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Exclusive photoproduction of large momentum-transferK and K* mesons
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The reactionsyp—K* A andyp—K* * A are analyzed within perturbative QCD, allowing for diquarks as
guasielementary constituents of baryons. The diquark-model parameters and the quark-diquark distribution
amplitudes of the proton antl are taken from previous investigations of electromagnetic baryon form factors
and Compton scattering off protons. Unpolarized differential cross sections and polarization observables are
computed for different choices of th€ and K* distribution amplitudes. The asymptotic form of tie
distribution amplitude €x;x5,) is found to provide a satisfactory description of tiephotoproduction data.
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I. INTRODUCTION via exchange of the Goldstone bosons. With less parameters
than hadronic approaches this model also provides reason-
The reactionsyp—KY (Y=A,%) belong to the most el- able results fop},,<2 GeV. Its restricted range of validity is
ementary processes which allow one to study strangenesaused by the use of nonrelativistic transition operators and
production. Stimulated by the advent of a new generation obaryon wave functions.
intermediate-energy electron facilities, such as the Bonn ac- Direct application of QCD iguntil now) restricted to ki-
celerator ELSA or the Continuous Electron Beam Acceleranematical situations in which the scattering of the hadronic
tor Facility (CEBAF), they recently received renewed inter- constituents and their hadronization takes place on rather dif-
est. Traditional hadronic models applied to the analysis oferent scales. In general this means large energies and mo-
K photoproduction mostly make use of Feynman-diagrammentum transfersp ). Well beyond the resonance region
techniqueg1-3]. The corresponding reaction mechanism is(p),>1 GeV) exclusive photoproduction cross sections ex-
based on the exchange pf A, X, K, andK*, along with @  hibit a characteristic angular dependence. At forw@mall
varying number oN* andY* resonances. Apart from some t) and backwardsmallu) angles the strong variation of the
problems with SW3) bounds on the hadronic coupling con- differential cross section is adequately reproduced by the ex-
stantsgkyn [4], such models seem to work properly for pho- change of meson and baryon Regge trajectories, respectively
ton energies up t@},<1.4—2.2 GeV. New data of higher [8]. Around 6. ,,=90° (larget andu) the cross section flat-
precision and completeneéshich include also spin observ- tens and showor fixed anglesan energy dependence typi-
ableg [5,6] are expected to restrict still persisting uncertain-cal for a hard interaction between the photon and the con-
ties in the meson-baryon couplings and the resonance pararstituents inside the proton. A constituent scattering model for
eters. high-energy, largey, elastic and quasielastic reactions has
A more fundamental treatment of photoproductionbeen proposed in Ref9]. The interaction mechanism of this
should, of course, rely on QCD, the dynamics of interactingmodel, namely quark interchange, may be also thought of as
quarks and gluons. A step in this direction are effective,one of the simplest ways to describe photoproduction of
“QCD-inspired” models which include already one or the open strangeness. The resulting interchange amplitude is just
other feature of QCD. A particular example is the chirala convolution over light-cone wave functions of the interact-
quark model which has been applied Kophotoproduction ing quarks, which have to be parametrized in an appropriate
very recently[7]. Its elementary degrees of freedom are con-way.
stituent quarks and the members of ffmvest-lying pseu- A more subtle picture, often called the “hard-scattering
doscalar meson octeK( », and ). The latter are consid- approach,” emerges if one tries to figure out the leading
ered Goldstone bosons associated with the spontaneouwist contributions to hard exclusive processes within pertur-
breaking of chiral symmetry. Theonfined quarks interact bative QCD[10]. The outcome of such an analysis is a fac-
torization formula which is also expressed as a convolution
integral. This integral now consists of distribution ampli-
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FIG. 2. A few representative examples of Feynman diagrams
FIG. 1. Constituent kinematics forp— K®*)* A contributing to the elementary procegs S qj—USSSy,q -
independent DA’s contain the nonperturbative bound-statguarks may be considered as an effective way to cope with
dynamics of the hadronic constituents. DA’s are, roughlysuch nonperturbative effects. It is an assumption that, on an
speaking, valence Fock-state wave functions integrated ovéntermediate momentum-transfer scale, two of the three va-
the transverse momentum. At present, the knowledge olence quarks in a baryon make up a diquark cluster. How-
hadron DA's is still rather limited. The main information is ever, from many experimental and theoretical approaches
provided by QCD sum-rule techniques which give estimateghere have been indications suggesting the presence of di-
of the lowest moments of various meson and baryon DA'squarks. For instance, they were introduced in baryon spec-
[11-13. The few lowest moments impose some restrictiongroscopy, in nuclear physics, in jet fragmentation, and in
on the shape of the DA’'s but do not determine themweak interactions to explain the famond =1/2 rule. Di-
uniquely. A thorough discussion on how to construct modelquarks also provide a natural explanation of the equal slopes
DA’s reproducing a certain number of moments can beof meson and baryon Regge trajectories. For more details
found in Ref.[14]. One should also note that the DA’s con- and for references, s¢24]. It is important to note that QCD
strained by QCD sum rules are subject to severe criticisnprovides some attraction between two quarks in a cf8r
[15-18. Thus, one is forced, at present, to supplement thetate at short distances as is to be seen from the static reduc-
lack of theoretical knowledge on DA’s by some input com-tion of the one-gluon exchange term. Also the instanton
ing from experiment. Photoproduction reactions are, in thisforce seems to lead to diquark formatif25]. Even more
respect, certainly very interesting. They exhibit a rich flavorimportant for our aim, diquarks have also been found to play
structure and are still simple enough to allow for the compu-a role in inclusive hard-scattering reactions. The most obvi-
tation of all the Feynman diagrams which enter the hardous place to signal their presence is deep-inelastic lepton-
scattering amplitude. Perturbative QCD predictions for vari-nucleon scattering. Indeed the higher twist terms, convinc-
ous photoproduction channels have been published in Reifngly observed[26], can be modeled as lepton-diquark
[19]. This paper discusses also the sensitivity of the resultglastic scattering. Baryon production in inclusipep colli-
on the choice of the hadron DA’s. Apart from the fact thatsions also clearly reveals the need for diquarks scattered
there are objections to the numerics of this w@wk Sec. V) elastically in the hard elementary reactiof&7]. For in-
and it still needs confirmation, the predictions for tieA\  stance, kinematical dependencies or the excess of the proton
channel occur to be in considerable disagreement with exyield over the antiproton yield find simple explanations in
periment. the diquark model. No other explanation of these phenomena

The present work concentrates on photoproduction of thgs known as yet.

K-A and K*-A final states. We consider these reactions The main ingredients of the diquark model are baryon
within a particular version of the hard-scattering approach irDA’s in terms of quarks and diquarks, the coupling of gluons
which baryons are treated as quark-diquark systems. Thend photons to diquarks, and, in order to account for the
same approach has already been applied successfully to othsgmposite nature of diquarks, phenomenological diquark
photon-induced hadronic reactions like magnetic and electriform factors. The proper choice of the diquark form factors
baryon form factors in the spacg20] and timelike region guarantees the compatibility of the diquark model with the
[21], real and virtual Compton scatterii@2], and two-  pure quark hard-scattering approach in the lipit—o. In
photon annihilation into proton-antiprotd@1]. Further ap-  so far as the pure quark picture of Brodsky-Lepage and the
plications of the diquark model include the charmonium dediquark model do not oppose each other, they are not alter-
cay n.—pp [21] and the calculation of Landshoff natives but rather complements. The model parameters have
contributions in elastic proton-proton scatteri2$]. The in-  been determined in Ref20] by means of elastic electron-
troduction of diquarks not only simplifies computations, butnucleon scattering data. The full model incorporates scalar
is rather motivated by the requirement to extend the hard¢S) and vector diquarks. Vector diquarks are important for
scattering approach from large down to intermediate momenthe description of spin observables which violate hadronic
tum transfers g2 =4 GeV?). This is the momentum-transfer helicity conservation, i.e., quantities not explicable within
region where experimental data are still available, but wher¢he pure quark hard-scattering approach. The nice and sim-
still persisting nonperturbative effects prevent the pure quarllifying feature of the two photoproduction reactions we are
hard-scattering approach to become fully operational. Diinterested in is that they are not influenced by vector di-



55 EXCLUSIVE PHOTOPRODUCTION OF LARGE ... 4317

quarks since only th&, 4 diquark is common to proton and can be found in Sec. IV. Conclusions and prospects are given

A. in Sec. V. Analytical expressions for the helicity amplitudes
The following section starts with an outline of the hard- are tabulated in Appendix A. Our numerical method for

scattering approach wittscalaj diquarks. It contains also a treating propagator singularities is sketched in Appendix B.

description of the kaon, proton, aldDA'’s to be used in the

sequel. Secti_on Il deals with the constituent kinematics, IIl. HARD SCATTERING WITH DIQUARKS

photoproduction observables, and the general structure of

photoproduction helicity amplitudes within the diquark  Within the hard-scattering approach a helicity amplitude

model. Predictions for photoproduction observables with aMy,, for the reactionyp—K®)TA is (to leading order in

discussion of their dependence on the choice of the kaon DA/p, ) given by the the convolution integrglO]

A A 1 * ~ ~ A A A ~
My (5,5 = fodxldyldzm“ "(21,Q) M (y1,Q) Ty (xe,1,21:8,D 6 P(x1,Q) . 2.1

The distribution amplitudegp™ are probability amplitudes Lorentz index of the vector-diquark polarization vegtor
for finding the valence Fock state in the hadidnwith the  only baryonic quantitie$momentumpg, helicity N, baryon
constituents carrying certain fractions of the momentum oimassmg).

their parent hadron and being collinear up to a factorization For an SU6)-like spin-flavor dependence the flavor func-
scaleQ. In our model the valence Fock state of an ordinarytions x for proton andA take on the form(the notation
baryon is assumed to consist of a quark and a diquBik (  should be obvious

We fix our notation in such a way that the momentum frac-

tion appearing in the argument af, is carried by the X8=uSua.  X0=[uVpg—v2dVyliV3 . (23
guark—with the momentum fraction of the other constituent N

(either diquark or antiquaykit sums up to 1(cf. Fig. 1). In X8=[USa.g—dSug—25Fuql/\V6

what follows we will neglect thélogarithmio Q dependence A

of the DA’s since it is of minor importance in the restricted xv=[uVjg.q—dVy 41/V2 . (2.4

energy range we will be interested in. The hard-scattering

ampIitude'AI'{K} is calculated perturbatively in collinear ap-
proximation and consists in our particular case of all possibl
tree diagrams contributing to the elementary scattering pro-
cessyuS—ussS A few examples of such diagrams are de- 1
p]cted in Fig. 2. The subscn;{t_\}_ fepresents the sgt of pos-  wPM(po ) =F"M sPM(x)) xPM —(Pppm+ Mpm) Vs »
sible photon, proton, and helicities. We have written the V2
Mandelstam variables and t with a hat to indicate that (2.9
masses are neglected during the calculation of the hard- M UM AUM M
scattering amplitude. They are only taken into account in T (pymiN) == TN (X1 M) x
flux and phase-space factors.

If one assumes zero relative orbital angular momentum Xi(pVM+mVM)é()\) (2.6
between quark and diquark and takes advantage of the col- J2
linear  approximation [py=X;pg and Pp=XyPg
=(1—-x,)pg] the valence Fock-state wave function of awith the flavor function of the<™)* meson given by
baryon B belonging to the energetically lowest-lying octet

Similarly, also theg-q wave functions of pseudoscalar
(PM) and vectonfVM) mesons may be represented in a co-
Sariant way:

may be written as X =us. (2.7
B B B B At this point we are already in the position to recognize a
V=(pg;N)=fsds(x1) xs u(ps,\) considerable simplification in the treatment of the reaction
yp—K*)TA as compared to arbitrary photoproduction pro-
+18 6B(x,) xB 1 ( + pg) (Pg,\) cesses. Photoproduction of té*)*-A final state can solely
X — | Yyt = u A\) . : )
v AVIRL XY J3 4 Mg 7stiPe proceed via theS;, g diquark. This is the only kind of di-

quark occurring in both the proton and thewave function
[cf. Egs.(2.3) and(2.4)]. The opposite situation, namely that
only the Vy,q diquark becomes involved, holds for
The two terms in Eq(2.2) represent configurations consist- yp—K®)*3° The fact that scalar diquarks as well as
ing of a quark and either a scalar or vector diquark. Themasslessquarks do not change their helicity when interact-
pleasant feature of the covariant wave-function representang with a gluon imposes already strong restrictions on spin
tion Eqg.(2.2) is that it contains, in addition t®, anda (the  observables of th&"-A and K* *- A channels. Helicity

(2.2
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amplitudes which require the flip of the baryonic helicity are proved to be quite appropriate for the quark-scalar diquark
predicted to vanish, e.g., for thep—K™* A process. On the Fock state of octet baryorB. The origin of the DA, Eq.
other hand, helicity flips may take place in thg—K*3°%  (2.12), is a nonrelativistic harmonic-oscillator wave function
reaction by means of the vector diquark. In order to work ou{30]. Therefore the masses appearing in the exponentials
the different features of scalar and vector diquarks a comhave to be considered as constituent ma$388 MeV for
parison of theA and 2° photoproduction channels would light quarks, 580 MeV for light diquarks, strange quarks are
certainly be of great benefit. 150 MeV heavier than light quarksThe oscillator parameter
The complicated, nonperturbative bound-state dynamicb?=0.248 GeV 2 is chosen in such a way that the full wave
is contained in the DA's¢". These are light-cone wave function gives rise to a value of 600 MeV for the mean
functions integrated over transverse moment(uup to 6) intrinsic transverse momentum of quarks inside a nucleon.
The r=0 values of the corresponding configuration spacéVote that the DA, Eq(2.12, exhibits a flavor dependence
wave functions are related to the constafitsWe will check ~ due to the masses in the exponential. The exponential in Eg.
the sensitivity of our photoproduction calculation on the(2.12 is merely introduced for theoretical purposesg., in
shape of theK (K*) DA by choosing two qualitatively Order to suppress the soft end-point regjors the actual

rather different forms: the one is the asymptotic DA, data fitting the exponential plays only a minor role. There-
fore, the masses and the oscillator parameter are not consid-
Pasy(X)=6X(1—X) , (2.9 ered as free parameters but taken from the literature. We

_ _ stress that the constituent masses do not appear in the hard-
which solves theQ evolution equation forp(x,Q) in the  scattering amplitudes.

limit Q—o (see, e.g., Ref[10]); the other one is a two- The dynamics of diquarks is governed by their coupling
humped DA, namely to gluons and photons. With respect to color the diquark

behaves like an antiquark. In order that the diquark in com-
¢Ez(x)= NK¢asy(x)[0.O8+ 0.6(1—2x)%2+0.251—-2x)%] , bination with a color-triplet quark gives a colorless baryon it

has to be in a color antitriplet state. The color part of the
(2.9  quark-diquark wave functiofomitted in Eq.(2.2)] is there-
fore y52°'= (1/\/3)23_; 3,3~ The Feynman rules of electro-
magnetically interacting scalar diquarks are just those of
standard scalar electrodynamif31]. Replacement of the
electric chargegges by —gdt?, with gs=V4mag denoting

for theK,

A" (X)= NI agy(X)[0.18+0.1(1— 2x)2

+0.41(1-2%)%] , (2.10 the strong-coupling constant ang=\?2/2 Gell-Mann color
matrices, yields the corresponding Feynman rules for
for the longitudinally polarizeK*, and strongly interacting scalar diquarks. The explicit expressions

for y-S andg-S vertices read
BK" (X) = NE" oo ¥)[0.284+ 0.071— 2x) — 0.534 1 — 2x)?

+0.20(1-2x)%+0.2671—2x)*] , (2.11)

SyS: —ieges(P1+P2),, ¥SYUS —2iegesyst®y,, .

. . SgS igd (P1tP2),, 9SYS ig¥tAt%g,, .
for the transversially polarize*. The DA’s, Egs.(2.9- (2.13
(2.11), have been proposed in Refé1,28. They reproduce ) ] ) .
the corresponding QCD sum-rule moments é&:O.ZS During the calculation of Feynman diagrams diquarks are
GeV?. It has been demonstrated quite recently that the lineafeated as pointlike particles. The composite nature of di-

x dependence of pseudoscalar meson DA'’s at the end poin arks is t_aken into account by mult_iplyiljg the expressions
x—0,1 can be considered as a direct consequence of QC r the various Feynman diagrams with diquark form factors

[29]. Q2 (1, n=1

The usual normalization conditiofjdx¢(x)=1, fixes F+2(Q2)= 532_5 ’ ' (2.14
the constant® in Egs.(2.9—(2.11). The quantities”™ and S QstQ%|as, n=2,
fYM showing up in Eqs(2.5) and(2.6) are related to experi-

mentally determinable decay constants of the correspondinghich depend on the numben) of gauge bosons going to
mesons. From thi* — u* v, decay one infers in particular the diquark. This choice of the form factors ensures that the

Kt _ ekt _ K* scaling behavior of the diquark model goes over into that of
that f .—f_decaiz\/E_—SZ.G MeV. The value Of* Isonly e pure quark model in the limip, —«. The factor
known indirectly via the QCD sum-rule resufif” =1.05" 5= aS(QZ)/as(Qé) (8s=1 for Q2<Q§) provides the cor-

(cf. Ref. [11]). The experimental value of o 2 ; 2
; ~ powers ofwg(Q“) for asymptotically largeQ“. For the
1= f{eca216=40.8 MeV obtained from thp®—e*e™ de- running coupling constant s the one-loop result

cay implie_st*:42_.9 MeV. _ as=12m/25InQ%Adcp) is used withA gcp=200 MeV. In
In previous applications of the diquark mod@0-22 a  addition, a is restricted to be smaller than 0.5. The possi-
DA of the form bility of diquark excitation and breakup in intermediate

states where diquarks can be far off shell is taken into con-

sideration by means of the strength paramater
' For reasons already mentioned, vector diquarks do not
(2.12 show up in the reactions we are investigating in the present

2 2
Pa(x)= Nsx(l—x)?'exp[ - b2< % +%)
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paper. However, they have been dealt with in RE2§—22  diagrams require the-s pair to go into the produced meson.
to which we refer for further details of the diquark model. Diagrams of this type would, e.g., be important in

YP— ¢p.
Ill. PHOTOPRODUCTION OF MESONS: The helicity structure of the hard-scattering amplitude
KINEMATICS AND HELICITY AMPLITUDES 'AI'{A} is particularly simple for theK*-A and K* "-A final

. . states. Assigning helicity labels to the hadronic constituents
Exclusive photoproduction of pseudoscalar mesons can, . ) ) ) . o
. . ) S .ds in Fig. 1 one finds(with the S diquark helicities
in general, be described by four independent helicity ampll-)\ —Ag=0):
tudes. Following the notation of Reff32] we denote these "2~ ™6 '

amplitudes by

)\p:)\lz)\:g,
N=Mo-12+1+12, S1=Mo-1/2,+1,-1/2

AMpA=A5=—NAg4. 3.6
D=Mo+12+1-12, S2=Mot1+1412- 3.1 A > 4 39

N, S;, S,, andD represent nonflip, single-flip, and double- Thus the quark helicities are uniquely determined by the pro-
flip amplitudes, respectively. Our helicity amplitudes areton andA helicity, respectively. The additional relatidhad-

normalized in such a way that the unpolarized differentialronic helicity conservation
cross section is given by

dO' 1 , , , , )\3+)\4:)\p_)\A:)\K(*) (37)
0t = s2mempr INFHIS S DD G2 ) | -

is the condition for the hard-scattering amplitudlg, and
As we have argued above, two of the four amplitudes vanish;onsequently the hadronic amplitudié,,, to become non-
N=D=0, if we concentrate on the particular processzero within the diquark model.
yp—K* A and treat it within the diquark model. Out of the  As depicted in Fig. 2, the hard-scattering amplitude
15 polarization observables discussed in R82] there are  Ty,,(X;,Y1,21;S,t)  for  the  elementary  process
only 3 observables which remain nonzero and which differyu§, ¢y —ussS, 4 can be decomposed into three-, four-,
from each othefand fromda/dt) for vanishingN andD. and five-point contributions
These can be chosen as the photon asymmetry

do do, doj . . (X a2 (30) o %
ke Skl W S _ Y1.,21;8,t) = ——=e [T (X1,Y1,21:8,t)
dt ~ dt dt 167r(s—m§)2Re(Sls2 ND™) RN Jo N TR
(3.3 . L
+ TR (x1,y1,21:5,1)]
and the two double-polarization observables
2 naTS -
do 1 __es[Tﬁ’}q)(Xl’ylrzl;Sit)
—_— *+ * . 6
Gy 16w(s—m§)2'm(5152 ND*), (3.9 AJ—_ -
+ TV (x1,y1.2058,1)]

and
dr___1 - e TPty 5
pu— 2_ 2+ 2_ 2 . u \ ’ ’ 19y
S m(“\” |S1/°+[S,|*—[DI?) G
(3.9 +TPY(xy1258D1, (3.9
do, (doy) denotes the cross section for photons polarized _
perpendiculafparalle) to the reaction plane. depending on whether one, two, or three gauge bosons go to

Photoproduction of vector mesons may be expressed bipe diquark. The additional superscrigisq, and S occur-
altogether 12 linear independent helicity amplitudg8].  ring in Eq.(3.8) indicate whether the photon couples to the
The diquark model leaves four amplitudes nonzero if applieds quark, thes quark, or theS diquark, respectively. For the
to the formation of theK* *-A final state. In addition t&, numerical evaluation of the convolution integral, E8.1) it
and S, one can choose, €.9.M i _1p41+12 and isadvantageous to further subdivide the varioggoint con-
M_1112+1-12- Because of the lack of experimental datatributions into two parts which differ by their propagator
we will restrict our discussion ok* *-A production to the singularities:
unpolarized differential cross section which is obtained from
Eq. (3.2 by anluding also [My1 1 11+14° and . B fgf)(xl,h,zl;%,f)

IM_1 41241, T (x1,y1,2:8,0)= SRy

The hard-scattering amplitudﬁ{)\} for the elementary (azFie)(gitie)
processyu§, q—Uuss§, q consists, in general, of 79 dif- 939 (x1,y1,2:8.1)
ferent tree diagrams. However, only 63 diagrams are encoun- y I
tered if the outgoing meson isk&™ or K* *. The other 16 (g3 +ie)(aqz+ie’)
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contains the Feynman rules of the standard model, it had to

£(30)(x V1,21:S,1
b (X1 Y1.21is.0) be extended to deal witls diquarks as well. The spinor

FED(xy,y1,2158,1) =

(g5+ie)(gs+ie’) techniques developed by Kleiss and Stirl{i8$] have been
39 o~ a utilized to convert strings of matrices sandwiched between
9y (X1.Y1,2138,0) spinors into traces which can be handled HByNCALC. A
(q§+ie)(g§+ie’) ' strong indication for the correctness of our results is already
the agreemenfapart from a detected sign eryavith a pre-
) fg\‘!}fv(xliylizl;g,f) vious independent calculatiof87] performed with FORM

[38] (another symbolic computer program for high-energy
physics. Further checks of our analytical results were car-
ried out by testing the (1) gauge invariance with respect to
the photon and the S8) gauge invariance with respect to

2(40) 2
T{)\} (Xl’yllzl1slt) (gi+|€)(D§+|€,)

giff)(xl Y1.2135.1)

(gi+ie) ’ the gluon. The proof of gauge invariance is facilitated by
_ L observing that not only the sum of all 63 tree diagrams gives
4T . fgf}Q)(xl,yl,zl;s,t) a gauge invariant expression, but rather each of the functions
Ty (X1,Y1,21;8,1)= (g2+ie)(D2+ie) f andg in Eq. (3.9) is by itself gauge invariant. In addition to
8 B 2 the gauge invariance tests, a few diagrams were recalculated
gﬁf’}q)(xl,yl,zl;%,f) by hand.
(g5tie)
IV. NUMERICAL RESULTS
(4.5 e
F49)(x, v, .2 .gf):f{x} (X1.Y1.2138.1) Our numerical studies are performed with the set of
I ATDILEL= T (g2 4ie)(gitie’) diquark-model parameters
g(4,S)(X V1,2 %'t\) ’
A s ) fs=73.85 MeV, Q3=3.22 GeV, ag=0.15,
(g +ie)(go+ie’) (4.9
A (55 o~ {if 1.Y1.21:8. which has been found by fitting elastic electron-nucleon scat-
. F (x,y1,2158,0) hich has been found by fitting elastic el |
TP (x1,Y1,21:8,1) = i i i i
N ALY 1041 (Di+ i e)(D§+ ie') tering datd 20] and which provides also reasonable results in
. other applications of the diquark model1,22. A detailed
gg’}s)(xl,yl,zl;s,t) explanation how the convolution integral, EQ.1), for the
(g§+ie) . (39 variousn-point contributions has been treated numerically is

given in Appendix B. At this point we only want to empha-
Apart from g5 2 the g 2, D; 2, andg 2 denote just those size that propagator singularities have been carefully sepa-
| 1 | ! I

quark, diquark, and gluon propagators which can go on shelfted and integrated analytically. The remaining_ integrgls
when integrating ovex,, y,, andz,. In order to make sym- could .be performed by means of rather fast fixed-point
metry properties of the functions and g with respect to Gaussian quadrature. - .

interchange of Mandelstam variables and momentum frac- One of the gharactgrlstlc qualltatlve features of pertcurba—
tions more obviougcf. Appendix A we have also extracted tive QCD predictions is the fixed-angle scaling behavior of

i o : (*)+
the nonsingular gluon propagatgg >. Explicitly the propa- Cross SEthonS' Within the dqu_Jark model thp— K™ " A
gator denominators read cross section behaves at largéike

2 - 7 " 2 - 7 "
q :y2223+ X2y2t+X222U y g :Zzs+ X2t+X222U y do- N N A N e m A
i 1 G5 TFE 0y D Ph(E/3) ~ 5TR(U/3) .

s—®

U5=Y22uSHXoYol +Xoz4U ,  g5=y1S+ Xy t+x.U (4.2)

2 - N - 2 - 2 -
=y12,5+ Xyt + =Y,z;5+Y,t+ itudi
Ga=Y1ZeStXayat+XazoU, G3=YozuStyot+ 21U, (x,) and(y,) denote average values of the longitudinal mo-

mentum fraction of the diquark in a proton ar, respec-

2__ - 2 ~ 2__ - 3 o
U5=Y1Z1STX1Yat +X:23U, DI=y1Zo8+ XYt +Xo2U . tively. Equation(4.2) shows that the scaling behavior of the
) R R R pure quark hard-scattering modglQ] is recovered in the
D3=Yy2z;5+ XY t +X32;U . (310  |imit 5—. However, at finites, where the diquark form

As already indicated in Eq3.9), propagator singularities are factor Fs™ becomes operational and diquarks appear as

treated by means of the ustial prescription. nearly elementary particles, tfse ’ power law is modified.
Analytical expressions for the functiofisandg (cf. Ap-  Additional deviations from the ™7 decay of the cross section
pendix A have been derived with the help ofEYNARTS’ are due to logarithmic correctioritidden in the functions

[34] and “FEYNCALC” [35], two program packages written F& andh) which have their origin in the running coupling
in “Mathematica” which serve the automatic generation andconstantag and eventually in the evolution of the DA'$
evaluation of Feynman diagrams. SinCEEYNARTS’ only (neglected in our calculation
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FIG. 3. Differential cross section forp—K* A scaled bys’ vs L LT T
€0S(..m). Solid (dash-double-dottgdine: diquark-model result at 0r
pi,=6 GeV (4 GeV), proton and lambda DA’s chosen according 0.2 |
to Eg. (2.12, kaon DA according to Eq(2.8) (asymptotic DA; 04 |-
short-dashed line: diquark-model resulipgj,=6 GeV, proton and - 06 |-
lambda DA'’s chosen according to E.12), kaon DA according to 08 L
Eq. (2.9 (Chernyak-Zhitnitsky DA[11]); long-dashed line: quark- R SR S
model resulif19] for the asymmetric proton and lambda DA'’s of 08 04 0 04 08
Ref.[12] and the kaon DA, Eq(2.9). Experimental data are taken
from Ref.[39]. cos(8)

FIG. 4. Diquark model predictions for the nonvanishing
yp—K* A polarization observables. Soligshort-dashed line:
Figure 3 shows the diquark-model predictions forsame as in Fig. 3.
s’do/dt along with the few existing large-momentum trans-

fer data[39] and the outcome of the pure quark hard-dotted and the solid curve, which correspond to the asymp-
scattering model[19] (long-dashed c_ur\)e Whergas the iotic K* DA at El,=4 and 6 GeV, respectively.

DA’s of proton andA have been kept fixed according to Eq. e have also examined the relative importance of various
(2.12 we have varied th™ DA. The solid and the short-  gr6ups of Feynman graphs and found the three-point contri-
dashed line represent results for the asymptdig. (2.8]  pytions to be by far the most important. Four- and five-point
and the two-humpefEq. (2.9] K™ DA, respectively, evalu-  ontributions amount to~5% at 6. m=90° and E},=6
ated atE;,=6 GeV. The better performance of the asymp-Gev as long as onlylo/dt is considered. Their influence
totic DA and the overshooting of the asymmetric DA is in decreases from larger to smaller angles. Spin observables, on
line with the conclusion drawn from the investigation of the the other hand, are much more affected by four- and five-
pion-photon transition form factof15,40 where, for the point contributions.

case of the pion, the Chernyak-ZhitnitsiyZ) DA is clearly The three nonvanishing spin observaliies,, andG are
ruled out. There, strongly end-point concentrated DA’s aredepicted in Fig. 4. Whereds measures the relative strength
also overshooting the data. Our findings have to be conef the two amplitudesS; andS,, 2 and G are in addition
trasted with those obtained within the pure quark-model calinfluenced by the phase difference of these two amplitudes.
culation of photoproduction19], where the asymptotic To make the interplay of the two amplitud8g andS, more
forms for both, baryon and meson DA’s, give systematicallyobvious we have also plotted their moduli and phases in
larger results than the combination of very asymmetric DA’s.Figs. 5 and 6, respectively. For both choices of the kaon DA
However, the numerics of Rgf19] must be taken with some S, is observed to be the dominant amplitude in backward
provisio. For Compton scattering off nucleons it has beerflirection. Forgg, it remains dominant over the whole angu-
demonstratedi41] that the very crude treatment of propaga- lar range. In contras§, becomes increasingly important for
tor singularities adopted in Refl19], namely keeping e qsasy if one goes from backward to forward direction. This
small but finite, may lead to deviations from the correct re-behavior is clearly reflected by the double-polarization ob-
sult which are as large as 1 order of magnitude. The senservableE. The phase difference betwe& andS, varies
tivity of our calculation to the choice of the baryon DA’s has rather moderately over the whole angular range ¢(§gy,
been checked only with respect to their end-point behaviowhereas it changes dramatically f¢f,. Unfortunately, the
x—0,1. Neglecting the exponential factor in E@.12 re- information on the phase difference is hidden in the photon
sults in a slight reduction of the cross section, exg8% at  asymmetry> and the double polarization observal@efor
0.m=90° andE},=6 GeV. Deviations from the scaling which the dependence on the choice of the kaon DA is not so
behavior can be estimated by comparing the dash-doublexggravating.

A yp—K*TA
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FIG. 5. Differential cross section farp— K™ A scaled bys’ vs
cos@.m) at pl,=6 GeV, contributions of the helicity amplitudes Vs cos@. ) at pj;,=6 GeV. Solid line: diquark-model prediction,
S, and S,, respectively. Solidlong-dashef line: contribution of
S, (S,) for proton and lambda DA's chosen according to Eg. according to Eq(2.8) (asymptotic DA; short-dashed line: diquark-
(2.12, kaon DA according to Eq2.8); short-dasheddash-dotted
line: contribution ofS; (S,) for proton and lambda DA’s chosen (2.12), K* DA according to Egs(2.10 and(2.11) (taken from Ref.
according to Eq(2.12), kaon DA according to Eq2.9).

Let us recall at this point that the occurrence of nontrivial
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FIG. 7. Differential cross section fopp—K* * A scaled bys’
proton and lambda DA'’s chosen according to E2j12, K* DA
model prediction, proton and lambda DA’s chosen according to Eq.

[28]).

Unlike 3, G, and E, which have not been measured as

phases in photoproduction amplitudes is a consequence Q&t, the determination of thA polarizationP has been at-
the fact that most of the Feynman diagrams contain interngempted already43] (for more recent efforts, cf. Refg]).
gluons that can propagate on mass shell in certain kinematiehe way to determine the transverse polarization ofAhie
regions of the momentum-fraction space. The treatment of; jetect, in addition to th& ™", the proton coming from the

the corresponding propagator singularities by means of th
usual Feynman prescription results in an imaginary contribu
tion to photoproduction amplitudes. One may worry abou
the validity of perturbation theory for a freely propagating
gluon which is expected to be modified by long-distance,

t

ﬁ/eakA—>p7-r* decay. The transversk polarizationP then
follows from the known P-dependentangular distribution
of the weak A—pw~ decay. According to the diquark
model, and also the pure quark modelis expected to van-

effects. But fortunately photoproduction belongs to a class oS in the hard-scattering regimeu(s> my). The present
exclusive reactions which does, to leading-order perturbativéata, however, are at too smalandt to allow conclusions
QCD, not require the resummation of gluonic radiative cor-about the validity and quality of these perturbative models. It
rections(Sudakov effects As has been proved in Rg#2],
the standard factorization formula, E€R.1), produces al-
ready an infrared finite amplitude.

phase in degree

270
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PR N AV OV PN i

S1(CZ)

S1(asy)

S2ACZy

0 04 08
cos(0)

FIG. 6. Phases of the helicity amplitud€ and S,, respec-

tively. Lines as in Fig. 5.

would be interesting to see, whether the occurrence of siz-
able transverse polarizationsat~ few GeV, as observed,
e.g., in elastiqp-p scattering44] or inclusive production of
hyperons in p-p collisions [45], continues to the
yp— K™ A process. This would be an indication that, be-
sides the perturbative mechanism, non-perturbative physics
(beyond diquarksis still at work.

We have also computed differential cross sections for the
reactionyn— KA. For cosf, ,,)=0 they are considerably
smaller than the correspondingp—K ™A cross sections.
The amount of suppression depends on the choice of the
K° DA. For the asymptotic DA the suppression factor is
~10 in the whole forward region, whereas it increases for
the two-humped DA from 2 te= 10 when cos,. ,) is varied
from 0 to 0.8 E/,,=6 GeV). In view of the plans at CEBAF
to studyyn—K°A by means of a deuteron tardé this is
certainly an interesting observation which could be helpful to
pin down the uncertainties of the kaon DA.

B. yp—K**A

The diquark-model results fodg/dt) ,, .k++, are plot-
ted in Fig. 7. Again curves are shown for two choices of the
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K** DA with p and A DA kept fixed E},=6 Ge\). The conservatiorcf. Eq.(3.7)], e.g., theA polarization, are pre-

results resemble those for photoproductionkof mesons.  dicted to vanish. _ .
Cross sections for the asymmetric DA, Eq€.10 and _Our numerical studies have been performed with the
(2.11), are nearly 1 order of magnitude larger than for thediduark-model parameters and the quark-diquark DA’s pro-
asymptotic DA, EQ(2.8). If ¢, is taken for bothK * and posed in Ref[20]. ‘We have paid special attention to the
K**, the photoproduction cross section for tki& " vector corre.c.t and numerlcqlly robust treatment of propaggtor sin-
meson is found to be by a factor of 1.8—Jdizpending on gularities(cf. Appendix B. Reasonable agreement with the

: few existing yp—K™* A data is achieved already with the
the scattering anglelarger than that for the pseudoscalar : +
K* meson. An increase by a factor 1.73 is due to the differasymptOtIC form for the” DA. On the other hand, the

. ‘end-point concentrate ™ DA, based on QCD sum rules
entK* andK* " decay constants andf“". The remaining [11], seems to perform less well. The corresponding curve
difference is caused by the contribution of transversially podies far beyond the data. The difference between these two
larized K* © mesons, which increases from small to largekaon DA’s is also clearly visible in the three nonvanishing
scattering angles. The situation would be quite similar if wepolarization observables, i.e., the photon asymmztrgnd
had takengt, for both, K and K* *. However, the en- the two double-polarization observablgsandE. It is most
hancement of th&* * cross section is completely compen- pronounced in the observatiie Another quantity which we
K K* K* found to be very sensitive on the choice of the kaon DA is
?;_ tfgj mcezr:sg:)?r?;a?ﬁ)?n?(nyto in*df ;hgfgplrz(ﬁu((iul)g and the angular dependence of the cross-section ratio

Until now large momentum-transfer data for photopro-(da/dt)K”HKOA/(dU/dt)WHK“' For the photoproduction
of the K* vector meson there are no data to compare with.

duction of vector mesons are o?ly avayilable for the reactiorwe have again tested the asymptotic DA and DA
yp_—>(po+w)p [39]. At fcm=90° andE,~6 Ge\_/ the ex- _ which obeys QCD sum-rule constraints on the lowest mo-
perimental ~ value of the cross section rati0 ments[2g]. The differences in the results for the two DA’s
(daldt) yp . (po+wyp/(do/dt) ,p 7 o IS ~2. This means in  gre quite similar to those for photoproduction of the pseudo-
particular that @o/dt) ypHPOpSZ(do/dt) Yp— P - The dif-  scalarK™ meson. When going frork to K* photoproduc-
ference in the p, and m, decay constants tion the cross section becomes larger due to the diffeent

N . oo
(Fhecay™ 1.5t foca), hOWever, already implies an enhancementdnd K* decay constants and the additional contributions

of the py photoproduction cross section as compared to thérom. transversially_ polarizel* s. This incr_eage of the cross
7o ONe by a factor of~2.3 which is further magnified by section, however, is partly compensated if different DA'’s for

*
contributions of transversially polarizeds. The only way to K andK* are used.

¢ ¢ of thi h Cis t oakat To the best of our knowledge the diquark model is at
compensate part o +'S en aSEemen IS ,0 assum a present the only constituent-scattering model which is able to
above in the case d™ and K* ™) the DA’'s of = andp

: X account for the larg@, photoproduction data of thK-A
differ from each other. Experimental data on photoproducsing| state. Admittedly, the momentum transfers at which we
tion of pseudoscalar and vector mesons with the same ﬂaVQfompare our predictions with experiments are somewhat low
content could thus be very useful to work out differences inggr 53 model based on perturbative QCD. However, we want
the corresponding DA's. to point out that we compare with appropriately scaled cross
sections. Keeping in mind that the fixed-angle scaling behav-
ior is based on dimensional countirfg6], i.e., on much
V. SUMMARY AND CONCLUSIONS more general grounds than on a particular perturbative
model, and assuming that one is close to the scaling region
with the experimentally accessible photon energies one
i . . would expect that the scaled cross sections stay, apart from
We have investigated photoproduction KfA and K* - logarithmic corrections due to the running, essentially the
A final states in the few-GeV momentum-transfer region.same at h|gher photon energies where perturbative QCD be-
Our analysis is based on perturbative QCD supplemented byomes applicable. Similarly, thescaled theoretical predic-
the assumption that baryons can be treated as quark-diquatibns would not change very much if the calculations were
systems. The present calculation continues previous work ogdone at higher photon energiésso neglecting the logarith-
photon-induced hadronic reactionf20-22 performed mic p, dependence o). The still remaining slight devia-
within the same approach. By modeling quark-quark corretions from thes™’ scaling behavior are, as already men-
lations inside a baryon as quasi-elementary particles—scaldioned at the beginning of Sec. IV, due to the diquark form
and vector diquarks—we account for some nonperturbativéactors. That our results for the photoproduction cross sec-
effects. In this way we are able to extend the range of applition, obtained without adjusting any parameter, agree with
cability of the pure quark hard-scattering approdbt8A)  the data is an interesting finding which parallels similar suc-
from large down to moderately large momentum transferscesses of the diquark model for Compton scattef2#) and
The fact that the photoproduction channels we are interesteits crossed reactionyy—pp [21].
in contain aA in the final state entails a considerable reduc- One may now object that, like in the pure quark hard-
tion in computational effort. In contrast to arbitrary photo- scattering approactsee, e.g., Ref47]), the perturbative re-
production reactions only scalar diquarks must be taken intsult obtained in collinear approximation is considerably re-
consideration. This has the consequence that helicity ampliduced if effects due to the intrinsic transverse momentum are
tudes and hence spin observables violating hadronic helicitincluded. In applications of the diquark model to baryon
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form factors[20] this question has been investigated in someprocesses. By assuming that two quarks make up a diquark
detail. It turned out, e.g., that Sudakov corrections diminish-part of the multidimensional overlap integral and thus part of
the result for the proton magnetic form factéf, by 10— the soft contributions can be absorbed into diquark form fac-
20 %, depending on the momentum transfer. A further reductors which in our model are parametrized phenomenologi-
tion by a somewhat smaller percentage is observed ifally over the whole momentum-transfer range. Adding soft
intrinsic transverse momenta are also taken into account jRontributions to the diquark model will, as mentioned in the
the proton wave functiofi4g]. There are two reasons why previous footnote, likely lead to some dpub]e counting. For-
Sudakov corrections and transverse-momentum effects afg2lly diquarks, as any other soft contributiée.g. overlap

less aggravating in the diquark model than in the pure quarﬁorwi'tt;]urt"eon;’ drfg;ﬁfuerre]teh;ggﬁ:nt\efvrﬁ; @Zeféi'si der. apart from
model: On the one hand, the “freezing” of; due to Suda- 9 P » ap

: . ) . more and better largp, cross-section data, the polarization
kov corrections is effectively taken into account by the re- easurement of the recoiling as one of the most urgent
striction @s<0.5; on the other hand, contributions from the

. . tasks. A large polarization indicates that the perturbative
end-point regionx—0,1 are already strongly damped due o regime has not been entered yet. In the perturbative
to the quark-diquark DA'§cf. Eq.(2.12] used, in particular - 5cp regime the kaon DA's could be restricted by means of
due to the exponential factorwe expect these findings to quantities, like the photon asymmetry or the cross
hold for photoproduction as well. It should also be noted thatection  ratios do/dt),, kor/(da/dt),, <y  and
in photoproduction processes some of the propagators ARa/dt) ks /(do/dt),,_k+, Which are very sensi-
timelike, in which case the transverse momenta lead to agye to the choice of the DA’s. With a maximal photon labo-
enhancement of the result. However, we want to point outatory energy of(at present4 GeV CEBAF[5] touches at
that even with baryons considered as quark-diquark systempest the border of the hard-scattering domain. More decisive
an explicit calculation of photoproduction within the modi- data could be expected from a future electron facility such as
fied HSA including transverse momentum would be a veryELFE [53] which is designed to explore the energy range up
demanding task, perhaps impossible to be carried througho 15 GeV(or even higherwith a continuous high intensity
The reasons are that the convolution integral of the hardelectron beam.
scattering amplitude with the hadronic wave functions be-
comes high-dimensional and the numerical tractability of the
integrand is.in adqli.tion complicated by 'Fhe existence of APPENDIX A: ANALYTICAL EXPRESSIONS
propagator singularities. Anyway, after having checked for a FOR THE HARD AMPLITUDES
simple application, like the electromagnetic nucleon form
factors, that transverse-momentum effects of altogether 20—

40% can be absorbed into the parameters of the diquark

model we think that it does not make too much sense to In this appendix we quote analytical expressions for those
consider such subtleties also for more complicated reaction§ard ~ amplitudes  which __ describe  the ~ process
this would rather spoil the usefulness of such an approach?USu,q—UssSyq With the ss pair being in a spin-zero
An indirect check for the quality and range of applicability State. More generally speaking, these are just the scalar di-
of a phenomenological model like ours is rather its ability toduark contributions to photoproduction of pseudoscalar me-
describe a large class of exclusive hadronic reactions in §0NS- According to Eq(3.9) the variousn-point contribu-
consistent way, i.e., with the same set of parameters an ns to these amplitudes can be decomposed into gauge-

hadron DA’s. Apart from the successful applications men_mvariant functionsf af.‘dg-.T.he functior)sf andg which
tioned above preliminary results for other photoproductiondee;(ejrmlne the hadronichelicity conserving amplitude S,
channels, such agp—K*3% and yp—="n, look also
rather promising[50]. That the leading-order perturbative
contribution of the diquark model is already Siz_able E.lt a few 2At this point a few remarks are in order. Whereas the Drell-Yan
GeV of momentum trfefmsfer, even akf)ter m(?ll.JSIO_n (_)f formula (including contributions from all Fock states an exact
transvers_e-momentgm elfects, seems 10 be suprising in V'e%presentation of hadron form factors at any momentum transfer,
of oppo_sne conclusions for the pure quark modes]. One the quark-interchange model of R¢®] is rather a model in the
reason is that for a particular process a smaller number ;i of the Drell-Yan formula which, however, does not corre-

gluons is exchanged as compared to the pure quark modelsong to the full nonperturbative result. Thus it is not an appropriate
Hence the perturbative domain is extended down to smalleftarting point for the leading-order perturbative analysig. This
mometum transfers. The second reason is that part of the sq jllustrated, e.g., if one considers exclusive photoproduction of a
contributions are modeled by the diquarks. This can even bg meson on a proton. Whereas this reaction proceeds via the had-
understood formally. Soft contributions may be estimated byonic valence Fock states in the HSA, a higher Fock component
means of the overlap of thull) wave functions of incom-  containing ars—'s pair from the sea is needed for the proton in the
ing and outgoing hadronésee, e.g., Ref[51] for hadron  quark-interchange model. Actually, elastic lepton-hadron scattering
form factors, and Ref[9] for more complicated hadronic is the only exclusive reaction for which an exact nonperturbative

representation in terms of the hadronic wave functions is known. As

a consequence this is also the only case for which nonperturbative

The importance of the exponential factor is demonstrated in Figcontributions can be clearly separated from the leading-order per-

2 of [49] in the case of the pion form factor. turbative result without double-counting problems.
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wherea denotes the fine-structure constant. Go 12414072 0-12+1-uA SO UX1oY1, 212 2)

The functionsf andg contributing to the hadronic ampli-

tude S, are obtained from those enteril®j by interchange for

) — _f(4a) POENT
or12+1412= ~fotip+1-12ASUX1oY1,21925)
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TABLE I. Propagator-pole positiong; derivatives, and princi-
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obtained from the authors on request. yittzu y1t+21U YiZot+yz,0
2 Yzt +yoz,U A -1 —Yi2,5
APPENDIX B: NUMERICAL TREATMENT DI === ~nl+zl) z )
ylt +zu yl'[ + 22U ylzlt +VY,2,u
OF PROPAGATOR POLES N 1
V7.8 a o - )
The numerical difficulties in performing the convolution D3 e (yat+2z,u) = = )
y2t +zu y2t + zlu y222t +Vy1Z,u

integral Eq.(2.1) are mainly caused by the occurrence of
propagator singularities in the range of integration which
give rise to a principal value integral

1 h(xq,y1,21)—h(x¥,y1,21)
1 1) , I(k)(YLZl):f dx, (X1,Y1,21 kz( 1Y1,24
mzp F —Iﬂﬁ(k). (Bl)
@ 1dx, . |ok? !
In what follows, the four cases to be distinguished will be +h(x;",y1,21)| 0 K2 —Im (9—)(1 )

discussed separately.
(B3)

1. No propagator on shell

The only contribution to the convolution integral Eg.1) Wherex(k)—x(k)(y ;) represents the zero &F (considered
exhibiting no propagator singularity is the one corre:spondmgds a function ofx,). The first integral in Eq(B3) is now
to gf3{* [cf. Eq.(3.9]. In these circumstances the convolu- again tractable by simple Gaussian quadrature, whereas the
tion integral is easily performed by means of three-yincinal.value integral can be done analytically. Sih&eis
dimensional Gaussian quadrature. a regular function of/; andz; Gaussian integration can also
be applied to these variables. Analytical expressions for
propagator-pole positions, principal value integrals and

If only one of the propagators goes on shell within thederivatives of propagator denominators are listed in Table I.
integration region—this happens f {i}q), ggif), J([;"}Q),
andg(5 S_the corresponding integrals over have the gen-
eral structure

2. One propagator on shell

3. Two propagators on shell—propagator poles not coinciding

h(X1,Y1.Z1) If two propagators*.q2 and k2‘2 go on shell one can pro-

19(yy1,2)= fo 250 - (B2)  ceed similarly as in the one-pole case, provided the zeroes
x(V=xDV(y,,z) and x{P=x{9(y;,2;) of k& and k2

In order to simplify notations we have neglected helicity (considered as functlons af) do not coincide for fixed/,

labels and the dependence on the Mandelstam variablesand z;, 0<y;,z;<<1 arbitrary. This is guaranteed for the

and t. Furthermore, the distribution amplitudes®(x,), Feynman diagrams contributing &5, f{?, (¥, and

M (yq), andqﬁKT(zl) have been absorbed into the function gm The x; integrals to be con5|dered have the general

h(x1,Y1,2;1). The integrall® may be rewritten to give form
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h(Xy,Y1.,21) 84 4. Two propagators on shell—propagator poles coinciding

1
|kka)(y, 7 =J dx . — .
V12)= | Ge o ieTie) » | o
This is the worst case and shows up in connection with
If x{V=x? a partial fractioning yields the functionsgSf, 5, andf{}}Y . The general structure

of thex; integrals is again that of EqB4). However, now it

happens that the two propagator singulariﬁéké) and x(lkz)
1 ak§ -1 (which still depend ory; andz;) coincide for a certain value
|<k1'k2)(y1,zl): m{ (ﬁ) |(kl)(y1,zl) of y; (0<y;<1), 0<z;<1 fixed. We denote this value by
X1 X ! y(lkl’kZ)zy(lkl’kZ)(zl), it still depends orz;. We note that the
aki -1 partial fractioning can still be performed for arbitrary values
“\ax, 142 (yy,29) 1, (B5  ofy, andz; as long ass ande’ are kept finite. By carefully

taking the limite—0 in the terms containingi ande’'—0
i.e., two terms which again can be treated according to Eqn the terms containing and using Eq(B3) one ends up

(B3). with
|
1 ak§ e h(Xl,YLZl)_h(X(lkl),ylyzl)
1kakd(y, ,20) = =1 | 7o~ J' dxq 2
Xy V=x; P +ie | 9xy 0 k1
-1 _
k3 1dx ok3| 1
K2 (ky) it SO B
+(&X1) h(x;*.y1,21)| @ oK Kiire

ki _lfl h(x1.y1,20) —h(x{? y1,2;)
IXy o 8 k3

o2\

K3

9%y

flXm .
— i
o 0 k% ™

[

In Eq. (B6) e stands for eithek or €’. Closer inspection of>((lk1)—x(1k2)) (considered as function of;) reveals that the zero
y(lkl'kZ) is quadratic. On the other hand, one also finds m%ﬂ-’k” is a single zero of botkh(x(lkl) ,¥Y1,Z1) and
h(x(lkz),yl,zl). This immediately implies that the real part 0¥1-2)(y,,z,) is a regular function of/; and alsoz; so that
Gaussian quadrature is again applicable to the corresponding integrations. Taking further into accoahf/meit)(“l and

(9k3/9x1) ~* have different signs the imaginary partiéf1'?(y,,z;) can be written as

ﬁz(x(kl)—x(kz)) -1 k2 -1 oK2| -1 _ _ (y _y(kl,kz))
(ky k) - L L b B (k) (ko) 1 1
Im1 %152y, ,z,) 277( Y2 X, X, [h(X; ™%, Y1,21) +h(x] ,ylll)J(yl—y(kl’kz))z%-i? , (B7)
1
|
Wherehz(yl—y(lkl'k"’))’ﬁ. Integrating Im1-k2) with respect ~ carefully separating the singular contributions, exploitifig
to y; and lettinge—0 gives functions, rewriting principal-value integrals as ordinary in-

tegrals plus analytically solvable principle-value integrals, it
1 1 is finally possible to do all the numerical integrations by
j dY1|m|(k1’k2)(Y1v21):<§0f dyllml(kl'kz)(ylizl) , (B8) means of fixed-point Gaussian quadrature. For our purposes
0 0 anx-y-z grid of 20x 20x 24 turned out to be sufficient. Tak-
ing instead a 3% 32x48 grid changes the results by less
i.e., only the principle-value part of the integration survives.than 0.2%. The numerical calculations were performed on a
The principle-value integral in E4B8) can be treated analo- DEC7000-610 APLPHA workstation. For the larger grid size
gous to the principle-value integrals x3 [cf. Eq. (B3)]. the calculation ofla/dt(yp—K™A) took abow 1 s per en-
Proceeding along the steps outlined in this appendix, i.egrgy point and angle.
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