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We calculate the differential cross section and single-polarization observables for the regationd p
within perturbative QCD, treating the proton as a quark-diquark system. The phenomenological couplings of
gauge bosons tspatially extendeddiquarks 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 enejgyVith the ®-meson distribution amplitude taken from the literature our predic-
tions for the differential cross section [af=4 Ge\? 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 numbsd(s): 13.60.Le, 12.38.Bx

[. INTRODUCTION distributions have recently attracted a great amount of inter-
In the course of the last few years exclusive photo- andest(see, e.g., Ref.7] and references thergirElectroproduc-
electroproduction of neutral vector mesonstion with highly virtual photons thus offers a possibility to

(p, o, ®, J/T) at intermediate and high energies has at-study such skewed parton distributions. Within this perturba-
tained increased theoretical interest, which has been stimaive formalism for vector-meson electroproduction with
lated by corresponding experimental efforts at the Continuhighly virtual photons the two-gluon aspect of the Pomeron
ous Electron Beam Accelerator Facilt@EBAF) [1] and the  emerges automatically in a form which is related to the
DESY ep collider HERA[2]. The aim of the HERA experi- skewed gluon distribution in the proton.
ments is a more fundamental understanding of Pomeron phe- One of the aims of photoproduction experiments at
nomenology in terms of QCD. Vector-meson dominance inCEBAF is, on the other hand, to understand the transition
combination with Pomeron exchange proves to be very sudrom non-perturbative to perturbative production mecha-
cessful in describing diffractive photo- and electroproductionnisms. In the case of photoproduction the transverse momen-
of neutral vector mesons, provided the energy is the onlyum transferpf~tu/s has to be large in order for perturba-
large scale in the proce$8]. In their approach Donnachie tive QCD to become applicable. The pertinent factorization
and Landshoff4] assume that the Pomeron couples directlyformula, which in general holds for arbitrary exclusive had-
to on-shell quarks in the vector meson and the proton, reronic processes at large transverse momenta, is the result of a
spectively. A QCD-inspired version of Pomeron exchangeleading-order perturbative analysis. It represents a hadronic
in which the Pomeron is replaced by two non-perturbativeamplitude as a convolution integral of a hard-scattering am-
(Abelian gluons, goes back to the same authid@band is  plitude with distribution amplitudeéDAs) [8]. The process-
usually termed a “soft Pomeron.” In the limit— 0 the soft-  dependent hard-scattering amplitude is perturbatively calcu-
Pomeron exchange becomes very similar to the usudhble and represents the scattering of hadronic constituents in
Pomeron exchange. This can be used to interpret the formollinear approximation. The process-independent DAs con-
factor at the quark-Pomeron vertgx]. However, if, in ad- tain the non-perturbative bound-state dynamics of the had-
dition to the energy another scale, such as the photon virtwronic constituents. There is no doubt that this hard-scattering
ality or the mass of the vector meson, becomes large, pertuapproach(HSA) gives the correct description of exclusive
bative QCD effects tend to enter the game. For large photohadronic processes in the limit of asymptotically large mo-
virtuality (and small values of Mandelstat) perturbative mentum transfer. But there is increasing evidence that the
QCD becomes applicable due to a factorization theorenpure perturbative contribution is not the dominant one at
which has been proved in R¢B]. The three building blocks experimentally accessible momentum transfers. A reasonable
of the factorization formula are the hard photon-parton scatreproduction of the existing exclusive largedata is only
tering amplitude, the distribution amplitude of the vector me-achieved with very end-point-concentrated hadron DAs, such
son and finally a skewed gluon distribution of the proton. Asas those proposed by Chernyak and Zhitnitsky on the basis
a link between hard inclusive and exclusive reactions whictof QCD sum rule§9]. Such DAs, however, turn out to be
generalizes the ordinary parton distributions, skewed partoproblematic for a perturbative calculation since they enhance
contributions from the soft end-point regions in the convolu-
tion integral[10]. Some improvement with regard to the con-
*Email address: carola.berger@sunysb.edu sistency of the perturbative calculation can be achieved by
"Email address: wolfgang.schweiger@kfunigraz.ac.at applying a modified factorization scheme in which
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transverse-momentum effects and Sudakov suppressions aienpler than photoproduction @f or ® mesons. Within the

included. But this leads to a substantial reduction of the perqsa the valence Fock state of tli, i.e. thes-s state, can
turbative contributior{11]. For the pion an end-point con- only be produced via the exchange of two gluons between
centrated DA meanwhile seems even tg_be ruled out by thghe d and the proton. Quark exchange could only happen via
recent CLEO datd12] for the «y-transition form factor, the knockout of am-?pair from the strange-quark sea in the

since it provides a much too large perturbative result. On the o0+ which is. however power suppressed within the
other hand, it has been shown recently for electromagnetic,q ’ |

nucleon form factor§13] and for wide-angle Compton scat- In the following section we start with a short outline of

tering [7,14] off protons that the existing data can be satu- he di K | show how E : )
rated by soft overlap contributions. Furthermore, these cont- e diquark model, show how Feynman diagrams are prop

o : rly gr rdin heir pr r singulari .
tributions can be modeled by a nucleon light-cone waveie y grouped according to their propagator singularit@sc
function which gives rise to a distribution amplitude close to
the asymptotic one. This, however, implies that the perturb

tive contribution becomes small.

I B), sketch how we deal with the propagator singularities
numerically(Sec. Il Q, and present our treatment of hadron-
Fnass effectgSec. Il D). Section Ill summarizes how photo-
The approach which we are going to apply for hard eX_prodl_Jction of vector mesons is_ described in terms of he_Iicity
usi hot duction o is still based th amplltude_s_. Furthe_rmore,_the_ fixed-angle scaling behavior of
clusive photoproduction of> mesons 1S Still based on € haqa pelicity amplitudes is discussed and related to the treat-

HSA but includes also a certain amount of soft phys'Csment of mass effects. Analytical expressions for the hard part

which is modeled by means of diquarks. Diquarks may beof the hadron-helicity-conserving amplitudes are also given

con3|de_red as an effective way to account for quark—quarlﬁq this section. Our predictions for photoproduction observ-
correlations in baryon wave functions. Part of the soft over-

L ) '~ ables along with predictions from Pomeron and soft-
lap contributions are then absorbed into phenomenologlcall)someron exchange are presented in Sec. IV. At the end of

Earame(}rizedkdiqu?rk for_rphfac:'osrzvl\)/hichdog'cur a;ithe galuﬁeﬂwis section we comment on the prospects of extending our
oson diquark vertices. This -hased diquark model Nag,. jation to photoproduction o/ ¥ mesons. Finally, a

already_ been gpplle_d successfglly to other _photon-mduce ummary and concluding remarks can be found in Sec. V.
hadronic reactions like magnetic and electric baryon form

factors in the space-likgL5] qnd time-like regiorf16], re_a! Il. FORMALISM
and virtual Compton scattering.7,18, two-photon annihi- _ _ -
lation into baryon-antibaryol16,18, and photoproduction A. Hard-scattering formalism with diquarks

of K mesond19]. Further applications of the diquark model  Ag already mentioned before, within the HSA an exclu-
include the charmonium decay.—pp [16] and the calcu- sive scattering amplitude at large momentum transfer is ex-
lation of Landshoff contributions in elastic proton-proton pressed as a convolution integral of a hard-scattering ampli-
scatterind 20]. The purpose of the present investigation is totude with hadron distribution amplitudeg8]. For the
extend this foregoing work toy p — ® p. The reason why photoproduction reactiory p — ® p, which we are inter-
we concentrate on thé channel is that it is cleaner and ested in, this integral takes the particular form

A A 1 ~ ~ ~ ~A A ~
Mpy(s.t)= fo dxldy1d21¢(”(21-p¢)¢pT(Y1-pL)T{x}(Xl:Y1121;5,t)¢p(xl-p¢)- 2.9

The distribution amplitudeg™ are probability amplitudes momenta of the constituents are collinear to those of their
for finding the valence Fock state in the hadidrwith the — parent hadron,, consists in our particular case of all pos-

constituents carrying certain fracupns of the momentum oo tree diagrams contributing to the elementary scattering
their parent hadron and being collinear up to a factorization

scalep, . In our model the valence Fock state of an ordinaryprocessyq.D —Q Q.q D. Eight of the, altogether, 16 dia-
baryon is assumed to consist of a quégk and a diquark grams which contribute to photoproduction cjheavg

(D). We fix our notation in such a way that the momentumquarkonia are depicted in Fig. 2. The subsciipt of T
fraction appearing in the argument ¢f' is carried by the represents a set of possible photon, proton and vector-meson
quark—with the momentum fraction of the other constituenthelicities. For our purposes it appears to be more convenient
(either diquark or antiquajkit sums up to 1(cf. Fig. ). For  to express the analytical results in terms of massless Man-
our actual calculations théogarithmid p, dependence of delstam variables, t, and U than in terms of the usual
the DAs is neglected throughout since it is of minor impor-(massivé ones. A detailed account of our treatment of
tance in the restricted energy and momentum-transfer ranggadron-mass effects is given in Sec. Il D below.

we are interested in. The hard scattering amplitﬁ'@g is The diquark model, as applied in Refd5-19, com-
calculated perturbatively. Intrinsic transverse momenta of th@rises scalar $) as well as axial-vectofV) diquarks. The
constituents are thereby neglected; i.e., one assumes that tthgnamics ofS and V diquarks is determined by their cou-
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FIG. 2. Eight of the, altogether, 16 tree-level diagrams which
contribute to the elementary procegg D—Q 6q D. The remain-

FIG. 1. Graphical representation of the hard-scattering formulaing diagrams are obtained by interchanging the two gluons. We
Eq. (2.1, for yp—M p. Herex;, y;, andz denote longitudinal  have also indicated how the diagrams are grouped to gauge invari-

f QD).

£ D).

momentum fractions of the constituents. ant expressions.

pling to photons and gluons. The expressions for the photon- 2\ (n-3)

diquark and gluon-diquark vertices correspoiimos} to F=a,F®(Q?) Qv (2.5
the most general form for theparity and time-reversal in- Vo Q2+Q? ' '

variany coupling of a spin-1 gauge boson to a spin-0 or a
spin-1 particle, respectivelf15]. TherebyV diquarks are for n-point contributions §=4), ensures that in the limit

allowed to possess an anomal¢asromgmagnetic moment 2 . yhe scaling behavior of the diquark model goes over

ky. In applications of the model Feynman graphs are_ that of the pure quark HSA. The factobgy,

calculated first with the corresponding Feynman rules for_ 2 2 _ 22 ;
point-like diquarks. As a second step, Feynman graphs wit as(Q7)/ag(Q5v)) (53(")2 1 for Q $Q.S(V)) prOV|d2es
. . . e correct powers ofs(Q°) for asymptotically largeQ-.
(n—2) gauge bosons coupling to the diquark are combmeﬁi . )
. i : S or the running couplingags the one-loop resultag
in a group which we call "h-point contribution.” Finally the — 127/ 25INOYAZ ) i d WithA ~= 200 MeV. In ad
composite nature of diquarks is taken into account by multi-,. > <" .n(Q .QCD) IS Used WIthA gcp= ev. In ad-
dition ay is restricted to be smaller than 0.5. Hexrganda,,

lying eachn-point contribution with phenomenological ver- . .
pYing P P g are strength parameters which allow for the possibility of

tex functions, the diquark form factors. The particular choice, L L .
diquark excitation and breakup in intermediate states where

2 diquarks can be far off shell.
FO(Q?)= Os—5 5 2.2 Having sketched how diquarks are treated perturbatively,
(Qs+Q%) a few words about the choice of the DAshich incorporate

the bound-state dynamics of the hadronic constity)easl
the spin-flavor wave functions of the proton and theare in
order. If one assumes zero relative orbital angular momen-
tum between quark and diquark and takes advantage of the
for 3-point contributions, and collinear configuration [pq=x;pg and pp=X,pg=

- (3) 2 (1—x4)pg], the valence Fock-state wave function of an oc-

Fs’=asFs’(Q%), (2.4 tet baryonB may be written as

2 2
F@(QZF&(%) , 2.3

3

p
Y| ysu(pe ). 26
B

1
WB(pg ;M) =F2¢8(x1) x2u(ps M)+ 1§ ¢¥(x0) X\Eﬁﬁ

The two terms in Eq(2.6) represent states consisting of a of the vector-diquark polarization vecjpronly baryonic
quark and either a scalar or a vector diquark. The pleasamuantities(momentumpg, helicity N, baryon massmg).
feature of the covariant wave-function representation, EgAssuming an Si()-like spin-flavor dependence, the flavor
(2.6), is that it contains, besideg and« (the Lorentz index functionsyp for a proton take on the form

114026-3



C. F. BERGER AND W. SCHWEIGER PHYSICAL REVIEW B1 114026

X2=USuq X{O/:[UV{u,d}—\/EdV{u,u}]/\E- (2.77  [24] and provides a flavor dependence in accordance with
heavy-quark effective theory. For longitudinally polarized

In Eq. (2.6) the color part of the quark-diquark wave func- ¢'s andJ/¢’s the DA reads 1= ®,J/+)
tion has been neglected. Since the quark-diquark state has to
be a color singlet, the diquark has to be in a color antitriplet¢™(z, ,Ayy=0)= NQ"Mzozl(l—zl)exq —b?mZ (z,—0.5?].
state(like an antiquark Thus the quark-diquark color wave (2.10
function is simplyyg3°=(1/V3)=3_, 8,

Like the baryon wave function, Eq2.6), also theQ-Q = The DA for transversally polarizeg’s andJ/V’s contains
wave function of a vector mesdvi can be represented in a an additional polynomial iz; which enhances the maximum
covariant way: at z;=0.5 and makes it narrower:

Mz, Ay==*1)=NM __ . 7z,(1—
TM(pyin)=—fM ¢M(21,A)XM\/—1§(pM+mM)g(>\), ¢" (21, u )=NY, = 1Z1(1—24)
(2.9 x exd —b?mg;(z,—0.5)]

61 _ 6
with e(\) denoting the polarization vector of the vector me- X[5225.221(1~2)

son. The flavor function of thé is y®=ss. +0.39z,(1-2,)]. (2.1)
In Refs.[15-19 a quark-diquark DA of the formq;
=c,=0 for Sdiquarks This form for the DA of transversally polarize#é mesons
has been introduced in R¢R23] (apart from the exponential
¢g<x1)= NBx1(1—x1)3(1+cyx,+ czxf) to satisfy QCD sum-rule constraints on the lowest moments

5 > of ¢®(z;,Ae==*1). In our present investigation, however,
_n2[Mq Mp it is only relevant that this DA is narrower than the
Xexpg —b + (2.9 d . ; )
Xy (1—Xq) asymptotic one. Our numerical studies show that choosing
. . instead®(z; ,\ =+ 1) z5(1—2,)® would change the re-
turned out to be quite appropriate for octet bary@sThe  sults for differential cross sections and polarization observ-
origin of the phenomenological baryon DA, EQ.9), is & gpjes by less than 5%. For the oscillator paramiter take

non-relativistic harmonic-oscillator wave functidof. Ref. a value of 0.97 GeV! in accordance with estimates for the
[21]). Therefore the masses appearing in the exponentigl i s of thed/» meson[25].

have to be considered as constituent ma$386 MeV for o S| Hiyy — :
light quarks, 580 MeV for light diquarks; strange quarks arethengnl;f:r?tl ;;S r;ﬂﬁ%“ﬂ?} c&onsdlglzogoci(;ﬁo)(x;n dl(’zﬁi(ss
150 MeV heavier than light quarksThe oscillator parameter i o _q T AR T
b?=0.248 GeV 2is chosen in such a way that the full wave The quantityf™ showing up in Eq.(2.8) is related to the
function gives rise to a value of 600 MeV for the mean experimentally determinable decay constijit,, of the me-
intrinsic transverse momentum of quarks inside a nucleonson M. From the radiative decay width of thé —e’e”
This value of the mean intrinsic transverse momentum iglecay one gets a value B, ,~=237=4 MeV [26], whereas
consistent with the one found by the EM@2] in semi- from QCD sum rules one derivé§’ecay= 230 MeV[23]. The
inclusive deep inelastipp scattering. The exponential in the latter givesf®=fg, ./2\6=46.95 MeV which we take for
baryon DA, Eq(2.9), not only provides a flavor dependence, our calculations. The analogous constaigsand f§ for the
but also suppresses the end-point regionsy; —0,1 inthe  g-D DAs of baryonB are free parameters of the diquark
convolution integral, Eq(2.1). One thus avoids to pick up model. They are, in principle, determined by the probability
sizable contributions from the soft end-point regions and retg find theg-D state D=S,V) in the baryonB and by the

sults become less dependent on details of the baryon DA. ltansverse-momentum dependence of the corresponding
the actual data fitting the exponential plays only a minor roleyave function.

Therefore, the constituent masses and the oscillator param- Qur present study is performed with the set of diquark-

eter have not been considered as free parameters but haygdel parameters found in Refl5] by fitting elastic

been fixed in advance. We stress that the constituent massgfctron-nucleon scattering data. The numerical values of the
do not appear in the hard scattering amplitugtgsSec. 1D parameters are

below).

A model fqr the® meson DA which fulfills QCD sum- fs=73.85 MeV, Qé= 3.22 Ge, ag=0.15,
rule constraints has been proposed by Benayoun and
Chernyak[23]. Since we also want to investigate to which
extent our calculations fob production may be generalized
to J/¢ production, we modify this DA by attaching an ex-
ponential factor which provides a flavor dependence. The  «y=1.39, ¢;=5.8, c,=—12.5. (2.12
effect of this factor is negligible fowb'’s, but it becomes
crucial for J/¢'s. The form of the exponential factor is in- For further details of the diquark model we also refer to the
spired by a simple relativistic treatment of heavy mesongaper of Jakolet al. [15].

fy=127.7 MeV, Q3=1.50 Ge\, ay=0.05,
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B. General structure of the hard-scattering amplitude eq and eS a are the electric charges of the quarland the

The introduction of diquark form factors already requiresS d|quarkS[u a1 In units ofe,, respectively. The superscripts

_indicate whether the photon couples to the heavy q@ank
andeiegz)ﬁ)&sggonrlr?gjggnhsard scattering amplltﬂ'q,@ into 3 the meson or the light quaikin the proton with the diquark

D=S,V acting as spectato3-point contributions or
whether the photon couples to tt®or V diquark in the
proton (4-point contributions Note that the only-diquark

Too(X1,Y1,21:8, D) =esTI% 9 (x1,y1,21;8,1) R
RN STy LA contribution isT%S}'V). The reason is that the charge-flavor

+ey T (xq,y1,21:8,D) factor in front of T{f;") vanishes and ')} represents already
~(5) ~a a mass correction of second order, which is neglected in our
teg, o T (X0 Y1218t calculation. For the numerical treatment of the convolution
. A integral, Eq.(2.1), it is advantageous to further split the
+esT{AV(x1,y1,21;8,1) (2.13 i ibutions i ich di i
sTixy "(X1,Y1,2138,1). : n-point contributions into two parts which differ by their

propagator singularities:

f{x} J(X1,y1.,21:5,0) N QES}’D)(Xl,yl,Zl;g,f)
(@3 +ie)(@s+ie’)  (Q5+ie)(gs+ie)

EXQ} )(Xl yl!les t) ‘|F(DS)(_X2y2E)!

. P (xg,y1,2::8.1) . 982 (x1,y1,21;5.1)

T P(xy,y1,21;8,1) = e
R | (gitieaatie)  (gi+ie)gi+ie)

fg?})(xl 1y1 !Zl 1§!E) + gg?})(xl lyl 1Zl rga’f)

: 0 g q FE(—xay2b). 2.1
| (Q3+ie)(gi+ie’) (Qi+ie)(ai+ie) b (—X2Yat) (2.14

?E?})(Xl,YLZl;%,f):

The functionsf and g correspond to gauge-invariant sub- propagator singularities in the range of thg (y,,z;) inte-
groups of the 16 Feynman diagrams which contribute to thegration. These give rise to principal value integrals

hard-scattering amplitud:ém (cf. Fig. 2. The diagrams en-

tering theg’s are related to those enteging ths by inter- 1_ =&?<i) +im (k). (2.16
change of the two gluons. Th:e andg; “ denote just those k2+ie
quark and gluon propagators which can go on shell when
ljnéigﬁit:]naq[o?;/erzéa Y1, andz,. Explicitly, the propagator As explained in some detail in Rgf19] such integrals can
still be treated by means of a rather fast and stable fixed-
05= Y2255+ XoYot + Xo2oU, 5= Y2215+ Xoy ot + X274 U, point Gaussian quadrature after carefully separating the prin-
cipal value parts and doing the corresponding integrations
Q4 Y1225+ Xpy1t+ X120, q5 Y1215+ X1y t+X1210, analytically. Here we only want to give a short account of
~ . ~ oy . . our integration procedure. We first perform theintegration
91=X1Y2S+XaY1U, 95=XpY1S+X1YU. (219 for which the various contributions to the hard scattering

amplitude[cf. Eq. (2.14] lead to integrals of the general
As already indicated in Eq2.14) propagator singularities fqrm

are treated by means of the usualprescription. The result-

ing imaginary part in the amplitudes is considered as a non-

trivial prediction of perturbative QCD which is unaffected by .k 1 h(x1,¥1,21)
long-distance effect27]. As we will see below, it gives rise 1(kaka) (y, 21)—f Xp o
to non-vanishing predictions for polarization observables (Kitie)(katie’)
which require the flip of a hadronic helicity. For analytical
expressions of the functionsand g and their symmetry |n order to simplify the notation we have neglected helicity
properties we refer to Sec. lll. labels and the dependence on the Mandelstam variables

and t. Furthermore, the distribution amplitudes have been

absorbed into the functioh(x,,y,z;). By applying a par-
The numerical difficulties in performing the convolution tial fractioning, exploiting Eqg.(2.16, and separating the

integral, Eq.(2.1), are mainly caused by the occurrence of principal value part, Eq2.17) may be rewritten to give

(2.1

C. Numerical treatment of propagator singularities
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| (ke ko) ) : ((9k§) 1fld h(xl'yl’zl)_h(x(lkl)’yl’zl)
! ,Z = — - X
Y1,.24 X(lkl)_x(lkz)+i5 9%, o 2
(ﬁk% _1h (ky) tdx, ﬁk% i K.k 2
+ %, (X1 7Y1,20)| @ Ok_%_lwa_xl —samek;—ky) . (2.1

ngl)zxg-kl)(yllzl) and X(1k2)=X(1k2)(Y1,21) are the zeros of Value integrals as ordinary integrals plus analytically solv-

. 2 . ~ able principal-value integrals, to do all the numerical integra-
the propaga_tor den0|:n|natok§ a_mdk ' res_pectlvely, and tions by means of fixed-point Gaussian quadrature. Whereas
stands’for eithee or €', depending for which of the two the 4 suthors of Ref28], who have used a different integra-
limit e()—0 has been taken. As long as the two Zeff[gé) tion procedure, were only able to obtain reliable results for
andx\*? (which still depend oty; andz;) do not coincide in  the imaginary part of the convolution integral, E@.1), our
the (y;,z;)-integration region—this is the case for the con- numerical results for the imaginagndreal parts turn out to
tributions of f(@D) g@P) ~ §(®) andg®—the (x,,y;,z;) D€ very stable. Going from ar, Xy, Xz, grid of 24x24
integration can be performed very efficiently with the help of X 20 points to a 48 48x 32 grid changes the results for the
Eq. (2.18. After analytic integration of the two principal- amplitudesiover the whole angular rangby less than 0.1%.
value integrals in Eq2.18 (which is a simple mattemll the ~ Our numerical calculations were pgrforlmed on an AIphaSer-
integrands of the remaining integrations are regular function¥er 1000 4/266. For the larger grid size the evaluation of
of the integration variables and can be treated by fixed-poinélo/dt(yp— ®p) (taking into account the 8 hadronic non-
Gaussian quadrature. and single-flip amplitudgstook less than 7 sec per energy

For f(@P) andg(@P), however, the situation becomes a Point and angle.

little bit more complicated. After having performed tig
integration in Eq.(2.18 one observes that the two propaga-
tor singularitie9<(1k1) andx(lk"’) coincide along a trajectory in
the (y1,z;)-integration region. This leads to a quadratic zero
y(lkl'k2)=y(1kl'k2)(zl) of (x(lkl)—x(l"Z)). A closer inspection of
Eq. (2.18 reveals that this quadratic zero in the denominato
of 1k1-k2)(y, 7,) does not cause any further problem when
performing the ¥,,z;) integration for the real part of
|(kik2)(y, 1), The reason is that it is completely compen-
sated by a corresponding quadratic zero in the numerator

D. Treatment of mass effects

Our calculation of the hard-scattering amplitude involves

an expansion in powers ofm/\/g) which is performed at
IIixed scattering angle. We keep only the leading order and
next-to-leading order terms in this expansion. Hadron
masses, however, are fully taken into account in flux and
phase-space factors. The reasons why we want to include
(?fadron—mass effects in the hard scattering amplitude are two-
Ky .k ~1 (ky K old. On the one hand, we want to apply our model already at
%I(ili 2)%%’2_1)' In 31042y, ,2,), however, the zero of momentum transfers of only a few GeV, where hadron
(x; 7 =x;™) is only partly compensated by the numerator 55565 may still play a role. On the other hand, we also want
and one still encounters a single pole. At the poleto make predictions for spin observables which require the
J1tkeka(y, 7)) becomes proportional to y(—y(lkl’k’-’))/ flip of hadronic helicities. Within usual perturbative QCD
[(yl—y(lkl‘kZ))eri?]z{ll(yl—y(lkl'kZ)Jri%)+l/(y1—y(lk1'k2) such observables would vanish since a spin-1 gauge boson
—io2. As a consequence [idy,31%ik)(y, 7)) whlch coupl_es to a nearly massle(smr_re_n) qu_ark cannot
i)} . quence Jody; Y1.21 flip the helicity of the quark. In the original diquark model
becomes a pure principal-value integrel. Eq. (2.16 | [15] violations of hadronic helicity conservation are gener-
ated by massiv¥/ diquarks on the account of introducing a
ld (ky ko) _ ld (ky ko) mass parameter for thé diquark. In this paper we adopt
jo y1Jl (ylvzl)_WJ’O y1Jl (Y1,21), another strategy which allows for a more consistent treat-
(2.19 ment of mass effects without introducing new mass param-
eters for the hadronic constituents. Like the authors of Ref.
) ) . [29] we assume for every hadronic constituent that its
which can be t_reated numerically analogous to the Pr'“_‘:'pa|a-momentum is proportional to the 4-momentum of its par-
value integral inx,. One only has to separate the principal- ent hadron. This requires us to assign to every constituent of
value part and do the corresponding integration analyticallyine hadrorH an effective masgm,,, wherex is the fraction
For this purpose the analytical expression of the residue off the four-momentum of the hadrd# carried by the con-
Jlkka)(y,,2;) at the position of the DO|©’(1kl'k2)(21) is  stituent. Keeping in mind that the momentum fractions are
needed. The remaining integrations are then again amenableeighted by the hadron DAs in the convolution integral, Eq.
to Gaussian quadrature. (2.1), this means that quarks and diquarks acquie the
Thus it is possible, by carefully separating the singularaverageé a mass which is rather the mass of a constituent
contributions, exploitingd functions, rewriting principal- than a current particle. This may be interpreted in such a way
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that at intermediate momentum transfers a quark or diquarkelated togs is now obtained by replacing the 4-momenta in

surrounded by a cloud afq pairs and gluons is not resolved EQ. (2.21) by the masses of the corresponding particles, i.e.
but rather acts like a single effective particle with a corre- (as)
sponding mass. Mo ™ =2Z1My+ (Y1 = X1) My (2.22
This prescription for the constituent masses applies to the o )
(on-shel) particles which correspond to the external legs 0fTaI_<|ng again into account that the momentum fractions are
the Feynman diagrams. It has already been tacitly exploite/€ighted by the hadron DAs, E@.9) and Eq.(2.10, the
when casting the hadronic spin wave functions into covarianf‘v?ra;ge heavy quark mass in t.he propagator becomes
form [cf. Eqs.(2.6) and(2.8)]. Taking the quark-diquark DA (mg®)~0.5my, . Extending this recipe to all the quark and
of Eq. (2.9 the average values of the effective masses ofliquark propagators and using the covariant wave-function
quarks and diquarks in a proton become representations, Eq$2.6) and (2.8), for the external par-
ticles, leads to analytical expressions for the Feynman dia-
<mef-f>:<x ym ~=m grams which contain(apart of the momentum fractions
q g ey Xi, Vi, andz) only hadronic momenta, masses, spinors,
polarization vectors, and helicities. The occurring traces and
off 2 spinor products can be evaluated in the usual way. The final
(M) =((1=x1))ym,~ 3Mp: step is then to reexpress threassivé Mandelstam variables
(220 st anduin terms of massless ones

Analogously the effective mass of the hea@antijquark in s=s[1+O(m3/s)] with s=4qg?,

the meson becomes on the average half of the meson mass.

The choice Qf the_ masses Whlch occur in the propagators _of t=1[1+ O(mﬁ/%)] with 1=—202[1-cog 8, )],
internal particles is not that obvious, since, e.g., a quark in
the incoming proton has magsm, whereas the same quark _n 2, T
in the outgoing proton has maggm,. So what should we u=ul1+0(my/s)] with u 297 1+cod 9c_m)](,2 23
take for the mass of this quark between two vertices? In '

order to explain our recipe we, e.g., consider the momenturgnd to make an expansion in terms of temal) parameters

of the heavy quark between the two gluon vertices in the(mH/\/g), keeping the scattering angi ., fixed. In order

third diagram of Fig. 2. Itis to facilitate the treatment of propagator singularities we re-
Us=2:K+Y1P;—X1Pi , (2.21  tain only the leading and next-to-leading order terms in this
expansion. Taking again as an example the propagator re-
with p;, ps andk representing the 4-momenta of the had-lated to the momentungs [cf. Eq. (2.21)] the propagator
rons as indicated in Fig. 1. The quark mass in the propagatatenominator becomes

(95— mgS)z) =Yy124[ 8= (Mp+my) ]+ X1y1t+ X323 u— (Mp—my)?]
=y,2:8[ 1+ O(M2/8) ]+ X1y, t[ 1+ O(M2/S) ]+ X, 2,U[ 1+ O(MZ/S) |~ G2, (2.24
|
hence the quark propagator is given by section. Like the leading-order hadron-helicity-conserving

amplitudes also the hadron-helicity-flip amplitudes Eil)

ds+ mgS) gauge invariant with respect to the photon &1d(3) gauge

— (2.29 invariant with respect to the gluon. Finally, crossing relations

gstie for the hadronic helicity amplitudes are fulfiled up to

. . - O(my/V/s), as has been shown for Compton scattering off
l.e., by neglecting mass correcuons(@(mﬁ/s) we end up b( H \/—) dit d BB 1; 9
with propagator denominators which still appear like those aryons and Its Crossed procegs— [18].

of massless particldsf. Eq. (2.15]. Apart from the simpli-
fications in the treatment of propagator singularities and in
the analytical expressions for the hard part of the amplitudes . HELICITY AMPLITUDES AND OBSERVABLES

our approximate treatment of mass effects has a few other gqr exclusive photoproduction of vector mesomg
nice features. By including mass corrections(’ﬂ(me/\/g) — M p one finds, altogether, 24 complex helicity ampli-
we obtain non-vanishing results for hadron-helicity-flip am-tudes. By virtue of parity invariance only 12 of these helicity
plitudes and thus for polarization observables which requiramplitudes are independent. Following the notation of Ref.
the flip of a hadronic helicitysee the discussion in the next [30] we denote them by
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tudes the unpolarized differential cross section takes on the

Ill)\ | A Ne=+12N =1\ =—1
NP [ORE ) N /21

Hz,xq,:qu),xf=+1/2)\7=1,)\i:+1/2: do 1

4
A 22 2 [Hin 2 32
Hang =My ap=—120 =15= 172, dt 32m(s—mj)? rp=0x1 =1 ®

As examples for single spin observables, for which our
(3.0 model provides nontrivial predictions, we will consider the

beam and target asymmetry. The corresponding expressions
with A=0,=1. For our normalization of the helicity ampli- are[30]

H4,>\4,: M Ag Ap=—120 =1\ =+1/2)

dO’_dO’H do’L_
“dt - dt dt 16m(s—md)?

R(H3Hy 1~ HiHiotH; 1H11—H3Hy 1 +HE Hoo—HE 1Ho ) (3.3

for the photon and

do 1

Y TE _mj( Hi-1Hs -1+ HiHa ot HE Ha it HE g Hy i+ HZ Hy ot HE Hy ) (3.4

for the proton, respectively.

In photoproduction of vector mesons experimentalists ofterbehavior is modified by logarithms due to the running cou-
extract the vector meson’s spin-density matrix elements fronpling a5 and, eventually, the evolution of the hadron distri-
its decay distribution. These studies are simplest and yieltution amplitudes. Further deviations are due to the diquark
most direct information in one of the rest frames of the de-form factors. For small momentum transfers diquarks appear
caying vector meson. If one chooses tisechannel helicity  nearly point like and the decay behavior of the helicity am-
rest frame of the vector meson and considers unpolarizeglitudes is weakened by one power®fThe energy depen-
photons and protons, this density matrix is easily expressedence in Eqs(3.6) is only approached at large enough mo-
in terms of our helicity amplitudes in thgp c.m. system: mentum transfer, where the diquark form factors become
fully operational.

For the helicity amplitudes our treatment of mass effects

0 _MAyN 35 (cf. Sec. Il D leads to an expansion in powers ulir(/\/g 2,
pwk; ~ 5 ' As compared to the hadron-helicity-conserving amplitudes
< AEA N |M}‘<I)'}‘f'>‘y')‘i| H,oandHjzy, the leading-order term of the single-flip am-
Pty plitudes H; g, Hyo, Hp+;, and Hs ., is suppressed by
For the connection between density matrices in the mos@(mH/\/g). The leading-order term of the double-flip am-

commonly used rest framethelicity, Gottfried-Jackson, ; ; \/7 2
) X _ plitudesH; ., andH, ., is even suppressed byn(,/V's)
Adair and transversity frameand the definition of these and thus has the same order as the firgin-vanishiny

fra%ﬁii‘;\viggfigrz Zig?tgﬁn aporoach the enerav de er1r_nass—correcti0n term of the hadron-helicity-conserving am-
g app 9y CePEjitudes. To simplify matters we only consider non- and

dence of the helicity amplitudes at fixed c.m. angle and larg Zingle-fiip amplitudes to leading-order and neglect double-

*
> M A A M'MM N NNy

sis roughly flip amplitudes at all.
Hyo,Hggxs 2, In the following we quote the analytical results for the
functionsf andg which have been obtained with the help of
Hio0.Ha0.Hp1,Hgq,Hp 1 ,Hg %573, the symbolic computer programMATHEMATICA,” in par-
’ ' ' B ' ticular with the two program packagesFEYNARTS' [32]
HypHap Hy 1 Hy qcs™72 (3.6) and “FEYNCALC” [33]. In case of the hadron-helicity con-

serving amplitudeHs,, i.e. for the helicity combination
depending on whether the helicity of the hadronic constitury=0, \;=—-1/2, A\, =+1, \j=—1/2, the functionsf
ents is conserved or flipped by one or two units. This scalingead
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6m2

_Apf(onilz-ﬂ—l/z
i OTMETLTLA

) _
{0,-1/2;+1,~1/2

u - I
=—2V——————((Zo= 2){Z22oU7[ X1( 1+ Xp) — y1(1+Y2) ]+ tU(Xo+ Y2) (X1 = 21) (Y1Zo + Y221)
X1X2Y1Y2Z1Z5t
Y222 (14 yo) XYt [ 4Z5(y1— 21) + V(X + 25) + 24(2X1 2.~ 3y1) ), (3.79
6m?2 1
b - A
f§315)1/2;+ 1-12~ " "= f§3,’\—’)1/2;+ 1-12= —AV——={Xzyu+Y,2;5}, (3.7
kt XZylt
(S) ! Y 3
flo- 124112~ —4V——={x;z;u+y12,8}, (3.79
X1Yit
|
with authors on request. Like in Eq&.7) the vector 3-point con-
L _ tributions toH, ., andHj3 ., are proportional to the corre-
V=32r?\ma ag(tu/s) V—1Cg, (3.8 sponding scalar ones. It is also interesting to observe that due

to the (antjsymmetry properties of the Feynman graphs un-
where Cr=2/3,/3 denotes the color factor and the fine-  der interchange of the momentum fractionsand z, [cf.
structure constant, respectively. The functignare related Eqgs.(3.9)], only diagrams in which the photon couples to the

to thef’s in a simple way: s quark contribute to tha 4 =0 amplitudes.
(.0) (0.0) Actually we have computed all the functiohandg, and
93012+ 1,-12= {6 141,12 (21 22), (3.938  relations like Egs(3.9) and(3.10 served as a check of our
analytical expressions. Furthermore, we have veriti€d)
9?3,'9)1/2;+ 1-12~ _fgg,’g?uz;ﬁ—l,—l/z} (21027, gauge invariance with respect to the photon &d(3)

(3.9b gauge invariance with respect to the gluon. The proof of

9 9 gauge invariance is facilitated by the observation that not

Oi0-1/2+1,-1/2= ~ f{o,f 1/2;+1,-1/2 (z12,). only the sum of all 16 tree diagrams provides a gauge invari-
(3.90  ant expression, but rather each of the functibrend g is

L L (V) V) . gauge inv_ariant by itself. Finally, we hgve recalculated a few
Vector 4-point contribution$'"’ andg'¥’ are, in generaffor of the diagrams by hand fo confirm the outcome of

all helicity combinations suppressed by)(mZ/s) or even  \MATHEMATICA .
stronger. Relations analogous to E@3.9) are also valid

between thd’s andg’s entering the othek =0 amplitudes

Hio, Hyo, and Hyo. The functionsf contributing to

H,o—the other hadron-helicity conserving amplitude Figure 3 shows the diquark model predictidsslid line)
(helicity —combination \g=0, N¢=+1/2, N,=+1,  for do/dt[ yp—Pp] at p},,=6 GeV together with the out-
A\j=+1/2)—are obtained from those enterifig , by inter-  come of the Pomeron-exchange mechanidbtted ling [4]
change of the Mandelstam variables>u and the momen- and results of a two-gluon-exchange mogidsh-dotted and

IV. NUMERICAL RESULTS

tum fractionsx,«<yy: dashed ling[34,35. A direct comparison of our predictions
L with experiment is not possible yet since data are only avail-
F8 s 1+1= 02 1-1m (SoUXIoYy), able at low momentum transfers £1.5 Ge\f) where the

(3.10a  perturbative photoproduction mechanism is certainly not the
dominant one. The experimental situation, however, will
f§315)1/2;+1,+1/2}: _fgg,’—D)l/2;+1,—1/2} (s U,X1 Y1), hopefully improve as soon as the data analysis of the
(3.10b CEBAF-93-031 experiment will be completed. Nevertheless,
Fig. 3 shows that the diquark model provides a reasonable
fga)+ Y2 AL U= _fgg?71/2;+1Y71/2} (50U, X1 Y1). extrapolation of the low-data. Thereby one should keep in
(3.100 mind that the cross section which decays exponentially in
forward direction is expected to flatten around 90a6du
The analytical expressions for the hadron-helicity-flip ampli-large). The few available data for photoproduction of pseu-
tudesH; 5, Hyg, Hy+1, andHjz ., are of similar length as doscalar mesons and also photoproduction @nd « me-
the expressions quoted above and can be obtained from tlsens which extend to larger values toéxhibit just such a
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2 | L I’ Y. FIG. 4. Differential cross section foy p—® p versust at pj,
10 0 1 5 3 4 5 6 =2611 GeV 6=4900 Ge\Y). The diquark-model prediction with
It (solid line) and without(dashed lingmass effects is compared with

! a parametrization of the low-ZEUS-data[39]. The hatched area
FIG. 3. Differential cross section foy p—® p versust atpj,,  indicates the uncertainties in the forward cross section and the slope

=6 GeV. The solid line corresponds to the diquark-model predic-parameter.
tion. Cross sections resulting from the Pomeron-exchange mecha-
nism[4] (dotted line and a two-gluon-exchange modai] (dash- ~ With the diquark-model result. This is not surprising since we
dotted ling are plotted for comparison. The dashed line represent&know from the perturbative analysis that the hard-scattering
an attempt to extend the two-gluon-exchange model by includingnechanism, i.e. contributions from diagrams without loops
contributions in which the two gluons couple to different quarksin which all the hadronic constituents are connected via
inside the protori35]. Data are taken from Ballaret al. [36] and  gluon exchange, should become dominant for large values of
Barberet al. [37]. t andu. Correlations between hadronic constituents are auto-
matically accounted for within such an approach and hence
behavior[38]. As can be seen from Fig. 3 the forward crossalso within our diquark model.
section for¢ production is reasonably well reproduced by  To check whether our model provides a reasonable energy
simple Pomeron phenomenolog¢gotted ling. As a mecha- dependence we have also calculated the differential cross
nism for photoproduction of vector mesons Donnachie andgection at a much larger photon energy,(=2611 GeV.
Landshoff [4] proposed that the photon fluctuates into aThe result is depicted in Fig. 4solid line) along with a
quark-antiquark pair which subsequently recombines to awo-parameter fit ofit|<0.5 Ge\? data from ZEUS[39].
vector meson. The resulting quark loop is connected to &he hatched area indicates the uncertainties in the forward
quark in the proton via the exchange of a single Pomeromross section and the slope parameter. Keeping again in mind
which couples to quarks like an isoscalar photon. The QCDthat the cross section is expected to flatten with increassing
inspired version of the Pomeron exchange of Donnachie anthe magnitude of our prediction occurs still to be within the
Landshoff[5], in which the Pomeron is replaced by two range of an extrapolation of the loivdata. The dashed line
non-perturbativeAbelian gluons, has been applied by La- in Fig. 4 represents a leading-order calculation in which
get and Mendez-Galaif34] to photoproduction ofP me- mass effects are neglected. This means that only the two
sons(dash-dotted line The latter authors consider the two- hadron-helicity conserving amplituded,, and Hs, are
gluon-exchange model as a link which connects theaken into account in the leading-order cross section. A com-
diffractive with the hard-scattering domain. At parison between the full calculatiofsolid line) and the
~2.5 GeV the two-gluon-exchange cross section exhibits deading-order calculatiordashed lingreveals that mass ef-
characteristic node which can be understood as an interfefects are still sizable and amount t825-40 % of the full
ence effect between the two Feynman diagrams which entetifferential cross section. They increase in forward and back-
the photoproduction amplitude. However, this pictureward direction and are smallest around 90°.
changes drastically if the two gluons are allowed to couple to At this point we want to comment on another attempt to
different quarks in the proton. Recently Lag86] tried to  calculate photoproduction 6P mesons within the diquark
estimate such contributions by modeling quark-quark corremodel. The authors of Ref28] use a different parametriza-
lations inside a proton via a simple wave function. He foundtion of the model. Only the hadron-helicity-conserving am-
that the node in the cross section is completely washed oylitudesH, , andH; o are taken into account in their calcu-
and that the contributions in which the two gluons couple tolation. With their numerical method they encounter
different quarks inside the proton start to dominate the phodifficulties in calculating the real parts of these amplitudes.
toproduction of® with increasingt (dashed ling Actually,  But they assert that the real parts are small for their param-
for [t|=4 Ge\? the result of Laget becomes comparableetrization and therefore neglect them. Their results for differ-
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FIG. 5. Differential cross section foy p—® p scaled bys’ FIG. 6. Differential cross section foy p—® p scaled bys’
versus cost.). Diquark-model results fopj,,=5 (solid line), 10 versus cosf; ,,) atp},=6 GeV. A comparison of different contri-
(long-dashed ling and 20 GeV(dashed ling butions within the diquark model: full calculatigsolid line), mass

effects neglectedshort-dashed line S diquarks only(dash-dotted

ential cross sections are about one order of magnitudi"®: longitudinally polarizedd's only (long-dashed ling expo-
smaller than ours. This is plausible if one looks at their val-"€tial in®-DA neglected(dotted line.
ues of f and f{), i.e. the “normalization” of the quark- _ _ _
diquark DAs and the cutoff masses in the diquark form facthe approximates™® decay is caused by the fact thay is
tors. Both are considerably smaller than ours. In contrast téaken as a running coupling constafivith argument
the authors of Ref.28] we think that the present experimen- (tu/s)].
tal situation in® photoproduction does not allow to dis-  Figure 6 shows how the differential cross sectiahp,
criminate a particular parametrization of the diquark model.=g Ge\) is influenced by different contributions within our
However, we want to point out that our parametrization hasnodel. A comparison of the solitfull calculation and the
already been applied successfully to a variety of other exclushort-dashedmass effects neglectetine reveals, e.g., the
sive processell5-19. On the other hand, it is still unclear jnfluence of mass effects. F@),=6 GeV and cosf, )
whether these processes can also be described satisfactorilygge they amount to=40% of the full cross section. The
with the parametrization of Carimalet al. [28]. Their pa-  §y5snh-dotted line represents the p@eliquark part of the
rameterization has been determined by means of the protqt}qss section. It varies between 15% and 30% if one goes
magnetic form factor. Apart frond photoproducti_on it has  from backward to forward angles. Sin& and V-diquark
only been applied to charmonium decays into phey final  contributions add coherentljand constructively; cf. Eq.
state[40] with the result that the data could not be repro-(3.7)] this means that the corresponding amplitudes are of
duced. the same order of magnitude. The differential cross section
In the kinematic region, whereandu are large, the dif- for the photoproduction of longitudinally polarizedi’s is
ferential cross section at fixed scattering angle is expected tgiven by the long-dashed curve. It amountst60% of the
exhibit a scaling behavior of approximatedy ’, which is  full cross section at cos{,,)=90°. This fraction increases
supposed to indicate that the hard photoproduction mechan backward direction and decreases in forward direction. In
nism becomes relevant. Figure 5 shostslo/dt for photon  addition we have examined the influence of the exponential
energies ofp},=5, 10, and 20 GeV. Here 5 GeV is pres- in the® DA [cf. Eq.(2.10]. Neglecting this exponential one
ently the upper limit of CEBAF, 10 GeV will be reached by ends up with the dotted curve which is nearly indistinguish-
the planned upgrade of CEBAF and 20 GeV is a value whiclable from the full calculation. This also shows that we are
could be reached at future facilities like ELFE or a furthernot very sensitive to the;—0,1 end-point regions when
extension of CEBAF which are presently still under discus-performing the convolution integral Eq2.1). Finally, we
sion. Comparing the diquark-model results for these energielsave also checked whether a particular group of Feynman
one observes that one is still far away from $1€ scaling  graphs contributes predominantly to cross sections and po-
behavior. The reasons have already been mentioned in Sdarization observables. Our finding is that those graphs in
[ll. A closer inspection shows that the cross sectiogt,  which the photon couples to the strange quark in¢hene-
=90° scales rather like 8 thans™’ for 10<s<40 GeV. son are by far the most important. The fraction of their con-
Starting with point-like diquarks and a constaat one tribution to unpolarized differential cross sections is more
would expect that the leading-order cross secfiaithout  than 95% and still more than 70% in the polarization observ-
mass effectsshould scale liks™°. By including the diquark ables we have considered.
form factors and cross-section contributions from hadron- As examples for single-polarization observables the beam
helicity-flip amplitudes, which are already suppressed by on@asymmetry>., and the target asymmetfy;, are depicted in
power ofs as compared to the leading-order contributions,Fig. 7. The beam asymmetry would be already non-zero, if
the scaling behavior changes already to nearly. Finally,  only the leading-order helicity amplitudés, gandH; o were
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FIG. 7. Diquark-model predictions for beant) and target FIG. 8. Diquark-model predictions for thé spin-density ma-
(Ty) asymmetry iny p—® p scattering ap},,=6 GeV. trix elements in thes-channel helicity frame foty p— ® p scatter-

ing atp,=6 GeV.

taken into accounitcf. Eq. (3.3)]. It would not even be nec- _ S

essary that the helicity amplitudes acquire a non-trivialust by measuring the angular decay distribution of the
phase. On the other hand, a non-trivial target asymmetr?”d determining the corresponding spin-density matrix ele-
demands for non-vanishing hadron-helicity-flip amplitudesments. Our predictions fopg,, R(p%p), and p?_; at pjy,

as well as for non-trivial phases of the amplitudes Eq. =6 GeV are shown in Fig. 8. This should be compared with
(3.4)]. As already mentioned at the end of Sec. II B phaseshe leading order perturbative result which is identically 1 for
are generated through propagator singularities, and hadropg, and which vanishes in the casegdf, andp]_; since the
helicity-flip amplitudes occur in our model as mass correcproduction of transversally polarize®’s is already sup-

tions. As it turns out within our model, also the beam asympressed by at |eag§p(mH/\/§)_ It should also be mentioned
metry is considerably affected by the inclusion of thethat the few data around|~1 Ge\? of Barberet al. [37]
hadron-helicity-flip amplitudes. In a recent pagdil] the  seem to reflect the smal| trend of our predicitions.

influence of nucleonic resonance effects on polarization ob- At the end of this section we want to comment on the
servables inb-meson photoproduction has been investigategherspective to extend this calculation to photoproduction of
within a ConStituent-quark model in which the diffractive J/l/l Itis a Simple matter, since we have a|ready assumed a
contribution is produced btchannel Pomeron exchange. It fiayor dependent DA for the vector mesfef. Eq. (2.10].

is interesting to observe that the result of these authors fofne only thing to do is to replace the mass by thel/y

the target asymmetry at a rather small photon energy of,ass and the decay constdfitby f7*. One, however, has
Plap=2 GeV is comparable in size to our result@,=6  to keep in mind that we have applied an expansion in the

See\t/é -gr]clasa:ts r%rpka.rlgﬁtt):]eesg:](;eht;v: dcr(])n;ﬂitnglgrdlfferent CON"harameter i, /\/g). In order that this parameter is approxi-
P WOrk: u IC resonance co 1ately of the same size i andJ/ production the photon

trjbutions, on the other hand a purely perturbative meChaI'aboratory energy has to be increased approximately by a
nism. Also for the beam asymmetry some similarities can b(?actor (M4 /Mg)2=9.2 when going fromb to J/ . A sec
SRS o) — - . -

g)ugg';r:ﬁ Z?g&sepgpfdr;%prﬂggof ((;folr)r?g\:vﬁgf ;oaclrr ; S 8nd criterion for the reliability of our approximate treatment
9 P m. o~ Maller  of mass effects is that the coefficient of the first mass cor-

nmeogdagivvsh?ehaim basyrgmﬁtg gasr ?:SC;( bheenn fou?dnmxaao;h%ction term should become small compared to the leading
ch IS based on Fomeron excnange, pion excnangg, o, - This coefficient is angular dependent and becomes

and a direct knockout production from the strange-quark Sef’arge at small scattering angle. That means, if the size of the

in the proton(42]. It.WOl.Jld be Interesting to see experimen- mass corrections relative to the leading order should be about
tally, whether polarization observables like the target asym-

metry 7,, the recoil polarizatiorP,. , or the vector-meson (he same inb andJ/y production[ (my;//S) comparablé
polarization),, , which vanish in leading-order perturbative °N€ has to consider much larger momentum transferd/ipr
QCD, are still sizable at momentum transfers of a few Gevthan for @ production. A more detailed discussion of this
Such observables would be a more sensitive tool than thoint along Wlth some numerical results Can_be found in Ref.
unpolarized differential cross section to figure out whethet43)- A possible way to apply the perturbative approach to
the kind of nonperturbative ingredientdiquarks, effective J/# production at a few GeV of momentum transfer would
constituent massesvhich are taken into account in our per- be to retain our prescription for the choice of the effective
turbative approach, are already sufficient or whether mucimasses, but to refrain from the final expansionr’m.lq\/g).
more non-perturbative physics is still at work at a few GeVThis has not been attempted yet since the analytical expres-
of momentum transfer. But also without using polarizedsions for the amplitudes become very lengthy and the treat-
beams or targets additional information on the validity andment of propagator singularities in the convolution integral,
limitations of a perturbative mechanism could be attainecEg. (2.1), becomes much more involved.
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V. SUMMARY AND CONCLUSIONS the differential cross section at two rather different photon
. : . . energies p;,,=6 GeV and 2600 GeMwhich are typical for
We have investigated the reactiorp—® p in the few- CEBAF and HERA, respectively, occur still within the range

GeV momentum transfer region where unpolarized differeny¢ 5 extrapolation of the existing lowdata. It is worth

tial cross-section data from the CEBAF-93-031 eXpe”me”Fnentioning that the predictions of a two-gluon-exchange
at JLAB are expected to become available very soon. Oumodel, in which the gluons are considered as a remnant of
theoretical approach is based on perturbative QCD supplehe Pomerorn35], become comparable to our result for
mented by the assumption that baryons can be treated as4 Ge\? if the gluons are allowed to couple to different
guark-diquark systems. The same approach has already beguarks in the proton. This is not surprising because contribu-
successfully applied to other photon-induced hadronic readions in which all the hadronic constituents aiagpproxi-
tions [15—19. The motivation for introducing diquarks is, Mately kept collinear by means of gluon exchange to pre-
above all, to extend the perturbative approach from larg&€nt the hadrons from breaking up become increasingly

down to moderately large momentum transfers. There arinPortant as soon as one enters the hard-scattering domain.
mainly two reasons why this can be achieved with diquarks ust those contributions are assumed to be the dominant ones
First, the overall momentum transfer has to be shared bé’ﬁ”th'(rj1 O”LHSA'baszd Idlqhua[]k model. We have_;also |I_nvest|—
tween less hadronic constituents than in the pure quark Hs/Jated within our model whether tmasym_pton()s_ scaing
Hence the gluons which keep the hadronic constituents COF_)ehawor of.the differential cross section at fixed angle is
linear are on the average harder and thus the running strorffjf €2dY realized fos values between 10 and 40 GeV. After
coupling constant becomes smaller. The second reason §4viding out the strong running couplin@hich oceurs to the
that a certain class of non-perturbative effects, namely qu;;1r§'xth powir in the cross sectipan apfpr:oxmates sc?fllng o
quark correlations inside a baryon, is effectively accounted'@S P€en found. Our investigation of hadron-mass effects has
for by means of diquarks. The fact that a heavy quarkoniurﬁevealed that they are still non-negligible in the few-GeV

is produced in the final state entails a considerable reductioffomentum transfer range and photon energies of the order
in computational effort. Only a small fraction of the Feyn- Of 10 GeV. Correspondingly, also polarization observables

man diagrams which contribute in general to photoprodchhiCh require the flip of a hadronic helicity, like the target

tion of arbitrary mesons occurs b production. To be more polarization, occur to be sizable. Finally, we have considered

specific, these are just those diagrams in which the photo e possibility to extend the present calculation to photopro-
uction of J/¢» mesons. In order that our treatment of mass

fluctuates into the heavy quark-antiquark pair which is the / X X
connected to the quark and the diquark in the proton via th§T€cts remains reliable fod/y’s one has to go to much
exchange of two gluons, respectively. Both the scalar an(lJarger energies and momentum tr_ansf_ers W_here experimental
vector-diquark components of the proton have been takeﬂata cannot be expected. The S|tuat|_on with respect tp .the
into account. We have also improved the diquark model iffomentum transfer could perhaps be improved by refraining
the sense that hadron-mass effects in the hard-scattering afilem the final expansion inn,/vs). This, however, will
plitude have been included in a systematic way. This hasonsiderably complicate the treatment of propagator singu-
been accomplished by assigning to each hadronic constituelarities and make the analytical expressions for the ampli-
an effective masgmy, (herex denotes the longitudinal mo- tudes much more complicated. Therefore it has not been at-
mentum fraction of the constituenand expanding the scat- tempted as yet.

tering amplitude in the small parameten,/+/s). Only the Our diquark-model calculations fopp—®p will meet
leading and next-to-leading order terms in this expansioﬁhe first severe test in the near future when the data analysis

have been kept. The leading-order term provides for th@f the CEBAF 93-031 experiment will be completed. With
hadron-helicity-conserving amplitudes and agrees, of cours€€se data, which go up tovalues of about 5 Ge¥/ one wil
with the massless result. The next-to-leading order term regd€t @ first glimpse of how different production mechanisms
resents a power-correction and gives rise to non-vanishinff”’®meron exchange- gluon exchange- hard-scattering
hadron-helicity-flip amplitudes. It enables us to make prediciNe€chanismin high-energy photoproduction evolve with in-
tions for polarization observables which require the flip of ac"®@sing momentum transfer. However, in order to really
hadronic helicity such as, e.g., the target asymmetry or th&?uch the hard-scattering domain much higher photon ener-
recoil polarization. We want to point out that our treatment3i€S than those which can be reached at the present stage of
of mass effects still preserves gauge invariance with respe&EBAF would be desirable. In addition to unpolarized dif-
to the photon and the gluon. fer_ent|al cross sections, pollan.zauon observables, wr_nch re-
Our numerical studies have been performed with theluire the flip of hadrpmc _hehcmes, could serve as an indica-
diquark-model parameters and the quark-diquark DAs profor for the relative importance of hard and soft
posed in Ref[15]. The DA of thed meson has been taken photoproduct_lon mecha_mlsm_s,_smce hard scattering is closely
from the literature[23]. It satisfies QCD sum-rule con- connected with hadronic helicity conservation.
straints. Hence we have been able to make predictions with-
out introducing new parameters. We have paid special atten-
tion to the correct and numerically robust treatment of C.F.B. would like to thank the Paul-Urban-
propagator singularities. In the absence of largéata ¢  Stipendienstiftung for supporting a visit at the Institute of
=4 Ge\P) our results can only be compared with the avail- Theoretical Physics at the University of Graz during which
able data which go up tb~1.5 Ge\?. Our predictions for part of this paper has been completed.
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