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Diffractive heavy quarkonium photoproduction and electroproduction in QCD
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Hard diffractive photoproduction and electroproduction of heavy vector mesons~J/c and Y! is evaluated
within the leadingasln(Q2/LQCD

2 ) approximation of QCD. Different from our earlier work on that subject, also
the production of transversely polarized vector mesons is calculated. Special emphasis is placed on the role of
the vector meson’sq q̄ light-cone wave function. In that context, conventional nonrelativistic quarkonium
models and a light-front QCD bound state calculation are critically examined and confronted with QCD
expectations. Our numerical analysis finds a significant high momentum tail in the latter wave functions and a
deviation from the expected asymptotic behavior offV(z,b50)}z(12z). We then design an interpolation to
match the quarkonium models at large interquark separations with QCD expectations at small distances. We
use these results to compare our predictions for the forward differential cross section ofJ/c photoproduction
and electroproduction with recent experimental results from DESY HERA. In addition, our earlier discussion
of r° electroproduction is updated in light of recent experimental and theoretical enhancements.
@S0556-2821~98!05601-X#
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I. INTRODUCTION

Diffractive vector meson production opens a precio
window on the interface between perturbative QCD and h
ronic physics. While elastic processes are commonly
scribed through nonperturbative, phenomenological me
ods, such as, for instance, soft Pomeron exchange@1#, hard
inclusive reactions—most prominently deep inelastic lep
scattering—are, in a sense, exactly calculable as a co
quence of the QCD factorization theorem. These two clas
of processes now meet at the DESYep collider HERA.
However, similar to inclusive deep inelastic scattering, a
the amplitude for diffractive~coherent! production of vector
mesons in deep inelastic lepton-nucleon scattering factor
into a hard part calculable in perturbative QCD (pQCD)
convoluted with the nonperturbative off-diagonal gluon d
tribution in the target@2#. A rigorous QCD-based proof o
the factorization theorem for hard exclusive electroprod
tion of vector mesons, valid to all orders in perturbati
theory, was recently given in Ref.@3#. This theorem holds if
only short distances contribute, which is the case for
production of longitudinally polarizedr° at sufficiently large
Q2 or heavy flavor photo- and electroproduction@4#.

For large but nonasymptotic photon virtuality, the ha
amplitude for exclusive vector meson production is sensi
to the transverse momentum distribution in the light-co
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wave function of theq q̄ leading Fock component of th
produced vector meson@4#. This leads to a suppression of th
asymptotic amplitude, i.e., to an interplay between
quark~antiquark! momentum distribution in the vector meso
and theQ2 dependence of the corresponding cross sect
That, in turn, allows to extract information on this wav
function—and hence on the three dimensional distribution
color in the produced hadron—from theQ2 and thet depen-
dences of the cross section.

In this work, we focus the QCD analysis of Refs.@2# and
@4# on heavy quarkonium~J/c andY! photoproduction and
electroproduction. Furthermore, we extend the respec
formalism, which in Refs.@2# and @4# was applied to the
production of longitudinally polarized vector mesons only,
transverse polarizations as well. The important role the v
tor meson’sq q̄ light-cone wave function plays in diffractive
photoproduction and electroproduction at nonasymptoticQ2

requires a detailed study of this quantity. Motivated by t
large value of the quark mass in heavy quarkonia, we s
from conventional nonrelativistic potential models@5–8#
and/or a nonrelativistic light-front QCD bound state calcu
tion @9#. We then critically examine the respective wa
functions and confront them with QCD expectations.

In particular for theJ/c meson, our numerical analysi
yields a significant value for the high momentum compon
in the respective nonrelativistic wave functionsfV(k). For
instance for the potential model of Ref.@5#, the regionv/c
>1, where the nonrelativistic approximation is definitely i
adequate, contributes over 30% to the integral*d3kfV(k).
Latter integral appears in the expression for theV→e1e2

decay width. This is illustrated in Fig. 6, and it is in line wit

cs
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57 513DIFFRACTIVE HEAVY QUARKONIUM . . .
the QCD prediction of large relativistic corrections to t
corresponding bound state equations@10#. Those large rela-
tivistic effects put the validity of a nonrelativistic descriptio
of J/c mesons—and, in particular, a nonrelativistic evalu
tion of their production in high energy processes—seriou
into question. Our analysis shows that theQ2 dependence o
J/c electroproduction, the photoproduction cross section
tios of Y andJ/c mesons, and modifications in thet slope of
those cross sections are good probes for the color distribu
in the light-cone wave function of the vector mesons as w
as the dependence of the parton distribution in the targe
the produced meson’s transverse size. In particular, thes
fects lead to an enhancement of the cross section ratio
diffractive electroproduction ofY andJ/c mesons by a fac-
tor '10 for the samex as compared to the naive scalin
estimate. This was discussed already in Ref.@4#.

In addition, if we express the nonrelativistic wave fun
tions in terms of light-cone coordinates, we find that they
not display the expected asymptotic behavior@11#
*d2ktfVL(z,kt)}z(12z) in the vicinity of z50 or z51.
This is illustrated in Fig. 8. Another mismatch between t
nonrelativistic and the light-cone approach appears wit
the evaluation of theV→e1e2 decay width. WhenGV→e1e2

is calculated from the nonrelativistic wave functionfV(k), a
QCD correction factor, 12 16as/3p, appears@12#, which
can be numerically large@16as/3p'0.5 for J/c where we
useaS(J/c)50.3# while no such term is present in the rel
tion @13# with the light-coneq q̄ wave functionfV(z,kt).
This difference may be important in practice since t
Schwinger formula for the positronium decay@14# becomes
inaccurate for charmonium where the high momentum co
ponent in the wave function is not small. To remedy the
deficiencies, we designed an interpolation for the wave fu
tion of heavy quarkonia which smoothly matches the wa
functions obtained at average interquark separations f
nonrelativistic potential models~or within a light-front QCD
bound state calculation! with QCD predictions at small dis
tances.

The basic difference of the current work from Ref.@4# is
that the formulas valid in leading order in 1/(Q214m2) are
derived by decomposing Feynman diagrams over thetrans-
versedistance between bare quarks, and that the quarkon
light-cone wave functions which we used respect QCD p
dictions for their high momentum tail. As for any hard pr
cess, the cross section is expressed through the distribu
of bare quarks in the vector meson and not through the
tribution of constituent quarks, as it has been assume
Refs. @15# and @16#. In the latter investigations, the cros
section for diffractive photoproduction and electroproduct
of J/c mesons was evaluated in the Balitskii-Fadin-Kurae
Lipatov ~BFKL! approximation and while employing a non
relativistic constituent quark model. No corrections arisi
from the quark motion within the producedJ/c mesons were
considered in Ref.@15#. In a later work@16#, the authors then
argued that the respective corrections are small within r
istic charmonium models. This is at variance with our fin
ings. In addition, our numerical analysis shows that the st
approximation used in Refs.@15# and@16# is not in line with
conventional charmonium models. Neglect of quark Fe
motion and related color screening effects in Refs.@15,16#
leads to factor'3 suppression for the ratio of cross sectio
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of photoproduction ofY versusJ/c mesons as compared t
the results in this paper.

After outlining the basic formalism in Sec. II, in Sec. II
we discuss the heavy vector meson’s light-cone wave fu
tion which describes its leadingq q̄ Fock state component
We then compare, in Sec. IV, with recent experimental
sults from HERA forJ/c photoproduction@17# and electro-
production@18#. In Sec. V, we update our discussion ofr°
electroproduction in light of recent experimental@19# and
theoretical@20# enhancements. We summarize and conclu
in Sec. VI.

II. THE BASIC FORMALISM

A. The forward differential cross section

In Ref. @2#, the forward differential cross section for th
production of longitudinally polarized vector mesons was d
duced within the double logarithmic approximation, i.e
asln(Q2/LQCD

2 ) ln(1/x);1, with the result of

dsg
L* N→VN

dt
U

t50

5
4p3GVMV

3aEMQ6 hV
2 uas~Q2!

3~11 ib!xGN~x,Q2!u2. ~1!

Here,GV stands for the decay width of the vector meson in
an e1e2 pair, b5 ReA /ImA'(p/2)] ln@ImA#/] lnx is the
relative contribution of the amplitude’s real part, and t
leading twist correction

hV[
1

2

*@dz/z~12z!#*d2ktfV~z,kt!

*dz*d2ktfV~z,kt!
, ~2!

accounts for the difference between the vector meson’s
cay into ane1e2 pair and diffractive vector meson produc
tion. HerefV(z,kt) is the wave function of the longitudi
nally polarized vector meson. We implicitly use the ligh
cone gauge which provides for an unambigous separatio
the kt dependence of the meson~photon! wave function and
gluon degrees of freedom. Note that the original formu
deduced in Ref.@2# lacks a factor of 4. This misprint ha
been corrected in Ref.@4#. In Ref. @4#, it was shown that the
formula in Eq.~1! is valid also within the more conventiona
leading asln(Q2/LQCD

2 ) approximation. Although, in prin-
ciple, hard diffractive processes are expressed in term
nondiagonal parton densities, a recent analysis@21# of the
QCD evolution equations for nondiagonal parton distrib
tions at smallx shows that the gluon nondiagonal parto
distributions are close to though somewhat larger than
diagonal gluon distributions in the kinematic region d
cussed in this paper. This difference weakly depends
x and slowly increases with increase ofQ2. In particular, for
the case ofJ/c production atx<1022 this effect leads to
renormalization of the photoproduction cross section by
factor ;1.4. Numerical study of these effects forr andJ/c
production will be presented elsewhere.

In Ref. @4#, also next-to-leading order~NLO! as well as
higher twist corrections were introduced. First, it was argu
that the strong coupling constant and the nucleon’s glu
density have to be evaluated not atQ2 but at aQeff

2 . This is
due to the so-called ‘‘rescaling of hard processes’’ wh
will be discussed in more depth later. And, secondly, a s
pression factorT(Q2) was deduced which measures the d
viation of the cross section from its asymptotic prediction
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514 57LEONID FRANKFURT, WERNER KOEPF, AND MARK STRIKMAN
Eq. ~1!, and which stems from the transverse Fermi mot
of the quarks in the produced vector meson. This yields@4#

dsg
L* N→VN

dt
U

t50

5
4p3GVMV

3aEMQ6 hV
2T~Q2!uas~Qeff

2 !

3~11 ib!xGN~x,Qeff
2 !u2, ~3!

with the correction factor

T~Q2!5F ~Q4/4!*dz*d2ktfV~z,kt!D tfg~z,kt!

*@dz/z~12z!#*d2ktfV~z,kt!
G2

, ~4!

where

fg~z,kt!5
1

Q21~kt
21m2!/z~12z!

~5!

is the photon’sq q̄ light-cone wave function,D t is the trans-
verse LaplacianD t5S(d/dki)

2, and where, for the produc
tion of light mesons, the current quark mass was set to z

In this investigation, we focus on the photoproduction a
electroproduction of heavy quarkonium~J/c andY!, and we
extend the respective formalism to the production of tra
versely polarized heavy vector mesons as well. Note that
sufficiently heavy quark mass, the applicability of the QC
factorization theorem to the diffractive photoproduction
transverselypolarized vector mesons can be justified beca
the transverse size of quarkonium decreases with the ma
the heavy quarks. The result for the forward differential cro
section for photoproduction and electroproduction of hea
vector mesons, which will be deduced in detail in the follo
ing, is

dsg ~* )N→VN

dt U
t50

5
4p3GVMV

3

3aEM~Q214m2!4 hV
2T~Q2!uas~Qeff

2 !~11 ib!xGN

3~x,Qeff
2 !u2S R~Q2!1e

Q2

MV
2 D . ~6!

Here,hV is again the leading twist correction of Eq.~2!, the
factorT(Q2), which was introduced in Ref.@4#, accounts for
effects related to the quark motion in the produced vec
meson, ande5 (12y)/(12y1y2/2) is a parameter relate
to the ~virtual! photon’s polarization. Here,y is the energy
fraction ~in the target rest frame! transferred from the scat
tered lepton to the target. A value ofe50 corresponds to
purely transverse polarization—which is always the case
real photons, i.e.,Q250—ande51 refers to an equal mix o
longitudinal and transverse polarizations. The latter is typ
for HERA kinematics at largeQ2. The factorR(Q2) param-
etrizes the relative contribution of the production of tran
versely polarized vector mesons as compared to the n
prediction, i.e.,sT /sL5R(Q2)(MV

2/Q2) instead of simply
sT /sL5 MV

2/Q2.
n
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Different from Ref.@4#, the current quark mass was n
set to zero, i.e., we kept leading powers over 1/(Q214m2)
and not just 1/Q2. This, in turn, yields for the correction
factorsT(Q2) andR(Q2):

T~Q2!5F ~Q214m2!2

4

*dz*d2ktfV~z,kt!D tfg~z,kt!

*@dz/z~12z!#*d2ktfV~z,kt!
G2

,

~7!

R~Q2!

5F m2

4MV
2

*@dz/z2~12z!2#*d2ktfV~z,kt!D tfg~z,kt!

*dz*d2ktfV~z,kt!D tfg~z,kt!
G2

,

~8!

where we employed againfg(z,kt) of Eq. ~5!.
The T(Q2) andR(Q2) displayed in the above constitut

one of our main original new results. These formulas
derived by building a decomposition over thetransversedis-
tance between the bare quarks, i.e., over powers of 1/Q2

14m2). However, some caution is necessary at this po
The accuracy of this approximation for the calculation ofR
at Q2@MV

2 can be questioned because of an enhanceme
end point~z50 andz51! contributions at largeQ2. But in
these kinematics, the production of longitudinally polariz
vector meson would dominate@2#. In order to be able to
evaluate the correction factors of Eqs.~7! and ~8!, we need
the light-cone wave function of theq q̄ leading Fock state in
the vector meson. We will discuss this quantity in detail
the next section.

Our master formula in Eq.~6! yields a few fundamenta
predictions:~1! the cross sections raise with energy very ra
idly due to the presence of the gluon density which increa
fast at smallx, ~2! the t slope is expected to be almost th
same for all hard diffractive processes of the kind stud
here,1 and~3! the production of longitudinally polarized vec
tor mesons will dominate at largeQ2. Note, also, that this is
only a leading order analysis, and to achieve a nonamb
ous interpretation of the processes considered here it w
be necessary to evaluate also more accurately NLO cor
tions as well as the higher twist the contribution of t
uq q̄G& component in the light-cone wave functions of th
photon and the produced vector meson.

B. The color-dipole cross section

As discussed at length in Refs.@2#, @3#, and@4#, due to the
QCD factorization theorem and the large longitudinal coh
ence length,l c' 1/2mNx, associated with high energy~small
x! diffractive processes, in leading order inasln(Q2/LQCD

2 ),
the amplitude for hard diffractive vector meson producti
off a nucleon, depicted in Fig. 1, can be written as a prod
of three factors:

Ag* N→VN}C~g*→q q̄!•sq q̄N•C~q q̄→V!, ~9!

whereC(g (* )→q q̄ ) is the light-cone wave function for a
photon to split into aq q̄ pair, sq q̄N is the interaction cross
section of the q q̄ pair with the target nucleon, an

1This is because thet slope in the hard vertex scales like th
maximum of the mass of the heavy quark andQ2.
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57 515DIFFRACTIVE HEAVY QUARKONIUM . . .
C(q q̄→V) is the amplitude for theq q̄ pair to transform
into the vector mesonV in the exit channel.

As was shown in Ref.@4#, for sufficiently largeQ2 and
longitudinal polarization, the above process is dominated
q q̄ configurations where the quark and antiquark are se
rated by a small transverse distanceb. Then, sq q̄N is the
color-dipole cross section@22,23#

sq q̄N~x,b!

5
p2

3
b2@as~Qeff

2 !xGN~x,Qeff
2 !#x5~Q21M

V
2 !/s ,Q

eff
2 5l/b2 .

~10!

Qualitatively, Eq.~10! can be understood in the followin
way: The four diagrams of Fig. 1 lead to an expression in
amplitude of the form

sg* N@2fg~z,kt!2fg~z,kt1 l t!2fg~z,kt2 l t!#, ~11!

where the Sudakov variablez denotes the fraction of the
photon’s momentum carried by one of the quarks,6kt is
their transverse momentum, andl t is the gluons’ transverse
momentum. For smalll t , this yields

sg* N . ~12!

Via Fourier transform into the transverse impact parame
space and after pulling out the wave function of theg* , we
obtain

sq q̄N}b2. ~13!

The gluon densityxGN arises as the diagrams in Fig. 1 re
resent not simple two-gluon exchange but rather the coup
to the full nonperturbative gluon ladder. For further deta
see Ref.@24# where the quantitysq q̄N was derived rigor-
ously. In the following, we will show that—due to the larg
value of the current quark mass—the dominance of sh
distances holds for diffractive production of heavy flavo
also for Q250 and both for longitudinal as well as tran
verse polarizations.

Note that, due to the difference in the invariant mass
tween the photon and the vector meson, the light-cone
mentum fractions of the gluons in the initial and final sta

FIG. 1. Feynman diagrams relevant for the evaluation of
amplitude for diffractive production of vector mesons, i.e., t
g (* )1N→V1N process, in leadingasln(Q2/LQCD

2 ) approximation.
y
a-

e

r

g

rt

-
o-
,

b i andb f , are not the same, and therefore, in principle,
off-diagonal gluon distribution should enter into Eqs.~6! and
~10!. This was first recognized in Ref.@4#, and then elabo-
rated on in Refs.@25#, @26#, and@21#. A simple kinematical
consideration yieldsb i' @(MX

21^ l t
2&1Q2)/(Q21MV

2)# x
andb f' @(MX

21^ l t
2&2MV

2)/(Q21MV
2)# x, where^ l t

2& is the
average transverse momentum of the exchanged gluons
MX

25^(kt
21m2)/z(12z) & is the invariant squared mass o

the producedq q̄ pair. Within theas ln(Q2/LQCD
2 ) approxi-

mation, the nondiagonal gluon distribution is shown@21# to
be not far—at the small x that are important
experimentally—from the diagonal one. This is becau
within this approximation, the appropriate energy denomi
tors only weakly depend onb i .

C. Rescaling of hard processes

As outlined in detail in Ref.@4#, the parameterl, which
fixes the scale in the gluon density and the strong couplin
Eqs. ~6! and ~10!, is determined by comparison with th
longitudinal structure function FL(x,Q2)
}yGN(y,Q2)uy'2.5x , i.e., by setting

yGN~y,Q2!uy'2.5x}E d2bdzufg
L*
~z,b!u2sq q̄N~2.5x,b!,

~14!

where

fg
L*
~z,b!52Qz~12z!K0@bAQ2~12z!1m2# ~15!

is the light-cone wave function of theq q̄ leading Fock com-
ponent in a longitudinally polarized virtual photon, andm is
the current quark mass, which was set to zero when
evaluated Eq.~14! ~since the contribution of charm quarks
FL is small in the considered kinematics!. In Eqs.~14! and
~15!, b is the transverse distance between the quark and
tiquark within the photon. The quantityl is adjusted such
that the averageb5bsL

, which dominates the integral on th

right-hand side of Eq.~14!, is related toQ2 just via the
equality bsL

2 5l/Q2. In other words, for the longitudina

structure function, the virtuality that corresponds to t
dominant transverse distancebsL

is just the virtuality of the

process. This yieldsl;8.5 for x51023.
In the same fashion, we can now rewrite the amplitude

diffractive vector meson production as

Ag
L* N→VN}as~Qeff

2 !xGN~x,Qeff
2 !

3E dzd2bfg
L*
~z,b!b2fV~z,b!, ~16!

where we pulled the gluon density at an averageb5bV out
of the integral, i.e.,Qeff

2 ;l/bV
2, and with theq q̄ leading Fock

state light-cone wave function of the vector mesonfV(z,b).
In Fig. 2, we showbV andQeff

2 for the longitudinal structure
function as well as for diffractive production of~longitudi-
nally polarized! r°, J/c, andY mesons. The wave function
fV(z,b) that were used to evaluate Eq.~16! will be dis-
cussed in more detail later.

e
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It can be seen from Fig. 2 that the relevant transve
distances forr° electroproduction are larger than those ch
acteristic for the longitudinal structure function, i.e
br(Q2).bsL

(Q2). Therefore, forr° production, the virtual-

ity Qeff
2 that enters in the argument ofas(x,Qeff

2 )xGN(x,Qeff
2 )

is smaller thanQ2. We find, to leading order,

bV~Q2!'bsL
~Qeff

2 !, ~17!

which, for r° production, yieldsQeff
2 'Q2@bsL

(Q2)/bV(Q2)#2.
Our Eq. ~17! is an approximate relation designed to ove
come the scale ambiguity which is inherent to leading or
calculations. This ‘‘rescaling of hard processes’’ effective
relates the scales in different processes via the dominanq q̄
distances in the respective quark loops. We termed this ‘Q2

rescaling’’ in Ref.@4#. The difference betweenQeff
2 andQ2

indicates that substantial next-to-leading order correcti
should be present in those processes. Applying the s
method toJ/c andY production yields aQeff

2 which is sig-

nificantly larger than the estimateQ̄25 (Q21MV
2)/4 of Refs.

@15,16#. Figure 2 also indicates that the relevant transve
distances are small, and hence the QCD factorization th
rem is applicable, forr° production at largeQ2 and heavy
meson photo- and electroproduction.

D. Production of transversely polarized vector mesons

The discussion in the above refers to the production
longitudinally polarized vector mesons only. For light vect
mesons, the formalism at hand cannot be extended to tr
verse polarizations because of the endpoint singularities,
the contribution from very asymmetricq q̄ pairs withz;0 or
1, where nonperturbative effects dominate. For the prod
tion of heavy quarkoniaQQ̄, when as(MQ

2 )!1 and
q0/4MQ

2 @r T , however, effects of large transverse distan
are strongly suppressed. Here,r T is the radius of the hadron
target. So, the production of transversely polarized he
quarkonia can be legitimately evaluated using the QCD f
torization theorem. At the same time, forQ2@MV

2 the end
point contribution~z;0 or 1! is enhanced in the amplitud
for the diffractive elctroproduction of transversely polariz
vector mesons. Thus, the region of applicability of nonre
tivistic wave function models for heavy quarkonia to t
production of transversely polarized vector mesons~but not

FIG. 2. Average transverse distances effective in the evalua
of the longitudinal structure function as well as for diffractive pr
duction of longitudinally polarizedr° J/c, and Y mesons. Also
shown are the resulting effective scalesQeff

2 for diffractive vector
meson production.
e
-

-
r

s
e

e
o-

f
r
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e.,

c-

s

y
-

-

of the applicability of the QCD factorization theorem! is re-
stricted by the kinematical constraintQ2<MV

2 .
Employing the notations of Ref.@2#, the wave functions

of longitudinally and transversely polarized photons a
heavy vector mesons can be expressed as

fgL

l1l252Qz~12z!fg~z,b!d2l2

l1 , ~18!

fgT

l1l25mS 71
2 i Dfg~z,b!dl2

l1

1S i ~2z21!b̂x7b̂y

6b̂x1 i ~2z21!b̂y
D ]fg~z,b!

]b
d

2l2

l1 , ~19!

fVL

l1l2522MVfV~z,b!d2l2

l1 , ~20!

fVT

l1l25
m

z~12z!
S 71

2 i DfV~z,b!dl2

l1, ~21!

where

fg~z,b!5K0~bAQ2z~12z!1m2!, ~22!

andfV(z,b) refer to theq q̄ light-cone wave functions of the
photon and the heavy vector meson, respectively. For
derivation of Eqs.~20! and~21! it was assumed, in line with
the nonrelativistic character of heavy quarkonium, that,
the center of mass system, the vector meson’s wave func
is a pure angular momentumL50 state. This selects spi
S50 ~or helicitiesl252l1! for the longitudinal polariza-
tion andS51 ~or l25l1! for the transverse polarizations
with the same spatial wave functionfV(z,b). Here,l1,2 are
the helicities of the quark and antiquark, respectively. F
transverse polarization, the restriction through the wa
function of heavy quarkonia selects the component in
wave function of the virtual photon which is proportional
the mass of the heavy quark. This is just opposite to
production of mesons built of light quarks where this co
ponent in the photon’s wave function is negligible@27#.

This gives for the kernels of the longitudinal and tran
verse amplitudes:

VL~z,b!5
1

2 (
l1l2

fgL

l1l2†fVL

l1l2

524QMVz~12z!fg~z,b!fV~z,b!, ~23!

VT~z,b!5
1

4 (
l1l2

fgT

l1l2†fVT

l1l25
m2

z~12z!
fg~z,b!fV~z,b!.

~24!

Note that in the limitz' 1
2 and MV'2m, Eqs.~23! and

~24! yield the naive predictionsL /sT5(VL /VT)2' Q2/MV
2

for the production ratios of longitudinal to transverse pol
izations. Also, because of the nonrelativistic ansatz for
vector meson’s wave function, the spin structure of Eq.~24!
is such that there is no azimuthal asymmetry. This is qu
tatively different from diffractive two-jet production in dee
inelastic scattering@28#. Note, however, that in a fully rela
tivistic description such an azimuthal asymmetry would a

n
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pear also for diffractive production of transversely polariz
vector mesons due to the admixture of aL52, S51 compo-
nent ~to the standardL50, S51 state!. Note, also, that the
nonrelativistic approximation to the light-cone wave functi
of transversely polarized heavy quarkonia becomes ques
able for the diffractive electroproduction in the limitQ2

@MV
2 . This is because, in this kinematics, the end po

contributionsz50 andz51 are enhanced. But in QCD, i
variance from nonrelativistic quarkonium models, the wa
function at asymptoticalQ2 should be such thatVT}z(1
2z). Such a behavior follows from the analysis of PQC
diagrams for the wave function of heavy quarkonia. T
complication is practically unimportant because, in this kin
matics, the production of longitudinally polarized hea
quarkonia dominates.

Putting everything together, the factorT(Q2), which ac-
counts for effects related to the quark motion in the produ
vector meson, and the correction factorR(Q2), which pa-
rametrizes the relative contribution of the transverse prod
tion, can be written in transverse impact parameter spac

T~Q2!5F ~Q214m2!2

4

3
*dzz~12z!*dbfV~z,b!b3fg~z,b!

* @dz/z~12z!# fV~z,b50! G2

, ~25!
ov

in

a
in
if
rm
th
p

n-

t

e

s
-

d

c-
as

R~Q2!5F m2

4MV
2

*@dz/z~12z!#*dbfV~z,b!b3fg~z,b!

*dzz~12z!*dbfV~z,b!b3fg~z,b! G2

,

~26!

where we used againfg(z,b) of Eq. ~22!. The T(Q2) and
R(Q2), displayed in the above, are the leading expressi
to order 1/(Q214m2), and they constitute our main origina
new results. They are related to the quantities given in E
~7! and~8! simply via a two-dimensional Fourier transform
tion.

E. Leading twist expressions and comparison with other
kt-suppression estimates

Note that the suppression factorT(Q2) of Eq. ~25! and
the transverse to longitudinal production ratioR(Q2) of Eq.
~26! have contributions from leading and nonleading twi
The corresponding leading twist expressions can be dedu
by pulling the vector meson’s wave functionfV(z,b) at b
50 out of the integral, i.e., by replacingfV(z,b) with
fV(z,0). The latter is equivalent to setting in the photon
wave function,fg(z,kt) of Eq. ~5!, kt to zero after differen-
tiation, and it yields
TLT~Q2!5F* @dz/z~12z!# „@Q214m2#/$Q21 @m2/z~12z!#%…2fV~z,b50!

*@dz/z~12z!# fV~z,b50! G2

, ~27!

RLT~Q2!5F m2

4MV
2

*@dz/z3~12z!3#$1/†@Q21 m2#/z~12z!‡%2fV~z,b50!

*@dz/z~12z!#$1/†@Q21 m2#/z~12z!‡%2fV~z,b50!
G 2

. ~28!
uc-

rict
-
r

-

n

This shows that, for these processes, a decomposition
twists is really an expansion in powers ofb2, and ‘‘leading
twist’’ is equivalent to theb→0 limit, i.e., to considering
very small transverse distances~or ‘‘pointlike hadrons’’!
only. Specific to heavy quarkonium production is that,
addition to neglectingkt

2/Q2 and m2/Q2 terms as for light
quarks, one also neglects terms of the formkt

2/m2.
Note that the expressions~27! and~28! are stringent QCD

predictions for heavy quark production deduced in an exp
sion wherem is considered as a large parameter. The lead
term is proportional to the mass of the heavy quark in d
ference from light quark production where the leading te
is proportional to the quark’s transverse momentum. So,
formulas deduced in this paper cannot be smoothly inter
lated to the limit of the zero quark mass.

Furthermore, in the static limit ofm→`, which implies
fV(z,kt)5d(z2 1

2 )fV(kt) andMV52m, the correction fac-
tors T(Q2), R(Q2), TLT(Q2), andRLT(Q2) reduce to

T~Q2!→1232
^kt

2&
Q214m2 , ~29!

R~Q2!→1, ~30!
er

n-
g
-

e
o-

TLT~Q2!→1, ~31!

RLT~Q2!→1, ~32!

where

^kt
2&[

*d2ktkt
2fV~kt!

*d2ktfV~kt!
. ~33!

Recently, in two investigations@16,26#, effects of the
transverse quark motion on diffractive charmonium prod
tion were discussed. In Ref.@26#, the presence of aQ2 inde-
pendent correction was claimed, which contradicts the st
asymptotic QCD result of@2#. For photoproduction, the cor
rection term of Ref.@26# is by a factor of 24 smaller than ou
leading twist, orderO(kt

2) correction of Eq.~29!. To be able
to compare with the result of Ref.@16#, we use the expres
sion of T(Q2) in transverse momentum space, i.e., Eq.~7!.
The correction factor forJ/c photoproduction discussed i
Ref. @16# can be obtained from ourT(Q250) of Eq. ~7! by



r
l

e

ge
k

-
an
te
e

e
t

x-
r-

e
in

uc

ty
ar

de

rm

v

s

fi-

a

ge

f

s

ec-
. 3
of

-
the

at-

is

cat-

of

ge

,

518 57LEONID FRANKFURT, WERNER KOEPF, AND MARK STRIKMAN
approximatingD tfg(z,kt) with the respective leading orde
expression inO(kt

2/m2) and by neglecting the longitudina
relative motion of the quarks, i.e., by settingfV(z,kt)
5d(z2 1/2)fV(kt). In addition, a Gaussian form for th
wave functionfV(kt) was assumed in Ref.@16#. All of these
approximations diminish the relative contribution of lar
quark momenta, and hence result in a significantly wea
suppression. This was already pointed out in Ref.@4# in a
footnote.

F. The t slope of diffractive vector meson production

It was demonstrated in Ref.@2# that, in the limits of fixed
smallx andQ2→`, the t slope of the vector meson electro
production cross section should be flavor independent
determined solely by the slope of the gluon-nucleon scat
ing amplitude. However, theQ2 dependence of the averag
quark separation—̂b(Q2)&Q2→`→0 in the production am-
plitude of Eq.~16! presented in Fig. 2—leads to aQ2 and
flavor dependence of thet slope. This effect can easily b
incorporated into Eq.~16! by evaluating the matrix elemen
of the factor e2 izqW t•bW1eizqW t•bW2e2 i (zqW t1 lW)•bW2ei (zqW t1 lW)•bW be-
tween the wave functions of the photon and the vector m
son. Here, lW is transverse momentum of one of the e
changed gluons,qW t is the transverse component of the fou
momentum transfered to the target nucleon andt52uqW tu2
~we neglect here terms proportional tox!. This amplitude can
be written, in factorized form, as a convolution integral ov
l t of the hard blob and the nondiagonal gluon distribution
the target at a virtualityl 2. Sinceb is small, it is reasonable
to decompose this expression over powers ofb up to b2.
After that, the respective amplitude factorizes into a prod
of the hard blob~accounting for thet dependence! and the
nondiagonal gluon distribution in the target at virtuali
;l/b2. Note that since the momentum integrals in the h
blob depend onb2 only logarithmically, theb-dependent
term in the slope of the gluon-nucleon amplitude should
crease withb at least asb2/ln(b/b0). So we can neglect it, to
a first approximation, as compared to the effects of the fo
factor in thegL*→V vertex, which are proportional tob2.
Besides, studies of soft elastic scattering indicate that e
for such processes the main contribution to thet dependence
of the amplitude comes from hadron form factors~if the
energy is not so large that Gribov diffusion contribute!.
Hence, we expect that, in the hard regime, theb-dependent
term in the amplitude will have a numerically small coef
cient, in addition to being suppressed by the ln(b/b0) factor.

Thus, effectively, one should include, similar as for
form factor of aQQ̄ bound state@29#, in the integral on the
right-hand side of Eq.~16! an additional factor ofe2 izqW t•bW ,
where qW t is the three-momentum transfered to the tar
nucleon and t52uqW tu2. Parametrizing as usualds/dt
5AeBVt for small t, we can calculate theQ2 dependence o
DBV(Q2)[BV(Q2)2BV(Q2→`), i.e., the contribution of
the hard blob of Fig. 1 to thet dependence of the cros
section, from

DBV~Q2!5
1

2

*dzd2bfg
L*
~z,b!sq q̄N~x,b!fV~z,b!z2b2

*dzd2bfg
L*
~z,b!sq q̄N~x,b!fV~z,b!

,

~34!
er

d
r-

e-

r

t

d

-

en

t

with the color dipole cross sectionsq q̄N(x,b) of Eq. ~10!,
and fg

L*
(z,b) of Eq. ~15! and fV(z,b), the q q̄ light-cone

wave functions of the photon and the vector meson, resp
tively. Results of such a calculation are presented in Fig
for J/C and r-meson production. Thus, the dependence
the cross section ont contains information on the distribu
tion of color in the produced vector mesons. Note that
experimentally observedt slope for J/C photoproduction
and electroproduction andr° electroproduction at largeQ2 is
of the order ofBV'425 GeV22. The main conclusion from
Fig. 3 is thus that thet slope of diffractive vector meson
production is determined mostly by the gluon-nucleon sc
tering amplitude, the differences inBV between different fla-
vors are small for realisticQ2, and they vanish in theQ2→`
limit.

We have demonstrated in Ref.@4# that, at sufficiently
small x, i.e., close enough to the lowx range probed at
HERA, higher twist effects may become important. Th
would also lead to a breakdown of the universality of thet
slope. This effect can be estimated by including double s
terings of theq q̄ pair off the nucleon@30,4,31#. Neglecting
the small difference of the averageb for single and double
scattering, we can calculate thet slope of the rescattering
amplitude from

ds

dt U
screen

5
ds

dt U
t50

•UeBt/22
1

16pB

^sq q̄N
2

~x,b!&

^sq q̄N~x,b!&

3~eBt/41reB̃t/4!U2

. ~35!

Hereds/dt u t50 is the cross section given in Eq.~3! and

^sq q̄N
2

~x,b!&

^sq q̄N~x,b!&
5

*dzd2bfg
L*
~z,b!sq q̄N

2
~x,b!fV~z,b!

*dzd2bfg
L*
~z,b!sq q̄N~x,b!fV~z,b!

,

~36!

wheresq q̄N(x,b) is again the color dipole cross section
Eq. ~10!. The quantity denotedr is the ratio of the inelastic
to elastic diffractive production of vector mesons at lar
Q2, and experimentallyr'0.2. B̃ is the slope of the inelastic
production, i.e., thegL* 1p→V1X process, and it is, so far

FIG. 3. The contribution of the hard blob to thet slope of
diffractive electroproduction of longitudinally polarizedr° andJ/c
vector mesons.
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not well known experimentally. Since for this process,
difference from the elastic production, there is essentially
form factor at the nucleon vertex, the quantityB̃ is much
smaller than the elastic slopeB, and a natural guess i
B̃'122 GeV22. Experimentally@18#, the ratio of inelastic
to elasticJ/C production is of the order of 0.5–0.7, i.e
rB/B̃;0.5– 0.7.

For our numerical estimates we setr 50.25,
B(x;1022)55 GeV22, and B̃52 GeV22. In Fig. 4~a! we
show thet dependence of the diffractiver° electroproduction
cross section, i.e.,ds/dt uscreen/ds/dt u t50 of Eq. ~35!. Since
the color dipole cross sectionsq q̄N(x,b) of Eq. ~10! is pro-
portional toxGN(x,l/b2)}x0.220.3, Eq. ~35! leads to an in-
crease of thet slope with decreasingx. This can be seen
from Fig. 4~a!, where we compareds/dt uscreenfor x51022

~dashed line! andx51024 ~solid line! with the leading twist
resulte2Bt ~dotted line!.

The change of thet-slope with ‘‘energy’’s5 Q2/x is usu-
ally parameterized in the form

B~s!5B~s0!12a8~ t !lnF s

s0
G , ~37!

and the quantitya8 increases with2t. This can be seen
from Fig. 4~b!, where we showa8(t) as a function oft for
various x. Again, due to the increase of the color dipo
cross sectionsq q̄N(x,b) with energy, the increase ofa8 with
2t is more dramatic for smallerx ~larger energies!. Note
that the numerical results shown in Fig. 4 refer tor° electro-
production atQ2510 GeV2. As can be seen from Fig. 2, th
respectiveQeff

2 is very similar to theQeff
2 relevant forJ/c

photoproduction, and hence the numerical estimates sh
in Fig. 4 should thus be approximately valid also forJ/c
photoproduction. Figure 4 suggests that a study of tht
slopes of diffractive vector meson production may yet p
vide another sensitive probe of the dynamics of hard diffr
tion.

III. THE QUARKONIUM LIGHT-CONE WAVE
FUNCTION

In order to be able to evaluate the asymptotic correct
hV of Eq. ~2! as well as theT(Q2) and R(Q2) of Eqs. ~7!
and ~8! or Eqs.~25! and ~26!, we need the light-cone wav
function of theq q̄ leading Fock state in the vector meso
We will discuss this quantity in detail in this section. No

FIG. 4. Thet dependence of the diffractive vector meson p
duction cross section, i.e.,ds/dt uscreen/ds/dt u t50 of Eq. ~35!, and
the change of thet slope with energy, i.e.,a8(t) of Eq. ~37!. Re-
sults are shown forr° electroproduction atQ2510 GeV2.
o

n

-
-

n

.

also that, as a result of the factorization theorem in QCD
is the distribution of bare~current! quarks that enter in the
description of these hard processes, and therefore,a priori
there should be no simple relation between this quantity a
nonrelativistic potential models.

A. Nonrelativistic potential models

Due to the large value of the quark mass, it is genera
assumed that a nonrelativistic ansatz with a Schro¨dinger
equation and an effective confining potential yields a fair
good description of heavy quarkonium bound states. T
various models—see Ref.@32# for an overview—differ in the
functional form of the potential, but they all give a reaso
able account of thec c̄ andb b̄ bound state spectra and deca
widths. The same holds for the light-front QCD bound sta
calculation of Ref.@9#. In Fig. 5, we display the quantities
R00(r ) @normalized such that *drr 2uR00(r )u251#
and 4p2k2fV(k) „normalized such that @1/(2p)3#
3*d3kufV(k)u251…. For the latter, we also plot a Gaussia
fit adjusted to reproducefV(k) at smallk. It turns out that
the wave functions can be well approximated at smallk by
Gaussian fits, while, at largek, they fall off much slower and
they display a significant high momentum tail.

Note that for our actual numerical calculations we w
restrict our considerations to the models of Refs.@5#, @6#, and
@9# for which the mass of the constituent quark is close to t
mass of the bare current quark, i.e.,mc'1.5 GeV andmb
'5.0 GeV. This is necessary to keep a minimal correspo
dence with the QCD formulas for hard processes which
expressed through the distribution of bare quarks@2#.

In Fig. 6, we show the contributions of the different re
gions in momentum space to the integral*d3kfV(k) for the
potential model of Ref.@5# ~logarithmic potential!. This in-
tegral appears, for instance, in the expression for
V→e1e2 decay width. Especially forJ/c mesons, the con-
ventional nonrelativistic potential models lead to a signi
cant high momentum tail in the respective wave function

-

FIG. 5. The nonrelativistic quarkonium wave functions for th
heavy ground state mesonsJ/c andY from various potential mod-
els @5–8# and a light-front QCD bound state calculation@9#. In the
lower part of the figure, we also show a Gaussian fit adjusted
reproducefV(k) at smallk ~dotted lines!.
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520 57LEONID FRANKFURT, WERNER KOEPF, AND MARK STRIKMAN
and the contribution of the relativistic region2 v/c>1 ~or
k>m! to the integral*d3kfV(k) ~the shaded area in Fig. 6!
becomes large. For the potential model of Ref.@5#, the con-
tribution of the relativistic regionk>m to the integral under
consideration is 30% forJ/c ~and<10% for Y!. Also, for
the J/c, half of the integral comes from the regionk
>0.7m. This is in line with the QCD prediction of large
relativistic corrections to thec c̄ bound state equations@10#,
and it puts the feasibility of a nonrelativistic description
heavy quarkonium production in high energy processes s
ously into question.

The fact that, in particular for theJ/c meson, our numeri-
cal analysis yields a significant value for the high moment
component in the respective nonrelativistic wave function
a very important result which should have consequences
beyond the topic of diffractive vector meson production. T
large high momentum tail, visible in the lower part of Fig.
and the significant contribution of the relativistic region
the integral*d3kfV(k), displayed in Fig. 6, indicate that th
J/c meson is not really a nonrelativistic system. This p
the nonrelativistic ansatz employed in the various poten
models@5–8# as well as in the light-front QCD bound sta
calculation@9# seriously into question.

However, there are more inconsistencies between the
relativistic ansatz and the hard reaction considered here.
once, the requirement of self-consistency dictates that s
in our formulae we use the gluon distributionxGN(x,Q2)
extracted from the data within a certain renormalizat
scheme (MS), we are indebted to use the bare quark m
defined within the same scheme. This means that, in our
formulas in Eqs.~6!–~8!, ~25!–~28!, the pole or constituen
quark massm has to be replaced by the running ma
mrun(Qeff

2 ), where@33#

m2→mrun
2 ~Qeff

2 !5m2S 12
8as

3p D . ~38!

Here,as is evaluated atQeff
2 , i.e., at the effective scale of th

reaction determined via the so-called ‘‘rescaling of hard p
cesses.’’ This is another consequence of the difference
tween soft, nonperturbative physics~as described, for in-
stance, by nonrelativistic quarkonium potential models! and
hard perturbative QCD, and it further stresses the inadeq

2Evidently, relativistic effects should become important already
significantly smallerk.

FIG. 6. Histogram of the relative contributions of the differe
regions in momentum space to the integral*d3kfV(k) for the po-
tential model of Ref.@5#.
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cies of a naive straightforward application of nonrelativis
potential models in this context.

Another mismatch between the soft nonrelativistic and
hard light-cone approach appears within the evaluation of
V→e1e2 decay width. WhenGV→e1e2 is calculated from
the nonrelativistic wave functionfV(k) via

GV→e1e25
16pa2eq

2

MV
2 S 12

16as

3p D U E d3k

~2p!3 fV~k!U2

,

~39!

a QCD correction factor@12# appears, 12 16as/3p, which
can be numerically large~16as/3p'0.3520.65 for J/c!,
while no such term is present within the relation@2# with the
light-coneq q̄ wave functionfV(z,kt),

GV→e1e25
32pa2eq

2

MV
U E dzE d2kt

16p3 fV~z,kt!U2

. ~40!

The appearance of this correction factor is the main diff
ences between the various nonrelativistic potential mod
and a ‘‘true’’ QCD approach, in which the light-cone wav
function of the minimalq q̄ Fock component in the vecto
meson is employed. It is a radiative correction to the ma
element of the electromagnetic current calculated, ess
tially, while neglecting quark Fermi motion effects. The r
spective Feynman diagram is shown in Fig. 7.

The correction arises from the exchange of a gluon
tween the quark and the antiquark in the vector meson w
fairly large transverse momentum,^ l t&'m. The physical in-
terpretation of the 12 16as/3p correction factor is that it
‘‘undresses’’ the constituent quarks, which are the relev
degrees of freedom of the nonrelativistic wave function, ba
to current quarks, which, in turn, are the degrees of freed
the light-cone wave function refers to and to which t
V→e1e2 decay width is ultimately connected. This, on
more, underlines the limits of applicability of nonrelativist
potential models in that context. Note that this radiative c
rection is also present in the light-front QCD bound sta
calculation of Ref.@9# because also there the relevant degr
of freedom are dressed constituent and not bare cur
quarks.

B. The light-cone wave function

Leaving these issues behind for the moment, we can
principle, deduce a light-cone wave functionfV(z,kt) appro-
priate for the evaluation of time-ordered perturbation the
diagrams from the nonrelativistic wave functionfV(k). This
requires a translation of conventional nonrelativistic d
grams into light-cone perturbation theory diagrams. This
turn, can be achieved by the purely kinematical identificat
t

FIG. 7. The QCD radiative correction@12# to the V→e1e2

decay width.
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of the Sudakov variablez, which denotes the fraction of th
plus component of the meson’s momentum carried by on
the quarks, with

z5
1

2 S 11
kz

Ak21m2D . ~41!

This yields

k2→
kt

21~2z21!2m2

4z~12z!
, ~42!

d3k→
Akt

21m2

4@z~12z!#3/2 dzd2kt , ~43!

where 6kW t are the quarks’ transverse momenta. This,
gether with the conservation of the overall normalization
the wave function,

15E d3k

~2p!3 ufV~k!u25E dzE d2kt

16p3 ufV~z,kt!u2

~44!

then gives a relationship between the light-cone and the n
relativistic wave function:

fV~z,kt!5A4 kt
21m2

4@z~12z!#3 fVS k5Akt
21~2z21!2m2

4z~12z!
D .

~45!

From fV(z,kt) we then calculate the quarkonium’s wav
function in transverse impact parameter spacefV(z,b)
through a two-dimensional Fourier transformation,

fV~z,b!5E d2kt

16p3 eikW t•bWfV~z,kt!. ~46!

Obviously, the nonrelativistic quarkonium model, d
signed as a description of theq q̄ constituent quark
component—including the 12 16as/3p factor which ac-
counts for radiative corrections—does not include glu
emission at a higher resolution. So it is not surprising that
fV(z,b) that we find does not display the expect
asymptotic behavior@11#:

fV~z,b50!}” z~12z!. ~47!

This is illustrated in Fig. 8. There, we compare the quar
nium wave functionsfV(z,b50) obtained in that manne
from the nonrelativistic potential models of Refs.@5#, @6#,
and @9# with a hard wave functionfV

hard(z,b50)5a0z(1
2z), where the parametera0 was adjusted by means of Eq
~40! to reproduce the vector meson’s leptonic decay wi
GV→e1e2. For transversely polarized vector mesons,
light-cone wave function should behave as}z2(12z)2. This
follows from the analysis of respective PQCD diagrams.

C. Hard physics

We argued in Sec. III A that, although the average pr
erties of heavy quarkonium bound states might, in gene
be quite well described within a nonrelativistic framewo
of

-
f

n-

n
e

-

h
e

-
l,

due to the large value of the quark mass, there appear
nificant high momentum~or ‘‘hard physics’’! corrections if
observables are considered which crucially depend on s
distances.

One example is the leptonic decay width,GV→e1e2,
which acquires large radiative corrections in a nonrelativis
potential model. An analysis of the respective Feynman d
gram, shown in Fig. 7, yields that these corrections ar
from relativistic momentak*m. Even putting those correc
tions aside, already the quantity which is related to the de
width in zeroth order,*d3kfV(k), contains large contribu-
tions from the relativistic regionk>m ~30% for J/c for a
typical potential model!. And when we~purely kinematicly!
translate the nonrelativistic wave functions into light-co
coordinates, we find that they do not display the expec
asymptotic short distance behaviorfV(z,b50)}z(12z) as
dictated by perturbative one-gluon exchange.

This suggests that the nonrelativistic potential mo

wave functions might describe theq q̄ leading Fock state in
heavy quarkonia for fairly large~average! distances, but the
description breaks down in the limit of small distances
high momenta. As these play a crucial role for the proces
we are interested in, we designed the following strategy.

First, we extract a light-cone wave function from a no
relativistic potential model through the purely kinematic
transformations of Eqs.~41!–~45!, which we then Fourier
transform into transverse impact parameter space via
~46!. However, we have confidence in that wave functio
which we denotefV

NR(z,b), only for transverse distancesb
* 1/m, and we expect it to be modified at shorter distanc
by means of the ‘‘hard physics’’ corrections discussed in
above. We thus set

fV~z,b!5H fV
NR~z,b!

fV
LC~z,b!

for b>b0 ,
for b,b0 , ~48!

whereb0; 1/m.
The wave functionfV

LC(z,b) is then constructed such tha
~1! fV(z,b) and]fV(z,b)/]b are continuous atb5b0 , ~2!
fV

LC(z,b) has the correct asymptotic behavior dictated by
perturbative exchange of hard gluons, i.e.,fV

LC(z,b50)
}z(12z), and~3! fV

LC(z,b) reproduces the vector meson
leptonic decay widthwithoutaccount of the radiative correc

FIG. 8. The quarkonium wave functionsfJ/c(z,b) and
fY(z,b), for b50. The dot-dashed, dashed, and dotted lines co
spond to the nonrelativistic potential models of Refs.@5#, @6#, and
@9#, respectively, and the solid lines refer to the ‘‘hard physic
limit fV(z,b50)}z(12z).
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tion term 1216as/3p, i.e., Eq. ~40! is used to calculate
GV→e1e2. We expandfV

LC(z,b) in terms of Gegenbaue
polynomials,3

fV
LC~z,b!5a0~b!z~12z!S 11 (

n52,4 . . .
an~b!Cn

3/2~2z21! D ,

~49!

and we assume that the coefficientsai(b) depend onb2 only
through second order, i.e.,ai(b)5ai01ai1b21ai2b4. This,
together with the conditions~1!–~3! is sufficient to unam-
biguously determinefV

LC(z,b). In our actual numerical cal
culations, we setb050.3 fm for J/c andb050.1 fm for Y.
Respective wave functions are shown in Fig. 9. The d
dashed, dashed, and dotted lines show the nonrelativ
wave functionsfV

NR(z5 1/2 ,b) before the ‘‘hard physics’’
corrections discussed in this subsection were imposed,
the solid lines depict the modified wave functionsfV

LC(z
5 1/2 ,b) of Eq. ~49!.

Note that the ‘‘hard physics’’ corrections, which we in
troduced in the above, address effects that are of higher o
in an expansion in 1/m. But the prescription of modifying
the wave function atb,b0 only accounts for some~but not
all! corrections to this order. We thus emphasize that
corrections outlined in this subsection are a model estim
only.

D. Vector meson production

For the potential models of Refs.@5#, @6#, and @9#, the
nonrelativistic wave functionsfV

NR(z,b) yield values for the
asymptotic correction factorhV of Eq. ~2! of hJ/c
'2.3– 2.4 andhY'2.1– 2.2 if the ‘‘hard physics’’ correc-
tion outlined in the last section is not considered. While, w
that correction, they yieldhV53. Note that the static limit,
i.e., fV(z,b)5d(z21/2)fV(b), giveshV52.

3The expansion in Gegenbauer polynomials has nothing to
with renormalization group methods. They provide a complete b
for the fV(z,b) under consideration and allow a smooth interpo
tion between theb→0 andb*1/m regimes. The series in Eq.~49!
is terminated when convergence is achieved, which, in practic
at n;10.

FIG. 9. The quarkonium wave functionsfJ/c(z,b) and
fY(z,b), for z5 1/2. The dot-dashed, dashed, and dotted lines c
respond to the nonrelativistic potential models of Refs.@5#, @6#, and
@9#, and the solid lines refer to the inclusion of the ‘‘hard physic
corrections of Eqs.~48! and~49! for b,b0 . We setb050.3 fm for
J/c andb050.1 fm for Y.
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Furthermore, in line with the discussion in Sec. III A, w
do not use the pole massm in our final formulas, but we
replace it with the running massmrun, as given by Eq.~38!.
We can then use the wave functionsfV(z,b), that we con-
structed in the last two subsections, to calculate the cor
tion factors of Eqs.~7! and~8! or Eqs.~25! and~26!. Putting
everything together, we can rewrite the forward different
cross section for photoproduction and electroproduction
heavy vector mesons of Eq.~6! as the product of an
asymptotic expression and a finiteQ2 correction C(Q2),
where

dsg(* )N→VN

dt U
t50

5
12p3GVMV

3

aEM~Q214m2!4 uas~Qeff
2 !~11 ib!xGN~x,Qeff

2 !u2

3S 11e
Q2

MV
2 D C~Q2!, ~50!

with

C~Q2!5S hV

3 D 2S Q214m2

Q214mrun
2 D 4

T~Q2!
R~Q2!1e ~Q2/MV

2 !

11e ~Q2/MV
2 !

.

~51!

Here,hV is the leading twist correction of Eq.~2!, the factor
T(Q2) of Eq. ~7! accounts for effects related to the qua
motion in the produced vector meson,e is the ~virtual! pho-
ton’s polarization, and the factorR(Q2) of Eq. ~8! param-
etrizes the relative contribution of the transverse polari
tion. The pole massm we set tom51.5 GeV forJ/c and to
m55.0 GeV for Y production, andmrun is the ‘‘running
mass’’ of Eq.~38! which, throughQeff

2 , depends onQ2 and
the vector meson’s wave function.

Results for the Fermi motion suppression factor,T(Q2) of
Eq. ~7!, and the finiteQ2 correction,C(Q2) of Eq. ~51!, are
shown in Fig. 10 forJ/c and Y photoproduction and elec
troproduction. The calculations are based on vector me
wave functions from the models of Refs.@5#, @6#, and @9#.

o
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FIG. 10. The Fermi motion suppression factorT(Q2) of Eq. ~7!
and the finiteQ2 correctionC(Q2) of Eq. ~51!, for J/c and Y
production.
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57 523DIFFRACTIVE HEAVY QUARKONIUM . . .
The solid line, labeled hard, refers to the inclusion of t
‘‘hard physics’’ corrections of Sec. III C. For the evaluatio
of C(Q2), the photon’s polarizatione was set to 1.

It can be seen from that figure that, for reasonableQ2, the
correction factorC(Q2), which measures the suppression
the cross section due to the quark motion in the produ
vector meson, is significantly smaller than 1. This shows t
the asymptotic expression, i.e., Eq.~50! with the finite Q2

correctionC(Q2) set to 1, is valid for extremely largeQ2

only. Note that the ‘‘hard physics’’ corrections of Sec. III
lead to a stronger suppression inT(Q2), but, at least forJ/c
production, to less suppression in the final correction fac
C(Q2). The reason for this is, firstly, that the ‘‘hard physics
correction increaseshV of Eq. ~2! from around 2.1–2.4 to 3
and, secondly, that the running massmrun of Eq. ~38! is
smaller than the pole mass, which also enhances the c
section. In addition, the relative contribution of the tran
verse polarizationsR(Q2) of Eq. ~8! is very close to 1 both
for J/c and Y production for all experimentally accessib
Q2 if the ‘‘hard physics’’ corrections are left out. Howeve
at least forJ/c production, after the ‘‘hard physics’’ correc
tions are considered,R(Q2) increases significantly withQ2.
This, together with the changes throughhV andmrun lead to
the difference betweenT(Q2) andC(Q2). The cross sections
are enhanced also due to the so-called ‘‘rescaling of h
processes,’’ because the virtuality that enters in the gl
density,Qeff

2 of Eq. ~17!, is larger than the naive estimate

Q̄25 (Q21MV
2)/4. This was discussed in detail in Sec. II C

Note that for photoproduction, i.e., forQ250, only the
transverse polarizations are present, and the correc
C(Q2) of Eq. ~51! takes on the form

C~0!}T~0!R~0!

}F*@dz/z2~12z!2#*d2ktfV~z,kt!D tfg~z,kt!

*@dz/z~12z!#*d2ktfV~z,kt!
G2

.

~52!

The presence of the 1/z2(12z)2 term strongly enhance
smearing in the longitudinal motion, i.e., the contribution
asymmetricq q̄ pairs withzÞ 1/2 is pronounced.

E. The ratio of Y and J/c photoproduction

One can furthermore conclude from Fig. 10, together w
our master formula in Eqs.~50! and~51!, that, after an even
tual luminosity upgrade, a significant production ofY me-
sons is expected at HERA. The cross section ratio ofY to
J/c photoproduction~at fixedx! is approximately

s~g1p→Y1p!

s~g1p→J/c1p!

'
GYMY

3 mc
8

GJ/cMJ/c
3 mb

8

uas~11 ib!xGN~Qeff
2 @Y#!u2

uas~11 ib!xGN~Qeff
2 @J/c#!u2

CY~0!

CJ/c~0!
.

~53!

The first factor on the right-hand side of Eq.~53! is the
dimensional estimate, and it yields a relative suppressio
Y photoproduction of about 1:2000 if we set for the qua
f
d
t

r

ss
-

rd
n

on

f

h

of

massesmc51.5 GeV andmb55.0 GeV. The second term
arises due to the so-called ‘‘rescaling of hard processe
and it enhances the cross section ratio by a factor of abo
for x51023. The third term is connected to the wave fun
tion dependent effects, and it enhances the production r
also by a factor of about 3. All together, the cross section
Y photoproduction is suppressed by approximately 1:200
compared toJ/c photoproduction for the samex. For the
sameW, an extra suppression factor'(MY /MJ/c)0.8'2.4 is
present. Note that the differentQ2 scale and higher twis
effects @the ‘‘rescaling of hard processes’’ as well as t
C(Q2) correction# increase the relative yield that we predi
by about an order of magnitude as compared to the na
dimensional estimate.

IV. THE J/c PHOTOPRODUCTION
AND ELECTROPRODUCTION CROSS SECTION

In Fig. 11, we compare our predictions4 for the J/c pho-
toproduction cross section with the data. We used a sl
parameter ofBJ/c53.8 GeV22, as measured by the H1 Co
laboration@18#, to calculate the total cross section from o
predictions for the forward differential cross section att
50, and the Fermi motion corrections and the ‘‘rescaling
hard processes’’ are accounted for. For the former, the c
monium potential of Ref.@5# was employed and the ‘‘hard
physics’’ corrections, as outlined in Sec. III C, were tak
into account. We furthermore replaced the quark pole m
with the running massmrun from Eq. ~38!, and we setx
5 (Q21MV

2)/W2. The formulas to obtain the forward differ
ential cross section are given in Eqs.~50! and ~51!.

As can be seen from Fig. 11, the predictions of our PQ
calculation agree with the data within the uncertainties in
nucleon’s gluon density, and the energy dependence of
data is much better reproduced within the PQCD pictu
wheres}W0.7– 0.8, than through the soft Pomeron model@1#,
wheres}W0.32. A rough fit @18# to the data depicted in Fig
11 yieldss}W0.9.

4A respectiveFORTRAN program is available by request from
koepf@mps.ohio-state.edu or via the WWW at URL http
www.physics.ohio-state.edu/˜koepf

FIG. 11. TheJ/c photoproduction cross section for several r
cent parametrizations of the gluon density@34–36# in comparison
with experimental data from E401@37#, E516 @38#, E687 @39#,
ZEUS ’93 @40#, and H1@17#.
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524 57LEONID FRANKFURT, WERNER KOEPF, AND MARK STRIKMAN
To investigate theQ2 dependence ofJ/c production, we
show in Fig. 12 the ratio of the electroproduction to pho
production cross sections, i.e., we pl
sg* 1p→J/c1p(Q2)/sg1p→J/c1p(Q250) as a function of the
virtuality of the photon. In particular, we compare a calcu
tion where the Fermi motion corrections were left out~dotted
lines!, with an evaluation were the latter effects were
cluded while either using just the nonrelativistic wave fun
tions ~dashed lines! or also accounting for the ‘‘hard phys
ics’’ corrections~solid lines!.

As can be seen from Fig. 12, the Fermi corrections
necessary to achieve agreement with the data. Howeve
this point, the quality of the data is not sufficient to disti
guish between the various potential models or to dec
whether the ‘‘hard physics’’ corrections which were impos
on those wave functions at small transverse interqu
distances—see Sec. III C—lead to an improvement. T
should change if the 1995 data, which have much better
tistics, become available. The fact that we somewhat un
estimate theJ/c photoproduction cross section—see F
11—and, at the same time, overestimate theQ2 dependence
of J/c electroproduction—see Fig. 12—suggests that
quark motion correction factorC(Q2) of Eq. ~51! is too small
at Q250 and it falls off too quickly at largerQ2. This im-
plies that the wave functions which we use fall off too slow
in transverse momentum space and they are too steep
function of the impact parameterb, i.e., the respectivêkt

2&
is too large.

V. THE r° ELECTROPRODUCTION CROSS SECTION

Although the main topic of this work is heavy meso
photoproduction and electroproduction, we still consider
update of our predictions of Ref.@4# in regards tor° electro-
production warranted in light of the new data as well
theoretical developments in that realm. Currently, abso
cross sections for exclusiver-meson production are availab
from NMC @41#, ZEUS @42#, and H1@18#, and preliminary
results exist from ZEUS from the 1994 run@19#. From our
predictions for the forward differential cross sectio
dsg

L* p→rp /dt u t50 of Eq. ~3!, the total cross section was ca

culated using a slope parameter ofBr55 GeV22. This is

FIG. 12. The ratio of theJ/c electroproduction to photoproduc
tion cross section for two recent parametrizations of the gluon d
sity @34,35# and for various potential models@5,6,9# in comparison
with experimental data from H1@17#.
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consistent with the values given by the New Muon Collab
ration ~NMC! @41# (4.660.8 GeV22) and ZEUS@42# (5.1
61.2 GeV22) collaborations and slightly smaller than th
obtained by H1@18# (7.060.8 GeV22).

To indicate separately the spread that arises from the
ferent available gluon densities and the uncertainty t
stems from the various proposedr-meson wave functions
the theoretical predictions are shown for two~extremal!
gluon densities, Gluck-Reya-Vogt~GRV94! harmonic oscil-
lator ~HO! of Ref. @34# and Martin-Roberts-Stirling
~MRSR2! of Ref. @35#, and two different wave functions
termed ‘‘soft’’ and ‘‘hard.’’ The ‘‘soft’’ wave function refers
to afr(z,kt)}exp@2 Akt

2/z(12z)# with an average transvers
quark momentum of̂ kt

2&50.18 GeV2 as extracted from a
QCD sum rule analysis by Halperin and Zhitnitsky@20#, and
the ‘‘hard’’ wave function corresponds to afr(z,kt)}z(1
2z) @A/(kt

21m2)2# obtained in another QCD sum rul
analysis~for pions! by Lee, Hatsuda, and Miller@43#. For the
latter, ^kt

2&50.09 GeV2. As outlined in detail in the above
the wave function enters through the Fermi motion suppr
sion factorT(Q2) of Eq. ~4!. T(Q2) is depicted in Fig. 13 for
various availabler-meson wave functions: ‘‘hard’’ and
‘‘soft’’ were discussed in the above, ‘‘soft1’’ refers to a du-
ality wave function of the formQ@s02 kt

2/z(12z)# with
^kt

2&50.15 GeV2 obtained in Ref.@44# and used for a similar
analysis in@24#, and ‘‘soft2’’ labels a two-peak Gaussian
favored in the analysis of Halperin and Zhitnitsky@20#. Note
that the latter wave function seems quite extreme as it wo
correspond to a transverse spread of theq q̄ component
which is larger than the meson’s size.

The comparison of our predictions5 with the most recent
experimental data is shown in Fig. 14. In the kinematic d
main were our approach is expected to be applicablex
&0.01 and/orW*30 GeV, our predictions agree with th
data within the spread through the various parametrizati
for the gluon density and the uncertainty which stems fr
the vector meson’s wave function. Note, in particular, that

5A respectiveFORTRAN program is available by request from
koepf@mps.ohio-state.edu or via the WWW at URL http
www.physics.ohio-state.edu/˜koepf

n-
FIG. 13. The Fermi motion suppression factorT(Q2) of Eq. ~4!

for r° electroproduction for variousr-meson wave functions from
Refs.@43#, @20#, and@44#.
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57 525DIFFRACTIVE HEAVY QUARKONIUM . . .
Q2 increases the energy dependence of the prelimin
ZEUS data@19# approaches more and more the hard phys
limit, s}W0.7– 0.8, which is very different form the sof
Pomeron prediction@1#, s}W0.22– 0.32. This could indicate a
transition form soft to hard physics in theQ2 range depicted
in Fig. 14.

There are two reasons why our predictions should
really reproduce the data very well at smallerQ2. Firstly
smaller Q2 correspond to larger transverse distances,
hence the PQCD approach outlined here loses some o
validity. Secondly, at very smallx, the increase of thes
cross sections with energy is restricted by the unitarity of
S matrix, and even more stringent restrictions follow fro
the condition that the leading twist term should be sign
cantly larger than the next to leading twist term@4#. The
kinematical region where this limit becomes importa
moves to largerx for decreasingQ2. However, whether the
softer energy dependence of the cross sections at the sm
Q2 is really due to the unitarity limit slow down is unclear
the moment. Further work is in progress in that realm@45#.

TheQ2 dependence of the cross section is commonly
rametrized through a quantitya, where~for fixed W!

s~g* 1p→r°1p!}Q22a. ~54!

The various experiments yield a52.160.4 @42#,
a52.460.3 @19#, anda52.560.5 @18# at ^Q2&'12 GeV2

and^W&'80 GeV. Neglecting the Fermi motion correction
and the ‘‘rescaling of hard processes,’’ our theoretical p
dictions yielda'3.3 without the corrections, while we fin
a'2.6 if we take the quark motion and ‘‘rescaling of ha
processes’’ into account. To evaluate the correction fac
T(Q2) of Eq. ~25!, we again used the wave functio
fr(z,kt)}exp@2 Akt

2/z(12z)# with an average transvers
quark momentum of̂ kt

2&50.18 GeV2 as extracted from a
QCD sum rule analysis@20#. Hence, our predictions agre
with the measurements only if the Fermi motion correctio
and the ‘‘rescaling of hard processes’’ are taken into acco

FIG. 14. The longitudinalr° electroproduction cross sectio
s(gL* 1p→r°1p) for two extremal parametrizations of the gluo
density @34,35# and for two differentr-meson wave functions in
comparison with preliminary ZEUS data@19#.
ry
s

t

d
its

e

-

t

ller

-

-

r

s
t.

This underlines our claim@4# that the Q2 dependence of
those cross sections could eventually be used to probe
transverse momentum distributions within the produced v
tor mesons. However, at present, the data are still far
crude to extract conclusive information on this quanti
Note, furthermore, that our prediction refers to theQ2 depen-
dence of the longitudinal cross sectionsL while the experi-
mental values listed in the above correspond to theQ2 de-
pendence of the total cross sectionss5sT1esL .

VI. CONCLUSIONS

In this work, we focused the QCD analysis of Refs.@2#
and @4# on heavy quarkonium~J/c andY! photoproduction
and electroproduction, and we extended the respective
malism, which in Refs.@2# and @4# was applied to the pro-
duction of longitudinally polarized vector mesons only,
transverse polarizations as well.

For nonasymptotic momentum transfers, the respec
hard amplitude is sensitive to the transverse momentum
tribution in theq q̄ light-cone wave function of the leadin
Fock component in the produced vector meson. This lead
a suppression of the asymptotic predictions, i.e., to an in
play between the quark~antiquark! momentum distribution in
the vector meson and theQ2 dependence of the correspon
ing cross section. We derived the respective expressions
the Fermi motion suppression factor,T(Q2) of Eqs.~7! and
~25!, and the relative enhancement of the transverse c
section, R(Q2) of Eqs. ~6! and ~26!, to leading order in
1/(Q214m2).

The evaluation of these factors required a detailed st
of the vector meson’sq q̄ light-cone wave function. Moti-
vated by the large value of the quark mass in heavy qua
nia, we started from conventional nonrelativistic potent
models, which we critically examined and confronted w
QCD expectations. In particular for theJ/c meson, our nu-
merical analysis yields a significant value for the high m
mentum component in the respective wave functions, vis
in the lower part of Fig. 5, and a significant contribution
the ‘‘relativistic region’’ v/c>1 to the integral*d3kfV(k),
displayed in Fig. 6. This is in line with large relativisti
corrections to the corresponding bound state equations@10#.
These large relativistic effects question the feasibility o
description of heavy meson production in high energy p
cesses based on a nonrelativistic ansatz. This is a very
portant result which should have consequences far bey
the scope of diffractive vector meson production, and it
dicates that theJ/c meson is not really a nonrelativistic sys
tem. We therefore designed an interpolation for the wa
function of heavy quarkonia which smoothly matches t
results obtained from nonrelativistic potential models w
QCD predictions at short distances.

We then used the latter to evaluate the finiteQ2 correc-
tions for diffractiveJ/c as well asY production. We find
fairly good agreement of our predictions with theJ/c data,
and we predict a measurable production ofY mesons at
HERA—especially after a luminosity upgrade. We also u
date our comparison of longitudinalr° electroproduction
with the data, putting special emphasis on preliminary ZE
1994 data@19# that became available only recently.

The discussion in this work affirms that hard diffractiv
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526 57LEONID FRANKFURT, WERNER KOEPF, AND MARK STRIKMAN
vector meson production is exactly calculable in QCD in
same sense as leading twist deep inelastic processes.
holds if only short distances contribute, which is the case
heavy flavors or production of longitudinally polarizedr° at
largeQ2. The respective amplitude is expressed through
distribution of bare quarks in the vector meson and the gl
distribution in the target. This is qualitatively different from
an application of the constituent quark model to these p
cesses, as in Refs.@15# and@16#. On the other hand, it make
these processes an ideal laboratory to study theq q̄ leading
Fock state in vector mesons.
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