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Hard diffractive photoproduction and electroproduction of heavy vector megdsandY) is evaluated
within the Ieadingasln(QzlAéCD) 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’g| q 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 behaviogg{z,b=0)xz(1—2z). 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 seciibn piiotoproduction
and electroproduction with recent experimental results from DESY HERA. In addition, our earlier discussion
of p° electroproduction is updated in light of recent experimental and theoretical enhancements.
[S0556-282(98)05601-X

PACS numbes): 13.85.Ni, 12.38.Bx, 12.39.Jh, 12.39.Ki

I INTRODUCTION wave function of theqq leading Fock component of the

produced vector mesd#]. This leads to a suppression of the
Diffractive vector meson production opens a preciousasymptotic amplitude, i.e., to an interplay between the
window on the interface between perturbative QCD and hadquarl(antiquark momentum distribution in the vector meson
ronic physics. While elastic processes are commonly desnq theQ? dependence of the corresponding cross section.
scribed through nonperturbative, phenomenological methrya¢ in tum, allows to extract information on this wave

ods, such as, for instance, soft Pomeron exchafiehard ¢, tion—and hence on the three dimensional distribution of

inclusive reactions—most prominently deep inelastic Ieptor}:Olor in the produced hadron—from ti@? and thet depen-
scattering—are, in a sense, exactly calculable as a CONSE os of the cross section

guence of the QCD factorization theorem. These two classes In this work, we focus the QCD analysis of Ref&] and

of processes now meet at the DESY collider HERA. . .
However, similar to inclusive deep inelastic scattering, aIch'] on heavy quarkoniuni/ys andY) photoproduction and

the amplitude for diffractivecoherent production of vector €/€ctroproduction. Furthermore, we extend the respective
mesons in deep inelastic lepton-nucleon scattering factorizd§fmalism, which in Refs[2] and [4] was applied to the
into a hard part calculable in perturbative QCPQCD) production of Ion.gltu_dlnally polarized vector mesons only, to
convoluted with the nonperturbative off-diagonal gluon dis-transverse po_lanzatlons as well. The important role the vec-
tribution in the targe{2]. A rigorous QCD-based proof of tor meson'syq light-cone wave function plays in diffractive
the factorization theorem for hard exclusive electroproducphotoproduction and electroproduction at nonasympiQfic
tion of vector mesons, valid to all orders in perturbationrequires a detailed study of this quantity. Motivated by the
theory, was recently given in Rdf3]. This theorem holds if large value of the quark mass in heavy quarkonia, we start
only short distances contribute, which is the case for thdrom conventional nonrelativistic potential model5—8]
production of longitudinally polarized® at sufficiently large  and/or a nonrelativistic light-front QCD bound state calcula-
Q? or heavy flavor photo- and electroproductig. tion [9]. We then critically examine the respective wave
For large but nonasymptotic photon virtuality, the hardfunctions and confront them with QCD expectations.
amplitude for exclusive vector meson production is sensitive In particular for theJ/¢y meson, our numerical analysis
to the transverse momentum distribution in the light-coneyields a significant value for the high momentum component
in the respective nonrelativistic wave functiothg(k). For
instance for the potential model of R¢&], the regionv/c
*On leave of absence from the St. Petersburg Nuclear Physics 1, where the nonrelativistic approximation is definitely in-

Institute, Russia. adequate, contributes over 30% to the integi@dtk ¢y (k).
"Now at NeuralWare, a subsidiary of Aspen Technology Inc.  Latter integral appears in the expression for the-e“e™
*Also at St. Petersburg Nuclear Physics Institute, Russia. decay width. This is illustrated in Fig. 6, and it is in line with
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the QCD prediction of large relativistic corrections to the of photoproduction ofY’ versusl/ mesons as compared to
corresponding bound state equati¢h]. Those large rela- the results in this paper.

tivistic effects put the validity of a nonrelativistic description  After outlining the basic formalism in Sec. Il, in Sec. llI,
of J/4 mesons—and, in particular, a nonrelativistic evalua-we discuss the heavy vector meson’s light-cone wave func-
tion of their production in high energy processes—seriouslition which describes its leadingq Fock state component.
into question. Our analysis shows that th& dependence of We then compare, in Sec. IV, with recent experimental re-
J/ ¢ electroproduction, the photoproduction cross section rasults from HERA forJ/ ¢ photoproductiorf17] and electro-
tios of Y andJ/¢ mesons, and modifications in thelope of ~ production[18]. In Sec. V, we update our discussion @f
those cross sections are good probes for the color distributioplectroproduction in light of recent experimental9] and

in the light-cone wave function of the vector mesons as welfheoretica[20] enhancements. We summarize and conclude
as the dependence of the parton distribution in the target off Sec. VL.
the produced meson'’s transverse size. In particular, these ef-

fects lead to an enhancement of the cross section ratio for Il. THE BASIC FORMALISM

diffractive electroproduction of andJ/¢ mesons by a fac- A. The forward differential cross section
tor ~10 for the samex as compared to the naive scaling | Ref. [2], the forward differential cross section for the
estimate. This was discussed already in iRéf. production of longitudinally polarized vector mesons was de-

In addition, if we express the nonrelativistic wave func- qyced within the double logarithmic approximation, i.e.,
tions in terms of light-cone coordinates, we find that they doasm(Qz/AéCD) In(1/x) ~ 1, with the result of

not display the expected asymptotic behavigtil]

Jd%k by (z,k)*z(1—2) in the vicinity of z=0 or z=1. do’ytN—»VN 47T\ My 5 5
This is illustrated in Fig. 8. Another mismatch between the at =3 5 7l as(Q%)
P : . _ agmQ
nonrelativistic and the light-cone approach appears within t=0
the evaluation of th¥ —e* e~ decay width. Whei'y_ ¢+ - X (1+iB)XGn(X,Q?)|% (1

is calculated from the nonrelativistic wave functigr(k), a ] .

QCD correction factor, + 16a¢/3m, appearg12], which ~ Here,I'y stands for the decay width of the vector meson into
) g 7 .

can be numerically larggl6ay/37~0.5 for J/¢s where we ~@n €"€" pair, B=Rey/Im,~(m/2)d In[ImAJ/dInx is the

useag(J/ ) =0.3] while no such term is present in the rela- relative contribution of the amplitude’s real part, and the

tion [13] with the light-coneqq wave function¢y(z,k;). leading twist correction

This difference may be important in practice since the 1 [[dz/z(1—2)]f d?k,py(z,k;)

Schwmger formula for t'he positronium Qecbiy{l becomes =5 Tdzfd%k,dy(z,k) ' @

inaccurate for charmonium where the high momentum com-

ponent in the wave function is not small. To remedy theseaccounts for the difference between the vector meson’s de-

deficiencies, we designed an interpolation for the wave funccay into ane”e” pair and diffractive vector meson produc-

tion of heavy quarkonia which smoothly matches the wavelion. Here ¢y(z,k;) is the wave function of the longitudi-

functions obtained at average interquark separations frofally polarized vector meson. We implicitly use the light-

nonrelativistic potential modek®r within a light-front QCD  cone gauge which provides for an unambigous separation of

bound state calculatiorwith QCD predictions at small dis- the ki dependence of the mesgphotor) wave function and

tances. gluon degrees of freedom. Note that the original formula
The basic difference of the current work from REf] is deduced in Ref[z] lacks a factor of 4. This misprint has

that the formulas valid in leading order in Q%+ 4m?) are been corrected in Ref4]. In Ref.[4], it was shown that the

. . . formula in Eq.(1) is valid also within the more conventional
derived by decomposing Feynman diagrams overtrties- : 57 x 2 o . .
versedistance between bare quarks, and that the quarkoniuﬁﬁad'ng asIn(Q7Aqcp) approximation. Although, in- prin-

light-cone wave functions which we used respect QCD pre_C|ple, hard diffractive processes are expressed in terms of

- - . nondiagonal parton densities, a recent analj2l§ of the
dictions for their h'gh momentum tail. As for any ha'rd Pro- 5ch evolution equations for nondiagonal parton distribu-
cess, the cross section is expressed through the dlstrlbuth

b ks in th d h h the di ns at smallx shows that the gluon nondiagonal parton
of bare quarks In the vector meson and not through the diisyrihutions are close to though somewhat larger than the

tribution of constituent quarks, as it has been assumed ijagonal gluon distributions in the kinematic region dis-
Refs.[15] and [16]. In the latter investigations, the cross cyssed in this paper. This difference weakly depends on
section for diffractive photoproduction and electroproductiony ang slowly increases with increase@#. In particular, for

of J/¢» mesons was evaluated in the Balitskii-Fadin-Kuraev-ha case of)/y production atx<10"2 this effect leads to
Lipatov (BFKL) approximation and while employing & non- yenormalization of the photoproduction cross section by a
relativistic constituent quark model. No corrections arisingactor ~1.4. Numerical study of these effects forand J/
from the quark motion within the producddys mesons were production will be presented elsewhere.

considered in Ref.15]. In a later work 16], the authors then In Ref.[4], also next-to-leading ordgiNLO) as well as
argued that the respective corrections are small within reakigher twist corrections were introduced. First, it was argued
istic charmonium models. This is at variance with our find-that the strong coupling constant and the nucleon’s gluon
ings. In addition, our numerical analysis shows that the statiglensity have to be evaluated not@ft but at aQZ;. This is
approximation used in Refgl5] and[16] is not in line with  due to the so-called “rescaling of hard processes” which
conventional charmonium models. Neglect of quark Fermiwill be discussed in more depth later. And, secondly, a sup-
motion and related color screening effects in R¢15,16  pression factom (Q?) was deduced which measures the de-
leads to factor=3 suppression for the ratio of cross sectionsviation of the cross section from its asymptotic prediction in
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Eq. (1), and which stems from the transverse Fermi motion Different from Ref.[4], the current quark mass was not
of the quarks in the produced vector meson. This yi¢ds  set to zero, i.e., we kept leading powers oveiQEH 4m?)
and not just 1Q2. This, in turn, yields for the correction

doysnovn 47T My, 2t o2 , factorsT(Q?) andR(Q?):
dt tzo_ 3“EMQ6 v (Q )las(Qef‘f) T(Qz):[(Q2+4m2)2 fdzfdzkt¢v(zakt)At¢y(Z!kt) 2
X (1+1B)XG(x, Q%2 3 4 -2l dkdvzk) @
with the correction factor R(Q?)
o [(QY4) [dzf d?kipy(z,k) A, (2.k)]? _[ m® JIdZZ2(1-2)% ) d*kipv(Z k) Ar (2K |2
T(Q ): f[dZ/Z(l_Z)]fdzkt¢V(Z,kt) ) (4) 4M\2/ defdzkt¢V(Z,kt)At¢y(Z,kt) !
®
where where we employed agai#,(z,k;) of Eq. (5).
1 The T(Q?) andR(Q?) displayed in the above constitute
b,(z,k) = (5)  one of our main original new results. These formulas are

Q%+ (k{+m?)/z(1-2) derived by building a decomposition over ttiansverselis-
tance between the bare quarks, i.e., over powers @21/

is the photon’sqq_light—cone wave function), is the trans- +4m?). However, some caqtion_ is necessary at this point.
verse Laplacian,=3.(d/dk;)2, and where, for the produc- Thezaccuzracy of this approximation for the calculationRof
tion of light mesons, the current quark mass was set to zerdlt Q"> My, can be questioned because of an enhancement of

In this investigation, we focus on the photoproduction and€Nd point(z=0 andz=1) contributions at larg&". But in
electroproduction of heavy quarkoniui andY), and we these kinematics, the productlon of longitudinally polarized
extend the respective formalism to the production of transYector meson WOUI(.’ dominaf2]. In order to be able to
versely polarized heavy vector mesons as well. Note that, fo?valgate the correction fgctors of Eqg) qnd (8), we ”ee‘?'
sufficiently heavy quark mass, the applicability of the QcDthe light-cone wave function of theq leading Fock state in-
factorization theorem to the diffractive photoproduction of the vector meson. We will discuss this quantity in detail in
transverselypolarized vector mesons can be justified becausd® Next section.

the transverse size of quarkonium decreases with the mass of Our master formula in Eq) yields a few fundamental

the heavy quarks. The result for the forward differential cross%rlidé%t'eogsﬁé t;?riscéﬁiz %?iﬂgnédgﬁzxts?t;wg%% \i/r?cr:)rler:spés
section for photoproduction and electroproduction of heavxcast at smallx, (2) thet slope is expected to be almost the

vector mesons, which will be deduced in detail in the follow- same for all hard diffractive processes of the kind studied
Ing, 1S here! and(3) the production of longitudinally polarized vec-
tor mesons will dominate at larg@?. Note, also, that this is
only a leading order analysis, and to achieve a nonambigu-
ous interpretation of the processes considered here it would
be necessary to evaluate also more accurately NLO correc-
tions as well as the higher twist the contribution of the

2 2 2 : 'qG) component in the light-cone wave functions of the
T 1+iB)xG |aqG) comp g
2)4 TR as(Qer) (1 +1 )X Gy photon and the produced vector meson.

do,®»N—VN
dt

t=0

47T M3
" Bagy(Q2+4m

Q2> B. The color-dipole cross section

242 2

X (X Qe ( RQ%)+e M2 © As discussed at length in Refg], [3], and[4], due to the
QCD factorization theorem and the large longitudinal coher-

Here, 7, is again the leading twist correction of E@), the ~ €nce lengthl.~ 1/2myx, associated with high enczergzymall

factor T(Q?), which was introduced in Ref4], accounts for  X) diffractive processes, in leading order aqin(Q7/Agcp),

effects related to the quark motion in the produced vectofhe amplitude for _hard _dlffrgcnve vector meson production

meson, and= (1—y)/(1—y+y?/2) is a parameter related off a nucleon, depicted in Fig. 1, can be written as a product

to the (virtual) photon’s polarization. Herey is the energy ©f three factors:

fraction (in the target rest frameransferred from the scat- . = —

tered lepton to the target. A value et=0 corresponds to Apn-n* P (y* —qa)-oqqn-¥(qa—V), (9

purely transverse polarization—which is always the case fo

real photons, i.eQ?=0—ande=1 refers to an equal mix of o i . } :

longitudinal and transverse polarizations. The latter is typicaPh0ton to split into &g pair, oqqy is the interaction cross

for HERA kinematics at larg®?. The factorR(Q?) param-  section of theqq pair with the target nucleon, and

etrizes the relative contribution of the production of trans-

versely polarized vector mesons as compared to the naive

. . . 2 . .
predlctlon,2|.e.,aT/aL=R(Q2)(MV/Q2) instead of simply IThis is because the slope in the hard vertex scales like the
orlo = MZIQ2. maximum of the mass of the heavy quark @ptl

here W (%) -qq) is the light-cone wave function for a
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B; and B;, are not the same, and therefore, in principle, an

// ,/ off-diagonal gluon distribution should enter into E¢®). and
5 Y (10). This was first recognized in Reff4], and then elabo-

e 9 2 9 rated on in Refs[25], [26], and[21]. A simple kinematical

5 3 5 2 consideration yields 8~ [(M%+ {12+ Q?)/(Q?*+ M) ] x
— > < — andB;=~[(MZ+(12)—M&)/(Q*+MZ)] x, where(1?) is the

y y average transverse momentum of the exchanged gluons and
~ ” \‘\\(_‘ s M2Z=((k’+m?)/z(1—z)) is the invariant squared mass of

- Q'_)/ o the producedyq pair. Within the e IN(Q¥A5¢p) approxi-

2 9 c 9 mation, the nondiagonal gluon distribution is shof@1] to

L2 2 3 be not far—at the smallx that are important
- > -

experimentally—from the diagonal one. This is because,

. ) within this approximation, the appropriate energy denomina-
FIG. 1. Feynman diagrams relevant for the evaluation of thetors only weakly depend of;
i

amplitude for diffractive production of vector mesons, i.e., the

y*)+N—V+N process, in leadingIn(Q%/A%cp) approximation. _
C. Rescaling of hard processes

‘If(qq_—>V) is the amplitude for theqq_pair to transform As outlined in detail in Ref[4], the parametek, which

into the vector mesoW in the exit channel. fixes the scale in the gluon density and the strong coupling in
As was shown in Ref[4], for sufficiently largeQ? and  Egs. (6) and (10), is determined by comparison with the
longitudinal polarization, the above process is dominated byongitudinal structure function FL(x,Q%)

qq configurations where the quark and antiquark are sepa®yGn(Y;Q%)ly~2s i.e., by setting
rated by a small transverse distarize Then, oqy is the

color-dipole cross sectiof22,23 yGN(y,Q2)|y%2.5Xocf d2bdz|¢7:(z,b)|zgqa\‘(2_5x,b),
oqgn(X,b) (149
2 where

=3 b7 ars( Q2 XGn(X, Q) Ix— g2+ M2)/s Q% =\/b? -

20 ¢yx(2,0)=2Q1-2)Ko[bVQ*(1-2)+m*] (15

Qualitatively, Eq.(10) can be understood in the following is the light-cone wave function of theq leading Fock com-
way: The four diagrams of Fig. 1 lead to an expression in théoonent in a longitudinally polarized virtual photon, amds
amplitude of the form the current quark mass, which was set to zero when we
evaluated Eq(14) (since the contribution of charm quarks to
o242, k)~ (ZkH1)— D (zk—1)], (1)  F_ is small in the considered kinematic$n Egs.(14) and
) . (15), b is the transverse distance between the quark and an-
where the Sudakov varlqble denotes the fraction of.the tiquark within the photon. The quantity is adjusted such
photon’s momentum carried by one of the q'uarkskt 'S that the averagb=b,, , which dominates the integral on the
their transverse momentum, ahdis the gluons’ transverse right-hand side of Eq(14), is related t0Q? just via the

momentum. For small , this yields equality bf,Lz)\/Qz. In other words, for the longitudinal

TN - (12 structure function, the virtuality that corresponds to the

dominant transverse dlstanbg is just the virtuality of the
Via Fourier transform into the transverse impact parametetr)rocess This yielda ~8.5 forx 1073

space and after pulling out the wave function of e we

obtain In the same fashion, we can now rewrite the amplitude for

diffractive vector meson production as
nob?. 13
Tqan* (13 A *NHVNO(as(Qeﬁ)XGN(X Qeff)
The gluon densitk Gy arises as the diagrams in Fig. 1 rep-
resent not simple two-gluon exchange but rather the coupling X J dzd2b¢y*(z,b)b2¢v(z,b), (16)
to the full nonperturbative gluon ladder. For further details -
see Ref.[24] where the quantityr,qy was derived rigor- ,
ously. In the following, we will show that—due to the large Where we pulled the gluon density at an averageby out
value of the current quark mass—the dominance of shor@f the integral, i.e.Q%~N/b%, and with theg q leading Fock
distances holds for diffractive production of heavy flavorsstate light-cone wave function of the vector mesfy(z,b).
also for Q?=0 and both for longitudinal as well as trans- In Fig. 2, we showb, andQZ for the longitudinal structure
verse polarizations. function as well as for diffractive production dfongitudi-
Note that, due to the difference in the invariant mass benally polarized p°, J/¢, andY mesons. The wave functions
tween the photon and the vector meson, the light-cone moé\(z,b) that were used to evaluate E@L6) will be dis-
mentum fractions of the gluons in the initial and final state,cussed in more detail later.
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of the applicability of the QCD factorization theorgis re-
stricted by the kinematical constrai@f<M?2 .

Employing the notations of Ref2], the wave functions
of longitudinally and transversely polarized photons and
heavy vector mesons can be expressed as

: PN
2 10 20 100 2 10 20 100 1"2=2Qz(1-z z,b)" | (18
& [eoV?] o Te?] ¢, Qz(1-2) ¢ A
FIG. 2. Average transverse distances effective in the evaluation ¢M%z: m( + 1) ¢ (z,b)ékl
of the longitudinal structure function as well as for diffractive pro- L -1 A2
duction of longitudinally polarizeg° J/¢, and’Y mesons. Also . A A
shown are the resulting effective sca@éﬂ for diffractive vector '(AZZ_ 1)bx+bg ‘w’*/(Z'b) 1 (19)
meson production. *b,+i(2z-1)b, db A
It can be seen from Fig. 2 that the relevant transverse V2= —2Mydy(z,b) 8 (20)
distances fop° electroproduction are larger than those char- t 2
acteristic for the longitudinal structure function, i.e., m -1
b,(Q?)>b, (Q?). Therefore, forp° production, the virtual- ¢\A/1A2= m( : )qbv(z,b)fx‘l, (21)
T — - 2
ity Q2 that enters in the argument af(x, Q2)XGn(x,.Qz)
is smaller tharQ?. We find, to leading order, where
by(Q?)~b,, (Qé. (17 $5(2.0)=Ko(bVQ2(1=2)+m"), (22

. ] ) ) 5 2 and¢y(z,b) refer to theq q light-cone wave functions of the
which, for p° production, yieldsQg~Qb, (Q°)/b(Q@)]>  photon and the heavy vector meson, respectively. For the
Our Eq.(17) is an approximate relation designed to over-derivation of Eqs(20) and(21) it was assumed, in line with
come the scale ambiguity which is inherent to leading ordethe nonrelativistic character of heavy quarkonium, that, in
calculations. This “rescaling of hard processes” effectively the center of mass system, the vector meson’s wave function

relates the scales in different processes via the domipgnt iS @ pure angular momentuin=0 state. This selects spin
distances in the respective quark loops. We termed tié “ S=0 (or helicitiesx,=—\,) for the longitudinal polariza-
rescaling” in Ref.[4]. The difference betwengﬁ and Q2 t|qn andS=1 (or )\_2=)\1) for the.transverse polarizations,
indicates that substantial next-to-leading order correction¥ith the same spatial wave functiaf,(z,b). Here,\, , are
should be present in those processes. Applying the san{Be helicities of the quark and antiquark, respectively. For
method toJ/y andY production yields @2, which is sig-  ransverse polarization, the restriction through the wave

- . =5 function of heavy quarkonia selects the component in the
m — 2 2 A R
mﬁcantly Iarger than the est at@z (Q MV)/ of Refs. wave function of the virtual phOtOﬂ which is proportional to

fhe mass of the heavy quark. This is just opposite to the
(b'roduction of mesons built of light quarks where this com-
ponent in the photon’s wave function is negligip&7].

This gives for the kernels of the longitudinal and trans-
verse amplitudes:

distances are small, and hence the QCD factorization the
rem is applicable, fop°® production at largeQ? and heavy
meson photo- and electroproduction.

D. Production of transversely polarized vector mesons

The discussion in the above refers to the production of Vi (z,b)= ! > ¢W‘2T¢i‘/1x2
longitudinally polarized vector mesons only. For light vector 25, -
mesons, the formalism at hand cannot be extended to trans- — _
verse polarizations because of the endpoint singularities, i.e., 4QMZ(1=2)¢,(2D)$v(zD), (23
the contribution from very asymmetripq pairs withz~0 or 1 IO m>

1, where nonperturbative effects dominate. For the producV+(z,b)= 2 g ¢yi 2Td>vi 2= 21-2) ¢,(z,b) py(z,b).
tion 02f heavy quarkoniaQQ, when ag(M3)<1 and v (24)
qo/4Mg>r+, however, effects of large transverse distances
are strongly suppressed. Herg,is the radius of the hadron Note that in the limitz~ 3 and M,~2m, Egs.(23) and
target. So, the production of transversely polarized heavy24) yield the naive predictior, /or=(V,_/V1)2~ QZIM\Z,
guarkonia can be legitimately evaluated using the QCD facfor the production ratios of longitudinal to transverse polar-
torization theorem. At the same time, f@?>M& the end izations. Also, because of the nonrelativistic ansatz for the
point contribution(z~0 or 1) is enhanced in the amplitude vector meson’s wave function, the spin structure of &4)

for the diffractive elctroproduction of transversely polarizedis such that there is no azimuthal asymmetry. This is quali-
vector mesons. Thus, the region of applicability of nonrela-tatively different from diffractive two-jet production in deep
tivistic wave function models for heavy quarkonia to theinelastic scatterin28]. Note, however, that in a fully rela-
production of transversely polarized vector mes@ng not tivistic description such an azimuthal asymmetry would ap-
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pear also for diffractive production of transversely polarized m? [[dZ/z(1-2)]fd bqbv(z,b)bSqﬁy(z,b) 2
vector mesons due to the admixture df &2, S=1 compo- R(Q?)= AMZ  [dzZ1—2)[dbéy(z,b)b%¢(zb) |’
nent (to the standard. =0, S=1 stat@. Note, also, that the v vie e 26)
nonrelativistic approximation to the light-cone wave function
of transversely polarized heavy quarkonia becomes question-

. . . . . 2
‘;b,:;? Zfotnt]he .d|fgract|ve el_ec'irhqprifjucno? n :Ee I|rr:p . twhere we used agaith,(z,b) of Eq. (22). The T(Q?) and
v IS 1S because, In this kinematics, the end poin R(Q?), displayed in the above, are the leading expressions

contributionsz=0 andz=1 are enhanced. But in QCD, in "o 1/Q?+4m?), and they constitute our main original
variance from nonrelativistic quarkonium models, the wave

ncion i asympltca shoul be Such ray-a(l 7 S5, ey are et e duanttes g n .
—2). Such a behavior follows from the analysis of PQCD Py

diagrams for the wave function of heavy quarkonia. Thisto"
complication is practically unimportant because, in this kine-
matics, the production of longitudinally polarized heavy
guarkonia dominates.

Putting everything together, the fact®(Q?), which ac-

counts for effects related to the quark motion in the produced Note that the suppression fact®(Q?) of Eq. (25) and

vector meson, and the correction facR¢Q?), which pa- o . 2
rametrizes the relative contribution of the transverse produci€ transverse to longitudinal production raQ®) of Eq.

tion, can be written in transverse impact parameter space 440 have contributions from leading and nonleading twist.
The corresponding leading twist expressions can be deduced

o[ (Q%+4m?)? by pulling the vector meson’s wave functiah,(z,b) atb
T(Q%)= a2 =0 out of the integral, i.e., by replacing(z,b) with
¢v(z,0). The latter is equivalent to setting in the photon’s
JdzZ1-2)[dbey(z,b)b%¢,(2,b) (25  Wave function,,(z,k;) of Eq. (5), k; to zero after differen-
J[dZIz(1-2)] ¢y(z,b=0) ' tiation, and it yields

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

2

_[F1dZ2(1-2)] (Q*+4m?]{Q%+ [M?/z(1-2)]})*pv(2,b=0)]?
T”(Qz)‘[ fTd72(1=2)] $y(2,6=0) } ' @0
m? [[dZZ3(1-2)°){1N[Q*+ m?)/z(1-2)}?¢\(2,0=0)]?
RLT(Q2)= 2 2 2 2 _ J (28)
aMy [[dZz(1-2) {1N[Q°+ m]/z(1-2)]}*¢y(z,b=0)
|
This shows that, for these processes, a decomposition over T 1(QH)—1, (31)

twists is really an expansion in powers lof, and “leading
twist” is equivalent to theb—0 limit, i.e., to considering
very small transverse distancésr “pointlike hadrons”) R.t(Q)—1, (32
only. Specific to heavy quarkonium production is that, in
addition to neglectind?/Q? and m?/Q? terms as for light
guarks, one also neglects terms of the fd(f‘fmz.
Note that the expressioli&7) and(28) are stringent QCD
predictions for heavy quark production deduced in an expan- o JdkikE py(ky)
sion wherem is considered as a large parameter. The leading (k)= Jd%kpy(ky) (33
term is proportional to the mass of the heavy quark in dif-
ference from light quark production where the leading term ) ] o
is proportional to the quark’s transverse momentum. So, the Recently, in two investigation$16,26], effects of the
formulas deduced in this paper cannot be smoothly interpglansverse .quark motion on diffractive charmonlum produc-
lated to the limit of the zero quark mass. tion were discussed. In RgR6], the presence of @2 inde-
Furthermore, in the static limit afi—c, which implies pendent correction was claimed, which contradicts the strict

bu(z,k) = 8(z— 1) py(k,) andM,=2m, the correction fac- asymptotic QCD result df2]. For photoproduction, the cor-

where

tors T(Q?), R(Q?), T.+(Q?), andR,(Q?) reduce to rection term of Ref[26] is by a factor of 24 smaller than our
tr T leading twist, orde®(k?) correction of Eq(29). To be able
5 (k?) to compare with the result of Reff16], we use the expres-
T(Q9)—1-32 —Q2+4m2’ (29) sion of T(Q?) in transverse momentum space, i.e., Ef.

The correction factor fod/ ¢ photoproduction discussed in
R(Q%)—1, (30 Ref.[16] can be obtained from ouF(Q?=0) of Eq.(7) by
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approximatingA¢.(z,k;) with the respective leading order
expression inO(kf/mZ) and by neglecting the longitudinal
relative motion of the quarks, i.e., by settingy(zk;)

= 8(z— 1/2)¢y(ky). In addition, a Gaussian form for the
wave functiong,,(k;) was assumed in Rdf16]. All of these
approximations diminish the relative contribution of large
guark momenta, and hence result in a significantly weaker
suppression. This was already pointed out in Réf.in a
footnote. ) ~<

2.0 r

7-e
---- 74

1.0 |

ABy [GeV~?]

F. The t slope of diffractive vector meson production t — A e .
2 10 20 100

Q? [GeV?]

It was demonstrated in Rdi2] that, in the limits of fixed
smallx andQ?—, thet slope of the vector meson electro-
production cross section should be flavor independent and o
determined solely by the slope of the gluon-nucleon scatter- F'G: 3. The contribution of the hard blob to theslope of
ing amplitude. However, the? dependence of the average diffractive electroproduction of longitudinally polarized andJ/
quark separation{—b(Qz))QzﬂweO in the productiozn am- Vector mesons.
ﬁ“tUde of Eq.(16) presented in F|g.. 2—leads to@ ?nd with the color dipole cross sectionggn(X,b) of Eq. (10),

avor dependence of thieslope. This effect can easily be —

incorporated into Eq(16) by evaluating the matrix element @nd ¢x(z,b) of Eq. (15 and ¢\(z,b), theqq light-cone

of the factore 24Dt gizdb_ g-i(zq+)-b_gi(zq+D)-b o  Wave functions of the photon and the vector meson, respec-

tween the wave functions of the photon and the vector melively. Results of such a calculation are presented in Fig. 3

son. Here,l is transverse momentum of one of the ex_for J/¥ and p-meson prodgctpn. Thu;, the dependenpe of
- the cross section oh contains information on the distribu-

changed gluonsg, is the transverse component of the four- 5 of color in the produced vector mesons. Note that the

momentum transfered to the target nucleon &nd-|q;|*>  experimentally observed slope for J/¥ photoproduction

(we neglect here terms proportionaldp This amplitude can  and electroproduction anst electroproduction at larg®? is

be written, in factorized form, as a convolution integral overof the order ofB,~4—5 GeV 2. The main conclusion from

|, of the hard blob and the nondiagonal gluon distribution inFig. 3 is thus that the slope of diffractive vector meson

the target at a virtuality?. Sinceb is small, it is reasonable production is determined mostly by the gluon-nucleon scat-

to decompose this expression over powersbafip to b2 tering amplitude, the differences By, between different fla-

After that, the respective amplitude factorizes into a productors are small for realisti©?, and they vanish in th©?— o

of the hard blob(accounting for the dependendgeand the |imit.

nondiagonal gluon distribution in the target at virtuality =~ We have demonstrated in Rd#] that, at sufficiently

~\/b?. Note that since the momentum integrals in the harcsmall X, i.e., close enough to the low range probed at

blob depend orb® only logarithmically, theb-dependent HERA, higher twist effects may become important. This

term in the slope of the gluon-nucleon amplitude should dewould also lead to a breakdown of the universality of the

crease witth at least ad?/In(b/bg). So we can neglect it, to  slope. This effect can be estimated by including double scat-

a first gpproxiTation, as compa_\red to the effec_ts of thg fom?erings of theqq_pair off the nucleor{30,4,31. Neglecting
factor in they{ —V vertex, which are proportional tb®.  the small difference of the averagefor single and double

Besides, studies of soft elastic scattering indicate that eVegeattering, we can calculate theslope of the rescattering
for such processes the main contribution to tldependence amplitude from

of the amplitude comes from hadron form factdik the
energy is not so large that Gribov diffusion contribotes do
Hence, we expect that, in the hard regime, hdependent T3
term in the amplitude will have a numerically small coeffi-
cient, in addition to being suppressed by theblhf) factor.

Thus, effectively, one should include, similar as for a X(eBt/4+re§t/4)

form factor of aQQ bound statd29], in the integral on the

right-hand side of Eq(16) an additional factor 0B~ "%, pore 4o/dt|,_, is the cross section given in E() and
where g, is the three-momentum transfered to the target

1 (oqu(xb)
167B (o ggn(X,b))
2
. (35

_da’
“dt

screen

eBt/2_

t=0

nucleon andt=—|q,|2. Parametrizing as usuatio/dt (oém(x,b)) dedzb%f(Z,b)Uéa\‘(X,b)qﬁv(Z,b)
=AePV! for smallt, we can calculate th@? dependence of — D) [dzFPbd* (2D o (XD d(zD)’
AB(Q?)=B(Q? - B(Q?-x), i.e., the contribution of {qa(x.0) v (2.D)ogqn(x.b) $v(2,b)

the hard blob of Fig. 1 to thé dependence of the cross (36

section, from where oyqn(x,b) is again the color dipole cross section of
. _ 2122 Eqg. (10). The quantity denoted is the ratio of the inelastic

AB (Qz):}dedzbd)VL(Z’b)aqu(X’b)¢V(Z’b)z b to elastic diffractive production of vector mesons at large
v 2 Jdzdbé,x(z,b)ogqn(X,D)dy(zb) Q?, and experimentally~0.2. B is the slope of the inelastic
(34  production, i.e., they| + p—V+X process, and it is, so far,
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FIG. 4. Thet dependence of the diffractive vector meson pro-
duction cross section, i.edg/dt|seefdo/dt|i—o of Eq. (35), and
the change of the slope with energy, i.eq’(t) of Eq. (37). Re-
sults are shown fop° electroproduction aQ?=10 Ge\’.

not well known experimentally. Since for this process, in
difference from the elastic production, there is essentially nc
form factor at the nucleon vertex, the quantlyis much
smaller than the elastic slop@, and a natural guess is
B~1-2 GeV 2 Experimentally[18], the ratio of inelastic
to elasticJ/¥ production is of the order of 0.5-0.7, i.e.,
rB/B~0.5-0.7.

For our numerical estimates we set=0.25,
B(x~10"%)=5GeV 2 andB=2GeV 2 In Fig. 4a) we
show thet dependence of the diffractiy€ electroproduction
cross section, i.edo/dt|sqeeddo/dt |, of Eq.(35). Since
the color dipole cross sectian, oy (X,b) of Eqg. (10) is pro-
portional toxGy(x,A/b?)xx%?7%3 Eq. (35) leads to an in-
crease of the slope with decreasing. This can be seen
from Fig. 4a), where we compardo/dt|screenfor x=10"2
(dashed linpandx=10"* (solid line) with the leading twist
resulte™ B! (dotted line.

The change of the-slope with “energy”s= Q?/x is usu-
ally parameterized in the form

B(s)=B(sg) +2a’'(t)In d
So

37

and the quantitya’ increases with—t. This can be seen
from Fig. 4b), where we showx'(t) as a function of for
various X. Again, due to the increase of the color dipole
cross sectiowqn(X,b) with energy, the increase of with

—t is more dramatic for smallex (larger energies Note
that the numerical results shown in Fig. 4 refeptceelectro-
production atQ?=10 Ge\?. As can be seen from Fig. 2, the
respectivngff is very similar to thle‘,ff relevant forJ/y
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FIG. 5. The nonrelativistic quarkonium wave functions for the
heavy ground state mesodsy andY from various potential mod-
els[5-8] and a light-front QCD bound state calculati®. In the
lower part of the figure, we also show a Gaussian fit adjusted to
reproduces, (k) at smallk (dotted lines.

also that, as a result of the factorization theorem in QCD, it
is the distribution of bardcurren} quarks that enter in the
description of these hard processes, and theretogjori
there should be no simple relation between this quantity and
nonrelativistic potential models.

A. Nonrelativistic potential models

Due to the large value of the quark mass, it is generally
assumed that a nonrelativistic ansatz with a Sdimger
equation and an effective confining potential yields a fairly
good description of heavy quarkonium bound states. The
various models—see RéB2] for an overview—differ in the
functional form of the potential, but they all give a reason-

able account of the c andb b bound state spectra and decay
widths. The same holds for the light-front QCD bound state
calculation of Ref[9]. In Fig. 5, we display the quantities
Roo(r) [normalized such that [drr2|Ry(r)|?=1]
and 47°k’¢y(k) (normalized such that[1/(27)%]

X [d3k| py(K)|?=1). For the latter, we also plot a Gaussian
fit adjusted to reproduce, (k) at smallk. It turns out that
the wave functions can be well approximated at srkably
Gaussian fits, while, at larde they fall off much slower and

photoproduction, and hence the numerical estimates showthey display a significant high momentum tail.

in Fig. 4 should thus be approximately valid also by
photoproduction. Figure 4 suggests that a study of tthe

slopes of diffractive vector meson production may yet pro-

Note that for our actual numerical calculations we will
restrict our considerations to the models of R8s, [6], and
[9] for which the mass of the constituent quark is close to the

vide another sensitive probe of the dynamics of hard diffracmass of the bare current quark, i.e,~1.5 GeV andm,

tion.

lll. THE QUARKONIUM LIGHT-CONE WAVE
FUNCTION

~5.0 GeV. This is necessary to keep a minimal correspon-
dence with the QCD formulas for hard processes which are
expressed through the distribution of bare qud&s

In Fig. 6, we show the contributions of the different re-
gions in momentum space to the integfak ¢,,(k) for the

In order to be able to evaluate the asymptotic correctiorpotential model of Ref[5] (logarithmic potential This in-

ny of Eq. (2) as well as theT(Q?) and R(Q?) of Egs.(7)
and(8) or Egs.(25) and(26), we need the light-cone wave

function of theqq_leading Fock state in the vector meson.
We will discuss this quantity in detail in this section. Note

tegral appears, for instance, in the expression for the
V—e'te  decay width. Especially fod/ ¥ mesons, the con-

ventional nonrelativistic potential models lead to a signifi-
cant high momentum tail in the respective wave functions,
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o k/m k/m FIG. 7. The QCD radiative correctiofl2] to the V—e™e
decay width.

FIG. 6. Histogram of the relative contributions of the different
regions in momentum space to the integfdfk ¢y (k) for the po-  cies of a naive straightforward application of nonrelativistic

2

2
. (40

Py ete=—7—
My

tential model of Ref[5]. potential models in this context.
Another mismatch between the soft nonrelativistic and the
and the contribution of the relativistic regfom/c=1 (or ~ hard light-cone approach appears within the evaluation of the
k=m) to the integralf d®k¢y/(k) (the shaded area in Fig) 6 voe'e de_c_ay width. Wher_l“vﬁeﬂ; IS calculated from
becomes large. For the potential model of H&l, the con- e nonrelativistic wave functiog (k) via
tribution of the relativistic regiotkk=m to the integral under 1670262 160 R
consideration is 30% fod/y (and<10% forY). Also, for | VR — ( - S) J 5 dy(K)
the J/y, half of the integral comes from the regidk - My 3m (27m)
=0.7m. This is in line with the QCD prediction of large (39
relatiy istic correctior?s.t'o the ¢ bound st_a_te 'equatio[ﬁi.o], a QCD caorrection factof12] appears, + 16a/3w, which
and it puts the_fea5|blllty o_f a_non_relatlwstlc description of can be numerically largel6ay/3m~0.35-0.65 for J/4)),
heavy_quarkomgm production in high energy processes S€Mhile no such term is present within the relati@j with the
ously into question. . — .
The fact that, in particular for tha ¢ meson, our numeri- 19ht-coneqq wave functioney(z ki),
cal analysis yields a significant value for the high momentum 3270 2e? 2
. . L ) : Tace d<k;
component in the respective nonrelativistic wave functions is 4 f dzJ' ——dy(z,k)
a very important result which should have consequences far 16
beyond the topic of diffractive vector meson production. The ) ) _ .
large high momentum tail, visible in the lower part of Fig. 5, The appearance of th|s_correct|on fa_ct.or.|s the main differ-
and the significant contribution of the relativistic region to ©N¢eS between the various nonrelativistic potential models
the integralf d3k ¢ (K), displayed in Fig. 6, indicate that the 2nd @ “true” QCD approach, in which the light-cone wave
J/ ¢ meson is not really a nonrelativistic system. This putsfunction of the minimalqq Fock component in the vector
the nonrelativistic ansatz employed in the various potentiameson is employed. It is a radiative correction to the matrix
models[5—8] as well as in the light-front QCD bound state €lement of the electromagnetic current calculated, essen-
calculation[9] seriously into question. tially, while neglecting quark Fermi motion effects. The re-
However, there are more inconsistencies between the nogpective Feynman diagram is shown in Fig. 7.
relativistic ansatz and the hard reaction considered here. For The correction arises from the exchange of a gluon be-
once, the requirement of self-consistency dictates that sind&veen the quark and the antiquark in the vector meson with
in our formulae we use the gluon distributictGy(x,Q?)  fairly large transverse momenturi;)~m. The physical in-
extracted from the data within a certain renormalizationterpretation of the & 16a¢/3w correction factor is that it
scheme K1S), we are indebted to use the bare quark massundresses” the constituent quarks, which are the relevant
defined within the same scheme. This means that, in our fin&legrees of freedom of the nonrelativistic wave function, back
formulas in Eqs(6)—(8), (25—(29), the pole or constituent {0 current quarks, which, in turn, are the degrees of freedom
quark massm has to be replaced by the running massthe light-cone wave fu_nctlo.n refers to and to Wh|ch the
mrun(Qgﬁ), where[33] V—ete” depay W|dth_ is qumater cqr)nected. ThIS,. once
more, underlines the limits of applicability of nonrelativistic
s o ) ag potential models in that context. Note that this radiative cor-
M — My Qer) =M 1= 32— (38  rection is also present in the light-front QCD bound state
calculation of Ref[9] because also there the relevant degrees
of freedom are dressed constituent and not bare current
Here, as is evaluated aQ%;, i.e., at the effective scale of the duarks.
reaction determined via the so-called “rescaling of hard pro-
cesses.” This is another consequence of the difference be- B. The light-cone wave function
tween soft, nonperturbative physi¢as described, for in- Leaving these issues behind for the moment, we can, in
stance, by nonrelat|V|st|c que_lrkonlum potential mo)_jalsd principle, deduce a light-cone wave functigq(z,k,) appro-
hard perturbative QCD, and it further stresses the inadequayyiate for the evaluation of time-ordered perturbation theory
diagrams from the nonrelativistic wave functigr (k). This
requires a translation of conventional nonrelativistic dia-
2Evidently, relativistic effects should become important already atgrams into light-cone perturbation theory diagrams. This, in
significantly smallek. turn, can be achieved by the purely kinematical identification
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of the Sudakov variable, which denotes the fraction of the

- 03 F " T-o poe—
plus component of the meson’s momentum carried by one of E I/y i -
the quarks, with = 0.2 ?,‘,;::;\
]
1 kZ ) "3. 0.1 7 N
2= |1+ —=—]|. 41 X / W
2 2 2 b 22 1 L L i .
k®+m T0 02 04 08 08 1 %0 0z 04 08 08 1
This yields z z
k2+(22— 1)2m2 FIG. 8. The quarkonium wave functiong, ,(z,b) and
k2— t—, (42 ¢y (z,b), for b=0. The dot-dashed, dashed, and dotted lines corre-
4z(1-2) spond to the nonrelativistic potential models of R¢f, [6], and
W [9], respectively, and the solid lines refer to the “hard physics”
limit ¢\ (z,b=0)xz(1-2).
3 v
ﬁﬂ' )
d3k— 1= dzdk, (43

due to the large value of the quark mass, there appear sig-
“nificant high momentungor “hard physics™) corrections if
observables are considered which crucially depend on short
distances.
d2k, One example is the leptonic decay widthy,_ c+e-,
:j (ZT)3|¢v(k)|2=f dzf mﬁﬁv(zykt)lz which acquires large radiative corrections in a nonrelativistic
(44) potential model. An analysis of the respective Feynman dia-
gram, shown in Fig. 7, yields that these corrections arise
then gives a relationship between the light-cone and the norfrom relativistic momentk=m. Even putting those correc-
relativistic wave function: tions aside, already the quantity which is related to the decay
5 — width in zeroth orderfd3k¢,(k), contains large contribu-
d(zk ):4 [ ki+m & (k: [ki+(2z—1)"m ) tions from the relativistic regiok=m (30% for J/y for a
vieTt 4z(1-2))F 7V 42(1-2) ' typical potential modél And when we(purely kinematicly
(45 translate the nonrelativistic wave functions into light-cone
coordinates, we find that they do not display the expected
asymptotic short distance behavig((z,b=0)xz(1-2) as
dictated by perturbative one-gluon exchange.
This suggests that the nonrelativistic potential model

t R wave functions might describe tligg leading Fock state in
¢V(Z'b):f Welkt "pv(z.ky). (46) heavy quarkonia for fairly largéaverage distances, but the
description breaks down in the limit of small distances or

Obviously, the nonrelativistic quarkonium model, de- high momenta. As these play a crucial role for the processes
signed as a description of theq constituent quark we are interested in, we designed the following strategy.
component—including the 1 16a¢/37 factor which ac- First, we extract a light-cone wave function from a non-
counts for radiative corrections—does not include gluonrelativistic potential model through the purely kinematical
emission at a higher resolution. So it is not surprising that theransformations of Eqs(41)—(45), which we then Fourier
¢v(z,b) that we find does not display the expectedtransform into transverse impact parameter space via Eq.
asymptotic behaviof11]: (46). However, we have confidence in that wave function,

S(z.b=0)#2(1—2). (477  Which we denota;s\'fR(z,.b), only for transverse distances

= 1/m, and we expect it to be modified at shorter distances
This is illustrated in Fig. 8. There, we compare the quarko-by means of the “hard physics” corrections discussed in the
nium wave functionsg,(z,b=0) obtained in that manner above. We thus set
from the nonrelativistic potential models of Ref&l], [6],

where +kt are the quarks’ transverse momenta. This, to-
gether with the conservation of the overall normalization of
the wave function,

From ¢y(z,k;) we then calculate the quarkonium’s wave
function in transverse impact parameter spagg(z,b)
through a two-dimensional Fourier transformation,

2

and [9] with a hard wave functionp!®{z,b=0)=ayz(1 Su(z.b) = ¢V (z,b) for b=bhy, 48

—2), where the parameter, was adjusted by means of Eq. vie vC(z,b) for b<by,

(40) to reproduce the vector meson’s leptonic decay width

I'y_et+e-. For transversely polarized vector mesons, the

light-cone wave function should behavesag’(1—z)2. This  whereby~ 1/m.

follows from the analysis of respective PQCD diagrams. The wave functionp°(z,b) is then constructed such that
(1) ¢V(z,b) and d¢y(z,b)/ob are continuous db=bg, (2)

C. Hard physics +C(z,b) has the correct asymptotic behavior dictated by the

We argued in Sec. Il A that, although the average propperturbatlve exchange of hard gluons, i.ey"(z,b=0)
erties of heavy quarkonium bound states might, in generakz(1-2z), and(3) ¢> (z b) reproduces the vector meson’s
be quite well described within a nonrelativistic framework leptonic decay widtlwithoutaccount of the radiative correc-
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FIG. 9. The quarkonium wave functiong, (z,b) and 0.4
¢y (z,b), for z= 1/2. The dot-dashed, dashed, and dotted lines cor- @0-3 3
respond to the nonrelativistic potential models of RE$$.[6], and & 0.2
[9], and the solid lines refer to the inclusion of the “hard physics” 0.1
corrections of Eqs(48) and(49) for b<<b,. We setb,=0.3 fm for 80 20 e0 60 80 100 “Co 20 40 60 80 100
J/ andby=0.1 fm for Y. Q? [GeV?] Q® [GeV?]

tion term 1-16a¢/3m, ie., EQ.(40) is used to calculate FIG. 10. The Fermi motion suppression factqiQ?) of Eq. (7)
T'y_ete-. We expand¢y©(z,b) in terms of Gegenbauer and the finiteQ? correctionC(Q?) of Eq. (51), for J/¢ and Y

polynomials® production.
Furthermore, in line with the discussion in Sec. Il A, we
L(zb)=ay(b)z(1—-2)| 1+ X, ay(b)C¥¥2z—1)|,  do not use the pole mass in our final formulas, but we
n=24... (49 replace it with the running mass,,,, as given by Eq(398).

We can then use the wave functiong(z,b), that we con-
structed in the last two subsections, to calculate the correc-
and we assume that the coefficieaféb) depend orb® only  tion factors of Eqs(7) and(8) or Egs.(25) and(26). Putting
through second order, i.ea;(b) =ajo+a;b*+a;,b*. This,  everything together, we can rewrite the forward differential
together with the condition§l)—(3) is sufficient to unam-  cross section for photoproduction and electroproduction of
biguously determinef;\L,C(z,b). In our actual numerical cal- heavy vector mesons of Eq6) as the product of an
culations, we seby=0.3 fm for J/¢ andby=0.1 fm forY. asymptotic expression and a fini@? correction C(Q?),
Respective wave functions are shown in Fig. 9. The dotwhere
dashed, dashed, and dotted lines show the nonrelativistic

wave functionsgR(z= 1/2 b) before the “hard physics” doy=n-vN
corrections discussed in this subsection were imposed, and  dt

=0
the solid lines depict the modified wave functiogig®(z tg ,
= 1/2 b) of Eq. (49). _ 127TyMy » . 2 12
Note that the “hard physics” corrections, which we in- - aEM(Q2+4mZ)“|a5(Qeﬁ)(1+"B)XGN(X’Q‘”)|
troduced in the above, address effects that are of higher order 5
in an expansion in bi. But the prescription of modifying % 1+EQ_ c(Q?) (50)
the wave function ab<<b, only accounts for soméut not M\Z, '

all) corrections to this order. We thus emphasize that the
corrections outlined in this subsection are a model estimateith
only.

Q?%+4m? )4 ,. R(Q) +€(QYMY)

2
2y _ | v
C(Q)_( 3) Q%+4m:, 1+e(Q?IM?)

D. Vector meson production

For the potential models of Ref§5], [6], and[9], the

nonrelativistic wave functiongy(z,b) yield values for the Here, 5, is the leading twist correction of E), the factor

asymptotic correction factorp, of Eq. (2) of ny, T(Q? of Eqg. (7) accounts for effects related to the quark

~2.3-2.4 andpy~2.1-2.2 if the “hard physics” correc- motion in the produced vector mesanis the (virtual) pho-

tion outlined in the last section is not considered. While, withton’s polarization, and the factd®(Q?) of Eq. (8) param-

that correction, they yield;,= 3. Note that the static limit, etrizes the relative contribution of the transverse polariza-

i.e., dy(z,b)=56(z—1/2)p(b), givesn,=2. tion. The pole masm we set tom=1.5 GeV forJ/¢ and to
m=5.0 GeV for Y production, andm,,, is the “running
mass” of Eq.(38) which, throughQZ;, depends omQ? and

3The expansion in Gegenbauer polynomials has nothing to ddN€ Vector meson’s wave function. _ )

with renormalization group methods. They provide a complete basis Results for the Fermi motion suppression facigQ*) of

for the ¢y (z,b) under consideration and allow a smooth interpola- EQ. (7), and the finiteQ? correction,C(Q?) of Eq. (51), are

tion between thé—0 andb=1/m regimes. The series in E@9  shown in Fig. 10 forJ/¢» andY' photoproduction and elec-

is terminated when convergence is achieved, which, in practice, iFoproduction. The calculations are based on vector meson

atn~10. wave functions from the models of Ref&], [6], and[9].

(51)



57 DIFFRACTIVE HEAVY QUARKONIUM . .. 523

The solid line, labeled hard, refers to the inclusion of the
“hard physics” corrections of Sec. Ill C. For the evaluation
of C(Q?), the photon’s polarizatios was set to 1.

It can be seen from that figure that, for reasonafte the
correction factoiC(Q?), which measures the suppression of
the cross section due to the quark motion in the produced
vector meson, is significantly smaller than 1. This shows that
the asymptotic expression, i.e., E&O0) with the finite Q2
correctionC(Q?) set to 1, is valid for extremely larg®?

100

10

GRV94
''''' CTEQ4M
—--- MRSR1

only. Note that the “hard physics” corrections of Sec. Il C log. pot. + hard corr. e MRSR2

Oyp-1/vp [nb]

lead to a stronger suppressionTitiQ?), but, at least fod/ 10 20 100 200
production, to less suppression in the final correction factor W [GeV]
C(Q?). The reason for this is, firstly, that the “hard physics”

correction increasegy, of Eg. (2) from around 2.1-2.4 to 3, FIG. 11. Thed/y photoproduction cross section for several re-
and, secondly, that the running mass,, of Eq. (38) is  cent parametrizations of the gluon dendi84—36 in comparison
smaller than the pole mass, which also enhances the crogsh experimental data from E40[37], E516 [38], E687 [39],
section. In addition, the relative contribution of the trans-zEuUs '93[40], and H1[17].

verse polarization®(Q?) of Eq. (8) is very close to 1 both
for J/¢ and'Y production for all experimentally accessible massean.=1.5 GeV andm,=5.0 GeV. The second term
Q? if the “hard physics” corrections are left out. However, arises due to the so-called “rescaling of hard processes,”
at least ford/ s production, after the “hard physics” correc- and it enhances the cross section ratio by a factor of about 3
tions are considere®(Q?) increases significantly wit?. for x=10"3. The third term is connected to the wave func-
This, together with the changes through andm,,, lead to  tion dependent effects, and it enhances the production ratio
the difference between(Q?) andC(Q?). The cross sections also by a factor of about 3. All together, the cross section for
are enhanced also due to the so-called “rescaling of hard photoproduction is suppressed by approximately 1:200 as
processes,” because the virtuality that enters in the gluomompared tod/¢ photoproduction for the same For the
density, Q2 of Eq. (17), is larger than the naive estimate of sameW, an extra suppression facter(My /M ,,)*~2.4 is
@: (Q2+ M\z/)/4_ This was discussed in detail in Sec. Il C. Present. Note that_the differei@? scale and higher twist
Note that for photoproduction, i.e., f@?=0, only the effects [the “rescaling of hard processes” as well as the

transverse polarizations are present, and the correctidrlQ”) correctior] increase the relative yield that we predict
C(Q?) of Eq. (51) takes on the form by about an order of magnitude as compared to the naive

dimensional estimate.
C(0)=T(0)R(0)
IV. THE J/4 PHOTOPRODUCTION
J[dZZ2(1-2)?]f d?kipy(Z, k) A (2, ko) |? AND ELECTROPRODUCTION CROSS SECTION

JTdZz(1-2)]1f d*kibv(Z,kp)

In Fig. 11, we compare our predictichfor the J/¢ pho-
(520  toproduction cross section with the data. We used a slope
parameter 0B, = 3.8 GeV ?, as measured by the H1 Col-
The presence of the #(1—z)? term strongly enhances laboration[18], to calculate the total cross section from our
smearing in the longitudinal motion, i.e., the contribution of predictions for the forward differential cross section tat
asymmetrioqq_pairs withz# 1/2 is pronounced. =0, and the Fermi motion corrections and the “rescaling of
hard processes” are accounted for. For the former, the char-
monium potential of Ref{5] was employed and the “hard
physics” corrections, as outlined in Sec. Il C, were taken
One can furthermore conclude from Fig. 10, together withinto account. We furthermore replaced the quark pole mass
our master formula in Eq$50) and(51), that, after an even-  with the running massn,,, from Eq. (38), and we setx

E. The ratio of Y and J/« photoproduction

tual luminosity upgrade, a significant production bfme-  — (24 M2)/W2. The formulas to obtain the forward differ-
sons is expected at HERA. The cross section ratiddd  gntial cross section are given in EqS0) and (51).
J/4r photoproduction(at fixedx) is approximately As can be seen from Fig. 11, the predictions of our PQCD

calculation agree with the data within the uncertainties in the

o(y+p—=Y+p) nucleon’s gluon density, and the energy dependence of the
o(y+p—J/g+p) data is much better reproduced within the PQCD picture,
3 8 - 2 2 whereoxW%’=%8 than through the soft Pomeron mog#],
~ FYM;{mCS |a3(1+.|’8)XGN(Qzeﬁ[Y])| 5 & (0) _ whereaocW?32 A rough fit[18] to the data depicted in Fig.
T3yM3,mp | as(1+iB)XGn(Qer I/ #1)[* Cyry(0) 11 yields ooc WO,

(53

The first factor on the right-hand side of E(3) is the A respective FORTRAN program is available by request from
dimensional estimate, and it yields a relative suppression afoepf@mps.ohio-state.edu or via the WWW at URL http:/
Y photoproduction of about 1:2000 if we set for the quarkwww.physics.ohio-state.edtikoepf
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FIG. 12. The ratio of thd/ electroproduction to photoproduc- FIG. 13. The Fermi motion suppression factqQ?) of Eq. (4)

tion cross section for two recent parametrizations of the gluon denggy p° electroproduction for varioup-meson wave functions from
sity [34,35 and for various potential modef§,6,9 in comparison  Refs.[43], [20], and[44].

with experimental data from Hf17].

consistent with the values given by the New Muon Collabo-
ration (NMC) [41] (4.6=0.8 GeV ?) and ZEUS[42] (5.1
+1.2 GeV ) collaborations and slightly smaller than that
obtained by H1[18] (7.0+0.8 GeV ?).

To indicate separately the spread that arises from the dif-
ferent available gluon densities and the uncertainty that
stems from the various proposgdmeson wave functions,
the theoretical predictions are shown for twextrema)
gluon densities, Gluck-Reya-Vo¢ERV94) harmonic oscil-
lator (HO) of Ref. [34] and Martin-Roberts-Stirling

As can be seen from Fig. 12, the Fermi corrections are(MRSR% of”Ref. [“35]' a,r,]d tWE’ diﬁ",erent wave_functions,
necessary to achieve agreement with the data. However, Eﬁrmed soft” and “hard.” The S(_)ft wave function refers
this point, the quality of the data is not sufficient to distin- 10 @%,(Z,ki)<exfd— Aktz/z(l—z)] with an average transverse
guish between the various potential models or to decid@uark momentum ofk?)=0.18 GeVf as extracted from a
whether the “hard physics” corrections which were imposedQCD sum rule analysis by Halperin and Zhitnitgia0], and
on those wave functions at small transverse interquarkhe “hard” wave function corresponds to @,(z,ky)=z(1
distances—see Sec. Ill C—lead to an improvement. This-2) [A/(kf+ 1?)?] obtained in another QCD sum rule
should change if the 1995 data, which have much better sta@nalysis(for pions by Lee, Hatsuda, and Millg#3]. For the
tistics, become available. The fact that we somewhat undetatter, (k?)=0.09 Ge\. As outlined in detail in the above,
estimate thel/¢ photoproduction cross section—see Fig.the wave function enters through the Fermi motion suppres-
11—and, at the same time, overestimate @ffedependence sion factorT(Q?) of Eq.(4). T(Q?) is depicted in Fig. 13 for
of J/4 electroproduction—see Fig. 12—suggests that ouwarious availablep-meson wave functions: “hard” and
quark motion correction factal Q?) of Eq.(51) is too small ~ “soft” were discussed in the above, “saft refers to a du-
at Q?=0 and it falls off too quickly at large®?. This im-  ality wave function of the form®[s,— kf/z(l—z)] with
plies that the wave functions which we use fall off too slowly (k?)=0.15 Ge\f obtained in Ref[44] and used for a similar
in transverse momentum space and they are too steep asafalysis in[24], and “soft,” labels a two-peak Gaussian
function of the impact parameté, i.e., the respectivék?)  favored in the analysis of Halperin and Zhitnitsld0]. Note

To investigate th&)? dependence al/ production, we
show in Fig. 12 the ratio of the electroproduction to photo-
production Cross sections, ie., we
Oy p 3 p( Q0 ip 314+ p(Q%=0) as a function of the
virtuality of the photon. In particular, we compare a calcula-
tion where the Fermi motion corrections were left @ltted
lines), with an evaluation were the latter effects were in-
cluded while either using just the nonrelativistic wave func-
tions (dashed lingsor also accounting for the “hard phys-
ics” corrections(solid lines.

is too large. that the latter wave function seems quite extreme as it would
correspond to a transverse spread of thg@ component
V. THE p° ELECTROPRODUCTION CROSS SECTION which is larger than the meson’s size.

The comparison of our predictiohwith the most recent

Although the main topic of this work is heavy meson experimental data is shown in Fig. 14. In the kinematic do-
photoproduction and electroproduction, we still consider armain were our approach is expected to be applicakle,
update of our predictions of Rd#] in regards tg® electro- =<0.01 and/orW=30 GeV, our predictions agree with the
production warranted in light of the new data as well asdata within the spread through the various parametrizations
theoretical developments in that realm. Currently, absolutdéor the gluon density and the uncertainty which stems from
cross sections for exclusiyemeson production are available the vector meson’s wave function. Note, in particular, that as
from NMC [41], ZEUS[42], and H1[18], and preliminary
results exist from ZEUS from the 1994 rih9]. From our
predictions for the forward differential cross section

. °A respective FORTRAN program is available by request from
davf Pﬂpp/dt|t=0 of Eq. (3), the total cross section was cal- koepf@mps.ohio-state.edu or via the WWW at URL http:/

culated using a slope parameter Bf=5 GeV 2 This is  www.physics.ohio-state.edikoepf
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200

100 This underlines our clainj4] that the Q?> dependence of
those cross sections could eventually be used to probe the
transverse momentum distributions within the produced vec-
tor mesons. However, at present, the data are still far too
crude to extract conclusive information on this quantity.
Note, furthermore, that our prediction refers to &depen-

0 0 dence of the longitudinal cross sectiof while the experi-
0.0001 0.001 001 0.1 00001 0001 001 01 mental values listed in the above correspond to@fede-

pendence of the total cross sectians o1+ €0 .

150 80

L 80

100 £
N 40

50

o(y*p-pp) [nb]

20

60 20

— SR} = GRVD4 (soft)

Q50 Fy N\ I imems e i

AN SN W Gurw| 15 VI. CONCLUSIONS

a 40 -\\:\.\ s © zEUSS4

I AN A 10 In this work, we focused the QCD analysis of R€i2]

,: ) AN O s and[4] on heavy quarkoniun(/« andY) photoproduction

e woF, oar? and electroproduction, and we extended the respective for-

0 0 malism, which in Refs[2] and[4] was applied to the pro-
0.0001 0.001 0.01 0.1 0.0001 0.001 0.01 0.1 . . . "
x % duction of longitudinally polarized vector mesons only, to
transverse polarizations as well.

FIG. 14. The longitudinalp® electroproduction cross section ~ FOr nonasymptotic momentum transfers, the respective
o(¥f +p—p°+p) for two extremal parametrizations of the gluon hard amplitude is sensitive to the transverse momentum dis-
density[34,39 and for two differentp-meson wave functions in  tribution in theqq light-cone wave function of the leading
comparison with preliminary ZEUS dafa9]. Fock component in the produced vector meson. This leads to

a suppression of the asymptotic predictions, i.e., to an inter-
Q? increases the energy dependence of the preliminanglay between the quatintiquark momentum distribution in
ZEUS datd 19] approaches more and more the hard physicshe vector meson and th@? dependence of the correspond-
limit, ooW?"=%8 which is very different form the soft ing cross section. We derived the respective expressions for
Pomeron predictiofil], o« W%22-%32 This could indicate a the Fermi motion suppression factdi(Q?) of Egs.(7) and
transition form soft to hard physics in ti@? range depicted (25), and the relative enhancement of the transverse cross

in Fig. 14. section, R(Q?) of Egs. (6) and (26), to leading order in
There are two reasons why our predictions should notl/(Q?+4m?).
really reproduce the data very well at smal@f. Firstly The evaluation of these factors required a detailed study

smaller Q2 correspond to larger transverse distances, an_gf the vector meson’:qq_light-cone wave function. Moti-

hence the PQCD approach outlined here loses some of ifg;ieq py the large value of the quark mass in heavy quarko-
validity. Secondly, at very smalk, the increase of these ni5 e started from conventional nonrelativistic potential

cross sections with energy is restricted by the unitarity of th%odels, which we critically examined and confronted with
S matrix, and even more stringent restrictions follow from QCD expectations. In particular for thé#y meson, our nu-

the condition that the leading twist term ;hould be signifi- 1erical analysis yields a significant value for the high mo-
cantly larger than the next to leading twist tefdl. The  mentum component in the respective wave functions, visible

kinematical region where Fhis 2Iimit becomes importantj, the lower part of Fig. 5, and a significant contribution of
moves to largex for decreasing)“. However, whether the e “relativistic region” v/c=1 to the integrall d3k ¢ (k),

softer energy dependence of the cross sections at the Sma'lﬁ%played in Fig. 6. This is in line with large relativistic

Q? is really due to the unita_rity limit slow d_own is unclear at -qrrections to the corresponding bound state equafib@ls
the momzent. Further work is in progress in that refll.  These large relativistic effects question the feasibility of a
The Q“ dependence of the cross section is commonly pagescription of heavy meson production in high energy pro-
rametrized through a quantity, where(for fixed W) cesses based on a nonrelativistic ansatz. This is a very im-
. . 72 portant result which should have consequences far beyond
o(y +p—p°tp)eQ L 54 the scope of diffractive vector meson production, and it in-
dicates that thd/» meson is not really a nonrelativistic sys-
The various experiments yield@=2.1+0.4 [42], tem. We therefore designed an interpolation for the wave
a=2.4+0.3[19], and@=2.5+0.5[18] at (Q®)~12 GeV*  function of heavy quarkonia which smoothly matches the
and(W)~80 GeV. Neglecting the Fermi motion corrections results obtained from nonrelativistic potential models with
and the “rescaling of hard processes,” our theoretical preQCD predictions at short distances.
dictions yield = 3.3 without the corrections, while we find We then used the latter to evaluate the fir@# correc-
a~2.6 if we take the quark motion and “rescaling of hard tions for diffractiveJ/y as well asY production. We find
processes” into account. To evaluate the correction factofairly good agreement of our predictions with th&y data,
T(Q? of Eg. (25, we again used the wave function and we predict a measurable production Ybfmesons at
¢p(Z,kt)°<eXF[—Ak(2/Z(1—Z)] with an average transverse HERA—especially after a luminosity upgrade. We also up-
guark momentum o(ktz)=0.18 GeV as extracted from a date our comparison of longitudingl® electroproduction
QCD sum rule analysi$20]. Hence, our predictions agree with the data, putting special emphasis on preliminary ZEUS
with the measurements only if the Fermi motion corrections1994 datd19] that became available only recently.
and the “rescaling of hard processes” are taken into account. The discussion in this work affirms that hard diffractive
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