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Unified model of exclusivep®, ¢, and J/ ¢ electroproduction
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A two-component model is developed for diffractive electroproductiop®%f¢, andJ/«, based on non-
perturbative and perturbative two-gluon exchange. This provides a common kinematical structure for nonper-
turbative and perturbative effects, and allows the role of the vector-meson vertex functions to be explored
independently of the production dynamics. A good global description of the vector-meson data is obtained.
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[. INTRODUCTION procesg 5]. This separation then allows the nonpertubative
and perturbative contributions to be combined at the ampli-

High-energy exclusive photo- and electroproduction oftude level. Thus the approach follows recent ideas about two
vector mesons offers a variety of insights into the diffractivePomerons and two-component models of diffracfi6r 12,
mechanism. The choice of different vector mesons and &ombining “soft” (nonperturbativeand “hard” (perturba-
range of photon virtualities allows one to move from thetive) terms. This is essential for a global approach as neither
primarily nonperturbative regime to the primarily perturba-a nonperturbative nor a perturbative model alone can de-
tive within one framework, and to explore kinematical re-scribe all the observed features of diffractive vector-meson
gions where neither is predominant. Vector-meson producphoto- and electroproduction.
tion also has the benefit of a high rate, but it has the In a previous papei5] we have successfully applied this
disadvantage of dependence on the choice of the vertex funepproach to calculatg electroproduction in a model which
tions which couple the vector mesons to thgpairs. In both ~ @voids the vertex function complication, followirig3], by
respects it differs from deeply virtual Compton scattering,considering opemg-pair production with the invariant mass
which is theoretically better defined but has the disadvantagef the qa pair restricted to the region of the mass. How-
of a small cross section. ever, this method cannot be applied to higher-mass vector

On the basis of the factorization theorg, exclusive  negons: for ajq with an invariant mass in the region of the
vector meson production can be considered as three s_epar%tethere are no states available except ghigself (making a
processes: the fluctuation of tifeirtual) photon into agq  10% allowance fow production, but this is not true for the
pair, the interaction of theq pair with the proton, and the ¢ andJ/. To obtain a global description @f, ¢ andJ/y
formation of the vector meson from tlyg pair which natu-  Photo- and electroproduction a kinematical framework in-
rally involves the vector-meson vertex function. It may beVolving vector-meson vertex functions has to be used.
argued that the structure of the nonpertubative vector-meson N Fig. 1 the quark lines marked with a cross are off shell,
vertex function invalidates the proof of the factorization
theorem as it leads to additional contributions. However, it -
has been showj2], at least in a simple model for the vertex 0 c ’\/\/\/\/\;(
function, that gauge invariance ensures that the additiona
contributions cancel and factorization is preserved.

The aim of this paper is twofold: to obtain a global de- (a)n l
scription of exclusive vector meson photo- and electropro-
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duction, and to explore the choice of vertex function. s

The interaction of theyq pair with the Pomeron is mod-
elled by two-gluon exchange, Fig. 1, which can be applied g -[fv-4q 2a-v
both to nonperturbative and perturbative gluon exchangeq, ¢ AAANNAK b .=‘=/== Ve
The former is based on the model of Di¢B] and the latter ; o,
either by utilizing the gluon structure function or following (b) k% : Elk_A
the model of Royen and CudédH]. |

The approach has the advantage of providing a commor p —0 = L 5 0— 7

kinematical structure in which it is possible to separate the
p_art of the vector-meson prqductlon {?Implltude descr_lblng the FIG. 1. Two of the four vector meson production diagrams in
kinematics from the part which describes the dynamics of the,e yinematical framework of Royen and Cudd]. The other two

diagrams differ by reversal of the quark charge flow and give the
same contribution to the cross section. The off-shell quarks are

*Email address: ad@theory.ph.man.ac.uk marked by crosses, dashed lines indicate cuts along which the quark
"Email address: janis@theory.ph.man.ac.uk lines are put on-shell, and the minus sign indicates the momentum
*Email address: graham.shaw@man.ac.uk of an antiparticle.
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and the vertex function must necessarily take this into ac- S £

count. We use the prescription of Royen and Cuf#]lfor T‘”=P— P + B (27r)25([q+k+|—%V]2—m§)
these vertex functions. They appear very different from the oL "a b

usual on-shell vertex functions, for example those of Brod- X S([1—Lv]2— mé‘) (5)

sky and Lepagé¢l4]. However, they are both obtained by a
boost of the same vertex function from the vector-meson ) .
center-of-mass and differ only by the imposition or relax-Where theé functions are due to the (_)n-shell _condltlons
ation of the on-shell condition. along the cuts of the quark and the anti-quark lines respec-
Kinematical and dynamical considerations of the two-tively. The denominator
gluon exchange model are covered in Secs. Il and Il and the
vector-meson vertex functions are discussed in Sec. IV. The Po=[I+ %V]z—m§=2lz—2m§+ im2 (6)
model is applied to the data in Sec. V, and conclusions are
given in Sec. VI.
of the propagator for the off-shell quark forming the vector
meson is the same for both diagrams of Fig. 1. In the Regge
limit the proton line gives a contributionpdp” in amplitude
The kinematical framework of our g|u0n exchange mod-and the intermediate proton state is cut and its mass ne-
els is depicted in Fig. 1 and was developed by Royen an@lected, yieldings([p—k]?). The rest of the diagram, in-
Cudell [4]. As noted earlier, it involves the vector-meson cluding the gluon propagators and the description of the in-
vertex function(j)“) with either the quark or the anti-quark teraction of the pomeron with the proton, is contained within
off shell. The various four momenta used in our discussiorthe dynamical parP, which is model dependent. Formally it
are also defined in Fig. 1. In terms of them, the photon vir-S the (gauge-dependengluon propagator that contracts the
tuality Q= —qg? and the squared center of mass energy ofndices atp,pz and7,,. Practically, the leading contribu-
the photon-proton paW?= (p-+q)2. The traces correspond- tion in tfge Re[?gte'lregi‘otrr‘]'comgs ;ft??‘f‘:;gﬁv in th(.:‘t.gluonf "
; - PR ; ; propagators. Details of this and of the decompositions of the
|br1yg to theqq loop in diagramsa) and(b) of Fig. 1 are given four-vectors in terms op andq for the Regge region, where
W is significantly greater than any other scale present, can be
TE = TH{® (1) (y- &) (mg + -[1+ V) {2;npdo;2tg,1ﬂ. Here we would only like to note the follow
Xy (Mgt y-[q+k+1=3V]) It is convenient to use the light-cone variabléy
=(P*, P, P7) in decompositions and in the further deriva-
Xy (mg+y-[q+1=3V])(y-€)(mg+y-[I=3V])} tion, whereP*=P%+ P23 and the two-vectoP, lies in the
(1) transverse plane, defined as the plane perpendicular to the
v*p axis. The variable is also often used. It is the fraction
of the “+” momentum of the photon carried by the quark,
so that Py =zq", implying P=(1-2)q" for the anti-
Xy'(mg+y-[q+k+1— V) quark. The decomposition of the gluon four-momektand
. " N [k—A] shows[4] that the gluon four-momenta are predomi-
X(y-e)(mg+y-[k+t1=zVD)y*(mg+y-[1=2VDL anny transversek?| ~kZ.
(2 For clarity we rewrite Eq(21) of [4] using our notation
with the dynamical par and the light-cone variable

II. KINEMATICAL FRAMEWORK

T =Tr{@()(y-e)(mg+y-[1+2V])

One of the two quark lines emerging from th&qq vertex
is off shell with different virtualities in each of the diagrams

. o 2 d%k
of Fig. 1, giving AL'Tr=§(47T)2fq\/47raemf (2—)‘2
o

Pa=[q+1-3V)*-my 2dzdT, 1 NL T
X _—
—11421.g-1-V-q-V-Q*~mZ+1MZ (3 f 2m? 7D 3PkA) =5
)
Po=[k+1—3V]?—m]
=k-kt+2K- | =k-V+I-1=1-.V=mZ+iM{ (4  where we have introduceli, k, for twice the transverse

partsl,, k; of the four-vectord k. For ¢ and J/¢ electro-
for the denominators of the corresponding propagators. Herproduction, f=—3, £, corresponding to the charge of the
we assume that the diffractive amplitudes are completelyuark forming the vector meson, while the linear combina-
dominated by their imaginary parts, which are evaluated ustion of theuu anddd quark anti-quark pairs forming the
ing the cuts shown byihe dashed lines in Flg 1. The sum Olfneson gives qf: 1/\/5 The expressions chL and NTr are
both diagrams for theq loop gives given in[4] and
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D=162(2z—1)A T—T T+4mi—4z(1-2)M3 K kA et ie-a
—t(2z—1)?|{42(1-2) Q%+ 4mZ—t p e e — S
_[Tt+~kt_2At].[Tt+"|it]}{4z(1_z)Q2 FIG. 2. The two possible ways in which the two gluons can

couple to the valence quarks of the proton. In the nonperturbative
+[2A,—T,] -Tt+4m§—t}_ (8) LN approach as applied by DielfB] it is argued[16] that the

diagrams in which the gluons couple to different quarks are sup-

The first line inD originates from the denominator of the Pressed and subsequently can be neglected: see text.
off-shell quark propagatdP,, Eq. (6); similarly, the second
and third lines are proportional tB, and P, respectively, o
Egs.(4) and(3). The differences from the expression r f Ak aD, (k) 12=
given in[4] are due to the fact that we attribute the gluon 0
propagators to the dynamical part of the Pomeron exchange.

Assumings-channel helicity conservation the differential The phenomenological parametgp, which describes the

983

e (11

cross section is given by effective coupling of the Pomeron to the proton, angdare
determined from the totgdp andpp cross section data and

do do'' dot 1 - L from deep inelastic scattering8,~2.0 GeV ! and u,
9t dt Tfexeigy T 16’7TW4(|A |“+ 2expd A1) ~1.1 GeV[17]. For the nonperturbative couplings of the

@) gluons to the quarks forming thea valuea(so)~1 is taken.
Of course the precise value ef”) cannot be strictly speci-

where the polarization of the photon beaiy, is a known fied, and as we shall discuss in Sec. V there is some flexibil-
characteristic of the experiment. For the DE®Y collider ity through the interplay with the choice of vertex function
HERA, e p=1. For fixed-target experiments, it typically for the vector meson. .
lies in the range 0.5—0.9 depending on the energy and photon Landshoff and Nachtmarfii6] have argued that diagrams
virtuality. in which the nonperturbative gluons couple to different va-
Finally we note that the kinematical expressions in thislence quarks in the proton, as shown in Fig. 2, are suppressed
derivation and if4] are valid for the pair of diagrams de- and can be disregarded. Hence only the diagrams where both
picted in Fig. 1. The other two diagrams differ by reversal ofgluons couple to the same valence quark are calculated. Each
the quark charge flow and thus have different traces, cu@f the three valence quarks is incorporated into the proton
conditions and propagators than EGB—(6), leading to dif-  using the Dirac form facto 1,(t), wheret=AZ. The energy
ferent decompositions of the four-vectdrandk. However, dependence of the soft Pomeron comes via a faq{;ﬁ“r’“’ in
the only net difference is a change of sign in front @ all the amplitude, where
expressions. Because the integral dyés two dimensional,
Eq. (7) gives the same answer regardless of the sign in front

2 2_
of | and the additional diagrams result in a factor of 2 in front Xp= My+Q™—t (12)
of the final expression for the amplitude. W2+ Q%= 10n
I1l. DYNAMICS OF POMERON EXCHANGE and ap(t) =1.08+0.25t is the soft Pomeron trajectofit 8.

We i figate two i dels” th includ The couplingag at both vertices at the proton end is taken at
both e;]r;vrzs I%aep;t Vrvl:())at'sgmanr:s 'QQOQ,O (ics)ﬁ er(tasri;\?c)l; € a nonperturbative scale; i.ea is used. For the vertices
perturbatiy perturbativ where the gluons couple to an off-shell quark line the cou-
components, since neither alone can account for all the data,, . . 2 o o
ling is taken at a perturbative scavez—(lt+mq)(Q

Before describing these summation models, we first summa?

2 2 H . . .
rize the models for the hard and soft terms on which they aré” My)/My, which, as argued ip3], is a typical scale for the

based whole upper part of the diagram. Thus for the dynamical part
' of the nonperturbative approach one has

A. “Soft term” _ 1-ap(t) (0) 2 2 2
. I . Pnp_Flp(t)X]p ag’ag(\ )an(_k )an(_[k_A] ).
For this contribution we use the nonperturbative approach (13)
of Diehl [3] based on earlier work by Landshoff and Nacht-
mann(LN) [16]. In it the gluons are assumed not to interact

with each other and a nonperturbative gluon propagebr This term alone gives an energy dependence that is too flat at

the higher values o®? due to the soft Pomeron intercept.

2 —-n

Dyp(—k?) =Ny m
0

1+ (10) B. “Hard term”

Two alternative models, the standard perturbative QCD
is used withn=4. The normalizationV,,, is determined approach and the Royen-Cudell approach, will be consid-
from the condition ered.
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1. “Standard” perturbative model cross section is not infrared divergent, it is suggested that the
The perturbative QCD approach can only be calculated iivergences from diagrams where both gluons couple to the
t=0, and is based on the ideas of Maréihal. [13] who ~ S&me quark are canceled in the infrared limit by the diver-
applied it top meson electroproduction. In it the Pomeron is 9€NC€S from the'd|agrams where each gluon couples to a
modeled as a pair of perturbative gluons, using the perturbdlifferent quark, Fig. 2. In terms of form factors, the former
tive gluon propagaton(k2)=1/k2. The gluons are consid- case Is Qescrlbed by the Dirac form factor of the proton
ered as part of the proton so that there are/iag couplings F1(t), while for the latter the form factor
for the two bottom vertices. In principle the gluon flux can
be obtained from the unintegrated gluon denéi@(p,ktz),
which gives the probgpility of finding &channel gluon With depending on the momenta of both gluons, is applied with
momentum squared in the proton. However, a special ¢~ _1 a5 suggested by Cudell and Nguya8)]. Unlike the
f[reatment of the |nfrared reglzon. is requ_|red be(2:ause the un«iandard” perturbative approach, this approach does not
integrated gluon densitf(x;,k;) is undefined aki —0 and  contain any energy dependence, but describeg thepen-
numerically unavailable below some valuekgt=Qf, which  dence at a fixed energy. The energy dependence has to be
varies with the parton distribution chosen and is typically inintroduced by hand, just as it was for the nonperturbative
the region from 0.2 to a few Gé&VThe linear approximation  {arm via a factorxl)_“"’O. We assume a flat hard-Pomeron
as suggested if13] is used to account for the contribution to | . P
: 2 o . . trajectory ap =1.44, independent of. Further the overall
the integral from theék; <Qg region. This procedure has no L , o o .
direct physical significance. It serves only to provide a connormalization is not uniquely specified as .|t is not obwpus
tinuous integrand and acts as a means of normalization of théhat value ofas should be used for coupling perturbative
perturbative contribution. A simple cutoff at an appropriated!uons to bound quarks. Royen and Cud&(C) [4,20] in-
Qé would be equally effective but somewhat less elegant. trodzuced an effective factoR in the cross section Wlth_
As no direct physical significance can be attached to thdt@s=0-6[4,20}, a procedure which we adopt here. In this
contribution from this infrared part of the perturbative termWay we finally obtain
there is not an element of double counting. The separation

Ex(k,k—A)=Fy(k*+[k—A]?+ck-[k—A]), (17

between ‘“perturbative” and “nonperturbative” is given Prc={Ragtag(k?) as([k—A])

uniquely by the energy dependence of the two contributions.

An implication of this approach is that the perturbative XFl(t)_52(k-k_A) 1-ap, (18)
(hard term can contribute aQ?=0, which is a feature of kI k—AT? L

two-component models.

Thus for the dynamical part of the perturbative approach C. Summation models

one has
Here we suggest two “summation models” which com-
T f(xp, vk k—AT?) bine both hard and soft terms at the amplitude level in order
Po=—1 Vas(k?) as([k—A1%) (14 to obtain a global description of vector meson production
4 ki k—A7J2 q
ata.
wheref(xp,ktz) is related to the gluon distributiag(x,,Q?) 1. Summation model S1
el This model is based on our earlier wdik|, which mod-
@ dk? eled p electroproduction by “open pair” production in the
Xp Q(XI»,QZ)IJ Ff(xp,ktz) (15  region of thep mass. In particular, a successful description
t

of the data was obtained by combining the nonperturbative
amplitude of Sec. Il A with the perturbative amplitude of
Sec. llI B, using an empirical slope parameter to describe the
c?(xp,g(xp,ktz)) t dependence .of the latter. In doing so, we gxploited _seyeral
5 (16)  gluon distributions to calculate the perturbative contribution
ki using thePDFLIB program librarieg21] for numerical calcu-
) ) ) lations. However, it was found that the best fit to {hene-

This applies at at=0, and the experimental slope or s, electroproduction data, and especially to the energy de-
some other ansatz must be used to compare with the intejojence of the production cross section, was obtained using
grated cross section. Here we merely ngte that this ter e CTEQ4LQ[22] gluon distribution. We continue to use
alone gives an energy dependence which is clearly too stegpe CTEQA4LQ gluon distribution in the present paper.
for much of the data. In this paper we explicitly incorporate vertex function ef-
fects using Eq(7) in order to treat thep andJ/ ¢ as well as
the p electroproduction in a common framework. To do this,

Royen and Cudell4] propose a somewhat different ap- we again need to extend the perturbative amplitude#6.
proach to the “hard” contribution. Again perturbative gluon Since the proton in the vector meson production process re-
propagators of the form k? are used. However, since the mains intact, we suggest describing théependence at the

with the inverse

f(xp, k) =k’

2. Royen-Cudell model
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proton end by the proton form factét ,(t). In this way we -n

L2
arrive at summation model S1: D (L2 =N,

1+ —
p?

(22

PSl(Satle) = Pnp(slt!Qz) + Flp(t)Pp(Sle)- (19)

with n=2 in our case. This was found not to be an accept-
able choice as it was not possible to obtain even a qualitative
description of the data, particularly for the longitudinal/
transverse ratio for the and ¢ which are rather sensitive to
o the wave function details.

Another possibility is to model the “hard” component  The four other wave functions are obtained by solving the

with the RC termPgc, Eq. (18). Thet dependence is thus nonrelativistic Schidinger equation with four different po-
automatically provided, but the RC approach does notentials[31]. The first three of these are

specify the energy dependence. In order to obtain a global (j) a power-law potentig]32]
description of vector meson production, Regge energy de-
pendence corresponding to the “hard Pomerdid;23,9 is

whereP,,, P, are given by Eqs(13), (14) respectively.

2. Summation model S2

0.1
introduced into the RC term by hand, in much same way that —aZ+al L) , (23
it was introduced in the nonperturbative term using the soft lo
Pomeron trajectory. In this way one obtains summation
model S2: (i) a logarithmic potential33]
PSZ(S,t,QZ):Pnp(S,t,QZ)+PRC(S,t,Q2) (20) 2 2 r
bi+bs5logl —/, (29
I'o

whereP,,, Prc are given by Eqs(13),(18) respectively.
(iii) a Coulomb-plus-linear potentidthe Cornell poten-

IV. VECTOR MESON WAVE FUNCTIONS tial) [34]
The choice of the vertex function is crucial in vector- )
meson production models as it determines the virtualities _&+L+Cz (25)
dominating the integral over theq loop, the overall normal- r c% 3

ization andQ? dependence of the cross section, and the lon-

gitudinal to transverse ratios. Unfortunately the detailed,pqre thea, ,b; ,c; are various model-dependent parameters.
forms of the vertex functions are unknown and only theirtne fourth is the QCD-inspired potential of Buchiien and
general analytical properties are established from variouqrye [35], which has a rather complicated position-space
constraints[24]. Therefore, in practice, the chosen verteX¢qim "1t is [inear at large distances and quasi-Coulombic at
functions provide an essentially phenomenological descripgp ot gistances. The deviations from pure Coulombic behav-
tion of the va[ence qua_rk content of the vector meson. Here,, reproduce the running of the strong coupling constant,
we shall consider possible forms for the vertex functions by, 4 the global shape of the potential is essentially deter-
starting from phenomenological wave functions for vector ,inaq by two parameters—the QCD scaleand the QCD
mesons in their rest frame, and then boosting to the lighkying tension motivated by the light meson data. Non-
cone taking into account the off-shell nature of the quark.e|ativistic wave functions are reliable only if the meson and
line. both constituent quarks are heavy compared to the average
internal momentum, and it is still not clear whether one
A. Wave functions in the center-of-mass frame should use them for th& V. In particular Frankfurt, Koepf

The most popular choidat,25—3q of vector-meson wave and Strikman[36] have used wave functions from various
functions is suggested by Io,ng distance physics. This tells ugon-relativistic potential models to show that the integration

that a hadron at rest can be described to a good approximsedi0n Where the quark’s transverse momentum is larger than
tion as a system of constituent quarks moving in a harmoni¢he charm mass can contribute up to one-third ofqhdoop

oscillator potential with a Gaussian wave function integral inJ/¢ production. For they and ¢ such wave func-
tions can be still be considered as an alternative choice, al-
L2 beit without a firm foundation.
D(L?)=Ng ex;{ - —2> (21 Finally, all these vector meson wave functions have to be
2pF normalized to reproduce the leptonic decay width of the me-

sonT'y_ ¢+e- in the vector meson rest frame. Furthermore,
whereL? is the squared 3-momentum of either the quark orthe normalization has to be calculated for one quark leg off
anti-quark,pg is the Fermi momentum antlis the normal-  shell to reflect the kinematics of the vector meson production
ization. We investigated five alternatives, the details ofmodels of Fig. 1. The derivation of the normalization and its
which can be found ifi15]. The first is the power-law wave reduction to the on-shell case in the appropriate limit have
function[25,28 been given by Royen and Cud@dl]. Their final result is
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64 ory)? = G(IL]) 2
Fr=———i Llg+P| ——d|L
9nrM3 9Ll o |L[—=[Lq
(26) ys
where 2_3 .....
G 2 e o b
T LI 05 3
= 0
1

Llg= ViME—m3 (28)

and m, is the constituent quark mass. Ford quarks we 02
takem,=0.3 GeV, for strange quarkes=0.45 GeV and for
charmed quarksn,=1.5 GeV.

The next step is to transform the vector meson center-of- F|G. 3. p meson relativistic Gaussian wave functiRC pre-

mass wave functions into the vertex functishéz, [T,|) used  scription with pz=0.6 GeV, withA/’=2.803.
in Eq. (7). This is done by first rewriting the center-of-mass
wave functions in terms of invariants, which are then re- [%V—I]2=m2 [%Vﬂ]zgﬁmg' (32)

expressed in terms of the light-cone variabfeand T, to ‘

obtain the vertex function. We do this first using the Royen-in the two diagrams of Fig. 1. The asymmetry between the
Cudell prescriptionf4] for the quark or antiquark off shell, quark and antiquark results in an asymmetry under the trans-
and then show that if both are put on shell, it goes over to théormation z—1—z, which interchanges the +” momen-

1
I, (GeV)
CR.F

Brodsky-Lepage prescriptidri4]. tum carried by the quark and antiquark. However, when cal-
culating vector-meson production, one must also take into
B. Royen-Cudell prescription account diagrams corresponding to those in Fig. 1 but with

the quark charge flow reversed. The cut conditions then put
L ) , %he quark(instead of the anti-quaylon shell, giving the re-
Pq=[zV+I] andV respectively. In the meson’s center-of- yerse of Eq.(32). Thus the asymmetry present within each
mass frameP§=(Ey, L) and V¥=(My, 0) so that the pair of diagrams is no longer present once the vector-meson
invariant quantity P4V, =[3V*+1#]V,, becomesME,.  production amplitudes from all four diagrams are summed.
This gives As an illustration, the vertex function®(z,|l;|) corre-
sponding to the Gaussian and logarithmic potential vector
meson center-of-mass wave functiofdl) are shown in
Figs. 3 and 4, where the asymmetry under1—z is clearly
seen. One also sees that the vertex functions are centered
and towards the poinz=0, |I;|=0, implying that the most likely
2 configurations are those where the off-shell quark carries
~1-1 (30) only a small fractiorz q of the meson’s longitudinal momen-
tum, while the on-shell anti-quark carries most of it, namely
7)q. However, the vertex functions never actually reach

In Fig. 1 the quark and the meson have four-moment

1

2_p2
L2=Ei—PiPa,= | 1o

qu=

for the squared three-momentum of the quark in the center o(fl_
mass frame, where no assumption about the on-shell or off-
shell nature of the quark has been made. Thus one obtains

the relation _
) ik 2537 7 Ty,

DPem(L9) =P My =1 (31) 23
between the vector meson wave functibg ,, expressed in L5 _5
the center-of-mass variable? and ®, - expressed in terms 13
of appropriate invariants. This is the RC prescriptieh. 05 3
One finally has to rewrite the four-vectorin terms of the 0 3
1

variablesz and T,, using equations given by Royen and
Cudelf" [4] which take account of the fact that the quark is TS g4
off shell and the anti-quark is on shell,

~ FIG. 4. p meson non-relativistic logarithmic potential wave
Yin [4] ourT, is denoted by, . function (RC prescription and N'=2.763.
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the pointz=0, |I,|=0, because the region around it is un- to that used in the literature for the pi¢95,26,28. As we
physical, corresponding th2<0. The border of this region shall see, our best results for electroproduction were obtained
corresponds td.2=0, where the quark and anti-quark have With pe= 0.5,0.6,1.2 GeV for the, ¢ andJ/ mesons, for
no relative momentum in the meson rest frame. In the otheyhich the appropriate values of the normalization constant
case, with the anti-quark off shell and the quark on shell, thé"e/Ng= 3.597, 3.226 and 2.905.
RC prescription gives similar vertex functions, but centered
towardsz=1 and|l;|=0 instead ofz=0 and|l;|=0 so that
the on-shell particle again carries most of the meson’s lon-
gitudinal momentum. The prescription of Brodsky and Lepafge4], often found

In the numerical calculations we focused mafnign in the literature[26,36,37, connects the wave functions in
Gaussian wave functions with valuesmf ranging from 0.1  the center-of-mass frame and the light-cone frame by equat-
GeV to 0.6 GeV forp and ¢ mesons and from 0.2 GeV to ing the off-shell propagatos=[M?— (=" k;)?] ! in the
1.2 GeV for thel/ . The motivation behind these ranges of two frames. In the general case the propagator for a particle
values is the transverse size of the corresponding vector mef massM whose constituents=1, . . . n have masses) is
son; in particular, that for the light vector mesons is similargiven by

s

=1
> (Z+mdiz, 2 1;=0, X z=1 (LC),
= = =

C. Relation to the Brodsky-Lepage prescription

2 n
, ZlLizo (c.m),

M2—
o1 (33
M?—

where L{‘z(L?,Li) andz, l; are the center of mass four-  The BL prescription is not applicable in the kinematical
momenta and light-cone variables respectively. For a systerfiamework of Fig. 1, in which the quartor antiquark is off
of two particles of equal masses this giies=—L,. The  shell. On the other hand, the RC prescripti@®), which
relation LY=L9 is then used26], implying that both con- allows for this, reduces to the BL prescription if both both

stituent particles are on shell. particles are put on shell:
According to the Brodsky-LepagéBL) prescription the
propagators in both frames are equated, yielding [%V—I]2=m§, [%V+I]2=m§, (37
124+ mZ ieldin
2= (39 TS
4z(1-2) q 5 1eo

V=0, |-l=mj—iMJ, (38)

and

but not in general-1=0 or|#=0. Substituting Eq(38) into
17+ m? Eq. (30) gives

D (L) = D ¢ 21-2)

- mg) : (35)

Alternatively, one could equate the expressions for invariant

1 = e
mass of thegqg-pair in the vector meson center-of-mass and W n.',',"'l,'."’i&"\
light-cone frames, 25 3 "
25 ’é’,iln,,'&i’t"““ \
124+ m? E /’tl’""','#iy%“ﬂ .
2 40120 m2y— L ' L5 g AT ‘
Mi=a(L2mg)= o, (36) | ) ,:,,'4: A |
yielding the same prescriptiof84). The functions(35) are 0'5_2
often called light-cone wave functions, and for quarks and 0 0
antiquarks of equal mass, the prescription is seen to be ex- 1
plicitly symmetric undez«—1—z. T4, 1

BL.F

2A fuller discussion of the various possible wave functions is FIG. 5. p meson relativistic Gaussian wave functigug
given in[15]. =0.6 GeV, BL prescription.
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25|
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15t
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FIG. 8. Comparison of the Gaussian wave functi@m) for the
¢ with pe=0.6 (solid line) with the wave functions obtained from
BL.F non-relativistic potentials.The dashed lines, from top to bottom,
correspond to the Buchitier-Tye, logarithmic, power-law and
Coulomb plus linear potentials respectively.

FIG. 6. p meson non-relativistic logarithmic potential wave
function, BL prescription.

which has also been used as a very basic light-cone wave
M{—mj, (39 function in the literaturg38,20,39. Figures 5 and 6 show

vertex functions obtained using the Brodsky-Lepage pre-
so that the square of the three-momentum of the quark in thecription (i.e. light-cone wave functionsto be compared
meson rest frame is fixed by the mass of the medgnand  with the vertex functions of Figures 3 and 4 which were
by the choice of the mass of the quark. However,L2is  obtained using the Royen-Cudell prescription from the same
not zero provided then, is not chosen to be exactly half of center of mass wave functions. As can be seen, Brodsky-
the meson mass. ldentifying the mass of the vector mesohepage wave functions are symmetric undes1—z with a
M\ with the invariant masM of the qq-pair and substitut- Maximum az=3, [I|=0. In other words, the most probable
ing Eq.(36) into Eq.(39), one again obtains the BL prescrip- configuration is where the quark and antiquark share equally

L2=

Al

tion (34). the vector meson’s I.ongitudinal momentum. Further, only
If the quark mass is exactly half of the meson mass, EqPne single value(“height”) of the wave function, deter-
(38) gives mined by the value of 2, enters in any given vector meson
production calculation since tHe? is fixed by Eq.(39) once
1.V=0, 1-1=0 (40) the masses of the quarks and the vector meson are fixed. In

calculating Eq.(7), this can be imposed via a separate con-

. — ! . dition stating the on-shellness of the quarks. Such a condi-
corresponding to @q-pair with zero relative momentum in jo - reducing the dimensions of integration, is indeed

the meson rest frame. The quark and the anti-quark sharg.esent in the vector-meson production models exploiting the
equally the meson’s four-momentum. In the light-cone vari-g| prescription[20,38.

ables it reads

V. RESULTS
1
541, 5( z— 5) (41 We have already said that the power-law wave function
(22) is not appropriate, and we do not discuss it further. The
4
35}
3

25 F=
2 L
15|
1 L
05 |

O = N W s OO N ®©

0 L L L L L N L . . . . . L =
0 02 04 06 08 1 12 14 16 0 02 04 06 08 1 12 14 16
ILI (GeV) ILI (GeV)

FIG. 7. Comparison of the Gaussian wave functi@h) for the FIG. 9. Comparison of the Gaussian wave functiah) for the
p with pe=0.5 (solid line) with the wave functions obtained from J/¢ with pg=1.2 (solid line) with the wave functions obtained
non-relativistic potentials. The dashed lines, from top to bottomfrom non-relativistic potentials. The dashed lines, from top to bot-
correspond to the Buchitier-Tye, logarithmic, power-law and tom, correspond to the Buchitter-Tye, logarithmic, power-law
Coulomb plus linear potentials respectively. and Coulomb plus linear potentials respectively.
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FIG. 10. Q? dependence of thp meson cross section &V FIG. 12. Q“ dependence of the meson longtitudinal to trans-

=75GeV in model S1. The data are from F4] and ZEUS[45— verse cross-section ratio W= 75 GeV in model S1. The data are
47, from CHIO[49], NMC [48], E665[50], H1 [51,52,44, and ZEUS

[53,45,47.

results obtained using the wave functions obtained from the . . )
power-law potential23), the logarithmic potentiaf24), the ~ Plus-linear and the Buchriier-Tye potentials for the) and
Coulomb-plus-linear potentigl5) and the Buchriler-Tye ¢ . but differs significantly in the case of thH¢. This is
potential[35] are almost identical. They predict successfully Shown in Figs. 7, 8 and 9, from which it is obvious that for
the longitudinal/transverse ratio for each of fhep andJ/y  the J/¢ the model requires a much narrower transverse dis-
and the correct shape faio/dQ? in each case. However, it trlbut_lon in cor_lflguratlon space than is p_rowded by _the wave
is not possible to obtain simultaneously the correct normalfunctions obtained from solving the Schlinger equation for
ization of all the cross sections. If the normalization is ad-SPecific potentials. _
justed to fit thep cross section, say, then the predictdgs For.clanty of presentation we show results on_Iy for thg
cross section is too high. Conversely, if the normalization is>@ussian wave function, and comment on the principal dif-
adjusted to the)/y cross section, then the predictpctross f_erences in results obta_uned with the _alternatlve vertex func-
section is too low. The problem is that there is no flexibility ions- The parameters in our calculation are fhefor each
in the wave functions: they are all fixed by the parameters off thep, ¢ andJ/¢, which control the transverse size of the
the potentials. This is not the case for the Gaussian wavéector-meson wave functions, the momentum cutQff
function (21) for which the parametepr can be adjusted when the gluon structure function is used in the perturbative
independently for each case. term, or the overall normalization of the perturbative term in
It turns out that the Gaussian wave function correspondthe Royen-Cudell model. The normalization of the nonper-
ing to the best choice qff is very close to the wave func- turbative term is effectively fixed by thp photoprodution
tions obtained from the power-law, logarithmic, Coulomb-

= LA AN B B B IR BN B
(=
& FrrrTrerr e B104 @ ® H1 (W=75GeV) 3
< : O ZEUS (W=70-80 GeV) ]
s A NMC (W=12—16 GeV) ’
107 E 103; |
A
102 4
' 102 3
‘a
10 4 N E
N ] 10 E
.
1E E
E L ]
[ | ST PR T T P P
we T 0 5 10 15 20 25 30 35
) 5 10 15 20 25 Q% (GeV?)
Q% (GeV?)
FIG. 13. Q? dependence of thp meson cross section &
FIG. 11. Q? dependence of thp meson cross section &V =75GeV in model S2. The data are from H44] and ZEUS
=15GeV in model S1. The data are from NM&8]. [45-47.
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5 fT T T T T 5 [T T T T T T T T ]
< ] <
© s A NMC (W=12-16 GeV) 1 b10 35— ®H1(W=75and 110 GeV) 3
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E Ny :
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] 1 3
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FIG. 14. Q? dependence of thep meson cross section &V FIG. 16. Q2 dependence of theb-meson cross section &V
=15GeV in model S2. The data are from NM@g]. =90 GeV in model S1. The data are from 84,55 and ZEUS
[56-58.

cross section which it dominat¢8]. Two sets of results are

shown: S1 refers to non-perturbative plus gluon structurelepends very strongly opg, the ratio rising rapidly with
function; S2 refers to non-perturbative plus Royen-Cudell. Indecreasingg, and restricting the choice @i to the upper
both cases the same parameters for the two-gluon exchangead of the range. The S2 result is slightly better overall. The
contributions are used for the ¢ andJ/, so that the only results obtained using the wave functions derived from the
difference allowed for different vector mesons is in the valuespecific potentials are very close to those shown, and provide
of the relevanipg . an equally satisfactory description.

We start with thep. The results fode/dQ? and o /ot It is clear from Figs. 10 and 13 that an increase in nor-
with pe=0.5 GeV are shown in Figs. 10, 11 and 12 for S1malization would convert a good description of the data into
and in Figs. 13, 14 and 15 for S2. The result flar/dQ? at  an excellent one. If we were consideripgneson production
W=75 and foro_ /o1, which has little energy dependence, in isolation, then it would be appropriate to do this by in-
are satisfactory, but that fato/dQ? at W=15 clearly falls  creasinga”). However, as we shall see, this would then
below the data at alQ?. This is not surprising as at this impact adversely on the cross sections for thend J/y,
lower energy there is a contribution from Reggeon exchanggparticularly on the former by making it too large. The prob-
which we have not taken into account. The results forlem of simultaneously obtaining the correct normalization
do/dQ?, other than the normalization, are not strongly de-for the photo- and electroproduction of the and the ¢
pendent on the choice @f-. The shape is reproduced satis- within the constraints of pre-defined wave functions is well
factorily for 0.3<pg<0.6 GeV. However, o /o; Kknown; for example sep0].

The results for thep with p.=0.6 GeV are shown in

R R e e AR R RS Figs. 16, 17 and 18 for S1 and in Figs. 19, 20 and 21 for S2.
6;2'_ o H1 1 = BRI R RN IR I I I R
I 1 <
rooWZEUS o A NMC (W=14 GeV)
10 | * CHIO _
[ & E665 1 1021 __
g [ aNme 1 : E
® 10 E
4
2 1E 4
0-....|..‘.|‘...|.‘..|..‘.|.‘..|..‘.* F
0 5 10 15 20 25 30 35 A
Q2 (GeVz) 10 g_ 1 1 L 1 | 1 1 L L _E
) o 0 25 5 75 10 125 15 175 20
FIG. 15. Q° dependence of the meson longtitudinal to trans- Q% (GeV?)
verse cross-section ratio W=75 GeV in model S2. The data are
from CHIO [49], NMC [48], E665[50], H1[51,52,44, and ZEUS FIG. 17. Q? dependence of the-meson cross section &
[53,45,41. =14 GeV in model S1. The data are from NM&3].
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FIG. 18. Q? dependence of the-meson longtitudinal to trans- FIG. 20. Q2 dependence of thé-meson cross section &

verse cross-section ratio =90 GeV in model S1. The data are _ 14 GeV in model S2. The data are from NM&s].
from H1[55] and ZEUS[58].

' . . rising almost linearly with increasin@?, and by Q=50
The results in both cases are very good. It is particularlyge\2 js a factor of 2 larger than the results shown in Figs. 24
satisfying that the description of the low-energy data is goodgnq 27, However the present data cannot sensibly distinguish
as in this case there is no Reggeon contribution. Once agajktyeen this result and the one shown. That there is a sig-
the results obtained using the wave functions derived frompiticant difference in the predictions for thiéy is not sur-

the specific potentials are very close to those shown, anfising given the very different wave function used in the fit

provide an equally good description. _ compared to those obtained from specific potentials: recall
The J/¢ results are given in Figs. 22 -27wihy=1.2, [iy 9

and are again very satisfactory. We have included low- “There is very little difference in the energy dependence
energy data, although they are not very precise and havgegicied by models S1 and S2, so we shall show only the
some contamination from nucleon breakup. Because of thgiier The energy dependence at fix@8lis shown in Figs.
mass of the charm quark, the data on #h€ o ratio do not g 504 29 for the, in Fig. 30 for thes and in Fig. 31 for the
provide a strong constraint, and even@t="50 GeV the J/ ¢, in each case for the S2 model. The break in the curves
ratio is still far from its asymptotic value. The S2 results areg pecause of the different value efused at the lower ener-

again to be slightly preferred overall. In the case of i@ a5 The model succeeds well in reproducing the trends of
the results obtained using the wave functions derived fromM,o gata and is particularly successsful for theand J/ ¢

the specific potentials do not provide a good description of, o, atQ?=
the data, the cross section being about a factor of 3 too Iarg%endence with increasin@?
There are also significant differences dén /o, the ratio

g - T T
= Y12 i
o
108 O HT (W=75and 110 GeV) = ¢’
3 e H1
O ZEUS (W=70—100 GeV) 10 L ]
m ZEUS

10

FIG. 19. Q? dependence of the-meson cross section &V
=90 GeV in model S2. The data are from 84,55 and ZEUS

[56-58.

10 F

P
15 20 25 30 35
Q% (GeV?)

0 in the latter case. The increasing energy de-

is well represented by the

model, reflecting the increasing importance of the hard

from H1[55] and ZEUS[58].
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<130 GeV. The dashed line is for the S1 model, the dotted line for_l_he dashed line is for the S1 model. the dotted line for the S2
the S2 model. The overall normalization is arbitrary, but the relativemodel The data are from HB7] and ZiEUS[69]
normalization of the S1 and S2 predictions are as given by the ' '

model. The data are from HB5]. . . i i
are normalized. Clearly the description is again very satisfac-

tory, with the possible exception of the, where the models

2 - . - . .o -
Pomeron a®” is increased. This is not artifically imposed o4t 5 somewhat faster decrease withan is observed.

on the model. It occurs naturally via the loop integrals in-
volving the meson wave function and the gluon propagators.

The model also automatically takes account of the increasing VI. CONCLUSIONS
importance of the hard Pomeron with increasing quark mass.
For example, for thep at Q=0 the soft pomeron contrib- du

utes 95% of the amplitude 6462: 15 GeV and 85% of the 1o model gives a good overall description of the datapfor
amplitude at/s=75 GeV. AtQ7=20 GeV these have be- ¢ and J/ ¢ electroproduction with only five adjustable pa-
come 25% of the amplitude afs=15 GeV and 10% of the rameters. The dynamical mechanism, with two adjustable pa-
amplitude at\'s=75 GeV. These proportions are very simi- rameters, is common to each and the only freedom in going
lar for the ¢, with a slight increase of the hard component: from one vector meson to another is the parametewhich
for example atQ*=0 the soft Pomeron contributes 90% of is related to the “size” of the meson in its rest frame. The
the amplitude at/s=15 GeV and 70% of the amplitude at values ofp required for each of the, ¢ andJ/y are 0.5
V=90 GeV. For thel/y at Q?=0 the soft Pomeron con- Ge\?, 0.6 Ge\ and 1.2 Ge¥ respectively, in accordance
tributes 80% of the amplitude afs=15 GeV and 35% at with what one would expect. Not surprisingly, electropro-
Js=250 GeV. These results for the soft Pomeron proporduction of thep is primarily non-perturbative at sma?,
tions atQ?=0 are comparable with those obtained in otherand an important non-perturbative component is still present
phenomenological approachgg41]. The same general fea- at the highest energy and larg&yt for which data exist. In
tures, a slow onset of the perturbative region where the hardontrast the perturbative contribution dominatesfig pro-
Pomeron dominates, are compatible with thosp4@f43. In  duction at high energy, although at sm&F interference
[42] a theoretical analysis is made ¢f p—p°p based on with the non-perturbative contribution remains important.
the Balitski-Fadin-Kuraev-LipatoW BFKL) formalism, and For W=50 GeV, Q=20 Ge\? J/ electroproduction can
it is concluded that the perturbative term does not dominatée considered to be exclusively perturbative. We finally note
until energies and virtualities beyond those currently acthat this type of model could be used to give an excellent
cessed at HERA. 1/43] an analysis ofl/ s photoproduction  description of any of they, ¢ andJ/¢ if they were to be
in a dipole model clearly illustrates the mixing of perturba- considered in isolation.
tive and nonperturbative effects in this process.

Finally, examples of the predictetl dependence are
shown in Figs. 32—35. The data for theand ¢ are unnor- ACKNOWLEDGMENTS
malized, so the theoretical curves have been renormalized to This work was supported by the Overseas Research Stu-
the data. The relative normalization of S1 and S2 is thatlents program, the University of Manchester and by PPARC
given by the models. For th# ¢ the data and the predictions grant PPA/G/0/1998.

We have presented a model of vector meson electropro-
ction and also for photoproduction in the case of ihg.

[1] J. C. Caollins, L. Frankfurt, and M. Strikman, Phys. Rev56) [5] A. Donnachie, J. Gravelis, and G. Shaw, Eur. Phys. 18C

2982(1997. 539 (2002.
[2] A. Hebecker and P. V. Landshoff, Phys. Lett. 9, 393 [6] P. Moseley and G. Shaw, Phys. Rev.5R, 4941 (1999; G.
(1998. Kerley and G. Shawibid. 56, 7291(1997).
[3] M. Diehl, Z. Phys. C66, 181(1995. [7] A. Donnachie and P. V. Landshoff, Phys. Lett.437, 408
[4] I. Royen and J. R. Cudell, Nucl. PhyB545 505 (1999. (1998.

114013-14



UNIFIED MODEL OF EXCLUSIVE p°, ¢, AND J/ 4. ..

[8] A. Donnachie and P. V. Landshoff, Phys. Lett. /B8 146
(2000.

[9] J. R. Forshaw, G. Kerley, and G. Shaw, Phys. Rev6@®
074012(1999; Nucl. Phys A675, 80(2000; hep-ph/0007257.

[10] J. Kwiecinski and L. Motyka, Phys. Lett. B62, 203(1999.

[11] A. Donnachie, H. G. Dosch, and M. Rueter, Phys. Re\a®
074011(1999; Eur. Phys. J. A3, 141(2000.

[12] E. Gotsman, E. Levin, U. Maor, and E. Naftali, Eur. Phys. J. C

10, 689(1999; 14, 511(2000.

[13] E. M. Levin, A. D. Martin, M. G. Ryskin, and T. Teubner, Z.
Phys. C74, 671(1997; A. D. Martin, M. G. Ryskin, and T.
Teubner, Phys. Rev. B5, 4329(1997).

[14] S. J. Brodsky and G. P. Lepage, Phys. Re22D2157(1980.

[15] J. Gravelis, Ph.D. thesis, Manchester, 2000.

[16] P. V. Landshoff and O. Nachtmann, Z. Phys3&; 405(1987).

[17] A. Donnachie and P. V. Landshoff, Nucl. Phy8311, 509
(1988/89.

[18] A. Donnachie and P. V. Landshoff, Nucl. Phy8267, 690
(1986.

[19] J. R. Cudell and B. U. Nguyen, Nucl. Phyg420, 669 (1994).

[20] J. R. Cudell and I. Royen, Phys. Lett.3®7, 317 (1997).

[21] H. Plothow-Besch, “PDFLIB: Nucleon, Pion and Photon Par-

ton Density Functions andg Calculations. Users’ Manual,”
version 7.09, CERN, 1997.

[22] H. L. Lai et al, Phys. Rev. Db5, 1280(1997.

[23] A. Donnachie and P. V. Landshoff, Phys. Lett. 480, 243
(1999.

[24] 1. Halperin and A. Zhitnitsky, Phys. Rev. B6, 184 (1997).

[25] F. Schlumpf, Phys. Rev. B0, 6895(1994).

[26] Tao Huang, Bo-Qiang Ma, and Qi-Xing Shen, Phys. Rev. D

49, 1490(1994).

[27] B. Chibisov and A. Zhitnitsky, Phys. Rev. B2, 5273(1995.

[28] A. F. Krutov and V. E. Troitsky, hep-ph/9707534.

[29] J. P. B. C. de Melo, T. Frederico, L. Tomio, and A. E. Dor-
okhov, Nucl. PhysA623, 456 (1997).

[30] V. M. Belyaev and M. B. Johnson, Phys. Lett. 23 379
(1998.

[31] E. J. Eichten and C. Quigg, Phys. Rev5R, 1726(1995.

[32] A. Martin, Phys. Lett93B, 338(1980.

[33] C. Quigg and J. L. Rosner, Phys. LetiB, 153(1977; Phys.
Rep.56, 167 (1979.

[34] E. Eichen, K. Gottfried, T. Kinoshita, K. D. Lane, and T-M.
Yan, Phys. Rev. 017, 3090(1978; 21, 203(1980.

[35] W. Buchmiller and S-H. H. Tye, Phys. Rev. 24, 132(1981).

[36] L. Frankfurt, W. Koepf, and M. Strikman, Phys. Rev. 37,
512(1998.

PHYSICAL REVIEW D 63 114013

[40] H. G. Dosch, T. Gousset, and H. J. Pirner, Phys. Re&7D
1666(1998.

[41] P. Gauron and B. Nicolescu, Phys. Lett4B6, 71 (2000.

[42] V. V. Anisovich et al,, Phys. Rev. D60, 074011(1999.

[43] L. Frankfurt, M. McDermott, and M. Strikman,
hep-ph/0009086.

[44] H1 Collaboration, C. Adloffet al, Eur. Phys. J. C13, 371
(2000.

[45] ZEUS Collaboration, M. Derriclet al,, Phys. Lett. B356, 601
(1995.

[46] ZEUS Collaboration, J. Breitweet al, Eur. Phys. J. @, 247
(1998.

[47] ZEUS Collaboration, J. Breitweet al, Eur. Phys. J. B, 603
(1999.

[48] NMC Collaboration, M. Arneodet al.,, Nucl. PhysB429, 503
(1994.

[49] CHIO Collaboration, W. D. Shambrooet al, Phys. Rev. D
26, 1 (1982.

[50] E665 Collaboration, M. R. Adamet al, Z. Phys. C74, 237
(1997.

[51] H1 Collaboration, S. Aickt al, Nucl. Phys.B463 3 (1996.

[52] H1 Collaboration, S. Aickt al, Nucl. Phys.B468 3 (1996.

[53] ZEUS Collaboration, M. Derricket al, Z. Phys. C69, 39
(1995.

[54] H1 Collaboration, C. Adloffet al,, Z. Phys. C75, 607 (1997).

[55] H1 Collaboration, C. Adloffet al, Phys. Lett. B483 360
(2000.

[56] ZEUS Collaboration, M. Derriclet al,, Phys. Lett. B377, 259
(1996.

[57] ZEUS Collaboration, M. Derriclet al,, Phys. Lett. B380, 220
(1996.

[58] ZEUS Collaboration, submitted paper 793 to ICHEP 1998.

[59] H1 Collaboration, S. Aickt al, Nucl. Phys.B472, 32 (1996.

[60] H1 Collaboration, C. Adloffet al, Eur. Phys. J. C10, 373
(1999.

[61] ZEUS Collaboration, J. Breitwegt al, Z. Phys. C75, 607
(1997.

[62] EMC Collaboration, J. J. Aubest al, Nucl. Phys.B213 1
(1983.

[63] E401 Collaboration, M. Binklet al, Phys. Rev. Lett48, 73
(1982.

[64] E516 Collaboration, B. H. Denbgt al, Phys. Rev. Lett52,

795 (19849).

[65] NA14 Collaboration, R. Baratet al, Z. Phys. C33, 505
(1987.

[66] E687 Collaboration, P. L. Frabetéit al, Phys. Lett. B316,
197 (1993.

[37] J. Nemchik, N. N. Nikolaev, E. Predazzi, and B. G. Zakharov,[67] H1 Collaboration, C. Adloffet al, Phys. Lett. B483 23

Z. Phys. C75, 71 (1997.
[38] A. Donnachie and P. V. Landshoff, Phys. Lett.1B5 403
(1987.

[39] R. R. Horgan, P. V. Landshoff, and D. M. Scott, Phys. Lett.

110B, 493(1982.

(2000.

[68] ZEUS Collaboration, M. Derriclet al,, Phys. Lett. B350, 120
(1995.

[69] ZEUS Collaboration, J. Breitweet al, Eur. Phys. J. @4, 213
(2000.

114013-15



