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Unified model of exclusiver0, f, and JÕc electroproduction
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A two-component model is developed for diffractive electroproduction ofr0, f, andJ/c, 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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I. INTRODUCTION

High-energy exclusive photo- and electroproduction
vector mesons offers a variety of insights into the diffract
mechanism. The choice of different vector mesons an
range of photon virtualities allows one to move from t
primarily nonperturbative regime to the primarily perturb
tive within one framework, and to explore kinematical r
gions where neither is predominant. Vector-meson prod
tion also has the benefit of a high rate, but it has
disadvantage of dependence on the choice of the vertex f
tions which couple the vector mesons to theqq̄ pairs. In both
respects it differs from deeply virtual Compton scatterin
which is theoretically better defined but has the disadvant
of a small cross section.

On the basis of the factorization theorem@1#, exclusive
vector meson production can be considered as three sep
processes: the fluctuation of the~virtual! photon into aqq̄

pair, the interaction of theqq̄ pair with the proton, and the
formation of the vector meson from theqq̄ pair which natu-
rally involves the vector-meson vertex function. It may
argued that the structure of the nonpertubative vector-me
vertex function invalidates the proof of the factorizatio
theorem as it leads to additional contributions. However
has been shown@2#, at least in a simple model for the verte
function, that gauge invariance ensures that the additio
contributions cancel and factorization is preserved.

The aim of this paper is twofold: to obtain a global d
scription of exclusive vector meson photo- and electrop
duction, and to explore the choice of vertex function.

The interaction of theqq̄ pair with the Pomeron is mod
elled by two-gluon exchange, Fig. 1, which can be appl
both to nonperturbative and perturbative gluon exchan
The former is based on the model of Diehl@3# and the latter
either by utilizing the gluon structure function or followin
the model of Royen and Cudell@4#.

The approach has the advantage of providing a comm
kinematical structure in which it is possible to separate
part of the vector-meson production amplitude describing
kinematics from the part which describes the dynamics of
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process@5#. This separation then allows the nonpertubat
and perturbative contributions to be combined at the am
tude level. Thus the approach follows recent ideas about
Pomerons and two-component models of diffraction@6–12#,
combining ‘‘soft’’ ~nonperturbative! and ‘‘hard’’ ~perturba-
tive! terms. This is essential for a global approach as neit
a nonperturbative nor a perturbative model alone can
scribe all the observed features of diffractive vector-mes
photo- and electroproduction.

In a previous paper@5# we have successfully applied th
approach to calculater electroproduction in a model which
avoids the vertex function complication, following@13#, by
considering openqq̄-pair production with the invariant mas
of the qq̄ pair restricted to the region of ther mass. How-
ever, this method cannot be applied to higher-mass ve
mesons: for aqq̄ with an invariant mass in the region of th
r there are no states available except ther itself ~making a
10% allowance forv production!, but this is not true for the
f andJ/c. To obtain a global description ofr, f andJ/c
photo- and electroproduction a kinematical framework
volving vector-meson vertex functions has to be used.

In Fig. 1 the quark lines marked with a cross are off sh

FIG. 1. Two of the four vector meson production diagrams
the kinematical framework of Royen and Cudell@4#. The other two
diagrams differ by reversal of the quark charge flow and give
same contribution to the cross section. The off-shell quarks
marked by crosses, dashed lines indicate cuts along which the q
lines are put on-shell, and the minus sign indicates the momen
of an antiparticle.
©2001 The American Physical Society13-1
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and the vertex function must necessarily take this into
count. We use the prescription of Royen and Cudell@4# for
these vertex functions. They appear very different from
usual on-shell vertex functions, for example those of Bro
sky and Lepage@14#. However, they are both obtained by
boost of the same vertex function from the vector-mes
center-of-mass and differ only by the imposition or rela
ation of the on-shell condition.

Kinematical and dynamical considerations of the tw
gluon exchange model are covered in Secs. II and III and
vector-meson vertex functions are discussed in Sec. IV.
model is applied to the data in Sec. V, and conclusions
given in Sec. VI.

II. KINEMATICAL FRAMEWORK

The kinematical framework of our gluon exchange mo
els is depicted in Fig. 1 and was developed by Royen
Cudell @4#. As noted earlier, it involves the vector-meso
vertex functionF( l ) with either the quark or the anti-quar
off shell. The various four momenta used in our discuss
are also defined in Fig. 1. In terms of them, the photon v
tuality Q252q2 and the squared center of mass energy
the photon-proton pairW25(p1q)2. The traces correspond
ing to theqq̄ loop in diagrams~a! and~b! of Fig. 1 are given
by

T a
mn5Tr$F~ l !~g•e!~mq1g•@ l 1 1

2 V# !

3gn~mq1g•@q1k1 l 2 1
2 V# !

3gm~mq1g•@q1 l 2 1
2 V# !~g•e!~mq1g•@ l 2 1

2 V# !%

~1!

T b
mn5Tr$F~ l !~g•e!~mq1g•@ l 1 1

2 V# !

3gn~mq1g•@q1k1 l 2 1
2 V# !

3~g•e!~mq1g•@k1 l 2 1
2 V# !gm~mq1g•@ l 2 1

2 V# !%.

~2!

One of the two quark lines emerging from theg* qq̄ vertex
is off shell with different virtualities in each of the diagram
of Fig. 1, giving

Pa5@q1 l 2 1
2 V#22mq

2

5 l • l 12l •q2 l •V2q•V2Q22mq
21 1

4 MV
2 ~3!

Pb5@k1 l 2 1
2 V#22mq

2

5k•k12k• l 2k•V1 l • l 2 l •V2mq
21 1

4 MV
2 ~4!

for the denominators of the corresponding propagators. H
we assume that the diffractive amplitudes are comple
dominated by their imaginary parts, which are evaluated
ing the cuts shown by the dashed lines in Fig. 1. The sum
both diagrams for theqq̄ loop gives
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T mn5
1

P0
FT a

mn

Pa
1

T b
mn

Pb
G ~2p!2d~@q1k1 l 2 1

2 V#22mq
2!

3d~@ l 2 1
2 V#22mq

2! ~5!

where thed functions are due to the on-shell condition
along the cuts of the quark and the anti-quark lines resp
tively. The denominator

P05@ l 1 1
2 V#22mq

252l 222mq
21 1

2 MV
2 ~6!

of the propagator for the off-shell quark forming the vect
meson is the same for both diagrams of Fig. 1. In the Re
limit the proton line gives a contribution 4papb in amplitude
and the intermediate proton state is cut and its mass
glected, yieldingd(@p2k#2). The rest of the diagram, in
cluding the gluon propagators and the description of the
teraction of the pomeron with the proton, is contained with
the dynamical partP, which is model dependent. Formally
is the ~gauge-dependent! gluon propagator that contracts th
indices atpapb and Tmn . Practically, the leading contribu
tion in the Regge region comes fromgam gbn in the gluon
propagators. Details of this and of the decompositions of
four-vectors in terms ofp andq for the Regge region, where
W is significantly greater than any other scale present, can
found in @4,15#. Here we would only like to note the follow
ing points.

It is convenient to use the light-cone variablesPt
5(P1, Pt, P2) in decompositions and in the further deriv
tion, whereP6[P06P3 and the two-vectorPt lies in the
transverse plane, defined as the plane perpendicular to
g* p axis. The variablez is also often used. It is the fractio
of the ‘‘1 ’’ momentum of the photon carried by the quar
so that Pq

1[zq1, implying Pq̄
1

5(12z)q1 for the anti-
quark. The decomposition of the gluon four-momentak and
@k2D# shows@4# that the gluon four-momenta are predom
nantly transverse,uk2u'kt

2 .
For clarity we rewrite Eq.~21! of @4# using our notation

with the dynamical partP and the light-cone variablez:

A L, Tr5
2

3
~4p!2fqA4paemE d2k̃t

~2p!2

3E 2 dz d2 l̃ t

~2p!3

1

A3
F~z,u l̃ tu! 3 P~k,D!

NL, Tr

D

~7!

where we have introducedl̃ t , k̃t for twice the transverse
parts l t , kt of the four-vectorsl ,k. For f and J/c electro-
production, fq52 1

3 , 2
3 , corresponding to the charge of th

quark forming the vector meson, while the linear combin
tion of theuū anddd̄ quark anti-quark pairs forming ther
meson gives fq51/A2. The expressions forNL andNTr are
given in @4# and
3-2
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D516@2~2z21!D t• l̃ t2 l̃ t• l̃ t14mq
224z~12z!MV

2

2t~2z21!2#$4z~12z!Q214mq
22t

2@ l̃ t1 k̃t22D t#•@ l̃ t1 k̃t#%$4z~12z!Q2

1@2D t2 l̃ t#• l̃ t14mq
22t%. ~8!

The first line in D originates from the denominator of th
off-shell quark propagatorP0, Eq. ~6!; similarly, the second
and third lines are proportional toPb and Pa respectively,
Eqs.~4! and ~3!. The differences from the expression forD
given in @4# are due to the fact that we attribute the glu
propagators to the dynamical part of the Pomeron excha

Assumings-channel helicity conservation the differenti
cross section is given by

ds

dt
5

dsTr

dt
1«expt

dsL

dt
5

1

16pW4
~ uA Tru21«exptuA Lu2!

~9!

where the polarization of the photon beam«expt is a known
characteristic of the experiment. For the DESYep collider
HERA, «expt'1. For fixed-target experiments, it typicall
lies in the range 0.5–0.9 depending on the energy and ph
virtuality.

Finally we note that the kinematical expressions in t
derivation and in@4# are valid for the pair of diagrams de
picted in Fig. 1. The other two diagrams differ by reversal
the quark charge flow and thus have different traces,
conditions and propagators than Eqs.~1!–~6!, leading to dif-
ferent decompositions of the four-vectorsl andk. However,
the only net difference is a change of sign in front ofl in all
expressions. Because the integral overl t is two dimensional,
Eq. ~7! gives the same answer regardless of the sign in fr
of l and the additional diagrams result in a factor of 2 in fro
of the final expression for the amplitude.

III. DYNAMICS OF POMERON EXCHANGE

We investigate two ‘‘summation models:’’ these includ
both ‘‘hard’’ ~perturbative! and ‘‘soft’’ ~nonperturbative!
components, since neither alone can account for all the d
Before describing these summation models, we first sum
rize the models for the hard and soft terms on which they
based.

A. ‘‘Soft term’’

For this contribution we use the nonperturbative appro
of Diehl @3# based on earlier work by Landshoff and Nach
mann~LN! @16#. In it the gluons are assumed not to intera
with each other and a nonperturbative gluon propagator@3#

Dnp~2k2!5NnpF11
k2

~n21!m0
2G2n

~10!

is used withn54. The normalizationNnp is determined
from the condition
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dk2@aS
(0)Dnp~k2!#25

9b0
2

4p
. ~11!

The phenomenological parameterb0, which describes the
effective coupling of the Pomeron to the proton, andm0 are
determined from the totalpp andpp̄ cross section data an
from deep inelastic scattering:b0'2.0 GeV21 and m0
'1.1 GeV @17#. For the nonperturbative couplings of th
gluons to the quarks forming ther a valueaS

(0)'1 is taken.
Of course the precise value ofaS

(0) cannot be strictly speci-
fied, and as we shall discuss in Sec. V there is some flex
ity through the interplay with the choice of vertex functio
for the vector meson.

Landshoff and Nachtmann@16# have argued that diagram
in which the nonperturbative gluons couple to different v
lence quarks in the proton, as shown in Fig. 2, are suppre
and can be disregarded. Hence only the diagrams where
gluons couple to the same valence quark are calculated. E
of the three valence quarks is incorporated into the pro
using the Dirac form factorF1p(t), wheret5D2. The energy
dependence of the soft Pomeron comes via a factorxP

2aP(t) in
the amplitude, where

xP[
MV

21Q22t

W21Q22mproton
2

~12!

andaP(t)51.0810.25t is the soft Pomeron trajectory@18#.
The couplingaS at both vertices at the proton end is taken
a nonperturbative scale; i.e.,aS

(0) is used. For the vertices
where the gluons couple to an off-shell quark line the co
pling is taken at a perturbative scalel25( lt

21mq
2)(Q2

1MV
2)/MV

2 which, as argued in@3#, is a typical scale for the
whole upper part of the diagram. Thus for the dynamical p
of the nonperturbative approach one has

Pnp5F1p~ t !xP
12aP(t)aS

(0)aS~l2!Dnp~2k2!Dnp~2@k2D#2!.
~13!

This term alone gives an energy dependence that is too fl
the higher values ofQ2 due to the soft Pomeron intercept.

B. ‘‘Hard term’’

Two alternative models, the standard perturbative Q
approach and the Royen-Cudell approach, will be cons
ered.

FIG. 2. The two possible ways in which the two gluons c
couple to the valence quarks of the proton. In the nonperturba
LN approach as applied by Diehl@3# it is argued@16# that the
diagrams in which the gluons couple to different quarks are s
pressed and subsequently can be neglected: see text.
3-3
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1. ‘‘Standard’’ perturbative model

The perturbative QCD approach can only be calculate
t50, and is based on the ideas of Martinet al. @13# who
applied it tor meson electroproduction. In it the Pomeron
modeled as a pair of perturbative gluons, using the pertu
tive gluon propagatorDp(k2)51/k2. The gluons are consid
ered as part of the proton so that there are noAaS couplings
for the two bottom vertices. In principle the gluon flux ca
be obtained from the unintegrated gluon densityf (xP ,kt

2),
which gives the probability of finding at-channel gluon with
momentum squaredkt

2 in the proton. However, a specia
treatment of the infrared region is required because the
integrated gluon densityf (xP ,kt

2) is undefined askt
2→0 and

numerically unavailable below some value ofkt
25Q0

2 , which
varies with the parton distribution chosen and is typically
the region from 0.2 to a few GeV2. The linear approximation
as suggested in@13# is used to account for the contribution
the integral from thekt

2,Q0
2 region. This procedure has n

direct physical significance. It serves only to provide a co
tinuous integrand and acts as a means of normalization o
perturbative contribution. A simple cutoff at an appropria
Q0

2 would be equally effective but somewhat less elegan
As no direct physical significance can be attached to

contribution from this infrared part of the perturbative ter
there is not an element of double counting. The separa
between ‘‘perturbative’’ and ‘‘nonperturbative’’ is give
uniquely by the energy dependence of the two contributio
An implication of this approach is that the perturbati
~hard! term can contribute atQ250, which is a feature of
two-component models.

Thus for the dynamical part of the perturbative approa
one has

Pp5
p

4
AaS~k2!aS~@k2D#2!

f ~xP ,Ak2@k2D#2!

k2@k2D#2
~14!

wheref (xP ,kt
2) is related to the gluon distributiong(xP ,Q2)

by

xP g~xP ,Q2!5EQ2 dkt
2

kt
2 f ~xP ,kt

2! ~15!

with the inverse

f ~xP ,kt
2!5kt

2
]„xP ,g~xP ,kt

2!…

]kt
2 . ~16!

This applies at att50, and the experimental slope o
some other ansatz must be used to compare with the
grated cross section. Here we merely note that this t
alone gives an energy dependence which is clearly too s
for much of the data.

2. Royen-Cudell model

Royen and Cudell@4# propose a somewhat different a
proach to the ‘‘hard’’ contribution. Again perturbative gluo
propagators of the form 1/k2 are used. However, since th
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cross section is not infrared divergent, it is suggested that
divergences from diagrams where both gluons couple to
same quark are canceled in the infrared limit by the div
gences from the diagrams where each gluon couples
different quark, Fig. 2. In terms of form factors, the form
case is described by the Dirac form factor of the prot
F1(t), while for the latter the form factor

E2~k,k2D!5F1~k21@k2D#21ck•@k2D#!, ~17!

depending on the momenta of both gluons, is applied w
c'21 as suggested by Cudell and Nguyen@19#. Unlike the
‘‘standard’’ perturbative approach, this approach does
contain any energy dependence, but describes thet depen-
dence at a fixed energy. The energy dependence has t
introduced by hand, just as it was for the nonperturbat

term, via a factorx
P

12aP0 . We assume a flat hard-Pomero

trajectory aP0
51.44, independent oft. Further the overall

normalization is not uniquely specified as it is not obvio
what value ofas should be used for coupling perturbativ
gluons to bound quarks. Royen and Cudell~RC! @4,20# in-
troduced an effective factorR in the cross section with
RaS

250.6 @4,20#, a procedure which we adopt here. In th
way we finally obtain

PRC5A$RaS
2%aS~k2!aS~@k2D#2!

3
F1~ t !2E2~k,k2D!

k2@k2D#2
x

P

12aP0 . ~18!

C. Summation models

Here we suggest two ‘‘summation models’’ which com
bine both hard and soft terms at the amplitude level in or
to obtain a global description of vector meson product
data.

1. Summation model S1

This model is based on our earlier work@5#, which mod-
eled r electroproduction by ‘‘open pair’’ production in th
region of ther mass. In particular, a successful descripti
of the data was obtained by combining the nonperturba
amplitude of Sec. III A with the perturbative amplitude o
Sec. III B, using an empirical slope parameter to describe
t dependence of the latter. In doing so, we exploited sev
gluon distributions to calculate the perturbative contributi
using thePDFLIB program libraries@21# for numerical calcu-
lations. However, it was found that the best fit to ther me-
son electroproduction data, and especially to the energy
pendence of the production cross section, was obtained u
the CTEQ4LQ@22# gluon distribution. We continue to us
the CTEQ4LQ gluon distribution in the present paper.

In this paper we explicitly incorporate vertex function e
fects using Eq.~7! in order to treat thef andJ/c as well as
ther electroproduction in a common framework. To do th
we again need to extend the perturbative amplitude totÞ0.
Since the proton in the vector meson production process
mains intact, we suggest describing thet dependence at the
3-4
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proton end by the proton form factorF1p(t). In this way we
arrive at summation model S1:

PS1~s,t,Q2!5Pnp~s,t,Q2!1F1p~ t !Pp~s,Q2!, ~19!

wherePnp , Pp are given by Eqs.~13!, ~14! respectively.

2. Summation model S2

Another possibility is to model the ‘‘hard’’ componen
with the RC termPRC , Eq. ~18!. The t dependence is thu
automatically provided, but the RC approach does
specify the energy dependence. In order to obtain a glo
description of vector meson production, Regge energy
pendence corresponding to the ‘‘hard Pomeron’’@7,23,8# is
introduced into the RC term by hand, in much same way t
it was introduced in the nonperturbative term using the s
Pomeron trajectory. In this way one obtains summat
model S2:

PS2~s,t,Q2!5Pnp~s,t,Q2!1PRC~s,t,Q2! ~20!

wherePnp , PRC are given by Eqs.~13!,~18! respectively.

IV. VECTOR MESON WAVE FUNCTIONS

The choice of the vertex function is crucial in vecto
meson production models as it determines the virtuali
dominating the integral over theqq̄ loop, the overall normal-
ization andQ2 dependence of the cross section, and the l
gitudinal to transverse ratios. Unfortunately the detai
forms of the vertex functions are unknown and only th
general analytical properties are established from vari
constraints@24#. Therefore, in practice, the chosen vert
functions provide an essentially phenomenological desc
tion of the valence quark content of the vector meson. H
we shall consider possible forms for the vertex functions
starting from phenomenological wave functions for vec
mesons in their rest frame, and then boosting to the li
cone taking into account the off-shell nature of the qu
line.

A. Wave functions in the center-of-mass frame

The most popular choice@4,25–30# of vector-meson wave
functions is suggested by long distance physics. This tell
that a hadron at rest can be described to a good approx
tion as a system of constituent quarks moving in a harmo
oscillator potential with a Gaussian wave function

FG~L2!5NG expS 2
L2

2pF
2 D ~21!

whereL2 is the squared 3-momentum of either the quark
anti-quark,pF is the Fermi momentum andN is the normal-
ization. We investigated five alternatives, the details
which can be found in@15#. The first is the power-law wave
function @25,28#
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Fpl~L2!5NplS 11
L2

p̃F
2 D 2n

~22!

with n52 in our case. This was found not to be an acce
able choice as it was not possible to obtain even a qualita
description of the data, particularly for the longitudina
transverse ratio for ther andf which are rather sensitive to
the wave function details.

The four other wave functions are obtained by solving
nonrelativistic Schro¨dinger equation with four different po
tentials@31#. The first three of these are

~i! a power-law potential@32#

2a1
21a2

2S r

r 0
D 0.1

, ~23!

~ii ! a logarithmic potential@33#

b1
21b2

2 logS r

r 0
D , ~24!

~iii ! a Coulomb-plus-linear potential~the Cornell poten-
tial! @34#

2
c1

2

r
1

r

c2
2

1c3
2 ~25!

where theai ,bi ,ci are various model-dependent paramete
The fourth is the QCD-inspired potential of Buchmu¨ller and
Tye @35#, which has a rather complicated position-spa
form. It is linear at large distances and quasi-Coulombic
short distances. The deviations from pure Coulombic beh
ior reproduce the running of the strong coupling consta
and the global shape of the potential is essentially de
mined by two parameters—the QCD scaleL and the QCD
string tension motivated by the light meson data. No
relativistic wave functions are reliable only if the meson a
both constituent quarks are heavy compared to the ave
internal momentum, and it is still not clear whether o
should use them for theJ/C. In particular Frankfurt, Koepf
and Strikman@36# have used wave functions from variou
non-relativistic potential models to show that the integrat
region where the quark’s transverse momentum is larger t
the charm mass can contribute up to one-third of theqq̄ loop
integral inJ/c production. For ther andf such wave func-
tions can be still be considered as an alternative choice
beit without a firm foundation.

Finally, all these vector meson wave functions have to
normalized to reproduce the leptonic decay width of the m
son GV→e1e2 in the vector meson rest frame. Furthermo
the normalization has to be calculated for one quark leg
shell to reflect the kinematics of the vector meson product
models of Fig. 1. The derivation of the normalization and
reduction to the on-shell case in the appropriate limit ha
been given by Royen and Cudell@4#. Their final result is
3-5
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G5
64~aemeq!2

9pMV
3 F ipG~ uL ud!1PE

0

` G~ uL u!
uL u2uL ud

dULUG2

~26!

where

G~ uL u!5
L2

AL21mq
2

2L213mq
2

uL u1uL ud
F~L2!, ~27!

uL ud5A1
4 MV

22mq
2 ~28!

and mq is the constituent quark mass. Foru, d quarks we
takemq50.3 GeV, for strange quarksms50.45 GeV and for
charmed quarksmc51.5 GeV.

The next step is to transform the vector meson center
mass wave functions into the vertex functionsF(z,u l̃ tu) used
in Eq. ~7!. This is done by first rewriting the center-of-ma
wave functions in terms of invariants, which are then
expressed in terms of the light-cone variablesz and l̃ t to
obtain the vertex function. We do this first using the Roye
Cudell prescription@4# for the quark or antiquark off shell
and then show that if both are put on shell, it goes over to
Brodsky-Lepage prescription@14#.

B. Royen-Cudell prescription

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

Pq5@ 1
2 V1 l # and V respectively. In the meson’s center-o

mass frame,Pq
m5(Eq , L ) and Vm5(MV , 0) so that the

invariant quantityPq
mVm5@ 1

2 Vm1 l m#Vm becomesMVEq .
This gives

Eq5
1

MV
@ 1

2 V1 l #•V ~29!

and

L25Eq
22Pq

mPq m5F l •V

MV
G2

2 l • l ~30!

for the squared three-momentum of the quark in the cente
mass frame, where no assumption about the on-shell or
shell nature of the quark has been made. Thus one ob
the relation

Fc.m.~L2! ↔ FLCS F l •V

MV
G2

2 l • l D ~31!

between the vector meson wave functionFc.m. expressed in
the center-of-mass variableL2 and FLC expressed in terms
of appropriate invariants. This is the RC prescription@4#.
One finally has to rewrite the four-vectorl in terms of the
variablesz and l̃ t , using equations given by Royen an
Cudell1 @4# which take account of the fact that the quark
off shell and the anti-quark is on shell,

1In @4# our l̃ t is denoted byl t .
11401
f-
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-

e
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@ 1
2 V2 l #25mq

2 , @ 1
2 V1 l #2Þmq

2 , ~32!

in the two diagrams of Fig. 1. The asymmetry between
quark and antiquark results in an asymmetry under the tra
formation z↔12z, which interchanges the ‘‘1’’ momen-
tum carried by the quark and antiquark. However, when c
culating vector-meson production, one must also take i
account diagrams corresponding to those in Fig. 1 but w
the quark charge flow reversed. The cut conditions then
the quark~instead of the anti-quark! on shell, giving the re-
verse of Eq.~32!. Thus the asymmetry present within ea
pair of diagrams is no longer present once the vector-me
production amplitudes from all four diagrams are summe

As an illustration, the vertex functionsF(z,u ltu) corre-
sponding to the Gaussian and logarithmic potential vec
meson center-of-mass wave functions~21! are shown in
Figs. 3 and 4, where the asymmetry underz↔12z is clearly
seen. One also sees that the vertex functions are cen
towards the pointz50, u ltu50, implying that the most likely
configurations are those where the off-shell quark car
only a small fractionzq of the meson’s longitudinal momen
tum, while the on-shell anti-quark carries most of it, name
(12z)q. However, the vertex functions never actually rea

FIG. 3. r meson relativistic Gaussian wave function~RC pre-
scription! with pF50.6 GeV, withN52.803.

FIG. 4. r meson non-relativistic logarithmic potential wav
function ~RC prescription! andN52.763.
3-6
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the pointz50, u ltu50, because the region around it is u
physical, corresponding toL2,0. The border of this region
corresponds toL250, where the quark and anti-quark ha
no relative momentum in the meson rest frame. In the ot
case, with the anti-quark off shell and the quark on shell,
RC prescription gives similar vertex functions, but cente
towardsz51 andu ltu50 instead ofz50 andu ltu50 so that
the on-shell particle again carries most of the meson’s l
gitudinal momentum.

In the numerical calculations we focused mainly2 on
Gaussian wave functions with values ofpF ranging from 0.1
GeV to 0.6 GeV forr andf mesons and from 0.2 GeV t
1.2 GeV for theJ/c. The motivation behind these ranges
values is the transverse size of the corresponding vector
son; in particular, that for the light vector mesons is simi
r-
te

an
nd

n
e

is

11401
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to that used in the literature for the pion@25,26,28#. As we
shall see, our best results for electroproduction were obta
with pF5 0.5,0.6,1.2 GeV for ther, f andJ/c mesons, for
which the appropriate values of the normalization const
areNG5 3.597, 3.226 and 2.905.

C. Relation to the Brodsky-Lepage prescription

The prescription of Brodsky and Lepage@14#, often found
in the literature@26,36,37#, connects the wave functions i
the center-of-mass frame and the light-cone frame by eq
ing the off-shell propagator«5@M22(( i 51

n ki)
2#21 in the

two frames. In the general case the propagator for a par
of massM whose constituentsi 51, . . . ,n have massesmi is
given by
«2155 M22S (
i 51

n

Li
0D 2

, (
i 51

n

L i50 ~c.m.!,

M22(
i 51

n

~ lt
21mi

2!/zi , (
i 51

n

lt i50, (
i 51

n

zi51 ~LC!,

~33!
al

th
whereLi
m5(Li

0 ,L i) and zi , lt i are the center of mass fou
momenta and light-cone variables respectively. For a sys
of two particles of equal masses this givesL152L2. The
relation L1

05L2
0 is then used@26#, implying that both con-

stituent particles are on shell.
According to the Brodsky-Lepage~BL! prescription the

propagators in both frames are equated, yielding

L25
lt
21mq

2

4z~12z!
2mq

2 ~34!

and

Fc.m.~L2! ↔ FLCS lt
21mq

2

4z~12z!
2mq

2D . ~35!

Alternatively, one could equate the expressions for invari
mass of theqq̄-pair in the vector meson center-of-mass a
light-cone frames,

MX
254~L21mq

2!5
lt
21mq

2

z~12z!
, ~36!

yielding the same prescription~34!. The functions~35! are
often called light-cone wave functions, and for quarks a
antiquarks of equal mass, the prescription is seen to be
plicitly symmetric underz↔12z.

2A fuller discussion of the various possible wave functions
given in @15#.
m

t

d
x-

The BL prescription is not applicable in the kinematic
framework of Fig. 1, in which the quark~or antiquark! is off
shell. On the other hand, the RC prescription~30!, which
allows for this, reduces to the BL prescription if both bo
particles are put on shell:

@ 1
2 V2 l #25mq

2 , @ 1
2 V1 l #25mq

2 , ~37!

yielding

l •V50, l • l 5mq
22 1

4 MV
2 , ~38!

but not in generall • l 50 or l m[0. Substituting Eq.~38! into
Eq. ~30! gives

FIG. 5. r meson relativistic Gaussian wave functionpF

50.6 GeV, BL prescription.
3-7
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L25 1
4 MV

22mq
2 , ~39!

so that the square of the three-momentum of the quark in
meson rest frame is fixed by the mass of the mesonMV and
by the choice of the mass of the quarkmq . However,L2 is
not zero provided themq is not chosen to be exactly half o
the meson mass. Identifying the mass of the vector me
MV with the invariant massMX of theqq̄-pair and substitut-
ing Eq.~36! into Eq.~39!, one again obtains the BL prescrip
tion ~34!.

If the quark mass is exactly half of the meson mass,
~38! gives

l •V50, l • l 50 ~40!

corresponding to aqq̄-pair with zero relative momentum in
the meson rest frame. The quark and the anti-quark s
equally the meson’s four-momentum. In the light-cone va
ables it reads

d (2)~ lt! dS z2
1

2D ~41!

FIG. 6. r meson non-relativistic logarithmic potential wav
function, BL prescription.

FIG. 7. Comparison of the Gaussian wave function~21! for the
r with pF50.5 ~solid line! with the wave functions obtained from
non-relativistic potentials. The dashed lines, from top to botto
correspond to the Buchmu¨ller-Tye, logarithmic, power-law and
Coulomb plus linear potentials respectively.
11401
e

on
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re
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which has also been used as a very basic light-cone w
function in the literature@38,20,39#. Figures 5 and 6 show
vertex functions obtained using the Brodsky-Lepage p
scription ~i.e. light-cone wave functions!, to be compared
with the vertex functions of Figures 3 and 4 which we
obtained using the Royen-Cudell prescription from the sa
center of mass wave functions. As can be seen, Brods
Lepage wave functions are symmetric underz↔12z with a
maximum atz5 1

2 , u ltu50. In other words, the most probab
configuration is where the quark and antiquark share equ
the vector meson’s longitudinal momentum. Further, o
one single value~‘‘height’’ ! of the wave function, deter-
mined by the value ofL2, enters in any given vector meso
production calculation since theL2 is fixed by Eq.~39! once
the masses of the quarks and the vector meson are fixe
calculating Eq.~7!, this can be imposed via a separate co
dition stating the on-shellness of the quarks. Such a co
tion, reducing the dimensions of integration, is inde
present in the vector-meson production models exploiting
BL prescription@20,38#.

V. RESULTS

We have already said that the power-law wave funct
~22! is not appropriate, and we do not discuss it further. T

,

FIG. 8. Comparison of the Gaussian wave function~21! for the
f with pF50.6 ~solid line! with the wave functions obtained from
non-relativistic potentials.The dashed lines, from top to botto
correspond to the Buchmu¨ller-Tye, logarithmic, power-law and
Coulomb plus linear potentials respectively.

FIG. 9. Comparison of the Gaussian wave function~21! for the
J/c with pF51.2 ~solid line! with the wave functions obtained
from non-relativistic potentials. The dashed lines, from top to b
tom, correspond to the Buchmu¨ller-Tye, logarithmic, power-law
and Coulomb plus linear potentials respectively.
3-8
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UNIFIED MODEL OF EXCLUSIVE r0, f, AND J/c . . . PHYSICAL REVIEW D 63 114013
results obtained using the wave functions obtained from
power-law potential~23!, the logarithmic potential~24!, the
Coulomb-plus-linear potential~25! and the Buchmu¨ller-Tye
potential@35# are almost identical. They predict successfu
the longitudinal/transverse ratio for each of ther, f andJ/c
and the correct shape fords/dQ2 in each case. However,
is not possible to obtain simultaneously the correct norm
ization of all the cross sections. If the normalization is a
justed to fit ther cross section, say, then the predictedJ/c
cross section is too high. Conversely, if the normalization
adjusted to theJ/c cross section, then the predictedr cross
section is too low. The problem is that there is no flexibil
in the wave functions: they are all fixed by the parameters
the potentials. This is not the case for the Gaussian w
function ~21! for which the parameterpF can be adjusted
independently for each case.

It turns out that the Gaussian wave function correspo
ing to the best choice ofpF is very close to the wave func
tions obtained from the power-law, logarithmic, Coulom

FIG. 10. Q2 dependence of ther meson cross section atW
575 GeV in model S1. The data are from H1@44# and ZEUS@45–
47#.

FIG. 11. Q2 dependence of ther meson cross section atW
515 GeV in model S1. The data are from NMC@48#.
11401
e
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plus-linear and the Buchmu¨ller-Tye potentials for ther and
f , but differs significantly in the case of theJ/c. This is
shown in Figs. 7, 8 and 9, from which it is obvious that f
the J/c the model requires a much narrower transverse
tribution in configuration space than is provided by the wa
functions obtained from solving the Schro¨dinger equation for
specific potentials.

For clarity of presentation we show results only for t
Gaussian wave function, and comment on the principal
ferences in results obtained with the alternative vertex fu
tions. The parameters in our calculation are thepF for each
of ther, f andJ/c, which control the transverse size of th
vector-meson wave functions, the momentum cutoffQ0

2

when the gluon structure function is used in the perturba
term, or the overall normalization of the perturbative term
the Royen-Cudell model. The normalization of the nonp
turbative term is effectively fixed by ther photoprodution

FIG. 12. Q2 dependence of ther meson longtitudinal to trans
verse cross-section ratio atW575 GeV in model S1. The data ar
from CHIO @49#, NMC @48#, E665@50#, H1 @51,52,44#, and ZEUS
@53,45,47#.

FIG. 13. Q2 dependence of ther meson cross section atW
575 GeV in model S2. The data are from H1@44# and ZEUS
@45–47#.
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A. DONNACHIE, J. GRAVELIS, AND G. SHAW PHYSICAL REVIEW D63 114013
cross section which it dominates@8#. Two sets of results are
shown: S1 refers to non-perturbative plus gluon struct
function; S2 refers to non-perturbative plus Royen-Cudell
both cases the same parameters for the two-gluon exch
contributions are used for ther, f andJ/c, so that the only
difference allowed for different vector mesons is in the va
of the relevantpF .

We start with ther. The results fords/dQ2 andsL /sT
with pF50.5 GeV are shown in Figs. 10, 11 and 12 for S
and in Figs. 13, 14 and 15 for S2. The result fords/dQ2 at
W575 and forsL /sT , which has little energy dependenc
are satisfactory, but that fords/dQ2 at W515 clearly falls
below the data at allQ2. This is not surprising as at thi
lower energy there is a contribution from Reggeon excha
which we have not taken into account. The results
ds/dQ2, other than the normalization, are not strongly d
pendent on the choice ofpF . The shape is reproduced sati
factorily for 0.3<pF<0.6 GeV. However, sL /sT

FIG. 14. Q2 dependence of ther meson cross section atW
515 GeV in model S2. The data are from NMC@48#.

FIG. 15. Q2 dependence of ther meson longtitudinal to trans
verse cross-section ratio atW575 GeV in model S2. The data ar
from CHIO @49#, NMC @48#, E665@50#, H1 @51,52,44#, and ZEUS
@53,45,47#.
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depends very strongly onpF , the ratio rising rapidly with
decreasingpF , and restricting the choice ofpF to the upper
end of the range. The S2 result is slightly better overall. T
results obtained using the wave functions derived from
specific potentials are very close to those shown, and pro
an equally satisfactory description.

It is clear from Figs. 10 and 13 that an increase in n
malization would convert a good description of the data in
an excellent one. If we were consideringr meson production
in isolation, then it would be appropriate to do this by i
creasingas

(0) . However, as we shall see, this would the
impact adversely on the cross sections for thef and J/c,
particularly on the former by making it too large. The pro
lem of simultaneously obtaining the correct normalizati
for the photo- and electroproduction of ther and thef
within the constraints of pre-defined wave functions is w
known; for example see@40#.

The results for thef with pF50.6 GeV are shown in
Figs. 16, 17 and 18 for S1 and in Figs. 19, 20 and 21 for

FIG. 16. Q2 dependence of thef-meson cross section atW
590 GeV in model S1. The data are from H1@54,55# and ZEUS
@56–58#.

FIG. 17. Q2 dependence of thef-meson cross section atW
514 GeV in model S1. The data are from NMC@48#.
3-10
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UNIFIED MODEL OF EXCLUSIVE r0, f, AND J/c . . . PHYSICAL REVIEW D 63 114013
The results in both cases are very good. It is particula
satisfying that the description of the low-energy data is go
as in this case there is no Reggeon contribution. Once a
the results obtained using the wave functions derived fr
the specific potentials are very close to those shown,
provide an equally good description.

The J/c results are given in Figs. 22 –27withpF51.2,
and are again very satisfactory. We have included lo
energy data, although they are not very precise and h
some contamination from nucleon breakup. Because of
mass of the charm quark, the data on thesL /sT ratio do not
provide a strong constraint, and even atQ2550 GeV2 the
ratio is still far from its asymptotic value. The S2 results a
again to be slightly preferred overall. In the case of theJ/c
the results obtained using the wave functions derived fr
the specific potentials do not provide a good description
the data, the cross section being about a factor of 3 too la
There are also significant differences insL /sT , the ratio

FIG. 18. Q2 dependence of thef-meson longtitudinal to trans
verse cross-section ratio atW590 GeV in model S1. The data ar
from H1 @55# and ZEUS@58#.

FIG. 19. Q2 dependence of thef-meson cross section atW
590 GeV in model S2. The data are from H1@54,55# and ZEUS
@56–58#.
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rising almost linearly with increasingQ2, and by Q2550
GeV2 is a factor of 2 larger than the results shown in Figs.
and 27. However the present data cannot sensibly disting
between this result and the one shown. That there is a
nificant difference in the predictions for theJ/c is not sur-
prising given the very different wave function used in the
compared to those obtained from specific potentials: re
Fig. 9.

There is very little difference in the energy dependen
predicted by models S1 and S2, so we shall show only
latter. The energy dependence at fixedQ2 is shown in Figs.
28 and 29 for ther, in Fig. 30 for thef and in Fig. 31 for the
J/c, in each case for the S2 model. The break in the cur
is because of the different value ofe used at the lower ener
gies. The model succeeds well in reproducing the trend
the data, and is particularly successsful for thef and J/c,
even atQ250 in the latter case. The increasing energy d
pendence with increasingQ2 is well represented by the
model, reflecting the increasing importance of the ha

FIG. 20. Q2 dependence of thef-meson cross section atW
514 GeV in model S2. The data are from NMC@48#.

FIG. 21. Q2 dependence of thef-meson longtitudinal to trans
verse cross-section ratio atW590 GeV in model S2. The data ar
from H1 @55# and ZEUS@58#.
3-11
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FIG. 22. Q2 dependence of theJ/c-meson cross section atW
590 GeV in model S1. The data are from H1@59,60# and ZEUS
@61,47#.

FIG. 23. Q2 dependence of theJ/c-meson cross section atW
514 GeV in model S1. The data are from EMC@62#, E401 @63#,
E516 @64#, NA14 @65#, and E687@66#.

FIG. 24. Q2 dependence of theJ/c-meson longtitudinal to
transverse cross-section ratio atW590 GeV in model S1. The data
are from H1@59,60# and ZEUS@61,47#.
11401
FIG. 25. Q2 dependence of theJ/c-meson cross section atW
590 GeV in model S2. The data are from H1@59,60# and ZEUS
@61,47#.

FIG. 26. Q2 dependence of theJ/c-meson cross section atW
514 GeV in model S2. The data are from EMC@62#, E401 @63#,
E516 @64#, NA14 @65#, and E687@66#.

FIG. 27. Q2 dependence of theJ/c-meson longtitudinal to
transverse cross-section ratio atW590 GeV in model S2. The data
are from H1@59,60# and ZEUS@61,47#.
3-12
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FIG. 28. W dependence of ther meson cross section for variou
Q2 in model S2. The data are from NMC@48#, H1 @44#, and ZEUS
@47#.

FIG. 29. W dependence of ther meson cross section for variou
Q2 in model S2. The data are from H1@44#.

FIG. 30. W dependence of thef-meson cross section for var
ous Q2 in model S2. The data are from NMC@48#, H1 @54#, and
ZEUS @56–58#.
11401
FIG. 31. W dependence of theJ/c meson cross section fo
variousQ2 in model S2. The data are from EMC@62#, E401@63#,
E516 @64#, NA14 @65#, E687@66#, H1 @59,67#, and ZEUS@68,61#.

FIG. 32. r meson t dependence,̂ Q2&54.8 GeV2, 30,W
,140 GeV. The dashed line is for the S1 model, the dotted line
the S2 model. The overall normalization is arbitrary, but the relat
normalization of the S1 and S2 predictions is as given by the mo
The data are from H1@44#.

FIG. 33. r meson t dependence,̂Q2&510.9 GeV2, 30,W
,140 GeV. The dashed line is for the S1 model, the dotted line
the S2 model. The overall normalization is arbitrary, but the relat
normalization of the S1 and S2 predictions is as given by the mo
The data are from H1@44#.
3-13
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A. DONNACHIE, J. GRAVELIS, AND G. SHAW PHYSICAL REVIEW D63 114013
Pomeron asQ2 is increased. This is not artifically impose
on the model. It occurs naturally via the loop integrals
volving the meson wave function and the gluon propagat
The model also automatically takes account of the increa
importance of the hard Pomeron with increasing quark m
For example, for ther at Q250 the soft pomeron contrib
utes 95% of the amplitude atAs515 GeV and 85% of the
amplitude atAs575 GeV. At Q2520 GeV2 these have be
come 25% of the amplitude atAs515 GeV and 10% of the
amplitude atAs575 GeV. These proportions are very sim
lar for thef, with a slight increase of the hard compone
for example atQ250 the soft Pomeron contributes 90%
the amplitude atAs515 GeV and 70% of the amplitude a
As590 GeV. For theJ/c at Q250 the soft Pomeron con
tributes 80% of the amplitude atAs515 GeV and 35% at
As5250 GeV. These results for the soft Pomeron prop
tions atQ250 are comparable with those obtained in oth
phenomenological approaches@8,41#. The same general fea
tures, a slow onset of the perturbative region where the h
Pomeron dominates, are compatible with those of@42,43#. In
@42# a theoretical analysis is made ofg* p→r0p based on
the Balitski�-Fadin-Kuraev-Lipatov~BFKL! formalism, and
it is concluded that the perturbative term does not domin
until energies and virtualities beyond those currently
cessed at HERA. In@43# an analysis ofJ/c photoproduction
in a dipole model clearly illustrates the mixing of perturb
tive and nonperturbative effects in this process.

Finally, examples of the predictedt dependence are
shown in Figs. 32–35. The data for ther andf are unnor-
malized, so the theoretical curves have been renormalize
the data. The relative normalization of S1 and S2 is t
given by the models. For theJ/c the data and the prediction

FIG. 34. f meson t dependence,̂ Q2&54.5 GeV2, 40,W
,130 GeV. The dashed line is for the S1 model, the dotted line
the S2 model. The overall normalization is arbitrary, but the rela
normalization of the S1 and S2 predictions are as given by
model. The data are from H1@55#.
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are normalized. Clearly the description is again very satisf
tory, with the possible exception of ther , where the models
predict a somewhat faster decrease witht than is observed.

VI. CONCLUSIONS

We have presented a model of vector meson electro
duction and also for photoproduction in the case of theJ/c.
The model gives a good overall description of the data forr,
f and J/c electroproduction with only five adjustable pa
rameters. The dynamical mechanism, with two adjustable
rameters, is common to each and the only freedom in go
from one vector meson to another is the parameterpF which
is related to the ‘‘size’’ of the meson in its rest frame. Th
values ofpF required for each of ther, f andJ/c are 0.5
GeV2, 0.6 GeV2 and 1.2 GeV2 respectively, in accordanc
with what one would expect. Not surprisingly, electropr
duction of ther is primarily non-perturbative at smallQ2,
and an important non-perturbative component is still pres
at the highest energy and largestQ2 for which data exist. In
contrast the perturbative contribution dominates inJ/c pro-
duction at high energy, although at smallQ2 interference
with the non-perturbative contribution remains importa
For W>50 GeV, Q2>20 GeV2 J/c electroproduction can
be considered to be exclusively perturbative. We finally n
that this type of model could be used to give an excell
description of any of ther, f and J/c if they were to be
considered in isolation.
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FIG. 35. J/c mesont dependence,Q250, 91,W,110 GeV.
The dashed line is for the S1 model, the dotted line for the
model. The data are from H1@67# and ZEUS@69#.
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