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The structure of thep photoproduction amplitude in the/s~2—5 GeV region is analyzed based on
Pomeron-exchange and meson-exchange mechanisms. Ti®& Sthmetry and thep decay widths are
exploited to determine the parameters that are needed to predict the amplitudes due to pseudoscalar mesons
(7%, 7) exchange, scalar mesons,f,,f,) exchange, and thé radiation from the nucleon. In addition to the
universally accepted Pomeron exchange with an intera€p)~1.08, we investigate the role of a second
Pomeron witha(0)<0, as inspired by the gluebaIU(=O+,M§~3 Ge\P) predicted by the lattice QCD
calculation and dual Ginsburg-Landau model. It is found that the existing limited data at low energies near
threshold can accommodate either the second Pomeron or the scalar mesons exchange. The differences be-
tween these two competing mechanisms are shown to have profound effects on various density matrices which
can be used to calculate the cross sections as well as various single and double polarization observables. We
predict a definite isotopic effect: polarization observablespophotoproduction on the proton and neutron
targets can have differences of a factor 2 and m@6556-28139)04908-0

PACS numbsfs): 25.20.Lj, 13.60.Le, 21.30.Cb

[. INTRODUCTION that the proton might contain a strange quark admixture as
large as 20%. Thus this issue remains controversial. There-
The investigation of the reactiopp— ¢p is interesting  fore it is tempting to look for other observablgkl,14,13

for several reasons. Traditionally, it is considered as a toolhat are directly related to the strangeness content of the
for the study of the Pomeron exchange dynamics, implyingiucleon. The use o photoproduction has been considered
that (i) the vector meson dominance mo@¥DM) [1-9]is ~ as one of the most promising approaches. Through the inter-
valid and(ii) the other hadronic channels are suppressed bigrence with the “nonstrange” amplitude, it is shown in Ref.
the OZI rule. This mechanism is depicted schematically in15] that polarization observables of thie photoproduction
Fig. 1(a). It is fairly well established that thep— ¢p dataat &€ sensitive even to a ra_ther s_maII strangeness adm|?<ture in
high energies can be described by a Pomeron trajectory witwe proton. Obwogsly, rgllaple information abOl.Jt the hidden
an intercept «(0)=1.08 [2-6]. At low energies s strangeness manifestation in tkle photoproduction can be

L . . obtained only when the nonstrange amplitude has been un-
<5GeV, the predictions base.d on t_h|§ Pomeron trajector¥ierstood guantitatively. This is the objective of this work.
appear to be lower than the existing limited data. It has been The nonstrange amplitude is due to the diffractive

suggested that this discrepancy indicates the existence gomeron exchange, meson exchange, and difeeidiation
more exotic mechanisms corresponding to additional trajecfom nycleons. They are illustrated in Fig. 1. The pseudo-
tories including the glueball trajectoyL0]. scalar meson$PSB 7 and 7 are expected to be most rel-
Another interesting subject is related to the strange dez\ 4nt in determining the meson exchange term Fid).1
grees of freedom. Since the meson is thought to consist oyever, the calculation of they exchange involves the
mainly of strange quarks, i.ess, with a rather small contri-  coupling constang, which is not well determined experi-
bution of the lightu,d quarks, its production should be sup- mentally. For theg-radiation term[Fig. 1(c)], we have the
pressed if the entrance channel does not possess a considéime problem withsNN vector and tensor couplings. Nev-
able admixture of strangeness. Indeed, the recendrtheless, these parameters can be estimated theoretically by
experiments on the proton ann_lhllanon at r@me Ref[11]  imposing SW3) symmetry. For example, the finitéNN
for references and a compilation of dafaoint to a large  coupling constants can be estimated by consideringsthp
apparent violation of the OZI rule, which is interpreted]

as a hint to an intrinsiss component in the proton. How- ¥

ever, the data can be explained by modifying meson ex- ,/q’)‘ ! ,,—q’,' ! ¢ ! / ¢
change modeld12] without introducing any strangeness P j}rn\s >__\ A
component in the nucleon or OZI-violation mechanisms. On — - . = < N 5
the other hand, the analysis of thdN o term[13] suggests (@ b) © N

FIG. 1. Diagrammatic representations of processes oftheo-

*Electronic address: atitov@thsunl.jinr.ru duction: (a) diffractive Pomeron exchange photoproductigh)
TElectronic address: lee@anph09.phy.anl.gov photoproduction with boson exchange, aiil ¢ meson emission
*Electronic address: toki@rcnp.osaka-u.ac.jp from the nucleon legs.
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couplings and the interaction of th meson with the kaon In Sec. Il, we define the kinematical variables and for-
cloud of nucleor{16]. mula for calculating cross section and polarization observ-
We also consider the scalar meson exchaigge for Fig.  ables. The basic amplitudes for mechanisms illustrated in
1(b). In » photoproduction, VDM predicts some relative Fig. 1 will be given explicitly in Sec. lll. The parameters for
suppression of SE as compared with PSE, proportional t€SE amplitudes will also be given there. Section IV is de-
g%/9% , whereg, " is the electromagnetic strength of the vec- voted to the unpolarized cross section, with which we fix the
tor meson17] parameters of the Pomeron exchange for the considered three
models. The result for the spin density matrix elements to-
5 gether with discussion of the main peculiarities K K~
JV:e_MV n angular distribution is given in Sec. V. In Sec. VI we analyze
k29, M the beam target and beam recoil-nucleon asymmetries for
proton and neutron targets. The summary is given in Sec.
VII. The appendixes are given to describe the general for-
which can be found from the"e™ partial decay width of malism of theg decay angular distribution, discuss the rela-

p/w mesons. In Eq(1) My is the mass of the vector meson. tive phasesp— y, 7 decays, and fix the parameters of the
So, the relative suppression of SE/PSE for unpolarized crosscalar exchange amplitude.

section is proportional t@?/g%~11.5* [18], which is in
agreement_with the S@) flavor prediction g,:g,:94 Il. OBSERVABLES
=1/3:1:1K2. For ¢ photoproduction the ratig’/g in- . . . .
creases by a factor 2, and taking into account several known We define the kinematical variables for thet N— ¢
candidates for SE, one expects that their coherent contribut N reaction using the standard notation. The four-momenta
tion may be comparable with the other discussed mechaf the incoming photon, outgoing, initial (targe} nucleon,
nisms. and final (recoil) nucleon arek, g, p, andp’, respectively.

A step towards an understanding of the structure of thdhese variables in the center-of-mass systemm.s) are
“nonstrange” background inp photoproduction was taken Written as k=(v,k), q=(E4.q), p=(Ey,—k), and p’
in a recent papef19]. The focus of Ref[19] is to explore = (Ep,—0q). Hereafterf denotes thep production angle in
the possibility of determining theé/NN and 7NN coupling ~ ¢-M.s.,t=(p—p')?=(q—k)? ands=W?=(p+k)?, My is
constants using thep— ¢p reaction. The scalar mesons the nucleon massyi ; is the pion massM is the ¢ mass,
exchange is not considered. Except e N Coup”ng con- etc. We use the conventions of Bjorken and Drell to define
stant, all parameters associated with Pomeron exchapge, the y matrices and Dirac spinors.
exchange, and diregb-radiation amplitudes are adjusted to .The cross section in c.m.s. is related to the invariant am-
fit the data. In this paper we take a different approach. welitude Ty; as
calculate the pseudoscalar meson exchange, and the direct ) ,
¢-radiation amplitudes using the parametpredetermined dow = My T, |2 dp’ dq S(p+k—p’'—q)
by using SW3) symmetry and¢ decay widths. This will fi 2m2(W2—M?2) fi 2E, 2E, P p=a.
allow us explore the parameters associated with the scalar 2
meson exchange, and the second Pomeron trajectory that will
be introduced later. The corresponding unpolarized differential cross section is

In this work we give a systematical analysis ¢fphoto-  given by
production in a few GeV region where the interferences be-
tween the three mechanisms depicted in Fig. 1 are essential. doyi M —
We focus on the diffractive Pomeron exchange and scalar dt 477(W2—M2)2'Tﬁ| ' &)
meson exchange which are not well defined in this low en- N
ergy region. This is done by analyzing three models. Theyith
first one(model A consists of ther, » exchange amplitude
and the standard PomeroR4) exchange that has been de-
termined at high energies in many worksee Refs.
[1-6,19). In the second cagenodel B, we extend model A
to include the second Pomeron exchangg)(inspired by ~ where\;,\, are the helicities of the incoming nucleon and
the ( ’T=O+,M§~3 GeV?) glueball predicted by the lattice photon, and\¢ .\, are the helicities of the outgoing nucleon
QCD calculation and dual Ginsburg-Landau model. Theand . Note that Eq(3) has no “threshold” factor [g|/|k|)
third model(model Q is to extend model A to include scalar which is used sometimes in extrapolating formulas in the
meson exchange. The most important difference betweenear threshold energy regim—»sth=(MN+M¢)2, where
models B and C is that the phase®§ at forward angled  |g|—0. This means that near the threshold the differential
=0 is complex as defined by the Regge phenomenologyross sectiondo/dt may be finite, contrary todo/d(),
while the phase of scalar exchange is fixed by the Feynmawhich is proportional tdq| and vanishes at—sy,.
rules and is real. It is therefore natural to expect that their For experimental tests of our predictions, it is most con-
differences can be best investigated by considering polarizarenient to present the quantities that are directly related to
tion observables. the angular distributions of thé—K*"K™ in the ¢ rest

N

| Tl?= > VI & (4)
A g ity

IR S W

035205-2



STRUCTURE OF THE$ PHOTOPRODUCTION. .. PHYSICAL REVIEW G0 035205

H 1
\/ PN > , Txfx;xixyp(Y)Ayx;Tzfxr;)\i)\r . (8
q K X Ny AN Y
k 0 p \p [ z . i
A The normalizatiorN factor reads
3 /\\
N=2 |T>\fx;>\i>\y|2- 9

FIG. 2. Diagrammatic representations(af the center-of-mass The mat”Xp(V)M%’y is the incoming photon density matrix.
system andb) the ¢ meson rest frame. The labels H, GJ, and A  In this work we make predictions for the cases that the
correspond to helicity, Gottfried-Jackson, and Adair reference sysincident photons are either circularly polarized or linearly
tems, respectively. polarized. The corresponding “partial” distribution func-

tions W*(cos®,d) have been well described in the literature
frame whereq,=0. Figures 2a), 2(b) schematically depict (see Ref[20]). For completeness and the discussions of our
the c.m.s. and the rest frames, respectively, in thie pro-  results, the derivation of these polarization quantities will be
duction plane. The axis is perpendicular to the production given in Appendix A. It is shown that by appropriately com-
plane:Y=pxp'/|pXp’|. There are several choices of the bining these distribution functions, songedensity matrices
guantization axi€: the ¢-meson helicity syster(H) with Z pA »» and asymmetry observablés, and P, can be ex-
opposite to the direction of the recoiling nucleon, thetracted directly from the data. We will also discuss their
Gottfried-JacksonGJ) system withZ parallel to the momen-  physical meaning.
tum of the photon, and the AdaiA) system withZ parallel More complicated and, in general, more informative ob-
to the photon momentum in c.m.s. It is difficult to give a servables may be obtained when we include “target” or “re-
priority to one of these systems first. Some qualitative concoil” spins into considerations. For example, the derivations
siderations presented in Appendix A are in favor of theoutlined in Appendix A can be straightforwardly generalized
Gottfried-Jackson system, because certain amplitudes in this obtain formula for the polarized target if we leave out the
frame take a simple helicity conserving form for an arbitrarysummation on the proton helicity; in Eq. (8) and fix it
¢ production angled. Although the general formalism for according to the experimental condition. However, such
the analysis of thep decay does not depend on the systemgquantities involve triple coincident measurements which are
all our concrete calculations are done in GJ system. difficult to perform.

Thus, the decay angl€3, @ are defined as the polar and  An easier experiment is to only measure the double po-
the azimuthal angles of the direction of one of the decayarization observables in the beam-targetoil) sector with-
particles in thep-meson rest frame. The angular distribution out fixing decay angular distribution. We will consider some
of ¢—a+b decay is then defined by of them, using the notation of Ref21]. All of them are

dN given in c.m.s. The beam-target asymmetry is
m_E Ta e rgin o, My (0.2)2 (5) - ,
2 |T>\f,x¢;1/2,1 Txf,x¢;—1/z,1|

. BT _
where the decay amplitude reads C,=—
> |T>\f,>\¢;1/2,1+T>\f,>\¢;—1/2,1|2

3
2y(0,2)=Co\| 7=Di%\ (®.0,-D), (6 do(3/2) — do(1/2)
~ do(3/2)+do(1/2)’

(10
with N ap=Na—\p, Whereh ) is the helicity ofa(b). The
constant Co|2 is proportional to the decay width and if we where2,% stand for the values of the total spin in the initial

are working with normalized angular distributions it drops state. The beam-recoil asymmetax{), wherex’ along the
out of the final result, so we can 8¢=1. Using Eq(5) one  vector[k xq]x q is

can express the normalized distribution in the following

form:
2 ReTy, No ;xi,th 12 A gind
dN Wc0s6.B) CoR=—2
———=))(c0s0,
d cos®dd ( > |Txf ,x¢;xi,1|2
=—2 D33 (2.0, ~®)py/ do(x')—da(—X)
AN =- , (1)
1 do(x")+da(—x")
XDy, (©.0,-®), @)
wheredo(+x") stands for the cross section with the recoll
wherep, - is the ¢ spin density matrix proton polarization along or opposite x6 axis.
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¥ ¢ ¥ q, ¢ M Pn;/,v:]_-an" Pna,,u,v_ (13)
Ve -~ ---- - . . . .
a; o Hereu(p) is the Dirac spinorg,, ande, are respec'uvpely
P P the polarization vectors of the photon ardmeson,F "
(F.) describes the Pomeron-nucleon vertex, &%d**" is asso-
N N’ N g/ N’ ciated with the Pomeron—vector-meson coupling which is
(a) (b) related to they—qq vertexI’, and theqg— ¢ vertexV,,,

as shown in Fig. ®). We follow the DL model and assume
FIG. 3. Diagrammatic representation of the Pomeron exchangthat the P;-nucleon coupling is photonlike. For the
model for ¢ photoproduction{a) VDM model and(b) the corre-  P,-nucleon vertex, we assume a scalar coupling. Accord-
sponding quark diagram in the Donnachie and Landshoff model. ingly, we have

IIl. BASIC AMPLITUDES Fii=vy,, (14)
A. Pomeron exchange amplitudes P
i F 2=1. (15
In the vector meson dominance mod®DM) [22,23, “«

the incoming photon first converts into a vector meson whichy, explicit evaluation[21] of the Dirac algebra associated

then scatters diffractively fror_n the nucleop through theith the quark-loop shown in Fig.(B) leads to the following
Pomeron exchange, as shown in Figa)3Experimental data  torm of the Pomeron-vector meson coupling in ELP):
for vector-meson photoproduction, smgll-hadron-hadron

elastic scattering, and diffractive electrodissociation indicate [Prarr=gavgr—kagrr,
that Pomeron behaves rather similar t&@Ca + 1 isoscalar
photon[1,2]. It can be shown that the data at high energies erwz(kuqv_k.qguV)/M(ﬁ, (16)

can be described by a Pomeron trajectory with an intercept

a(0)~1.08. This trajectory will be called the, trajectory ~where the transversality conditions M Pl,z/”.qM
in this paper. Within Regge theory, it is easily to see that the= r(P1247.k =0 are fulfilled. The strength factoid (F)’l,z in
P, trajectory can only be identified with objects with spin Eq. (12 take the conventional form of Regge parametriza-
J>0. It was suggestefl0] that a different Pomeron trajec- 4

tory, as inspired by the glueballT=0", Méb:3 GeV) pre-

dicted by lattice QCD calculations and a QCD-based dual b B s—s; | «®
Ginsburg-Landau mod¢R4], could dominate the cross sec- My'=CiF(D)Fi(s,t)e '(”/2)“‘(0(3—) , (1
tion at low energies by having a negative intercefD). 0

This Pomeron trajectory, called,, will be also considered \ynere the trajectories are taken to be

in this work.

Within QCD, a microscopic model of Pomeron exchange ay(t)=a;1(0)+ ajt=1.08+0.2%,
was proposed by Donnachie and Landsh8if(DL model).
It is assumed that the incoming photon first converts into a ay(t)=—0.75+0.2%,5p=a' .. (18)

quark-antiquark pair, which then exchanges a Pomeron with

the nucleon before recombining into an outgoigneson,  As discussed abovey,(t) is chosen to fit the data at large
as depicted in Fig.®). The DL model was examined in Ref. and a,(t) is inspired by the {"=0", Méb~3 Ge\?) glue-

[2] by using a Euclidean QCD model of mesons to evaluatgyy||, predicted by Lattice QCD calculations and a QCD-
exactly the quark-loop integration in Fig(8. It was shown “based Dual Landau-Ginsburg mogia4]. We follow Ref.[7]

that the interpretation of the Pomeron as gluonic object ig; define the overall form factor in Eq(17) as F(t)
consistent with the data up to very lar@ andW. For the — _ F 4(t) - Fy(t) with

Q?=0 andW<5 GeV region considered in this work, the

exact loop integration, as done in RE2Z], can be approxi- Fn(t)=(4MZ—2.8)/{(4MZ—t)[1—(t/0.7)]1%},
mated by the factorized form employed by Donnachie and

Landshoff. We therefore follow Donnachie and Landshoff 1

and use this simplified version of the model to define the F¢(t)=ex;{§B(t—tmax)}. (19
Pomeron-exchange amplitudes. We will not consider two-

gluon-exchange models of the Pomeron as proposed in Ref‘?he correcting functions, «s,t) for Eq. (17) are

[4-6].
Within the factorized form of the DL model, the invariant 1 .
amplitude can be written as Fi’zzzl“zi:’l"zif:, Tr{gZ‘(er MN)gZ‘,(p’ +My)}
Pn:_ 4 Pn * Pnl’vV ’ ’ ’
Tfi umf(p )MO %MM swumi(p)’ (12 X (g** —gHg” /Mé)g”" /4M2, (20)
with and explicitly read
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1
Fi2=———5{k-plk-pMj+(k-0)?] WY | =iE,| N\ (E,—|d|cosh)e, &
2M{M3 oty N 7
+2k-pk-q[p-q—M3]—(k-a)’[p-g+M{]}, sing N y/q|sir? 6
’ " LA 11—, cost, - 24TITE,
1 Vamy
Fo2=———(k-q)%(p-(k—q)+2M3). 21 (26)
2 2M§M§)( d)(p-(k—q) N) (21)
where m;¢ is the nucleon spin projection, C
The strength factoC; in Eq. (17) is chosen to reproduce =\/(E,D+MN)(ED,+MN)/2MN and a(p)
do/dt|,—, at larges, where the cross section is entirely due = \(E,—My)/(E,+My).
to P, trajectory. The strength fact&, is chosen to repro- In the ¢ meson rest frameg=0) the amplitude takes the

duce do/dt|,—, at low energies where all mechanisms very simple form

shown in Fig. 1 are important. The slofiis chosen to

reproduce the available data of angular distributidngdt. TR (2miN ) e, &, Tof, (27)
Note that the phase of the Pomeron exchange amplitudes is
fixed and controlled by the exponential factors in Etjz).  where
At t=0, the real part oP; amplitude almost vanishes, while

the P, amplitude remains complex. 2mME, e .

fi T 2 M_¢g(pNNg¢>y:pvvmf Jm; (28)

B. Pseudoscalar exchange amplitudes

To calculate the pseudoscalar mesop=(w° ) ex- Wethen can see thatin the GJ frame the separate form of the

change, we follow the previous investigatiorsee Refs. amplitude Eq.(27) leads to the spin-conserving form Eqg.
[18,19,21,2 and assume that the effective Lagrangian for(A32). Note also that the PSE amplitude is purely real. We
the ¢y with ¢=70, 5 interaction has the following form: Now specify the parameters for evaluating the above PSE

amplitudes.
e vap (i) NN¢ vertex. For 7NN vertex, the valueg, nn
"3¢w:M—¢9¢w6 9ubrdoPpP, (220 =13.39+0.08 was determined in Rdf26]. In recent analy-

ses, a lower valug,.yn~ 13.28 is recommendd@7]. Which

whereA, is the photon field. For théiNg interaction, one value we should use in the present work is related to the
can use either pseudoscalar or pseudovector coupling whidRrm of the associateadNN form factor (discussed below

are equivalent at the tree level. For definiteness we use tH8 this work, we follow the study ofo photoproduction in
pseudovector coupling of the form Ref. [18] and useg,y=13.26 and the form factor deter-

mined thergno error was assigned in R¢fL8]). This value
90NN 9 NN— is within the known experimental error, but still should be
WN yM75N&"7TO+ oM Ny, ysNd*n. (23 considered as part of the phenomenological meson_—exc_:hange
N N model employed in Ref.18] and the present investigation.
The status ofNN# coupling is not so clear. The coupling
Qonstantgf]NNMw varies between 0 and 7 in literature. The
large value comes from the one boson exchange potentials
(cf. Bonn potentia[28]), where, howevery exchange gives

Lps=

The one-meson-exchange amplitude then takes the followin
factorized form:

TPSE_ e W WB (24 relatively small effect in fitting thé&l N scattering phase shift.
M2 My IoNND by Wing,mVWx o But most of other studig®8—32 favor a small value for the
¢ NN#% coupling.

In our calculation, we use the value determined by using

where
the SU3) flavor symmetry. We then have the following re-
— lation:
Wr';f,mi:umf(p )75Umi(p)a
5 1 3F-D -
W"¢”‘y: eﬂVa,BquasqSVSyE- (25) gnNN—ﬁ mngNv (29

Direct calculation ofWVF andW?® in the center-of-mass frame whereD and F denote the two different SB3) octet meson
gives baryon coupling constants. By using the most recent empiri-
cal valueF/D=0.575+0.016[30], we obtain
W, m = C{2m a(p')cost— a(p)] )

IINN_ 6 99+0.13. (30)
41

X O, m,—a(p")siNOSm —m},
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For definiteness, we sg@NN/4w=0.99 in all of our calcu- Y ) Y ¢
lations. This value is close to the average of the empirical AVAVAVA\S ot VS -0 -----
values determined from the analyses of M forward dis- : :
persion relation[31] and the other approachd82-35. ES ;S
Later, we will discuss separately the dependence of the im- o ;Y
portant polarization observabl¢ decay asymmetrg., on N - N’ N - N’
this parameter. (@) b)
(i) ¢y vertex. The effective coupling constagy,,, is
related to the decay width ab— vy, namely, FIG. 4. Diagrammatic representations @j the scalar meson
exchange inp photoproduction angdb) VDM model for the scalar
a (be— Mi)3 ) exchange.
I'(d=rye)=3; T ms o (31)
¢ C. Scalar meson exchange
Using the most recent data The ¢ decay data suggest that tieephotoproduction am-
plitude could have contributions from the exchange of scalar
I'(¢p—y7®) =(5.80+0.58 X 10 ® GeV, mesonsay(980) with 16(JP€)=17(0"") andf,(980) and
o="1,(500) with 16(JP€)=0"(0""). This is illustrated in
I'(¢p—yn)=(5.56+0.26 X 10 ° GeV, (32 Fig. 4. Theg,,s couplings are deeply related to the internal

structure of the scalar mesons which is not well established
we get|gy,,|=0.141+0.007 andg,,,|=0.707-0.017, re- ~ and is still a subject of debaf88]. They are identified with

SpeCtive|y. One can see that the I’e|a'[ive|y Ia%@n in the Conventiona|qq mesons[39,4q, qzaz States[41,4z, KE
n-exchange amplitude is compensated by the smaIN  moleculed43,44], glueballs, andor) hybrids[45]. Penning-
coupling constant. Hence thg-exchange andr-exchange ton and Morgan[46] have performed a precision fit to the
amplitudes are comparable and they may interfere stronglvailable experimental data for scalar-isoscalar sector trying
with each other. Clearly, it is necessary to make an accuratg understand the underground structure of this mesons. On
choice of their phases. In the Appendix B we fix their phaseshe other hand, in a series of papers by O#ienl.[47] it is

by using the SUB) symmetry and the results from the pre- shown that the scalar mesoasf,,a,, x appear naturally in
vious investigations of pion photoproduction. We find thatthe chiral unitary theory as a members of (3Unonet and
J4y»= —0.141 andg,,,,= —0.707 with respect to the sign their properties are in fair agreements with the data. For our
of the w— yar coupling. Sincey ;0,, andg,,, is of the same  estimation we make two assumptiongi) the scalars
sign within SUS), we expectconstructiveinterference be- o,fo,a0,x are members of unitary SB) nonet with (ii)

tweenw and  exchange amplitudes for thep—ép pro- 4y type internal structure. We also use @Usymmetry to
cess. The §|tuat!on changes in the— ¢n reaction. In t.hIS fix the NN'S coupling constants. In Appendix C we show
case_the isospin _property resulton,=—0g50pp, While o these can be determined frgp,, andgyy, which are
9,nn=J,pp, and the corresponding interference become%etermined in a stud}8] of p photoproduction.

destructi\{e This striking ispspin-dep.end.ence effect has been The scalar-exchange amplitude is calculated from the fol-
reported in Ref[37] and will be studied in more detail here. lowing effective Lagrangians:

All vertices in the meson-exchange amplitydg. 1(b)]
must be regularized by appropriate form factors. We choose £ =gsnNNS (34)
the standard form

2 2 2 2 and
AL — A4~ M
dye ¢
Fonn()=—5—2, Fy)=—2—F. (33 w _ €d
[ 2 ve 2 t _ —“99YSr a @

AZ—t bye ™ Lys= M, [0°¢Pa,Ag— " pPIpA,lS. (35
For 7 exchange we use_the parameters determined in a study,o apove Lagrangians lead to the following expression for
of o photoproduction [18]: A,.=0.7GeV,Aj s amplitude:

=0.77GeV. For the n exchange we chooseA,
=1GeV,A,,,=0.9 Ge\(. These p_arameters are close to € UyysIsn
that of theos exchange introduced in Ref18] to fit the p Tri= —2 - 5
photoproduction. This is reasonable since the mass of the s t=Mg
consideredr meson is 500 MeV which is close to the mass
of » meson. where

Note that we do not consider the contribution »f ex-
change. It is suppressed in PSE amplitude relative torthe Suv (k-g)g*"—k*q”
exchange by a factor 5—-6 because of the heavier mass of the o= — YV (37)

; ¢

propagator in Eq(24) and the smaller value @ ,/nn, Pre-
dicted by the SB) symmetry: g, ny=0.49,\n for the  We note that the above expression can also be derived using
7-n' mixing angle around-10°[36]. current-field identity and VDM.

[Um, (P )Um (P)Je 3,15 .

(36)
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The g,4,s coupling constant is related to the width of ra- and f,,)=1(0) andps=p+k, p,=p—d. The tensor parts

diative ¢— yS decay

a (M5-M%)°* )

— %5 (38
M3 $yS
[

The present accuradyd6] allows us to evaluate its upper

limit:
I'(¢— ym°7°)<4.43 10 ®—|g,,,| < /3% 0.18=0.31,
T(¢p—yf0)<4.43<10 "=y, [<1.77,
T(¢—y89)<2.22X107°—|g,a | <14, (39

where in the first case we assume thiab y7°#° decay is
dominated byo and takem,,

the upper limit ofg,,s's has the same order of magnitude
(and greateras the couplings ip— y7°, 7 decays. So, the constan

for y and ¢ in Eq. (44) have different signs, which reflect the
difference between the incoming and outgoing particles.

The ¢-radiation amplitude has a more complicated spin
dependence than the PSE and SE amplitudes. For example,
at 6=0 the spin-flip transitions ,= + 1—\ ,=0 along with
Ni=F3—\;=*3 are allowed in¢ radiation, but is forbid-
den in PSE and SE amplitudes. Téeradiation amplitude is
pure real and its sign is controlled by the constants of
ggnn. k4 Following the theoretical estimation of R¢L6]
we chooseg yn=—0.24 @5nn/47=4.6X10"3), k4=0.2,
which are in qualitative agreement with the @WJsymmetry
prediction.

Note, that in principle, the couplingNN may be dressed
by the cutoff form factor for off-shell nucleons. But this
results in strong gauge invariance violation with respect to

~500 MeV. One can see that Photon andp meson fields alik¢49,50. To avoid this prob-

lem we use the prescription of Rg61], which favors for
tF¢ factorsF¢=F¢=1. Thus, our prediction for

SE should be considered in more detail. With the large ex!@diation may be considered as an upper limit.
perimental uncertainties, we obviously need some theoretical

input to fix the coupling constants. Our choice is detailed in

Appendix C.

It is interesting to note here that the SE amplitude and the
P, amplitude have the same spin dependence. The princip
difference between them is in their phases. The SE amplitudf(

IV. DETERMINATION OF POMERON PARAMETERS

In the previous section, we have defined the parameters
%r the meson-exchanggFig. 1(b)] and ¢-radiation [Fig.
c)] amplitudes. These parameters have some uncertainties

is purely real,_w_hiIeP_z is complex._We the_ref(_)re expect that due to the errors of the data used in the determinations. For
they can be distinguished clearly in polarization observablesyginiteness, we will present results using their mean values

D. Direct ¢» meson radiation
This amplitude is shown in Fig.(d). The NN and yNN

interaction Lagrangians in obvious standard notations are

, (40

_ N K¢ & v
£¢NN——9¢NN(N7’MN¢”— MNU“ Nd, ¢,

_ KN
EyNN: —e N'}/MNA’M_ oM

NUWN(;VAM), (41)
N

with x,ny=1.79(=1.91). The resulting amplitude is
(42

Tii=Un (P )M, e U (P),

+M
% ST(K)
ps_MN

'V',SF €0sNN rﬁ(Q)

+T7(k) FﬁﬁMNF"’(q)], (43)

CUpiMR "
where
K
¢ — _'_¢ v
F/_L(q)_’)/p, I ZMNU,U.Vq ’

. KN v
Fg(k)ZfN’yﬂ'i‘ImO"uvk , (44

to evaluate the 4, )-exchange andp-radiation terms. For
the scalar meson exchange, we will use their values deter-
mined by using the upper bound of the experimental values,
as given in Eq.(39). We will discuss later how our results
will be modified if the errors of these parameters are consid-
ered in our investigation.

We first observe that the meson-exchange @éfrddiation
amplitudes only have appreciable contributions in the low
energy regionys< about 5 GeV. Because of a negative
intercept a(0)=—0.75, the contribution from the second
PomeronP, also drops very fast as energy increases. Con-
sequently, the parameters of the first PomeRyncan be
fixed by fitting the cross sections in the high energy region.
We find that the data ofloc/dt(6=0) up to \s~100 GeV
can be reproduced by choosin@,~2.—2.3 ands;~1.5
—2 Ge\2. The uncertainties are due to the quality of the
data. In considering the data in the low energy region, we
therefore still have some freedom in adjusting the parameters
of P;.

To explore the roles of the second PomeRynand scalar
meson exchange, we now turn to developing three models
from fitting the data of¢p photoproduction. Because of the
insufficient accuracy of the available data, it is not advanta-
geous to determine the parameters of each model by pre-
forming a x? fit. Instead, we simply demand that the total
cross sections generated from each model must be consistent
with the data within errors, and the greatest differences be-
tween them do not exceed 15% in the low energy region
W<5 GeV. This is of course not very satisfactory, and must
be improved to perform &? fit when more extensive and

035205-7
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>
e w->0p 162 , P -> op . WP -> ¢p
107 — 10
+ P,
o P,
080 Total
10° _ 1o 10° 10°
S > ol ol
3 $ 5 vy 3
g . E -4 9 ?’. %
Ew =10 £ 10 Y E 10
2 5 3 M 3
) d g AN ]
5 -5
10 10 10° . \ ’
10° Y 10° 5 6
10 10
r 2z 3 45 1 2 3 4 s

W [GeV] 6 [deg] W [GeV]

FIG. 5. The differential cross sectiatu/dt of yp— ¢p reac-
tion att=t,5, (6=0) for model A as a function of the total energy
W= /s in the left panel. Data are taken from RefS2—-54. In the
right panel we show the angular distribution &f=2 GeV (W
=2.15GeV). Data are taken from R¢62].

FIG. 7. The differential cross sections gp— ¢p reaction for
model B. Notations are the same as in Fig. 5.

gion. For simplicity, we assume that the threshold behavior
of P,-Pomeron amplitude is defined by the natural scale

precise data from new facilities become available in the neax/s;=My+ M,. The model then only has two parameters
future. Nevertheless, the results obtained from using this ngc; and £&. We find that the data can be fitted by settifig
ive visual fit should be sufficient for our present exploratory = —0.55C;=2.34. We find that this value of the ratiis
purposes. perhaps the maximum amount of tRg amplitude the data
Model A. In this model we consider onl?,, pseudo- can accommodate. With a larger magnitudeépfthe pre-
scalar meson+#,7n) exchange amplitudes and the diregt dicted energy dependence of the cross section has a
radiation. The model has three paramet@is s,, and the shoulder-type behavior at/~2.5—3 GeV, which might be
slopeB. The first two are fixed by fitting the energy depen- in contradiction with the available data.
dence[52-54 of do/dt at t=t,,(6=0): C;=2.09, s; Model C. This model is obtained by extending model A to
=1.6Ge\;. The slopeB,;=1.7GeV ? is found by fitting  include scalar meson exchange amplitude. With the param-
the data of angular distribution dfo/dt atE,=2 GeV[52].  eters given in Appendix C, we find that this additional am-
Model B. This model is obtained by extending model A to plitude has very small effect on the unpolarized cross sec-
include theP, amplitude. The slope paramet®s is chosen tions. The data can be fitted by slightly modifying tRe
to be the same aB, of P, in order to maintain the same fit parameters t€;=2.12s,=1.5Ge\’.
to the differential cross sectiodo/dt at E,=2 GeV. The Let us first discuss the results from model A. In Fig. 5 we
model then has two additional parametegsand C, for ~ See that both the energy dependeieé pane) and angular
specifying the strength of the, amplitude. In fact, they are distribution(right pane) of the unpolarized differential cross
not independent: decreasirsy leads to some increase of sections for the proton target can be descriltbitk solid
|C,|, therefore for simplicity, we choos®=0. Becausd®,  curves well. We also show the contributions from each
and P, amplitudes have different energy dependence, thé&e€chanism. Obviously, the Pomeron exchange has the larg-
energy dependence afo/dt in the low energy region is €stcontribution. By comparing the solid curve,(7) and the
sensitive to the ratig=C,/C, . The parametes, obviously ~ dashed curve £), we see that ther exchange and; ex-

also controls the energy dependence in the low energy rehange interferes constructively. On the other hand, we see
in Fig. 6 that they interfere destructively for the cross sec-

B m->¢n R
10 10 o> on . o n
10” 10
— w->¢p
+ P,
. P:
10” . 10* , — T
— K 3 ;
> % _ 10 o
<] g < # >
= =) + °
£ 10 g 10" g % g
3 3 £ 10° Y E 10
B < = S )
< = % =2
10° 10 € . %, 2
10° . \ 10°
6
10° 10
1 10° 10°
W [GeV] 1 2 3 4 5 0 45 90 135 180
W [GeV] 6 [deg]

FIG. 6. The differential cross section gfh— ¢n reaction for
model A. Notations are the same as in Fig. 5. Dot-marked thin lines FIG. 8. The differential cross sections ¢h— ¢n reaction for
correspond to thesp— ¢p reaction for the same model. model B. Notations are the same as in Fig. 6.
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Total
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FIG. 9. The differential cross sections ¢p— ¢p reaction for

do/dt {mb/GeV?]
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do/dt [mb/GeV?]

w->p

02

0.5 0.8 1.0
-1 [GeV

FIG. 11. The differential cross sections pp— ¢p reaction at

model C. Notations are the same as in Fig. 5. E,=3.25GeV W=2.64GeV) for model A(left pane) and B

) ] (right pane). Data are taken from Reff54].
tions on the neutron target. In Fig. 6, we also show the re-

sults for the proton target. As discussed in Sec. ”l, this is du%qua| qua“w and at the present level of the data accuracy it
to the different sign ofy,onn= — g0, While 9,,,=9,nn- s difficult to give preference to one of them. We now turn to
Clearly, this isotopic effect cannot be tested by examininghe investigation of whether other observables can be used to
the unpolarized cross sections. It is also interesting to notgjstinguish these three models and isotopic effects.
that the ¢-radiation contribution(dot-dashed curvesiomi-
nate the cross sections at large angles. However, its magr\i/- PREDICTIONS OF THE DENSITY MATRIX ELEMENTS
tudes are perhaps too small to be observed experimentally. FOR ¢ MESON

The results for model B are displayed in Figs. 7 and 8. We
see that the contributions froRy andP, have very different In Appendix A, we have given formula for calculating the
energy dependence. This is due to the difference in the thelk "K~ angular distributions in terms of density matrix ele-
intercepts:a;(0)=1.08a,(0)= —0.75. The full calculation mentspy, , of ¢ meson. The angular distribution&19) due
(thick solid curves contain contributions from %,7) ex-  to unpolarized incident photons are only determinedpBy
change and the-radiation mechanism. The isotopic effect For circularly (linearly) polarized incident photons, the an-
shown in Fig. 8 is also too small for experimental tests.  gylar distributiong20) [Eq. (21)] are calculated fronp® and

In Figs. 9 and 10, we see that the data can also describegd (,0 1 andp?). It is therefore sufficient to only present
equally well by model C. We also show the individual con- oy predictions of these density matrix elements defined in
tributions fromP, and scalar mesorv(+ao+ fo) €xchange. the GJ system. We will show the dependence of these matrix
The full calculations(thick solid curveginclude the contri-  gjements on the angle of the outgoings in c.m.s. The left
butions from (7,7) exchange andp radiation. Obviously, (right) panels of Figs. 11—-24 show the results figr— ¢p
the scalar meson exchange has negligible effects on the upyn— ¢n) at E,=2 GeV. Our main interest is to examine
polarized cross section. Again the isotopic effects shown iy the predig»{ed density matrices depend on the models
Fig. 10 are too small for experimental tests. which are constructed in the previous section to give an

In Fig. 11 we show the differential cross section®  equally good description of the available data of unpolarized
— ¢p reaction ate,=3.25 GeV formodels A and B. One ifferential cross sectiondo/dt. We will also investigate
can see that the models describe the data with approximatejie energy dependence ¢fdecay asymmetry and its depen-

dence on theyNN and #NN coupling constants.

2 > ¢n -2
10 10 W ->op Y ->6n
—_— A — A
3 3 --= B -—— B
10 r—"’. 1o ool ool
s E 02t AN 02t
3 9 /
2 5 £ 10" <8 -8 A
Ew = o - 77N\
32 ° S =
£ 3 0.1 0.1
107 %%%Q 10° /"\\\
’,/ \\\_ ”,a"\\\\~
0.0 ==== ' 0.0 m== T
10° 10° 0 45 90 135 180 0 45 90 135 180
2 3 4 0 4 90 135 180 0 [deg] 0 [deg]
W [GeV] 9 [deg]

FIG. 12. Spin-density matrix elemepg0 for the different mod-
els. Left and right panels correspond {gp—p¢ and yn—ne¢
reactions, respectively.

FIG. 10. The differential cross sections ofi— ¢n reaction for
model C. Notations are the same as in Fig. 6.
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10
10

0

Re p
Rep

-0.1

- -0.1 .
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0 45 0 90
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135 180

FIG. 13. Spin-density matrix element Ia%) for the different
models. Notations are the same as in Fig. 12.

The matrix element),, RepJ,, and Re?_;, which
determine theK K~ angular distributions with unpolarized
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m->én

0.0

P oo

-0.1

— A

-— B
e

-0.2

-0.2

0 45 90 135 180

0 [deg]

90 11‘35 180
0 [deg]

0 45

FIG. 15. Spin-density matrix elemepg0 for the different mod-
els. Notations are the same as in Fig. 12.

. 3
W82§sin2®. (47)

incident photons, are shown in Figs. 12—14. As seen in EQs.

(A17) and (A19), the matrix elemen):>80 is responsible for

As discussed in Appendix A, HCM is due to either a pure

the azimuthal angle'averaQEd UnpOIarized decay diStribUtiOHatura| panty exchan&@ca]ar exchang@r apure unnatural

W defined in Eq(A22)

Wo— >
47| 2

1

1
(1—pSp) + 5(3;;80— 1)cog 0 |.

parity exchange(pseudoscalar meson exchangmecha-
nisms. The difference between Ed@d5), (46) and Eq.(47)
therefore measure the deviation of the constructed models
from the helicity conserving mechanisms. This deviation of
course is due to the interference between different ampli-

We see from Figs. 12 and 13 that the predictions from modtydes illustrated in Fig. 1.

els A and C are very similar. However, model B, which

includes the second PomerBg, yields a much smallgs),.
At 6~90° wherep), has the maximum value, we obtain

_ 3 )
W 9= —(0.36+0.43sif 0), (45)
8w
for models A and C, and
_ 3 .
W 0= 5-(0.14+0.79 sif ©) (46)

for model B. Obviously, model B can be clearly distin-
guished from the other two models from a measurement
this distribution of the emittedK *K~ pair. This, of
course, will be a good test of the conjecturidd Pomeron.

From Eq.(A17), we see that Rg,, and Rep)_, , shown
in Figs. 13 and 14, determine the azimuthal angle depen-
dence 0lV°(cos®,d). The measurements df dependence
obviously will provide further test of the considered models.
Here we see again that the predictions from models A and C
are in general very similar. The large differences between the
dashed curves and the other two curves suggest that a mea-
surement ofb dependence can be very useful to distinguish
model B from the other two models.

In Figs. 15—18 we show our result fpt matrix. As seen
in Egs. (A17) and (A21), this density matrix is responsible
for the K*K ™ distributions from¢ photoproduction reac-

Otljons with incident linear polarized photons. For example,

the distributions averaged over the azimuthal anglere
only determined by the matrix element§, and p1;

Here we note that the above two expressions are very differ-

: ; i , . _ 3
ent from the predicted from using helicity conserving ampli- W Y(cos®)= 4—[P%1+(P50_Pil)0032 0]. 49
tudes(HCM) (see Appendix A ™
P > ¢p
0.2 T T T m->¢n
— A 0.1
- B —_— A
¢ - B
0.10 0.0 fl== =
z z ~F01f = 00 L—e===" |
oS 005} °g 005} a e MO
& &
0.00 0.00
00 =t . .
-0.05 ; - -0.05 ’ 0 45 90 135 180 01 0 45 90 135 180
0 45 90 135 180 0 45 90 135 180 0 [deg] 0 [deg]
0 [deg] 0 [deg] g

FIG. 14. Spin-density matrix element Iﬂ%_l for the different
models. Notations are the same as in Fig. 12.

FIG. 16. Spin-density matrix elemeptl for the different mod-
els. Notations are the same as in Fig. 12.

035205-10



STRUCTURE OF THE$ PHOTOPRODUCTION. ..

10

Rep

-0.2

0

4IS 90
0 [deg]

135 180

10

Rep

0.0

-0.1

-0.2

m -> én

0 45

0 [deg]

90 135 180

-1.0

05

P -> ¢p

—_— A

- B

-

0

4’5 90
0 [deg]

135 180

PHYSICAL REVIEW G0 035205

05t

05 ¢

0 4 90

m ->on

135 180

6 [deg]

FIG. 17. Spin-density matrix element Iﬁﬁ) for the different

| et FIG. 19. The¢ decay asymmetr¥ , for the different models.
models. Notations are the same as in Fig. 12.

Notations are the same as in Fig. 12.

The above expression suggests the{cos®) can also be
used to distinguish model B from the other two models since Figure 25 shows the dependence of theecay asymme-
its péo in Fig. 15 is much smaller. try X, as function of the photon energy at=0 for yp,n
The most interesting is the antidiagonal fe,. As reactions for model B. One can see a strong deviation from
shown in Appendix A, the helicity conserving mechanismsthe HCM predictionX ;=1 and a clear difference between
predictpi,f +1 for either a natural or a unnatural parity predictions foryp and yn reactions aE,=2-4GeV.
exchanges. In Fig. 18, we see that all considered models The close inspection of the spin-density matrix elements
predict a strong violation of this prediction of helicity con- shows that some of them are very sensitive to the Pomeron
serving mechanism. This of course is due to the interferencstructure of the diffractive amplitudes. They mﬂ@ Rep‘fo,
between different mechanisms shown in Fig. 1. We find thap{,, Repiy, Im p3o, Impiy, Impi_ ;. These matrix elements
the relatively large contribution of the direet radiation, and the correspondink ™K~ angular distributions may be
which is a mixture of natural and unnatural parity exchangeused for understanding the role B amplitudes at low en-
leads to decreasing of Re_; at larged. That is also seen in ergy.
the 6 dependence d , andP,,, shown in Figs. 19, 20. Both Coming back to the isotopic effect ih photoproduction
guantities are controlled b,yi, , [cf. Egs.(A30), (A37)] and  we notice that at small the difference betweefp and yn
the both differ significantly from the helicity conserving reactions is associated by the differencerify interference
mechanism predictiol ,= P,=2p;_;=+1. in PSE amplitude and it increases with increase #ieN
Figures 21, 22 show the matrix elements of mapiixWe  coupling constant. This effect is shown in Fig. @éft pane)
see from Eq(A21) that this quantity together with! matrix =~ where we display dependence &, on g,y at E,
are responsible for the angular distribution in reactions with=2 GeV and#=0 for the model B. In this calculation in-
arbitrary linearly polarized photons. The most interestingcreasing(decreasing g,y is attended with decreas@n-
here is Imp?_, matrix element, which plays the same role ascreasgof the strengtf of the P, amplitude. At larged, =,
Pifl in the above discussion. is controlled by the direc radiation. Figure 2@right panel
Figures 23, 24 show I, and Impd_,, which deter- Shows dependence at, on g4y at E,=2GeV and
mine, via Eq.(A20), the angular distribution in reactions 9_:13520 for model B. One can see some decreasing pf
with the circularly polarized beam. HCM predicts zero val- With ggnn/47. The other models predict the same behavior
ues for them and, as a consequence, zero asymmetry betwe@h2 4. So, the¢ photoproduction may give independent
cross sections with positive and negative beam polarizatiorinformation about the dynamics of theNN and #NN inter-
The finite value of InpS_, and Imp3, leads, respectively, to actions.
the finite asymmetry.

W ->¢p m->¢n

T

N,

0.50

-,
P

05

-1

Re p

FIG. 18. Spin-density matrix element Iﬂé_l for the different
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models. Notations are the same as in Fig. 12.
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FIG. 23. Spin-density matrix element I,mi0 for the different

FIG. 21. Spin-density matrix element |, for the different ~ Models. Notations are the same as in Fig. 12.
models. Notations are the same as in Fig. 12.

els” and HCM, and the difference between different models.

We note here that the isotopic effects illustrated in Figs. The difference between different models may be seen also
25 and 26 are obtained by using the mean values of than double polarization observables which operate with boson
photon-meson coupling constantg;, | =0.141+x0.007 and  (photon or¢) and fermion(initial or recoil nucleon. Here
|94, =0.707:0.017. As discussed in Sec. Ill, the uncer- we discuss two of them: beam targef] and beam recoil
tainties of these two parameters are due to the data used @ff asymmetrie§see Eqs(10), (11)]. These asymmetries
our determinations, as seen in Hg2). We find that the 5573 function of thep-production angle aE,=2GeV are
uncertainties of these two parame;ers olnly give an about 4nown in Figs. 27,28.
and 11% change of the PSE amplitude in 1 yn reac- The beam targe€®] asymmetry is proportional to the

tions, respectively, for the kinematics considered here. NOtg et of the natural and unnatural parity exchange ampli-
that this amplitude is much smaller than the Pomeron exg oo ReTN-TU*). In our case at small for models A, B it

change amplitudesee Fig. 5. Consequently, its uncertainty is a product of the small real part of tR, , and pseudo-

does not significantly change all of the models we have CONscalar exchange and the natural parity exchange part of direct
EtrUCtSd' Foor example_, the %graTeg?rcélcl of model B _g-radiation amplitudes. Say, for the almost pure imaginary
thaes argcliJiE:tSe(/jo lijsncft?)rt;ilné);f.ezt |Ztazsoetzz\azs(tone;rluznc(erta)lnty ! 1 amplitude C2](9=0)=0 for model A[21]. For model C

P P sy sLYP it is proportional to the product of the scalar and pseudo-

=0.18+0.02. This gives some measure about the accuracy o \ar exchange amplitudes. In each model there is definite

needed for designing future experiments to verify the pre- oo : o ;
dicted isotopic effects illustrated in Figs. 25 and 26. contribution of the¢ direct radiation. The thin short dashed

lines correspond to calculation witty,y=0 in model B.
One can see, that the contribution of direttradiation is
more essential at larggand changes the asymmetries quali-
VI. OTHER DOUBLE POLARIZATION OBSERVABLES tatively.

. . . In some sense similar consideration holds asym-
In the previous section we have considered double polar- (ﬂfﬁ y

ization connected with the boson sector of the proceséﬂetry in Fig. 28, but here the interference term is propor-

namely, with the photon polarization artimeson helicity ﬁona! to product of fermpn Spin conserving and spin-flip
(or KK~ angular distribution In some cases we found amplitudes. The latter vanishes@t 0,77. Again one can see

definite difference between prediction of the “realistic mod_differences between different models and betwegnand

W > op m->¢n > op ™ ->¢n
0.50 0.50 0.1
—_— A
--=B
025 | - ] 025 _
z ! o} Iy ’/,, \\\\\
“a 000 o 000 o 0.0 == =
£ £ £
-0.25 0.25 — =
= / -—— B
S —c
-0.50 050 01 e 0.1 .
0 45 e?ge ]135 180 0 45 e?ge ]135 180 s o0 135 180 0 45 90 135 180
& & 6 [deg] 6 [deg]
FIG. 22. Spin-density matrix element |pd_, for the different FIG. 24. Spin-density matrix element |pj_, for the different
models. Notations are the same as in Fig. 12. models. Notations are the same as in Fig. 12.
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E, [GeV] 0 [deg] 0 [deg]

FIG. 27. Double beam target asymme@§; for yp— ¢p (left
pane) and for yn— ¢n (right pane) reactions in the three models.
The thin dashed lines correspondggyy=0 in model B.

FIG. 25. The¢ decay asymmetry,, at §=0 for model B as a
function of the photon energy.

yn reactions. By this it is meant, that from the described

double-polarization observables one can select from the dit‘-ﬁ'rad'atlon mechanlsmg. The cross septlons ai large angles
ferent models can be used to determine tleNN coupling constant. The

target isotopic effect on thé decay asymmetr¥. , is found

to be sensitive to the interference between thand » ex-

change amplitudes and hence can be used to studyN
VIl. SUMMARY coupling constant.

We h vzed th hot duci litude i We have also found that the double polarization beam-
€ have analyze @ photoproduction amplitude in target asymmetries are small @0 for all models consid-

the s~2-5 GeV region based on the Pomeron-exchangg g as demonstrated in Refd5,21], this implies that any
and meson-exchange mechanisms. The parameters that gfgificant beam-target asymmetry measured in future ex-

t luate th I - i i ifestati irect
gﬁzggg s(():a;\;ar#jsgnsg F}Siii%sh;igg rg;ﬁ?ﬁ;ﬁ;&;_ periments will be the manifestation of the diractknockout
, €, lo ' from the nucleon.

tion from the nucleon are determined from GUsymmetry Finally, we emphasize that the present investigation is

and ¢ decay widths. In addition to the well established very exploratory, owing to the lack of precise data at a few
Pomeron exchange with an intercap{0)~1.08, we have GeV. It is highly desirable to obtain more data from the new

!nvegtl?jatt)ecir;[he {Oli OI:C a;s((a)cior':/cljzi%meer@ mﬂ@d).ioais facilities such as LEPS of SPring-8 in Japan and TINAF.
INSpired by the giueba ‘xw_. b M ).pre ICtedbY  The polarization observables will be most useful for future
the lattice QCD calculation and dual Gmsburg-Landautheoretical investigations

model.
To explore the relative importance between the second

Pomeron and scalar meson exchange, we have constructed

three models which can give equally good fits to the existing ACKNOWLEDGMENTS

very limited data. It is shown that the second Pomeron can We gratefully acknowledge fruitful discussions with M.
be identified by investigating various spin observables assq:ujiwara H. Gao. T. Hotta. T. Morii. Y. Oh. and E. Oset

. ) > 94 .
ciated with the¢—K™ K~ decays in theyp and yn reac-  gqpacially, we wish to thank T. Nakano who initiated this
tions with polarized photons.

We have found that thedependence of cross sections are
more promising for investigating meson-exchange anc

w->¢p ’ m->én
1.0 —— 1.0 ————
1.0 1.0
ol 05| ] 05|
05
W05 W S 00
00 o
omew 05 |
Yo T s 4 s T 2 4567 10 — 10 — .
Syarfin Eooe 147 % 10° "o 45 90 135 180 U0 45 90 135 180
0 [deg] 0 [deg]
FIG. 26. The¢ decay asymmetr¥ , for model B. Left panel:
the dependence & , on theyNN coupling constant aé= 0. Right FIG. 28. Double beam recoil asymme@fs for yp— ¢p (left
panel: the dependence Bf, on the #NN coupling constant ad pane) and yn— ¢n (right panel reactions for the three models.
=135°. Notations are the same as in Fig. 27.
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study with first estimation of theP, exchange channel. APPENDIX A: GENERAL FORM OF ANGULAR

A.l.T. appreciates the support of Monbusho, the warm hos- DISTRIBUTION

pitality of the Research Center for Nuclear Physics of Osaka

University, and H. Ejiri for his encouragement. This work In this appendix we give formula defined thg decay
was also supported partially by the U.S. Department of Enangular distributions for the arbitrary polarized photon beam.
ergy, Nuclear Physics Division, under Contract No. W-31-Starting from Eq.7) and noting that ;,=A,—A,=0 in ¢

109-ENG-38. —K"K™ Ngp=Aa—Ap,==1in p—e’e”, one obtains
KTK™ _ 3 E 1% 1
WK (cos®,®)= 7~ DIF(®,0,~®)py D} o(P.0,~ ), (A1)

AN/

bom 3
We€ (cos0,®)= o~ (DI (P,0,=P)pyy D,y (9,0, @)+ DI (2,0,~D)pyu Dy, 1(P,0,-P)}, (A2)
rr

wherep, . is the density matrix defined in E¢8) and\ is Day(®,0,—d)=cosO,
the helicity of the¢ meson. The relevant Wigner rotation
functions are given by

1 I ' —i(-1")®
_ D, ,(®,0,-®)==(1+I1l"cosO)e , (A3)
1 I . I 2

Dlo(d>,®,—<1>)=ﬁsine""p,

for I,I’==1. Using the fact thap,,, is Hermitian , p,,,

D&(‘D,@ —®)= I—J_sin®e”‘1’ =pf,r , and the above the explicit forms &f functions, we

2 get
KK 3 (1 ) 1 _
w (Cos®, )= 7—| 5 (put p_1-1)SIF O+ pgy cOS O + E( —Repot+ Rep_10)sin 20 cosd

1
+ E(Im p1ot 1M p_10)Sin 20 sin® —Rep;_;Sirf ® cos 2b+1m p;_;SirP O sin2d |, (A4)

- 31 1
We+e (COS,(I)):%(E(p:]_l'f'p_l_l)(l'f'COS2 ®)+p00 Sin2®+_(Replo_ Rep_lo)sin 20 cosd

V2

1
— —(Impyo+Imp_10)sin 20 sin® + Rep, _;sir? © cos 2b—Im p;_;sir? O sin 2@) . (AB)

V2

We see from Eq9A4) and(A5) that the decay distributions where we use the normalization conditippy+p_1_ 1+ poo
integrated over the azimuthal angle depend only on the diag=1 and introduce thep decay anisotropy
onal matrix elements

+p— 3 - +—
WK (COS®):Z(1_P00)(1+BK+K cog @), BX K = —(1-3pg)/(1~poo),

P 3 .
WE € (c0s0) = g(1+pod)(1+B° © cos 0), (AB) Be & =(1—3pgo)/(1+ poo)- (A7)
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1. Dependence of angular distributions of theK K~ pair on
the photon polarizations

The photon density matrix can be written as

1

where o is the Pauli operator anR, specifies the photon
polarization. Consequently, for circular polarization wikh
==+1 we have

P,=P,(0,0Mn,). (A9)
The linearly polarized photon is defined by
P,=P,(—cos 2/,—sin 2i,0), (A10)

where iy denotes the angle between the photon polarizatio

vector and thegp-meson production plan@.e., XZ plane.
The photon polarization vector is accordingly definedegs
=(cosy,siny,0). In the above expressionB,, denotes the
strength of the polarization (9P ,<1).

Now, using Eq.(A8) we can decompose thé density
matrix p, defined in Eq(8), as

Y

3

p=p"+ 2 P5p", (A1)

where

p’=TT!, p*=To*(y)T", (A12)

with «=(1,2,3). In terms of helicity amplitude‘smmiky,
they can be written explicitly as

1
0 *
PavT N 2 Ty, T
AN NM,M g ARy IR,
1
1 *
P =N E T T
MTN S MMM AONEINT O

Y

>

AjaNg

1
3 *
P\ TN )‘VTMA;MMTMM:MM- (A13)

Y

By using Eq.(A11), the normalized angular distributidA4)
can be decomposed into

3
W(cos®,®)=WO(cos®, @)+ > PIW(cosO,d),
a=1

(A14)

whereW* is of the same form of Ed7) except thap, ,: is
replaced byp{' .

PHYSICAL REVIEW G0 035205

T_)\f_)\;_)\i_)\y:(_ 1)()\—)\f)_()\y—)\i)T)\f)\;)\i}\ ,
(A15)

we have the following relations:
pf)\,:(—l))\_)\,pti}\_)\, for (a:Oyl)y
pi=—(=DMNp® . for (@=2,3. (A16)

Equation(A16) means thap_, andp}_; are real angh?_;

and pf_l are purely imaginary. In addition, we have far
=0,1 thatp®, ;=p71, p%10=—pio and Trp*=1. These
relations greatly reduce the number of independent matrix
elements.

For simplicity, we will focus on thep—K*K™~ decay.
Generalization forp—e* e~ decay is straightforward. By
IJ.flsing the symmetry properties described above, we have for
a=0,

3 (1 1
WO(cos®,d) = yp 5(1_”80)+ E(3,)80—1)cos2 0
— /2 Rep?ysin 20 cosd

—Rep?_;sirf® cos 2D |,

3
W(cos®,d)= E{pilsin2 0+ p3,cog

— /2 Repi,sin 20 cosd

—Repl_;sif®cos2b}. (A17)

For «=2,3 we also have the symmetry properties that
pYi_1=—p11, PL10=plo andpg,=0. As a consequence,
we find

3
W2(cos®,d)= yp V2 Im p?,sin 20 sin®

+1m p3_sir? © sin 20},

3
W3(cos®,d)= E{ﬁ Im p3,sin 20 sin®

+1mp3_sif © sin2d}.  (A18)

We now present the formula for the cases where only the
incoming photon is polarized. The decay angular distribu-
tions for the various photon polarizations can be expressed in
terms of the above “partial” distributions by appropriately
specifying the componen of the vectorP,, of Eq. (A8)
in Eq. (A14).

Unpolarized photonsObviously, we have

Winpo €050, @) =W°(c0os0, ¢). (A19)

Circularly polarized photons of helicit},= = 1. By us-

By using the symmetry property of the helicity amplitudesing Eqg. (A9) to defineP¢, we have
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W*=W0cosO,P) =P W3(cos®,d). (A20) . WoO=0)—W O =mn2)

BK 'K — (A24)
Linearly polarized photonsBy using Eq.(A10) to define W(O=m/2)
P, we have 0
7 Repio:
W(cos®,®, ) =W cosO, ¢)
0_471' —of T 0_77(1)_’77
— P, cos 2)W*(cosO,d) Repy=—3 | W' O0=7|- W 0=7.0=7
— P, sin 2yW?(cosO, D). (A21) (A25)
Rep?_;:
By using Eqs.(A17)—(A21), one can see that different © 1%
density matrix elementﬁka, have definite physical meaning 0 Am| — . T 0 T T
and may be directly extracted from the data. To see some R€P1-1=73 | W 0= > =W 0= 5:P=5
useful examples, let us define the azimuthal angle-averaged (A26)
angular distribution functions L
L Poo*
W)= —f W%(cos®,®)dd. (A22) | 4w T\
2m Pa=—5 | W' ©=0y=5| - W O=04=0)|.
By appropriately combining the data of angular distributions (A27)
at various angles, we can extract the following density ma- ;
trix elements: P11
Poo 1_4WV_VL_7T . V_VL®—7T ~0
BK+K,+1 P11— 3 _21'70_2 _Z!l/l_ .
pgozm, (A23) (A28)
pi_l. This density matrix element is related to the asymme-
where try of linearly polarized photons:

o—o, 1 WHO=m2®=n2y=m2)— W (O =m2.D="m/2,4=0)
S= o , (A29)
oto, Py, WO =720 =7/2,p=72) + WO =7/2.D=m/2,4=0)

where o and o, are the cross sections for symmetrical The phase factor in EA32) is due to the nature of the
K"K~ pairs produced parallel and normal to the photon popseudoscalar coupling of a boson with a fermion. By using
larization plane, respectively; namedy (o) is evaluated the above helicity conserving amplitudes, the density matri-
by setting=m/2 (0) in Eq.(A21). By using Eqs(A17), ces defined in Eq(A13) takes the following simple forms:
(A18), and(A21) to evaluate Eq(A28), we find that

100 10
P11t PI_4 ’ ’
2= %0 (A30) p’=| 0 0 0f, p3=| 0 0 O |,
p1tpi-1
0 0 3 0 0 -1
With the determination oy, by using Eq.(A28), pi _, can
then be extracted from EGA30).
: : 0 0 =1 0 0 =+!

We now turn to a discussion of how to use the extracted =2 =2
density matrices to identify the underlying reaction mecha- pl=| 0 0 0 p?2=—i|l 0 0 O
nisms. To illustrate this, let us consider the diffractive ) ' ., '
Pomeron P, ;) exchange and pseudoscal®SE exchange *3 0 2 00
amplitudes a®=0. In Sec. Il it is shown that (A33)

Tfflfmi}\y(0=0)=T§1‘25}\i)\faxy)\ (A31)  where the uppeflower) sign in p'? corresponds toP ,

(PSB amplitudes. By using EqA33), we then have a very
. definite prediction for th K"K~ decay asymmetry of
TS?’EMM( 0=0)=THSF — 1)>\7+2>\,5)\i}\f5)\7)\ . (A32) Eq. (A30I)J: &p— y asy y
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Pia_ 4 3
> ! W*(c0s0,0)= e—sif ©=P,x0.  (A40)

and
Linearly polarized photons

SPSE= g
¢ : 3 2

: : Wh(cos®,®, )= —sirf @{1+P_ cog2(d— )]}

The above results can be generalized to characterize the re- ( ¥) 8w { v C032( 2k
action mechanisms in thiechannel. In general, we can de- (A41)
compose the total amplitude as a sum of the natural an

unnatural parity exchange parts Fn the above equations pluUsinug corresponds to natural

(unnatural parity exchange.

T=TN+TY, (A34)
2. Choice of the decay reference frame
where The different decay frames discussed in the literature are
depicted in Fig. b), and as we mentioned above, it is dif-
TNU(G), s oyn = E{T( )y 2o fiCl_JIt to givg adv_anta}gt_a to one prior to ano_ther. Some quali-
fotity 2 ity tative consideration is in favor of the Gottfried-Jacks@)

A system, because certain of amplitudes take a simple form
(=DM Q)Af—w?}\i—)\y}‘ (A35) here, similar to Eqs(A31), (A32), but for arbitraryd. That
is, for example,t-channel amplitudes with effective scalar

By using Eqs.(A31) and (A32), we obviously for our ex- (pseudoscalarexchanges. In this case the helicity amplitude
ample haveT”SE=TN, TPSE=TU, is factorized

We can also define the density matrices for particular par-
ity exchanges. For example, it is useful to consider Tif:[W,‘is')flﬁs'x ]-[Wff e (A42)
Yy |

oowuy_ 1o o _ \ 1 where the first term depends on tlye¢ helicities, and the
P =l T (=000 (A36)  second one on the fermion spin degrees. Indhest system
with q=0, the boson part may depends only on two scalar
By using Eqs(A19) and(A17), we can use the above den- combinations
sity matrix to define the total cross sectiom® and oV due
to the natural and unnatural parity exchange. The parity MyEyer, &x
asymmetry is then defined as (A43)

iM ¢8)\¢' [k),Xs)\y] = )\,yM ¢E.y8)\¢' 5)\7,

N U corresponding to the scalar and pseudoscalar exchange, re-
o —0 i ;
—2pl L A37 spgclu_vely. So, the dependence of the amplitudes orytlkte
U~ “Pr-1mPoo (A3D) helicities takes the form

P,=
N+ o
We see that the]_; andpg, extracted by using Eq§A26)— T, ~Woey - &n ), (Ad44)

(A29) can be used to measure the relative importance be- ditis diff tin the diff tf following th |
tween the natural and unnatural parity exchange mech&"d I 1S differentin the difierent frames, following the scalar

nisms. pI’OdUC-:t-E)\(b- Eny

The Pomeron exchandand scalar-meson exchangs a Helicity system:
natural parity exchange process, while the pseudoscalar me-
son exchange is a unnatural parity exchange process. Theseg . ¢ =d! , (x), X=aco<
two processes have a further simplification that the helicity is ¢y v
conserved, as defined in Eq#31), (A32). By using Egs.
(A32) and (A36), we therefore have the following simple
results:

cosf—uy, AS
1—-u,cosf)’ (A45)
whereu, is the velocity of¢ in the c.m.s.
Adair system:

ey, &= dim( 6). (A46)

S4=P,=*1. (A38) o

By using Egs.(A32) and (A19)—(A21), we obtain the fol- Gottfried Jackson system:
lowing simple forms of the angular distributions. £ € =0 .. (A47)
Unpolarized photons. ¢ Tv e
3 So, only in the GJ system has the amplitude of &Z#2)
_ 2 have a “helicity conserving” form for arbitraryp produc-
Winpof €056, @) 87Tsm2®. (A39) tion angle and the corresponding density matrices have the
form of Eq. (A33) with the constant matrix elements. In
Circularly polarized photons of helicity ,= = 1. other systems we get additional “kinematical” dependence
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on 6. That is the reason why the GJ system is preferable. Buior the »- " mixing angled, around—10°[36]. Consider-
let us emphasize, that in the real case the total amplitude isg that the positive sign of,,, is known from pion pho-
the coherent sum of the different terms with their own sym-toproduction[55,56 we get
metry and generally, it cannot be factorized in the form of
Eq. (A42), therefore, the corresponding density matrices
have more complicated form as compared with E33),
with their specificd dependence. Note that sometimes one can find another convention for the
The helicity amplitude in the GJ system is related to themeson quark structure Witho,poz(da_ uU)/\/E (see Refs.
amplitude in the c.m.s. by the Wigner rotation [57,58)) which leads to the opposite sign of tie— yar cou-
pling. Taking into account the importance of fixing the rela-
tive phases for our consideration and in order to avoid this
ambiguity we make an independent checking of them using

g¢7ﬂ:_0'1411 g¢y7]:_0.707. (BS)

CM _ GJ 1 1/2
T DN _E LN [HiN dlx(wqﬁ)dm)\-(a’p)v
LA R f Y i

ToX, i, = 2 Tt G (— @) Ak (— ),
I,m Y
(A48)
where the corresponding Wigner rotating angles read
w¢:X,

L L G 0)(1—va)'?
P " Vptu,codm—0)

, (A49)

wherev,, is the proton velocity in the c.m.s.

APPENDIX B: PHASES OF ¢p— ym

We assume that thé— y7 decay is dominated by the

nonideal - w mixing
®= wg COSHy+ wSinHy,
—¢=—w8 Sin 0V+ wlcOSHV,
L urddrss L (Ut dd-259
w1=T uu SS), wg= "= uu — £S95),
3 V6
(B1)

where 6y is the ¢-w mixing angle: 6V=atar\/§—A_0V,
with AGV:_3.4°_, and for ideal mixing ¢g=—SS wg
=(1/42)(uu+dd). That gives

p—ym
w— YT

=—tanAé,. (B2

The ratio for the amplitudes of th¢— yn andw— y7 de-
cays one can obtain in the quark mod&¥], assuming the
flavor structure ofr® mesons as

1
79=—(uu—dd), B3
\/E( ) (B3)
one obtains
d—vyn  do— Y7 2 .
ooy weym 3\/5(\/§c030,I+3|n 0,)=—0.48
<0, (B4)

symmetry properties of the unitary meson multiplets.

The effective Lagrangian foMPA interaction, where
V,P,A are the vector meson, pseudoscata?,(7), and elec-
tromagnetic fields, respectively, reads

L=Lq+Lg,
L1=R1€ yyap TH(VFAY VEP)VE,

L= 2Rg[ & 4,05 TI{V Vg, A% VEP)

+£ 40,5 TI{VHAY, VEIVPP)], (B6)
where
Ar=diag 2/3,— 1/3,— 1/3)A*,
Vé=diag1,1,1) 0¥,
p%I\2+ wgl 6 p* K**
Vg= p —pO/\/E—l—wa/\/g K*O ,
K*~ K*0 —2wg/\6
702+ ngl\/6 wt K+
p= T — 72+ 1]8/\/6 KO )
K™ KO —2ng/\/6
(B7)

Direct calculation of the corresponding tracé®6) for the
wy interaction results in

L{wmy)=Li(omy)+ Lo(wTy)

(Riw§+XRgw§) VAV 7

1
:Egaﬁ/uz

(—Rqc0s6\+xRgsinby) ¢«

1
:Esaﬁuv{

+(R;sin 6y + xRg cosé,) o} V'A*VA7,  (B8)

with x=4/\/3, which leads to the ratio
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¢p—ym  l-—ztanAéby 4 Rg B9
w—ym  tanAoy+z '’ _ﬁ R_O' (B9)
Accordingly, for w gy interaction one obtains
1
L{wngy)= %Saﬁw(lef_XRSCUg)VVA”VﬁTF
1 .
= %saﬁw{— (Rycosfy+XxRgsinby) p*
+ (R;sin 6y, — xRg cosé\) “} V'A*V A7,
(B10)
which results in
— — 1 1+ztanA@
¢y =y _ Y e1)

W= YT 0— YT __ﬁ tanAfy+z -’
One can see that &3/Ry=/3/32=0.31, Egs.(B9), (B11)
reproduce the result of the quark model. The vaRgR,
=0.31 agrees wittlRg/Ry=0.27 of Ref.[59], found from

analysis of available data &f— Py decay.

APPENDIX C: PARAMETERS FOR THE SCALAR
EXCHANGE AMPLITUDE

We assume that,f,, anday are the member of unitary
nonet, that isa, is the isovector, whiler and f, are the
isoscalar mixtures of; g components

o=fgcoshs+ fisinbg,

—fg=—fgsinf+f,cosbs, (Cy

where 6 is the mixing angle and for “ideal mixture” taé
=42 andfy= —ss The mixing angle is determined by

o Mf—M7
ST 0Tz vz

fo o

4 1
Mgngi—gMgo.

(C2
Taking M ,=900 MeV [47], one obtainsfs=atan/2— A 6,
with Ad,=—3.21°. Then we can estimate the ratip
—vySlp—yo for S=o,fg,a9:

2277 L 3 cosa gy sina o+ sin oy cos

p—»yo__g( cosA fy, sinA 65+ sinA 6\, cosA 6,)
~1.75<10"?,

P20 L psany(2—tanagy tana

p_}ya——gcos 6y(2—tanA 6, tanA 6;)=—0.67,

PHYSICAL REVIEW G0 035205

¢—> ’}/ao SinA 0\/
p—yo - COoSsHg

=~—-59x10 2. (C3)

The couplingg,,, is found in Ref.[18] from p photopro-
duction:g,,,=2.71 and it is positive. Using this value, one
can get thep decay couplings

g¢7020.047,
g¢>7f0: - 181,
Jya,=—0.16. (C4)

The unitary symmetry allows to estimate theyy cou-
plings as well. The effective Lagrangian 8N Ninteraction
reads

£SNN: gaoﬁNao"‘ \/§ COsA 0598NN0'
— /3 sinA 6,ggNN o,

1 3F-D

gB \/§ F+D gaoi (C5)

which results in

_F+D 1
gaONN_mgoNN!

It ,nn= —taNA 05 NN - (Co)
The oNN coupling constant was determined within various
meson-exchange models fiN scattering 28] and also for

w photoproductiorf18]. Its value is somewhat model depen-
dent. To be consistent with our treatment NN vertex
(discussed in Sec. IlIB we also follow Ref[18] here and
chooseg,yny=V8.0x47 (no error was assigned in Ref.
[18]). With F/D=0.575+0.016[30], we then obtairgaoNN

=21.7£1.5g¢ nn=0.56, where the uncertainty @ffONN is

related to the uncertainty af,yy. For definiteness, we use
the central valueg, ny=21.7gs nn=0.56 in all of our cal-
culations.

As in PSE, we assume that tgg,s, gsnyn couplings are
dressed by the off-shell form factors. For exchange we
accept the monopole form factors wikly ;=\ ;=2 GeV
[28]. For the heavy meson we parametrize the product of two
form factors directly[19,48:

4

F(t) (C7)

T4 2_\2°
A%+ (M2—1)

with A=0.6 GeV [19]. Note (i) that the relatively small
Jgya, IS cOMpensated by the largg vy and all amplitudes

have the same order of magnitude afid ga nn=—Japp
which results in isotopic dependence of SE amplitude.
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