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COHERENT PHOTOPRODUCTION FROM NUCLEIL. FrankfurtShool of Physis and AstronomyRaymond and Beverly Sakler Faulty of Exat SieneTel Aviv University, Ramat Aviv 69978, Tel Aviv, IsraelM. StrikmanPennsylvania State University, University Park, Pennsylvania 16802, USAand M. ZhalovPetersburg Nulear Physis Institute, Gathina 188350, Russia(Reeived April 22, 2003)Dediated to Jan Kwiei«ski in honour of his 65th birthdayWe argue that study of the ross setion of oherent photo(eletro) pro-dution of vetor mesons o� nulear targets provides an e�etive methodto probe the leading twist hard QCD regimes of olor transpareny andperturbative olor opaity as well as the onset of Blak Body Limit (BBL)in the soft and hard QCD interations. In the ase of intermediate energieswe use the Generalized Vetor Dominane Model (GVDM) to take intoaount oherene e�ets for two distintive limits � the soft interationsfor prodution of � and �0-mesons and the olor transpareny regime forprodution of harmonium states. We demonstrate that GVDM desribesvery well �-meson oherent photoprodution at 6 � E � 10 GeV andpredit an osillating energy dependene for the oherent harmonium pro-dution. In the limit of small x we �nd that hard QCD leads to onset of theperturbative olor opaity even for prodution of very small onium states,like � . The advantages of the proess of oherent dijet photoprodutionand hard di�rative proesses in general for probing the onset of BBL andmeasuring the light-one wave funtion of the photon in a hard satteringregime where deomposition over twists beomes inappliable are explained.We apply this analysis to the study of the photon indued oherent pro-esses in ultra peripheral ollisions of ions at LHC and demonstrate thatthe ounting rates will be su�ient to study the physis of olor opaity andolor transpareny at the energies beyond the reah of the eletron�nuleon(nuleus) olliders.PACS numbers: 12.38.�t, 25.20.Lj, 25.75.�q(3215)



3216 L. Frankfurt, M. Strikman, M. Zhalov1. IntrodutionIt appears that in the next deade the photon�nuleus interations willbe in the forefront of the small x QCD dynamis studies. This is due tothe possibilities of the studying oherent (and for some hannels inoherent)photon�nuleus interations at energies whih exeed at least by a fator of 10the energies of eletron�nuleon interations at HERA. Suh studies will befeasible at LHC within the program of the study of the Ultra Peripheral Col-lisions (UPC) [1�3℄. This opens a hallenging opportunity to get answersto a number of the fundamental questions whih ould be investigated inthe oherent proesses: how to ahieve new QCD regime of strong intera-tion with small oupling onstant, how interations depend on the type ofthe projetile and how they hange with an inrease of the size/thikness ofthe target, et. Several regimes appear possible depending on the inidentenergy and the target thikness. A hadroni projetile (proton, pion, et.)high-energy interations with the nuleus rather rapidly approah the blakbody limit in whih the total ross setion of the interation is equal to 2�R2A(RA ' 1:2A1=3). Another extreme limit is the interation of small size pro-jetiles (or wave pakages). In this ase in a wide range of high energies thesystem remains almost frozen during the passage through the nuleus andthe regime of olor transpareny is reahed in whih the interation of thesmall size projetile with a nuleus is rather weak and proportional to A.This olor transpareny phenomenon in hard high energy projetile-nuleusinterations has been reently observed experimentally in the exlusive pro-dution of two jets by pions in the oherent di�ration o� nulei. At higherenergies interations of small dipole is expeted to reah the regime of theperturbative olor opaity. In this regime the small size projetile still ou-ples to the gluon �eld of the target via the (skewed) gluon density of thetarget, GA(x;Q2), like in the olor transpareny regime. However, the sat-tering amplitude is not / A due to the Leading Twist (LT) shadowing,GA=AGN < 1. The onset of gluon shadowing tames somewhat the inreaseof GA(x;Q2) between x � 10�2 and x � 10�4 and slows down the inreaseof the small dipole�nuleus interation with energy. The resulting taming isnot strong enough to prevent the leading twist approximation result for thetotal inelasti ross setion from reahing and even exeeding the BBL. Thisviolation of unitarity is an unambiguous signal that for su�iently small xthe LT approximation breaks down.An important pratial issue for the studies of the small x dynamisis whether the interations of small dipoles with several nuleons of thetarget are strongly modi�ed by the leading twist shadowing dynamis [4℄or one an neglet the LT gluon shadowing, like in the model of MLerranand Venugopalan [5℄, and fous on the higher twist e�ets whih are often



Coherent Photoprodution from Nulei 3217modeled in the impat parameter spae eikonal model [6℄. If the leadingtwist shadowing was small and only higher twist e�ets were taming theinrease of the dipole�nuleus ross setion, the break down of the DGLAPapproximation would our at rather large x. The break down of DGLAPmay result in onset of the BBL or taming of the ross setions at smallervalues. We will argue below that the relative importane of leading andhigher twist interations ould be experimentally resolved using oherentonium photoprodution.Note also that if the LT gluon shadowing e�ets were small enough,the BBL for the interation of q�q dipoles of the size � 0:3�0:4 fm ould bereahed for entral ollisions with heavy nulei already at x � 10�3 that isin the kinematis where ln x e�ets in the evolution of the parton densitiesare small. In any ase, whatever is the limiting behavior for the interationof the small size dipoles with heavy nulei, it is of major theoretial inter-est sine it represents a new regime of interations when the leading twistapproximation and, therefore, the whole notion of the parton distributionsbeomes inappliable for the desription of hard QCD proesses in the smallx regime. It is worth emphasizing that on the top of providing higher par-ton density targets, nulei have another important advantage as omparedto the nuleon target. It is a weak dependene of the sattering amplitudeon the impat parameter for a wide range of the impat parameters (in fat,one an ombine light and heavy nulei to study the dependene of the am-plitudes on the nulear thikness). On the ontrary, in the nuleon asethe sattering at large impat parameters is important even at very small xworking to mask the hange of the regime of the interations at small impatparameters.Theoretial studies of the limiting behavior of the small dipole�heavynuleus ross setions did not lead so far to de�nitive results. It is oneiv-able that the QCD dynamis will stop the inrease of the ross setion atentral impat parameters at the values signi�antly smaller than allowedby the BBL. In the following disussion to emphasize the qualitative dif-ferene of the new regime we will use for simpliity the extreme hypothesisthat the impat fator at small impat parameters reahes the value of oneorresponding to the BBL pattern of the elasti and inelasti ross setionsbeing equal.There exist many proesses where the projetile wave funtion is a su-perposition of on�gurations of di�erent sizes, leading to the �utuations ofthe interation strength. In this respet, interations of real and virtual pho-tons with heavy nulei provide unique opportunities sine the photon wavefuntion ontains both the hadron-like on�gurations (vetor meson domi-nane) and the diret photon on�gurations (small q�q omponents, heavyquark�antiquark omponents). The important advantage of the photon is



3218 L. Frankfurt, M. Strikman, M. Zhalovthat at high energies the BBL is manifested in di�ration into a multitudeof the hadroni �nal states (elasti di�ration  !  is negligible) while inthe hadron ase only elasti di�ration survives in the BBL, and details ofthe dynamis responsible for this regime remain hidden. Moreover, one anpost-selet a small size or a large size initial state by seleting a partiular�nal state, ontaining for example � b�b, or a leading light meson. Suhpost-seletion is muh easier in the photon ase than in the hadron asesine the distribution over the sizes of the on�gurations is muh broader inthe photon ase.Spetaular manifestations of BBL in (virtual) photon di�ration inludestrong enhanement of the large mass tail of the di�rative spetrum asompared to the expetations of the triple Pomeron limit, large ross setionof the high pt dijet prodution [7℄. We emphasize that the study of thedi�rative hannels will allow to distinguish between two extreme senarios:large suppression of the ross setion due to the leading twist shadowing andnonlinear regime of the BBL. Investigation of the oherent di�ration in BBLwould allow to perform unique measurements of various omponents of thelight one wave funtion of the photon, providing a muh more detailedinformation than similar measurements in the regime where leading twistdominates.In this review we summarize our reent studies of the various regimesof the oherent photoprodution o� nulei [7�14℄: the onset of the BBLregime, phenomenon of olor transpareny and perturbative olor opaityrelated to the leading twist nulear gluon shadowing, and the pattern of softQCD phenomena in the proximity to the blak body limit. In addition weonsider hard leading twist di�ration o� nulei in DIS. We also outline howthese e�ets an be studied in UPC ollisions and provide a omparison withthe �rst UPC data from RHIC.2. Vetor meson prodution o� nulei in the generalized vetordominane model at intermediate energies2.1. Outline of the modelOur onsideration of the oherent photoprodution proesses of light�avor and hidden harm is based on the use of the eikonal approximationthat is the Glauber model modi�ed to take into aount �nite longitudinalmomentum transfer [15℄. The photoprodution ross setion �A!�A(!) isgiven in the Glauber model by the general expression�A!V A(!)= tminZ�1 dt �k2V jFA!V A(t)j2= �k2V 1Z0 dt?���� ikV2� Z d~b ei~q?�~b� (~b)����2: (1)



Coherent Photoprodution from Nulei 3219Here ! is the photon energy, kV is the vetor meson momentum, ~q 2? = t? =tmin � t, �tmin = M4V4!2 is the longitudinal momentum transfer in the �Vtransition, and � (~b) is the di�rative nulear pro�le funtion. Depending onthe onsidered vetor meson prodution proess, the Glauber approah anbe ombined with either the traditional Vetor Dominane Model (VDM)(for the detailed review see Ref. [16℄) or with the Generalized Vetor Dom-inane Model (GVDM) [17�19℄. More properly this latter approximationshould be alled the Gribov�Glauber model [20℄ beause the spae�timeevolution of high energy proesses is di�erent in quantum mehanial mod-els and in quantum �eld theory and, therefore, theoretial foundations of thehigh-energy model are di�erent. In partiular, in QCD in di�erene fromquantum mehanis a high-energy projetile interats with all nuleons atthe same impat parameter almost at the same time [20℄. Due to the an-ellations between diagonal and nondiagonal transitions. the GVDM allowsto take into aount the QCD e�et of the suppression of interation of spa-tially small quark�gluon wave pakages with a hadron target, the so alledolor transpareny phenomenon. Namely, anellations our between theamplitudes of the photon transition into a vetor state V1 with subsequentonversion to a state V2 and diret prodution of the state V2, et. Theimportane of the nondiagonal transitions reveals itself in the preoiousBjorken saling for moderately small x � 10�2 as due to the presene in thevirtual photon of hadron-like and point-like type on�gurations [21℄. Theseamplitudes are also ruial for ensuring a quantitative mathing with per-turbative QCD regime for Q2 � few GeV2 [22℄. The amplitude of the vetormeson prodution o� a nuleon an be written within the GVDM asA( +N ! Vj +N) =Xi efViA(Vi +N ! Vj +N); (2)where fVi are expressed through � (Vi ! e+e�). Calulation of the vetormeson prodution amplitude o� nulei within the Glauber approximationrequires taking into aount both the nondiagonal transitions due to thetransition of the photon to a di�erent meson V 0 in the vertex  ! V 0 anddue to a hange of the meson in multiple resatterings like !V !V 0!V .This physis is equivalent to inelasti shadowing phenomenon familiar fromhadron�nuleus sattering [20℄. Then in the optial limit (A � 1) of theGlauber multistep prodution theory one an introdue the eikonal funtions�V;V 0(~b; z), whih desribe propagation of the produed objets through themedium and are related to the di�rative pro�le funtion by expression� (~b) = limz!1�(~b; z) : (3)



3220 L. Frankfurt, M. Strikman, M. ZhalovWithin the optial limit of theGlauber based GVDM with auray O(p�em)the eikonal funtions �V;V 0(~b; z) are determined by the solutions of the ou-pled hannel equationsddzXV �V (~b; z) =XV 12ikV� "UA!V A(~b; z)eiq!Vk z +XV 0 UV A!V 0A(~b; z)eiqV!V 0l z�V 0(~b; z)# ; (4)with the initial ondition �V;V 0(~b;�1) = 0. The exponential fators e[iqi!jk z℄are responsible for the oherent length e�et, i; j = ; V; V 0, qi!jl =(M2j �M2i )=2! . The generalized Glauber-based optial potentials in theshort-range approximation are given by the expressionUiA!jA(~b; z) = �4�fiN!jN(0)%(~b; z) : (5)Here fiN!jN(0) are the forward elementary amplitudes, and %(~b; z) is the nu-lear density normalized by the ondition R d~bdz %(~b; z) = A. We alulated%(~b; z) in the Hartree�Fok�Skyrme (HFS) model whih provided a verygood(with an auray � 2%) desription of the global nulear properties ofspherial nulei along the periodial table from arbon to uranium [23℄ andthe shell momentum distributions in the high energy (p; 2p) [24℄ and (e; e0p)[25℄ reations. If the nondiagonal resattering amplitudes fV N!V 0N = 0,one an easily integrate Eq. (4), and using the expression for the elementaryamplitude fV N!V N (t = 0) = 14�kV �totV N (1� i�V N ) ;obtain the expression for the photoprodution ross setiond�A!V Adt = d�N!V N (t = 0)dt� ������Z d2bdz ei~qt�~b�(~b; z) eiqlz e� 12�totV N (s)(1�i�V N ) 1Rz �(~b;z0)dz0������2; (6)well known from early seventies (see for example [16℄).



Coherent Photoprodution from Nulei 32212.2. Prodution of light vetor mesonsWe have used the GVDM to desribe oherent photoprodution of had-roni states ofM � 2GeV o� nulei and onsider the onset of BBL in the softregime1. In Ref. [26℄ the simplest nondiagonal model was onsidered withtwo states � and �0. Then the GVDM omprises elementary amplitudesfN!�N = ef� f�N!�N + ef�0 f�0N!�N ;fN!�0N = ef�0 f�0N!�0N + ef� f�N!�0N : (7)It was assumed that both � and �0 have the same diagonal amplitudes ofsattering o� a nuleon. The ratio of oupling onstants was �xed: f�0=f� =p3, while the ratio of the nondiagonal and diagonal amplitudes A(�+N !�0+N)=A(�+N ! �+N) = �", and the value �tot�N were found from the �tto the forward  +A! �+A ross setions measured at ! = 6:1, 6.6 and8.8 GeV [27℄. One should emphasize here that in suh GVDM extension�0-meson approximates the hadron prodution in the interval of hadronmasses �M2 � 2GeV2. Thus the values of the prodution ross setionrefer to the orresponding mass interval.We re�ned this model in [9℄. The dependene on the nulear stru-ture parameters was diminished by alulating the nulear densities in theHartree�Fok�Skyrme (HFS) approah. Next, we used in all our alulationsthe parameterization of [28℄ for the �N amplitude whih was obtained fromthe �t to the experimental data on photoprodution o� the proton target.The value of " was �xed at 0.18 to ensure the best �t of the measured di�er-ential ross setion of the �-meson photoprodution o� lead at ! = 6:2 GeVand t? = 0:001GeV2. Note that this value of " leads to a suppression of thedi�erential ross setion of the �-photoprodution in  + p ! � + p bya fator of (1� "=p3)2 � 0:80 pratially oiniding with phenomenologialrenormalization fator R = 0:84 introdued in [28℄ to ahieve the best �t ofthe elementary �-meson photoprodution forward ross setion in the VDMwhih neglets mixing e�ets. With all parameters �xed we alulated thedi�erential ross setions of �-prodution o� nulei and found a good agree-ment with the data [27℄, see a detailed omparison in [9℄. In view of a goodagreement of the model with the data on �-meson prodution in the lowenergy domain we used this model to onsider the �-meson photoprodutionat higher energies of photons. The inrease of the oherene length with1 In our alulation we neglet the triple Pomeron ontribution whih is present at highenergies. This ontribution though notieable for the sattering o� the lightest nuleibeomes a very small orretion for the sattering of heavy nulei due the stronglyabsorptive nature of the interation at the entral impat parameters.



3222 L. Frankfurt, M. Strikman, M. Zhalovthe photon energy leads to a qualitative di�erene in the energy dependeneof the oherent vetor meson prodution o� light and heavy nulei and toa hange of the A-dependene for the ratio of the forward �0 and �-mesonprodution ross setions between ! � 10GeV and ! � 40GeV (Fig. 1).The observed pattern re�ets the di�erene of the oherene lengths of the�-meson and a heavier �0-meson whih is important for the intermediatephoton energies � 30 GeV. The orretions due to nondiagonal transitionsare relatively small (� 15%) for the ase of � prodution o� a nulei. Asa result, we �nd that the GVDM ross setion is lose to the one alu-lated in the VDM for heavy nulei as well. Situation for �0 prodution ismuh more interesting. The ross setion of �0 prodution o� a nuleon isstrongly suppressed as ompared to the ase when the � $ �0 transitionsare swithed o�. The extra suppression fator is � 0:5. The non-diagonaltransitions disappear in the limit of large A (orresponding to the BBL) dueto the ondition of orthogonality of hadroni wave funtions in aordane
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Fig. 1. The energy dependene of the �-photoprodution ross setion andthe A-dependene of the �0=� photoprodution ross setions alulated in theGVDM+Glauber model.



Coherent Photoprodution from Nulei 3223with the general argument of Gribov [17℄. Therefore, in the limit of A!1we expet that the relationd�( +A! h1 +A)=dtd�( +A! h2 +A)=dt jA!1 = �(e+e� ! h1)�(e+e� ! h2) � �f2f1�2 ; (8)should be ful�lled for the produtions of states h1; h2 of invariant massesM21 ;M22 at t? = 0. Indeed we have found from alulations that in thease of the oherent photoprodution o� lead the nondiagonal transitionsbeomes strongly suppressed with inrease of the photon energy. As a resultthe �0=� ratio inreases, exeeds the ratio of the p ! V p forward rosssetions alulated with aounting for �$ �0 transitions already at ! � 50GeV and beomes lose to the value of f2�=f2�0 whih an be onsidered asthe limit when one an treat the interation with the heavy nuleus as ablak one. It is worth noting here that presene of nondiagonal transitionsin terms of the formalism of the sattering eigen states [29℄ orresponds tothe �utuations of the values of the interation ross setions for the realphoton. The GVDM disussed in the paper leads to small (/ 10%) olortranspareny e�ets at intermediate energies for the ross setion of semi-inlusive photoprodution proesses. Really, this model orresponds to thepropagation of states with ross setions: � �(V N)(1 � "). In the ase ofeletroprodution " should be signi�antly larger:" � f�0f� =s� (�! e+e�)m� .� (�0 ! e+e�)m�0 :This equation follows from Eq. (2) where the left-hand side is put to zero be-ause the ross setion of the elasti vetor meson eletroprodution rapidlydereases with Q2. The presene of the CT phenomenon within the GVDMleads to a substantial modi�ation of the pattern of the approah to BBL.The nondiagonal transitions beome more important with the inrease ofQ2, leading to an enhanement of the e�ets disussed above. In partiular,the �utuations of strengths of interation would lead at large Q2 to theolor transpareny phenomenon. Presene in GVDM of signi�antly dif-ferent masses of �; �0; : : : makes it impossible to desribe all �utuations ofstrengths of interation in terms of one oherent length.2.3. Photoprodution of J= ;  0-mesons at intermediate energiesThere is a qualitative di�erene between GVDM desription of the lightmeson prodution desribed above and prodution of harmonium states. Inthe ase of the photoprodution of light mesons the soft physis dominatesboth at low and high energies. Hene, the Gribov�Glauber model should



3224 L. Frankfurt, M. Strikman, M. Zhalovbe appliable in a wide range of energies. At the same time the spae�time piture of the proess hanges with energy. At low energies the mesonis formed at the distanes smaller than the typial interation length ofameson in the nuleus. With the inrease of energy the formation lengthstarts to exeed the nulear size and a photon onverts to a system of q�qand higher Fok-omponents before the target, and one has to aount forthe interations of this system with the media and subsequent transition ofthe system to a vetor meson.The situation is muh more involved in the ase of (harm)onium pro-dution. At high energies both the oherene length l � 2!m�2V and theformation length lf � 2! [m2 0 �m2J= ℄�1 (distane on whih the squeezedq�q pair transforms into the ordinary meson) are large and the olor trans-pareny phenomenon reveals itself. In partiular, it explains the fast inreaseof the ross setion with energy observed at HERA (for reviews of small xphenomena see Ref. [30,31℄). Consequently, the value of the ross setion ex-trated from the harmonium photoprodution haraterizes the interationof the squeezed � pair with a nuleon rather than the harmonium�nuleoninteration. In the high energy limit the very small interquark distanes inthe wave funtion of the photon dominate, and one has to treat the inter-ation of small dipoles with nulei. In this ase the eikonal approximationgives a qualitatively wrong answer sine it does not take into aount theleading twist e�et of the gluon shadowing(see the detailed analysis in [32℄),while the leading twist analysis predits large shadowing e�ets [8℄, see dis-ussion in Setion 3. On the other hand, at the intermediate energies whenonium states are formed inside the nuleus the nonperturbative e�ets ata transverse distane sale omparable to the harmonium size beomes im-portant. The hadroni basis desription would be more relevant in this ase.However the VDM whih takes into aount only diagonal vetor mesontransitions does not aount properly for the basi QCD dynamis of inter-ation. In partiular, SLAC data [33℄ show that �+N! 0N � 0:15�+N! Nwhih within VDM orresponds to: � 0N=�J= N � 0:7. This onlusion isin evident ontradition with the QCD expetation that the hadron inter-ation ross setion should be saled approximately as the transverse areaoupied by olor: � 0N=�J= N / r2 0=r2J= . Thus in this naive QCD pi-ture �( 0N)=�(J= N) � 4. A QCD explanation of suh failure of VDMis based on the observation [34, 35℄ that in photoprodution of both theJ= and  0mesons the small relative distanes � 1=m dominate in the �omponent of the photon wave funtion. Therefore, the ross setions whihenter into the ratio of J= and  0 yields are ross setions of the interationof the small dipoles, not genuine mesons. The suppression of the produtionof  0 in this piture is primarily due to a smaller leptoni deay width of



Coherent Photoprodution from Nulei 3225 0 (a fator of 1/3). A signi�ant additional suppression omes from impor-tane of more massive � intermediate states in the photon wave funtion(� MJ= ;M 0 , respetively). The exat value of the suppression is sensi-tive to the details of the onium wave funtions and the dependene of thedipole�nuleon ross setion on the size of the dipole [36, 37℄.The dominane of small � on�gurations in photoprodution proessesis relevant for the signi�ant probability of nondiagonal J= $  0 di�ra-tive transitions. The GVDM adjusted to aount for the olor sreening phe-nomenon [34,35℄ allows to take into aount QCD dynamis using a hadronibasis. Suh a desription is limited to the regime of small oherene lengths(medium energies), where leading twist shadowing is not important. Weuse the GVDM to onsider the oherent photoprodution of hidden harmmesons o� nulei at moderate photon energies 20 GeV � ! � 60GeV wherethe oherene length for the V transition l is still lose enough to the in-ternuleon distane in nulei while the formation length lf is omparableto the radii of heavy nulei. In this energy range produed harmoniumstates have a notieable probability to resatter in su�iently heavy nulei.Therefore, one would be able to reveal the �utuation of the harmonium�nuleon interation strength as due to the diagonal  N !  N and nondi-agonal  N ,  0N resatterings for moderate energies. The GVDM whihwe outlined above takes into aount the oherene length e�ets via theGlauber model approximation. The key distintion from the �-meson aseis hoosing the parameters of the model to aount for the spae-time evo-lution of spatially small � pair. It is important that the inelasti shadowingorretions related to the prodution of higher mass states [20℄ are still in-signi�ant. A reasonable starting approximation to evaluate the amplitudeof the harmonium�nuleon interation is to restrit ourselves to the basisof J= and  0 states for the photon wave funtion in Eq. (2). Then, simi-larly to the onsidered above ase of �; �0 prodution we have two equationsomprising six elementary amplitudes. The harmonium�nuleon ouplingonstants: f2J= =(4�) = 10:5�0:7, and f2 0=(4�) = 30:9�2:6 are determinedfrom the widths of the vetor meson deays V ! e�e. Sine in the photopro-dution proesses � pair is produed within the spatially small on�gurationone an neglet for a moment by the diret photoprodution amplitude andobtain the approximative relations between resattering amplitudesf 0N! 0N � � f 0fJ= f 0N!J= N � f2 0f2J= fJ= N!J= N : (9)Large values for nondiagonal amplitudes f 0N!J= N � �1:7fJ= N!J= N area harateristi QCD property of hidden harm and beauty meson�nuleoninteration. Note that the negative sign of the nondiagonal amplitude is



3226 L. Frankfurt, M. Strikman, M. Zhalovditated by the QCD fatorization theorem. A positive sign of the forwardphotoprodution fN!J= ( 0)N amplitudes as well as the signs of the ou-pling onstants fJ= and f 0 are determined by the signs of the harmoniumwave funtions at r = 0. From the approximative estimates above it alsofollows that � 0N � 9�J= N . This is muh larger than � 0N � 20mb sug-gested by analysis of the data on  0 absorption in nuleus�nuleus olli-sions [38,39℄. When ombined with the SLAC data [40℄, this orresponds to� 0N=�J= N � 5� 6 with large experimental and theoretial errors.To �x elementary amplitudes more aurately within GVDM (see [12℄for details) we parameterized the elementary photoprodution ross setionin the form used by the experimentalists of HERA to desribe their data.This form has no �rm theoretial justi�ation but it is onvenient for the �t�+N!V+N / F 22g(t)� ss0�0:4 : (10)Here s = 2!mN is the invariant energy for the photon sattering o� a freenuleon, s0 = 40GeV2 is the referene point and F2g(t) is the two-gluonform fator of a nuleon.We also used the SLAC results for the forward N ! J= N ross setion[33℄ and for the ratiod�N! 0Ndt ����t=tmin = 0:15 d�N!J= Ndt ����t=tmin : (11)Besides, we �xed the J= N ross setion �J= N � (3:5 � 0:8)mb as mea-sured at SLAC [40℄ and used the reasonable assumption about the energydependene of this ross setion as the sum of soft and hard physis�J= N = 3:2 mb� ss0�0:08 + 0:3mb� ss0�0:2 : (12)The existene of a hard part of the J= N ross setion is onsistent with theGVDM, beause the photoprodution amplitude has a stronger energy de-pendene than the Pomeron exhange, i.e. soft sattering amplitudes. Next,we used this input, the optial theorem and the well known Gribov�Migdalrelation <f	N!	N = s�2 �� ln s =f	N!	Ns ; (13)to determine from Eq. (2) all elementary amplitudes in the disussed energyrange. In partiular, we found the value � 0N � 8mb. However, the inputparameters of the GVDM, namely the experimental ross setions of theforward elementary photoprodution and, espeially, the value of �J= N ,



Coherent Photoprodution from Nulei 3227are known with large unertainties. In result, we obtained elementary rosssetions hanging in the ranges: 2.5mb� �J= N � 5mb and 6mb� � 0N �12mb, in the disussed energy range. We heked how a variation of �J= Nwithin the experimental errors in�uenes our results.
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Fig. 2. The oherent photoprodution of harmonia o� Ca: (a) Energy depen-dene of photoprodution ross setions; (b) Ratio of ross setions alulatedwithin the GVDM and IA for J= ; () The same for  0; (d) Ration of the forward 0-prodution ross setion to that for J= . The �lled areas show the variation ofthe ross setions due to the unertainty of the experimental J= N ross setion.In our papers [12,13℄ we analyzed the oherent photoprodution of har-monia o� light (Si) and heavy (Pb) nulei. Here we present the ross setionsof the oherent photoprodution of J= and  0 o� Ca. The energy depen-dene of these ross setions is ompared (Fig. 2(a)) to that obtained inthe Impulse Approximation where all resatterings of the produed vetormesons are negleted, and the ross setion is given by the simple formula



3228 L. Frankfurt, M. Strikman, M. Zhalovd�A!V A(s; t)d t = d�N!V N (s; tmin)dt ������ 1Z0 ei~q?�~bd~b 1Z�1 d zeiz�qVk %(~b; z)������2: (14)The distintive feature of the oherent harmonium photoprodution isthat di�erential ross setions osillate as a funtion of the photon energy.The major soure for suh a behavior at intermediate energies is osillatingbehavior of the longitudinal nulear form fator at the relatively large valuesof tmin in the photoprodution vertex.The ross setion of the J= photoprodution in the GVDM is lose tothat alulated in the Impulse Approximation � the shapes of urves arevery similar and the values of the ross setions are only slightly reduedat energies below 40GeV (Fig. 2(b)). This indiates that it would be verydi�ult to extrat the total J= N ross setion from suh a measurement.At the same time, sine the the nulear form fator is known with a highpreision from the high energy elasti eletron�nuleus sattering, one anuse the oherent J= photoprodution o� the spherial nulei to determinethe elementary N ! J= N amplitude in a wide range of energies for t � 0.The piture is qualitatively di�erent for the oherent  0 photoprodutiono� nulei. Due to the higher threshold (E 0th �EJ= th ) � 3GeV, the diret 0 prodution o� nulei is suppressed in the impulse approximation (for thesame inident energy) as ompared to the J= prodution by the nulearform fator. Sine q 0k � m2 0=(m2J= ) qJ= k , the minima of the impulseapproximation distribution are shifted. The ontribution of the nondiag-onal term  ! J= !  0 essentially inreases the  0 yield and produesan additional shift of the minima in the spetrum to lower photon energies(Fig. 2()). This results in signi�ant e�ets, espeially, if one analysis thedata as a funtion of the mass number A at di�erent energies to extratA-dependene of the J= N ross setions. It is seen from Fig. 3 that theosillating form fator signi�antly in�uenes the A-dependene that om-pliates extrating of the genuine J= N and  0N ross setion from suhanalysis. The osillation of the ross setion with energy an be used tomeasure in a new way the elementary harmonium photoprodution am-plitudes as well as the harmonium�nuleon amplitudes using the oherentharmonium photoprodution o� light nulei [13℄. In partiular, at the pho-ton energies ! � 0:13RAm2 0 (Fig. 2(d)), the main ontribution to the rosssetion originates from the nondiagonal resattering. As a result, one anextrat from the data the nondiagonal elementary J= N !  0N amplitudeby measuring the ratio of the  0 and J= yields at zero prodution angle,beause other inputs to this ratio suh as the elementary N ! J= N



Coherent Photoprodution from Nulei 3229

10
-2

10
-1

1

10 10
2

A

σ,
  µ

b

10
-4

10
-3

10
-2

10
-1

1

10 10
2

A

σ,
  µ

b

100 100

50
50

35
35

25
25

 γ→J/Ψ  γ→Ψ'

Fig. 3. The A-dependene of the oherent harmonium photoprodution ross se-tions alulated in the generalized vetor dominane model for di�erent energies ofthe photon.amplitude are �xed from the J= prodution. Moreover, sine other param-eters enter both in the numerator and denominator, the major unertaintiesare aneled out. On the other side, the energy dependene of this ratioshould originate primarily due to the ontribution of the diret  0 produ-tion. Thus, one would be able to determine the N !  0N amplitude fromthe measurement of the  0-to-J= ratio. We want to emphasize that thesuggested proedure for extrating the nondiagonal amplitude and ampli-tudes of diret J= and  0 photoprodution from the nulear measurementsis pratially model independent.It is muh more di�ult to determine the diagonal J= N ! J= Nand  0N !  0N amplitudes, whih are relevant for the suppression of theharmonium yield in heavy ion ollisions.A naive diagonal VDM with �tot(J= N) based on the SLAC data [40℄leads to a rather signi�ant suppression of the J= yield: � 10% � 15%for light nulei, and � 30% � 40% for heavy nulei. However, we �nd [12℄a strong ompensation of the suppression due to the ontribution of thenondiagonal transitions. As a result we �nd that overall the suppressiondoes not exeed 5%� 10% for all nulei along the periodial table. Hene,



3230 L. Frankfurt, M. Strikman, M. Zhalovan extration of the diagonal amplitudes from the measured ross setionswould require a omparison of high preision data with very aurate theo-retial alulations inluding the nondiagonal transitions. Another strategyis possible if the elementary N ! J= N , and N !  0N photoprodutionamplitudes, as well as the nondiagonal amplitude J= N $  0N would bereliably determined from the medium energy data. In this ase it would bepossible to determine the imaginary parts of the forward diagonal amplitudesfrom the GVDM equations (2)=fJ= N!J= N = fJ= e =fN!J= N � fJ= f 0 =f 0N!J= N ; (15)=f 0N! 0N = f 0e =fN! 0N � f 0fJ= =fJ= N! 0N : (16)The suggested proedure allows to determine all elementary amplitudes witha reasonable preision from the measurements of J= and  0 photoprodu-tion o� the light nuleus at the medium photon energies. The measurementof the oherent harmonium photoprodution o� nulei in this energy regionare planned at SLAC [41℄. The measurements of oherent prodution o�heavy nulei and of the quasielasti prodution with parameters of GVDM�xed from the analysis of light nulei would provide a ritial test of themodel.The main limitation of the suggested proedure is the restrition of thehadroni basis to the two lowest 1S, 2S harmonium states with the photonquantum numbers: J= ,  0. This is one of the key approximations in thedisussed approah. It seems quite reasonable sine in the oherent produ-tion of vetor meson states o� nulei at moderate energies ontribution ofhigh mass states is more suppressed by the target form fator. However, wenegleted by  00 whih is nearly degenerate in mass with  0: �M=91MeV.The properties of these two states are desribed well in the harmoniummodel [42, 43℄. In this model  00-meson is desribed as a 3D1 state witha small admixture of the S-wave, while  0-meson has a small D-wave ad-mixture. Namely �� 0� = os � j2Si+ sin � j1Di ;�� 00� = os � j1Di � sin � j2Si : (17)Sine only the S-wave ontributes to the deay of  states into e+e� (atleast in the non-relativisti harmonium models) the value � = 19Æ � 2Æ anbe determined from the data on the e+e� deay widths � ( 0 ! e+e�) =2:19 � 0:15KeV and the � ( 00 ! e+e�) = 0:26 � 0:04 KeV. Due to thesmall di�erene of masses between the  0 and  00 mesons the produedS-wave �-state does not loose oherene while going through the media



Coherent Photoprodution from Nulei 3231at any oneivable energies. The soft interations annot transform theS-state to D-state with any signi�ant probability. In the soft QCD pro-esses data show that the ross setions of exlusive nondiagonal transitionsare negligible for the forward angle sattering. The same onlusion is validin the PQCD model for the harm dipole�nuleon interations. Thus, it ismore appropriate to use the 1S�2S basis for desription of the propagationof � through the nuleus. The only resulting hange is an inrease of f2Sby a fator of 1= os � as ompared to f 0 whih is within the unertaintiesof the model. Sine the 2S state ultimately transforms into  0 and  " wepredit [44℄2 �( 00)�( 0) = tan2(�) � 0:1 : (18)In�uene of the higher mass resonanes is expeted to be even weaker �the onstants 1=fV relevant for the transition of a photon to a harmoniumstate V rapidly derease with the resonane mass. This is beause the radiusof a bound state, rV , is inreasing with the mass of the resonane and,therefore, the probability of the small size on�guration being / 1=r3V isdereasing with an inrease of mass (for �xed S;L). Besides, the asymptotifreedom in QCD ditates dereasing of the oupling onstant relevant forthe behavior of the harmonium wave funtion at small relative distanes.Experimentally one �nds from the data on the leptoni deay widths that1=fV drops by a large fator with inreasing mass. An additional suppressionarises due to the weakening of the soft exlusive nondiagonal V N $ V 0Namplitudes between states with the di�erent number of nodes. Hene, itseems possible to determine the imaginary parts of diagonal resatteringamplitudes from analysis of the data using the GVDM equations. Sinein the medium energy domain the energy dependene of soft resatteringamplitudes is well reprodued by a fator s0:08, one an determine the realparts of the amplitudes using the Gribov�Migdal relation (Eq. (13)).The above analysis demonstrate that the relative importane of the non-diagonal transitions inreases an inrease of the quark mass. It would beof interest to investigate experimentally the ase of strangeness prodution.It is likely to orrespond to " substantially larger than "� � 0:2 but muhsmaller than "J= � 1:7.2 If the s-wave mehanism dominates in the harmonium prodution in other hardproesses the  "= 0 ratio would be a universal number. Sine  " an be easilyobserved via its harateristi D �D deays in a number of the lepton, hadron andnuleus indued proesses the study of the disussed proess an provide a new wayto probing dynamis of harmonium prodution in various reations.



3232 L. Frankfurt, M. Strikman, M. Zhalov3. Onset of perturbative olor opaity at small x and oniumoherent photoprodutionInteration of small size olor singlet objets with hadrons is one of themost atively studied issues in high-energy QCD. The QCD fatorizationtheorem for exlusive meson eletroprodution at large Q2, and J= ; � pho-toprodution [45, 46℄ allows to evaluate the amplitude of the prodution ofa vetor meson by a longitudinally polarized photon L+T ! V +T throughthe onvolution of the wave funtion of the meson at the zero transverseseparation, hard interation blok and the generalized (skewed) parton den-sity3. The LT approximation di�ers strongly from the expetations basedon Glauber model approahes and on the two gluon exhange models, be-ause it aounts for the dominane of the eletroprodution of spatiallysmall quark�gluon wave pakage and its spae�time evolution whih leadsto formation of a softer gluon �eld. The latter e�et results e�etively in aninrease of the size of the dipole with inrease of the energy.In perturbative QCD (similar to QED) the total ross setion of theinteration of small systems with hadrons is proportional to the area o-upied by olor within projetile hadron [50℄ leading to the expetation ofthe olor transpareny phenomenon for various hard proesses with nulei.The ross setions of inoherent proesses are expeted to be proportionalto the number of nuleons in the nulei, while the oherent amplitude isproportional to number of nuleons times the nulear form fator. Possibil-ity to approximate projetile heavy quarkonium as olorless dipole of heavyquarks an be formally derived from QCD within the limit when mass ofheavy quark mQ !1 but x = 4m2Q=s is �xed and not extremely small [36℄.In this kinematis the size of heavy quarkonium is su�iently small to justifyappliability of PQCD.For pratial purposes the ruial question is at what Q2 squeezing be-omes e�etive. Probably the most sensitive indiator is the t-dependeneof the meson prodution. The urrent HERA data are onsistent with thepredition of [36,46℄ that the slopes of the � and J= prodution amplitudesshould onverge to the same value. This indiates that at small x on�gura-tions muh smaller than average on�gurations in light mesons (d � 0:6 fm)dominate for �-meson prodution at Q2 � 5 GeV2, while the J= produtionis dominated by interation in small size on�gurations for all Q2. There-fore, one expets the regime of olor transpareny for x � 0:03 where thegluon shadowing is very small/absent.3 Proportionality of the hard di�rative amplitudes to the gluon density of the nuleonwas disussed for hard pp di�ration in [47℄, and for J= prodution [48℄ in the BFKLapproximation and for the pion di�ration into two jets [49℄ in the leading log Q2approximation [49℄.



Coherent Photoprodution from Nulei 3233Reently the Color Transpareny (CT) phenomenon was observed atFNAL by E791 experiment [51℄ whih studied the oherent proess of disso-iation of a 500GeV pion into two jets o� the nulei. The measurement hason�rmed a number of preditions of [49℄ inluding the A-dependene, andthe transverse and longitudinal momentum distributions of the jets. Previ-ously the olor transpareny type behavior of the ross setion was observedalso in the oherent J= photoprodution at hEi = 120GeV [52℄.A natural question is whether the olor transpareny will hold for arbi-trary high energies? Two phenomena are expeted to work against CT athigh energies. One is the LT gluon shadowing. There are theoretial ex-petations (see disussion below) supported to some extent by the urrentanalysis of the data on DIS sattering o� nulei (whih do not extend deepenough into the shadowing region) that the gluon distributions are shad-owed in nulei as ompared to the nuleon: GA(x;Q2)=AGN (x;Q2) < 1.This obviously should lead to a gradual but alulable in QCD disappear-ane of olor transpareny [46, 49℄, and to onset of a new regime, whih werefer to as the olor opaity regime (one an think of this regime also as aregime of generalized olor transpareny sine a small q�q dipole still ou-ples to the gluon �eld of the target through a two gluon attahment andthe amplitude is proportional to the generalized gluon density of the nu-leus). Another mehanism for the violation of CT at high energies is theinrease of the small dipole�nuleon ross setion with energy / GN (x;Q2).For su�iently large energies this ross setion beomes omparable to themeson�nuleon ross setions. One may expet that this would result ina signi�ant suppression of the hard exlusive di�rative proesses as om-pared to the LT approximation. However it seems that this phenomenonis beyond the kinematis ahievable for the photoprodution of J= -mesonsin UPC of heavy ions at RHIC (x � 0:015; Q2e� � 4GeV2) but ould beimportant at heavy ion UPC at LHC.Hene, a systemati study of the onium prodution in the oherent sat-tering o� nulei at ollider energies will be very interesting. One should em-phasize here that with derease of the size of the onium the eikonal (highertwist) ontributions die out quikly (provided x is kept �xed). In partiular,for the � ase one probes nulear gluon �elds at the transverse sale of theorder of 0.1 fm or Q2e� � 40 GeV2. The J= ase is loser to the borderline between the perturbative and nonperturbative domains. As a result thea nonperturbative region appears to give a signi�ant ontribution to theprodution amplitude [53℄.Let us disuss the photoprodution amplitude  + A ! J= (� ) + A inmore details. We are interested here in the Wp range whih an be probedat LHC. This region orresponds to rather small values of x . In this sit-uation interation of q�q pair, whih in the �nal state forms a quarkonium



3234 L. Frankfurt, M. Strikman, M. Zhalovstate is still rather far from the BBL. Hene the key problem in the theoret-ial treatment of the proess is taking into aount the nulear shadowing.A number of mehanisms of oherent interations with several were suggestedfor this proess. We fous here on the the leading twist mehanism ofshadowing whih is presented by diagrams in Fig. 4. There exists qualita-tive di�erene between the mehanism of interation of a small dipole withseveral nuleons and the ase of a similar interation of an ordinary hadron.Let us for example onsider interation with two nuleons. The leading twistontribution is desribed by the diagrams where two gluons are attahed tothe dipole. To ensure that nuleus remains intat in suh a proess, theolor singlet lines should be attahed to both nuleons. These diagrams (es-peially the one of Fig. 4(b)) are losely related to the diagrams desribingthe gluon di�rative parton densities (whih are measured at HERA), andhene to the similar diagrams for the gluon nulear shadowing [4℄.
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Fig. 4. Leading twist diagrams for the prodution of quarkonium o� nuleus.The amplitude of high energy oherent heavy onium photoprodution isproportional to the generalized gluon density of the target, GT(x1; x2; t; Q2e�),whih depends on the light-one frations x1 and x2 of gluons attahed tothe quark loop. They satisfy a relationx1 � x2 = m2Vs � x : (19)



Coherent Photoprodution from Nulei 3235If the quark Fermi motion and binding e�ets were negligible, x2 � x1.The resolution sale Q2e� � m2q, where mq is the mass of the heavy quark.Numerial estimates for the photoprodution of J= give Q2e� � 3�4 GeV2[36,53℄ re�eting a relatively small mass of -quark and indiating that thisproess is on the verge between nonperturbative and perturbative regimes.On the ontrary, the mass of the beauty quark is huge on the sale of softQCD. In this ase hard physis dominates, attahments of more than twogluons to b�b are negligible and the QCD fatorization theorem provides areliable tool for desription of the � prodution. This is espeially true forthe ratio of the ross setions of � prodution from di�erent targets sinethe higher twist e�ets due to the overlapping integral of the b�b omponentof the photon and � aneled out in the ratio. As a result, in the leadingtwist shadowing approximation the ross setion of the proess A ! �Ais proportional to the squared nulear gluon density distribution and an bewritten in the form�A!V A(s) = d�N!V N (s; tmin)dt " GA(x1; x2; Q2e� ; t = 0)AGN (xx; x2; Q2e� ; t = 0)#2� tminZ�1 dt����Z d2b dz ei~qt�~be�qlz�(~b; z)����2: (20)Numerial estimates using realisti potential model wave funtions indi-ate that for J= , x1 � 1:5x; x2 � x=2 [53℄, and for � , x2=x1 � 0:1 [56℄.Modeling of the generalized parton distributions at moderate Q2 suggeststhat to a good approximation G(x1; x2; t = 0) an be approximated by thegluon density at x = (x1 + x2)=2 [46, 54℄. For large Q2 and small x GPDsare dominated by the evolution from xi(init) � xi. Sine the evolutiononserves x1�x2, e�et of skewedness is determined primarily by the evolu-tion from nearly diagonal distributions, see Ref. [55℄ and referenes therein.In the ase of the � prodution it inreases the ross setion by a fator� 2 [56, 57℄ and, potentially, this ould even obsure the onnetion of thedisussed e�et with the shadowing of the nulear gluon densities. However,the analysis of [58℄ shows that the ratio of GPD on a nuleus and on a nuleonat t = 0 is a weak funtion of x2, slowly dropping from its diagonal value(x2 = x1) with the derease of x2. Overall this observation is in a agreementwith the general trend mentioned above that it is more appropriate to doomparison of diagonal and non-diagonal ases at x = (x1 + x2)=2.In the ase of double sattering ontribution (Fig. 4(b)) there is anotherway to address the question of the auray of the substitution of the ra-tio of generalized gluon densities by the ratio of diagonal parton densities



3236 L. Frankfurt, M. Strikman, M. Zhalovat the normalization sale. We notie that the amplitude orrespondingto Fig. 4(b) is expressed through the nondiagonal matrix element of thedi�rative distribution funtion, ~gD(xP; Q2; x1; x; t), whih is an analog ofgeneralized parton distribution. In the diagonal limit of x1 = x2 it oin-ides with the di�rative gluon distribution. It depends on the light-onefration whih nuleon lost in jini and houtj states: xP xP� x, respetively,�in = x1=xP; �out = (x1 � x)=(xP � x), and t;Q2. If we make a naturalassumption that~gD(x1; x; xP; Q20; t) =qgD(�in; Q20; xP; t)gD(�out; Q20; xP� x; t); (21)we �nd that numerially in the kinematiswe disuss the resulting skewednesse�ets are small as ompared to the unertainties in the input gluon diagonaldi�rative PDFs.Hene in the following we will approximate the ratio of generalized gluondensities in the nuleus and nuleon by the ratio of the gluon densities innuleus and nuleon at x = m2V =s. In the ase of � use of ~x � x=2 maybemore appropriate. This would lead to slightly larger shadowing e�et.It was demonstrated in [4℄ that one an express the quark and gluon nu-lear shadowing for the interation with two nuleons in a model independentway through the orresponding di�rative parton densities using the Gribovtheory of inelasti shadowing [20℄ and the QCD fatorization theorem forthe hard di�ration [59℄. An important disovery of HERA is that harddi�ration is indeed dominated by the leading twist ontribution and gluonsplay a very important role in the di�ration(this is loosely referred to asgluon dominane of the Pomeron). Analysis of the HERA di�rative dataindiates that in the gluon indued proesses probability of the di�ration ismuh larger than in the quark indued proesses [4℄. The reent H1 data ondi�rative dijet prodution [60℄ provide an additional on�rmation of thisobservation. Large probability of di�ration in the gluon indued hard pro-esses ould be understood in the s-hannel language as formation of olorotet dipoles of rather large sizes whih an di�ratively satter with a quitelarge ross setion. The strength of this interation an be quanti�ed usingoptial theorem and introduing�ge� = 16��tot(x;Q2) d�di�(x;Q2; tmin)dt= 16�(1 + �2)GN (x;Q2) x0PZx dxPgDN � xxP ; xP; Q2; tmin� ; (22)for the hard proess of sattering of a virtual photon o� the gluon �eldof the nuleon. Here � is the ratio of the real to imaginary parts of the



Coherent Photoprodution from Nulei 3237elementary di�rative amplitude, Q2 is the momentum sale determiningvirtuality of the gluons, xP is the momentum fration of the Pomeron withthe orresponding ut-o� sale x 0P = 0:03, and gDN ( xxP; xP; Q2; tmin) is thedi�rative gluon density distribution of nuleon whih is known from the H1analysis of the di�rative data at the sale Q2 � 4 GeV2.An important feature of this mehanism of oherent interation is thatit is pratially absent for x � 0:02 � 0:03 and may rather quikly beomeimportant with derease of x.We alulated the ratio of the gluon density distributions in Eq. (20)using the leading twist shadowing model [4℄ (for the details of alulationssee Ref. [61℄). As the �rst step the nulear gluon density distribution withaount of the leading twist shadowing is alulated at the starting evolutionsale Q20 = 4 GeV2GA �x ; Q20� = AGN �x ; Q20�� 8�<� "(1�i�)21+�2 Z d 2 b 1Z�1 dz1 1Zz1 dz2 x0PZx dxPgDN � xxP ; xP; Q20; tmin�� �(~b; z1)�(~b; z2)eixPmN (z1�z2)e� 12�e� (x;Q20)(1�i�)z2Rz1 dz�(~b;z)#: (23)As an input we used the H1 parameterization of gDN ( xxP; xP; Q20; tmin). Thee�etive ross setion �e�(x;Q20) aounts for the elasti resattering of theprodued di�rative state o� the nulear nuleon and is determined byEq. (22). Numerially it is very large at the starting sale of the evolu-tion, see Fig. 5, and orresponds to the probability of the gluon indueddi�ration lose to 50%. This indiates that at the initial sale of the evo-lution interations in the gluon setor are lose to the BBL for x � 10�3for the nuleon ase, and even more so for the nulei, where similar regimeshould hold for a larger range of the impat parameters.Note that the double sattering term in Eq. (23) for the nulear partondensities satis�es QCD evolution, but the higher order terms do not. Thatis if we use di�erent starting sale of evolution we would obtain di�erentresults ofG(x;Q2). The reason is that the terms/ �ne� ; n � 2 are sensitive todegree of �utuations in the ross setions of interation of di�rating states.These �utuations inrease with inrease of Q2. This e�et is automatiallyinluded in the QCD evolution, and it leads to violation of the Glauber-likestruture of the expression for the shadowing at Q2 > Q20. Approximationfor the n � 3 resattering of Eq. (23) orresponds to an assumption that�utuations are small at Q20 sale sine this sale is lose enough to the sale
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3240 L. Frankfurt, M. Strikman, M. Zhalovparameterization:d�N!V N (s; t)dt = 10�4B� � ss0�0:85 exp(B� t) ; (24)where s0 = 6400 GeV2, the slope parameter B� = 3:5GeV�2 is �xed basingon the analysis of the two gluon form fator in Ref. [62℄, and the energydependene follows from the alulations of Ref. [56℄ of the photoprodutionof � in the leading logQ2 approximation with an aount for the skewednessof the partoni density distributions. This elementary ross setion is nor-malized so that the total ross setion is in �b.
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Coherent Photoprodution from Nulei 3241sattering assuming that it oinides with the A-dependene of the totalross setion of the inelasti di�ration, and the absolute total ross se-tion of pA di�ration (the data exist for two nulei only) at the energies200�400GeV, see [58℄ for the review and referenes. With an inrease ofenergy, the total ross setion of NN interation inreases and �utuationsin the elementary amplitude lead to muh smaller �utuations of the ab-sorption in the sattering o� a heavy nulei. As a result, one an expetmuh weaker A-dependene of the di�rative ross setion [64℄, in partiular,�di�(p + A ! X + A) / A0:25 at LHC energies [1℄ as ompared to�di�(p + A ! X + A) / A0:7 at �xed target energies. For large produedmasses we an also understand this suppression using the t-hannel pitureof the Pomeron exhanges as due to the stronger sreening of the triplePomeron exhange, for review and referenes see [65℄.Di�ration in deep inelasti sattering orresponds to the transition ofthe (virtual) photon into its hadroni omponents leaving the nuleus intat.Hene it is similar to elasti hadron�nuleus sattering rather than inelastidi�rative hadron�nuleus sattering.It was demonstrated reently that in the UPC ollisions at LHC it wouldbe possible to study nulear parton densities using hard harm and beautyprodution in  +A interations [66℄. Naturally one an also use these andsimilar proesses to measure di�rative parton densities of nulei. Sinethese quantities in the leading twist satisfy the fatorization theorem we ananalyze them on the basis of the analysis of the di�ration in DIS.There is a deep onnetion between shadowing and phenomenon of di�ra-tive sattering o� nulei. The simplest way to investigate this onnetionis to apply the AGK utting rules [67℄. Several proesses ontribute todi�ration on nulei: (i) Coherent di�ration in whih the nuleus remainsintat, (ii) Break-up of the nuleus without prodution of hadrons in thenuleus fragmentation region, (iii) Rapidity gap events with hadron pro-dution in the nuleus fragmentation region. In Ref. [68℄ we found that forx � 3 � 10�3; Q2 � 4 GeV2, the fration of the DIS events with rapiditygaps reahes the value of about 30�40% for heavy nulei, with a fration ofthe events of type (iii) rapidly dropping with A.We an use the information on �e� for quarks and gluons to estimateprobability of di�ration for di�erent hard triggers at the resolution sale� Q20. First we onsider the dependene of the fration of the events due tooherent di�ration and due to the break-up of the nuleus on the strength ofthe interation, �je� , negleting �utuations of the interation strength. We�nd that for the realisti values of �je� the probability of oherent di�ra-tion is quite large but inreases with �e� very slowly and does not reahthe asymptoti value of 1=2 even for very large values of � (the later fea-ture re�ets presene of a signi�ant di�use edge even in heavy nulei), see



3242 L. Frankfurt, M. Strikman, M. ZhalovFig. 8. Thus, it is not sensitive to the �utuations of �e� . We also foundthat the ratio of di�ration with the nuleus break-up and with the nuleusremaining intat is small (10�20%) in a wide range of nulei, and slowlyinreasing with inrease of �e� , see Fig. 8. Hene it would require highpreision measurements to onstrain the dynamis using �q�el=�tot ratios.
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Fig. 8. Dependene of the partial ross setions ratios for the hard proesses onthe e�etive ross setion de�ned in Eq. (21) ompared with the shadowing of theinlusive hard proess.Comparing the values of the fration of the di�rative events for quarkand gluon indued proesses o� heavy nulei and proton, we �nd that therelative importane of the quark indued events is inreasing. Therefore, thesaling violation at large � for the di�rative quark distribution in nulei willbe stronger for nulei than for a proton. Another interesting e�et is thatfor heavy nulei only genuine elasti omponents an be produed (inelastidi�ration is zero). Hene, the soft ontribution at Q20 due to triple Pomeronexhange is strongly suppressed see e.g. [68℄. As a result, nulear di�rativeparton distributions at small � are strongly suppressed (by a fator / A1=3)at Q20 though this suppression will be less pronouned at large Q2 due tothe QCD evolution. This will lead to breakdown of the universality of the� distributions as a funtion of A.Though the di�rative parton densities hange rather slowly with Q2leading to a weak variation of the di�rative ross setions with Q2 (modulusthe saling fator) the fration of the di�rative events at �xed x should



Coherent Photoprodution from Nulei 3243signi�antly drop with inrease of Q2 due to a large inrease of the inlusivenuleon parton densities and derease of the nulear shadowing.For example, let us onsider ultra peripheral ollisions at LHC where onean measure a the proess  + A ! jet1 + jet2 +X + A in the kinematiswhere diret photon proess  + g ! q�q dominates. In this ase if we on-sider the proess at say pt � 10 GeV/ orresponding to Q2 � 100 GeV2the fration of di�rative events will be of the order 10%. The bakgroundfrom the strong interation originates from glaning ollisions in whih twonuleons interat via a double di�rative proess pp ! pp + X where Xontains jets. Probability of the hard proesses with two gaps is very smallat ollider energies � even smaller than the probability of the single di�ra-tive hard proesses, see e.g. [69℄. Therefore, we expet that the bakgroundonditions will be at least as good in the di�rative ase as in the inlusivease onsidered in [66℄. Thus, it would be pretty straightforward to extratoherent di�ration by simply using anti-oinidene with the forward neu-tron detetor, espeially in the ase of heavy nulei, see disussion in [70℄.As a result it would be possible to measure in the UPC the nulear di�ra-tive parton distributions with a high statistial auray. It is importantthat in di�erene from the di�ration to a vetor meson it would be possibleto determine on the event by event basis the energy of the photon whihindued the reation, sine the rapidity of the photon is lose to the rapidityof two jets. As a result it would be possible to perform the measurementsfor large rapidities (seleting the events generated by a photon of higher oftwo energies allowed by the kinematis of prodution partiles in the intervalof rapidities y1 < y < y2) and to determine di�rative parton densities forpretty small x.5. Large mass di�ration in the blak body limitOne of the striking features of the BBL is the suppression of nondiagonaltransitions in the photon interation with heavy nulei [17℄. Indeed, in theBBL the dominant ontribution to the oherent di�ration originates from�a shadow� of the fully absorptive interations at impat parameters b � RA,so the orthogonality argument is appliable. We use it to derive the BBLexpression for the di�erential ross setion of the prodution of the invariantmass M2 for sattering of (virtual) photons [7℄. For the real photon ased�(+A!\M 00+A)dt dM2 = �em3� (2�R2A)216� �(M2)M2 4 ��J1(p�tRA)��2�tR2A : (25)Here �(M2) = �(e+e� ! hadrons)=�(e+e� ! �+��). Comparison ofthe measured ross setion of the di�rative prodution of states with er-tain masses with the BBL result (Eq. (25)) would allow to determine up to



3244 L. Frankfurt, M. Strikman, M. Zhalovwhat masses in the photon wave funtion interation remains blak. Similarequation is valid in the BBL for the prodution of spei� hadroni or quark-gluoni �nal states (q�q; q�qg; et.) in the ase of the oherent nulear reoil.This allows to measure any omponent of the light one photon wave fun-tion whih interats with the BBL strength orresponding �nal states in theoherent proesses. The onset of BBL limit for hard proesses should revealitself also in a faster inrease with energy of ross setions of photoprodu-tion of exited states as ompared to the ross setion for the ground statemeson. It would be espeially advantageous for these studies to use a set ofnulei � one in the medium range, like Ca, and another with A � 200. Thiswould allow to remove the edge e�ets and use the length of about 10 fm ofnulear matter.One espeially interesting hannel is exlusive di�rative dijet produ-tion by real photons. One may expet that for the A energies whih willbe available at EIC or at LHC in UPC the BBL in the sattering o� heavynulei would be a good approximation for the massesM in the photon wavefuntion up to few GeV. This is the domain whih is desribed by pertur-bative QCD for x � 10�3 in the ase of the proton targets, and largerx forsattering o� nulei. The ondition of large longitudinal distanes, a smalllongitudinal momentum transfer, will be appliable in this ase up to quitelarge values of the produed di�rative mass. In the BBL the dominanthannel of di�ration to large masses is prodution of two jets with the totalross setion given by Eq. (25) and with a harateristi angular distribu-tion (1 + os2 �), where � is the .m. angle [7℄. On the ontrary, in theperturbative QCD limit the di�rative dijet prodution, exept the harmeddijet prodution, is strongly suppressed [71, 72℄. The suppression is due tothe struture of oupling of the q�q omponent of the real photon wave fun-tion to two gluons when alulated in the lowest order in �s. As a result,in the real photon ase hard di�ration involving light quarks is onnetedto prodution of q�qg and higher states. Distribution of di�ratively pro-dued jets over invariant mass provides an important test of the onset ofBBL limit. Really, in the DGLAP/CT regime di�erential ross setion offorward di�rative dijet prodution should be / 1=M8 and be dominatedby harm jet prodution. This behavior is strikingly di�erent from the BBLlimit expressions of [7℄. Thus, the dijet photoprodution should be very sen-sitive to the onset of the BBL regime. We want to draw attention that q�qomponent of the photon light-one wave funtion an be measured in threeindependent di�rative phenomena: in the BBL o� the proton, in BBL o�a heavy nulei, in the CT regime where the wave funtion an be measuredas a funtion of the interquark distane [49℄. A ompeting proess for photo-prodution of dijets o� heavy nulei is prodution of dijets in � ollisionswhere the seond photon is provided by the Coulomb �eld of the nuleus.



Coherent Photoprodution from Nulei 3245The dijets produed in this proess have positive C-parity and hene thisamplitude does not interfere with the amplitude of the dijet prodution inthe P interation whih have negative C-parity. Our estimates indiate thatthis proess will onstitute a very small bakground over the wide range ofenergies [9℄.6. Coherent vetor meson prodution in UPC at LHCUltra peripheral ollisions of relativisti heavy ions at RHIC and LHCopen a promising new avenue for experimental studies of the photon induedoherent and inoherent interations with nulei at high energies [73, 74℄.Really, the LHC heavy ion program [1,3℄ will allow studies of photon�protonand photon�nuleus ollisions at the energies exeeding by far those availablenow at HERA for �p sattering.Hene, we an analyze an opportunity to study the phenomena disussedabove ombining the theory of photo indued proesses in the ultra periph-eral AA ollisions with our studies of the oherent photo (eletro) produtionof vetor mesons. We an use the standard Weizsaker�Williams approxi-mation [75℄ to alulate the ross setion integrated over the momentum ofthe nuleus whih emits the quasireal photons.The ross setion of the vetor meson prodution integrated over thetransverse momenta of the nuleus whih emitted a photon an be writtenin the onvoluted form:d�(AA! V AA)dy = N(y)�A!V A(y) +N(�y)�A!V A(�y) : (26)Here y is the rapidity y = 12 ln EV � pV3EV + pV3 : (27)The �ux of the equivalent photons N(y) is given by a simple expression [73℄N(y) = Z2��2 Z d2b�AA(~b) 1b2X2 �K21 (X) + 1K20 (X)� : (28)Here K0(X) and K1(X) are modi�ed Bessel funtions with argument X =(bmV ey)(2),  is Lorentz fator and~b is the impat parameter. The Glauberpro�le fator�AA(~b) = exp0���NN 1Z�1 dz Z d2b1 �(z;~b1)�(z;~b �~b1)1A ; (29)



3246 L. Frankfurt, M. Strikman, M. Zhalovaounts for the inelasti strong interations of the nulei at impat param-eters b � 2RA and, hene, suppresses the orresponding ontribution of thevetor meson photoprodution.Reently the STAR ollaboration released the �rst data on the rosssetion of the oherent �-meson prodution in gold�gold UPC at WNN =psNN = 130 GeV [76℄. This provides a �rst opportunity to hek thebasi features of the theoretial models and main approximations whihinlude the Weizsäker�Williams (WW) approximation for the spetrum ofthe equivalent photons, an approximate proedure for removing ollisionsat small impat parameters where nulei interat strongly, and the modelfor the vetor meson prodution in the A interations. In the ase of the�-meson prodution the basi proess is understood muh better than forother photoprodution proesses. Hene, heking the theory for this ase isespeially important for proving that UPC ould be used for learning newinformation about photon�nuleus interations. Note here that the inelastishadowing e�ets whih start to ontribute at high energies still remain a fewperent orretion at energies � 100GeV relevant for the STAR kinematis.For LHC energy range one should aount for the blakening of interationwith nulei. In this ase ross setion of inelasti di�ration in hadron�nuleus ollisions should tend to 0. So major impat for the alulation ofthe proess of di�rative photoprodution of � meson would be neessity toneglet by the ontribution of �0 [9℄.The alulated momentum transfer distributions at the rapidity y = 0and the momentum transfer integrated rapidity distribution for gold�goldUPC at psNN = 130 GeV are presented in Figs. 9(a), (b) [10℄. Let us brie�yomment on our estimate of the inoherent �-meson prodution ross setion.The momentum transfer distribution (dashed line in Fig. 9(a)) is pratially�at in the disussed t? range. The total inoherent ross setion obtained byintegration over the wide range of t? is �in = 120mb. To selet the oherentprodution the ut t? � 0:02 GeV2 was used in the data analysis [76℄.Correspondingly, the alulated inoherent ross setion for this region of t?is �in = 14mb. Our alulations of inoherent prodution whih are basedon aounting for only the single elementary di�rative ollision obviouslypresent the lower limit. The residual nuleus will be weakly exited and anevaporate only one-two neutrons. The events A + A ! � + xn + A1 + A2were deteted by the STAR and identi�ed as a two-stage proess � oherent�-prodution with the subsequent eletromagneti exitation and neutrondeay of the olliding nulei [77℄. In partiular, the ross setion estimated bythe STAR for the ase when only one of the nulei is exited and emits severalneutrons is ��xn;0n = 95� 60� 25mb. The momentum transfer distributionfor these events is determined by the oherent prodution. Hene, it di�ersfrom that for inoherent events but in the region of very low t? it is hardly
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Fig. 9. (a) Momentum transfer dependene of the oherent and inoherent �-mesonprodution in Au�Au UPC atpsNN = 130 GeV alulated in GVDM. (b) Rapiditydistributions for oherent �-meson prodution in the gold�gold UPC at psNN =130 GeV alulated in GVDM.possible to separate them experimentally, and the measured ross setion��xn;0n inludes ontribution of inoherent events on the level of 15%.The total rapidity-integrated ross setion of oherent �-meson produ-tion alulated in the GVDM for the range of energies available at RHIC isshown in Fig. 10 (solid line). We �nd �thoh = 540mb at psNN = 130 GeV.The value �expoh = 370�170�80mb was obtained at this energy by the STARfrom the data analysis at the low momentum transfer t?�0:02GeV2. Thus,before making a omparison we should take into aount this ut. It leadsto a redution of the ross setion by � 10% (the dashed line in Fig. 10). Inour alulations we didn't aount for the t?-dependene of the elementaryamplitudes whih are rather �at in the onsidered range of energies and mo-mentum transfers as ompared to that for the nuleus form fator. So, inthe region of integration important for our analysis it is reasonable to ne-glet this slope. Nevertheless, an aount of this e�et would slightly redueour estimate of the total ross setion. Also we negleted a smearing due tothe transverse momentum of photons and the interferene of the produtionamplitudes from both nulei [78℄.
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Coherent Photoprodution from Nulei 3249As a result it would be possible to study at LHC photoprodution of vetormesons in Pb�Pb and Ca�Ca ollisions at energies muh higher than therange Wp � 17:3 GeV overed at the �xed target experiment at FNAL[52℄. Note that even urrent experiments at RHIC (Wp � 25 GeV) shouldalso exeed this limit. As it is learly indiated by the STAR study theoherent photoprodution, leaving the both interating nulei intat, an bereliably identi�ed by using the veto triggering from the two-side Zero DegreeCalorimeters whih selet the events not omprising the esaped neutrons.The additional requirement whih enables to remove ontribution of theinoherent events with the residual nuleus in the ground state is seletionof the produed quarkonium with small transverse momentum. In Fig. 11we ompare the momentum transfer distributions for the oherent J= and� photoprodution alulated in the leading twist shadowing model withthe orresponding distributions for inoherent photoprodution. Note thatwe estimated the upper limit of inoherent ross setion simply as the freeelementary ross setion on the nuleon target multiplied by the number ofnuleons A.
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3250 L. Frankfurt, M. Strikman, M. ZhalovIn Fig. 12(a), (b) we present the rapidity distributions of the J= oher-ent prodution for peripheral ollisions at LHC alulated inluding e�etsof gluon shadowing and in the impulse approximation. At the entral ra-pidities we �nd suppression by a fator 4 for a ase of Ca and more strong,by a fator 6 for Pb. The total ross setions are given in Table I.
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Coherent Photoprodution from Nulei 3251The rapidity distributions for oherent � prodution in the UPC withCa and Pb beams are shown in Fig. 12(), (d) and the orresponding totalross setions are given in Table II. As it is seen from omparison of theLeading Twist shadowing based alulations to that performed in the Im-pulse Approximation the yield of � is expeted to be suppressed by a fator 2at entral rapidities due to the leading twist nulear shadowing. TABLE IITotal ross setions of � prodution in UPC at LHC.Approximation Ca�Ca at LHC( = 3500) Pb�Pb at LHC ( = 2700)Impulse 1.8 � b 133 � bLeading twist 1.2 � b 78 � bHene, study of the oherent photoprodution of the heavy quarkoniumstates at LHC opens an important avenue for investigating the nulear gluondistributions and the shadowing e�ets in the kinematis whih would bevery hard to probe in any other experiments.7. ConlusionsWe demonstrated that oherent di�ration o� nulei provides an e�e-tive method of probing a possible onset of BBL regime in hard proessesat small x . We predit a signi�ant inrease of the ratio of the yields of�; �0 mesons in oherent proesses o� heavy nulei due to the blakening ofthe soft QCD interations in whih �utuations of the interation strengthare present. An aount of nondiagonal transitions leads to a preditionof a signi�ant enhanement of prodution of heavier di�rative states es-peially prodution of high pt dijets. Study of these hannels may allow toget an important information on the onset of the blak body limit in thedi�ration of real photons. We argued that the �utuations of strengthsof interations has been observed at intermediate energies in the di�rativephotoprodution of vetor mesons. We disuss the opportunity to look forthe transition from the nulear olor transpareny to the regime of the oloropaity in the ultra relativisti peripheral ion ollisions at LHC.We thank J. Bjorken, A. Mueller, G. Shaw, members of the UPC studygroup and our oauthors M. MDermott, A. Freund, V. Guzey, L. Gerland,for useful disussions and GIF and DOE for support. M.S. and M.Z. thankINT for hospitality while this work was ompleted.
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