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Vector meson leptoproduction and nonperturbative gluon fluctuations in QCD
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We present a nonperturbative QCD calculation of diffractive vector meson production in virtual photon
nucleon scattering at high energy. We use the nonperturbative model of the stochastic QCD vacuum which
yields linear confinement and makes specific predictions for the dependence of high-energy scattering cross
sections on the hadron size. Using light cone wave functions of the photon and vector mesons, we calculate
electroproduction cross sections fgrw, ¢, andJ/ . We emphasize the behavior of specific observables such
as the ratio of longitudinal to transverse production cross section andigendence of the differential cross
section.[S0556-282(97)05405-2

PACS numbedis): 12.38.Lg, 13.60.Le

l. INTRODUCTION Q?<2 GeV? and the unknown couplings of the electromag-
netic current to thep’ andp” introduce new parameters. In
Exclusive vector meson production by real and virtualthis paper, we explore the possibility to represent the incom-
photons is a good probe to investigate the physics of diffracing photon as aqq__state. With increasin@?, the transverse
tive scattering. Whenever the coherence length of the photoextension of theyq dipole diminishes in a way that depends
is larger than the proton radius, it is preferable to study theon the polarization of the virtual photon. We shall demon-
process in the proton rest frame or in the center-of-masstrate how this mechanism shows up phenomenologically.
frame where the virtual photon can be considered as a had-is allows us to study the transition from large- to short-
ronic system composed of partons. In this case the photorglistance-dominated processes. The cross section for trans-
hadron interaction is then in many respects similar to aversely polarized photons has a large nonperturbative part,
hadron-hadron collision. In addition, it offers the possibility because end points at momentum fractier® andz=1 in
to vary the polarization and virtuality of the photon and the photon wave function do not select|g system of small
thereby manipulate the light cone wave function of the in-transverse separation. Therefore our large-distance mecha-
coming state. The experimentalist can make hadrons of arbitism is important here, too.
trary sizes. In our model the length of the string connecting the va-
In our approach, we attack the problem as a genuine norlence quarks in the hadron turns out to be very important.
pertubative one. We use the model of the stochastic vacuurhhis length depends on the light cone wave function of the
[1] which has been adapted to high-energy hadron-hadrohadron. There is as yet little knowledge about the physics
scattering in Refl2], applying the general scheme developeddetermining the light cone Hamiltonian in nonperturbative
by Nachtmann3] for the separation of the large energy scaleQCD. So at the moment these wave functions and their in-
from the small scale of momentum transfer. The model oftegrated distribution amplitudes satisfy mainly a phenomeno-
the stochastic vacuum gives satisfactory results in both lowlogical task to parametrize the valence quark content of the
and high-energy physics. It yields a rather simple geometrihadron. Although the exact value of cross section depends in
cal picture for a single gluonic flux tubp4]. The same our model on the detailed form of the wave function, the
mechanism of nonperturbative gluon fluctuations whichQ? behavior of specific observables, such as ratios of longi-
leads to confinement also generates an interaction of thidinal to transverse vector meson production or elastic
strings in colliding hadrons. In this picture hadron-hadronslopes, is likely to provide a good test for the string picture
scattering cannot be constructed from quark-quark scatteringherent in our model.
since the string-string interaction plays an important role. It Electroproduction of vector mesons has also been dis-
leads to cross sections which are determined by the transussed within a soft Pomeron framework in Rdf&8]. In
verse extensions of the interacting hadrons. In addition to thtéhis model, transverse sizes of hadrons only play a marginal
forward scattering amplitudes, the model providestthie-  role because, on the one hand, hadron scattering can system-
pendence of the cross section explaining the phenomenologitically be reduced to quark scattering through the property
cally observed5] correlation between elastic slopes and to-of quark additivity of the model and, on the other hand, the
tal cross sections. vector meson wave functions are assumed to be wider than
Soft electroproduction on the nucleon can be calculatedhe distance of the quarks in the virtual photon and are thus
along the same lines as hadron-nucleon scattering using raplaced by their value at the origin. These assumptions are
model wave function for the photon. At sm&F, the photon ~ phenomenologically tenable if one further assumes that the
is of hadronic size and large-distance physics as in hadroruark-Pomeron coupling is flavor dependent. At intermediate
hadron scattering should apply. In another pdpérwe con- Q?=1—10 GeV? [7], a Pomeron form factor is used for
struct the wave function of the photon as a superposition ofar-off-shell quark legs. At larger values @ [8], nonper-
vector meson states and calculate the production cross seitwbative two-gluon exchange is applied which leads to
tion of p, p’, andp”. This approach is limited to virtualities color-singlet cancellation at smailg-dipole size.
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In this frame the vector meson emerges with a small trans-
verse momentuniq |=A, ~ 6s/2<1 GeV. Unlike in the

. ) elastic scattering case, the center-of-mass momentum varies
In a series of paperfd], a perturbative two-gluon ex- i, this reaction:

change model extended to include nonperturbative effects

FIG. 1. Kinematics of the reactiop* +p—V+p.

via the gluon distribution in the proton has been developed to Q2+ M\z/
evaluate vector meson production. This approach has been s=|p|—-|p'|= ——.
further refined to incorporate a Balitskii-Fadin-Kuraev- 2Vs

Lipatov- (BFKL-)like evolution to accommodate both en- _ = = .
ergy andQ? dependence. Dipole scattering is the basis Of'l'h|s |mpI|esO that the m(_)mentum transterhas a time com-
this framework. In the following paper we are treating thePonent A %25’ besides  the  space  components
photon and vector meson in a similar way. The main differ-2“~ ~ 6~ Vs6%/4 and A, ~ \/5‘9/_2- Let us noUge for com-
ence between our approaches lies in the reaction mechanigpfetness that the square df is t=A?~—A?+t, with
for soft diffraction. to=—M{(Q?+M{)%s®. In the high-energy limit
The importance of the gluon distribution as a necessarg>Q?+ M2 the space components dominate. When we de-
part of hard diffraction has been advocated in REES,11]. mand in addition a finite transfer, i.e., a small scattering
These authors have limited the range of applicability of theirangle#/2= O(1/4/s), the transverse component is the leading
perturbative calculations to reactions where a large transsomponent ofA. In the following we shall therefore neglect
verse momentum scale rules the exchanges, i.e., to heawl components besides, .
guark production such a3/ ¢ production[10] or at large The outline of the paper is as follows. Section Il gives a
Q? (Q?=10 Ge\? [11)). very short and nontechnical description of the model of the
The DESYep collider HERA has opened up new possi- stochastic vacuum and describes its application to high-
bilities to enlarge the energy ar@? range. Recent ZEUS energy scattering. Section IIl deals with the specific features
and H1 data indicate that at lar@¥ the cross section may of electroproduction, i.e., the photon and vector meson wave
rise more steeply than expected from soft Pomeron extunctions, which are used in the evaluation of the longitudi-
change. A possible explanation in the language used aboveal and transverse cross sections. Section IV contains the
[12] is that the evolution of the wave function at higher numerical results fop-, ¢-, andJ/y-integrated and differ-
energy and? gives rise to more and more dipoles inside theential cross sections as functions @f. As far as possible
hadron. This evolution would then be a prerequisite to disthese results are compared to experiment. Section V con-
cuss the energy dependence of the virtual photon cross secludes with a discussion of the results.
tion with increasing resolution. This phenomenon of “hard”

Pomeron exchange will not be addressed in the following II. HIGH-ENERGY ELASTIC SCATTERING

study which deals with soft Pomeron physics at a fixed en- IN THE STOCHASTIC VACUUM

ergy.

The kinematics is defined in Fig. 1. We denote the initial A. Model of the stochastic vacuum

photon four-momentum witly, the initial nucleon momen-  The model of the stochastic vacuum is based on the

tum with p, and the equivalent final states witfi andp’.  asumption that the contributions of the slowly varying gluon

A=q’'—q is the momentum transfer and the independentields in an infrared regular QCD can be approximated by a

Lorentz invariants are simple stochastic procegfor a review see Ref13]). Al-

ready the assumption that this process has a converging clus-

s=(p+q)? ter expansion leads to linear confinement in a non-Abelian

gauge theory. As usual, approximations to a quantum field
theory in the functional approach are more safely made in an

t=A%=(q'—q)?, Euclidean rather than Minkowskian field theory. It turns out,
however, that in high-energy scattering there is no feasible
Q?=—¢? way to continue Green’s functions from the Euclidean to the

Minkowskian world and we therefore have to formulate the
model in the Minkowski continuum. This seems at first sight
We are interested in soft reactions, iJ&}<1 GeV?, at high  more dramatic than it turns out to be finally, since at the end
energy,s>Q? and s»Mg (e.g.,s>100 GeV?). In this do- we have to evaluate the relevant quantities only at spacelike
main, xg=Q?/2p-q is small, e.g.xg<0.1. Euclidean distances; i.e., we can take these quantities from
To be specific, we use the center-of-mass frame where than Euclidean field theory.
photon momentum points along thexis. Then the absolute In order to define gauge-invariant correlators we intro-
sizes of the three-momenta are given as duce the modified gluon field strengfh,,(X,w) which is
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obtained from the field strength at poixtby parallel trans- )
porting the color content to the poiat: W=exp —ig 3SAO|Z )

F(X0)=® 1(X,0)F,,(X)®(X,0),

rather than the path integral above. The open ends ofjthe
and q trajectories in dipole 1 and dipole 2 are closed by
small transverse lines, yielding two looptS; and 4S,,
which have transverse extensions according to the lengths of
the dipolesr; andr,. The dipoles are positioned relative to
each other with a given impact paramekerThe loop-loop

o q interaction amplitude for this system of dipoles is calculated
(9°F (X, 0)F (Y, @))a in Ref. [2]:

with @ (x,w) = Pexd —ig/% AdZ.

Assuming that the main features of the correlator
(F uo(x,0)F ,,(y,)) do not depend crucially on the choice
of the reference poin» we obtain for the dependence on
z=Xx—Y the most general form

d

— 2 21,2
~ N2 _<g FF>{K( NwpMve ™ 77;w77vp)D(Z la ) 1
Ng—112 J(Xy XT3 X0, X5) = N—Ctr[Wl(xl,xl—)—l]

+(1_ K)%[a,u(zpnva'_zo'nvp)

1
X_ —
+ 0Zs M= 2y ,0) ID1(22 22} (2.0 NG "Wl Xz) = 1]) -

The correlatoD is typical for a non-Abelian gauge theory
(or an Abelian theory with monopolesince the homoge- where the boldface vectors;=(x;,x?) denote the two-

neous Maxwell equations dimensional positions of quarks=1,2 in the transverse
plane { refers to the corresponding antiquark§he geom-
e*"P79,F =0 etry of the loops is shown in Fig. 2.

The various steps and approximations necessary to derive
allow only the tensor structure proportinal ©@,; hence, 3 tractable expression dfhave been developped in REZ],
xk=0 in an Abelian theory without monopoles. to which we direct the interested reader. Here we only sum-
In a Gaussian model, where all higher cumulants in thenarize these steps. First one transforms the line integrals
linked cluster expansiofil4] are neglected, we obtain a re- appearing in the non-Abelian phadas andW, into surface
lation between the slope of the static quark-antiquark potenntegrals. The manipulation of gauge-invariant quantities
tial and the typically non-Abelian correlat@r: leads to the introduction of a reference pointin between
the two surfaces. The surfaces to be considered are two pyra-
mids S; andS,, with w as apex andS,, dS, as respective
basis. This is shown in Fig. 3. The surfaces are the world
sheets of infinitely many gluons in the two-hadron state
in Sec. IIC. the calculation practical, these interactions are truncated to
fourth order in the field strengths. The effects of higher or-
ders have been estimated in REE5] to be of 10%—20%.
Because of the Gaussian process, the terms factorize into
The high-energy scattering of two color-singlet dipolesproducts of integrals over the correlators linking the surfaces
0:q; andg,g, can be treated analogously to the situation ofgenerated byV, andW,. One gets
heavy quarks encountered in the Wilson area law. The rela-
tivistic quarks and antiquarks move along two opposite
straight line trajectories on the light cone. In order to apply 9 A2
the model of the stochastic vacuum to high-energy hadron
hadron scattering we adopt the method of R&}. In this
approach the problem is first considered as the scattering of

— k= (g?FF wad D(—
0’—K144<g Ya . uD(—u).

B. Scattering of two color-singlet dipoles

quarks in an external color field which is solved for fast- 62 Agl
moving quarks by the leading term of an eikonal expansion; b
i.e., the quark picks up the eikonal phase w Ui
]
V=ex;{—igLAdz, r; 1

wherel is the classical path of the quark.

This phase is manifestly gauge dependent, but if we con-
sider a fast-moving dipole, i.e., a quark and an antiquark FIG. 2. Configuration of the two interacting loops in the trans-
moving on parallel lightlike trajectories connected by averse plane. With our choice of frame, loops 1 and 2 lie, in the
Schwinger string, then we have to evaluate a Wilson loop (x°x3%) plane, on the lines®=x3 andx®= —x3, respectively.
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4\ 7° The correlation function® (z) andD4(z) are normalized
: to 1 atz=0 and fall off with a characteristic correlation
lengtha, defined through

f dZD(l)(_ZZ/aZ):a.
0

O N St A S A In Ref.[15], a family of functions of the form

) D ZZ/ 2)_iB J d4k k2 —ik-z/la
n(z7/a%)=iB, 2 me
have been investigated. They can be easily continued from
the Euclidean to Minkowski metric. Different values of
from n=4 ton— lead to changes in the parameters of the
model of about 30%. In the present paper, we make the spe-
cific choicen=4 for bothD andD; which leads to a perfect
agreement with the lattice calculations of Rf6] (see Ref.
[2], Fig. 10. We remark that in the final results only the
correlators in the Euclidean region enter.

For the nonconfining part the two surface integrals can be
performed and result in quark-quark interaction terms such
as

Wl(xlaxi)

X1 =X
a

3 37 X=Xy
3\ 8 a

8
Xndd102) :§

Since nonperturbative gluon correlations are of sizéwo
color charges can only interact if their trajectories enter in a
common domain of siza. A constituent quark picture arises
where the elementary color charges are surrounded with
FIG. 3. Space-time representation of the pyramids and theibmon clouds. This can be seen in Figa¥where the inter-
transverse projection. The sliding sides of the pyramids give thedction amplitude) for k=0 between a dipole target of size
do_mainsSl and S, of the surfgce integrations. Note that the two r,=12a oriented along a giver axis and a dipole probe of
Wilson loops are not parallel in the transverse plane. sizer,=a is plotted as a function of the impact position. For
simplicity we sum over the orientation of the probe. It turns
_ dE’”(x)f dsPo(y) out that with a physical_ correlation length arouqd 0.3 fm a
8NZ(NZ—1) s s y physical target has a size oh45a so that constituents in
the target are not as well separated as in Fig. 4.
2c c 2 For the confining part, on the contrary, the integrals have
X(QF (X @)FLo(y,@))al - a path dependence which is linked to the non-Abelian nature
of the confining term. Physically this means that the color
dipoles connected by their strings interact as whole objects
Symbolically, this expression can be rearranged into a surrather than as isolated end points. In space-time the integra-
of four interaction termsy, tion over the surfaces is done with the reference paint
chosen in the most symmetrical way as shown in Fig. 3. The
result depends only very weakly on the choice of the refer-

2 2
J=-— 12 /(g FF>) ence point and has the form
8NZ(N2—1)| 12

J

|X1_Xw|
a

X{x(A102) + x(0102) — x(9102) — x(d102)}%. X(Q102) = gCOS/flz{

2.2
[l

2
X1— X ™ a(XZ_Xw)

a

To be precise each teriy(ij) corresponds to the correlator

integrated over two surfacésf. Fig. 3 which are two sides 3

of the pyramids, namely, the two triangles with apexand XKy ==X —X,— a(X;—X,) +(1H2)],
basisi and | trajectories. They are four possible combina- 8a

tions, hence four terms id. Each termy has confining and 2.3

nonconfining parts from the basic gluon-gluon correlator in
the vacuumy(ij) = kx(ij) +(1— ) xndij), whichwe now The angle ,, denotes the angle between the vectors
specify. X1—X,, andx,—X, . The amplitude in the string-string inter-
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_ B dz,d’r,
M=2|sf d?be 'Ai'bf yp= Yo (21,11)

dz,d?
XJ Zj,wrz|¢p(22vr2)|2~]({xi}), (2.4)

where the index “1” refers to the photon or vector meson

side whereas the index “2” is attached to the nucleon coor-

dinates(Conventions are fixed in Appendix AFor simplic-
0 ity, the nucleon is considered in a quark-diquark configura-
tion. It has been shown in Ref2] that quark-diquark and
three-quark pictures lead to similar predictions for diffractive
scattering once the model parameters are adjusted to fit the
proton-proton cross section. In the following, we also fix the
parameters to fit the proton-proton cross section and there-
fore we do not expect any significative dependence on the
model of the proton. FOE=P=—1 exchange, the quark-
diquark configuration is favored since it suppresses the odd-
eron contribution[ 18].

The ¢'s are the valence light cone wave functions of the
corresponding hadrons. They are usually defined in momen-
tum space where they describe the probability amplitudes to
find in a hadron with momentuh{P*,P} and well-defined
angular momentum and flavor content a quark and an anti-
quark with momenta{zP* ,k+zP} and {(1-z)P*,—k
+(1-2z)P}. One crucial property of light cone wave func-
tions is their dependence anand k alone[19,20. This
implies that upon Fourier transformation in the transverse

FIG. 4. (a) Color interaction amplitude, Eq2.2), for the non-  plane, the relative coordinate of tiug pair, r=Xq—Xq is
confining casex=0 as a function of the impact position between easily separated from the position of the hadron “center,”
the two dipoles. Dipole 1 has a transverse sizea and we sum  X=2zx,+(1—2)Xg- In a similar way to nonrelativistic phys-
over its orientation. Dipole 2 has a transverse size12a and lies ics, the nontrivial degree of freedom of the wave function

along thex axis. (Notice that the tops of the two peaks are cutoff can be isolated, and the resulting transition matrix element is
because when the middle of the dipole probe is sitting right on top

of a color charge the interactions of the dipole components with this (Z,Xq ,XafPJr ,P)= w(z,r)eip'x.
charge cancel oyt(b) Color interaction amplitude for the confining ] ] ] )
casex=1. In the amplitude given in Eq2.4) the impact parameter

b denotes the transverse separation between hadron centers,
b=X,—X,. The transverse positions of quarks are then

action picture, i.e.x=1, is shown in Fig. &) with the same given by

choice for the target and probe sizes as in the nonconfining X, =Xo+b/2+ (1—2z;)r4,
case. The interaction is honzero whenever the probe is close

to the line connecting the target quark and antiquark. We Xo=Xo— b2+ (1—2,)r,,
note that the string and constituent picture both differ from

the optical droplet picture where the charge distribution form Xo= (X1+X,)/2;

factor is responsible for the differential cross section. Via the

wave functions of the valence quarks, the geometrical sizek€. Xo is in the cente_r .0K1 andX,. Antiquark ppsitions are
of the hadrons enter in the cross sections. related to quark positions ag=x;—r;. We notice that the
reference point» chosen in Sec. IIB “moves” with respect

to Xo, Xw=X0_1/2[(21_1/2)r1_(22_1/2)r2]. We haVe,
however, checked that choosing rather thanw as the ref-
C. From dipole-dipole to hadron-hadron cross section erence point for the computation of the loop-loop amplitude
) has negligible numerical effects.

A valence quark picture can be constructed from the non- | the present study, we are interested in electroproduc-
perturbative scattering amplitude of color dipoles with fixedtion of different vector mesons under various kinematical
lengthsr; and r, by distributing the positions of the end conditions on a fixed proton target. It is therefore instructive
points of the strings according to a gquantum-mechanical
wave function. Since for high-energy scattering the incoming————
particles propagate along the light cone, it is natural to Light cone coordinates areP*=(P°xP3%)/\2, P=P,
choose light cone wave functions. The amplitude of the pro=(P*,P?). A particle momentum is fully specified by the set
cess can be written 447] {PT,P} [P~ =(P>*+M?)/2P* with M the particle mags
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to isolate the variable part of the amplitude associated with o,;mb)

the photon and vector meson coordinates ; by integrat- 120 |- ' ' ' ' ]
ing out the nucleon coordinates,r,. To this end we define
100 =0 .
o z=10.5
Jp(zq,r1,4,)=2 . bdb27Jy(A, b) 80 .
60 - B
dz,d?r, )

X 477 |¢p(22.r2)| J(brzlnr]_;ZZirZ)y 40 - B
(25) 20 b

so that the amplitude, Eq2.4), is now written as % : " s " 5 2

([ dzd?ry _ . .
M=is ype Il (21,71)3p(21,1,4,). (2.6 FIG. 5. Dipole-proton total cross section as a function of the

dipole size forz=0 and z=0.5. The dependence in is rather

The determination of parameters of the model of the stom.’:lrgiial as it becomes noticeable only for very large separation of
chastic vacuum can be made in different ways. We followt€ dd Pair. The cross section behaves @gecr" with n=2 for
the method given in Ref2]. We use as input parameters the small extension and slowly decreasing at larger distances.
total proton-proton cross section as=20 GeV, namely,
opp=35mb, and the slop8,,=11.5 GeV ? of the p-p
elastic cross section. From lattice simulatidds], we take  rpq 5rge first term which is independent of the radii is spe-
the mixing coefficient«=0.74 and the curve relating the .- for the model
gluon condensate and correlation length. The square of the '
proton quark-diquark wave function is taken in the simple
form

B~1.56°+0.36R?;+ R?,).

Ill. ELECTROPRODUCTION OF VECTOR MESONS

s o e In this section, we describe thgy wave functions of the
[b(z,1)|*=4 w*5(z—1/2)e - photon and vector meson which enter into the expression of
the production amplitude, E¢2.6). Even at the qualitative
level there are still large uncertainties about the correct dy-
namical description of hadrons. Indeed, one of the most in-
teresting issues of current and future experiments is to shed
light on the long-distance properties of QCD. This evidently
includes the unraveling of basic facts about hadronic wave

?Aic':f:r;skz::s)é \:ﬁz i?}tat? g'rggfﬁgmo_t%n(ssézfn:s ;;n;"ir;:(anfunctions. We shall show that the electroproduction of vector
9 N : q mesons is quite sensitive to their wave function.

contributions may enter into the form factor, increasing the For the time being, one has to make assumptions which

charge radius compared to the radius of the valence quarkﬁﬁluence the result as strongly as the dynamical features of

fle transition operator for diffraction given by the model of
fhe stochastic vacuum. In the analysis of hadron-hadron scat-
tering[2], a simple transverse wave function for thaneson

as been chosen:

As ouput we obtain the gluon condensg@’FF)=2.49
GeV*, the correlation lengtta=0.346 fm, and the proton
transverse radiuR, ,=1.51a=0.52 fm. The parameters are
different from those of Ref[2] where the influence of the
nonconfining termD, in the correlator Eq(2.1) was ne-

with energy. New lattice simulation®1] try to isolate the
perturbative contributions from the nonperturbative gluon
fluctuations in a more precise way and may be incorporate

together with a better treatment of the perturbative two-gluon W(r)=2we" w?r?2 (3.1)
exchange. ' '
In Fig. 5, we show the behavior of the function Note that in this reference the dependence of the geometry of
27dg the loop-loop interaction on the respective light cone frac-
IOz, A, =0)= —J,(z,r,6,A, =0) tions of the quarks and antiquarks was not yet considered.
p =] 27T P 1 hyUy=a] . . . . .
0 Including this dependence and wave functigr{g,r) with a

It ts the total i a dinole of fixed reasonable behavior on the light cone momentum fraction

- represents the total cross section oflq Ipoie of Tixed z, we found similar results to those given in RE2]. The

sizer averaged over its orientation. For varying dipole smes@
|

the total i th ton i drati ransverse size of the studied hadrons still determines the
e fotal cross section on the proton increases quadralically, o ¢ hadron-hadron cross sections. We shall see in the
for small dipoles until a size of =(1-2)a, and then the

) X b ihad . This f following how this feature is modified when one is consid-
increase continues but with a decreasing power. This eatur(gring photon-induced reactions.

is distinct to the model of perturbative gluon exchange in
Ref. [22] where this total cross section saturates at about
twice the proton radius. o
It is also instructive to consider how the hadron radii and The qg wave function of the photon carries as labels the
the correlation lengtla affect theA | falloff of the transition  virtuality Q2 and the polarization state of the photon. It
amplitude. In Ref[2], the logarithmic slopeB of elastic  describes the probability amplitude to find a quark-antiquark
cross sections has been numerically parametrized as pair inside the photon with light cone fractiong 1—z) and

A. Photon wave function
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TABLE I. Vector meson characteristics. The quark masses confunction. This may be tested by forthcoming experiments on

sidered aren,=my=0, mg=0.15 GeV, andn.=1.3 GeV. the ratio of longitudinal to transverse cross sections.
-1 -1

V(MV) R r fV oL Ri'— w1 RLT B. Vector meson wave function

(GeV) ey (keV) (MeV) (fm) (fm) (fm) (fm)

For the hadron wave function, we use the same notation
p(770) 12 6747 153. 0.60 0.30 0.90 0.64 as described above for the photon. We have already taken
»(782) 1/3/2 060 458 0.66 0.33 0.93 066 care of colorin the construction of the Wilson loops; cf. Sec.
$(1019) 13 137 791 054 027 073 047 lIB. For the flavor content we consider that tpé(770),
JIy(3097) 2/3 58) 270. 029 0.14 034 018  (782), ¢(1020), andJ/¢ mesons are, respectively, pure
isospin 1, isospin Oss, andcc vector mesons. This flavor
part together with the configuration paft forms the wave
transverse separatian=(rcosd,rsind). The qq state is in a  function ¢, needed in Eq(2.6).

configuration with given flavor f(,f) and helicities b,h). Some information has been obtained on the spatial depen-
The color part of the wave function is treated separately andence of hadron wave functions. The first piece of informa-
considered together with the Wilson loop in the way de-tion comes from long-distance physics which various quark
scribed in Sec. 1IB and we are only left here with an overallmodels describe successfully. These models tell us that a
factor \N. The photon couples to the electric charge of thehadron at rest can be modeled with Gaussian wave functions
quarks withe5;7 wheree;=2/3e or — 1/3e, respectively. s & sytem of constituent quarks moving in a harmonic os-
The helicity and spatial configuration part of the wave func-Cillator potential. To boost nonrelativistic wave functions to
tion looks different for various photon polarizations. It can @ fast-moving system is not a trivial step. Technically the

be computed in light cone perturbation theory and one has, ithterplay between the transverse and longitudinal dynamics
lowest order(see Appendix A in light cone physics as well as the treatment of spin degrees

of freedom remains to be understood. Within the model of

_ ey the stochastic vacuum a nice quantitative description of

ez = VN Oz 32 hadron-hadron soft collisions has been obtained by disre-
with garding spin and light cone fraction dependences. Therefore
we assume that for soft collisions between large objects, a

Ko(er) simpleminded description of hadrons E®.1) suffices. A
> , smoothz dependence on the light cone momentum fraction
m will not change this picture.

The second piece of information comes from short-

Uy@20= "1 22(1-2)Q

~ _ - o Ka(er) distance physics and perturbative QCD supplemented b
Yrozn= \/E( 1ee[ 20 On- = (1=2)on-dn+ 5 sum rulesl?vyhere somepproperties of the valepnrc):e wave funcy-
tion at O transverse separation are knolimparticular the
+ M8 O KO(SF)), end pointz—0,1 behavior can be analyzedVhen wave
2w functions at short distances are involved, e.g., in hard exclu-
sive scatteringf23], the value of the meson wave function at
~ o Kq(er) the origin determines the value of cross sections. The wave
b2 -1= \/E( ie”"%e[(1-2) Sp+ O ~26,-Sn+]—5——  function at the origin is related to the leptonic decay width of
the meson.
Ko(er) The above observations allow us to make an ansatz for
+M;Sh- - ?) , vector meson wave functions:
where e=42(1-2)Q?+m? and m; the current quark Pvio =z(1—z)h \/EWAfo(Z)e—erZ/z,
masses given in Table I, below, for the different flavors. © V2 \/N—Cev

Ko, K1 are modified Bessel functions.

The longitudinal photon wave function is peaked around ~
z=1/2, so that the longitudinal photon interacts like a small Py M—V[Z5h+ Oh-—(1-2)6p-n+]
dipole, r~1/Q, at largeQ?. On the contrary, the transverse
photon is almost flat irz so that, at largeQ?, it interacts m; N R
partly like a small object for intermediateand partly like a + W Oh+ 0T+]Wf(2) e @I
large one forz~m;/Q when light quarks are involved. For v cBv
heavy quarks andb, the inverse of the quark mass limits

iw?rel?

P 2ea—if
the photon extension. In electroproduction of vector mesons ",j,v(_l): &[(1_2) Sns O — 28,81 ]
the effective dipole size is fixed by the overlap of wave func- My
tions of the photon with the vector meson. Because of the
shape of the latter, the small+egion is somewhat sup- +ﬂ5 ]\/EWfo(Z)ewer/Z
pressed and the transverse region explored¥above 1-— My N \/N—cév '

2 GeV is below or around 1 fm. Lacking better knowledge in
the region of large transverse size, we use the above wave This ansatz has the following properties. The main trans-
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verse dependence exp(’r/2) and the functionf(z) are dot 1 dzridry .
modeled in the way proposed by Wirbel, Stech, and Bauer a9t 167 JT%(D%(D(ZLH)
[24]:

2

. (3.5

xJP(z1,r1,A))
f(2)= N\ 2(1—z)e~ Muz-12%20% (3.4
where the average over proton helicities is understood. The
combinationys,,#,(z1.r1) is computed by multiplying
We use the same functional form for all vector mesons. Theeq. (3.2) by Eq. (3.3 supplemented by the flavor part de-
transverse size parameter is related to the vector meson scribed in Sec. Il B, giving
transverse radius. This quantity is presumably not very dif-

ferent from the electromagnetic transverse radius which un- w{f/(o)l/,y(o): —efyzy(1—2)f(zy)e” w2r§/2221
fortunatly is unknown for vector mesons. The way out in the
quark model is to fixo and\ by the normalization and the X(1-2,)QKo(ery),

e"e” decay width(see Appendix B We draw attention to

the fact that applying this procedure to the above parametri- _ 22,.| w°€ery

zation of the V\F/Jellav)(/a fgnctior? leads to different sets gf param- Wby =eff(ze rllz[ M—V[z§+(1—21)2]

eters{w, N} for longitudinal and transversal mesons. We find )

radii in this way which are reasonable in the whole family of m;

vector mesons. This is a welcome property because, as we XKa(ery)+ M_VKO(grl)]'

shall see in Sec. IV, the vector meson transverse size is one

of the important ingredients determining the cross sections in Experimentally, the differential cross sections, E85),

the intermediat®? range. The above form is written to have are difficult to measure. On the one hand, the separation of

explicitly the correct value of the wave function at the origin; transverse and longitudinal cross section is not easily done,

i.e., theqq state fulfills the equation and on the other hand, accurate data exist only for
t-integrated cross sections. Nevertheless, some results have
been obtained for

(3.6

(013#(0)[V(a,\))=efyMye*(q,\),
doep: dop  doy
A dt  €dt Tt
with f\, the meson decay constant. In E§.3), ey is the
mean quark charge in the meson state in units of the protoas a function ofAf . Here € is the rate of longitudinally
charge(see Table )l The helicity dependence of the wave polarized photons which depends on the lepton scattering
functions is modeled after the perturbatiye- qq transition.  angle §, and the photon energy. In the proton rest frame,

C. Cross sections e=[1+2(1+1%/Q?)tarf(6./2)] L.
Let us collect the formula necessary to compute cross ) ) )
sections. It is convenient to expand the quandifyin Eg. We shall also compare our theoretical results with the inte-

(2.5 in terms ofL, eigenfunctions: grated cross sectiome,y=eoy + o, for various Q2. By
analyzing the vector meson decay, it is possible to check the

. validity of s-channel helicity conservation or, assuming he-
— imé, 1(m) L. . '
JP(Zl'rl’al'Ai)_% &M g (z1,rA ), licity conservation, to deducB= o /o7.

IV. NUMERICAL INVESTIGATION
where thanks to the periodicity ol, only evenm are
present. It follows that in the reaction studied, only trans-
verse to transverse and longitudinal to longitudinal transi- Before entering into a detailed analysis, let us discuss
tions are expected. From the explicit form of the wave func-qualitatively theQ? dependence of differential cross section
tion, Egs.(3.2) and (3.3), there is a possibility of helicity expected from Eq(3.5). The quantitny,O)(zl,rl,Ai) de-
change by two units in the process. We have, however, olxreases exponentially with? . It depends only weakly on
s_ervgd that the corresp_ondlng cont£|but|on to the. Cross seG, At fixed A, Jg))ocrf, with @=2 at smallr, and
tion is smaller than 2% in the whol@“ range. We disregard slowly decreasing for;=a (see Fig. 5. Given this behav-

this contribution. o __ior, we also need an estimate of the effective size of the
In the foIIovymg, we dlst_mgwsh transverse ano_l longitudi- photon-vector meson overlap after integration axein Eq.

nal cross sections which, in the present conventions, are (3.6). One can anticipate two extreme regimes. At small

Q?, the effective size is driven by the meson wave function

so thatdo| «Q? anddor is constant. At larg&?, the effec-

tive size is given by the photon wave function alone, which

leads todo, Q% anddorxQ 8.

2 These asymptotic behaviors of the cross section are rather

model independent. Most of the current experimental results,

A. General results

dO'L 1 lerldrl t
W:EJTdN(O)‘M(O)(ZLH)

XJE)O)(ZLH'AL)
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do/dt(t = 0) (nb GeV~?) dog.
10000 . 4t

(rg)/ %] (5 = o)
T T

=0

Ty 1

0.9
0.8
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0.6
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0 0.5 1 1.5 2 25 % (fm)

FIG. 6. da/dt(t=0) for p production as a function a®? for
the longitudinal(solid line) and transversédotted ling cross sec- 1A L=o
tion. The effective power of the falloff witlQ) is increased by two 09
units in the range 1-10 Gé\but the asymptotic behavior is only
reached in the 10-100 Gé\fange.

g/ 2o

= L:O( cut

r§* = oo)
L)

0.8

however, are below the asymptotic lar@é- region. The
theoretical behavior of cross sections in our calculation
shows a much more specific dependenceQsnin this re-
gion. In Fig. 6 we show thep-production cross section

do/dt(t=0) as a function ofQ?. The effective powen of 0? | |

the falloff do/dt(t=0)«Q™" is about 2.5 and 4 at ,

Q?=1 GeV? for the longitudinal and transversal cross sec- o 0.5 1 15 2 25 ™ (fm)
tions, respectively, and this power increases to about 4.5 and

6, respectively, aQ?=10 GeV”. Thus the asymptotic re- FIG. 7. (8 The contribution to the transverse differential cross
gime starts only above that value. section ofp production with respect to the radial parameter of the

As we have emphasized the result depends on the wayghoton and vector meson side. The integration over the transverse
function chosen to represent the vector meson state. Withodistancer, is taken up to a cutoff$" for several values of the
changing the parametrization, this can be seen by varying thghoton virtuality, Q?=1, 4, and 10 Ge% The transverse differen-
size parametew of the vector meson wave function. With tial cross section at=0 is plotted as a function aff". It is nor-
the value of the wave function at the origin kept fixed wemalized to its value with the cutoff removeth) Same aga) for
observe that decreasing by 5% increases the cross section longitudinal polarization. With increasin@? the cross section is
at Q°=1 GeV? by about 20%. This modification becomes dominated by short transverse distances in both cases but the satu-
less than 5% 6@22 10 GeV? because the vector meson size ration occurs earlier for the longitudinal cross section.
is less important for a smadj-q state in the photon. One can
also think of changing the light cone distribution of the quarkdependence, also the absolute values of the cross section are
and antiquark in the meson wave function. An indication ofreproduced. It should be noted that within our model we
the resulting modification is given by changing the factorhave introduced no new parameters and the parameters un-
Vz(1—2)—[2z(1-2)]1%? in the parametrization of(z) in  derlying the interaction on the quark-gluon level are deter-
Eq. (3.4). This leads to an about 30% decrease of the cross
section in the wholé&)? range examined. ' .

In Fig. 7, we show the importance of the transversal ex- 1o > =¥
tension of the virtual photon. We introduce a transversal cut-
off in the cross section; i.e., we cut the integration in Eq.
(2.6 at a fixed valuer ;<r$". As expected thegq wave
function in a transversal photon extends to much larger val- 1900
ues ofr; e.g., atQ?=4 GeV? more than 50% of the cross s |-
section comes from transverse separations larger than 1 fm. |
In the longitudinal case, the contribution of the region with Q%01 + o7) —

. 400 -
tra;rlsxegsevzseparatlonq>1 fm drops down to 15% at ol Q*(es + ommnia O |
Q= eve. Q*(eor, + or)|nme
00 2 4 6 8 10 Q*(GeV?)

1400 |

1200

B. p, w, and ¢ production

In the range from 1 to 10 Ge¥/ the 1Q* behavior of the FIG. 8. The scaled cross secti@fo(Q?) for p production in
production cross section observed by the European MuoRb GeV*. The circles are the NMC resulfg5] and the diamonds
Collaboration(EMC) and New Muon CollaboratiotNMC)  represent our prediction for the quanti@*(ec, + o) with the
is very well reproduced by our calculations. Besides@fe  experimental polarization rate of NMC.
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3R =opfor do /dt (nb Gev~?)
T

2.5

0 9 4 6 8 10 Q2(GeV?) 0 0.1 0.2 0.3 0.4 0.5 06 A% (Gev?)

FIG. 10. The differential cross sectiormla/dt(Af) for

FIG. 9. The ratio for longitudinal to transverse cross section for _ T pop+patQ’—6 GeV?. Data from Ref[25]
—p = . | .

p-production. The data point is from R¢R5]. Other data compare 7

well within errors but they either are far outside the 10-20 GeV )
range or have large error bars. For the production of thew meson, we expect a wave

function very similar to the one of the and correspondingly
mined by soft high-energy proto@nti)proton scattering. We the ratio should be determined through the flavor factor
show in Fig. 8 NMC deuteron daf@5] together with our 212
prediction forQ*(o + o). We notice that this theoretical fulf,~9%.
guantity is not the actually measured cross section due to the
polarization rate of the photors#1. Therefore we also Indeed, this is observed.
show with diamonds the quanti®*(eo + o) at the Q? The situation is more complex for the production of
points of NMC using their value of(Q?). heavier vector mesons where the different quark content has

In our approach, the approximateQf/ behavior is due to  several consequences. The direct appearance of a mass term

a combination of different falloffs imr, andot which them-  in the meson wave function gives an additionnal component
selves come from the interplay between the size dependend®the overlap, Eq(3.6), and also modifies the photon exten-
of the dipole-proton cross section and the effective size ofion parametes?=z(1—2z)Q?+ m?. The quark content also
the photon-meson overlap. This is very different from theinfluences both the transversal size of the vector meson and
dynamics which occur in quark-quark scattering, whichits momentum fraction distributiofi(z). Whereas the first
leads, however, to a simila@? dependence. As explained effects are quite easily controllable, nothing precise is known
above the asymptotic behavior for lar@& is just governed about the quantitative effect of a heavier mass on the distri-
by the dipole size of the virtual photon and is thus modelbution f(z). Qualitatively, one expects that the distribution

independent. becomes more peaked &t 1/2 as the mass of the constitu-
A possible way to distinguish both approaches would be a&nts increases.
precise measurement of ti¢ behavior of the ratio of lon- For ¢ mesons, a smaller transversal extension than in the

gitudinal to transverse cross sectioRéQ?)=o, /or. We  p meson is expected due to the headequark mass. The
plot this ratio in Fig. 9. For larg®?, R=Q?, but this behav- smaller size of thep meson reduces thé¢-production cross
ior is not yet reached in the intermediate range whigre section at lowQ? values beyond the flavor factor:
grows slower tharQ?. This again reflects the intermediate
nature of the transverse distances probed in@fisnterval. £2/§2~27%.
The concavity ofR points out that, while shrinking with e
Q?, the longitudinal photon being smaller reaches the short-
distance region before the transverse one. Here we expect a da/dt (aneV")
different pattern in approaches either based on vector meson,,, K.
dominance where th®? dependence follows a linear behav-
ior of the formR~0.35Q%/M? or on quark-quark scattering
where the result of Ref[7] is approximately given by 100
R~0.3Q%/M?2~0.55 forQ?=2 GeV?. .
Another important check is provided by looking at the 10
dependence of the differential cross section. We show our
result foredo /dt+do;/dt versusAf at 6 Ge\? and com-
pare in Fig. 10 to the NMC points for the deuteron outside of
the coherent production regi¢@5]. Notice that thet depen- . . . . .
dence of our computation is not fully exponential. 0 0.1 0.2 0.3 0.4 0.5 06 Af (GeV?)
There is a nontriviaQ? dependence of the slofiin our
model which is due to a decreasing transverse region probed FIG. 11. The differential cross section fgs production,
by the slowly shrinking size of the photon @ grows. We  do/dt(A?), for a longitudinal photorgsolid line$ and a transverse
show this in Fig. 11. one (dotted lineg at Q?=2 and 10 GeV.

1
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50@“ o (nb GeV*4) (1 + Q*/M])%o (nb)
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FIG. 13. J/¢-production cross section for longitudinedotted
line) and transversédashed ling polarizations. To compare with
EMC data[27], one has to combine these two cross sections into
o=€o_ +or with the polarization rate measured by EMC,
0.7.

FIG. 12. ¢-production cross section compared to NMC data
[25]. In our model the difference between theoretical and experi
mental result is attributed to the wave function effect.

Such an effect is also observed in the difference between
p|on-nucl_eo_n _and kgonfnucleo_n scg\tt_ermg in the m@ZiJe_IIt rarily assume a simple nonrelativistic form for the distribu-
s_hould diminish W|th mcreasmgg in eIectroproducuon tion, ie., f(2)x8(z—1/2), and for consistency take
since then the amplitude is less and less determined by t —M,2. We consider the domain of large enough
extension of the produced meson, but rather by the virtual 5 2"+ '2/4 —(M2+02)/4. wh .
photon. This effect may have been observed in the ZEUS 7 9 =(M; 8)) , Where we can apgroxmate
data[26]. Also the change of the longitudinal distribution in €XPC@T72)~1 and J;*(z,=1/2r,,A, =0)~Cr;. One

z betweeng and p mesons may influence the cross section9€ts

independently ofQ2. This difference is absent with our do Q2
choice of distribution for thep meson which is numerically —L(t=0)=aen{8fJC)22—z4v
the same as for the meson. Our resulting theoretical cross dt (M3+Q%)

section for¢ production reproduces th®? dependence of

the NMC data, but its absolute value is practically a factor of ~ doy , M3 [ M3+ 8w?\?

2 too large(see Fig. 12 gt (1=0)= aenf8f,C) (MZ+ Q2% M2+ 202
The increase of the longitudinal to transverse ratio J J

2 .
SiEQd) Itg)qks t_hetsar(;]e az fé)r tl‘gz rntezsgol}, |t_;hgveralldmag- From these expressions one sees that the relevant scale for
ude being Just reducec by abou o EPENCENCE 3/ production isM2+Q? rather thanQ2. As in the light

also exhibits a similar pattern with a small broadening of the LS S
diffraction peak aQ? is increased. quark case, the longitudinal cross section is expected to

dominate at large Q% namely, the quantity
(M3+8w?)2/(M34+20w?)?~1.4 leads to a ratio
C. J/¢ production R~0.7Q%/M3. The differential cross section is expected to

For heavier quark pairs, the large quark mass leads t&ll off as do/dtec(1+€R)(M3+Q?) ~*. Experimentally a
more dramatic modifications. Let us first notice that in ourQ® dependence such adi§+Q?) " is observed withn
model we assume that the quarks move on lightlike trajectoaround 2 but the accuracy of the data is not sufficient to
ries. This can only be the case at energies far abaag.2 exclude a complete short-distance falloff. Let us stress that
Therefore a center-of-mass energy larger than 10 GeV ign accurate test of this power law is a necessary prerequisite
necessary in thd/ ¢ case. At these energies a moderate ento understand the physics at work.
ergy dependence is observed which is not contained in our In Fig. 13, we plot (HQleﬁ)za, i.e., the cross section
model. In return, the large quark mass provides a hard scalkescaled by the observed data falloff, for the transversal and
so that also photoproduction data are accessible within ouongitudinal cross sections separately together with the data
perturbative treatment of the photon. Strictly speaking, thaecorded by EMC in the energy rangéz 10-20 GeM27].
difference ty= —MS(Q2+ M\z,)zlsz, betweent and —Aﬁ, The photoproduction comes out fairly in the energy range
leads to a phase space threshefi® for the J/ production  \/s=10-20 GeV, where several measurements have been
in the energy range we are considering.\&t=15 GeV, itis  performed, leading to a production cross section between 10
easy to see that this threshold effect is only sizable for largand 20 nb. As could be guessed from the study of the asymp-
Q?; e.g., forQ?=10 GeV? andB=5-10 GeV 2 one gets totic behavior above, the shape of thelistribution and the
eB0=0.97-0.94. We shall disregard this factor in the fol- value of the charm quark mass determine the size of the
lowing. cross section. Changing the quark mass by 5% would lead to

The discussion of the asymptotic regime given in Seca 20% change in the cross section@t=0 and to a 10%
IVA can be refined in the presence of a large quark masschange aQ?=10 Ge\?, respectively. AQ? increases, our
Let us reexamine the short-distance regime in the presence ekpectation follows qualitatively the pattern depicted for the
the mass terms in Eq¢3.6). To simplify further, we tempo- short-distance regime although quantitatively the intermedi-
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fer and it nicely reproduces the available data.
Depending on photon polarization, th@? range 2—
10 GeV? corresponds to an effective transvegsgsize lying
between 0.5 and 1.2 fm. This region just interpolates be-
tween the short-distance domain and normal hadron diam-
eters, thus allowing a natural extension of the phenomenol-
ogy of hadron-hadron scattering where the model has been
applied originally. Model-dependent features of the light
cone wave functions enter into the magnitude of the produc-
tion cross section. A good experimental separationr,oénd
ot can help to obtain a real breakthrough in our understand-
0 o o2 s o . 06 A2 GevY) ing of diffractive electroproduction, since the physics of the
qqg pair state is so much different for both photon polariza-
FIG. 14. do/dt(A%) for J/y production atQ?=0 and 10  tions. The extension to photoproduction and IQ&-electro-
GeV?2. The upper curve is our prediction for the photoproductionproduction necessitates a modification of the simple pertur-
differential cross section. It can be compared to the measurement #fative gq wave function in the photon.
Ref. [28] (solid circles and to the extrapolation t@?=0 of the The model of the stochastic vacuum cannot predict the
EMC data[27]. Similar data have been measured by NB9] at  behavior of the cross sections as a function of the c.m. en-
Q2=1.5 Ge\2. Also shown are the differential cross sections atergy \/g If all parameters are fixed, it yields constant cross
Q*=10 GeV* for longitudinal (dotted ling and transversélower  sections. We therefore have confined ourselves in this paper
_solu_j I|n_e) photqns. _The dependence of the slopeQ@nand polar- to the energy range 10 Gé/\/EsZO GeV. The absolute
ization is marginal in tha/y case. values for the cross sections are correctly reproduceg for
o, and J/¢ production. Our results fogp production are
) ) ) about a factor of 2 larger than the NMC data; we can, how-
ate transverse dlstancg somewhat contributes to give a fallogver’ explain the)? dependence of the ratio @f to p pro-
flatter than the short-distance one. duction as observed by ZEUS6].
~We next turn to the study of thedependence shown in | the present model the energy dependence of the total
Fig. 14. We find good agreement with the photoproductiomgagdronic cross section and the slope of the elastic cross sec-
measuremer{t28] and with the extrapolation of EM@pen  tjon can be obtained consistently by increasing the hadron
circles. We also note that, contrary to the “large” hadron (agjj (slightly) with energy. Because of the expected differ-
case, there is practically r@* dependence of thefalloff in  ence of the energy dependence of the perturbative and non-
the J/¢ case. perturbative contributionéhard and soft Pomeronsne has
also to take into account perturbative contributions if one
wants to obtain a realistic model of the energy dependence of
V. CONCLUSION diffractive electroproduction. This will be done in a forth-
coming work.
We have calculated the longitudinal and transversal dif-
ferential cross sections for diffractive production pf w, ACKNOWLEDGMENTS
¢, and J/¢y mesons in the range of 2 G8%Q?<10
GeV?. The hadronic part of our calculation is based on a We are indebted to Andrzej Sandacz for providing us
model for nonperturbative QCD, the model of the stochastidhe NMC data and making clear related issues. We have
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fied description of low-energy and soft high-energy scatterRueter. T.G. was supported by the Federal Ministry of
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proton scattering, and lattice calculations of the fundamentdPeutsche Forschungsgemeinschaft under Grant No. GRK
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set very similar to the one used for hadron-hadron scattering
in Ref. [2]. The virtual photon and hadron wave functions APPENDIX A: PHOTON WAVE
are light cone wave functions motivated by perturbation FUNCTION COMPUTATION
theory for the photon and relativistic quark models for the
hadrons; we thus do not have adjustable parameters. A spe- The photon wave function in the framework of light cone
cific feature of electroproduction is the dependence of th@erturbation theory is discussed|i8]. We compute it using
cross sections on the photon virtuali? which is repro-  the rules and conventions given [i@3]. For a photon with
duced by the model almost perfectly. Even @€=10  momentumq=[q*,q”=—Q%2q",q=0], one multiplies a
GeV? the cross sections have not yet reached their asympgolor factor N, a flavor parte;5¢7, a spinor term
totic 1/Q® behavior. Our calculation is consistent with the L _
observed ratio of longitudinal to transverse cross sections. u(zq',k,h)e (. N)y*v(1-2)q",—k,h),
Here precise data at different values @f could discrimi-
nate between different models. In our model, we also cam factor (2zq*) Y4 J2(1—2)q"]~ Y2 for the quark and
calculate the dependence on the tranverse momentum traramtiquark lines, and a light cone energy denominator
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2 2

, kr+m?]? w(1/2)=(1/y2,0,—1/\/2,0),
Q +z(l—z)

—\2q"

w(—1/2)=(0,1/1/2,0,14/2).
The polarization vectors of the photon are(q,0)
=[d7/Q,Q/2q",0] and &(q,+1)=[0,0,— 12, %i/y2]. APPENDIX B: HADRON WAVE
The spinor matrix elements between infinite-momentum- FUNCTION PARAMETERS
frame helicity eigenspinor3] are ) o
The value of the wave function at the origin is related to

u_)/+v=2\/m¢r P the meson leptonic decay constant
o K2+ m2 (013#(0)|V(g,\))=efyMye*(q,)), (B1)
u B = —5 —71 - - .
[ Vz(1—2)q™* hoh which appears in the expression of the vector mesbe™
width:
. (1—2z)ki:ie‘i3k15 - 5i11i5‘25 B Ao
uy'v= _hFM— . -\ 2
7 21-2 " Vziog P(V—eter)= gy,
In the last linei=1,2 and* stands for a minus sign if In the parametrization, Eq3.3), this constraint leads to the
h=+1/2 and for a plus sign whelm=—1/2. determination of the paramete¥. The fixing condition,
By taking the Fourier transform which depends on the meson helicky is
_ d?k ik-r 1
l//(zar)_ (277)26 w(zvk)1 1=J;) dZZl_Z)fL(Z)
one gets the expressions given in E82). In the longitudi- 1 2[22+(1—z)2]w$+ m?2
nal case there is an additiona?)(r) which one can drop = fo z IM22(1—2) f(2), (B2
\%

because the color interaction vanishes at O transverse dis-
tance. oA . .

It is of course possible to obtain a wave function descrip—W'th Ev the effective quark charge in the mesdrexpressed
tion in a covariant approach and we want here to give thd" units of the proton charggsee_ Table)l
steps necessary to get the photon wave function. First, it is '€ normalization condition is
important to notice that a photon-quark-antiquark coupling in
a Feynman graph can be interpreted in terms of a photon (V(a' \)V(a,\))y=(2m)°2q9"8(q"—q' ")
wave function in light cone perturbation theory if thxe

2 ’
ordering is y—qq. This is the case in the formal limit X o(a=a") o, (B3)
g*— + o where this ordering survives. which leads to the relation
The first step is the evaluation of the integral which
leads for asymptotig™ to
’7va
dkTd2Kk [+ ~ f(k*,k™,k) w)\_\/Z—TCAeV\/Ky (B4)
(2m)* J_m (K>—m’+ie)[(k—q)>—m?+ie]

where
dzdPk if(k*,07,k)

T16m° KA mP—z(1-2)9?’

1
'L:f dzZ(1-2)%{(2),
provided f(k~=0) is finite and nonzero. The numerator °
N=i(k+m)(—ieé))i(k—q¢+m) is

1 [+ (1-2)%]w3+m?
IT: f

M2 ().

N=ie{k-e(2K—¢)—k-(k—Q)é+i€,,,,vs7*K'e"q°

+ e—éq+
m(2k-&—£4+mé)} w, and N, are therefore defined by a system of implicit

4 _| b0 5 o equations, Eq(B2) and Eq.(B4). Solutions forw are listed
~ieq"y 6[2(1—2)(] +ke+m7]+(1-22)k- £, in Table | together with the corresponding transverse radius
R, , defined in

+i’y56”3ki8£+mél].

szdzr(r/2)2|¢|2

2 _
The wave function is then obtain¢@3] by taking the helic- Ri=

2 2
ity matrix elementw(h)Nw(—h)/y2q" with J dzcfr|y]
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