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DIFFRACTIVE VECTOR MESONS IN DIS: MESONSTRUCTURE AND QCD � ��Nikolai N. NikolaevInstitut für Kernphysik, Fors
hungszentrum Jüli
hD-52425 Jüli
h, Germanyand L.D. LandauInstitute for Theoreti
al Physi
s, Mos
ow, Russia(Re
eived July 10, 2000)We review the modern status of QCD theory of di�ra
tive ve
tor mesonprodu
tion with the fo
us on shrinkage of photons with Q2 and (Q2+m2V )s
aling, j-plane properties of the QCD pomeron and Regge shrinkage ofdi�ra
tion 
one, s-
hannel heli
ity non-
onservation and sensitivity to spin-orbital properties of ve
tor mesons.PACS numbers: 12.38.�t 1. Introdu
tionThere are good reasons for spe
ial interest in di�ra
tive ve
tor mesonprodu
tion. Re
all the fundamental relationship between the in
lusive DISstru
ture fun
tion and the forward amplitude of a diagonal Q2f = Q2in = Q2virtual Compton S
attering (CS)
��(Q2in)p! 
��(Q2f )p0; (1)whi
h for purely kinemati
al reasons of vanishing (
�; 
�) momentum trans-fer is diagonal in the photon heli
ities � = �. By analyti
 
ontinuation toQ2f = 0 one obtains DVCS, the still further 
ontinuation to Q2f = �m2V oneobtains from CS the di�ra
tive Ve
tor Meson (VM) produ
tion
��(Q2)p! 
�V�(�)p0(��) ; (2)� Presented at the Meson 2000, Sixth International Workshop on Produ
tion, Proper-ties and Intera
tion of Mesons, Cra
ow, Poland, May 19�23, 2000.�� This work was partly supported by INTAS grant 97-30494(2485)
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h is a

essible experimentally at �nite (
�:V ) momentum transfer �.Furthermore, the de
ays of VM's are self-analyzing and azimuthal 
orrela-tions of (e; e0), (p; p0) and de
ay planes and polar de
ay angle distributionsallow to re
onstru
t the full set of heli
ity amplitudes A��, whi
h allows toprobe the me
hanism of generalized CS in full 
omplexity. The new numer-i
al results reported here were obtained in 
ollaboration with Ivanov [1℄.2. Color dipole fa
torization, shrinking photonsand (Q2 +m2V ) s
alingThe small-x CS is best des
ribed in Color Dipole (CD) fa
torization,in whi
h A�� = 	��;��� 
 Aq�q 
 	�;��� where �; �� stands for q; �q heli
ities,	�;��� is the Wave Fun
tion (WF) of the q�q Fo
k state of the photon. TheQCD pomeron ex
hange q�q-proton s
attering kernel Aq�q, proportional to
olor dipole 
ross se
tion, does not depend on, and 
onserves exa
tly, theq; �q heli
ities. For small dipoles, the CD 
ross se
tion 
an be related to thegluon SF of the target,�(x; r) � �23 r2�S �Ar2�G�x; Ar2� ; (3)where A � 10 follows from properties of of Bessel fun
tions [2℄.The diagonal CS, i.e., in
lusive DIS, probes CD 
ross se
tion in broadrange of 1=AQ2 �< r2 �< 1 fm2 [3℄. The far rea
hing 
hange from diagonal CSto ex
lusive VM produ
tion is that in the �nal state one swaps the pointlikephoton the q�qWF of whi
h is singular at r! 0 [4℄ for the �nite-size VM withWF whi
h is smooth at r ! 0. The 
ru
ial 
hange [5, 6℄ is that di�ra
tiveVM produ
tion probes the CD 
ross se
tion and the VM WF at a s
anningradius r � rS = 6qQ2 +m2V ; (4)whi
h is a manifestation of a shrinkage of the photon with Q2.The three fundamental 
onsequen
es of (3) and (4) are:(i) the VM produ
tion probes [6℄ the gluon SF of the target at the hards
ale Q2 � (0.1-0.25) (Q2 +m2V ), with slight variations from light toheavy VM's, and x = 0:5(Q2 +m2V )=(Q2 +W 2),(ii) after fa
toring out the 
harge-isospin fa
tors all VM produ
tion 
rossse
tion follow a universal fun
tion of Q2, i.e. there is (Q2+m2V ) s
aling[6℄, see Fig. 1, the same s
aling holds also for the e�e
tive inter
ept�P(0)�1 of the energy dependen
e of produ
tion amplitude, see Fig. 2,
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ontribution to the di�ra
tion slope B from the 
� ! V transitionvertex de
reases / r2S exhibiting again the (Q2 +m2V ) s
aling [7℄, seeFig. 2.The agreement between theory and experiment [8, 9℄ is good, althoughthere remains 
ertain sensitivity to not so well known WF of VM's whi
h
an not be eliminated at the moment, see also below.3. Shrinkage of the di�ra
tion 
oneIf the pomeron is the Regge pole with the traje
tory �P(t) = �P(0) +�0Pt, then the di�ra
tion slope would rise with energy, B(W 2) = B0 +2�0P log(W 2=W 20 ). The 
ommon prejudi
e based on s
aling �S = 
onst ap-proximation is that the BFKL pomeron is a �xed bran
hing point, i.e.,�0P = 0, with no shrinkage of the di�ra
tion 
one. Whi
h is almost tauto-logi
al be
ause in this approximation one is short of any length s
ale. Thistoy model is ni
e be
ause it is exa
tly solvable but it is not QCD, in whi
hthe Asymptoti
 Freedom (AF), i.e., running 
oupling �S, and the fa
t thatperturbative gluons have �nite propagation radius, introdu
e the perhapsrelated length s
ale. The 
onsistent implementation of AF into 
olor dipoleBFKL equation has been done by Zakharov, Zoller and myself in 1994 [10℄.The 
orresponding QCD pomeron has been proven to be a series of mov-ing Regge poles [11℄. As a matter of fa
t, already in 1975 Fadin, Kuraevand Lipatov noti
ed that AF brings about the fundamental transformationof the QCD pomeron from a �xed bran
hing point to a series of movingpoles [12℄. With the spe
i�
 infrared regularization used in [3, 10, 11℄ wefound �0P � 0:07 GeV�2 for the rightmost hard BFKL pole and a somewhatsmaller slope for traje
tories of subleading poles. Under plausible boundary
ondition, the interferen
e of the rightmost and subleading pomerons wasshown to produ
e a shrinkage with �0e� � 0:15 GeV�2 [7℄. Su
h a sensitivityof shrinkage of the di�ra
tion 
one to subleading Regge 
omponents in ppand �pp s
attering is old news.Our fundamental predi
tion of shrinkage of the di�ra
tion 
one for harddi�ra
tive DIS has been 
on�rmed re
ently by the ZEUS 
ollaboration [13℄,whi
h measured the energy dependen
e of di�ra
tion slope for the J=	 pho-toprodu
tion with the result �0P = 0:098 � 0:035(stat) � 0:050(syst), whi
his 
onsistent with our numeri
al results [7℄.4. Pomeron heli
ity-�ip and breaking of SCHCAs emphasized above, the heli
ity of quarks in q�q-target s
attering is
onserved exa
tly, whi
h for long has been believed to entail the S-ChannelHeli
ity Conservation (SCHC). The fundamental point is that the sum of
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tions for the spin density matrix in the �0 produ
tion vs the experi-mental data from HERA.quark and antiquark heli
ities equals heli
ity of neither photon nor ve
tormeson. Only for the nonrelativisti
 massive quarks, m2f � Q2 the only al-lowed transition is 
�� ! q� + �q�� with � + �� = �. In the relativisti
 
asetransitions of transverse photons 
�� into the q�q state with � + �� = 0, inwhi
h the heli
ity of the photon is transferred to the q�q orbital momentum,are equally allowed. Consequently, the QCD pomeron ex
hange SCHNCtransitions 
�� ! (q�q)�+��=0 ! 
�L and 
�� ! (q�q)�+��=0 ! 
�� are al-lowed [14,15℄ and SCHNC persists at small x. We emphasize that the above
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ability of p QCD. Fur-thermore, the leading 
ontribution to the proton stru
ture fun
tion 
omesentirely from transitions of transverse photons � the fa
t never mentionedin textbooks.The �rst ever dire
t QCD evaluation [14℄ of SCHNC e�e
t � the LT-interferen
e of transitions 
�Lp ! p0X and 
��p ! p0X into the same 
on-tinuum di�ra
tive states X � has been reported by Pronyaev, Zakharovand myself in 1997. Experimentally, it 
an be measured at HERA by bothH1 and ZEUS via azimuthal 
orrelation between the (e; e0) and (p; p0) s
at-tering planes and 
an be used the determination of the otherwise elusiveR = �L=�T for di�ra
tive DIS is found in [15℄. The prin
ipal issue is thatthis asymmetry persists, and even rises slowly, at small xP.SCHNC heli
ity �ip only is possible due to the transverse and/or lon-gitudinal Fermi motion of quarks and is extremely sensitive to spin-orbit
oupling in the ve
tor meson, I refer for details to [16, 17℄. The 
onsistentanalysis of produ
tion of S-wave and D-wave ve
tor mesons is presentedonly in [17℄. One would readily argue based on the results [14, 15℄ that byex
lusive�in
lusive duality [18℄ between di�ra
tive DIS into 
ontinuum andve
tor mesons the dominant SCHNC e�e
t in ve
tor meson produ
tion isthe interferen
e of SCHC 
�L ! VL and SCHNC 
�T ! VL produ
tion, i.e.,the element r500 of the ve
tor meson spin density matrix. The overall agree-ment between our theoreti
al estimates [1℄ of the spin density matrix rnikfor di�ra
tive �0 assuming pure S-wave in the �0-meson and the ZEUS [19℄and H1 [20℄ experimental data is very good. There is a 
lear eviden
e forr500 6= 0, see Fig. 3.5. A �y in the pie: the �L=�T puzzle?In Fig. 4 we show separately the predi
tions for �L and �T. Evidently,the toy models with soft wave fun
tions for VM fail at large Q2. The naturalinterpretation is that these toy models underestimate the admixture of smallsize 
olor dipoles in ve
tor mesons.Indeed, 
onsider Rel = �L=�T for elasti
 CS 
�p ! 
�p, whi
h isquadrati
 in the ratio of CS amplitudes. By opti
al theorem one �ndsRel = ����A(
�Lp! 
�Lp)A(
�Tp! 
�Tp) ����2 = ��L�T�2DIS � 4� 10�2 (5)Here I used the predi
tion [3℄ for in
lusive DIS RDIS = �L=�TjDIS � 0:2,whi
h is 
onsistent with the indire
t experimental evaluations at HERA. Theresult Rel � 1 for diagonal CS with produ
tion of the pointlike �nal statephoton must be 
ontrasted to theoreti
al expe
tation R � Q2=m2V >> 1for non-pointlike ve
tor meson produ
tion. Su
h a dramati
 
hange from
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0 5 10 15 20Fig. 4. The demonstration that soft WF of the �0 underestimates �T at large Q2.Rel to R for VM's suggests that predi
tions for R are extremely sensitive toadmixture of quasi-pointlike q�q in VM. Evidently, su
h an admixture wouldlower the theoreti
al results for R for the �0 and the possible elimination ofthe observed disagreement between experiment and theoreti
al evaluationsof R based on too 
rude a soft WF of VM's is good news! A 
onsistenttheoreti
al analysis of the short distan
e WF of VM's is as yet la
king.6. Heli
ity �ip and spin�orbit 
oupling in VM'sIn the D-wave state the total spin of q�q pair is predominantly opposite tothe spin of the D-wave ve
tor meson. As a results, SCHNC in produ
tion ofD-wave ve
tor mesons is mu
h stronger [17℄ than for the ground state S-wavemesons, whi
h may fa
ilitate the long disputed D-wave vs 2S-wave assign-ment of the �0(1480) and �0(1700) and of the !0(1420) and !0(1600). Strikingpredi
tions for D-wave ve
tor meson produ
tion in
lude [1, 17℄ abnormallylarge higher twist 
orre
tions [17℄ and non-monotonous Q2 dependen
e ofRD = �L=�T.
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tion to the S-D-mixing.Besides that, for D-wave ve
tor mesons we predi
t anomalously small�L=�T whi
h by virtue of S-D mixing 
ould a�e
t R for the ground stateve
tor mesons. As well known, all popular 
on�ning potentials give rise tothe tensor for
e. Re
all a large S-D mixing angle, 'SD � 14Æ, in an evensu
h a loosely bound system as a deuteron. The only well establishedD-wavequarkonium is 	(3770), for whi
h the pure D-wave assignment suggests theleptoni
 de
ay width � (	(D)! e+e�) = 0:046 keV to be 
ontrasted to theexperimental �nding �exp(	(3770) ! e+e�) = 0:26 keV. Attributing theen
han
ement of the leptoni
 de
ay width to the mixing with the J= (1S),one �nds two solutions for the S-D-mixing angle, 'SD � 23Æ ; 'SD � �9Æ :The results presented in Fig. 5 show that R 
an be lowered substantiallyand �L=�T puzzle 
an be eliminated to a large extent at the expense ofadmissible S=D mixing. 7. Con
lusions� Consistent use of the re
ently determined unique di�erential gluonstru
ture fun
tion of the proton [21℄ within �-fa
torization approa
heliminates the sensitivity of ve
tor meson produ
tion amplitudes to
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ture fun
tion of the proton.� Consistent in
orporation of S andD wave ve
tor meson spinorial stru
-tures allows for analysis of either pure S and D states or their mixture.� Predi
tions of �-fa
torization approa
h are in agreement with experi-ments both on ground and ex
ited ve
tor mesons; the only dis
repan
y� underpredi
tion of �T at large Q2 � signals that presently used softwave fun
tion Ansätze do not exhaust the whole physi
s at short dis-tan
es.� We predi
t very di�erent behavior of basi
 1S/2S/D state observables.� A large part of �L=�T puzzle 
an be eliminated at the expense ofstrong S=D mixing in � system; the relatively large e+e� de
ay widthof  (3770) suggests that mixing indeed 
an be strong.Thanks are due to the organizers of Meson 2000 for the most ex
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