h is 
al
ulable in pQCD.With L = ln (s=�2) (s is the relevant energy-s
ale squared, 1=x for DIS),~
 is in general de�ned asNg / exp24 yZy0 ~
(y0) dy035 : (6.21)where Ng is the mean gluon multipli
ity. In pQCD, for a time-like 
as
ade,it is equal to the logarithmi
 derivative of Ng with respe
t to L and givenby [90℄ ~
 = N 0g(L)Ng(L) = p���1� 2a1p��� 4a2 ��+O(��3=2)� (6.22)The �rst term, p�� � pN
�s=2�, is the leading-order term. However, ~
 isnon-linear in �� and de
reases with in
reasing s. Figure 26 shows a plot ofthe anomalous dimension, 
al
ulated to di�erent orders in �� and for vari-ous 
as
ade s
hemes (parton-
as
ade and Lund-dipole pi
tures) as dis
ussedin [94℄. It is seen that ~
 de
reases with s due to the running of �s. Conse-quently, Ng in
reases slower than a power of s. A power-law dependen
e isobtained if �s is kept 
onstant. Taking, as an example, �s = 0:2 in (6.22)yields � = 0:30 at lowest order.The relation between the GBW parameter � and the multipli
ity anoma-lous dimension has also been derived in the framework of the Balitsky andKov
hegov modi�ed BFKL equation (see [96℄ for details and referen
es) withthe result � � 6�s=�. For �s = 0:2 this gives � = 0:38. Note, however, that(6.22) is a polynomial in p�s, whereas the previous expression is linear in�s. An further important result of the GBW-model is that the di�ra
tivestru
ture fun
tion FD2 is found to obey a Regge-like fa
torization property(ex
ept for � ! 1 where higher-twist 
ontribution from longitudinal photonsdominate) with the dependen
e FD2 / (1=�)1+�. This 
orresponds to an
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Fig. 26. Anomalous multipli
ity dimension to di�erent orders in p��. The 
hosenexample is Nf = 4 and � = 0:22 GeV. Anomalous dimension N 0g=Ng as �� = 3�s=2�(solid line), p��(1 � 2a1p��) (
rossed) and p��(1 � 2a1p�� � 4a2��) for the partonequation (dashed), dipole equation (dotted) and generalized dipole equation (dash-dotted). The 
onstants are a1 = 0:297, a2 = �0:339. For a detailed dis
ussionsee [94℄.e�e
tive Pomeron inter
ept �P(0) � 1 + �=2 [97℄. This is a highly revealingresult, demonstrating, on this spe
i�
 model-example, the generi
 propertythat the growth of the 
ross se
tions with energy and the proton energy-lossspe
trum (or �Pomeron �ux�) are 
losely 
onne
ted (
f. Se
tion 4.3.1) anddetermined by the multipli
ity anomalous dimension.The above 
onsiderations suggest an extremely simple pi
ture (see also[98℄ p. 8) for the x and Q2 dependen
e of F2 and FD2 . At low x, the targetis populated with a number of partons proportional to Ng 
on�ned withina transverse area � R2. Sin
e the area �s
anned� by the virtual photon q�qdipole is proportional to 1=Q2, the number of partons with whi
h it 
anintera
t is proportional to 1� � Ng 1Q2 / 1R20 1Q2 . Consequently, the total 
rossse
tion will depend only on � and not on Q2 and R20 separately, i.e. exhibitgeometri
al s
aling [99℄. This follows already from dimensional argumentsbut also agrees with the �universality� hypothesis, advan
ed in [100℄, that thephysi
s should depend only on the number of partons per unit of rapidity andper unit of transverse area. If 1=� is su�
iently small, multiple s
atteringe�e
ts 
an be negle
ted.



4210 E.A. De WolfTo see the in�uen
e of multiple s
attering, we return to formulae (6.8)�(6.9) whi
h we now apply to the 
ross se
tion of a dipole of �xed size %intera
ting with the target. We further assume that parton 
orrelations 
anbe negle
ted. In that 
ase, the generating fun
tion � (z) is that of a Poissondistribution � (z) = exp (hniz). Provided that f is small enough we obtain�dipoletot ' 2�1� e� 12 hnif� ; (6.23)�dipoledi�+el ' 1� 2 e� 12 hnif + e�hnif : (6.24)Equation (6.23) is pre
isely of the GBW (eikonal) form (6.17) if, followingthe previous arguments, hnif is identi�ed with 1=� , the e�e
tive number ofpartons �seen� by the q�q dipole.The above formulae invite further 
omments on the meaning of the term�saturation�. The form of equation (6.23) follows from that of the generatingfun
tion whi
h in
ludes the full Glauber�Mueller multiple s
attering seriesand whi
h predi
ts a leveling-o� of the dipole 
ross se
tion. Only for avery dilute parton system, or for a very small dipole 
an these additionalterms be negle
ted. On the other hand, parton re
ombination e�e
ts, whenthey o

ur, will indu
e a weaker 1=x dependen
e of hni, 
ompared to thatgiven e.g. by Eq. (6.19). Although our simple semi-
lassi
al pi
ture thereforesuggests two distin
t origins of saturation, it is not 
lear if su
h a distin
tionis physi
ally justi�ed in more rigorous treatments of the dynami
s.The model results, dis
ussed previously in the target rest frame, 
an betranslated, at least in leading twist, in terms of di�ra
tive parton densitiesin an in�nite momentum frame. The di�ra
tive stru
ture fun
tions are thenexpressed as the 
onvolution of �di�ra
tive� parton densities for the protonwith parton 
ross se
tions [101℄. The evolution with Q2 at �xed x is the sameas that of F2(x;Q2). In DDIS, these s
aling violations a�e
ts the � (orMX)dependen
e of the 
ross se
tion but not the dependen
e on � [102℄. How-ever, unlike the 
ase of fully in
lusive 
ross se
tions, the di�ra
tive stru
turefun
tions are no longer universal. In parti
ular, they 
annot be used dire
tlyfor hadroni
 intera
tions [97℄.7. Summary and outlookOver the last de
ade, the subje
t of di�ra
tion has be
ome one of thevery a
tive �elds of experimental and theoreti
al resear
h in QCD. Therevival is, by large, due to the extremely varied experimental programmemade possible at HERA and at the Tevatron.



Di�ra
tive S
attering 4211In this paper, we have attempted to des
ribe, mainly in qualitative terms,the 
lose relation between the dynami
s of total 
ross se
tions and di�ra
tionin hadron�hadron 
ollisions and in deep-inelasti
 
?p s
attering. This inter-relationship is ultimately a 
onsequen
e of the fa
t that the bulk of thetotal and di�ra
tive 
ross se
tion is dominated at very high energy by thewee 
omponents of the target and proje
tile's wavefun
tions su
h that non-perturbative, long-distan
e, physi
s plays a very important role in both.We have argued that the physi
s 
an be understood on the basis of asurprisingly small number of dynami
al ingredients su
h as the anomalousmultipli
ity dimension of parton 
as
ades, ~
, whi
h not only determines therise with energy of the 
ross se
tions but also the spe
trum of the elasti
allys
attered proton in DDIS.Our dis
ussion of the overlap fun
tion illustrates that the small jtj be-haviour of the quasi-elasti
 pro
esses is also determined by ~
 and by thetransverse-momentum transfer 
orrelation fun
tion. These ingredients suf-�
e for a basi
 understanding of the degree of �shrinkage� of the forwarddi�ra
tive peaks in soft as well as in hard pro
esses.The remarkable re
ent theoreti
al progress in DDIS is a 
onsequen
e ofthe fortunate 
ir
umstan
e that perturbative QCD is able to make reliablepredi
tions for the partoni
 �u
tuations (Fo
k states) of a virtual photon,and for the subsequent development of these states into a parton shower orradiation 
loud, at least in the earliest perturbative phase of the evolution.For a strongly bound system of large size, e.g. a hadron, whi
h is less wellunderstood, su
h perturbative te
hniques are not available.Mu
h of the present phenomenology of di�ra
tion 
an be understoodfrom the properties of the 
? Fo
k states.� The MX distribution for the lowest-order q�q dipole state, and trans-versely polarized 
?, has the form 1=[m2f (Q2+M2X)2℄ (mf is the quarkmass). Extra soft gluon emission, with a spe
trum dzg=zg dire
tlyleads to the mu
h weaker MX dependen
e dM2X=(M2X + Q2) in theso-
alled triple-Pomeron region [88℄. Sin
e the invariant mass of thedi�ra
tive system will remain almost un
hanged for small-t s
attering,this is also the distribution of the experimentally measured MX . Asimilar argument was used in [58℄ to explain the 1=M2X dependen
eof hadroni
 di�ra
tion at large MX . The gradual transition from asteep 1=M4X to a 1=M2X dependen
e is a 
onsequen
e of a 
hange inthe mixture of Fo
k states as Q2 and/or W 
hange.� The average transverse size of 
? �u
tuations relevant for elasti
 ve
tormeson produ
tion, the so-
alled s
anning radius [40℄, is estimated to be� C=(m2V +Q2), with C � 2 (C � 6) for longitudinally (transversely)polarized 
? [70℄. This follows almost dire
tly from the form of j	T;Lj2
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tor-meson wavefun
tion. The elasti
 ve
tormeson data (see e.g. �gure 10 in Se
tion 3.3.2) show that s
ale Qe� =Q2 +m2V is indeed the dynami
ally relevant observable. For furtherdis
ussion on this point we refer to [53℄.� For high-mass di�ra
tion, the partoni
 �u
tuation of the 
? has the
olour-topology of a gluon�gluon dipole in a 
olour-singlet state [88℄.High-mass di�ra
tion therefore opens the possibility, not yet fully ex-ploited, to study the fragmentation of 
olour-o
tet sour
es, in mu
hthe same way as with q�q+ gluon three-jet events in e+e� annihilation.The development of the radiation 
loud initiated by the virtual photon isa 
as
ade pro
ess, whereby the virtuality of the system is gradually degradedand a system of �perturbative� partons 
reated. However, on
e the virtualityof the partons has rea
hed values for whi
h the strong 
oupling is no longersmall, the 
as
ade will 
ontinue into a non-perturbative region whi
h is notunder theoreti
al 
ontrol. This 
orresponds to a regime in whi
h the non-perturbative o�-springs have a
quired transverse dimensions 
omparable tothe size of the target proton. It 
an be assumed that they will intera
t withthe target as dressed obje
ts, with a large hadron-like 
ross se
tion. Thisand the variation in absorption is, by the me
hanism of Good and Walker,the 
ause of shadow-s
attering and di�ra
tion, not only in DIS but also inhadron�hadron s
attering.At large energy, the end of the parton 
as
ade will show �universal�properties, independent of the parton system whi
h initiated the 
as
ade.This, in turn, leads to expe
t fa
torization of the type often assumed inRegge theory and also found experimentally.The simple pi
ture des
ribed here suggests further experimental work indi�erent dire
tions. We end by listing only a few examples.� Studies of leading-proton and leading-neutron produ
tion in DIS andphotoprodu
tion, also outside the di�ra
tive region, 
ombined withthe many existing hadron-hadron data, should allow to test Regge-type fa
torization or provide eviden
e for fa
torization breaking. Thelatter is expe
ted at low to moderate values of Q2. Eviden
e for pos-sible long-range 
orrelations, between leading baryons and �
entral�hadroni
 a
tivity (multipli
ity, transverse energy density, jets) indi
a-tive of fa
torization breaking, should be sear
hed for.� The running of �s and ~
, see Fig. 26, suggest to measure in detail the� dependen
e of FD2 � (1=�)1+� as fun
tion of W and Q2. Whereasthe kinemati
al range of the HERA experiments may be too limitedto reveal an expe
ted �attening of the d�=dM2X spe
trum, running-�s



Di�ra
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attering 4213and possible parton saturation e�e
ts whi
h a�e
t the value of � maybe
ome visible at LHC energies.� Sin
e parton saturation is most likely to o

ur for high parton densi-ties, a dedi
ated measurement of the W -dependen
e of semi-in
lusivestru
ture fun
tions F (n)2 (x;Q2), and of its di�ra
tive 
ounterpart, forlarge �nal-state multipli
ity (n) events 
ould of 
onsiderable interest.� The dipole 
ross se
tion �(x; %) plays a fundamental role in many mod-els. At HERA, it 
an be measured in elasti
 ve
tor-meson produ
tionbut needs pre
ise measurements of the di�erential 
ross se
tion over alarge range in t.It is a pleasure to thank the organisers of this S
hool for a very stimu-lating meeting in a splendid environment. I further wish to thank A. Biaªasfor interesting dis
ussions whi
h are partly re�e
ted in Se
tion 6.2.3 andT. Anthonis, A. De Roe
k, G. La�erty and P. Van Me
helen for helpful
omments on the manus
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