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Hard exclusive photoproduction of F mesons
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~Received 27 October 1999; published 10 May 2000!

We calculate the differential cross section and single-polarization observables for the reactiong p → F p
within perturbative QCD, treating the proton as a quark-diquark system. The phenomenological couplings of
gauge bosons to~spatially extended! diquarks and the quark-diquark distribution amplitude of the proton are
adopted from previous investigations of baryon form factors and two-photon processes. Going beyond leading
order, we take into account hadron-mass effects by means of a systematic expansion in the small parameter
~hadron mass/ photon energy!. With theF-meson distribution amplitude taken from the literature our predic-
tions for the differential cross section atutu*4 GeV2 seem to provide a reasonable extrapolation of the low-
t data and are also comparable in magnitude with the results of a two-gluon exchange model in which the
gluons are considered as a remnant of the Pomeron. For momentum transfers of a few GeV hadron-mass
effects appear still to be sizeable.

PACS number~s!: 13.60.Le, 12.38.Bx
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I. INTRODUCTION

In the course of the last few years exclusive photo- a
electroproduction of neutral vector meso
(r, v, F, J/C) at intermediate and high energies has
tained increased theoretical interest, which has been st
lated by corresponding experimental efforts at the Conti
ous Electron Beam Accelerator Facility~CEBAF! @1# and the
DESY ep collider HERA @2#. The aim of the HERA experi-
ments is a more fundamental understanding of Pomeron
nomenology in terms of QCD. Vector-meson dominance
combination with Pomeron exchange proves to be very s
cessful in describing diffractive photo- and electroproduct
of neutral vector mesons, provided the energy is the o
large scale in the process@3#. In their approach Donnachi
and Landshoff@4# assume that the Pomeron couples direc
to on-shell quarks in the vector meson and the proton,
spectively. A QCD-inspired version of Pomeron exchan
in which the Pomeron is replaced by two non-perturbat
~Abelian! gluons, goes back to the same authors@5# and is
usually termed a ‘‘soft Pomeron.’’ In the limitt→0 the soft-
Pomeron exchange becomes very similar to the us
Pomeron exchange. This can be used to interpret the f
factor at the quark-Pomeron vertex@5#. However, if, in ad-
dition to the energy another scale, such as the photon v
ality or the mass of the vector meson, becomes large, pe
bative QCD effects tend to enter the game. For large pho
virtuality ~and small values of Mandelstamt) perturbative
QCD becomes applicable due to a factorization theor
which has been proved in Ref.@6#. The three building blocks
of the factorization formula are the hard photon-parton sc
tering amplitude, the distribution amplitude of the vector m
son and finally a skewed gluon distribution of the proton.
a link between hard inclusive and exclusive reactions wh
generalizes the ordinary parton distributions, skewed pa
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distributions have recently attracted a great amount of in
est~see, e.g., Ref.@7# and references therein!. Electroproduc-
tion with highly virtual photons thus offers a possibility t
study such skewed parton distributions. Within this pertur
tive formalism for vector-meson electroproduction wi
highly virtual photons the two-gluon aspect of the Pomer
emerges automatically in a form which is related to t
skewed gluon distribution in the proton.

One of the aims of photoproduction experiments
CEBAF is, on the other hand, to understand the transit
from non-perturbative to perturbative production mech
nisms. In the case of photoproduction the transverse mom
tum transferp'

2 'tu/s has to be large in order for perturba
tive QCD to become applicable. The pertinent factorizat
formula, which in general holds for arbitrary exclusive ha
ronic processes at large transverse momenta, is the resul
leading-order perturbative analysis. It represents a hadr
amplitude as a convolution integral of a hard-scattering a
plitude with distribution amplitudes~DAs! @8#. The process-
dependent hard-scattering amplitude is perturbatively ca
lable and represents the scattering of hadronic constituen
collinear approximation. The process-independent DAs c
tain the non-perturbative bound-state dynamics of the h
ronic constituents. There is no doubt that this hard-scatte
approach~HSA! gives the correct description of exclusiv
hadronic processes in the limit of asymptotically large m
mentum transfer. But there is increasing evidence that
pure perturbative contribution is not the dominant one
experimentally accessible momentum transfers. A reason
reproduction of the existing exclusive large-t data is only
achieved with very end-point-concentrated hadron DAs, s
as those proposed by Chernyak and Zhitnitsky on the b
of QCD sum rules@9#. Such DAs, however, turn out to b
problematic for a perturbative calculation since they enha
contributions from the soft end-point regions in the convo
tion integral@10#. Some improvement with regard to the co
sistency of the perturbative calculation can be achieved
applying a modified factorization scheme in whic
©2000 The American Physical Society26-1
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transverse-momentum effects and Sudakov suppression
included. But this leads to a substantial reduction of the p
turbative contribution@11#. For the pion an end-point con
centrated DA meanwhile seems even to be ruled out by
recent CLEO data@12# for the pg-transition form factor,
since it provides a much too large perturbative result. On
other hand, it has been shown recently for electromagn
nucleon form factors@13# and for wide-angle Compton sca
tering @7,14# off protons that the existing data can be sa
rated by soft overlap contributions. Furthermore, these c
tributions can be modeled by a nucleon light-cone wa
function which gives rise to a distribution amplitude close
the asymptotic one. This, however, implies that the pertur
tive contribution becomes small.

The approach which we are going to apply for hard e
clusive photoproduction ofF mesons is still based on th
HSA but includes also a certain amount of soft phys
which is modeled by means of diquarks. Diquarks may
considered as an effective way to account for quark-qu
correlations in baryon wave functions. Part of the soft ov
lap contributions are then absorbed into phenomenologic
parametrized diquark form factors which occur at the gau
boson diquark vertices. This HSA-based diquark model
already been applied successfully to other photon-indu
hadronic reactions like magnetic and electric baryon fo
factors in the space-like@15# and time-like region@16#, real
and virtual Compton scattering@17,18#, two-photon annihi-
lation into baryon-antibaryon@16,18#, and photoproduction
of K mesons@19#. Further applications of the diquark mod
include the charmonium decayhc→pp̄ @16# and the calcu-
lation of Landshoff contributions in elastic proton-proto
scattering@20#. The purpose of the present investigation is
extend this foregoing work tog p → F p. The reason why
we concentrate on theF channel is that it is cleaner an
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simpler than photoproduction ofr or v mesons. Within the
HSA the valence Fock state of theF, i.e. thes-s̄ state, can
only be produced via the exchange of two gluons betw
theF and the proton. Quark exchange could only happen
the knockout of ans-s̄ pair from the strange-quark sea in th
nucleon which is, however, power suppressed within
HSA.

In the following section we start with a short outline o
the diquark model, show how Feynman diagrams are pr
erly grouped according to their propagator singularities~Sec.
II B !, sketch how we deal with the propagator singularit
numerically~Sec. II C!, and present our treatment of hadro
mass effects~Sec. II D!. Section III summarizes how photo
production of vector mesons is described in terms of helic
amplitudes. Furthermore, the fixed-angle scaling behavio
these helicity amplitudes is discussed and related to the tr
ment of mass effects. Analytical expressions for the hard p
of the hadron-helicity-conserving amplitudes are also giv
in this section. Our predictions for photoproduction obse
ables along with predictions from Pomeron and so
Pomeron exchange are presented in Sec. IV. At the en
this section we comment on the prospects of extending
calculation to photoproduction ofJ/C mesons. Finally, a
summary and concluding remarks can be found in Sec.

II. FORMALISM

A. Hard-scattering formalism with diquarks

As already mentioned before, within the HSA an exc
sive scattering amplitude at large momentum transfer is
pressed as a convolution integral of a hard-scattering am
tude with hadron distribution amplitudes@8#. For the
photoproduction reactiong p → F p, which we are inter-
ested in, this integral takes the particular form
M $l%~ ŝ, t̂ !5E
0

1

dx1dy1dz1fF†~z1 ,p̃'!fp†~y1 ,p̃'!T̂$l%~x1 ,y1 ,z1 ; ŝ, t̂ !fp~x1 ,p̃'!. ~2.1!
eir
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ring

-
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l
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The distribution amplitudesfH are probability amplitudes
for finding the valence Fock state in the hadronH with the
constituents carrying certain fractions of the momentum
their parent hadron and being collinear up to a factorizat
scalep̃' . In our model the valence Fock state of an ordina
baryon is assumed to consist of a quark~q! and a diquark
(D). We fix our notation in such a way that the momentu
fraction appearing in the argument offH is carried by the
quark—with the momentum fraction of the other constitue
~either diquark or antiquark! it sums up to 1~cf. Fig. 1!. For
our actual calculations the~logarithmic! p̃' dependence o
the DAs is neglected throughout since it is of minor impo
tance in the restricted energy and momentum-transfer ra
we are interested in. The hard scattering amplitudeT̂$l% is
calculated perturbatively. Intrinsic transverse momenta of
constituents are thereby neglected; i.e., one assumes tha
f
n
y

t

-
ge

e
the

momenta of the constituents are collinear to those of th

parent hadron.T̂$l% consists in our particular case of all po
sible tree diagrams contributing to the elementary scatte

processg q D → Q Q̄ q D. Eight of the, altogether, 16 dia
grams which contribute to photoproduction of~heavy!

quarkonia are depicted in Fig. 2. The subscript$l% of T̂
represents a set of possible photon, proton and vector-m
helicities. For our purposes it appears to be more conven
to express the analytical results in terms of massless M

delstam variablesŝ, t̂ , and û than in terms of the usua
~massive! ones. A detailed account of our treatment
hadron-mass effects is given in Sec. II D below.

The diquark model, as applied in Refs.@15–19#, com-
prises scalar (S) as well as axial-vector~V! diquarks. The
dynamics ofS and V diquarks is determined by their cou
6-2
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HARD EXCLUSIVE PHOTOPRODUCTION OFF MESONS PHYSICAL REVIEW D 61 114026
pling to photons and gluons. The expressions for the pho
diquark and gluon-diquark vertices correspond~almost! to
the most general form for the~parity and time-reversal in
variant! coupling of a spin-1 gauge boson to a spin-0 o
spin-1 particle, respectively@15#. TherebyV diquarks are
allowed to possess an anomalous~chromo!magnetic moment
kV . In applications of the model Feynman graphs a
calculated first with the corresponding Feynman rules
point-like diquarks. As a second step, Feynman graphs w
(n22) gauge bosons coupling to the diquark are combi
in a group which we call ‘‘n-point contribution.’’ Finally the
composite nature of diquarks is taken into account by mu
plying eachn-point contribution with phenomenological ve
tex functions, the diquark form factors. The particular cho

FS
(3)~Q2!5dS

QS
2

~QS
21Q2!

, ~2.2!

FV
(3)~Q2!5dVS QV

2

QV
21Q2D 2

, ~2.3!

for 3-point contributions, and

FS
(n)5aSFS

(3)~Q2!, ~2.4!

FIG. 1. Graphical representation of the hard-scattering form
Eq. ~2.1!, for g p→M p. Herexi , yi , andzi denote longitudinal
momentum fractions of the constituents.
a
sa
Eq
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FV
(n)5aVFV

(3)~Q2!S QV
2

QV
21Q2D (n23)

, ~2.5!

for n-point contributions (n>4), ensures that in the limi
Q2→` the scaling behavior of the diquark model goes ov
in that of the pure quark HSA. The factordS(V)

5as(Q
2)/as(QS(V)

2 ) (dS(V)51 for Q2<QS(V)
2 ) provides

the correct powers ofas(Q
2) for asymptotically largeQ2.

For the running couplingas the one-loop resultas

512p/25ln(Q2/LQCD
2 ) is used withLQCD5200 MeV. In ad-

dition as is restricted to be smaller than 0.5. HereaS andaV
are strength parameters which allow for the possibility
diquark excitation and breakup in intermediate states wh
diquarks can be far off shell.

Having sketched how diquarks are treated perturbativ
a few words about the choice of the DAs~which incorporate
the bound-state dynamics of the hadronic constituents! and
the spin-flavor wave functions of the proton and theF are in
order. If one assumes zero relative orbital angular mom
tum between quark and diquark and takes advantage of
collinear configuration @pq5x1pB and pD5x2pB5
(12x1)pB], the valence Fock-state wave function of an o
tet baryonB may be written as

FIG. 2. Eight of the, altogether, 16 tree-level diagrams wh

contribute to the elementary processg q D→Q Q̄ q D. The remain-
ing diagrams are obtained by interchanging the two gluons.
have also indicated how the diagrams are grouped to gauge in
ant expressions.

,

CB~pB ;l!5 f S
BfS

B~x1! xS
B u~pB ,l!1 f V

B fV
B~x1! xV

B 1

A3
S ga1

pB
a

mB
D g5u~pB ,l!. ~2.6!
r

The two terms in Eq.~2.6! represent states consisting of
quark and either a scalar or a vector diquark. The plea
feature of the covariant wave-function representation,
~2.6!, is that it contains, besidesx1 anda ~the Lorentz index
nt
.

of the vector-diquark polarization vector!, only baryonic
quantities ~momentumpB , helicity l, baryon massmB).
Assuming an SU~6!-like spin-flavor dependence, the flavo
functionsxD

p for a proton take on the form
6-3
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C. F. BERGER AND W. SCHWEIGER PHYSICAL REVIEW D61 114026
xS
p5uS[u,d] , xV

p5@uV$u,d%2A2dV$u,u%]/A3. ~2.7!

In Eq. ~2.6! the color part of the quark-diquark wave fun
tion has been neglected. Since the quark-diquark state h
be a color singlet, the diquark has to be in a color antitrip
state~like an antiquark! Thus the quark-diquark color wav
function is simplycqD

color5(1/A3)(a51
3 daā .

Like the baryon wave function, Eq.~2.6!, also theQ-Q̄
wave function of a vector mesonM can be represented in
covariant way:

CM~pM ;l!52 f M fM~z1 ,l! xM
1

A2
~p”M1mM !e” ~l!,

~2.8!

with e(l) denoting the polarization vector of the vector m
son. The flavor function of theF is xF5ss̄.

In Refs. @15–19# a quark-diquark DA of the form (c1
5c250 for S diquarks!

fD
B~x1!5NBx1~12x1!3~11c1x11c2x1

2!

3expF2b2S mq
2

x1
1

mD
2

~12x1!
D G ~2.9!

turned out to be quite appropriate for octet baryonsB. The
origin of the phenomenological baryon DA, Eq.~2.9!, is a
non-relativistic harmonic-oscillator wave function~cf. Ref.
@21#!. Therefore the masses appearing in the exponen
have to be considered as constituent masses~330 MeV for
light quarks, 580 MeV for light diquarks; strange quarks a
150 MeV heavier than light quarks!. The oscillator paramete
b250.248 GeV22 is chosen in such a way that the full wav
function gives rise to a value of 600 MeV for the me
intrinsic transverse momentum of quarks inside a nucle
This value of the mean intrinsic transverse momentum
consistent with the one found by the EMC@22# in semi-
inclusive deep inelasticmp scattering. The exponential in th
baryon DA, Eq.~2.9!, not only provides a flavor dependenc
but also suppresses the end-point regionsx1 , y1 →0, 1 in the
convolution integral, Eq.~2.1!. One thus avoids to pick up
sizable contributions from the soft end-point regions and
sults become less dependent on details of the baryon DA
the actual data fitting the exponential plays only a minor ro
Therefore, the constituent masses and the oscillator pa
eter have not been considered as free parameters but
been fixed in advance. We stress that the constituent ma
do not appear in the hard scattering amplitudes~cf. Sec. II D
below!.

A model for theF meson DA which fulfills QCD sum-
rule constraints has been proposed by Benayoun
Chernyak@23#. Since we also want to investigate to whic
extent our calculations forF production may be generalize
to J/c production, we modify this DA by attaching an ex
ponential factor which provides a flavor dependence. T
effect of this factor is negligible forf ’s, but it becomes
crucial for J/c ’s. The form of the exponential factor is in
spired by a simple relativistic treatment of heavy meso
11402
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@24# and provides a flavor dependence in accordance w
heavy-quark effective theory. For longitudinally polarize
f ’s andJ/c ’s the DA reads (M5F,J/c)

fM~z1 ,lM50!5NlM50
M z1~12z1!exp@2b̃2mM

2 ~z120.5!2#.

~2.10!

The DA for transversally polarizedf ’s andJ/C ’s contains
an additional polynomial inz1 which enhances the maximum
at z150.5 and makes it narrower:

fM~z1 ,lM561!5NlM561
M z1~12z1!

3exp@2b̃2mM
2 ~z120.5!2#

3@5225.2z1
6~12z1!6

10.39z1~12z1!#. ~2.11!

This form for the DA of transversally polarizedF mesons
has been introduced in Ref.@23# ~apart from the exponential!
to satisfy QCD sum-rule constraints on the lowest mome
of fF(z1 ,lF561). In our present investigation, howeve
it is only relevant that this DA is narrower than th
asymptotic one. Our numerical studies show that choos
insteadfF(z1 ,lF561)}z1

8(12z1)8 would change the re-
sults for differential cross sections and polarization obse
ables by less than 5%. For the oscillator parameterb̃ we take
a value of 0.97 GeV21 in accordance with estimates for th
radius of theJ/c meson@25#.

The usual normalization condition,*0
1dxfH(x)51, fixes

the constantsNB and NlF

M in Eqs. ~2.9!, ~2.10!, and ~2.11!.

The quantity f M showing up in Eq.~2.8! is related to the
experimentally determinable decay constantf decay

M of the me-
son M. From the radiative decay width of theF→e1e2

decay one gets a value off decay
F 523764 MeV @26#, whereas

from QCD sum rules one derivesf decay
F 5230 MeV @23#. The

latter givesf F5 f decay
F /2A6546.95 MeV which we take for

our calculations. The analogous constantsf S
B and f V

B for the
q-D DAs of baryonB are free parameters of the diqua
model. They are, in principle, determined by the probabil
to find theq-D state (D5S,V) in the baryonB and by the
transverse-momentum dependence of the correspon
wave function.

Our present study is performed with the set of diqua
model parameters found in Ref.@15# by fitting elastic
electron-nucleon scattering data. The numerical values of
parameters are

f S573.85 MeV, QS
253.22 GeV2, aS50.15,

f V5127.7 MeV, QV
251.50 GeV2, aV50.05,

kV51.39, c155.8, c25212.5. ~2.12!

For further details of the diquark model we also refer to t
paper of Jakobet al. @15#.
6-4
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B. General structure of the hard-scattering amplitude

The introduction of diquark form factors already requir
a decomposition of the hard-scattering amplitudeT̂$l% into 3-
and 4-point contributions

T̂$l%~x1 ,y1 ,z1 ; ŝ, t̂ !5esT̂$l%
(Q,S)~x1 ,y1 ,z1 ; ŝ, t̂ !

1euT̂$l%
(q,S)~x1 ,y1 ,z1 ; ŝ, t̂ !

1eS[u,d]
T̂$l%

(S)~x1 ,y1 ,z1 ; ŝ, t̂ !

1esT̂$l%
(Q,V)~x1 ,y1 ,z1 ; ŝ, t̂ !. ~2.13!
b-
th

he

o
y

le
al

n
o

11402
eq andeS[u,d]
are the electric charges of the quarkq and the

SdiquarkS[u,d] in units ofe0, respectively. The superscript
indicate whether the photon couples to the heavy quarkQ in
the meson or the light quarkq in the proton with the diquark
D5S,V acting as spectator~3-point contributions!, or
whether the photon couples to theS or V diquark in the
proton ~4-point contributions!. Note that the onlyV-diquark
contribution isT̂$l%

(Q,V) . The reason is that the charge-flav

factor in front ofT̂$l%
(q,V) vanishes andT̂$l%

(V) represents already
a mass correction of second order, which is neglected in
calculation. For the numerical treatment of the convoluti
integral, Eq. ~2.1!, it is advantageous to further split th
n-point contributions into two parts which differ by the
propagator singularities:
T̂$l%
(Q,D)~x1 ,y1 ,z1 ; ŝ, t̂ !5F f $l%

(Q,D)~x1 ,y1 ,z1 ; ŝ, t̂ !

~ q̂2
21 i e!~ q̂5

21 i e8!
1

g$l%
(Q,D)~x1 ,y1 ,z1 ; ŝ, t̂ !

~ q̂3
21 i e!~ q̂4

21 i e8!
GFD

(3)~2x2y2 t̂ !,

T̂$l%
(q,D)~x1 ,y1 ,z1 ; ŝ, t̂ !5F f $l%

(q,D)~x1 ,y1 ,z1 ; ŝ, t̂ !

~ ĝ1
21 i e!~ q̂2

21 i e8!
1

g$l%
(q,D)~x1 ,y1 ,z1 ; ŝ, t̂ !

~ ĝ1
21 i e!~ q̂3

21 i e8!
GFD

(3)~2x2y2 t̂ !,

T̂$l%
(D)~x1 ,y1 ,z1 ; ŝ, t̂ !5F f $l%

(D)~x1 ,y1 ,z1 ; ŝ, t̂ !

~ ĝ2
21 i e!~ q̂5

21 i e8!
1

g$l%
(D)~x1 ,y1 ,z1 ; ŝ, t̂ !

~ ĝ2
21 i e!~ q̂4

21 i e8!
GFD

(4)~2x2y2 t̂ !. ~2.14!
ed-
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The functionsf and g correspond to gauge-invariant su
groups of the 16 Feynman diagrams which contribute to
hard-scattering amplitudeT̂$l% ~cf. Fig. 2!. The diagrams en-
tering theg’s are related to those entering thef ’s by inter-
change of the two gluons. Theqi

22 andgi
22 denote just those

quark and gluon propagators which can go on shell w
integrating overx1 , y1, and z1. Explicitly, the propagator
denominators read

q̂2
25y2z2ŝ1x2y2 t̂1x2z2û, q̂3

25y2z1ŝ1x2y2 t̂1x2z1û,

q̂4
25y1z2ŝ1x1y1 t̂1x1z2û, q̂5

25y1z1ŝ1x1y1 t̂1x1z1û,

ĝ1
25x1y2ŝ1x2y1û, ĝ2

25x2y1ŝ1x1y2û. ~2.15!

As already indicated in Eq.~2.14! propagator singularities
are treated by means of the usuali e prescription. The result-
ing imaginary part in the amplitudes is considered as a n
trivial prediction of perturbative QCD which is unaffected b
long-distance effects@27#. As we will see below, it gives rise
to non-vanishing predictions for polarization observab
which require the flip of a hadronic helicity. For analytic
expressions of the functionsf and g and their symmetry
properties we refer to Sec. III.

C. Numerical treatment of propagator singularities

The numerical difficulties in performing the convolutio
integral, Eq.~2.1!, are mainly caused by the occurrence
e

n

n-

s

f

propagator singularities in the range of the (x1 ,y1 ,z1) inte-
gration. These give rise to principal value integrals

1

k26 i e
5`S 1

k2D 6 ipd~k2!. ~2.16!

As explained in some detail in Ref.@19# such integrals can
still be treated by means of a rather fast and stable fix
point Gaussian quadrature after carefully separating the p
cipal value parts and doing the corresponding integrati
analytically. Here we only want to give a short account
our integration procedure. We first perform thex1 integration
for which the various contributions to the hard scatteri
amplitude @cf. Eq. ~2.14!# lead to integrals of the genera
form

I (k1 ,k2)~y1 ,z1!5E
0

1

dx1

h~x1 ,y1 ,z1!

~k1
21 i e!~k2

21 i e8!
. ~2.17!

In order to simplify the notation we have neglected helic
labels and the dependence on the Mandelstam variablŝ

and t̂ . Furthermore, the distribution amplitudes have be
absorbed into the functionh(x1 ,y1 ,z1). By applying a par-
tial fractioning, exploiting Eq.~2.16!, and separating the
principal value part, Eq.~2.17! may be rewritten to give
6-5
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I (k1 ,k2)~y1 ,z1!5
1

x1
(k1)

2x1
(k2)

1 i ẽ
H S ]k2

2

]x1
D 21E

0

1

dx1

h~x1 ,y1 ,z1!2h~x1
(k1) ,y1 ,z1!

k1
2

1S ]k2
2

]x1
D 21

h~x1
(k1) ,y1 ,z1!S `E

0

1dx1

k1
2

2 ipU]k1
2

]x1
U21D 2same~k1↔k2!J . ~2.18!
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x1
(k1)

5x1
(k1)(y1 ,z1) and x1

(k2)
5x1

(k2)(y1 ,z1) are the zeros of

the propagator denominatorsk1
2 and k2

2, respectively, andẽ
stands for eithere or e8, depending for which of the two the
limit e (8)→0 has been taken. As long as the two zerosx1

(k1)

andx1
(k2)

~which still depend ony1 andz1! do not coincide in
the (y1 ,z1)-integration region—this is the case for the co
tributions of f (q,D), g(q,D), f (D), andg(D)—the (x1 ,y1 ,z1)
integration can be performed very efficiently with the help
Eq. ~2.18!. After analytic integration of the two principal
value integrals in Eq.~2.18! ~which is a simple matter! all the
integrands of the remaining integrations are regular functi
of the integration variables and can be treated by fixed-p
Gaussian quadrature.

For f (Q,D) and g(Q,D), however, the situation becomes
little bit more complicated. After having performed thex1
integration in Eq.~2.18! one observes that the two propag
tor singularitiesx1

(k1) andx1
(k2) coincide along a trajectory in

the (y1 ,z1)-integration region. This leads to a quadratic ze
y1

(k1 ,k2)
5y1

(k1 ,k2)(z1) of (x1
(k1)

2x1
(k2)). A closer inspection of

Eq. ~2.18! reveals that this quadratic zero in the denomina
of I (k1 ,k2)(y1 ,z1) does not cause any further problem wh
performing the (y1 ,z1) integration for the real part o
I (k1 ,k2)(y1 ,z1). The reason is that it is completely compe
sated by a corresponding quadratic zero in the numerato
RI (k1 ,k2)(y1 ,z1). In II (k1 ,k2)(y1 ,z1), however, the zero o
(x1

(k1)
2x1

(k2)) is only partly compensated by the numera
and one still encounters a single pole. At the po
II (k1,k2)(y1,z1) becomes proportional to (y12y1

(k1 ,k2))/

@(y12y1
(k1,k2))21 i ẽ #5$1/(y12y1

(k1,k2)
1 i ê)11/(y12y1

(k1 ,k2)

2 i ê)%/2. As a consequence *0
1dy1II (k1 ,k2)(y1 ,z1)

becomes a pure principal-value integral@cf. Eq. ~2.16!#:

E
0

1

dy1II (k1 ,k2)~y1 ,z1!5`E
0

1

dy1II (k1 ,k2)~y1 ,z1!,

~2.19!

which can be treated numerically analogous to the princip
value integral inx1. One only has to separate the principa
value part and do the corresponding integration analytica
For this purpose the analytical expression of the residue
II (k1 ,k2)(y1 ,z1) at the position of the poley1

(k1 ,k2)(z1) is
needed. The remaining integrations are then again amen
to Gaussian quadrature.

Thus it is possible, by carefully separating the singu
contributions, exploitingd functions, rewriting principal-
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value integrals as ordinary integrals plus analytically so
able principal-value integrals, to do all the numerical integ
tions by means of fixed-point Gaussian quadrature. Whe
the authors of Ref.@28#, who have used a different integra
tion procedure, were only able to obtain reliable results
the imaginary part of the convolution integral, Eq.~2.1!, our
numerical results for the imaginaryand real parts turn out to
be very stable. Going from anx13y13z1 grid of 24324
320 points to a 48348332 grid changes the results for th
amplitudes~over the whole angular range! by less than 0.1%.
Our numerical calculations were performed on an AlphaS
ver 1000 4/266. For the larger grid size the evaluation
ds/dt(gp→Fp) ~taking into account the 8 hadronic non
and single-flip amplitudes! took less than 7 sec per energ
point and angle.

D. Treatment of mass effects

Our calculation of the hard-scattering amplitude involv

an expansion in powers of (mH /Aŝ) which is performed at
fixed scattering angle. We keep only the leading order a
next-to-leading order terms in this expansion. Hadr
masses, however, are fully taken into account in flux a
phase-space factors. The reasons why we want to inc
hadron-mass effects in the hard scattering amplitude are
fold. On the one hand, we want to apply our model already
momentum transfers of only a few GeV, where hadr
masses may still play a role. On the other hand, we also w
to make predictions for spin observables which require
flip of hadronic helicities. Within usual perturbative QC
such observables would vanish since a spin-1 gauge bo
which couples to a nearly massless~current! quark cannot
flip the helicity of the quark. In the original diquark mode
@15# violations of hadronic helicity conservation are gene
ated by massiveV diquarks on the account of introducing
mass parameter for theV diquark. In this paper we adop
another strategy which allows for a more consistent tre
ment of mass effects without introducing new mass para
eters for the hadronic constituents. Like the authors of R
@29# we assume for every hadronic constituent that
4-momentum is proportional to the 4-momentum of its p
ent hadron. This requires us to assign to every constituen
the hadronH an effective massxmH , wherex is the fraction
of the four-momentum of the hadronH carried by the con-
stituent. Keeping in mind that the momentum fractions a
weighted by the hadron DAs in the convolution integral, E
~2.1!, this means that quarks and diquarks acquire~on the
average! a mass which is rather the mass of a constitu
than a current particle. This may be interpreted in such a w
6-6
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that at intermediate momentum transfers a quark or diqu
surrounded by a cloud ofqq̄ pairs and gluons is not resolve
but rather acts like a single effective particle with a cor
sponding mass.

This prescription for the constituent masses applies to
~on-shell! particles which correspond to the external legs
the Feynman diagrams. It has already been tacitly explo
when casting the hadronic spin wave functions into covar
form @cf. Eqs.~2.6! and~2.8!#. Taking the quark-diquark DA
of Eq. ~2.9! the average values of the effective masses
quarks and diquarks in a proton become

^mq
eff&5^x1&mp'

1

3
mp ,

^mD
eff&5^~12x1!&mp'

2

3
mp.

~2.20!

Analogously the effective mass of the heavy~anti!quark in
the meson becomes on the average half of the meson m
The choice of the masses which occur in the propagator
internal particles is not that obvious, since, e.g., a quark
the incoming proton has massx1mp whereas the same quar
in the outgoing proton has massy1mp . So what should we
take for the mass of this quark between two vertices?
order to explain our recipe we, e.g., consider the momen
of the heavy quark between the two gluon vertices in
third diagram of Fig. 2. It is

q55z1k1y1pf2x1pi , ~2.21!

with pi , pf and k representing the 4-momenta of the ha
rons as indicated in Fig. 1. The quark mass in the propag
s

i
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related toq5 is now obtained by replacing the 4-momenta
Eq. ~2.21! by the masses of the corresponding particles,

mQ
(q5)

5z1mM1~y12x1!mp . ~2.22!

Taking again into account that the momentum fractions
weighted by the hadron DAs, Eq.~2.9! and Eq.~2.10!, the
average heavy quark mass in the propagator beco
^mQ

(q5)
&'0.5mM . Extending this recipe to all the quark an

diquark propagators and using the covariant wave-func
representations, Eqs.~2.6! and ~2.8!, for the external par-
ticles, leads to analytical expressions for the Feynman
grams which contain~apart of the momentum fraction
xi , yi , and zi) only hadronic momenta, masses, spino
polarization vectors, and helicities. The occurring traces
spinor products can be evaluated in the usual way. The fi
step is then to reexpress the~massive! Mandelstam variables
s, t, andu in terms of massless ones

s5 ŝ@11O~mH
2 / ŝ!# with ŝ54q2,

t5 t̂ @11O~mH
2 / ŝ!# with t̂522q2@12cos~uc.m.!#,

u5û@11O~mH
2 / ŝ!# with û522q2@11cos~uc.m.!#,

~2.23!

and to make an expansion in terms of the~small! parameters

(mH /Aŝ), keeping the scattering angleuc.m. fixed. In order
to facilitate the treatment of propagator singularities we
tain only the leading and next-to-leading order terms in t
expansion. Taking again as an example the propagato
lated to the momentumq5 @cf. Eq. ~2.21!# the propagator
denominator becomes
~q5
22mQ

(q5)2!5y1z1@s2~mp1mM !2#1x1y1t1x1z1@u2~mp2mM !2#

5y1z1ŝ@11O~mH
2 / ŝ!#1x1y1 t̂ @11O~mH

2 / ŝ!#1x1z1û@11O~mH
2 / ŝ!#'q̂5

2, ~2.24!
g

ns
o

off
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ef.
hence the quark propagator is given by

q” 51mQ
(q5)

q̂5
21 i e

. ~2.25!

I.e., by neglecting mass corrections ofO(mH
2 / ŝ) we end up

with propagator denominators which still appear like tho
of massless particles@cf. Eq. ~2.15!#. Apart from the simpli-
fications in the treatment of propagator singularities and
the analytical expressions for the hard part of the amplitu
our approximate treatment of mass effects has a few o

nice features. By including mass corrections ofO(mH /Aŝ)
we obtain non-vanishing results for hadron-helicity-flip a
plitudes and thus for polarization observables which requ
the flip of a hadronic helicity~see the discussion in the ne
e

n
s

er

-
e

section!. Like the leading-order hadron-helicity-conservin
amplitudes also the hadron-helicity-flip amplitudes areU(1)
gauge invariant with respect to the photon andSU(3) gauge
invariant with respect to the gluon. Finally, crossing relatio
for the hadronic helicity amplitudes are fulfilled up t

O(mH /Aŝ), as has been shown for Compton scattering
baryons and its crossed processgg→BB̄ @18#.

III. HELICITY AMPLITUDES AND OBSERVABLES

For exclusive photoproduction of vector mesonsg p
→ M p one finds, altogether, 24 complex helicity amp
tudes. By virtue of parity invariance only 12 of these helic
amplitudes are independent. Following the notation of R
@30# we denote them by
6-7
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H1,lF
5MlF ,l f511/2,lg51,l i521/2,

H2,lF
5MlF ,l f511/2,lg51,l i511/2,

H3,lF
5MlF ,l f521/2,lg51,l i521/2,

H4,lF
5MlF ,l f521/2,lg51,l i511/2,

~3.1!

with lF50,61. For our normalization of the helicity ampli
te
o
ie
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ize
s

o
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e
rg

itu
lin

11402
tudes the unpolarized differential cross section takes on
form

ds

dt
5

1

32p~s2mp
2!2 (

lF50,61
(
i 51

4

uHi ,lF
u2. ~3.2!

As examples for single spin observables, for which o
model provides nontrivial predictions, we will consider th
beam and target asymmetry. The corresponding express
are @30#
Sx

ds

dt
5

ds i

dt
2

ds'

dt
52

1

16p~s2mp
2!2

R~H4,1* H1,212H4,0* H1,01H4,21* H1,12H3,1* H2,211H3,0* H2,02H3,21* H2,1! ~3.3!

for the photon and

Ty

ds

dt
52

1

16p~s2mp
2!2

I~H4,21* H3,211H4,0* H3,01H4,1* H3,11H2,21* H1,211H2,0* H1,01H2,1* H1,1! ~3.4!

for the proton, respectively.
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In photoproduction of vector mesons experimentalists of
extract the vector meson’s spin-density matrix elements fr
its decay distribution. These studies are simplest and y
most direct information in one of the rest frames of the d
caying vector meson. If one chooses the (s-channel! helicity
rest frame of the vector meson and considers unpolar
photons and protons, this density matrix is easily expres
in terms of our helicity amplitudes in thegp c.m. system:

r
lfl

f8
0

5

(
l f ,lg ,l i

MlF ,l f ,lg ,l i
M

l
F8 ,l f ,lg ,l i

*

(
l̃F ,l f ,lg ,l i

uM l̃F ,l f ,lg ,l i
u2

. ~3.5!

For the connection between density matrices in the m
commonly used rest frames~helicity, Gottfried-Jackson
Adair and transversity frame! and the definition of these
frames we refer to Ref.@31#.

Within the hard scattering approach the energy dep
dence of the helicity amplitudes at fixed c.m. angle and la
s is roughly

H2,0,H3,0}s25/2,

H1,0,H4,0,H2,1,H3,1,H2,21 ,H3,21}s23,

H1,1,H4,1,H1,21 ,H4,21}s27/2, ~3.6!

depending on whether the helicity of the hadronic const
ents is conserved or flipped by one or two units. This sca
n
m
ld
-

d
ed

st

n-
e

-
g

behavior is modified by logarithms due to the running co
pling as and, eventually, the evolution of the hadron dist
bution amplitudes. Further deviations are due to the diqu
form factors. For small momentum transfers diquarks app
nearly point like and the decay behavior of the helicity a
plitudes is weakened by one power ofs. The energy depen
dence in Eqs.~3.6! is only approached at large enough m
mentum transfer, where the diquark form factors beco
fully operational.

For the helicity amplitudes our treatment of mass effe

~cf. Sec. II D! leads to an expansion in powers of (mH /Aŝ)2.
As compared to the hadron-helicity-conserving amplitud
H2,0 andH3,0, the leading-order term of the single-flip am
plitudes H1,0, H4,0, H2,61, and H3,61 is suppressed by

O(mH /Aŝ). The leading-order term of the double-flip am

plitudesH1,61 and H4,61 is even suppressed by (mH /Aŝ)2

and thus has the same order as the first~non-vanishing!
mass-correction term of the hadron-helicity-conserving a
plitudes. To simplify matters we only consider non- a
single-flip amplitudes to leading-order and neglect doub
flip amplitudes at all.

In the following we quote the analytical results for th
functionsf andg which have been obtained with the help
the symbolic computer program ‘‘MATHEMATICA ,’’ in par-
ticular with the two program packages ‘‘FEYNARTS’’ @32#
and ‘‘FEYNCALC’’ @33#. In case of the hadron-helicity con
serving amplitudeH3,0, i.e. for the helicity combination
lF50, l f521/2, lg511, l i521/2, the functions f
read
6-8
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f $0,21/2;11,21/2%
(Q,S) 52

6mp
2

k t̂
f $0,21/2;11,21/2%

(Q,V)

522V
û

x1x2y1y2z1z2 t̂3
„~z22z1!$z1z2û2@x1~11x2!2y1~11y2!#1 t̂ û~x21y2!~x12z1!~y1z21y2z1!

2y2z1
2 t̂2~11y2!%1x1y2 t̂2@4z1

2~y12z1!1y1~x21z2!1z1~2x1z123y1!#…, ~3.7a!

f $0,21/2;11,21/2%
(q,S) 52

6mp
2

k t̂
f $0,21/2;11,21/2%

(q,V) 524V
1

x2y1 t̂
$x2z1û1y2z2ŝ%, ~3.7b!

f $0,21/2;11,21/2%
(S) 524V

1

x1y1 t̂
$x1z1û1y1z2ŝ%, ~3.7c!
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V532p2Apa as
2~ t̂ û/ ŝ!A2 t̂ CF , ~3.8!

whereCF52/3A3 denotes the color factor anda the fine-
structure constant, respectively. The functionsg are related
to the f ’s in a simple way:

g$0,21/2;11,21/2%
(Q,D) 5 f $0,21/2;11,21/2%

(Q,D) ~z1↔z2!, ~3.9a!

g$0,21/2;11,21/2%
(q,D) 52 f $0,21/2;11,21/2%

(q,D) ~z1↔z2! ,
~3.9b!

g$0,21/2;11,21/2%
(S) 52 f $0,21/2;11,21/2%

(S) ~z1↔z2!.
~3.9c!

Vector 4-point contributionsf (V) andg(V) are, in general~for
all helicity combinations!, suppressed byO(mH

2 / ŝ) or even
stronger. Relations analogous to Eqs.~3.9! are also valid
between thef ’s andg’s entering the otherlF50 amplitudes
H1,0, H2,0, and H4,0. The functions f contributing to
H2,0—the other hadron-helicity conserving amplitud
~helicity combination lF50, l f511/2, lg511,
l i511/2)—are obtained from those enteringH3,0 by inter-
change of the Mandelstam variablesŝ↔û and the momen-
tum fractionsx1↔y1:

f $0,11/2;11,11/2%
(Q,D) 5 f $0,21/2;11,21/2%

(Q,D) ~ ŝ↔û,x1↔y1!,
~3.10a!

f $0,11/2;11,11/2%
(q,D) 52 f $0,21/2;11,21/2%

(q,D) ~ ŝ↔û,x1↔y1!,
~3.10b!

f $0,1 1/2 ;11,1 1/2%
(S) 52 f $0,21/2;11,21/2%

(S) ~ ŝ↔û,x1↔y1!.
~3.10c!

The analytical expressions for the hadron-helicity-flip amp
tudesH1,0, H4,0, H2,61, andH3,61 are of similar length as
the expressions quoted above and can be obtained from
11402
-

the

authors on request. Like in Eqs.~3.7! the vector 3-point con-
tributions toH2,61 andH3,61 are proportional to the corre
sponding scalar ones. It is also interesting to observe that
to the ~anti!symmetry properties of the Feynman graphs u
der interchange of the momentum fractionsz1 and z2 @cf.
Eqs.~3.9!#, only diagrams in which the photon couples to t
s quark contribute to thelF50 amplitudes.

Actually we have computed all the functionsf andg, and
relations like Eqs.~3.9! and ~3.10! served as a check of ou
analytical expressions. Furthermore, we have verifiedU(1)
gauge invariance with respect to the photon andSU(3)
gauge invariance with respect to the gluon. The proof
gauge invariance is facilitated by the observation that
only the sum of all 16 tree diagrams provides a gauge inv
ant expression, but rather each of the functionsf and g is
gauge invariant by itself. Finally, we have recalculated a f
of the diagrams by hand to confirm the outcome
MATHEMATICA .

IV. NUMERICAL RESULTS

Figure 3 shows the diquark model predictions~solid line!
for ds/dt@gp→Fp# at plab

g 56 GeV together with the out-
come of the Pomeron-exchange mechanism~dotted line! @4#
and results of a two-gluon-exchange model~dash-dotted and
dashed line! @34,35#. A direct comparison of our prediction
with experiment is not possible yet since data are only av
able at low momentum transfers (t &1.5 GeV2) where the
perturbative photoproduction mechanism is certainly not
dominant one. The experimental situation, however, w
hopefully improve as soon as the data analysis of
CEBAF-93-031 experiment will be completed. Neverthele
Fig. 3 shows that the diquark model provides a reasona
extrapolation of the low-t data. Thereby one should keep
mind that the cross section which decays exponentially
forward direction is expected to flatten around 90° (t andu
large!. The few available data for photoproduction of pse
doscalar mesons and also photoproduction ofr and v me-
sons which extend to larger values oft exhibit just such a
6-9
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C. F. BERGER AND W. SCHWEIGER PHYSICAL REVIEW D61 114026
behavior@38#. As can be seen from Fig. 3 the forward cro
section forf production is reasonably well reproduced
simple Pomeron phenomenology~dotted line!. As a mecha-
nism for photoproduction of vector mesons Donnachie a
Landshoff @4# proposed that the photon fluctuates into
quark-antiquark pair which subsequently recombines t
vector meson. The resulting quark loop is connected t
quark in the proton via the exchange of a single Pome
which couples to quarks like an isoscalar photon. The QC
inspired version of the Pomeron exchange of Donnachie
Landshoff @5#, in which the Pomeron is replaced by tw
non-perturbative~Abelian! gluons, has been applied by La
get and Mendez-Galain@34# to photoproduction ofF me-
sons~dash-dotted line!. The latter authors consider the two
gluon-exchange model as a link which connects
diffractive with the hard-scattering domain. Att
'2.5 GeV2 the two-gluon-exchange cross section exhibit
characteristic node which can be understood as an inte
ence effect between the two Feynman diagrams which e
the photoproduction amplitude. However, this pictu
changes drastically if the two gluons are allowed to couple
different quarks in the proton. Recently Laget@35# tried to
estimate such contributions by modeling quark-quark co
lations inside a proton via a simple wave function. He fou
that the node in the cross section is completely washed
and that the contributions in which the two gluons couple
different quarks inside the proton start to dominate the p
toproduction ofF with increasingt ~dashed line!. Actually,
for utu*4 GeV2 the result of Laget becomes comparab

FIG. 3. Differential cross section forg p→F p versust at plab
g

56 GeV. The solid line corresponds to the diquark-model pred
tion. Cross sections resulting from the Pomeron-exchange me
nism @4# ~dotted line! and a two-gluon-exchange model@34# ~dash-
dotted line! are plotted for comparison. The dashed line represe
an attempt to extend the two-gluon-exchange model by includ
contributions in which the two gluons couple to different quar
inside the proton@35#. Data are taken from Ballamet al. @36# and
Barberet al. @37#.
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with the diquark-model result. This is not surprising since
know from the perturbative analysis that the hard-scatter
mechanism, i.e. contributions from diagrams without loo
in which all the hadronic constituents are connected
gluon exchange, should become dominant for large value
t andu. Correlations between hadronic constituents are au
matically accounted for within such an approach and he
also within our diquark model.

To check whether our model provides a reasonable ene
dependence we have also calculated the differential c
section at a much larger photon energy (plab

g 52611 GeV!.
The result is depicted in Fig. 4~solid line! along with a
two-parameter fit ofutu<0.5 GeV2 data from ZEUS@39#.
The hatched area indicates the uncertainties in the forw
cross section and the slope parameter. Keeping again in m
that the cross section is expected to flatten with increasit
the magnitude of our prediction occurs still to be within t
range of an extrapolation of the low-t data. The dashed line
in Fig. 4 represents a leading-order calculation in wh
mass effects are neglected. This means that only the
hadron-helicity conserving amplitudesH2,0 and H3,0 are
taken into account in the leading-order cross section. A co
parison between the full calculation~solid line! and the
leading-order calculation~dashed line! reveals that mass ef
fects are still sizable and amount to'25–40 % of the full
differential cross section. They increase in forward and ba
ward direction and are smallest around 90°.

At this point we want to comment on another attempt
calculate photoproduction ofF mesons within the diquark
model. The authors of Ref.@28# use a different parametriza
tion of the model. Only the hadron-helicity-conserving am
plitudesH2,0 andH3,0 are taken into account in their calcu
lation. With their numerical method they encount
difficulties in calculating the real parts of these amplitud
But they assert that the real parts are small for their par
etrization and therefore neglect them. Their results for diff

-
a-

ts
g

FIG. 4. Differential cross section forg p→F p versust at plab
g

52611 GeV (s54900 GeV2). The diquark-model prediction with
~solid line! and without~dashed line! mass effects is compared wit
a parametrization of the low-t ZEUS-data@39#. The hatched area
indicates the uncertainties in the forward cross section and the s
parameter.
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ential cross sections are about one order of magnit
smaller than ours. This is plausible if one looks at their v
ues of f S

p and f V
p , i.e. the ‘‘normalization’’ of the quark-

diquark DAs and the cutoff masses in the diquark form f
tors. Both are considerably smaller than ours. In contras
the authors of Ref.@28# we think that the present experime
tal situation in F photoproduction does not allow to dis
criminate a particular parametrization of the diquark mod
However, we want to point out that our parametrization h
already been applied successfully to a variety of other ex
sive processes@15–19#. On the other hand, it is still unclea
whether these processes can also be described satisfac
with the parametrization of Carimaloet al. @28#. Their pa-
rameterization has been determined by means of the pr
magnetic form factor. Apart fromF photoproduction it has
only been applied to charmonium decays into thep p̄ g final
state@40# with the result that the data could not be repr
duced.

In the kinematic region, wheret andu are large, the dif-
ferential cross section at fixed scattering angle is expecte
exhibit a scaling behavior of approximatelys27, which is
supposed to indicate that the hard photoproduction me
nism becomes relevant. Figure 5 showss7 ds/dt for photon
energies ofplab

g 55, 10, and 20 GeV. Here 5 GeV is pre
ently the upper limit of CEBAF, 10 GeV will be reached b
the planned upgrade of CEBAF and 20 GeV is a value wh
could be reached at future facilities like ELFE or a furth
extension of CEBAF which are presently still under discu
sion. Comparing the diquark-model results for these ener
one observes that one is still far away from thes27 scaling
behavior. The reasons have already been mentioned in
III. A closer inspection shows that the cross section atuc.m.
590° scales rather likes28 than s27 for 10,s,40 GeV.
Starting with point-like diquarks and a constantas one
would expect that the leading-order cross section~without
mass effects! should scale likes25. By including the diquark
form factors and cross-section contributions from hadr
helicity-flip amplitudes, which are already suppressed by
power of s as compared to the leading-order contributio
the scaling behavior changes already to nearlys27. Finally,

FIG. 5. Differential cross section forg p→F p scaled bys7

versus cos(uc.m.). Diquark-model results forplab
g 55 ~solid line!, 10

~long-dashed line!, and 20 GeV~dashed line!.
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the approximates28 decay is caused by the fact thatas is
taken as a running coupling constant@with argument
( t̂ û/ ŝ)].

Figure 6 shows how the differential cross section~at plab
g

56 GeV! is influenced by different contributions within ou
model. A comparison of the solid~full calculation! and the
short-dashed~mass effects neglected! line reveals, e.g., the
influence of mass effects. Forplab

g 56 GeV and cos(uc.m.)
590° they amount to'40% of the full cross section. The
dash-dotted line represents the pureS-diquark part of the
cross section. It varies between 15% and 30% if one g
from backward to forward angles. SinceS- and V-diquark
contributions add coherently@and constructively; cf. Eq.
~3.7!# this means that the corresponding amplitudes are
the same order of magnitude. The differential cross sec
for the photoproduction of longitudinally polarizedF ’s is
given by the long-dashed curve. It amounts to'60% of the
full cross section at cos(uc.m.)590°. This fraction increases
in backward direction and decreases in forward direction
addition we have examined the influence of the exponen
in theF DA @cf. Eq.~2.10!#. Neglecting this exponential on
ends up with the dotted curve which is nearly indistinguis
able from the full calculation. This also shows that we a
not very sensitive to thez1→0,1 end-point regions when
performing the convolution integral Eq.~2.1!. Finally, we
have also checked whether a particular group of Feynm
graphs contributes predominantly to cross sections and
larization observables. Our finding is that those graphs
which the photon couples to the strange quark in theF me-
son are by far the most important. The fraction of their co
tribution to unpolarized differential cross sections is mo
than 95% and still more than 70% in the polarization obse
ables we have considered.

As examples for single-polarization observables the be
asymmetrySx and the target asymmetryTy are depicted in
Fig. 7. The beam asymmetry would be already non-zero
only the leading-order helicity amplitudesH2,0 andH3,0 were

FIG. 6. Differential cross section forg p→F p scaled bys7

versus cos(uc.m.) at plab
g 56 GeV. A comparison of different contri-

butions within the diquark model: full calculation~solid line!, mass
effects neglected~short-dashed line!, S diquarks only~dash-dotted
line!, longitudinally polarizedF ’s only ~long-dashed line!, expo-
nential inF-DA neglected~dotted line!.
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taken into account@cf. Eq. ~3.3!#. It would not even be nec
essary that the helicity amplitudes acquire a non-triv
phase. On the other hand, a non-trivial target asymm
demands for non-vanishing hadron-helicity-flip amplitud
as well as for non-trivial phases of the amplitudes@cf. Eq.
~3.4!#. As already mentioned at the end of Sec. II B pha
are generated through propagator singularities, and had
helicity-flip amplitudes occur in our model as mass corr
tions. As it turns out within our model, also the beam asy
metry is considerably affected by the inclusion of t
hadron-helicity-flip amplitudes. In a recent paper@41# the
influence of nucleonic resonance effects on polarization
servables inF-meson photoproduction has been investiga
within a constituent-quark model in which the diffractiv
contribution is produced byt-channel Pomeron exchange.
is interesting to observe that the result of these authors
the target asymmetry at a rather small photon energy
plab

g 52 GeV is comparable in size to our result atplab
g 56

GeV. This is remarkable since two completely different co
cepts are at work: on the one hand nucleonic resonance
tributions, on the other hand a purely perturbative mec
nism. Also for the beam asymmetry some similarities can
found. The corresponding predictions of both approaches
again comparable arounduc.m.590°. A ~somewhat smaller!
negative beam asymmetry has also been found in ano
model which is based on Pomeron exchange, pion excha
and a direct knockout production from the strange-quark
in the proton@42#. It would be interesting to see experime
tally, whether polarization observables like the target asy
metry Ty , the recoil polarizationPy8 , or the vector-meson
polarizationVy8 , which vanish in leading-order perturbativ
QCD, are still sizable at momentum transfers of a few Ge
Such observables would be a more sensitive tool than
unpolarized differential cross section to figure out whet
the kind of nonperturbative ingredients~diquarks, effective
constituent masses! which are taken into account in our pe
turbative approach, are already sufficient or whether m
more non-perturbative physics is still at work at a few G
of momentum transfer. But also without using polariz
beams or targets additional information on the validity a
limitations of a perturbative mechanism could be attain

FIG. 7. Diquark-model predictions for beam (Sx) and target
(Ty) asymmetry ing p→F p scattering atplab

g 56 GeV.
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just by measuring the angular decay distribution of theF
and determining the corresponding spin-density matrix e
ments. Our predictions forr00

0 , R(r10
0 ), and r121

0 at plab
g

56 GeV are shown in Fig. 8. This should be compared w
the leading order perturbative result which is identically 1
r00

0 and which vanishes in the case ofr10
0 andr121

0 since the
production of transversally polarizedF ’s is already sup-

pressed by at leastO(mH /Aŝ). It should also be mentioned
that the few data aroundutu'1 GeV2 of Barberet al. @37#
seem to reflect the smallutu trend of our predicitions.

At the end of this section we want to comment on t
perspective to extend this calculation to photoproduction
J/c. It is a simple matter, since we have already assume
flavor dependent DA for the vector meson@cf. Eq. ~2.10!#.
The only thing to do is to replace theF mass by theJ/c
mass and the decay constantf F by f J/c. One, however, has
to keep in mind that we have applied an expansion in

parameter (mH /Aŝ). In order that this parameter is approx
mately of the same size inF andJ/c production the photon
laboratory energy has to be increased approximately b
factor (mJ/C /mF)259.2 when going fromF to J/c. A sec-
ond criterion for the reliability of our approximate treatme
of mass effects is that the coefficient of the first mass c
rection term should become small compared to the lead
order. This coefficient is angular dependent and becom
large at small scattering angle. That means, if the size of
mass corrections relative to the leading order should be a

the same inF andJ/c production@(mH /Aŝ) comparable#,
one has to consider much larger momentum transfers forJ/c
than for F production. A more detailed discussion of th
point along with some numerical results can be found in R
@43#. A possible way to apply the perturbative approach
J/c production at a few GeV of momentum transfer wou
be to retain our prescription for the choice of the effecti

masses, but to refrain from the final expansion in (mH /Aŝ).
This has not been attempted yet since the analytical exp
sions for the amplitudes become very lengthy and the tr
ment of propagator singularities in the convolution integr
Eq. ~2.1!, becomes much more involved.

FIG. 8. Diquark-model predictions for theF spin-density ma-
trix elements in thes-channel helicity frame forg p→F p scatter-
ing at plab

g 56 GeV.
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V. SUMMARY AND CONCLUSIONS

We have investigated the reactiong p→F p in the few-
GeV momentum transfer region where unpolarized differ
tial cross-section data from the CEBAF-93-031 experim
at JLAB are expected to become available very soon.
theoretical approach is based on perturbative QCD sup
mented by the assumption that baryons can be treate
quark-diquark systems. The same approach has already
successfully applied to other photon-induced hadronic re
tions @15–19#. The motivation for introducing diquarks is
above all, to extend the perturbative approach from la
down to moderately large momentum transfers. There
mainly two reasons why this can be achieved with diquar
First, the overall momentum transfer has to be shared
tween less hadronic constituents than in the pure quark H
Hence the gluons which keep the hadronic constituents
linear are on the average harder and thus the running st
coupling constant becomes smaller. The second reaso
that a certain class of non-perturbative effects, namely qu
quark correlations inside a baryon, is effectively accoun
for by means of diquarks. The fact that a heavy quarkoni
is produced in the final state entails a considerable reduc
in computational effort. Only a small fraction of the Fey
man diagrams which contribute in general to photoprod
tion of arbitrary mesons occurs inF production. To be more
specific, these are just those diagrams in which the pho
fluctuates into the heavy quark-antiquark pair which is th
connected to the quark and the diquark in the proton via
exchange of two gluons, respectively. Both the scalar
vector-diquark components of the proton have been ta
into account. We have also improved the diquark mode
the sense that hadron-mass effects in the hard-scattering
plitude have been included in a systematic way. This
been accomplished by assigning to each hadronic constit
an effective massxmH ~herex denotes the longitudinal mo
mentum fraction of the constituent! and expanding the sca

tering amplitude in the small parameter (mH /Aŝ). Only the
leading and next-to-leading order terms in this expans
have been kept. The leading-order term provides for
hadron-helicity-conserving amplitudes and agrees, of cou
with the massless result. The next-to-leading order term
resents a power-correction and gives rise to non-vanish
hadron-helicity-flip amplitudes. It enables us to make pred
tions for polarization observables which require the flip o
hadronic helicity such as, e.g., the target asymmetry or
recoil polarization. We want to point out that our treatme
of mass effects still preserves gauge invariance with res
to the photon and the gluon.

Our numerical studies have been performed with
diquark-model parameters and the quark-diquark DAs p
posed in Ref.@15#. The DA of theF meson has been take
from the literature@23#. It satisfies QCD sum-rule con
straints. Hence we have been able to make predictions w
out introducing new parameters. We have paid special at
tion to the correct and numerically robust treatment
propagator singularities. In the absence of large-t data (t
*4 GeV2) our results can only be compared with the ava
able data which go up tot'1.5 GeV2. Our predictions for
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the differential cross section at two rather different phot
energies (plab

g 56 GeV and 2600 GeV! which are typical for
CEBAF and HERA, respectively, occur still within the rang
of an extrapolation of the existing low-t data. It is worth
mentioning that the predictions of a two-gluon-exchan
model, in which the gluons are considered as a remnan
the Pomeron@35#, become comparable to our result fort
*4 GeV2 if the gluons are allowed to couple to differen
quarks in the proton. This is not surprising because contri
tions in which all the hadronic constituents are~approxi-
mately! kept collinear by means of gluon exchange to p
vent the hadrons from breaking up become increasin
important as soon as one enters the hard-scattering dom
Just those contributions are assumed to be the dominant
within our HSA-based diquark model. We have also inves
gated within our model whether the~asymptotic! s27 scaling
behavior of the differential cross section at fixed angle
already realized fors values between 10 and 40 GeV. Afte
dividing out the strong running coupling~which occurs to the
sixth power in the cross section! an approximates27 scaling
has been found. Our investigation of hadron-mass effects
revealed that they are still non-negligible in the few-Ge
momentum transfer range and photon energies of the o
of 10 GeV. Correspondingly, also polarization observab
which require the flip of a hadronic helicity, like the targ
polarization, occur to be sizable. Finally, we have conside
the possibility to extend the present calculation to photop
duction ofJ/c mesons. In order that our treatment of ma
effects remains reliable forJ/c ’s one has to go to much
larger energies and momentum transfers where experime
data cannot be expected. The situation with respect to
momentum transfer could perhaps be improved by refrain

from the final expansion in (mH /Aŝ). This, however, will
considerably complicate the treatment of propagator sin
larities and make the analytical expressions for the am
tudes much more complicated. Therefore it has not been
tempted as yet.

Our diquark-model calculations forgp→Fp will meet
the first severe test in the near future when the data ana
of the CEBAF 93-031 experiment will be completed. Wi
these data, which go up tot values of about 5 GeV2, one will
get a first glimpse of how different production mechanis
~Pomeron exchange→ gluon exchange→ hard-scattering
mechanism! in high-energy photoproduction evolve with in
creasing momentum transfer. However, in order to rea
touch the hard-scattering domain much higher photon e
gies than those which can be reached at the present sta
CEBAF would be desirable. In addition to unpolarized d
ferential cross sections, polarization observables, which
quire the flip of hadronic helicities, could serve as an indic
tor for the relative importance of hard and so
photoproduction mechanisms, since hard scattering is clo
connected with hadronic helicity conservation.
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