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Exclusive diffractive processes on the nucleon are investigated within a model in which the quark-nucleon
interaction is mediated by Pomeron exchange and the quark substructure of mesons is described within a
framework based on the Dyson-Schwinger equations of QCD. The model quark-nucleon interaction has four
parameters which are completely determined by high-eneigyandKN elastic scattering data. The model is
then used to predict vector-meson electroproduction observables. The ohtainad ¢-meson electropro-
duction cross sections are in excellent agreement with experimental data. The predictependence of
J/y-meson electroproduction also agrees with experimental data. It is shown that confined-quark dynamics
plays a central role in determining the behavior of the diffractive, vector-meson electroproduction cross sec-
tion. In particular, the onset of the asymptotig“behavior of the cross section is determined by a momentum
scale that is set by the current-quark masses of the quark and antiquark inside the vector meson. This is the
origin of the striking differences between thé dependence qgf-, ¢-, andJ/-meson electroproduction cross
sections observed in recent experimef&)556-282(97)01415-X]

PACS numbsgs): 13.60.Le, 12.38.Aw, 13.60.Fz, 24.8%

[. INTRODUCTION all hadrons are color singlets. As there are many different
ways in which two gluons can be exchanged between two
At high energies, the differential cross sections forhadrons, a straightforward calculation of two-gluon ex-
hadron-hadron elastic scattering are forward peaked and fathange is difficult. For example, in pion-nucleon elastic scat-
off exponentially in the small-momentum-transfer region.tering, there are several ways in which the quarks inside the
The magnitudes of these cross sections increase very slowtwo hadrons can propagate and exchange gluons. One con-
with energy at a rate that seems to be independent of thigibution arises when the quark inside the pion exchanges
hadrons involved. The mechanism responsible for this betwo gluons with a quark inside the nucleon. Another possi-
havior was originally identified aBomeron exchangeithin bility is that the two exchanged gluons interact with two
Regge phenomenologyl,2]. Since the advent of quantum different quarks inside the nucleon. There are other possibili-
chromodynamic§QCD) as the underlying theory of strong ties as well. To further complicate matters, the exchanged
interactions, there has been considerable effort towards thgluons can interact with each other. Such a calculation can-
development of a description of Pomeron exchange directlyot at present be carried out without making additional ap-
in terms of QCD. However, a satisfactory description has noproximations.
yet been obtained. The objective of this work is to develop A simplification was introduced by Donnachie and Land-
an understanding of the role played by the quark substructurghoff [5], who proposed that the Pomeron couples to the
of hadrons in diffractive processes as a step towards providiucleon like an isoscalar photon. This led them to consider a
ing a description of Pomeron exchange in terms of the quarknodel in which multiple-gluon exchange is replaced by a
and gluon degrees of freedom of QCD. In particular, weRegge-like Pomeron exchange whose coupling to the
explore the consequences of nonperturbative-quark dynanmucleon is described in terms of a nucleon isoscalar electro-
ics, such as confinement and dynamical chiral symmetrynagnetic(EM) form factor. In our work, we employ a simi-
breaking, in determining observables that are accessible ilar approach, thereby avoiding the complexities associated
current experiments at the Deutsches Elektronenwith the quark substructure of the nucleon so that we may
Synchrotron(DESY), Thomas Jefferson National Accelera- focus on exploring the dynamics of Pomeron exchange and
tor Facility (TINAF), and Fermi National Accelerator Labo- its relation to the quark substructure of mesons. The model
ratory (Fermilah. The availability of high-quality data from of Ref.[5] has also been applied emeson electroproduc-
these facilities provides a means to explore the dynamicdion [6] with the simplifying assumption that the quark
content of Pomeron exchange which, in turn, has motivategiropagators inside the meson can be factorized out of the
recent theoretical effort in this direction. quark-loop integration, replaced by constituent-quark propa-
It is generally believed that the underlying mechanismgators and evaluated at a single momentum. A ramification
responsible for Pomeron exchange is multiple-gluon exof employing such a procedure is the loss of some of the
change. This idea was first investigated by Low within themomentum dependence originating from the quark substruc-
Bag model[3] and by Nussinov in Refl4]. The simplest ture of the vector meson. Consequently, agreement with ex-
multiple-gluon exchange requires at least two gluons, sinceerimental data requires the introduction of a quark-Pomeron
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form factor which is, in fact, dependent on the type of vector The quark propagator employed herein is based on that
meson producede.g., p, ¢, J/) [7]. However, when the obtained in a numerical study of the DSE’s using a model-
quark substructure of the vector meson is properly accountegluon propagatofl1]. The obtained quark propagator exhib-
for, no quark-Pomeron form factor is required to obtainits dynamical chiral symmetry breaking and confinement,
agreement wittlp-meson electroproduction ddtd]. The ex-  both of which are essential to provide a good description of
tent to which the same is true for other vector mesons isionperturbative QCD phenomena. The significance of their
addressed in this work. role in diffractive processes is discussed later. Here, we only
The first objective of this investigation is to construct a mention that the confined-quark propagator and BS ampli-
model which restores some of the important features of QCRudes obtained from phenomenological studies of the DSE’s
and nonperturbative-quark propagation to the study oprovide an excellent description of processes involving me-
Pomeron exchange and the role of the quark substructure gbns. Some of these processes includerthand K-meson
mesons in diffractive processes. Some nonperturbative agM form factors[12], 7= scattering{13], pew mixing [14],
pects of QCD, such as quark and gluon confinement, arghe y7* — 77 form factor[15], the y* 7y transition form
expected to play important roles in exclusive proce$Sés  facior[16], and various EM and weak decays of theand
We find that incorporating such features_ into th(_a model cony mesong12,13,17. The use of a confined-quark propaga-
sidered herein, naturally leads to predictions in agreement, gistinguishes our approach from previous studies of
Wl'th the ozseryecq depende_nce qﬁ'.’h‘.l’" andJ/Iz/x—frneson Pomeron exchange and we find that it is essential in obtain-
electroproduction cross sections, within a single ramewor%ng a consistent description of vector-meson electroproduc-

andwithoutintraducing quark-Pomeron form factors. tion for both large and small values of the photon momentum
The second objective of this investigation is to use the 9 P

2
constructed model to determine the extent to which Pomeroﬁqua_r?]d‘h‘ fined K d h
exchange can be interpreted within QCD as multiple-gluon With the confined-quark propagator and Bethe-Salpeter

exchange. There have been some experimental observatioR@Plitudes taken from phenomenological DSE studies, the
that support this notion and numerous theoretical investigaarameters of the quark-nucleon Pomeron-exchange interac-
tions on the subject, starting with those in Rdf3,4]. One tion, introduced herein, areompletely determinetly =N
such experimental observation is the near flairatepen- ~andKN elastic scattering data. The model interaction is then
denceof high-energy meson-nucleon elastic scattering amused to investigate vector-meson electroproduction, which is
plitudes. If Pomeron exchange is predominantly gluons, thegurrently the focus of great experimental and theoretical in-
flavor dependence observed in the diffractive processes dérest. We first consider exclusipemeson electroproduction
light quarks, should arise mostly from the quark substructurand theng- and J/#-meson electroproduction.

of the hadrons involved. A satisfactory resolution of this out-  Theg? dependence of the vector-meson electroproduction
standing problem requires that cross sections for diffractiveross sections obtained is particularly interesting. For large
processes are calculated from a model in which the pertuig?, these cross sections obey an asymptotic power law, pro-
bative and nonperturbative properties of quarks, confine@ortional to 1¢*. The transition to this asymptotic behavior
within hadrons, are accounted _for. That is, the model emjg determined by the current-quark masses of the quark and
ployed should have the properties expected from nonpertuiyniiquark inside the vector meson. It follows that the electro-
bative QCD and provide a good description of the 1ow-qction cross sections of vector mesons comprised of
energy properties of hadrons, such as their EM form faCtorgeavy quarks exhibit this transition at a higlggrthan those

and magnetic moments. Therefore, in this work, we use th% : . . .
, ' . omprised of light quarks. This feature is demonstrated by an
confined-quark propagator and Bethe-Salp¢gs) ampli- appIiF():ation of (g)]ur ?nodel t@-, ¢-, andJ/-meson electro}/

tudes obtained from phenomenological studies of hadrons . o 2
based on the Dyson-Schwinger equatiéRSE’s) of QCD. production. Our predictions for th'q dependenge op-, .
The DSE's are an infinite set of coupled integral equa-¢" and J/¢-meson electroproduction cross sections are in

tions that relate all of ther-point functions of a quantum ©xcellent agreement with the recent experimental data. -
field theory to each other. The generating functional of a At present several theoretlgal investigations of dl_ffract|ve
quantum field theory being completely determined once alV€ctor-meson electroproduction appear in the literature.
of the n-point functions are known. Hence, knowledge of the Some of these employ perturbative meth¢#i8—24 while
n-point functions completely specifies the dynamics of theothers(including the present stugiemploy nonperturbative
theory. The simplest of these is the two-point, quark-methodg5-7,25,28. The range of applicability of perturba-
propagator DSE, which describes how dressing of the quarkon theory in determining diffractive vector-meson electro-
propagator is dynamically generated by the quark’s interacproduction amplitudes at energies reached at the DESY
tions with its own gluon field. To obtain a solution of this collider HERA is still under discussion. In Ref18], it is
integral equation requires knowledge of otmepoint func-  argued that only the electroproduction lohgitudinally po-
tions, which in turn, satisfy their own DSE’s. In general, thelarized vector mesons should be considered and even then
kernel of a DSE that determines arpoint function contains  only at large photon momentum squagd It has also been

at least onem-point function withm>n. This illustrates the suggested that perturbative methods would only be reliable
self-coupling between the equations that necessarily entailsfar the production of heavy-quark vector mes¢@s]. This
truncation scheme in order to obtain a finite and tractable sés supported by the experimental data Joy-meson electro-

of equations. Quantitative studies of such truncated systenmoduction which appear to be well described using such
of DSE’s have had considerable success; a review of thimethodq19], while nonperturbative effects, such as the rela-
body of work may be found in Ref10]. tive, “Fermi momentum” between the quark and antiquark
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inside the vector meson, must be included when considering
light-quark vector meson electroproductif8].

Although there are similarities between these perturbative
approaches and the approach considered herein, there is a
important difference. For large photon momentum squared,
the perturbative description of diffractive electroproduction
proceeds by a mechanism in which the photon fluctuates into
a quark-antiquark pair that then scatters elastically from the
proton target and ultimately forms the on-mass-shell vector
meson. Itis assumed that the quark and antiquark each carry FIG. 1. General interaction between an on-mass-shell nucleon
a large fraction of the total photon momentum and can there;, <onfined quark, given by E(@.6).
fore be treated as freely propagating, on-mass-shell partons

in order to determine thqq proton elastic scattering ampli-

tude. In contrast to this, we find that the presence of th&(k,k’;p,,p,)= Z qf(kHr! ! (k)GW(k K';p1,p2)

vector meson bound state amplitude constrains the momen-

tum flow in the quark loop so that one of the quark propa- o

gators that couples to the quark-photon vertex is hard and the X U (P2)T Um(P1), (2.1
other is soft.(This feature was first observed in RE6] and

is shown in Sec. IV to be true in our model as weAn  \where u,(p;) and u,(p,) are the Dirac spinors for the
important ramification of this is that the asymptotic limit of incoming and outgoing nucleong! (k) andq_(k’) are ele-
the quark-photon vertey,, does not provide the dominant oo of the Grassmann algebra for a quark of flavor
contribution to the electroproduction cross section for anyt_y d.s, I', is a matrix in the Dirac space of the
value ofg”. The Ward-Takahashi identity requires thatth nucleon, and“L is a matrix in the Dirac and flavor spaces of

ferr.monllegs'must carry large momentum before the pertur ihe quark. The momentum dependence of the exchange
bative limit is reached, the presence of a vector- MeS0lechanism and the guark-Pomeron and nucleon-Pomeron
Bethe-Salpeter amplitude keeps this from happening in d'fcouplmgs is given by the amplitud®, ,(k,k';p;,ps). In Eq.
mv !
fractive vector-meson electroproduction. (2 1) and throughout this work, we have suppressed color
As an example of the importance of the nonperturbative and Dirac indices. We employ the Euclidean metric

contributions to the quark-photon vertex, we make predlc —diag(1,1,1,1) and Hermitian Dirac matrices that satisfy
tions for the ratio of the longitudinal to transverse vector-

meson electroproduction cross sectidRs; o /0. We ob- { M'y”} 20uy .
) . The Pomeron -exchange model of the quark-nucleon inter-
tain a value oRR that is much smaller than other models and

smaller than the values extracted fr eson electropro- action, employed throughout this work, is constructed from

duction polarization data under the assumptiors-channel Eg. (2.1) by introducing the following three simplifying as-

helicity conservation. Replacing the dressed quark- hotoSumptlons
Y P 9 q P (i) Motivated by the observation that the differential cross
vertex by a bare vertew, reduces the value dR which

. T e : sections ofrN andKN elastic scattering have similarde-
gives an indication of the sensitivity of this observable to f-
nonperturbative contributions in our model. pendence, we assume that the quark-Pomeron couplng

The organization of this paper is as follows. In Sec. I, wetan be factorized into two independent matrices:
give a precise formulation of the quark-nucleon Pomeron-
exchange interaction to be considered in this work. The pa-
rameters of the model are determined in Sec. Il by consid-
ering mN and KN elastic scattering data. The model is
applied to vector meson electroproduction and the results a
presented in Sec. IV. Finally, in Sec. V, we present our con-
clusions.

Il —T B, (2.2

whereI',, is a constant matrix in the Dirac space of the
uarks aanf is a constant. This leads to the simplification
that apart from a flavor-dependent overall multiplicative con-
stantB;, the quark-Pomeron coupling is flavimdependent
The use of a flavor-dependent coupling consanis not
inconsistent with the identification of Pomeron exchange as a
multiple-gluon exchange. In contrast to the bare quark-gluon
OFIEII'I—?EP((QDLIYI AI\ERRIS SLJEC)T_CE%AI‘\INI(IB\IESSA%%ON vertex (which is flavor independeht_the nonperturbative
dressing of the quark-gluon vertegquired by the Slavnov-
We begin by constructing a phenomenological model ofTaonr identity, introduces a nontrivial flavor dependence in
the interaction between a quark, confined within a hadronl“
and an on-mass-shell nucleon. We only consider processes in Therefore, Eq(2.2) incorporates the assumption that all
which no flavor is exchanged between the quark andof the flavor dependence of the quark-Pomeron-exchange
nucleon, so that in the high-energy and small-momentumvertex can be absorbed intocanstantg;. We will see that
transfer region, this interaction can be parametrized in termthis minimal flavor dependence is sufficient to describe pro-
of Pomeron exchangd&he most general form of the quark- cesses involving light quarks. However, in Sec. IV C, we
nucleon Pomeron-exchange interaction may be representstiow it is too restrictive to describe processes involving
as the shaded box in Fig. 1 and written in momentum spacheavy quarks, such ad/¢-meson electroproduction, and
as must be relaxed in this case.
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(i) We assume that the Dirac structure of the quark-necessary to weaken this assumption by introducing an ad-

Pomeron-exchange coupling in E@.2 and the nucleon-
Pomeron-exchange coupling in E.1) can be taken as
I’ ,= v, Although this assumption is overly simplistic and

ditional dependence on the quark momenta in the form of a
“quark-Pomeron form factor”[6,7]. The scale associated
with this form factor turns out to be flavatependenf7],

perhaps, dubious, it has been employed in previous workthereby violating our first assumption, as well. In our ap-
[5—8] and by maintaining this assumption, we can directlyproach, we do not introduce this additional momentum de-
compare our results to these studies. Furthermore, the abopendence. In fact, we show that the flavor dependence of our

assumption leads to approximatechannel helicity conser-

vation which is often associated with Pomeron exchange.
The dubious aspect of employing, as the quark-

Pomeron-exchange vertex lies in the fact thrgtis odd un-

predictions is entirely determined by the overall, multiplica-

tive constantB; and the quark substructure of the mesons
involved. Having parametrized the quark-nucleon Pomeron-
exchange interaction in Eg&.5) and(2.6), we now proceed

der charge conjugation, while Pomeron-exchange should b® determine the parameters.

even. In this work, the charge-conjugation parity of the

Throughout this work we assume &Y., is a good

guark-Pomeron-exchange coupling is implemented by hangymmetry, so thaBy=8,. Hence, the four parametess,,

In our approach, we can investigate the possibility of a morex;, 8,, and Bs completely determine the quark-nucleon
sophisticated quark-Pomeron-exchange vertex, which has tiRomeron-exchange interaction for the light, d, and s
supposed symmetries of Pomeron exchange. Such a studyqgsarks according to Eq$2.5) and (2.6). In Sec. lll, these

left to future work.

parameters are determined by consideririy andKN elas-

(i) The quark-nucleon Pomeron-exchange interactiortic scattering.

G,.(k,K';p1,pp) is assumed to be independent of the

square of the four momenta of the quaié and k’? and
diagonal in the Lorentz indices. Hence,
G,(K,K';p1,p2) =5,,G(s,t), where s=—(k+p;)* and
t=—(p;—p,)2. To make contact with previous Pomeron-
exchange modelgb,6], we introduce the parametrization

G(s,t)=3B,G(s,t)F4(1), 2.3

where

AMZ—-2.8& 1

Fa(t)=
1t AME—t (1-t/tg)?

(2.9

is the nucleon isoscalar EM form factdvly is the nucleon
mass, and,= 0.7 Ge\2. The appearance of the EM form
factor F(t) in Eq. (2.3, suggests a similarity between pho-

we write

lll. ELASTIC SCATTERING OF PSEUDOSCALAR
MESONS AND NUCLEONS

The first application of our model is to obtain cross sec-
tions for 7N and KN elastic scattering. This requires a de-
scription of the 7r- and K-meson quark-antiquark bound
states. Such a description is provided for by phenomenologi-
cal studies of the DSE’s of QCD.

In Ref.[12], confinedu-, d-, ands-quark propagators and
- and K-meson Bethe-Salpeter amplitudes were obtained
and shown to provide an excellent description mof and
K-meson observables, including their EM form factors.
These elements, having been previously determined in Ref.
[12], allow us to use the existingN and KN elastic scat-
tering data to completely determine the parameteysa;,

ton and Pomeron exchange. The difference between theg®d G (f=u,d,s) in the quark-nucleon Pomeron-exchange

two exchanges is provided by the functi@{s,t) which is
parametrized as

(2.9

G(s,t)=(a;s)%0* !

and is reminiscent of the Pomeron-exchange Regge traje

tory discussed in Refd.1,2]. Of course, by employing a
value ofay>0, we recover the observed behavior that cros

sections of processes which proceed through Pomeron e%®

change increase with energs.
With the above assumptions, E@..1) is reduced to

I(k,K';p1,p2)= Zf (k") Br7,9'(K) [[3B,G(s,t)F1(1)]

X[ U (P2) ¥uUm(P1) 1. (2.6)

Although our model interaction, defined by E8.6), is simi-
lar in appearance to that of other authfBs7], our descrip-

interaction of Eqs(2.5 and(2.6).

Of the parametersyg,a,, and B¢ (f=u,d,s), aq is an
observable, directly related to the universalependence of
hadron-hadron total cross sections. Its value can, therefore,
be taken from the analysis of experimental data given in Ref.

@7]. In this study, it was found that the data fpp and
PP total cross sections are best reproduced by the value of

=0.096'5.555. For our purposesq,=0.10 is sufficient.

Our task is then to determinge; and 8; from 7N andKN
elastic scattering data.

Assuming SW2) qi.,or SYymmetry for theu andd quarks,
we setBq=pB,. The parameterg, and a, are determined
by considering themrN elastic scattering differential cross
section andB, is determined by thenagnitudeof the KN
elastic scattering cross section. Thedependence of the
KN differential cross section is the first prediction of our
model. In our approach, the dependence of the quark-
nucleon Pomeron-exchange interact®(s,t) in Eq. (2.5 is

tion of the quark substructure of mesons differs significantlythe samefor all processes involving light quarks. Therefore,

and plays a pivotal role in the processes considered.

the predicted differences in the differential cross sections for

Another difference between our approach and those ofrN andKN elastic scattering arentirely due to the quark
previous authors is our assumption that the quark coupling tsubstructure of ther andK mesons. To our knowledge, this
the Pomeron-exchange interaction is independent of this the first work to correlate therN and KN differential

quark four moment&? andk’2. Other authors have found it

cross sections an@s we will se¢ properly account for the
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TABLE I. Confined-quark propagator parameters éord, and
s quarks from Ref[53]. An entry of “same” fors quark indicates
that the value of the parameter is the same asdd quarks.

f by bl by by Cho Chso M

ud 0.131 290 0.603 0.185 0.121 0.00 5.1 MeV
S 0.105 same 0.740 same 1.69 same 127.5 MeV

the trace is over Dirac indices. The kinematical variables for
evaluating Eqs(3.3) and(3.4) are also indicated in Fig. 2.
The small mass difference between theand d quarks is
ignored and hence we tak8,(k)=Sy(k). In this case,
A:(q,P) and Aﬂ(q,P) contribute equally tor*N elastic
observed differences between them. scattering.

Pion-nucleon elastic scatterindhe =N elastic scattering In a general covariant gauge, the propagator for a quark of

amplitude is described within our model as Pomeron exflavor f is
change between the nucleon and the quark or antiquark in-

FIG. 2. One of two diagrams that contributes #dN elastic
scattering in impulse approximation.

side thewr meson. This is illustrated in Fig. 2. Application of Si(k)=—iy-kol(k®) + o&(k?), (3.5
the quark-nucleon Pomeron-exchange interaction defined by
Eq. (2.6) leads to therN scattering amplitude and its inverse is
P;pom’|T no »nl DM _ .
< P2 | N N|q P1 > B Sf l(k)=|’y~kAf(k2)+Bf(k2). (36)
=2iA,(q,P) [3BuF1(1)G(s,1) ][ U (P2) Y. Um(P1)].

Studies of the two-point quark DSE, employing a model-
gluon propagator, suggest that the qualitative features of the
Here, A ,(q,P) describes the coupling of & meson to the con_fined—quark propagator are well described by the alge-
Pomeron-exchange interaction and the remaining terms wefy@ic form{11]
defined in Sec. Il. In deriving the product form of BE§.1),

(3.2

f f

we have assumed that tleedependence of the Pomeron- — 1—e b1x 1—e‘b3"/ —_—
exchange interactio®(s,t) can be evaluated from the ex- os(X)= bix bix \bo+b2—AX

- 2. 1 3
ternal pion and nucleon momenta, so teat—(q+p4)- is
the usual Mandelstam variable. This approximation is com- ] e-2x+mp)
monly employed in Pomeron-exchange modéls7]. It is +me+Cfnfe*2X,

f

adopted here to ensure that the(q,P) is a function ofq
and P only, which reduces the number of integrations re-
quired to evaluate\ ,(q,P). We have found that this ap-
proximation can, at most, lead to a 10% change to the nor- ;\r,(x) =
malization of the amplitude and has no observable effect on 2(x+mg)
the s andt dependence. .
For "N elastic scattering) ,(q,P) is comprised of two  wherex=k?/\2, sk=\coL, ol =\?c!,, m;=\m is the bare
terms: mass for a quark of flavdr, A=104, and\ =0.566 GeV is
— a momentum scale. All of the parameters and variables ap-
A, (0,P)=A%(q,P)+AS(q,P), (3.2 pearing in Eqs(3.7) are dimensionless as they have been
rescaled by\. The valueA=10* is introduced only to
where ensure the decoupling of the small and intermedidtde-
d*k havior in the algebraic form, characterized by the parameters
AL(q,P)=Nc tr f—zxsu(kJr_)l}(k— iP) bl and b}, which is observed in numerical studies of the
(2m) quark DSE.
X Sy(k_ )T (k— 10)Su(K_2) BuY, 3.3 The parametersf), b!, b5, b, CInf, and m; for
f=u,d,s are determined in Ref12] by performing ay? fit
Y d*k . to experimental values of decay constahjs fx, 7 scat-
AL (q,P)=N tr fwsd(k+7)rﬂ(k— iP) tering lengths,m- and K-meson electromagnetic form fac-
tors, charge radii, and other- and K-meson observables.
X Sy(K_ )T (kK= 30)Sy(K_ 1) ByYs .- (3.4  The resulting values of the parameters are given in Table I.
# The algebraic forms forri(k?) and o!,(k?) are analytic
Here, Si(k) is the propagator for a quark of flavdr, everywhere in the finite complei plane. This ensures that
I',(k) is the pion Bethe-Salpeter amplitudek,; the quark propagatdB;(k) has no Lehmann representation
=(k+ (a/2)g+ (B/2)P), N.=3 is the number of colors, and and hence there are no quark-production thresholds in the

.
2(x+m?)— 1+~ 2x+mp)

: (3.7
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10.000 pr-rrrmy—r-rrrw—rrrre—rrrrmy—r-rrrme—r—rrme nonperturbative enhancement of the mass funcBefk?).
3 3 This enhancement is a manifestation of dynamical chiral

i ] symmetry breaking and confinement.
T~ Dynamical chiral symmetry breaking causes the low-
1.000 - o 2 E momentum quark propagator to behave qualitatively as a
F N A k) ] constituent-quark propagatdiA constituent-quark propaga-
- 1 tor is given by the free-fermion propagator of £§.10, but
0.100 [ N —_—— Bu(kz) [GeV] 1 with a mass of the order of a hadron md®&ne can identify
3 an effectiveconstituent-quark magor the confined-quark
1 N ) propagator given in Egs.(3.7 as the solution of
0.010 N k?—B(k?)/A¢(k?)=0. With this definition, we find the ef-

L
/

\--_____:E fective u-quark mass i “Q~ 330 MeV and the effective
] s-quark mass i85~ 490 MeV. These masses are typical of
L the values employed in constituent-quark models. The fact
0~00110-2 10" 10° 10 10° 10° 10* that the quark propagator of Eq$3.7) behaves as a
2 2 constituent-quark propagator at low momentum and a
k™ (GeV) current-quark propagator at high momentum has important
FIG. 3. The Lorentz-invariant functions,(k?) andB,(k?) for ramifications in our analysis of vector-meson electroproduc-

; i ) tion in Sec. IV.
the confinedu-quark propagator defined in E¢8.7). We now consider the Bethe-Salpeter amplitdidgk). In

calculation of observables. The absence of such threshold8€ limit m,—0 the m meson can be identified with the

admits the interpretation th& (k) describes the propagation coldstone mode of massless QCD and one can show that the
of a confinedquark. corresponding BS equation coincides with DSE for the quark

It is possible that theexactquark propagator, obtained ™MaSS functiorB,(k?) [28]. Therefore, the pion BS amplitude
directly from the quark DSE of QCD, may have singularities €@ P& written as
or branch cutgperhaps bothsomewhere in the complex- 5
k? plane. In this case, the forms given in E(®.7) are to be T (K)=iy By(k%) 3.11)
considered as approximate and only applicable within some H > f ’ '
region of Euclidean space. In the present study, the quark
propagator in Eq93.7) is employed on a hyperbolic region
of the complex Euclidean plane where R&E= — %mf/, and
m, is the mass of thep meson. On this domain, our results

indicate that the forms given in Eqe3.7) are sufficient o ~u  _ i Table I then the small value 6~ _ . obtained
describe the hadron observables considered herein. m, =0 ’ m,=0

The inverse propagator of a quark with flavois defined 1" Ref-[12] and given in Table | suggests that themeson
in terms of the two functioné\(k?) andB¢(k?) as given by 1S, bosiillgot(;\i aggr:gﬁgga;'ggr'ka pGrglpdaS;g?;(rE;)dvevig %EE
Eq. (3.6). These are obtained from!(k?) and o (k?) by » . '
inverting Eq. (3.5. In Fig. 3, the \f/unctionsAu(Skz) and (3.7),_7r-mesqn BS amplitudE (k) in Eq. (3.11), the quark-
B.(k?) that correspond to the confinedquark propagator Ioop integrations of Eqs(g'g) af.‘d (3‘.4) are .evaluated nu-
are shown in order to illustrate some of their features, Whid{nencally. TheWN elastic scattering differential cross section
play an important role in this work. is then obtained from

In the limit that the quark momentuk? becomes large

™ m,=0

whereB,(k?) is given by Eq(3.6) andf , is the BS normal-
ization. Explicit chiral symmetry breaking effects associated
with finite current-quark mass are provided for by allowing

and spacelike, the functioms; (k%) andB¢(k?) approach an do _ M Ez T 2 (3.12
asymptotic limit: dt 167s| 5C_m.|2 2.5 aN—aN| - '
lim  Aik?)=1, 3.8 :
2o (k9 S The parameterg, and a, are chosen to provide the best
agreement with existingrN elastic scattering data in the
lim  By(k?)=m. (3.9  high-energy and small-momentum-transfer region. The re-
K200 sulting parameters are given in the first row of Table Il. The

results(solid curves and the data at/s= 10, 15, and 20
GeV are shown in Fig. 4. Clearly, the model provides a good
description of therN differential cross section.
; o IR To determine the remaining paramej@y we apply our
im S k) =iy-ktm. (3.19 model interaction tKN elastic scattering. ThiK *N elastic
scattering amplitude can be obtained from Ej1) by mak-
This behavior can be identified with the asymptotic freedom
of the quark propagator in QCD.

For small quark momenta, the quark propagator, given by The reader is reminded that a confined-quark propagator does not
Egs. (3.7), behaves quite differently than the free-fermion have a well-defined mass. Hence, the procedure employed to define
propagator of Eq(3.10. In this region, there is a strong an “effective mass” is arbitrary.

Hence, the confined-quark propagatei(k) reduces to a
free-fermion propagator:

K2
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TABLE Il. Parameters of the quark-nucleon Pomeron-exchange
interaction of Eq(2.6). Entry of “same” indicates that value is the
same as fou andd quarks.

aasanel 223

flavor @ a; [GeV™?] B; [GeV™?] — 10 i

>
u/d 0.10 0.33 2.35 S ]
s same same 1.50 g 10 3
C 0.42 0.10 0.09 =

§ 1 3
: _— . o 3
ing the substitutionm— K and using Eqs(3.3 and (3.4) . 1]
with the substitutionsr— K andd—s. The amplitude can be 10 3
calculated immediately by employing tsequark propagator .

of Egs. (3.7), the s-quark parameters given in Table I, and 107
the K-meson BS amplitudd'«(k) determined from Egq.
(3.11) with the replacementg—K andu—s.

We find that themagnitudeof the KN elastic scattering W [
data can be best reproduced by choostag 1.5 GeV 1, as
listed in Table II. Our results for/s= 10,15, and 20 GeV are
shown in Fig. 5. The agreement with the data is excellent. (~ 10’

WETIT BREET BT

We emphasize that thedependence of the differential cross %
section shown in Fig. 5 is predictionof the model since all Q 10°
of the s andt dependence of the quark-nucleon Pomeron- 3.
exchange interaction has been fixed by #¥ elastic scat- s
tering data. Our results for the differential cross section, © 10
shown in Figs. 4 and 5, are well parametrized by the form ™

g 10°

=T A, (3.13

dt 107

whereA andb are functions ofs only. A determination of
b,y and byy from our model reveals that although our
quark-nucleon Pomeron-exchange interacti(s,t) in Eq. 10'
(2.5 has the same dependence for both of these processes, E
nonetheless, because of the quark-loop integration in Egs. ~ ;¢ [
(3.3 and (3.4), b, y#bky. In particular, we find that at 3
Js=15 GeV, b, y=9.17 GeV 2, and byy=8.82 GeV 2.
This flavor dependence of theslope parameter arises from
the dynamical difference between the quark substructure of
the = andK meson. The only other source of flavor depen-
dence in our approach is the couplingnstantB; which is
independent of andt. This illustrates how flavor depen-
dence in diffractive processes can arise from the quark sub-
structure of the hadrons involved. In the next section, we y
show that the different quark substructure of gheg, and 00 0'2 : 0'4 YR 0'8 : 1'0 . 1'2 : 1'4 : 1.6
J/y mesons leads to striking differences in the depen- ) ’ ) ’ — (.GeVz') ’ ’ )
dence of their electroproduction cross sections.

Having defined all of the parameters in the quark-nucleon g 4. The differential cross section famp elastic scattering at
Pomeron-exchange interaction of E(&5) and(2.6), we are . energies/s= 20 (top), 15 (middle) and 10 GeV(bottom. The

now in a position to make parameter-free predictions forgata are from Ref29]. Both 7" p (circles and = p (squaresdata
other diffractive processes on a nucleon target. are shown.

(N}

—
(=1

do/dt (ub/GeV”
3

0

10

guark-nucleon Pomeron-exchange interaction defined by Eq.
(2.6) can account for the existing data and make predictions
for future experiments.

Motivated by recent experimental efforts at HERA, Fer- To proceed, it is necessary to develop model quark-
milab, and TINAF, the remainder of this paper focuses orantiquark BS amplitudes for the vector mesons under consid-
the diffractive electroproduction of vector mesons on theeration. In principle, one could solve the BS equation di-
nucleon. Our main objective is to explore the role played byrectly to obtain these amplitudes. However, for our present
the quark substructure of vector mesons in diffractive elecpurposes, it is sufficient to construct phenomenological am-
troproduction. We also examine the extent to which theplitudes that reproduce the experimental decay widths of the

IV. DIFFRACTIVE ELECTROPRODUCTION
OF VECTOR MESONS
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q
10" g : k++ 9

107 F 1 —
g @: K m
10 1
Ot e+
% 10' 1 @
= 3 3
10 ¥ FIG. 6. Impulse approximation to— = decay.
107 [ L 1 ) 1 L 1 K282 Cy PM'y~P
V,(p,p')= e v+ + ,
WP NV( e R~
4.7
4
10 4 whereP=p—p’ andm,, are the total momentum and mass
1 of the vector meson arki=3(p+ p’) is the relative momen-
o 10° 1 tum between the quark and antiquark. The parametgrs
% E by, andcy represent, respectively, the infrared scale, the
Q 102 b scale of the ¥ tail, and their relative strength. The overall
S 3 o ; . .
2 3 normalizationNy, is not a free parameter. It is determined by
s . F the BS normalization equation
B 10 F
3 3 u
[ Pol 8,0t —t5-
100 =|' (23 Mmv mp )
L 'k 9S,(k.)
107 4 L 4 . . . - +
Ntr 2a)? aP. V, (ki ko) Sy(ko)V, (ko ky)
F d*k
104 Er +thr (27T)4SU(k+)V,u,(k+ 1k7)
i 95u(k-)
o 100 f IR
> =0 Vo (k- ky). 4.2
(D 2 i
§ 10 3 The Dirac structure of the BS amplitude in Ed.1) is not
e F the most general form. Rather, it is the simplest form to
% 10' | ensure that theorentz conditioris satisfied by the on-mass-
< shell vector meson; i.eR,V ,(p,p')=0.
10° i To determine the parameters ¥),(p,p’), we first con-
f sider the decay of a neutralmeson of momentur® into a
1 C 7+ meson of momentung and a7~ meson of momentum
0' L L A [ N [ N i n ] A 1 A 1 L L /: _ H H H H'Y
00 02 04 06 05 10 1z 14 16 gq’'=P—q. In impulse approximation, the— = transition

—t (GeVz) amplitude is

‘D _ Y
FIG. 5. The differential cross section f&ip elastic scattering at (a;P q|TfH7Tw| P)‘p> - ZAM(P'q)SMP(P)' 4.3
c.m. energiesys= 20 (top), 15 (middle), and 10 GeV(bottom. N ) o ]
The data are from Ref29]. BothK *p (circles andK p (squares ~ Wheres *(P) is the polarization vector of @ meson with

data are shown. helicity A, and
vector mesons. In what follows, only formulas necessary to B d*k
the calculation ofp decays are given. By making an appro- Au(P,q)=2Nctr (2m)* Sulk— )V ulkoy ki 1)

priate change of labels, the same formulas can be applied to o L
calculate the decays @ andJ/ mesons. X Sy(Ky )T (k+ 3P)Sy(ky )T (k). (4.9

The vector-meson BS amplitudes obtained in numerical
DSE studies of the meson spectrum indicate that the qualitadere, k,;=k+ (a/2)P+(B/2)q, N.=3, and the trace is
tive features of these amplitudes are finitek&=0 and  over Dirac indices. The Feynman diagram corresponding to
evolve as M2 for large k? [30]. Therefore, we parametrize Eq. (4.4) is depicted in Fig. 6. Since the quark propagator
the amplitudes S¢(k) and 7-meson BS amplitud€ (k) have been given in
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e+
=® ®
e-
FIG. 7. Impulse approximation to—e*e~ decay.

the previous section, the only new element in Eg4) is the
p-meson BS amplitud¥ ,(p,p"). Therefore, Eq(4.4) pro-
vides a means to determine the paramedgrsh,, andc,, in
the p-meson BS amplitud® ,(p,p’).

We define thep— 77 decay constany,,, by writing
Eqg. (4.4 as

(4.9

with A(P?=—m?,g?=—m2)=1 when all external legs of
Fig. 6 are on-mass-shell. The- 7 decay widthl",_, .. is
related to this decay constant by the expression

4m2 ) 3/2

AL(P.9)=7(20,—P,)0,,-A(P%0%),

m
P
m,

r

o m"( — (4.6

PRI A 12

Substituting the experimental value Bf,_, ;,=151.2¢ 1.2
MeV [31] into Eq. (4.6) leads tog,,,=6.05. Upon substi-
tuting the explicit form forV ,(p,p’) into Eq. (4.4), we de-
termine the value of the decay constapt, . in our model.
We also consider thep-meson electromagnetic decay
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The most general quark-photon vertex that satisfies Eq.
(4.9 and is free of kinematic singularities is given [82]

il (kk)=iT (k,k)+iT5%Kk,k"), (4.10
where
(k—=k"),I'J(k,k")=0, (4.11)
and[33]
-1 BC ’ H 2 1,12 ’ : +k,
IOk K) =1y, fa (k2 k) + (ke k) iy ——
><f2(k2,k’2)+f3(k2,k'2)}, (4.12
with
Ai(K?) +As(k'?
fl(kz,k'2)= f( ) f( ),
2
o ArKY) = Ag(k'?)
fo(k?,k 2)=w,
B¢(k?)—B¢(k'?
f3(k27k'2):M 4.13

k2_k/2

The functionsA;(k?) and B(k?) are the Lorentz invariant

p—e’e” which proceeds through an intermediate timelikefunctions that determine the inverse of the confined-quark

photon. The transition amplitude for the decay qf emeson
with momentumP into an electron of momenturp and a
positron of momentunp’ takes the form

<pms;p,mé|Tpﬂe+e*|P)\p>

— 1
=eoUm,(P) 7,0 m (P") 5511, (P)e)(P), 4.7

where up, (p) andvy (p’) are, respectively, the spinors of
S

the outgoing electron and positraay, is the positron charge,

IT,,(P) is the photone-meson transition amplitude, and

siﬁ(p) is the p-meson polarization vector. In impulse ap-

proximation, the photop-meson transition amplitude is
given by

d*k
I1,,,(P)=eoNtr f Gyt ST KOS ()

XV, (k_ ky), (4.9

and is illustrated in Fig. 7.

Evaluation of Eq.(4.8) requires an explicit form for the
photon-quark vertek', (k,k"). An acceptable form must sat-
isfy the Ward-Takahashi identitfVTI):

(k—k"),iT,(k,k")=S; *(k)— S H(k'), (4.9

where S;(k) is the quark propagator. Clearly, a bare quark-

photon vertexI' ,=y, does not satisfy Eq(4.9) for the
confined-quark propagators of Ed8.7).

propagator in Eq(3.6).

We observe from Eqs4.12 and (4.13 that I'5%(k k")
reduces to a bare quark-photon vertgx in the limit that
both quark momenta become large and spacelike, in accor-
dance with perturbative QCD. Hence, in this perturbative
limit, '} (k,k’) must vanish. Of course, at=k—k’=0 the
Ward identity fixes the full quark-photon vertex to be equal
to I'5%(k,k), therefore, in this limitl"} (k,k) must also van-
ish. Furthermore, numerical studies indicate that in the
spacelike regionl“;(k,k’) is a slowly varying function of
photon momentum. With these considerations, it is reason-
able to neglect contributions to the quark-photon vertex from
I'(k,k’). So, throughout this work we use

I (kk)=T2kk'). (4.19
This ensures that we have a parameter-free quark-photon
vertex that satisfies the WTI and has the correct perturbative
limit as bothk? andk’? become large and spacelike. Further-
more, it has the correct transformation properties ur@er
P, T, and Lorentz transformations.

Since thep meson is on-mass-shell, ,,(P) is transverse
to P,. We can, therefore, define the dimensionless
p-meson electromagnetic decay constnby

2 €o
H,LLV(P) P2=7m§: ( P 5,u,v+ P/.LPV)f_

pIp2=—m?
p

(4.19

One can then show that the decay width fer-ee™ is
given by



56 EXCLUSIVE DIFFRACTIVE PROCESSES AND THE ... 1653
TABLE Ill. Parameters of the model vector-meson BS ampli-
tudes and their corresponding decay constaViBP refers to the
vector-meson decay into two pseudoscalar mesons, @-g 4T
and ¢— KK. The experimental values are given in parentheses.

V meson ay (GeV) by (GeV) ¢y fv Ovpp
p 0.400 0.008 1250 4.56.03 6.8(6.05
¢ 0.450 0.400 0.5 14.812.9 3.7(4.59
iy 1.200 0.0 115115
1 A FIG. 8. Impulse approximation tp-meson electroproduction
[yete= §a§”‘mPTT’ (4.16 current matrix element, E¢4.19 with t,,,(q,P) from Eq.(4.20.
P

o i i quark dynamics is essential to obtain a description of vector-

where aen=ep/4m~1/137 is the fine structure constant of agon electroproduction. For example, when we neglect

QED. The experimental value &f, e+~ =6.77+ 0.32keV  gome of the nonperturbative aspects of quark propagation,

[31] entailsf,=5.03. , such as confinement and dynamical chiral symmetry break-
With the above formulas, we can use the experimentalg \ve find that agreement with electroproduction data re-

data of thep— 7 andp—e*e” decay widths to constrain  gyires the inclusion of a quark-Pomeron-exchange form fac-

the parameters of the-meson BS amplitud¥,(p,p’). The  {or [8]. In contrast to this, herein, we observe that saene

parameters,, b,, andc, are chosen to reproduce the ex- quark-nucleon Pomeron-exchange interaction that describes

perimental values of the decay constaffsand g,,» 10 7N andKN elastic scattering also provides an excellent de-

within 15% of the experimental values. This accuracy is easscription of p- and ¢-meson electroproduction without

ily acheived with our simple model of the vector-meson BScpanging any parameters and without introducing a quark-

amplitude. Furthermore, our results for thé t, andg? de-  pomeron form factor.

pendence of vector-meson electroproduction observables are The differential cross section for vector-meson electropro-

completely insensitive to changes made to the parameters gf,ction can be written as

the BS amplitude. Only the magnitudes of decay constants

and the electroproduction cross section are sensitive to do

changes in the model BS amplitude. The chosen parameters m:F(UT’L €o). (4.17

for the p-meson BS amplitude and the resulting decay con-

stants are compared to the experimental values for the decw . . .

constants in the first row of Table Il ere, we have introduced the lepton kinematical faclors

Relabelingp— & andu—s in Egs. (4.8 and (4.16 and and € as in Ref.[34]. The definitions ofocr and o, admit
p— b, m—K, andu—s in Egs. (4.4), (4.5, and (4.6) and their identification as théransverseand longitudinal cross

B . * O
multiplying Eq. (4.8) by \2/9 to take account of the flavor se(_:lflr:)nsdpﬁf thw;rtllja;l procesfSy N_d’p N.. h ter-of
structure of thep meson, one can determine the BS ampli- omeent Inicr:erg )'a}ra%rg]gf (t)hZTNaZ s(trér}] ”::aneb;er;.ggﬁ :;13
tude for the¢ meson by reproducing the decay constants for™ ume.m, PN Sy ' wii

¢—KK andp—e"e”. The resulting parameters and decay

constants are given in Table Il dor 1 My |P| 1E .
Having completed the determination of the necessary BS 40 (2m)?aw K_H ESpinS( xJIxtdydy),

amplitudes, we can now predict diffractivep- and
¢-meson electroproduction cross sections. This is carried out .
in the next sections. do 1 MyIP| @

T T o AW K T
dQ  (27)° 4W K gzspins(Jsz). (4.18

A. Electroproduction of p mesons

The fact that a neutral vector meson and photon are bothlere,d() denotes a differential element of the solid angle of
JPC=1"" states suggests that diffractive vector-meson electhe outgoingp-meson three-momentur® relative to the
fcroproduction would be similar to elasti(_: _hadron scatte(ing\,})hoton three-momentum a K= (W2— Mﬁ)/(ZMN),
in that bqth processes satisfy the empirical rule of Gribo W2=—(P+p,)? is the invariant mass of theN system,
and Morrison(see, for example, Refl]). We therefore ex- 5 _ i
pect that diffractive electroproduction of neutral vector me-qu:(q;"") IS thf momentum of the virtual photon, and
sons would be well described within our Pomeron-exchang®,= (P,i Vm’+|P|?) is momentum of the outgoing me-
model. The first application of a quark-based Pomeronson. The hadron current matrix element is
exchange model to the study of vector-meson electroproduc},=(P\,; pzm’lJM(q)|p1m).
tion is given in Ref[6]. Application of the quark-nucleon Pomeron-exchange in-

We argue that of the processes considered herein, vectaeraction, defined in Eq2.6), to p-meson electroproduction
meson electroproduction imostsensitive to the quark sub- leads to the diagram illustrated in Fig. 8. The corresponding
structure of mesons and a proper treatment of the confinedsurrent matrix element is
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(PX\,;pom’[J,(q)|pim) ' ' ' '

100.0
=2t,,,,(q,P) e(P)[G(W21) 3B,Fy(1)]

X[ Uy (P2) Yalm(P1)]. (4.19

Here,u,(p1) andu,,(py) are, respectively, the spinors for
the incoming and outgoing nucleon= —(p;— p,)?<0;
siP(P) is the polarization vector of thp meson, and the
factor of 2 arises from the equivalence of the two contribut-
ing diagrams under charge conjugation because the quark:
Pomeron-exchange vertex is even under charge conjugation
The Pomeron-exchange parametrizat®(w?,t) 33,F1(t) , , , ,
has been defined in Eq&.5) and (2.6). The energy of the 1‘00.0 0.1 0.2 0.3 04 0.5
guark-nucleon Pomeron-exchange interaction is taken to be —t (GeVz)

w?=—(q+ 3P+ p,)?, which follows from the observation

that the quark-loop integration is sharply peaked about a mo- FIG. 9. Our results for the differential cross section for
mentum for which the vector-meson BS amplitude takes itg-meson photoproductiorgf=0) atW==80 GeV. The solid curve
maximum value. This approximation ensures thatis the prediction of the present study and the dashed curve is the
t,,(0,P) is a function ofq and P only, thereby allowing  result from Ref[8]. The data are from Ref35].

one of the four integrations necessary in calculating ) o . )
t,.,(0,P) to be carried out analytically. We have investi- obtained in this work. Our model elucidates the relation be-

gated the ramifications of this approximation and find thafween theq® dependence of the electroproduction cross sec-

the W, t, andg? dependences of the observables considereion and the quark substructure of the vector meson. At

herein are insensitive to it and that the magnitudes of crosBresent, the origin of thq” dependence of diffractive elec-
section are insensitive to within 10%. troproduction is still under debate. We show here that, in our

The amplitude,,,(q,P) in Eq.(4.19, describes the cou- model, it arisesentirely from the quark substructure of the
pling of the photon ang meson to the nucleon via Pomeron VECtor meson.

10.0

do/dt (ub)

exchange. It is analogous 19,(q,P) in Eg. (3.1) for meson- In Fig. 10, the predicte'q2 dependence of the total cross
nucleon elastic scattering. In impulse approximation S€ction is compared with the data. Our prediction for
t,q,(q,P) is given by W=15 GeV ande=0.5 is shown as the solid curve in Fig.
10. The agreement with the data is excellent. We emphasize
d*k that no parameters were varied to achieve this result. Such
tMaV(qu):BuNceotff Wsu(k_)FM(k_ k-+0q) excellent agreement is unique to this model.
Before we consider other electroproduction observables,
XS, (k_+q)v,Su(ky)V, (ks ko), (4.20 let us illustrate some of the dynamics that gives rise to the

where k,=k+ (a/2)P, N.=3, eg=+4magy, and B, is ) ) )
given in Table II. All of the elements in E¢4.20 have been 10
determined in previous sections, hence, therenarzee pa-

rameters in our calculation of vector-meson electroproduc-

tion. We now present the results of our model and compare 10°
them to the data.

We first consider the differential cross section for
p-meson photoproduction &/= 80 GeV. Our prediction is
the solid curve shown in Fig. 9. Both the magnitude and
dependence are in excellent agreement with the data. In Fig.
9, we also show the resuldashed curvefrom Ref. [8], 1072
obtained using the model parametef= 0.25 GeV 2,
which was taken directly from Reff6] and therefore, isota
self consistent determination within our model. In the present 107 ; \ \
work, the valuea;= 0.33 GeV ? is determined by thé 0.1 1.0 10.0
dependence ofrN elastic scattering as discussed in Sec. 2 2
[l A. Upon comparing the solid and dashed curves in Fig. 9, Q (GeV)

we QBSGVVE_ that our new Calcmated_ value "DI:O':_B FIG. 10. Theg? dependence of the neutralmeson electropro-

GeV " has improved the agreement with data, especially a§ction cross section av= 15 GeV. The solid curve is the result

small t. This illustrates the importance of using a value of of gur model. The data are from ReR36] (circles, Ref. [37]

a, that is consistent with our confined-quark propagators angsquarey and Ref.[38] (triangles. The dashed and dot-dashed

BS amplitudes. curves are the cross sections obtained from our model, but with
We now consider thg? dependence of the-meson elec-  current-quark masses of 10 and 25 times greater than that given for

troproduction cross section. This is the most important resultn, in Table I.

c (ub)
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predictedg? dependence of thp-meson electroproduction from the close connection between the normalization of the
cross sectior(solid curvg shown in Fig. 10. First, we ob- pion BS amplitude and the Ward identit{3].

serve that our prediction exhibits different behaviors in the We also observe that for large values @f, all three
low-g* and highg? region. Forg®< 1 GeV?, the cross sec- curves in Fig. 10 exhibit thsamel/g* falloff. This 1/q*

tion falls off slowly with g, while for g>> 1 GeV?, itfalls  behavior at highy? is a general feature of the modéide-

off more rapidly and can be parametrized by the form pendentof the value ofm;. However, the transition from a
o a2 cross section that slowly decreases wijthto one that falls
o(W=15 GeVg®>1 Ge\,‘?)zg(,(m) , off as 14*, occurs at a value ofc(f))p which increaseswith

the current-quark magss; . This suggests that the electropro-
(4.21 . .

duction cross sections for heavy-quark vector mesons reach
with  ¢,=2.047 ub, and a=-4.070, so that this 14" falloff at larger values ofi* than for those of light-
a(g>>1 Ge\’)x=1/q*. This value ofa is in good agreement quark vector mesons. This feature is illustrated in Secs. IV B
with those obtained by experimerda:=—3.96+0.36 from and IV C when we conside$- and J/¢-meson electropro-
Ref. [37], a=—-4.10-0.18 from Ref. [38], and duction.

a=—4.2+0.8 from Ref[39]. Theoretical predictions & in This dependence on the quark mass is a result of having
models that employ perturbative methods typically find val-explicitly carried out the quark-loop integration of Eg.
ues in the ranga= —6 [18] anda~ —4.8[22]. (4.20. In studies that do not explicitly carry out the quark-

The dynamical origin of the @ dependence in our loop integration, it is necessary to introduce a quark-
model can be understood from the following considerationsPomeron-exchange form factor in order to account for the
The domain of the integration momentum sampled in Eqqg? dependence of the vector meson electroproduction cross
(4.20 is principally determined by the BS amplitude of the section[6,7]. The introduction of this form factor destroys
p meson. This is because the BS amplitude provides most afie relationship between the scale of the transitig§)  and
the damping to the integrand. Therefore, the integrand ishe current-quark massn;. Furthermore, the value of
sharply peaked at*~0, where thep-meson BS amplitude (93), depends on the quark flavésince it depends omy)
has its maximum value. The integration can be approximateg,nich means that the quark-Pomeron-exchange form factor
by evaluating the integrand &f=0, in which case we find s aiso flavordependenf7]. Such flavor dependence violates
that the photon momentum is primarily concentrated in  oyr first assumption in Sec. Il and would introduce addi-
one of the quark propagator§This was also observed in tional, undetermined parameters in the quark-nucleon
Ref.[6].) This quark propagator results in j/dependence pomeron-exchange interaction. The only flavor dependence
in Eq. (4.20 for largeq’. Since the cross section is propor- in our approachapart from the constarg;) arises naturally

tional to the square of the hadron curré¢atl9, we have from the dynamics of the intrinsic quark substructure of the
1 vector meson.
(W, 02> q2) ot —————, (4.22 2Another important element in the determination of the
1+[g%(qp),] g- dependence of electroproduction is the dressed quark-

photon vertex defined by E@4.12. We have already indi-

where (), is a scale that determines the onset of tra 1/ cated that the value of the diffractive electroproduction cross
behavior. This argument is independent of the flavor of thesection, atg?=0, is tightly constrained by the fact that the
quark or the particular vector meson under consideration. lguark-photon vertex employed satisfies the Ward identity.
arises solely from the quark loop in EGH.20 and the fact  As an estimate of its influence on the electroproduction cross
that the vector meson is a bound state with a BS amplitudgection, we replace the quark-photon verey(k,k’) in Eq.
peaked at zero quark-antiquark relative momentum. (4.20 with the bare vertex,, . The resulting cross section is

The value ofg?, at which the transition to thed? behav-  shown as a dashed curve in Fig. 11. It can be compared to
ior occurs, depends on the scalgg), which, in turn, de-  the full calculation, shown as a solid curve. Clearly, the non-
pends on the current-quark masg. To illustrate this, we perturbative dressing of the quark-photon vertex is essential
allow the current-quark mass in the quark propag&gk) in obtaining agreement with data for log?, where it con-
to take on values 10 and 25 times larger than the value dfibutes significantly to the cross section.
my= 5.1 MeV, given in Table I. To remain self-consistent, ~We would like to emphasize that although the effect of
we recalculate the parametexs andb,, of the p-meson BS  nonperturbative contributions to the quark-photon vertex is
amplitude in Eq(4.1) in order to maintain the values of the lessened in the limit?—, it doesnot vanish. It is a mis-
decay constant§, andg,, in Table Ill. The dasheddot-  apprehension to expect that at lagfe the perturbative limit
dashedl curve shown in Fig. 10 is our prediction of the I (k,k’)—y, is approached. The quark-photon vertex
p-meson electroproduction cross section with a currenT,(k,k’) only approaches this perturbative limit whbath
u-quark mass 1@25) times larger thamm,= 5.1 MeV. guark momenta become large and spacelike. From the above

We observe that all three curves in Fig. 10 converge to thargument, we know that the quark-loop integration in Eqg.
same value afj>=0. This is due to the fact that our dressed (4.20 receives its principal support wheéf~0 and hence
guark-photon vertex’[*ﬁc(k,k’) satisfies the WTI and the one quark propagator carries a large, spacelike momentum
Ward identity. The Ward identity places very tight con- gq— 3P (as illustrated by setting=0 in Fig. 8. However, the
straints on the behavior of the cross sectiom%t 0. This  other quark propagator, which is attached to the quark-
feature is also observed in studies @fmeson observables photon vertex, carries momentuiR: this quark propagator
where the unit normalization of the EM form factor arisesis soft. Consequently, there i® value ofg? for which the
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1 R(q?)= % 4.23

This ratio has been examined by previous authors, using both
nonperturbative[6] and perturbative model$21]. Their
treatment of quark dynamics differ significantly from each
other, and from that employed here, they yield results that
are consistent with the data shown in Fig. 12.

The result obtained from our model is shown as the solid
curve in Fig. 12. The dashed curve is obtained from our
model by replacing the dressed vertex with the bare quark-
photon vertexy,, . We observe that nonperturbative dressing
on the quark-photon vertex has a significant effect on
R(g?) for all values ofq?.
§ A comparison ofR(g?) obtained in our modelsolid
S } curve with the data in Fig. 12, reveals a significant discrep-
10 . 1 4 ancy. If the discrepancy is real, it might suggest Réq?) is
0.1 1.0 10.0 sensitive totransversecontributions to the dressing of the

Q2 (GeVZ) guark-photon vertex; i.e., thfTL(k,k’). Such contributions
have been neglected in this work, as discussed in Sec. Ill. By

FIG. 11. The effect of dressing the quark-photon vertex on thecomparing the solid and dashed curves of Fig. 12, we ob-
p-meson electroproduction cross section. The solid curve is the reserve thatR(q?) is very sensitive to the nonperturbative
sult of our model with a dressed quark-photon vertex. The dashedressing of the quark-photon vertex. So, although the inclu-
curve is the result of our model with lzare quark-photon vertex.  sjon of transverse contributions to the quark-photon vertex
The data are the same as in Fig. 10. plays little role in most hadron observabl&g?) (aratio of

two cross sections, each approaching zero with increasing
quark-photon vertex can be replacedy. In the exclusive  d°) may magnify such dynamical effects. This is an intrigu-
process of diffractive vector-meson electroproduction, noning possibility; the ratioR(g?) may provide a new and im-

perturbative dressing of the quark-photon vertex is alway$ortant tool with which to investigate the dressing of the
present, agll g2. quark-photon vertex. Such an investigation is left for future

G (ub)

-2

10

It is interesting to note that some observables are partictVork:
larly sensitive to the nonperturbative dressing of the quark-

photon vertexI",(k,k"). As an example of this, in Fig. 12 B. Electroproduction of ¢ mesons
we show the predicted ratio of the longitudinal and trans-  The -meson electroproduction current matrix amplitude
verse cross sections defined by is obtained from Eq(4.19 by relabelingp— ¢. The associ-
ated amplitudd!?! (q,P) may be obtained from Eq4.20
' Y v by relabelingu— s and multiplying by\/g. As in the case of
20| T ) p-meson electroproduction, all elements of the calculation
have been specified previously. Therefore, there are no free

parameters in the application of our modelgemeson elec-
15} o 1 troproduction.

In Fig. 13, we show the)-meson photoproduction differ-
ential cross sectioflower curve predicted by our model. It
10 F ! is in good agreement with the recent data. In the same figure,

- the p-meson photoproduction cross section is also displayed
for comparison.

The characteristics that distinguish between the quark
substructure of thep and p mesons can be illustrated by
comparing theq? dependence of their electroproduction
cross sections. Theg? dependence of the predicted
¢-meson electroproduction cross section =70 GeV
ande=0.5 is given in Fig. 14 as a solid curve. We have also
included our p-meson electroproduction resultglashed
curve for comparison. We see that for large values|tfthe
verse cross sectionR(q?) for p-meson electroproduction. The P~ and q&-{neson Cross sections obey t_he asymptotlc.:,. power
solid curve is the prediction of our model. The dashed line is thela‘_N ~1/q". In_ d)—m(_ason electroproduction, t?e transition to
prediction of our model with a bare quark-photon vertex. The  thiS asymptotic region occurs alf) 4~2 GeV~. The larger

data points are estimated in R4B8] and Ref.[40] assuming Value of @3), relative to that of ¢5),~ 1 GeV? reflects the
s-channel helicity conservation. difference in magnitude between the relevant scales of the

o,/0;

R

FIG. 12. Theg? evolution of the ratio of longitudinal to trans-
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LI B B B B R AL B of these data seem abnormally low when compared to the
recent data from HERA. This may be due to the fact that
theseg-meson electroproduction data were obtained by av-
eraging over severdifferentnuclear targetédeuterium, car-
bon, and calcium If the nuclear effects are not properly
accounted for, then a direct comparison of these data to our
results on a nucleon target is meaningless. There is evidence
from Fermilab experiment E665, that the NMC data for
p-meson electroproduction may also be low by a factor of 2
[43]. A careful comparison of our prediction for the
p-meson electroproduction cross sectignlid curve in Fig.

10) and the NMC data for this proce$siangles in Fig. 1D
reveals that these data are a factor of 2 lower than our pre-
N diction. We therefore view these data with caution.

0.0 0.1 0.2 0.3 0.4 0.5 It is |mposs_|ble tq reconcile the NMC data fdr—meson
-t (GCVZ) eIectroprqducUon with our model. Agreemenf[ with these
data requires that the momentum sceclé)(,,, which deter-
FIG. 13. The differential cross sections for photoproductionmines the onset of the 4 falloff for the ¢-meson electro-
(g2=0) of p mesons(top curvé and ¢ mesons(bottom curvg at  production cross section, would have to be the same as
W= 80 GeV. The data are from Ref85,41. (qg)p for p-meson electroproduction. Based on our analysis
of the dependence oﬁé)p onm; in Sec. IV A, the require-

u- ands-quark propagators, namely), andm. This result ment that ¢3) ;~(q3), implies mg~m,. On the contrary,
was anticipated from our discussion in Sec. IV A. Further-sincemg>m,, the ¢-meson electroproduction cross section
more, this result entails that for large enougth the ratio of ~ should reach the asymptotiaqf/regionlater than that of the
the p- and ¢-meson electroproduction cross sections,p meson. We conclude that the NMC ddtdangles in Fig.
o'/ o141 approaches a constant. 14 is not simply related t@-meson electroproduction on a
While our predictions presented in Fig. 14 are in agreenucleontarget, and hence such an interpretation of these data
ment with the recent data from HER®ircles and triangleés  is erroneous.
there is a considerable discrepancy between our results and If these NMC data are truly to be interpreted as a mea-
the data reported by the New Muon CollaboratidtMC) surement op- and ¢-meson electroproduction onracleon
(squares[38]. (The NMC data were measured at the lowerthen a comparison with recent data from HER# higher
energyW~ 14 GeV. However, the discrepancy between ourenergy but similag?) would entail that, at largg?, electro-
prediction and the NMC data persists even whenWhee-  production cross sections exhibit an energy dependence
pendence of our model is accounted farhe normalization much stronger than that observed in lg&-diffractive pro-
cesse$40]. However, our observation that the NMC data are
consistently low suggests that such a conclusion is incorrect.
We now investigate the consequence of our quark-
nucleon Pomeron-exchange interaction in determining the
energy dependence of vector meson electroproduction cross
sections. The predicted energy dependencg-nfeson and
¢-meson photoproduction are shown as the upper and lower
solid curves in Fig. 15, respectively. No parameters have
been varied to obtain these results. Within our model, the
rate of increase with energy is completely determined by the
value of ag. This is due to the assumption that the energy
dependence dB(s,t) in Eq. (2.5 can be calculated from the
external legs, and hence the quark-loop integration in Eq.
(4.20 only generates & dependence. The results shown in
Fig. 15 and previous figures indicate that this assumption is

10

do/dt (Ub/GeV?)

—

10 " e L valid and sufficient to describe light-quark meson-hadron in-
0.1 1.0 10.0 teractions. HoweverJ/¢-meson electroproduction has a
Q2 (GeVz) much steepeiV dependence whiclcannotbe completely
accounted for witheg=~0.10. This is discussed further in the

FIG. 14. The solid curve is our prediction for thé dependence next section. . o .
of the ¢-meson electroproduction cross sectionVét 70 GeV. At low energies, largé-contributions become important
The dashed curve is our prediction for themeson electroproduc- and other(nondiffractive exchange mechanisms must be in-
tion cross section aV= 15 GeV, shown here for comparison. The cluded to describe the- and ¢-meson electroproduction
¢-meson electroproduction data are from HéP] (triangles and ~ data. To demonstrate this, we have carried out a simple cal-
Ref. [38] (squares ¢-meson photoproductiongf=0) data from  culation using the lowest order meson-exchange contribu-
Ref.[41] (circles are also shown aj?>~ 0.08 Ge\~. tions derived from the phenomenological Lagrangian of Ref.
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FIG. 16. The differential cross section fgr-meson photopro-
FIG. 15. Energy dependence @f (top) and ¢-meson(bottom) duction (@?=0) for 3.0sW=< 3.5 GeV. The dashed curve is the
photoproduction cross sections. The solid curves are the predictiorntribution due to the Pomeron-exchange interaction and the dot-
from our quark-nucleon Pomeron-exchange interaction. The dasheghshed curve is the contribution dues#oand » exchange aw=
curves are the predictions of the meson-exchange model discussed GeV. The solid curve is the sum of these. The data are from
in the text. Thep-meson datdtriangles are from Refs[35,36,44—  Refs.[48,51,52.

47]. The ¢-meson datdsquaresare from Refs[41,44,46,48 ) ) )
cross section aWw= 3 GeV in Fig. 16. We observe that

Pomeron exchangéashed curjeis dominant in the for-

[49]. For ¢-meson photoproduction, we only considerand ward peak whiler and 7 exchangesdot-dashed curyecon-
7 exchanges and use the parameters from the Bonn potentigiy, te a flatter background. This is in accord with our ex-

[50] and experimental decay constants. We introduce & Culsectation that Pomeron exchange is responsible for the

H 2 2 2 ; —
off function A%/(A%+k") with A= 1 GeV, so that the mag- itractive, forward peak observed in these cross sections.
nitudes of the low-energy cross sections agree roughly with  Tha absence of valencequarks in the nucleon tends to

experiment: The resulting cross sections are shown as dashggppreSS meson-exchange contributiong)tmeson electro-

Curves in Fig. ,15' . production. This provides the opportunity for experimental
_ Itis interesting to note that the meson-exchange contribug, ;jjities, such as TINAF, to probe the interplay between
tions decrease with energy so that at sufficiently high enerpgaron exchange and meson exchange in processes such as

gies Pomeron exchange dominates. We see from Fig. 15 th%t-meson photoproduction. In particular, spin observables

the W dependence of meson exchange is strikingly differenty, 5y e ysed to extract details concerning the Dirac structure
than that of Pomeron exchange. This difference suggests thgf 3,0 quark-Pomeron-exchange coupling. Such studies

these two exchanges may be modeling very different aspecig, ;4 provide new insights into the QCD dynamics underly-
of QCD. For example, one might view meson exchange as th Pomeron exchange.

phenomenological representation of the exchange of corre-
lated quark-antiquark pairs. Its strength, therefore, depends
strongly on the flavor structure of the hadrons involved.
Therefore, it is not then surprising that meson-exchange con- The final process we consider #y-meson electropro-
tributions to ¢-meson photoproduction are significantly lessduction. Although data is scarce and our treatment of the
than those tgp-meson photoproduction; the lack of valence- c-quark propagator is necessarily simplistic, it is nonetheless,
s quarks in the nucleon tends to suppress direct quark exnstructive to perform an exploratory study of this process in
changes. The fact that Pomeron exchange contributes simur model.
larly to both of these processes, independent of the flavor of It is observed that thd/-meson photoproduction cross
the quark substructure of the hadrons involyad shown in  section rises more sharply with energy than pe and
Fig. 15, is suggestive that the underlying mechanism of¢-meson photoproduction cross sections. The energy depen-
Pomeron exchange is multiple-gluon exchange. This idedence of our model is determined by the parameigrand
was proposed long ago in Ref8,4] and is supported by is, by construction, the same for all diffractive processes.
much experimental evidence. Our results in Fig. 15 provideTherefore, we anticipate the need to alter the valuegfo
additional evidence in support of this notion. However, fur-properly account for this energy dependence. We also find
ther theoretical work is necessary to make compelling thehat thet dependence ad/¢ photoproduction predicted by
identification between Pomeron exchange and multipleour model is too steep. In this section, we allow a minimal
gluon exchange. flavor dependence of the model parameters necessary to pro-
As a second illustration of the differences betweenvide a good description Qf/ »-meson electroproduction. Al-
Pomeron exchange and meson exchangg-meson photo- though the model does not predict the obserdé&d photo-
production, we present our predictions for the differentialproduction cross sections, we argue that our model of the

C. Electroproduction of J/i mesons
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quark substructure of th# ¢ meson is sufficient and that it T T T
is our assumption of a flavor-dependent Pomeron-exchange  10' } -
amplitude that must be relaxed to obtain agreement with the T ———
data. =~
The ¢ quark has not been studied to the extent that the 10° ¢ ~
u, d and s quarks have. Therefore, we develop a simple N
model c-quark propagator and consider the EM decay
J/y—ee” to determine thel/»-meson BS amplitude.
Numerical studieq30] suggest to us that the-quark
propagator can be more simply parametrized than the light-
guark propagators. The heavy mass of ¢hguark,m.~ 1.2 1072
GeV, provides the dominant scale in the propagator. This
observation supports the use of a modejuark propagator
that exhibits confinement, reduces to the correct asymptotic

o (ub)
//

-3

10

form, required by perturbative QCD, but has only one mo- 0.1 1.0 10.0
mentum scalen,. We, therefore, employ the model propa-
c ploy prop qz (GCVZ)
gator
1— e—(1+k2/m§) FIG. 17. The total/ 4~-meson electroproduction cross section at

Sc(K)=(—iy-k+mc) (4.249  w= 100 GeV (solid curve and totalp-meson electroproduction
cross section aiV=15 GeV (dashed curve The J/-meson data

. . are from Refs[53,54.
There are fewer phenomenological constraints on the BS am-

plitude of theJ{:// meson since there+|s_n11¢//_decay analo- with the data. It is important to emphasize thatparameters
gous top— m; we have onlyd//—e"e" to fix the param-

X . ere adjusted to obtain this result. As in the cas@-oénd
eters in the BS amplitude. To reduce the number O%g—meson electroproduction, the? dependence of tha/y

?jrl?mvs;esr’zt::n th:eov?ﬁtec;;-{)n eZﬁ;iE:tir?mfvv ;ugftr?évegr?ml_zqélectroproduction cross section arises solely from the quark-
o Iy~ = y 9 P loop integration and hence ispaedictionof our model.

eters and the kf behavior of the amplitude. The BS ampli- In the same figure, for comparison, we also display our

tude is then results for p-meson electroproduction. The presence of
heavyc quarks dramatically changes t@ dependence of

k2+m?

V,(p,p')= ie—kzlaﬁ/w v+ Puy-P , (425 the cross sectior{This was anticipated from our analysis of
M N o 2 2 ? .
Iy Myy the g° dependence op and ¢-meson electroproduction in

Secs. IVA and IVB) Remarkably, although the
whereP=p—p’ is the total momentum of thé/y meson  J/-meson photoproductiorgf=0) cross section is two or-
and k=3(p+p’) is the relative momentum between the ders of magnitude lower than that for themeson, they are
quark and antiquark. The sole paramedgy;, is determined equal atqg?~ 15 GeV2. (We note that the curves shown in
by reproducing the experimental decay width ofFig. 17 are evaluated dgifferentenergies. When the energy
J/y—e"e”, using the procedure discussed in Sec. IV. Thedependence of thp-meson cross section is taken into ac-
BS normalizatiorN,,,, is obtained from Eq(4.2). The result-  count, the two curves intersect gt~ 15 GeV?.) This sur-
ing value ofay, and the calculated EM decay constant areprising result arises naturally in our model as a consequence
given in Table Ill. Thec-quark-Pomeron-exchange coupling of the dynamical treatment of the quark loop which was
constant3. cannot be fixed from hadron-hadron elastic scatshown, in Sec. IV A, to depend on the current-quark mass
tering since there are no data for the scattering-ofuark  m;. Future experimental data fdf ¢»-meson electroproduc-
mesons from a nucleon target. Therefore, we choose thgon, especially at moderat?, would be helpful to confirm
value of B such that the model reproduces the magnitude obur predictions.
the J/-meson photoproductiongf=0) cross section at In Fig. 18, our prediction of the differential cross section
W=100 GeV from Ref.[53]. In contrast to p- and for J/¢-meson photoproduction is compared to the data of
¢-meson electroproduction, the overall normalization of theRef. [53]. The resulting solid curve fails to reproduce the
J/y-meson electroproduction cross sectiomit a predic-  observedt dependence of the data. In our model, there are
tion of the model. three sources ot dependence: the nucleon form factor

Upon substituting the BS amplitude of E@.25 and the  F,(t) in Eg. (2.6), the Pomeron-exchange amplitude
c-quark propagator, Eq4.24), into Eq.(4.20 and multiply-  G(s,t) in Eq. (2.5), and the photod ¢-Pomeron-exchange
ing by \8/9 (which arises from the flavor structure of the couplingt(."(q,P).

J/'y meson, we obtain the photodfy¢-Pomeron-exchange In this exclusive process, the requirement thaf @ me-
transition amplitude%‘ﬁ](q,P). This amplitude is then sub- son is produced and the nucleon doex break up, intro-
stituted into Eq.(4.19 to calculate the cross section for duces a dependence. This dependence should be present
J/-meson electroproduction. in any model. We can estimate the effect of these two con-

The predictedy® dependence of thé/y-meson electro-  straints on the dependence by setting; =0 in Eq. (2.5).
production cross section is the solid curve shown in Fig. 17The resulting cross section is shown as a dashed curve in
at W= 100 GeV. Our prediction is in excellent agreementFig. 18. This curve can be represented as thet ragpen-
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FIG. 18. The differential cross section fdty-meson photopro- FIG. 19. The predicted energy evolution of vector-meson pho-

duction @2=0). The solid curve is our result ¥= 40 GeV. The  toproduction ¢°=0) for p (dashed curve ¢ (dot-dashed curye
dashed curve is an estimation of the contribution to the differentiaRndJ/¢ mesong(solid curve. The data are from Ref$44,53,54.
cross section from the quark substructure of fii¢g meson and
nucleon. The data are from R¢63]. Pomeron exchange. Further experimental data on the diffrac-
tive electroproduction of thd/¢ meson at higher energies

dence arising from the quark substructure of dih¢r meson  would help to test this hypothesis.
[t07%(q,P) from Eg.(4.20] and the nucleo~F(t) in This concludes our discussion afy-meson electropro-
Eq. (2.6)]. As such, it represents a bound on thelepen-  duction. We find that we can obtain good agreement with all
dence of the cross section. The data in Fig. 18 are consistefihta provided only that we relax our model assumption that
with this interpretation in that they lie below the predicted the Pomeron-exchange parameters be independent of the fla-
bound. vor of the quarks involved.

Furthermore, in Sec. IV A, we have shown that iiye
dependence of vector-meson electroproduction arises en-
tirely from the quark substructure of the vector meson. The V. SUMMARY AND CONCLUSIONS

fact that our model readily r.eproducefs the obsergédie- In this paper, we have developed a model quark-nucleon
pendencel/ys elﬁctroproducthr(see Fig. 17 suggests that  pgmeron-exchange interaction and employed it in a study of
the amplitudet};,})(q,P) provides an adequate description the role of the quark substructure of mesons in meson-
of the quark substructure of th¥ ¢, meson. Therefore, we pycleon elastic scattering and exclusive vector-meson elec-
believe that the discrepancy between our re@dtid curve  troproduction on nucleons. The quark substructure of the me-
and the data in Fig. 18 is due to having employed the valugons s described in terms of relativistic quark-antiquark
a;= 0.33 GeV ? obtained from our study ofrN elastic  Bethe-Salpeter amplitudes within a framework developed
scattering. We suspect that the assumed flavor independenggm phenomenological studies of the Dyson-Schwinger
of the parametera, anda; is sufficient to describe diffrac-  equations of QCD. The model developed herein provides a
tive processes involving light quarks, but that it is too restric-framework in which some of the crucial aspects of
tive to provide agreement with the data fb)-meson elec-  nponperturbative-quark dynamics can be explored in diffrac-
troproduction. By relaxing this constraint, the data in Fig. 18,tive processes. As such, this work represents a first attempt to
for t<—1.3 Ge\?, are reproduced wita{=0.10 GeV 2. separate the effects of hadron substructure from the effects of
As indicated earlier, the energy dependence/af pho-  Pomeron exchange on the observables of diffractive pro-
toproduction is much stronger than the other processes Weesses. This separation is a necessary step toward the devel-
have considered. Our results fbhj-meson photoproduction opment of an understanding of the quark and gluon dynamics
are plotted versuw/ in Fig. 19 along with our results for the underlying Pomeron exchange.
p and ¢ mesons. TheW dependence obtained from our  The quark-nucleon Pomeron-exchange interaction, intro-
model forJ/ photoproduction is not in agreement with the duced in Sec. II, is defined in terms of four parameters. They
data. However, by relaxing the flavor-independence assumgre determined by requiring that the model reprodudé:
tion in the model, one can account for this steep energyundKN elastic scattering data. The model interaction is then
dependence. The data féhy-meson photoproduction shown used to predict the electroproduction @fand ¢ mesons on
in Fig. 19(circles are reproduced by choosing=0.42. nucleons. We find that the model successfully describes both
It has been suggestd@6] that the discrepancy between the slopes and magnitudes of the differential cross sections.
theW andt dependence af/ ¢ electroproduction and that of The predicted energy and? dependence of the- and
p- or ¢-meson electroproduction could be explained if the¢-meson photoproduction cross sections are in excellent
energies at which current experiments are conducted are nagreement with the data.
yet in the asymptotic region that would be well described by For these process, Pomeron exchange provides the domi-
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nant contribution for large energies, but as the energy is derole played by the quark substructure of hadrons in exclu-
creased, other mechanisms come into play. Meson exchangsise, diffractive processes. In particular, the dependence
contribute significantly at energieV= 6 GeV for  of electroproduction cross sections is a sensitive probe of the
p-meson electroproduction and/< 3 GeV for ¢-meson  dynamical evolution of the confined quark from the domain
electroproduction. If meson exchange can be identified withn which nonperturbative dressing effects are important to
correlated quark-antiquark exchange then the dramaticallthat in which it behaves as a current quark. We also find that
different behaviors predicted from the meson- and Pomerorthe minimal dressing of the quark-photon vertex, required by
exchange mechanisms support the notion that the dynamit¢ke Ward-Takahashi identity, keeps the exclusive vector-
underlying Pomeron exchange would be best described imeson electroproduction cross section from reaching a naive
terms of gluon degrees of freedom. Future work will addresgerturbative-QCD limit agj> becomes large. Hence, there
this intriguing possibility. are always some nonperturbative contributions to these ex-
The observed asymptotic dff dependence of vector- clusive processes. One observable that is particularly sensi-
meson electroproduction cross sections arises naturally froitive to the nonperturbative dressing of the quark-photon ver-
the quark substructure of the vector meson. Our predictiontex is the ratio of longitudinal to transverse electroproduction
are different from those of other authors and are in agreeeross sectionsR. Future experimental measurementsRof
ment with the recent data from HERA fgs-, ¢-, and  will provide an important tool with which to investigate the
J/y-meson diffractive electroproduction. We show that theimportance of the nonperturbative dressing of the quark-
scale that determines the onset of this asymptotic behavior ighoton vertex.
determined by the current-quark mass of the quarks inside In conclusion, we have developed a model quark-nucleon
the vector meson. This work elucidates the relationship bePomeron-exchange interaction that successfully describes the
tween theq? dependence of diffractive electroproduction extensive data for diffractive processes on the nucleon. A
cross sections and the current-quark mass. This importafitamework developed from studies of the Dyson-Schwinger
observation explains the dramatic differences between thequations of QCD was employed to describe the quark sub-
q? dependence seen in the electroproduction cross sectiostructure of mesons. Our results indicate that such a frame-
of the various vector mesons. work can provide a uniformly good description of exclusive
We also find that the normalization of botp- and  processes at both low and high energies. We argue that the
¢$-meson electroproduction data from NMC are too low to bequark substructure of vector mesons plays a central role in
accounted for by our model. This is based on our analysis, iletermining the behavior of the electroproduction cross sec-
Sec. IV, of the role played by the current-quark mass intions considered, particularly thgf dependence of the cross
determining the onset of the asymptoticq¥/behavior in  section. Our results are consistent with the notion that
vector-meson electroproduction. This finding is particularlyPomeron exchange may be identified with a multiple-gluon
important because these data have been used to suggest t@sthange mechanism within QCD. However, further work is
largeq? electroproduction cross sections have a stronger errequired to make this possible identification compelling.
ergy dependence than that which is observed indgvelec-  Such an investigation requires a careful treatment of the
troproduction and elastic hadron-hadron scattering. Howgquark substructure of hadrons.
ever, our results suggest that these NMC data do not
represent an accurate measure of vector meson electropro-
duction on anucleon hence such a conclusion cannot be
drawn. The authors are grateful to C.D. Roberts for many stimu-
In an exploratory investigation af/ »-meson electropro- lating conversations and helpful suggestions. This work was
duction, we find that although thgf dependence of the cross supported by the U.S. Department of Energy, Nuclear Phys-
section is correctly predicted by our model, the observedcs Division, under Contract No. W-31-109-ENG-38. M.A.P.
energy dependence is much steeper andttdependence also received support from the Division of Educational Pro-
much flatter than those we obtain. This discrepancy betweegrams at Argonne National Laboratory and the Dean of
our model and the experimental data can be removed b@raduate Studies of the Faculty of Arts and Sciences of the
allowing a flavor dependence in the quark-nucleon Pomerondniversity of Pittsburgh. The computations described herein
exchange interaction. were carried out using resources at the National Energy Re-
In this work, we have given an indication of the important search Scientific Computing Center.
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