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OFF-DIAGONAL GENERALIZED VECTORDOMINANCE IN DIS AND QCD� ��G. Cveti£a;b, D. S
hildkne
hta and A. ShoshiaaDept. of Physi
s, University of Bielefeld, 33501 Bielefeld, GermanybDept. of Physi
s, University of Dortmund, 44221 Dortmund, Germanye-mail: 
veti
�physik.uni-bielefeld.dee-mail: Dieter.S
hildkne
ht�physik.uni-bielefeld.dee-mail: shoshi�physik.uni-bielefeld.de(Re
eived O
tober 21, 1999)We review the generalized ve
tor dominan
e (GVD) approa
h to DISat small values of the s
aling variable, x. In parti
ular, we 
on
entrateon a re
ent formulation of GVD that expli
itly in
orporates the 
on�gu-ration of the 
� ! q�q transition and a QCD�inspired ansatz for the (q�q)ps
attering amplitude. The destru
tive interferen
e, originally introdu
edin o�-diagonal GVD is tra
ed ba
k to the generi
 stru
ture of two-gluonex
hange. Asymptoti
ally, the transverse photoabsorption 
ross se
tionbehaves as (lnQ2)=Q2, implying a logarithmi
 violation of s
aling for F2,while the longitudinal-to-transverse ratio de
reases as 1= lnQ2. We alsobrie�y 
omment on ve
tor�meson produ
tion.PACS numbers: 12.40.Vr 1. Introdu
tionAs a starting point for the present talk, I will brie�y return to the ex-perimental results on photoprodu
tion at high energies obtained in the latesixties and their interpretation in terms of ve
tor meson (�0; !; �; J= ) dom-inan
e (e.g. Refs. [1, 2℄). I will subsequently introdu
e the 
on
ept of gen-eralized ve
tor dominan
e (GVD) [3℄, parti
ularly relevant as soon as thephoton four momentum enters the spa
elike region, q2 = �Q2 < 0. I willbrie�y sket
h the basi
 points of the most re
ent paper on o�-diagonal GVDand its 
onne
tion with QCD [4℄. Before entering the detailed dis
ussions in� Presented by D. S
hildkne
ht at the XXIII International S
hool of Theoreti
al Physi
s�Re
ent Developments in Theory of Fundamental Intera
tions�, Ustro«, Poland,September 15-22, 1999.�� Supported by the Bundesministerium für Bildung und Fors
hung, Bonn, Germany.(3265)
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tion 2, I will also present the motivation, essentially based on the resultsobtained at HERA [5,6℄ on low�x deep-inelasti
 s
attering, for 
oming ba
kto 
on
epts that existed already in the pre-QCD era. Essentially, it will beshown [4℄ that o�-diagonal GVD, relevant in deep-inelasti
 s
attering at lowvalues of the s
aling variable x � Q2=W 2, is very well 
ompatible with andin fa
t 
ontained in QCD.Experiments in the late sixties revealed that photoprodu
tion [1℄ fromnu
leons above the resonan
e region has simple features 
hara
terized by�hadronlike� behaviour. Indeed, the energy dependen
e of the total 
rossse
tion is mu
h like the energy dependen
e of typi
al hadron intera
tions,su
h as pion-nu
leon s
attering. Likewise, as a fun
tion of the momentumtransfer, the 
losely related rea
tion of Compton s
attering, 
p! 
p, showsa forward di�ra
tion peak and has a predominantly imaginary forward s
at-tering amplitude. Similar features are observed in ve
tor�meson produ
tion,
p! (�0; !; �; J= )p. These empiri
al fa
ts are quantitatively summarizedby ve
tor�meson dominan
e [2℄. In intuitive terms, the photon virtually�u
tuates into the low-lying ve
tor�meson states, whi
h are subsequentlys
attered from the nu
leon. Upon applying the opti
al theorem, the totalphotoprodu
tion 
ross se
tion is thus represented as a sum of ve
tor�mesonforward produ
tion amplitudes [7℄,�
p(W 2) = XV=�0;!;�;J= p16�r��
2V �d�0dt j
p!V p(W 2)� 12 ; (1)and as a sum of total 
ross se
tions for the s
attering of transversely polarizedve
tor mesons on protons [8℄,�
p(W 2) = XV=�0;!;�;J= ��
2V �V p(W 2) : (2)The fa
tor ��=
2V in (1) and (2) denotes the strength of the 
oupling of the(virtual) photon to the ve
tor meson V , as measured in e+e� annihilationby the integral over the ve
tor�meson peak,��
2V = 14�2�XF Z �e+e�!V!F (s)ds ; (3)or by the partial width of the ve
tor meson,�V!e+e� = �2mV12(
2V =4�) : (4)



O�-Diagonal Generalized Ve
tor Dominan
e in DIS and QCD 3267The sum rule (1) is an approximate one. The fra
tional 
ontributionsof the �0; !, and � add up to approximately 72% [1, 3℄, and an additional
ontribution of 1% to 2% is to be added for the J= .The la
k of 
omplete saturation of the sum rule (1) in 
onjun
tion withthe 
oupling of the photon to a 
ontinuum of more massive states observedin e+e� annihilation provides the starting point of GVD. In obvious gen-eralisation of �0; !; �; J= ; : : : dominan
e, one assumes a double dispersionrelation for the transverse photoabsorption 
ross se
tion �
�Tp(W 2; Q2) [3℄,�
�Tp(W 2; Q2) = Z dM2 Z dM 02 �T(W 2;M2;M 02)M2M 02(Q2 +M2)(Q2 +M 02) (5)and a generalisation of (5) to the longitudinal 
ross se
tion, �
�Lp(W 2; Q2).The spe
tral weight fun
tion, �T(W 2;M2;M 02), 
ontains the 
ouplingstrengths of the (timelike virtual) photon to the hadroni
 ve
tor states ofmassesM andM 0, as well as the (imaginary parts of the) forward-s
atteringamplitudes of these states on the nu
leon. The representation (5) was ex-pe
ted [3℄ to be valid in parti
ular in the small-x di�ra
tion region of deepinelasti
 s
attering (DIS), i.e. at small x and all Q2.1The frequently employed diagonal approximation�T � Æ(M2 �M 02) (6)together with the photon 
oupling, i.e. �e+e�!hadrons(M2) � 1=M2, requiresthat ve
tor state�nu
leon s
attering, �V p, is to de
rease as �V p � 1=M2.Otherwise, the representation (5) be
omes divergent, and s
aling of the nu-
leon stru
ture fun
tion be
omes violated by a power of Q2. One arrives atwhat sometimes [10℄ has been 
alled the �Gribov paradox� [11℄. Due to theexisten
e of di�ra
tion disso
iation in hadron-indu
ed rea
tions, 
orrespond-ing to o�-diagonal transitions, the validity of the diagonal approximation wasdoubtful right from the outset. The 1=M2 law for �V p has nevertheless beenfrequently applied as an e�e
tive one. In the HERA energy range, it led toa

eptable �ts to the experimental data [12℄. Compare Fig. 1.Taking into a

ount the known empiri
al behaviour of di�ra
tion disso-
iation (i.e. M 6= M 0) in hadron physi
s, it was noted [13℄ a long time agothat indeed the justi�
ation for the diagonal approximation (6) stands onextremely weak grounds. By invoking destru
tive interferen
e between diag-onal and o�-diagonal transitions, motivated by quark-model arguments forphoton�ve
tor�meson 
ouplings, it was shown [13℄2 that indeed s
aling in1 Compare Ref. [9℄ for related lifetime arguments.2 Compare also [14℄ for a 
omparison of o�-diagonal GVD with the experimental datathen available.
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�p[�b℄�128;W =245 GeV�64; W = 210 GeV�32; W = 170 GeV�16; W = 140 GeV�8; W = 115 GeV�4; W = 95 GeV�2; W = 75 GeVW = 60 GeV
Fig. 1. Generalized Ve
tor Dominan
e predi
tion for �
�p [12℄ 
ompared with theexperimental data from the H1 and ZEUS 
ollaborations at HERA [5,6℄.e+e� annihilation (�e+e� � 1=M2) and a 
onstant total ve
tor state�nu
leon
ross se
tion (�V N � 
onst, independent of M) are 
ompletely 
ompatiblewith s
aling (�
�Tp � 1=Q2) in DIS.I �nally turn to the most re
ent work [4℄ by Cveti
, Shoshi and myself.In 
ontrast to the pre-QCD formulation of GVD, we expli
itly take into a
-
ount the 
on�guration of the 
� ! q�q transitions (seen in quark-jets in e+e�annihilation) and a QCD-inspired stru
ture for the (q�q)p-forward-s
atteringamplitude. We will see that the destru
tive interferen
e introdu
ed in o�-diagonal GVD [13℄ is re
overed in this formulation and tra
ed ba
k to thegeneri
 stru
ture of two-gluon ex
hange. While the general stru
ture of theexpression for the transverse and longitudinal 
ross se
tions is the same as inthe original formulation of o�-diagonal GVD, there is nevertheless an impor-tant modi�
ation in terms of a logQ2 fa
tor that originates pre
isely fromthe expli
it in
orporation of the q�q 
on�guration in the 
� ! q�q 
oupling. Inwhat follows, as in the original paper [4℄, theoreti
al issues will be stressed,
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Fig. 2. Thrust hT i and spheri
ity hSi in di�ra
tive produ
tion and e+e� annihila-tion.while the 
omparison with the data will at most be qualitative. A quantita-tive 
omparison with the data, whi
h needs a more 
areful treatment of theenergy dependen
e, will hopefully be provided in the near future.Before 
oming to the main subje
t, a brief remark on the motivation fortaking up the subje
t of o�-diagonal GVD again may be appropriate. Themotivation is essentially provided by the fa
t that HERA is able to explorelow�x DIS in detail. Moreover, qualitatively, the experimental HERA resultsare as expe
ted from GVD and strongly support the GVD ansatz,(i) the existen
e of di�ra
tive produ
tion of high-mass states, the �large-rapidity-gap events� �rst announ
ed at the '93 Marseille InternationalConferen
e [15℄,(ii) the similarity in shape to e+e� �nal states, 
ompare Fig. 2 from [16℄,(iii) the persisten
e of shadowing on 
omplex nu
lei in DIS, observed sin
eabout the year 1988 [17℄, after many years of 
onfusion.
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ht, A. Shoshi2. O�-diagonal GVD from QCD2.1. The 
lassi
al GVD approa
h in momentum spa
eThe 
lassi
al GVD approa
h is summarized in Fig. 3. A virtual timelikephoton undergoes a transition to a quark-antiquark, q�q, state of mass Mq�q.The q�q state, upon being boosted to high energy in the proton rest frame,
γ∗ γ∗
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(b)Fig. 3. The Compton forward amplitude in the proton rest frame, a) in theGedankenexperiment where a timelike photon of mass q2 = M2q�q intera
ts withthe nu
leon, b) upon 
ontinuation from q2 = M2q�q to q2 = �Q2 < 0, withx(� Q2=W 2)� 1.is being s
attered in the forward dire
tion. The appropriate introdu
tion ofthe propagators for the q�q system of mass Mq�q (and of an additional Q2�dependent fa
tor [3, 18℄ from 
urrent 
onservation for longitudinal photonpolarisation) takes us to spa
elike four-momentum transfer q2 � �Q2 < 0with x � Q2=W 2 � 1 relevant for DIS in the di�ra
tion region.The 
on�guration of the q�q ve
tor state depends on the transverse mo-mentum of the quark, ~k?, with respe
t to the three-momentum of the pho-ton, and on the (light
one) variable z (0 � 1 � z) that is related to theangle, #, of the three momentum of the quark in the q�q-rest-system viasin2# � 4z(1� z) : (7)
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tor Dominan
e in DIS and QCD 3271The mass of the q�q system is thus given by3M2q�q = k2?z(1�z) ; (8)su
h that either the pair of variables (k2?; z) or the pair (Mq�q; z) may beused to 
hara
terize the q�q ve
tor state.Upon 
arrying out the above-mentioned steps, the transverse and longi-tudinal photoabsorption 
ross se
tions, �
�T;Lp(W 2; Q2), be
ome [4℄�
�T;Lp(W 2; Q2) = � 12(2�)3 �2 X�;�0=�1Z dzZ dz0Zj~k?j�k?0d2k?Zj~k0?j�k?0d2k0?�M(�;�0)T;L (~k0?; z0;Q2)�T(q�q)p!(q�q)p(~k0?; z0;~k?; z;W 2)M(�;�0)T;L (~k?; z;Q2) : (9)The (imaginary part of the) (q�q)p forward-s
attering amplitude (in
ludinga fa
tor 1=W 2 from the use of the opti
al theorem) has been denoted byT(q�q)p!(q�q)p(~k0?; z0;~k?; z;W 2). The fa
tors M� and M in (9) 
ontain the
�(q�q) 
oupling as well as the propagators and readM(�;�0)T (Mq�q; z;Q2) = � eqQ2 +M2q�q j(�;�0)Tpz(1� z) ; (10)and M(�;�0)L (Mq�q; z;Q2) = � eqQ2 +M2q�qs Q2M2q�q j(�;�0)Lpz(1 � z) : (11)We refer to the original paper [4℄ for the expli
it expressions for the trans-verse and longitudinal 
urrents, j(�;�0)L and j(�;�0)T . The lower limits of theintegrations over the transverse momenta in (9) 
orrespond to a �nite trans-verse extension of the q�q state in position spa
e (
on�nement). The thresh-olds, k?0, allow (9) to be used as an e�e
tive des
ription at low values of Q2,where the low-lying ve
tor mesons a
tually dominate the forward Comptonamplitude.So far, the (q�q)p s
attering amplitude has been left unspe
i�ed. Quitegenerally, transitions diagonal (�nal mass M 0q�q = Mq�q) and o�-diagonal(M 0q�q 6= Mq�q) in the mass of the q�q state are possible. Assuming z tobe �frozen� during the s
attering pro
ess, diagonal transitions 
orrespond tozero transverse-momentum transfer to the quark as well as to the antiquark,3 Here, we work in the approximation of massless quarks.
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ht, A. Shoshi~k0? = ~k?. For o�-diagonal transitions to o

ur, the same amount of trans-verse momentum j~l?j, opposite in sign for quark and antiquark, has to betransfered to the system, ~k0? = ~k? +~l?.It is a general feature of quantum �eld theory, in parti
ular of QED,or more appropriately for the present 
ase, of pQCD, that fermion and an-tifermion 
ouple with opposite sign. This implies that for every perturbativediagonal transition amplitude there exists an o�-diagonal one of the samestrength, but opposite in sign. Compare the two generi
 diagrams for the
ase of two-gluon ex
hange in Fig. 4.
k ⊥k⊥

-k ⊥
-k⊥ -l⊥ -k

⊥

l⊥ l⊥

γ∗ (Q2) γ∗ (Q2)

p p(a)
k ⊥ +

l ⊥k⊥

-k ⊥
-(k⊥ +l⊥ )

l⊥ l⊥

γ∗ (Q2) γ∗ (Q2)

p p(b)Fig. 4. The two-gluon ex
hange realisation of the destru
tive interferen
e stru
ture.The diagrams (a) and (b) 
orrespond to transitions diagonal and o�-diagonal inthe masses of the q�q pairs, respe
tively.The (q�q)p forward-s
attering amplitude is a

ordingly given byT(q�q)p!(q�q)p(~k0?; z0~k?; z;W 2) = 2(2�)3 Z d2l?~�(q�q)p(l2?;W 2)� hÆ(~k0?�~k?)�Æ(~k0?�~k?�~l?)i Æ(z�z0) : (12)
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tor Dominan
e in DIS and QCD 3273Substituting (12) into (9), and 
arrying out the integrations over d2k0? anddz0, yields�
�T;Lp(W 2; Q2) = 116�3 Z dz Z d2l?~�(q�q)p(l2?;W 2)�(Zj~k?j�k?0 d2k? X�;�0=�1 ���M(�;�0)T;L (z;~k?;Q2)���2�Zj~k?j�k?0;j~k?+~l?j�k?0d2k? X�;�0=�1M(�;�0)T;L (z;~k?;Q2)M(�;�0)T;L (z;~k?+~l?;Q2)�):(13)The stru
ture of this result, in parti
ular the opposite signs of the diagonaland the o�-diagonal term, 
oin
ide4 with the stru
ture of destru
tive inter-feren
e embodied in o�-diagonal GVD [13℄. Arguments based on di�ra
tiondisso
iation and q�q-bound-state wave fun
tions were originally employedto arrive at o�-diagonal GVD. Here the original ansatz �nds an aposteri-ori justi�
ation from the general stru
ture of the intera
tion of a fermion-antifermion (q�q) state with a hadron target.2.2. The transverse-position-spa
e approa
hThe arguments of Se
tion 2.1 were based on the 
lassi
al GVD approa
h,
hara
terized by introdu
ing the Q2 dependen
e via the propagation of q�qve
tor states. In the present se
tion, I show that identi
al results are ob-tained in a treatment in transverse position spa
e that introdu
es QCD inthe (q�q)p intera
tion by invoking the notion of �
olour transparen
y� [19,22℄.The Fourier transform of the amplitude for the propagating q�q state,M(�;�0)T;L (z;~k?;Q2), from (10), (11) yields what is sometimes 
alled the�photon�q�q wave fun
tion� [19℄, (�;�0)T;L (z; ~r?;Q2)�p4�16�3 Zk?0d2k? exp (i~k? � ~r?)M(�;�0)T;L (z;~k?;Q2) : (14)The form of (12) and (13) suggests the transverse-position-spa
e ansatz,�
�T;Lp(W 2; Q2) = X�;�0=�1Z dz Z d2r? ��� (�;�0)T;L (z; ~r?;Q2)���2 �(q�q)p(r2?;W 2) :(15)4 Compare Ref. [4℄ for a more detailed elaboration of this point. Similar 
on
lusions,based on somewhat di�erent reasoning but related arguments, were arrived at inrefs. [19�21℄.
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ording to (15), the intera
tion is diagonal in transverse position spa
e.The notion of 
olour transparen
y, no intera
tion for the q�q state in ther2? ! 0 limit of 
olour neutrality, together with 
onstan
y for r2? su�
ientlylarge transverse distan
e�(q�q)p(r2?;W 2)! ( 0; for r2? ! 0;�(1)(q�q)p(W 2); for r2? !1 ; (16)implies the following relation between �dipole 
ross se
tion� �(q�q)p(r2?;W 2)and the momentum-spa
e fun
tion ~�(q�q)p(l2?;W 2) of the last se
tion:�(q�q)p(r2?;W 2) = Z d2l?~�(q�q)p(l2?;W 2)�1� e�i~l?�~r?� : (17)Substitution of (17) and (14) into (15) and integration over d2r? and d2k0?immediately leads us ba
k to the result (13) of the last se
tion.The momentum-spa
e GVD approa
h based on propagators for the q�qstates of mass Mq�q and a QCD-motivated relative strength of diagonal ando�-diagonal transitions is a

ordingly entirely equivalent to the transverseposition-spa
e ansatz based on the diagonal representation (15) and on thenotion of 
olour transparen
y.In Fig. 5, as an instru
tive example, we show the dipole 
ross se
tion forthe simple ansatz of a Æ-fun
tion and a Gaussian for ~�(q�q)p(l2?),~�(q�q)p(l2?) = �(1)(q�q)p� Æ(l2? � �2)) �(q�q)p(r2?) = �(1)(q�q)p (1�J0(�j~r?j)) ; (18)~�(q�q)p(l2?) = �(1)(q�q)p� R20e�l2?R20 ) �(q�q)p(r2?) = �(1)(q�q)p 1� e� r2?4R20! : (19)Not surprisingly, one �nds [4℄ similar results for �
�T;Lp in 
ase of theÆ-fun
tion and the Gaussian, provided the parameters � and R0 are relatedvia � = 1=R0, where R0 is of the order of the proton radius, R0 � 1 fm� 0:2 GeV�1. A Gaussian ansatz was employed in a re
ent analysis [23℄of the experimental data, while a polynomial representation was used inRef. [21℄.
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~�(q�q)p(l2?;W 2) �(q�q)p(r2?;W 2)

�(q�q)p(r2?;W 2)~�(q�q)p(l2?;W 2)

~�(0)e
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r?=1:75=�

0:63 � �(1)(q�q)p

0:63 � �(1)(q�q)pa)

b)Fig. 5. The transverse-position-spa
e dipole 
ross se
tion �(q�q)p(r2?;W 2) and itsFourier transform ~�(q�q)p(l2?;W 2) for two simple 
hoi
es in transverse momentumspa
e, a) for a Æ�fun
tion and b) for a Gaussian.
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hangeIn the above treatment, the two-gluon ex
hange only entered in terms ofa generi
 stru
ture of the intera
tion of the fermion-antifermion (q�q) statewith the nu
leon. As a 
ross-
he
k, one may alternatively evaluate thetwo-gluon ex
hange diagrams in the low-x limit of DIS as a more 
on
reteQCD model. In order to treat the low-x limit, the introdu
tion of Sudakovvariables proves useful [19, 24℄. As long as no detailed model assumptionsare introdu
ed for the lower vertex in Fig. 4, the �nal result 
oin
ides withthe one obtained above, even though ~�(q�q)p(l2?;W 2) now 
ontains the quark-gluon 
oupling, 
olour fa
tors and the gluon propagator. The treatment is ofinterest, nevertheless, as in this 
ovariant approa
h, one does not rely on thepropagator rule for the q�q system or the 
olour transparen
y assumption. Inthe sense of leading to the same result as the q�q-state propagator rule, thestru
ture of o�-diagonal GVD is realized by the pQCD model of two-gluonex
hange. The validity of the expression (13) for �
�T;Lp is more general,however, not stri
tly bound to the two-gluon ex
hange ansatz.3. The Q2 dependen
e expli
itlyTo obtain the Q2 dependen
e 
ontained in the expression for �
�Tp(W 2; Q2) in (13) expli
itly, ~�(q�q)p must be spe
i�ed, and a �vefold integra-tion is to be 
arried out. I will restri
t myself to the main steps and refer tothe original paper [4℄ for a detailed presentation of the pro
edure.Carrying out the angular integration over the dire
tion of the transversemomentum of the in
oming quark, ~k?, in (13), and introdu
ing the massesof the q�q system appearing in the propagators, one remains with a fourfoldintegration over dzdl2?dM2q�qdM 02q�q. Con
erning ~�(q�q)p(l2?;W 2), for simpli
ity,in the re
ent paper, we refrained from introdu
ing an appropriate W depen-den
e, surely ne
essary for a pre
ise des
ription of the experimental data.We rather 
arried out simple model 
al
ulations based on the Æ�fun
tionand the Gaussian ansatz in (18) and (19). The essential 
on
lusions on theorigin of the Q2 dependen
e from q�q- ve
tor-state propagation, arrived atwith this pro
edure, will remain valid in a more 
omplete treatment, alsotaking into a

ount the energy dependen
e.Even upon spe
ializing (13) to the Æ�fun
tion ansatz (18), a 
ompleteanalyti
al treatment of the remaining threefold integral 
annot be 
arriedout for arbitrary values of Q2. Nevertheless, simple and pra
ti
ally exa
texpressions for the Q2 dependen
e of �
�T;Lp(W 2; Q2) 
an be derived by ap-plying the mean-value theorem to the integrations over the 
on�gurationvariable z and the mass M 02q�q.
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tor Dominan
e in DIS and QCD 3277In the expressions for the transverse 
ross se
tion (13), we repla
e z, orrather z(1 � z), by the mean value�T = �T(Q2) = �zT(Q2)(1� �zT(Q2)) : (20)We have indi
ated a potential Q2 dependen
e of �zT(Q2). Likewise, we re-pla
e M 02 by an average, 
onveniently parametrized by the parameter ÆTa

ording to M 02 =M2 + l2?�z(1��z) 1(1+2ÆT) : (21)After these repla
ements, the integration over dM2 
an be 
arried out toyield [4℄�
�Tp(W 2; Q2;�T(Q2); ÆT) = �2� �eqe0�2 �(1)(q�q)p(1� 2�T(Q2))�"�(1+2ÆT)Q2�2 �T(Q2)+(1+ÆT)�ln�1+ �2�T(Q2)(1+2ÆT)(Q2+M20 (�T(Q2)))�� Q2(Q2 +M20 (�T(Q2)))# : (22)The mass M0(�T(Q2)) � k2?0=�T(Q2) 
orresponds to the threshold k2?0 in-trodu
ed in (9). In addition to the basi
 physi
al parameters, �(1)(q�q)p, normal-izing the 
ross se
tion, and �2 determining the value of the three-momentum,l2?, transferred to the q�q system, the expression for �
�Tp in (22) now 
on-tains the theoreti
al quantities �T(Q2) and ÆT. Their numeri
al values areobtained by 
omparing the mean-value result (22) with the exa
t result ob-tained by numeri
al integration of the basi
 expression (13). While ÆT turnsout to be independent of Q2, the 
on�guration, �T(Q2), is indeed found todepend on Q2 logarithmi
ally,�T(Q2) = 36 + 4 ln�
1Q2�2 + exp(
2)� : (23)The 
onstant 
2 is uniquely determined by the mean-value evaluation of thephotoprodu
tion 
ross se
tion, that yields �T(0), while 
1 is dedu
ed fromthe asymptoti
 Q2 behaviour. Asymptoti
ally, from (22) with �T(Q2) from(23), one obtains�
�Tp(W 2; Q2!1) = �3� �eqe0�2�(1)(q�q)p� ��2Q2 ln�Q2�2�+ (ln 
1)�2Q2 +O� lnQ2Q4 �� : (24)
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ht, A. ShoshiFor the ensuing dis
ussion of the (1=Q2) logQ2 dependen
e in (24), it isuseful to present also the asymptoti
 result obtained from (22), if we ignorethe Q2 dependen
e of �T(Q2) by putting �T(Q2) � �T(Q2 = 0). In this
ase, one �nds,�
�Tp(W 2; Q2!1;�T(0))= �3� �eqe0�2 �(1)(q�q)p 34 (1�2�T(0))�T(0) ��2Q2+O� 1Q4�� ;(25)i.e. by ignoring the Q2 dependen
e of the 
on�guration, one loses the logQ2fa
tor present5 in (24). We 
on
lude that the logarithmi
 Q2 dependen
e ofthe q�q 
on�guration, impli
itly 
ontained in (13), is essential for the logQ2dependen
e in (24) that 
orresponds to a logarithmi
 violation of s
aling forthe stru
ture fun
tion F2. The example of putting �T(Q2) � �T(0) demon-strates that the 1=Q2 (s
aling) dependen
e is una�e
ted by ignoring the Q2dependen
e of the 
on�guration. In fa
t, as repeatedly stressed, it is thedestru
tive interferen
e between diagonal and o�-diagonal transitions, 
har-a
teristi
 for o�-diagonal GVD, that leads to the 1=Q2 s
aling behaviour.This 
on
lusion is substantiated also by the results for the longitudinal 
rossse
tion to be given below. In the longitudinal 
ase, the 
on�guration vari-able turns out to be independent of Q2 in 
onjun
tion with a 1=Q2 s
alingof the 
ross se
tion.In order to expli
itly demonstrate the validity of the mean-value evalu-ation (22), in Fig. 6, we present the ratio rT(Q2; �T(Q2)),rT(Q2; �T(Q2)) � �
�Tp(W 2;Q2)�
�Tp(W 2;Q2;�T(Q2);ÆT) : (26)The numerator in (26), the exa
t numeri
al result for �
�T;Lp, is obtainedby numeri
al integration of (13). The denominator is based on the mean-value result (22). For the numeri
al evaluation, we 
hose �2=k2?0 = 1 and�2 = 0:05. For this 
hoi
e of �2 we found for the theoreti
al parameters ÆTin (21) and 
1, 
2 in (23),ÆT = 0:52; 
1 = 1:50; 
2 = 3:65 : (27)The value of 
2 = 3:65 
orresponds to �T(0) = 0:1455. As seen in Fig. 6,with �T(Q2) from (23), the mean-value evaluation pra
ti
ally 
oin
ides withthe exa
t result: rT(Q2; �T(Q2)) = 1 is well ful�lled for all Q2 � 0.Dropping the Q2 dependen
e by repla
ing �T(Q2) by �T(0) in (22)and (26), as expe
ted from the above dis
ussion, as a 
onsequen
e of the5 The asymptoti
 Q2 dependen
e (24) was also veri�ed analyti
ally [4℄ dire
tly from(13) without appli
ation of the mean-value theorem.
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Fig. 6. The lines show the ratio rT(Q2;�T(Q2))=�
�Tp(W 2;Q2)=�
�Tp(W 2;Q2;�T(Q2);ÆT) from (26). The numer-ator is obtained by numeri
al integration of (13), the denominator by evaluatingthe mean-value expression (22). The solid line is based on �T(Q2) from (23). Thedotted line shows the result of ignoring the Q2 dependen
e of �T(Q2) by putting�T(Q2) � �T(0) in (22).missing logQ2 term in (25), implies a linear asymptoti
 rise in logQ2 forrT(Q2; �T(0)). Compare Fig. 6. In Table I, we show a few numeri
al valuesfor �T(Q2). Its slow logarithmi
 dependen
e is responsible for the logQ2fa
tor in �
�Tp, 
orresponding to a logarithmi
 violation of s
aling for F2.TABLE IThe parameter �T(Q2) from (23) and the related angular dependen
es as a fun
tionof Q2. We used �2=k2?0 = 1, or k2?0 = 0:05 GeV2.Q2 [GeV2℄ �T(Q2) sin# #0:01 0:1453 0:76 49:4601 0:1309 0:72 41:250100 0:0788 0:56 32:090An analogous pro
edure may be applied to the longitudinal 
ross se
tion,�
�Lp. In distin
tion from the transverse 
ase, it turns out that both, �L ��zL(1��zL) and ÆL are independent of Q2. The longitudinal 
ross se
tion in
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ht, A. Shoshimean-value evaluation be
omes�
�Lp(W 2; Q2;�L; ÆL) = 2�� �eqe0�2 �(1)(q�q)pQ2�L" 1(Q2 +M20 (�L))�(1+2ÆL)�L�02 ln�1 + �02�L(1+2ÆL)(Q2 +M20 (�L))�# : (28)For Q2 ! 1 we have a 1=Q2 dependen
e, 
orresponding to a s
aling 
on-tribution to F2,�
�Lp(W 2; Q2 !1; ÆL) = 2�� �eqe0�2 �(1)(q�q)p" �22(1+2ÆL)Q2+O� 1Q4�#;(29)while for Q2 ! 0 the longitudinal 
ross se
tion rises linearly with Q2. Thenumeri
al values for �L and ÆL are given by�L = 0:1714; ÆL = �0:1767 : (30)As in the transverse 
ase, the mean-value evaluation (28) provides an ex
el-lent approximation of the exa
t result obtained by numeri
al integration of(13). Compare the original paper [4℄.In Fig. 7, we show the transverse and longitudinal 
ross se
tions normal-ized by (transverse) photoprodu
tion.
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longitudinalFig. 7. Numeri
al results for �
�Tp (solid line), and �
�Lp (dotted line) from (13),normalized by the photoprodu
tion 
ross se
tion �
p. The results shown are ob-tained by numeri
al integration of (13). The mean-value results (22) (with �T(Q2)from (23)) and (28) 
oin
ide with the ones shown, apart from a minor deviation inthe longitudinal 
ross se
tion around Q2 � 1 GeV2.
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tor Dominan
e in DIS and QCD 3281For a detailed 
omparison with experiment, the theory has to be ex-tended by in
orporating the W dependen
e. Compare Refs. [21, 23℄ forinteresting work in this dire
tion. Nevertheless, it is worth noting that thedrop by almost 2 orders of magnitude from Q2 = 0 GeV2 to Q2 � 100 GeV2seen in the experimental data in Fig. 1 is also present in the present theo-reti
al results.Finally, in Fig. 8 we show the longitudinal to transverse ratio R. It riseslinearly for Q2 ! 0 and drops as 1= logQ2 for Q2 !1.
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Fig. 8. The longitudinal-to-transverse ratio R. The solid 
urve 
orresponds to�2 = k2?0 = 0:05 GeV2 as used in Fig. 7. The dotted 
urve is obtained for�2 = 0:05 GeV2 and k2?0 = 0:025 GeV2, as indi
ated.4. O�-diagonal GVD in ve
tor�meson produ
tionReformulating and extending the o�-diagonal GVD ansatz [25℄ for elasti
ve
tor meson produ
tion, re
ent work [26℄ by S
huler, Surrow and myselfyields a satisfa
tory representation of the transverse 
ross se
tion and thelongitudinal-to-transverse ratio, R, for elasti
 �0; � and J=Psi-produ
tion[26, 27℄. The theoreti
al predi
tion for �T;
�p!V p is based on�
�Tp!V p = m4V;T(Q2 +m2V;T)2�
p!V p(W 2) : (31)I refer to Ref. [26℄ for the predi
tion for R. The in
lusion of o�-diagonaltransitions with destru
tive interferen
e yields m2V;T < m2V , where mV
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Fig. 9. GVD in 
�p! � p [26℄.
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GVD 4-par. fit result with J/Psi massFig. 10. GVD in 
�p! J=Psi p [27℄.stands for the mass of the ve
tor meson being produ
ed. As an example,in Fig. 9, I show � produ
tion. The 
urves are based on m2�;T = 0:40m2�and �
p!�p = 1:0�b. The theoreti
al 
urves for J=Psi produ
tion in Fig. 10were obtained by the repla
ement m2� ! m2J=Psi and �
p!�p ! �
p!J=Psi p.A more dire
t 
onne
tion between the result of Ref. [4℄ and the o�-diagonalGVD treatment in Ref. [26℄ needs to be established.
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lusionsI will be brief in my 
on
lusions. Taking into a

ount the q�q 
on�g-uration in the 
� ! q�q transition and the opposite signs of the fermionand the antifermion intera
tion with the nu
leon target in the formulationof GVD, one arrives at a representation of the photoabsorption 
ross se
-tion 
ontaining destru
tive interferen
e between diagonal and o�-diagonaltransitions 
hara
teristi
 for o�-diagonal GVD. The destru
tive interferen
eis responsible for s
aling, the impli
it dependen
e on the q�q 
on�gurationis responsible for the logarithmi
 violation of s
aling. The longitudinal-to-transverse ratio de
reases logarithmi
ally withQ2 forQ2 !1. The 
lassi
almomentum-spa
e formulation has been shown to lead to results identi
al tothe position-spa
e treatment based on the notion of 
olour transparen
y.Needless to be stressed again, o�-diagonal GVD is 
ompatible with QCD, itis in fa
t 
ontained in QCD. The two-gluon ex
hange provides the simplestQCD model showing the features of the more general GVD-momentum-spa
eor the transverse-position-spa
e formulation. O�-diagonal GVD also yieldsthe experimentally observed Q2 dependen
e for (elasti
) ve
tor�meson for-ward produ
tion. A 
areful treatment of the energy dependen
e, and furtherwork on the di�ra
tively produ
ed �nal states will be indispensable in or-der to approa
h a detailed understanding of deep-inelasti
 s
attering in thelow-x di�ra
tion region.It is a pleasure to thank my Polish 
olleagues and friends for the orga-nization of a very su

essful meeting and a pleasant stay in Ustron.REFERENCES[1℄ D. Leith, in: A. Donna
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