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Structure of the f photoproduction amplitude at a few GeV
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The structure of thef photoproduction amplitude in theAs;225 GeV region is analyzed based on
Pomeron-exchange and meson-exchange mechanisms. The SU~3! symmetry and thef decay widths are
exploited to determine the parameters that are needed to predict the amplitudes due to pseudoscalar mesons
(p0,h) exchange, scalar mesons (s,a0 , f 0) exchange, and thef radiation from the nucleon. In addition to the
universally accepted Pomeron exchange with an intercepta(0);1.08, we investigate the role of a second
Pomeron witha(0),0, as inspired by the glueball (Jp501,Mb

2;3 GeV2) 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 observables off photoproduction on the proton and neutron
targets can have differences of a factor 2 and more.@S0556-2813~99!04908-0#

PACS number~s!: 25.20.Lj, 13.60.Le, 21.30.Cb
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I. INTRODUCTION

The investigation of the reactiongp˜fp is interesting
for several reasons. Traditionally, it is considered as a
for the study of the Pomeron exchange dynamics, imply
that ~i! the vector meson dominance model~VDM ! @1–9# is
valid and~ii ! the other hadronic channels are suppressed
the OZI rule. This mechanism is depicted schematically
Fig. 1~a!. It is fairly well established that thegp˜fp data at
high energies can be described by a Pomeron trajectory
an intercept a(0)51.08 @2–6#. At low energies As
,5 GeV, the predictions based on this Pomeron traject
appear to be lower than the existing limited data. It has b
suggested that this discrepancy indicates the existenc
more exotic mechanisms corresponding to additional tra
tories including the glueball trajectory@10#.

Another interesting subject is related to the strange
grees of freedom. Since thef meson is thought to consis
mainly of strange quarks, i.e.,ss̄, with a rather small contri-
bution of the lightu,d quarks, its production should be su
pressed if the entrance channel does not possess a con
able admixture of strangeness. Indeed, the rec
experiments on the proton annihilation at rest~see Ref.@11#
for references and a compilation of data! point to a large
apparent violation of the OZI rule, which is interpreted@11#

as a hint to an intrinsicss̄ component in the proton. How
ever, the data can be explained by modifying meson
change models@12# without introducing any strangenes
component in the nucleon or OZI-violation mechanisms.
the other hand, the analysis of thepN s term @13# suggests
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that the proton might contain a strange quark admixture
large as 20%. Thus this issue remains controversial. Th
fore it is tempting to look for other observables@11,14,15#
that are directly related to the strangeness content of
nucleon. The use off photoproduction has been consider
as one of the most promising approaches. Through the in
ference with the ‘‘nonstrange’’ amplitude, it is shown in Re
@15# that polarization observables of thef photoproduction
are sensitive even to a rather small strangeness admixtu
the proton. Obviously, reliable information about the hidd
strangeness manifestation in thef photoproduction can be
obtained only when the nonstrange amplitude has been
derstood quantitatively. This is the objective of this work.

The nonstrange amplitude is due to the diffracti
Pomeron exchange, meson exchange, and directf radiation
from nucleons. They are illustrated in Fig. 1. The pseud
scalar mesons~PSE! p and h are expected to be most re
evant in determining the meson exchange term Fig. 1~b!.
However, the calculation of theh exchange involves the
coupling constantghNN which is not well determined experi
mentally. For thef-radiation term@Fig. 1~c!#, we have the
same problem withfNN vector and tensor couplings. Nev
ertheless, these parameters can be estimated theoretica
imposing SU~3! symmetry. For example, the finitefNN
coupling constants can be estimated by considering thefpr

FIG. 1. Diagrammatic representations of processes of thef pro-
duction: ~a! diffractive Pomeron exchange photoproduction,~b!
photoproduction with boson exchange, and~c! f meson emission
from the nucleon legs.
©1999 The American Physical Society05-1
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couplings and the interaction of thef meson with the kaon
cloud of nucleon@16#.

We also consider the scalar meson exchange~SE! for Fig.
1~b!. In v photoproduction, VDM predicts some relativ
suppression of SE as compared with PSE, proportiona
gr

2/gv
2 , wheregV

21 is the electromagnetic strength of the ve
tor meson@17#

Jm
V5

eMV
2

2gV
Vm , ~1!

which can be found from thee1e2 partial decay width of
r/v mesons. In Eq.~1! MV is the mass of the vector meso
So, the relative suppression of SE/PSE for unpolarized c
section is proportional togr

2/gv
2 .11.521 @18#, which is in

agreement with the SU~3! flavor prediction gr :gv :gf

51/3:1:1/A2. For f photoproduction the ratiogr
2/gf

2 in-
creases by a factor 2, and taking into account several kn
candidates for SE, one expects that their coherent contr
tion may be comparable with the other discussed mec
nisms.

A step towards an understanding of the structure of
‘‘nonstrange’’ background inf photoproduction was take
in a recent paper@19#. The focus of Ref.@19# is to explore
the possibility of determining thefNN and hNN coupling
constants using thegp˜fp reaction. The scalar meson
exchange is not considered. Except thepNN coupling con-
stant, all parameters associated with Pomeron exchangh
exchange, and directf-radiation amplitudes are adjusted
fit the data. In this paper we take a different approach.
calculate the pseudoscalar meson exchange, and the d
f-radiation amplitudes using the parameterspredetermined
by using SU~3! symmetry andf decay widths. This will
allow us explore the parameters associated with the sc
meson exchange, and the second Pomeron trajectory tha
be introduced later.

In this work we give a systematical analysis off photo-
production in a few GeV region where the interferences
tween the three mechanisms depicted in Fig. 1 are esse
We focus on the diffractive Pomeron exchange and sc
meson exchange which are not well defined in this low
ergy region. This is done by analyzing three models. T
first one~model A! consists of thep,h exchange amplitude
and the standard Pomeron (P1) exchange that has been d
termined at high energies in many works~see Refs.
@1–6,15#!. In the second case~model B!, we extend model A
to include the second Pomeron exchange (P2) inspired by
the (Jp501,Mb

2;3 GeV2) glueball predicted by the lattice
QCD calculation and dual Ginsburg-Landau model. T
third model~model C! is to extend model A to include scala
meson exchange. The most important difference betw
models B and C is that the phase ofP2 at forward angleu
50 is complex as defined by the Regge phenomenolo
while the phase of scalar exchange is fixed by the Feynm
rules and is real. It is therefore natural to expect that th
differences can be best investigated by considering polar
tion observables.
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In Sec. II, we define the kinematical variables and fo
mula for calculating cross section and polarization obse
ables. The basic amplitudes for mechanisms illustrated
Fig. 1 will be given explicitly in Sec. III. The parameters fo
PSE amplitudes will also be given there. Section IV is d
voted to the unpolarized cross section, with which we fix t
parameters of the Pomeron exchange for the considered
models. The result for the spin density matrix elements
gether with discussion of the main peculiarities inK1K2

angular distribution is given in Sec. V. In Sec. VI we analy
the beam target and beam recoil-nucleon asymmetries
proton and neutron targets. The summary is given in S
VII. The appendixes are given to describe the general
malism of thef decay angular distribution, discuss the re
tive phasesf˜gp,h decays, and fix the parameters of th
scalar exchange amplitude.

II. OBSERVABLES

We define the kinematical variables for theg1N˜f
1N reaction using the standard notation. The four-mome
of the incoming photon, outgoingf, initial ~target! nucleon,
and final ~recoil! nucleon arek, q, p, and p8, respectively.
These variables in the center-of-mass system~c.m.s.! are
written as k5(n,k), q5(Ef ,q), p5(Ep ,2k), and p8
5(Ep8 ,2q). Hereafteru denotes thef production angle in
c.m.s.,t5(p2p8)25(q2k)2 and s[W25(p1k)2, MN is
the nucleon mass,Mp is the pion mass,Mf is thef mass,
etc. We use the conventions of Bjorken and Drell to defi
the g matrices and Dirac spinors.

The cross section in c.m.s. is related to the invariant a
plitude Tf i as

ds f i5
MN

2

2p2~W22MN
2 !

uTf i u2
dp8

2Ep8

dq

2Ef
d4~p1k2p82q!.

~2!

The corresponding unpolarized differential cross section
given by

ds f i

dt
5

MN
2

4p~W22MN
2 !2

uTf i u2, ~3!

with

uTf i u25
1

4 (
l i ,l f ,lg ,lf

uTl f ,lf ;l i ,lg
u2, ~4!

wherel i ,lg are the helicities of the incoming nucleon an
photon, andl f ,lf are the helicities of the outgoing nucleo
andf. Note that Eq.~3! has no ‘‘threshold’’ factor (uqu/uku)
which is used sometimes in extrapolating formulas in
near threshold energy regions˜sth5(MN1Mf)2, where
uqu˜0. This means that near the threshold the differen
cross sectionds/dt may be finite, contrary tods/dV,
which is proportional touqu and vanishes ats˜sth .

For experimental tests of our predictions, it is most co
venient to present the quantities that are directly related
the angular distributions of thef˜K1K2 in the f rest
5-2
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STRUCTURE OF THEf PHOTOPRODUCTION . . . PHYSICAL REVIEW C60 035205
frame whereqf50. Figures 2~a!, 2~b! schematically depict
the c.m.s. and thef rest frames, respectively, in thef pro-
duction plane. TheY axis is perpendicular to the productio
plane: Y5p3p8/up3p8u. There are several choices of th
quantization axisZ: thef-meson helicity system~H! with Z
opposite to the direction of the recoiling nucleon, t
Gottfried-Jackson~GJ! system withZ parallel to the momen-
tum of the photon, and the Adair~A! system withZ parallel
to the photon momentum in c.m.s. It is difficult to give
priority to one of these systems first. Some qualitative c
siderations presented in Appendix A are in favor of t
Gottfried-Jackson system, because certain amplitudes in
frame take a simple helicity conserving form for an arbitra
f production angleu. Although the general formalism fo
the analysis of thef decay does not depend on the syste
all our concrete calculations are done in GJ system.

Thus, the decay anglesQ, F are defined as the polar an
the azimuthal angles of the direction of one of the dec
particles in thef-meson rest frame. The angular distributio
of f˜a1b decay is then defined by

dN

d cosQdF
5( uTl f ,lf ;l i ,lg

•Mlf
~Q,F!u2, ~5!

where the decay amplitude reads

Mlf
~Q,F!5C0A 3

4p
Dlflab

1* ~F,Q,2F!, ~6!

with lab[la2lb , wherela(b) is the helicity ofa(b). The
constantuC0u2 is proportional to the decay width and if w
are working with normalized angular distributions it dro
out of the final result, so we can setC051. Using Eq.~5! one
can express the normalized distribution in the followi
form:

dN
d cosQdF

[W~cosQ,F!

5
3

4p (
l,l8

Dllab

1* ~F,Q,2F!rll8

3Dl8lab

1
~F,Q,2F!, ~7!

whererll8 is thef spin density matrix

FIG. 2. Diagrammatic representations of~a! the center-of-mass
system and~b! the f meson rest frame. The labels H, GJ, and
correspond to helicity, Gottfried-Jackson, and Adair reference
tems, respectively.
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N (
l f ,lg ,l i ,lg8

Tl fl;l ilg
r~g!lgl

g8
T

l fl8;l ilg8
* . ~8!

The normalizationN factor reads

N5( uTl fl;l ilg
u2. ~9!

The matrixr(g)lgl
g8

is the incoming photon density matrix

In this work we make predictions for the cases that
incident photons are either circularly polarized or linea
polarized. The corresponding ‘‘partial’’ distribution func
tionsWa(cosQ,F) have been well described in the literatu
~see Ref.@20#!. For completeness and the discussions of
results, the derivation of these polarization quantities will
given in Appendix A. It is shown that by appropriately com
bining these distribution functions, somef density matrices
rl,l8

a and asymmetry observablesSf and Ps can be ex-
tracted directly from the data. We will also discuss th
physical meaning.

More complicated and, in general, more informative o
servables may be obtained when we include ‘‘target’’ or ‘‘r
coil’’ spins into considerations. For example, the derivatio
outlined in Appendix A can be straightforwardly generaliz
to obtain formula for the polarized target if we leave out t
summation on the proton helicityl i in Eq. ~8! and fix it
according to the experimental condition. However, su
quantities involve triple coincident measurements which
difficult to perform.

An easier experiment is to only measure the double
larization observables in the beam-target~recoil! sector with-
out fixing decay angular distribution. We will consider som
of them, using the notation of Ref.@21#. All of them are
given in c.m.s. The beam-target asymmetry is

Czz
BT52

( uTl f ,lf ;1/2,12Tl f ,lf ;21/2,1u2

( uTl f ,lf ;1/2,11Tl f ,lf ;21/2,1u2

5
ds~3/2!2ds~1/2!

ds~3/2!1ds~1/2!
, ~10!

where 3
2 , 1

2 stand for the values of the total spin in the initi
state. The beam-recoil asymmetry (zx8), wherex8 along the
vector†k3q‡3q is

Czx8
BR

522
( ReT1/2 ,lf ;l i ,1

T2* 1/2 ,lf ;l i ,1

( uTl f ,lf ;l i ,1
u2

52
ds~x8!2ds~2x8!

ds~x8!1ds~2x8!
, ~11!

whereds(6x8) stands for the cross section with the rec
proton polarization along or opposite tox8 axis.

s-
5-3
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III. BASIC AMPLITUDES

A. Pomeron exchange amplitudes

In the vector meson dominance model~VDM ! @22,23#,
the incoming photon first converts into a vector meson wh
then scatters diffractively from the nucleon through t
Pomeron exchange, as shown in Fig. 3~a!. Experimental data
for vector-meson photoproduction, small-utu hadron-hadron
elastic scattering, and diffractive electrodissociation indic
that Pomeron behaves rather similar to aC511 isoscalar
photon@1,2#. It can be shown that the data at high energ
can be described by a Pomeron trajectory with an interc
a(0);1.08. This trajectory will be called theP1 trajectory
in this paper. Within Regge theory, it is easily to see that
P1 trajectory can only be identified with objects with sp
J.0. It was suggested@10# that a different Pomeron trajec
tory, as inspired by the glueball (Jp501, Mgb

2 .3 GeV) pre-
dicted by lattice QCD calculations and a QCD-based d
Ginsburg-Landau model@24#, could dominate the cross se
tion at low energies by having a negative intercepta(0).
This Pomeron trajectory, calledP2 , will be also considered
in this work.

Within QCD, a microscopic model of Pomeron exchan
was proposed by Donnachie and Landshoff@3# ~DL model!.
It is assumed that the incoming photon first converts int
quark-antiquark pair, which then exchanges a Pomeron w
the nucleon before recombining into an outgoingf meson,
as depicted in Fig. 3~b!. The DL model was examined in Re
@2# by using a Euclidean QCD model of mesons to evalu
exactly the quark-loop integration in Fig. 3~b!. It was shown
that the interpretation of the Pomeron as gluonic objec
consistent with the data up to very largeQ2 andW. For the
Q250 andW,5 GeV region considered in this work, th
exact loop integration, as done in Ref.@2#, can be approxi-
mated by the factorized form employed by Donnachie a
Landshoff. We therefore follow Donnachie and Landsh
and use this simplified version of the model to define
Pomeron-exchange amplitudes. We will not consider tw
gluon-exchange models of the Pomeron as proposed in R
@4–6#.

Within the factorized form of the DL model, the invarian
amplitude can be written as

Tf i
Pn5ūmf

~p8!M0
Pn«fm* M Pnmn«gnumi

~p!, ~12!

with

FIG. 3. Diagrammatic representation of the Pomeron excha
model for f photoproduction:~a! VDM model and~b! the corre-
sponding quark diagram in the Donnachie and Landshoff mode
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PnGPna,mn. ~13!

Hereu(p) is the Dirac spinor,«gn and«fm are respectively
the polarization vectors of the photon andf meson,F a

Pn

describes the Pomeron-nucleon vertex, andGPna,mn is asso-
ciated with the Pomeron–vector-meson coupling which
related to theg˜qq̄ vertexGn and theqq̄˜f vertexVm ,
as shown in Fig. 3~b!. We follow the DL model and assum
that the P1-nucleon coupling is photonlike. For th
P2-nucleon vertex, we assume a scalar coupling. Acco
ingly, we have

F a
P15ga , ~14!

F a
P251. ~15!

An explicit evaluation@21# of the Dirac algebra associate
with the quark-loop shown in Fig. 3~b! leads to the following
form of the Pomeron-vector meson coupling in Eq.~13!:

GP1a,mn5gankm2kagmn,

GP2mn5~kmqn2k•qgmn!/Mf , ~16!

where the transversality conditionsM P1,2mn
•qm

5M P1,2mn
•kn50 are fulfilled. The strength factorsM0

P1,2 in
Eq. ~12! take the conventional form of Regge parametriz
tion

M0
Pi5CiF~ t !Fi~s,t !e2 i ~p/2!a i (t)S s2si

s0
D a i (t)

, ~17!

where the trajectories are taken to be

a1~ t !5a1~0!1a18t51.0810.25t,

a2~ t !520.7510.25t,s05a821. ~18!

As discussed above,a1(t) is chosen to fit the data at larges
anda2(t) is inspired by the (Jp501, Mgb

2 ;3 GeV2) glue-
ball, predicted by Lattice QCD calculations and a QC
based Dual Landau-Ginsburg model@24#. We follow Ref.@7#
to define the overall form factor in Eq.~17! as F(t)
5Ff(t)•FN(t) with

FN~ t !5~4MN
2 22.8t !/$~4MN

2 2t !@12~ t/0.7!#2%,

Ff~ t !5expF1

2
B~ t2tmax!G . ~19!

The correcting functionsF1,2(s,t) for Eq. ~17! are

Fi
225

1

4
Gmn

PiaG
m8n8

Pia8 Tr $ga
Pi~p”1MN!g

a8

Pi ~p” 81MN!%

3~gmm82qmqm8/Mf
2 !gnn8/4MN

2 , ~20!

and explicitly read

e

5-4
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F1
225

1

2MN
2 Mf

2 $k•p@k•pMf
2 1~k•q!2#

12k•pk•q@p•q2Mf
2 #2~k•q!2@p•q1MN

2 #%,

F2
225

1

2MN
2 Mf

2 ~k•q!2~p•~k2q!12MN
2 !. ~21!

The strength factorC1 in Eq. ~17! is chosen to reproduc
ds/dtuu50 at larges, where the cross section is entirely du
to P1 trajectory. The strength factorC2 is chosen to repro-
duce ds/dtuu50 at low energies where all mechanism
shown in Fig. 1 are important. The slopeB is chosen to
reproduce the available data of angular distributionsds/dt.
Note that the phase of the Pomeron exchange amplitud
fixed and controlled by the exponential factors in Eq.~17!.
At t50, the real part ofP1 amplitude almost vanishes, whil
the P2 amplitude remains complex.

B. Pseudoscalar exchange amplitudes

To calculate the pseudoscalar meson (f5p0,h) ex-
change, we follow the previous investigations~see Refs.
@18,19,21,25#! and assume that the effective Lagrangian
the fgw with w5p0,h interaction has the following form:

Lfgw5
e

Mf
gfgwemnab]mfn]aAbw, ~22!

whereAb is the photon field. For theNNw interaction, one
can use either pseudoscalar or pseudovector coupling w
are equivalent at the tree level. For definiteness we use
pseudovector coupling of the form

LPS5
gp0NN

2MN
N̄gmg5N]mp01

ghNN

2MN
N̄gmg5N]mh. ~23!

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

Tf i
PSE5

2 i

t2Mw
2

e

Mf
gwNNgfgwWmf ,mi

F Wlf ,lg

B , ~24!

where

Wmf ,mi

F 5ūmf
~p8!g5umi

~p!,

Wlf ,lg

B 5emnabqmka«fn«gb . ~25!

Direct calculation ofWF andWB in the center-of-mass fram
gives

Wmf ,mi

F 5C$2mf@a~p8!cosu2a~p!#

3dmf mi
2a~p8!sinudmf 2mi

%,
03520
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B 5 iEgFlg~Ef2uqucosu!«f•«g

1
uqusinu

A2Mf

~ uqu2Ef cosu!dlf02
lfuqusin2 u

2 G ,

~26!

where mi , f is the nucleon spin projection, C
5A(Ep1MN)(Ep81MN)/2MN and a(p)
5A(Ep2MN)/(Ep1MN).

In thef meson rest frame (q50) the amplitude takes the
very simple form

Tf i
PSE5~2milg!«f•«gT0 f i

PSE, ~27!

where

T0 f i
PSE5

2miMfEg

t2Mw
2

e

Mf
gwNNgfgwWmf ,mi

F . ~28!

We then can see that in the GJ frame the separate form o
amplitude Eq.~27! leads to the spin-conserving form Eq
~A32!. Note also that the PSE amplitude is purely real. W
now specify the parameters for evaluating the above P
amplitudes.

~i! NNw vertex. For pNN vertex, the valuegpNN
513.3960.08 was determined in Ref.@26#. In recent analy-
ses, a lower valuegpNN;13.28 is recommended@27#. Which
value we should use in the present work is related to
form of the associatedpNN form factor ~discussed below!.
In this work, we follow the study ofv photoproduction in
Ref. @18# and usegpNN513.26 and the form factor deter
mined there~no error was assigned in Ref.@18#!. This value
is within the known experimental error, but still should b
considered as part of the phenomenological meson-exch
model employed in Ref.@18# and the present investigation
The status ofNNh coupling is not so clear. The couplin
constantghNN

2 /4p varies between 0 and 7 in literature. Th
large value comes from the one boson exchange poten
~cf. Bonn potential@28#!, where, however,h exchange gives
relatively small effect in fitting theNN scattering phase shift
But most of other studies@28–32# favor a small value for the
NNh coupling.

In our calculation, we use the value determined by us
the SU~3! flavor symmetry. We then have the following re
lation:

ghNN5
1

A3

3F2D

F1D
gpNN , ~29!

whereD andF denote the two different SU~3! octet meson
baryon coupling constants. By using the most recent emp
cal valueF/D50.57560.016@30#, we obtain

ghNN
2

4p
50.9960.13. ~30!
5-5
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For definiteness, we setghNN
2 /4p50.99 in all of our calcu-

lations. This value is close to the average of the empir
values determined from the analyses of theNN forward dis-
persion relation@31# and the other approaches@32–35#.
Later, we will discuss separately the dependence of the
portant polarization observablef decay asymmetrySf on
this parameter.

~ii ! fgw vertex. The effective coupling constantgfgw is
related to the decay width off˜gw, namely,

G~f˜gw!5
a

24

~Mf
2 2Mw

2 !3

Mf
5

gfgw
2 . ~31!

Using the most recent data

G~f˜gp0!5~5.8060.58!31026 GeV,

G~f˜gh!5~5.5660.26!31025 GeV, ~32!

we getugfgpu50.14160.007 andugfghu50.70760.017, re-
spectively. One can see that the relatively largegfgh in the
h-exchange amplitude is compensated by the smallhNN
coupling constant. Hence theh-exchange andp-exchange
amplitudes are comparable and they may interfere stron
with each other. Clearly, it is necessary to make an accu
choice of their phases. In the Appendix B we fix their pha
by using the SU~3! symmetry and the results from the pr
vious investigations of pion photoproduction. We find th
gfgp520.141 andgfgh520.707 with respect to the sig
of thev˜gp coupling. Sincegp0pp andghpp is of the same
sign within SU~3!, we expectconstructiveinterference be-
tweenp and h exchange amplitudes for thegp˜fp pro-
cess. The situation changes in thegn˜fn reaction. In this
case the isospin property resultsgp0nn52gp0pp , while
ghnn5ghpp , and the corresponding interference becom
destructive. This striking isospin-dependence effect has be
reported in Ref.@37# and will be studied in more detail here

All vertices in the meson-exchange amplitude@Fig. 1~b!#
must be regularized by appropriate form factors. We cho
the standard form

FwNN~ t !5
Lw

22Mw
2

Lw
22t

, Ffgw~ t !5
Lfgw

2 2Mw
2

Lfgw
2 2t

. ~33!

For p exchange we use the parameters determined in a s
of v photoproduction @18#: Lp50.7 GeV,Lfgp

p

50.77 GeV. For the h exchange we chooseLh
51 GeV,Lfgh50.9 GeV. These parameters are close
that of thes exchange introduced in Ref.@18# to fit the r
photoproduction. This is reasonable since the mass of
considereds meson is 500 MeV which is close to the ma
of h meson.

Note that we do not consider the contribution ofh8 ex-
change. It is suppressed in PSE amplitude relative to thh
exchange by a factor 5–6 because of the heavier mass o
propagator in Eq.~24! and the smaller value ofgh8NN , pre-
dicted by the SU~3! symmetry: gh8NN.0.49ghNN for the
h-h8 mixing angle around210° @36#.
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C. Scalar meson exchange

Thef decay data suggest that thef photoproduction am-
plitude could have contributions from the exchange of sca
mesonsa0(980) with I G(JPC)511(011) and f 0(980) and
s5 f 0(500) with I G(JPC)501(011). This is illustrated in
Fig. 4. ThegfgS couplings are deeply related to the intern
structure of the scalar mesons which is not well establis
and is still a subject of debate@38#. They are identified with
conventionalqq̄ mesons@39,40#, q2q̄2 states@41,42#, KK̄
molecules@43,44#, glueballs, and~or! hybrids@45#. Penning-
ton and Morgan@46# have performed a precision fit to th
available experimental data for scalar-isoscalar sector try
to understand the underground structure of this mesons
the other hand, in a series of papers by Olleret al. @47# it is
shown that the scalar mesonss, f 0 ,a0 ,k appear naturally in
the chiral unitary theory as a members of SU~3! nonet and
their properties are in fair agreements with the data. For
estimation we make two assumptions:~i! the scalars
s, f 0 ,a0 ,k are members of unitary SU~3! nonet with ~ii !
(q̄q)-type internal structure. We also use SU~3! symmetry to
fix the NNS coupling constants. In Appendix C we sho
how these can be determined fromgrgs andgNNs which are
determined in a study@18# of r photoproduction.

The scalar-exchange amplitude is calculated from the
lowing effective Lagrangians:

L SNN
int 5gSNNN̄NS ~34!

and

L fgS
int 5

egfgS

Mf
@]afb]aAb2]afb]bAa#S. ~35!

The above Lagrangians lead to the following expression
SE amplitude:

Tf i52(
S

e gfgSgSNN

t2MS
2 @ ūmf

~p8!umi
~p!#«fm* GSmn«gn ,

~36!

where

GSmn52
~k•q!gmn2kmqn

Mf
. ~37!

We note that the above expression can also be derived u
current-field identity and VDM.

FIG. 4. Diagrammatic representations of~a! the scalar meson
exchange inf photoproduction and~b! VDM model for the scalar
exchange.
5-6
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The gfgS coupling constant is related to the width of r
diative f˜gS decay

G~f˜gS!5
a

24

~Mf
2 2MS

2!3

Mf
5

gfgS
2 . ~38!

The present accuracy@36# allows us to evaluate its uppe
limit:

G~f˜gp0p0!,4.4331026
˜ugfgsu,A330.18.0.31,

G~f˜g f 0!,4.4331027
˜ugfg f 0

u,1.77,

G~f˜ga0!,2.2231025
˜ugfga0

u,14, ~39!

where in the first case we assume thatf˜gp0p0 decay is
dominated bys and takems.500 MeV. One can see tha
the upper limit ofgfgS’s has the same order of magnitud
~and greater! as the couplings inf˜gp0,h decays. So, the
SE should be considered in more detail. With the large
perimental uncertainties, we obviously need some theore
input to fix the coupling constants. Our choice is detailed
Appendix C.

It is interesting to note here that the SE amplitude and
P2 amplitude have the same spin dependence. The princ
difference between them is in their phases. The SE amplit
is purely real, whileP2 is complex. We therefore expect th
they can be distinguished clearly in polarization observab

D. Direct f meson radiation

This amplitude is shown in Fig. 1~c!. ThefNN andgNN
interaction Lagrangians in obvious standard notations ar

LfNN52gfNNS N̄gmNfm2
kf

2MN
N̄smnN]nfmD , ~40!

LgNN52eS N̄gmNAm2
kN

2MN
N̄smnN]nAmD , ~41!

with kp(n)51.79(21.91). The resulting amplitude is

Tf i
C5ūmf

~p8!Mmn
C «* lf

m «lg

n umi
~p!, ~42!

Mmn
C 5egfNNFGm

f~q!
p” s1MN

ps
22MN

2
Gn

g~k!

1Gn
g~k!

p” u1MN

pu
22MN

2
Gm

f~q!G , ~43!

where

Gm
f~q!5gm2 i

kf

2MN
smnqn,

Gm
g ~k!5 f Ngm1 i

kN

2MN
smnkn, ~44!
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and f p(n)51(0) andps5p1k, pu5p2q. The tensor parts
for g andf in Eq. ~44! have different signs, which reflect th
difference between the incoming and outgoing particles.

The f-radiation amplitude has a more complicated sp
dependence than the PSE and SE amplitudes. For exam
at u50 the spin-flip transitionslg561˜lf50 along with
l i57 1

2˜l f56 1
2 are allowed inf radiation, but is forbid-

den in PSE and SE amplitudes. Thef-radiation amplitude is
pure real and its sign is controlled by the constants
gfNN ,kf . Following the theoretical estimation of Ref.@16#
we choosegfNN520.24 (gfNN

2 /4p.4.631023), kf50.2,
which are in qualitative agreement with the SU~3!-symmetry
prediction.

Note, that in principle, the couplingfNN may be dressed
by the cutoff form factor for off-shell nucleons. But thi
results in strong gauge invariance violation with respect
photon andf meson fields alike@49,50#. To avoid this prob-
lem we use the prescription of Ref.@51#, which favors for
constantFf factorsFs

f5Fu
f51. Thus, our prediction forf

radiation may be considered as an upper limit.

IV. DETERMINATION OF POMERON PARAMETERS

In the previous section, we have defined the parame
for the meson-exchange@Fig. 1~b!# and f-radiation @Fig.
1~c!# amplitudes. These parameters have some uncertai
due to the errors of the data used in the determinations.
definiteness, we will present results using their mean val
to evaluate the (p,h)-exchange andf-radiation terms. For
the scalar meson exchange, we will use their values de
mined by using the upper bound of the experimental valu
as given in Eq.~39!. We will discuss later how our result
will be modified if the errors of these parameters are cons
ered in our investigation.

We first observe that the meson-exchange andf-radiation
amplitudes only have appreciable contributions in the l
energy regionAs, about 5 GeV. Because of a negativ
intercept a(0)520.75, the contribution from the secon
PomeronP2 also drops very fast as energy increases. C
sequently, the parameters of the first PomeronP1 can be
fixed by fitting the cross sections in the high energy regi
We find that the data ofds/dt(u50) up to As;100 GeV
can be reproduced by choosingC1;2.22.3 and s1;1.5
22 GeV2. The uncertainties are due to the quality of t
data. In considering the data in the low energy region,
therefore still have some freedom in adjusting the parame
of P1 .

To explore the roles of the second PomeronP2 and scalar
meson exchange, we now turn to developing three mod
from fitting the data off photoproduction. Because of th
insufficient accuracy of the available data, it is not advan
geous to determine the parameters of each model by
forming a x2 fit. Instead, we simply demand that the tot
cross sections generated from each model must be consi
with the data within errors, and the greatest differences
tween them do not exceed 15% in the low energy reg
W,5 GeV. This is of course not very satisfactory, and m
be improved to perform ax2 fit when more extensive and
5-7
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precise data from new facilities become available in the n
future. Nevertheless, the results obtained from using this
ive v isual fit should be sufficient for our present explorato
purposes.

Model A. In this model we consider onlyP1 , pseudo-
scalar meson (p,h) exchange amplitudes and the directf
radiation. The model has three parametersC1 , s1 , and the
slopeB. The first two are fixed by fitting the energy depe
dence @52–54# of ds/dt at t5tmax(u50): C152.09, s1
51.6 GeV2. The slopeB151.7 GeV22 is found by fitting
the data of angular distribution ofds/dt at Eg52 GeV @52#.

Model B. This model is obtained by extending model A
include theP2 amplitude. The slope parameterB2 is chosen
to be the same asB1 of P1 in order to maintain the same fi
to the differential cross sectionds/dt at Eg52 GeV. The
model then has two additional parameterss2 and C2 for
specifying the strength of theP2 amplitude. In fact, they are
not independent: decreasings2 leads to some increase o
uC2u, therefore for simplicity, we chooses250. BecauseP1
and P2 amplitudes have different energy dependence,
energy dependence ofds/dt in the low energy region is
sensitive to the ratioj5C2 /C1 . The parameters1 obviously
also controls the energy dependence in the low energy

FIG. 5. The differential cross sectionds/dt of gp˜fp reac-
tion at t5tmax (u50) for model A as a function of the total energ
W5As in the left panel. Data are taken from Refs.@52–54#. In the
right panel we show the angular distribution atEg52 GeV (W
52.15 GeV). Data are taken from Ref.@52#.

FIG. 6. The differential cross section ofgn˜fn reaction for
model A. Notations are the same as in Fig. 5. Dot-marked thin li
correspond to thegp˜fp reaction for the same model.
03520
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gion. For simplicity, we assume that the threshold behav
of P1-Pomeron amplitude is defined by the natural sc
As15MN1Mf . The model then only has two paramete
C1 and j. We find that the data can be fitted by settingj
520.55,C152.34. We find that this value of the ratioj is
perhaps the maximum amount of theP2 amplitude the data
can accommodate. With a larger magnitude ofj, the pre-
dicted energy dependence of the cross section ha
shoulder-type behavior atW;2.523 GeV, which might be
in contradiction with the available data.

Model C. This model is obtained by extending model A
include scalar meson exchange amplitude. With the par
eters given in Appendix C, we find that this additional am
plitude has very small effect on the unpolarized cross s
tions. The data can be fitted by slightly modifying theP1
parameters toC152.12,s151.5 GeV2.

Let us first discuss the results from model A. In Fig. 5 w
see that both the energy dependence~left panel! and angular
distribution~right panel! of the unpolarized differential cros
sections for the proton target can be described~thick solid
curves! well. We also show the contributions from eac
mechanism. Obviously, the Pomeron exchange has the
est contribution. By comparing the solid curve (p,h) and the
dashed curve (p), we see that thep exchange andh ex-
change interferes constructively. On the other hand, we
in Fig. 6 that they interfere destructively for the cross se

s

FIG. 7. The differential cross sections ofgp˜fp reaction for
model B. Notations are the same as in Fig. 5.

FIG. 8. The differential cross sections ofgn˜fn reaction for
model B. Notations are the same as in Fig. 6.
5-8
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STRUCTURE OF THEf PHOTOPRODUCTION . . . PHYSICAL REVIEW C60 035205
tions on the neutron target. In Fig. 6, we also show the
sults for the proton target. As discussed in Sec. III, this is d
to the different sign ofgp0nn52gp0pp while ghpp5ghnn .
Clearly, this isotopic effect cannot be tested by examin
the unpolarized cross sections. It is also interesting to n
that thef-radiation contribution~dot-dashed curves! domi-
nate the cross sections at large angles. However, its ma
tudes are perhaps too small to be observed experimenta

The results for model B are displayed in Figs. 7 and 8.
see that the contributions fromP1 andP2 have very different
energy dependence. This is due to the difference in the t
intercepts:a1(0)51.08,a2(0)520.75. The full calculation
~thick solid curves! contain contributions from (p,h) ex-
change and thef-radiation mechanism. The isotopic effe
shown in Fig. 8 is also too small for experimental tests.

In Figs. 9 and 10, we see that the data can also descr
equally well by model C. We also show the individual co
tributions fromP1 and scalar meson (s1a01 f 0) exchange.
The full calculations~thick solid curves! include the contri-
butions from (p,h) exchange andf radiation. Obviously,
the scalar meson exchange has negligible effects on the
polarized cross section. Again the isotopic effects shown
Fig. 10 are too small for experimental tests.

In Fig. 11 we show the differential cross section ofgp
˜fp reaction atEg53.25 GeV formodels A and B. One
can see that the models describe the data with approxima

FIG. 9. The differential cross sections ofgp˜fp reaction for
model C. Notations are the same as in Fig. 5.

FIG. 10. The differential cross sections ofgn˜fn reaction for
model C. Notations are the same as in Fig. 6.
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equal quality and at the present level of the data accurac
is difficult to give preference to one of them. We now turn
the investigation of whether other observables can be use
distinguish these three models and isotopic effects.

V. PREDICTIONS OF THE DENSITY MATRIX ELEMENTS
FOR f MESON

In Appendix A, we have given formula for calculating th
K1K2 angular distributions in terms of density matrix el
mentsrl8,l

a of f meson. The angular distributions~A19! due
to unpolarized incident photons are only determined byr0.
For circularly ~linearly! polarized incident photons, the an
gular distributions~20! @Eq. ~21!# are calculated fromr0 and
r3 (r0, r1, andr2). It is therefore sufficient to only presen
our predictions of these density matrix elements defined
the GJ system. We will show the dependence of these ma
elements on the angleu of the outgoingf in c.m.s. The left
~right! panels of Figs. 11–24 show the results forgp˜fp
(gn˜fn) at Eg52 GeV. Our main interest is to examin
how the predicted density matrices depend on the mo
which are constructed in the previous section to give
equally good description of the available data of unpolariz
differential cross sectionsds/dt. We will also investigate
the energy dependence off decay asymmetry and its depe
dence on thehNN andfNN coupling constants.

FIG. 11. The differential cross sections ofgp˜fp reaction at
Eg53.25 GeV (W52.64 GeV) for model A~left panel! and B
~right panel!. Data are taken from Ref.@54#.

FIG. 12. Spin-density matrix elementr00
0 for the different mod-

els. Left and right panels correspond togp˜pf and gn˜nf
reactions, respectively.
5-9
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The matrix elementsr00
0 , Rer10

0 , and Rer121
0 , which

determine theK1K2 angular distributions with unpolarized
incident photons, are shown in Figs. 12–14. As seen in E
~A17! and ~A19!, the matrix elementr00

0 is responsible for
the azimuthal angle-averaged unpolarized decay distribut
W̄ defined in Eq.~A22!

W 05
3

4p F1

2
~12r00

0 !1
1

2
~3r00

0 21!cos2 QG .
We see from Figs. 12 and 13 that the predictions from mo
els A and C are very similar. However, model B, whic
includes the second PomeronP2 , yields a much smallerr00

0 .
At u;90° wherer00

0 has the maximum value, we obtain

W 0.
3

8p
~0.3610.43 sin2 Q!, ~45!

for models A and C, and

W 0.
3

8p
~0.1410.79 sin2 Q! ~46!

for model B. Obviously, model B can be clearly distin
guished from the other two models from a measurement
this Q distribution of the emittedK1K2 pair. This, of
course, will be a good test of the conjecturedP2 Pomeron.
Here we note that the above two expressions are very dif
ent from the predicted from using helicity conserving amp
tudes~HCM! ~see Appendix A!

FIG. 14. Spin-density matrix element Rer121
0 for the different

models. Notations are the same as in Fig. 12.

FIG. 13. Spin-density matrix element Rer10
0 for the different

models. Notations are the same as in Fig. 12.
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W 0
0.

3

8p
sin2 Q. ~47!

As discussed in Appendix A, HCM is due to either a pu
natural parity exchange~scalar exchange! or a pure unnatura
parity exchange~pseudoscalar meson exchange! mecha-
nisms. The difference between Eqs.~45!, ~46! and Eq.~47!
therefore measure the deviation of the constructed mo
from the helicity conserving mechanisms. This deviation
course is due to the interference between different am
tudes illustrated in Fig. 1.

From Eq.~A17!, we see that Rer10
0 , and Rer121

0 , shown
in Figs. 13 and 14, determine the azimuthal angle dep
dence ofW 0(cosQ,F). The measurements ofF dependence
obviously will provide further test of the considered mode
Here we see again that the predictions from models A an
are in general very similar. The large differences between
dashed curves and the other two curves suggest that a
surement ofF dependence can be very useful to distingu
model B from the other two models.

In Figs. 15–18 we show our result forr1 matrix. As seen
in Eqs. ~A17! and ~A21!, this density matrix is responsibl
for the K1K2 distributions fromf photoproduction reac-
tions with incident linear polarized photons. For examp
the distributions averaged over the azimuthal angleF are
only determined by the matrix elementsr00

1 andr11
1

W 1~cosQ!5
3

4p
@r11

1 1~r00
1 2r11

1 !cos2 Q#. ~48!

FIG. 15. Spin-density matrix elementr00
1 for the different mod-

els. Notations are the same as in Fig. 12.

FIG. 16. Spin-density matrix elementr11
1 for the different mod-

els. Notations are the same as in Fig. 12.
5-10
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The above expression suggests thatW(cosQ) can also be
used to distinguish model B from the other two models sin
its r00

1 in Fig. 15 is much smaller.
The most interesting is the antidiagonal Rer121

1 . As
shown in Appendix A, the helicity conserving mechanism
predict r121

1 56 1
2 for either a natural or a unnatural pari

exchanges. In Fig. 18, we see that all considered mo
predict a strong violation of this prediction of helicity con
serving mechanism. This of course is due to the interfere
between different mechanisms shown in Fig. 1. We find t
the relatively large contribution of the directf radiation,
which is a mixture of natural and unnatural parity exchan
leads to decreasing of Rer121

1 at largeu. That is also seen in
theu dependence ofSf andPs , shown in Figs. 19, 20. Both
quantities are controlled byr121

1 @cf. Eqs.~A30!, ~A37!# and
the both differ significantly from the helicity conservin
mechanism predictionSf5Ps52r121

1 561.
Figures 21, 22 show the matrix elements of matrixr2. We

see from Eq.~A21! that this quantity together withr1 matrix
are responsible for the angular distribution in reactions w
arbitrary linearly polarized photons. The most interest
here is Imr121

2 matrix element, which plays the same role
r121

1 in the above discussion.
Figures 23, 24 show Imr10

3 and Imr121
3 , which deter-

mine, via Eq.~A20!, the angular distribution in reaction
with the circularly polarized beam. HCM predicts zero va
ues for them and, as a consequence, zero asymmetry bet
cross sections with positive and negative beam polarizat
The finite value of Imr121

3 and Imr10
3 leads, respectively, to

the finite asymmetry.

FIG. 17. Spin-density matrix element Rer10
1 for the different

models. Notations are the same as in Fig. 12.

FIG. 18. Spin-density matrix element Rer121
1 for the different

models. Notations are the same as in Fig. 12.
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Figure 25 shows the dependence of thef decay asymme-
try Sf as function of the photon energy atu50 for gp,n
reactions for model B. One can see a strong deviation fr
the HCM predictionSf51 and a clear difference betwee
predictions forgp andgn reactions atEg.224 GeV.

The close inspection of the spin-density matrix eleme
shows that some of them are very sensitive to the Pome
structure of the diffractive amplitudes. They arer00

0 , Rer10
0 ,

r00
1 , Rer10

1 , Im r10
2 , Im r10

3 , Im r121
3 . These matrix elements

and the correspondingK1K2 angular distributions may be
used for understanding the role ofP2 amplitudes at low en-
ergy.

Coming back to the isotopic effect inf photoproduction
we notice that at smallu the difference betweengp andgn
reactions is associated by the difference inp-h interference
in PSE amplitude and it increases with increase thehNN
coupling constant. This effect is shown in Fig. 26~left panel!
where we display dependence ofSf on ghNN at Eg
52 GeV andu50 for the model B. In this calculation in
creasing~decreasing! ghNN is attended with decrease~in-
crease! of the strengthj of theP2 amplitude. At largeu, Sf
is controlled by the directf radiation. Figure 26~right panel!
shows dependence ofSf on gfNN at Eg52 GeV and
u5135° for model B. One can see some decreasing ofSf

with gfNN
2 /4p. The other models predict the same behav

of Sf . So, thef photoproduction may give independe
information about the dynamics of thehNN andfNN inter-
actions.

FIG. 19. Thef decay asymmetrySf for the different models.
Notations are the same as in Fig. 12.

FIG. 20. Thef decay asymmetryPs for the different models.
Notations are the same as in Fig. 12.
5-11
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We note here that the isotopic effects illustrated in Fi
25 and 26 are obtained by using the mean values of
photon-meson coupling constantsugfgpu50.14160.007 and
ugfghu50.70760.017. As discussed in Sec. III, the unce
tainties of these two parameters are due to the data use
our determinations, as seen in Eq.~32!. We find that the
uncertainties of these two parameters only give an abo
and 11% change of the PSE amplitude in thegp, gn reac-
tions, respectively, for the kinematics considered here. N
that this amplitude is much smaller than the Pomeron
change amplitudes~see Fig. 5!. Consequently, its uncertaint
does not significantly change all of the models we have c
structed. For example, the parameterj5C2 /C1 of model B
has about 5% uncertainty. This also leads to an uncertain
the predicted isotopic effect at 2 GeV:Sf(gn)2Sf(gp)
50.1860.02. This gives some measure about the accur
needed for designing future experiments to verify the p
dicted isotopic effects illustrated in Figs. 25 and 26.

VI. OTHER DOUBLE POLARIZATION OBSERVABLES

In the previous section we have considered double po
ization connected with the boson sector of the proce
namely, with the photon polarization andf-meson helicity
~or K1K2 angular distribution!. In some cases we foun
definite difference between prediction of the ‘‘realistic mo

FIG. 21. Spin-density matrix element Imr10
2 for the different

models. Notations are the same as in Fig. 12.

FIG. 22. Spin-density matrix element Imr121
2 for the different

models. Notations are the same as in Fig. 12.
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els’’ and HCM, and the difference between different mode
The difference between different models may be seen

in double polarization observables which operate with bo
~photon orf) and fermion~initial or recoil nucleon!. Here
we discuss two of them: beam targetCzz

BT and beam recoil
Czx8

BR asymmetries@see Eqs.~10!, ~11!#. These asymmetries
as a function of thef-production angle atEg52 GeV are
shown in Figs. 27,28.

The beam targetCzz
BT asymmetry is proportional to the

product of the natural and unnatural parity exchange am
tudes Re(TN

•TU* ). In our case at smallu for models A, B it
is a product of the small real part of theP1,2 and pseudo-
scalar exchange and the natural parity exchange part of d
f-radiation amplitudes. Say, for the almost pure imagin
P1 amplitude,Czz

BT(u50).0 for model A@21#. For model C
it is proportional to the product of the scalar and pseu
scalar exchange amplitudes. In each model there is defi
contribution of thef direct radiation. The thin short dashe
lines correspond to calculation withgfNN50 in model B.
One can see, that the contribution of directf radiation is
more essential at largeu and changes the asymmetries qua
tatively.

In some sense similar consideration holds forCzx8
BR asym-

metry in Fig. 28, but here the interference term is prop
tional to product of fermion spin conserving and spin-fl
amplitudes. The latter vanishes atu50,p. Again one can see
differences between different models and betweengp and

FIG. 23. Spin-density matrix element Imr10
3 for the different

models. Notations are the same as in Fig. 12.

FIG. 24. Spin-density matrix element Imr121
3 for the different

models. Notations are the same as in Fig. 12.
5-12
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gn reactions. By this it is meant, that from the describ
double-polarization observables one can select from the
ferent models.

VII. SUMMARY

We have analyzed thef photoproduction amplitude in
the As;2 – 5 GeV region based on the Pomeron-excha
and meson-exchange mechanisms. The parameters tha
needed to evaluate the pseudoscalar mesons (p,h) ex-
change, scalar mesons (s,a0 , f 0) exchange, and thef radia-
tion from the nucleon are determined from SU~3! symmetry
and f decay widths. In addition to the well establishe
Pomeron exchange with an intercepta(0);1.08, we have
investigated the role of a second Pomeron witha(0),0, as
inspired by the glueball (Jp501,Mb

2;3 GeV2) predicted by
the lattice QCD calculation and dual Ginsburg-Land
model.

To explore the relative importance between the sec
Pomeron and scalar meson exchange, we have constru
three models which can give equally good fits to the exist
very limited data. It is shown that the second Pomeron
be identified by investigating various spin observables as
ciated with thef˜K1K2 decays in thegp and gn reac-
tions with polarized photons.

We have found that thet dependence of cross sections a
more promising for investigating meson-exchange a

FIG. 25. Thef decay asymmetrySf at u50 for model B as a
function of the photon energy.

FIG. 26. Thef decay asymmetrySf for model B. Left panel:
the dependence ofSf on thehNN coupling constant atu50. Right
panel: the dependence ofSf on thefNN coupling constant atu
5135°.
03520
if-

e
are

d
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f-radiation mechanisms. The cross sections at large an
can be used to determine thefNN coupling constant. The
target isotopic effect on thef decay asymmetrySf is found
to be sensitive to the interference between thep andh ex-
change amplitudes and hence can be used to study thehNN
coupling constant.

We have also found that the double polarization bea
target asymmetries are small atu˜0 for all models consid-
ered. As demonstrated in Refs.@15,21#, this implies that any
significant beam-target asymmetry measured in future
periments will be the manifestation of the directss̄knockout
from the nucleon.

Finally, we emphasize that the present investigation
very exploratory, owing to the lack of precise data at a f
GeV. It is highly desirable to obtain more data from the ne
facilities such as LEPS of SPring-8 in Japan and TJNA
The polarization observables will be most useful for futu
theoretical investigations.
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APPENDIX A: GENERAL FORM OF ANGULAR
DISTRIBUTION

In this appendix we give formula defined thef decay
angular distributions for the arbitrary polarized photon bea
Starting from Eq.~7! and noting thatlab5la2lb50 in f
˜K1K2 lab5la2lb561 in f˜e1e2, one obtains
W K1K2
~cosQ,F!5

3

4p (
ll8

Dl0
1* ~F,Q,2F!rll8Dl80

1
~F,Q,2F!, ~A1!

W e1e2
~cosQ,F!5

3

8p (
rr 8

$Dr1
1* ~F,Q,2F!rll8Dr 81

1
~F,Q,2F!1Dl21

1* ~F,Q,2F!rll8Dl821
1

~F,Q,2F!%, ~A2!
whererl,l8 is the density matrix defined in Eq.~8! andl is
the helicity of thef meson. The relevant Wigner rotatio
functions are given by

Dl0
1 ~F,Q,2F!5

2 l

A2
sinQe2 i l F,

D0l
1 ~F,Q,2F!5

l

A2
sinQeil F,
D00
1 ~F,Q,2F!5cosQ,

Dll 8
1

~F,Q,2F!5
1

2
~11 l l 8cosQ!e2 i ( l 2 l 8)F, ~A3!

for l ,l 8561. Using the fact thatr rr 8 is Hermitian , r rr 8
5r r 8r

* , and the above the explicit forms ofD functions, we
get
W K1K2
~cosQ,F!5

3

4p S 1

2
~r111r2121!sin2 Q1r00 cos2 Q1

1

A2
~2Rer101Rer210!sin 2Q cosF

1
1

A2
~ Im r101Im r210!sin 2Q sinF2Rer121sin2 Q cos 2F1Im r121sin2 Q sin 2F D , ~A4!

W e1e2
~cosQ,F!5

3

8p S 1

2
~r111r2121!~11cos2 Q!1r00 sin2 Q1

1

A2
~Rer102Rer210!sin 2Q cosF

2
1

A2
~ Im r101Im r210!sin 2Q sinF1Rer121sin2 Q cos 2F2Im r121sin2 Q sin 2F D . ~A5!
We see from Eqs.~A4! and~A5! that the decay distribution
integrated over the azimuthal angle depend only on the d
onal matrix elements

W K1K2
~cosQ!5

3

4
~12r00!~11BK1K2

cos2 Q!,

W e1e2
~cosQ!5

3

8
~11r00!~11Be1e2

cos2 Q!, ~A6!
g-
where we use the normalization conditionr111r21211r00

51 and introduce thef decay anisotropy

BK1K2
52~123r00!/~12r00!,

Be1e2
5~123r00!/~11r00!. ~A7!
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1. Dependence of angular distributions of theK1K2 pair on
the photon polarizations

The photon density matrix can be written as

r~g!5
1

2
~11Pg•s!, ~A8!

where s is the Pauli operator andPg specifies the photon
polarization. Consequently, for circular polarization withl
561 we have

Pg5Pg~0,0,lg!. ~A9!

The linearly polarized photon is defined by

Pg5Pg~2cos 2c,2sin 2c,0!, ~A10!

wherec denotes the angle between the photon polariza
vector and thef-meson production plane~i.e., XZ plane!.
The photon polarization vector is accordingly defined as«g
5(cosc,sinc,0). In the above expressions,Pg denotes the
strength of the polarization (0<Pg<1).

Now, using Eq.~A8! we can decompose thef density
matrix r, defined in Eq.~8!, as

r5r01 (
a51

3

Pg
ara, ~A11!

where

r05TT†, ra5Tsa~g!T†, ~A12!

with a5(1,2,3). In terms of helicity amplitudesTl fl;l ilg
,

they can be written explicitly as

rll8
0

5
1

N (
lg ,l i ,l f

Tl fl;l ilg
Tl fl8;l ilg

* ,

rll8
1

5
1

N (
lg ,l i ,l f

Tl fl;l i2lg
Tl fl8;l ilg

* ,

rll8
2

5
i

N (
lg ,l i ,l f

lgTl fl;l i2lg
Tl fl8;l ilg

* ,

rll8
3

5
1

N (
lg ,l i ,l f

lgTl fl;l ilg
Tl fl8;l ilg

* . ~A13!

By using Eq.~A11!, the normalized angular distribution~A4!
can be decomposed into

W~cosQ,F!5W 0~cosQ,F!1 (
a51

3

Pg
aW a~cosQ,F!,

~A14!

whereW a is of the same form of Eq.~7! except thatrl,l8 is
replaced byrl,l8

a .
By using the symmetry property of the helicity amplitud
03520
n

T2l f2l;2l i2lg
5~21!(l2l f )2(lg2l i )Tl fl;l ilg

,
~A15!

we have the following relations:

rll8
a

5~21!l2l8r2l2l8
a for ~a50,1!,

rll8
a

52~21!l2l8r2l2l8
a for ~a52,3!. ~A16!

Equation~A16! means thatr121
0 andr121

1 are real andr121
2

and r121
3 are purely imaginary. In addition, we have fora

50,1 that r2121
a 5r11

a , r210
a 52r10

a and Trra51. These
relations greatly reduce the number of independent ma
elements.

For simplicity, we will focus on thef˜K1K2 decay.
Generalization forf˜e1e2 decay is straightforward. By
using the symmetry properties described above, we have
a50,1

W0~cosQ,F!5
3

4p H 1

2
~12r00

0 !1
1

2
~3r00

0 21!cos2 Q

2A2 Rer10
0 sin 2Q cosF

2Rer121
0 sin2 Q cos 2FJ ,

W1~cosQ,F!5
3

4p
$r11

1 sin2 Q1r00
1 cos2 Q

2A2 Rer10
1 sin 2Q cosF

2Rer121
1 sin2 Q cos 2F%. ~A17!

For a52,3 we also have the symmetry properties th
r2121

a 52r11
a , r210

a 5r10
a , and r00

a 50. As a consequence
we find

W 2~cosQ,F!5
3

4p
$A2 Imr10

2 sin 2Q sinF

1Im r121
2 sin2 Q sin 2F%,

W 3~cosQ,F!5
3

4p
$A2 Imr10

3 sin 2Q sinF

1Im r121
3 sin2 Q sin 2F%. ~A18!

We now present the formula for the cases where only
incoming photon is polarized. The decay angular distrib
tions for the various photon polarizations can be expresse
terms of the above ‘‘partial’’ distributions by appropriate
specifying the componentsPg

a of the vectorPg of Eq. ~A8!
in Eq. ~A14!.

Unpolarized photons. Obviously, we have

Wunpol~cosQ,F!5W 0~cosQ,f!. ~A19!

Circularly polarized photons of helicitylg561. By us-
ing Eq. ~A9! to definePg

a , we have
5-15
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W65W 0~cosQ,F!6PgW 3~cosQ,F!. ~A20!

Linearly polarized photons. By using Eq.~A10! to define
Pg

a , we have

W L~cosQ,F,c!5W 0~cosQ,f!

2Pg cos 2cW 1~cosQ,F!

2Pg sin 2cW 2~cosQ,F!. ~A21!

By using Eqs.~A17!–~A21!, one can see that differen
density matrix elementsrl,l8

a have definite physical meanin
and may be directly extracted from the data. To see so
useful examples, let us define the azimuthal angle-avera
angular distribution functions

W̄a~Q!5
1

2pE W a~cosQ,F!dF. ~A22!

By appropriately combining the data of angular distributio
at various angles, we can extract the following density m
trix elements:

r00
0 :

r00
0 5

BK1K2
11

31BK1K2 , ~A23!

where
a
po

te
ha
ve

03520
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BK1K2
5
W̄ 0~Q50!2W̄ 0~Q5p/2!

W̄~Q5p/2!
. ~A24!

Rer10
0 :

Rer10
0 5

4p

3 FW̄ 0S Q5
p

4 D2W 0S Q5
p

4
,F5

p

4 D G .
~A25!

Rer121
0 :

Rer121
0 5

4p

3 FW̄ 0S Q5
p

2 D2W 0S Q5
p

2
,F5

p

2 D G .
~A26!

r00
1 :

r00
1 5

4p

3 FW̄ LS Q50,c5
p

2 D2W̄ L~Q50,c50!G .
~A27!

r11
1 :

r11
1 5

4p

3 FW̄ LS Q5
p

2
,c5

p

2 D2W̄ LS Q5
p

2
,c50D G .

~A28!

r121
1 . This density matrix element is related to the asymm

try of linearly polarized photons:
Sf[
s i2s'

s i1s'

5
1

Pg

W L~Q5p/2,F5p/2,c5p/2!2W L~Q5p/2,F5p/2,c50!

W L~Q5p/2,F5p/2,c5p/2!1W L~Q5p/2,F5p/2,c50!
, ~A29!
ing
tri-
where s i and s' are the cross sections for symmetric
K1K2 pairs produced parallel and normal to the photon
larization plane, respectively; namelys i (s') is evaluated
by settingc5p/2 (0) in Eq. ~A21!. By using Eqs.~A17!,
~A18!, and~A21! to evaluate Eq.~A28!, we find that

Sf5
r11

1 1r121
1

r11
0 1r121

0
. ~A30!

With the determination ofr11
1 by using Eq.~A28!, ra,21

1 can
then be extracted from Eq.~A30!.

We now turn to a discussion of how to use the extrac
density matrices to identify the underlying reaction mec
nisms. To illustrate this, let us consider the diffracti
Pomeron (P1,2) exchange and pseudoscalar~PSE! exchange
amplitudes atu.0. In Sec. III it is shown that

Tl fl;l ilg

P1,2 ~u50!5T0
P1,2dl il f

dlgl ~A31!

Tl fl;l ilg

PSE ~u50!5T0
PSE~21!lg12l idl il f

dlgl . ~A32!
l
-

d
-

The phase factor in Eq.~A32! is due to the nature of the
pseudoscalar coupling of a boson with a fermion. By us
the above helicity conserving amplitudes, the density ma
ces defined in Eq.~A13! takes the following simple forms:

r05S 1
2 0 0

0 0 0

0 0 1
2

D , r35S 1
2 0 0

0 0 0

0 0 2 1
2

D ,

r15S 0 0 6 1
2

0 0 0

6 1
2 0 0

D , r252 iS 0 0 6 1
2

0 0 0

7 1
2 0 0

D ,

~A33!

where the upper~lower! sign in r1,2 corresponds toP1,2
~PSE! amplitudes. By using Eq.~A33!, we then have a very
definite prediction for thef˜K1K2 decay asymmetry of
Eq. ~A30!:
5-16
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Sf
P1,2511

and

Sf
PSE521.

The above results can be generalized to characterize th
action mechanisms in thet channel. In general, we can de
compose the total amplitude as a sum of the natural
unnatural parity exchange parts

T5TN1TU, ~A34!

where

TN/U~u!l fl;l ilg
5

1

2
$T~u!l fl;l ilg

7~21!lT~u!l f2lf ;l i2lg
%. ~A35!

By using Eqs.~A31! and ~A32!, we obviously for our ex-
ample haveTP,SE5TN, TPSE5TU.

We can also define the density matrices for particular p
ity exchanges. For example, it is useful to consider

rll8
0(N/U)

5
1

2
@rll8

0
7~21!lr2ll8

1
#. ~A36!

By using Eqs.~A19! and ~A17!, we can use the above den
sity matrix to define the total cross sectionssN andsU due
to the natural and unnatural parity exchange. The pa
asymmetry is then defined as

Ps[
sN2sU

sN1sU
52r121

1 2r00
1 . ~A37!

We see that ther121
1 andr00

1 extracted by using Eqs.~A26!–
~A29! can be used to measure the relative importance
tween the natural and unnatural parity exchange mec
nisms.

The Pomeron exchange~and scalar-meson exchange! is a
natural parity exchange process, while the pseudoscalar
son exchange is a unnatural parity exchange process. T
two processes have a further simplification that the helicit
conserved, as defined in Eqs.~A31!, ~A32!. By using Eqs.
~A32! and ~A36!, we therefore have the following simpl
results:

Sf5Ps561. ~A38!

By using Eqs.~A32! and ~A19!–~A21!, we obtain the fol-
lowing simple forms of the angular distributions.

Unpolarized photons.

Wunpol~cosQ,F!5
3

8p
sin2 Q. ~A39!

Circularly polarized photons of helicitylg561.
03520
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W6~cosQ,F!5
3

8p
sin2 Q6Pg30. ~A40!

Linearly polarized photons.

W L~cosQ,F,c!5
3

8p
sin2 Q$16Pg cos@2~F2c!#%.

~A41!

In the above equations plus~minus! corresponds to natura
~unnatural! parity exchange.

2. Choice of the decay reference frame

The different decay frames discussed in the literature
depicted in Fig. 2~b!, and as we mentioned above, it is di
ficult to give advantage to one prior to another. Some qu
tative consideration is in favor of the Gottfried-Jackson~GJ!
system, because certain of amplitudes take a simple f
here, similar to Eqs.~A31!, ~A32!, but for arbitraryu. That
is, for example,t-channel amplitudes with effective scala
~pseudoscalar! exchanges. In this case the helicity amplitu
is factorized

Ti f 5@Wkl
B «lf

k «lg

l #•@Wl f ,l i

F #, ~A42!

where the first term depends on theg-f helicities, and the
second one on the fermion spin degrees. In thef-rest system
with q50, the boson part may depends only on two sca
combinations

MfEg«lf
•«lg

, iM f«lf
•@kg3«lg

#5lgMfEg«lf
•«lg

,
~A43!

corresponding to the scalar and pseudoscalar exchange
spectively. So, the dependence of the amplitudes on theg-f
helicities takes the form

Tlflg
;W0«lf

•«lg
, ~A44!

and it is different in the different frames, following the scal
product«lf

•«lg
.

Helicity system:

«lf
•«lg

5dlglf

1 ~x!, x5a cosS cosu2uf

12uf cosu D , ~A45!

whereuf is the velocity off in the c.m.s.
Adair system:

«lf
•«lg

5dlglf

1 ~u!. ~A46!

Gottfried Jackson system:

«lf
•«lg

5dlglf
. ~A47!

So, only in the GJ system has the amplitude of Eq.~A42!
have a ‘‘helicity conserving’’ form for arbitraryf produc-
tion angle and the corresponding density matrices have
form of Eq. ~A33! with the constant matrix elements. I
other systems we get additional ‘‘kinematical’’ dependen
5-17
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on u. That is the reason why the GJ system is preferable.
let us emphasize, that in the real case the total amplitud
the coherent sum of the different terms with their own sy
metry and generally, it cannot be factorized in the form
Eq. ~A42!, therefore, the corresponding density matric
have more complicated form as compared with Eq.~A33!,
with their specificu dependence.

The helicity amplitude in the GJ system is related to
amplitude in the c.m.s. by the Wigner rotation

Tl flf ;l ilg

CM 5(
l ,m

Tl f l ;mlg

GJ dll
1 ~vf!dml i

1/2 ~vp!,

Tl flf ;l ilg

GJ 5(
l ,m

Tl f l ;mlg

CM dll
1 ~2vf!dml i

1/2 ~2vp!,

~A48!

where the corresponding Wigner rotating angles read

vf5x,

vp5a tan
uf sin~p2u!~12vp

2!1/2

vp1uf cos~p2u!
, ~A49!

wherevp is the proton velocity in the c.m.s.

APPENDIX B: PHASES OF f˜gp

We assume that thef˜gp decay is dominated by th
nonidealf-v mixing

v5v8 cosuV1v1sinuV ,

2f52v8 sinuV1v1cosuV ,

v15
1

A3
~uū1dd̄1ss̄!, v85

1

A6
~uū1dd̄22ss̄!,

~B1!

where uV is the f-v mixing angle: uV5a tanA22DuV ,
with DuV.3.4°, and for ideal mixing f052ss̄,v0

5(1/A2)(uū1dd̄). That gives

f˜gp

v˜gp
52tanDuV . ~B2!

The ratio for the amplitudes of thef˜gh andv˜gh de-
cays one can obtain in the quark model@57#, assuming the
flavor structure ofp0 mesons as

p05
1

A2
~uū2dd̄!, ~B3!

one obtains

f˜gh

v˜gp
.

f0˜gh

v0˜gp
52

2

3A3
~A2cosuh1sinuh!.20.48

,0, ~B4!
03520
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for the h-h8 mixing angleuh around210° @36#. Consider-
ing that the positive sign ofgvgp is known from pion pho-
toproduction@55,56# we get

gfgp520.141, gfgh520.707. ~B5!

Note that sometimes one can find another convention for
meson quark structure withp0,r05(dd̄2uū)/A2 ~see Refs.
@57,58#! which leads to the opposite sign of thef˜gp cou-
pling. Taking into account the importance of fixing the rel
tive phases for our consideration and in order to avoid t
ambiguity we make an independent checking of them us
symmetry properties of the unitary meson multiplets.

The effective Lagrangian forVPA interaction, where
V,P,A are the vector meson, pseudoscalar (p0,h), and elec-
tromagnetic fields, respectively, reads

L5L11L8 ,

L15R1«mnab Tr~¹mÂn,¹aP!V1
b ,

L85A2R8@«mnab Tr~$¹mV8
n ,Âa%¹bP!

1«manb Tr~$¹mÂn,V8
a%¹bP!#, ~B6!

where

Âm5diag~2/3,21/3,21/3!Am,

V1
m5diag~1,1,1!v1

m ,

V85S r0/A21v8 /A6 r1 K* 1

r2 2r0/A21v8 /A6 K* 0

K* 2
K̄* 0 22v8 /A6

D ,

P5S p0/A21h8 /A6 p1 K1

p2 2p0/A21h8 /A6 K0

K2
K̄0 22h8 /A6

D .

~B7!

Direct calculation of the corresponding traces~B6! for the
vpg interaction results in

L~vpg!5L1~vpg!1L8~vpg!

5
1

A2
«abmn~R1v1

a1xR8v8
a!¹nAm¹bp

5
1

A2
«abmn$~2R1cosuV1xR8 sinuV!fa

1~R1sinuV1xR8 cosuV!va%¹nAm¹bp, ~B8!

with x54/A3, which leads to the ratio
5-18
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f˜gp

v˜gp
52

12z tanDuV

tanDuV1z
, z[

4

A3

R8

R0
. ~B9!

Accordingly, forvh8g interaction one obtains

L~vh8g!5
1

A6
«abmn~R1v1

a2xR8v8
a!¹nAm¹bp

5
1

A6
«abmn$2~R1cosuV1xR8 sinuV!fa

1~R1sinuV2xR8 cosuV!va%¹nAm¹bp,

~B10!

which results in

f˜gh

v˜gp
.

f˜gh8

v˜gp
52

1

A3

11z tanDuV

tanDuV1z
. ~B11!

One can see that atR8 /R05A3/32.0.31, Eqs.~B9!, ~B11!
reproduce the result of the quark model. The valueR8 /R0
50.31 agrees withR8 /R050.27 of Ref. @59#, found from
analysis of available data ofV˜Pg decay.

APPENDIX C: PARAMETERS FOR THE SCALAR
EXCHANGE AMPLITUDE

We assume thats, f 0 , anda0 are the member of unitary
nonet, that is,a0 is the isovector, whiles and f 0 are the
isoscalar mixtures off 1,8 components

s5 f 8 cosus1 f 1sinus ,

2 f 052 f 8 sinus1 f 1cosus , ~C1!

whereus is the mixing angle and for ‘‘ideal mixture’’ tanu
5A2 and f 052ss̄. The mixing angle is determined by

sin2 us5
M f 8

2 2Ms
2

M f 0

2 2Ms
2

,

M8
25

4

3
Mk

22
1

3
Ma0

2 . ~C2!

Taking Mk5900 MeV @47#, one obtainsus5a tanA22Dus
with Dus523.21°. Then we can estimate the ratiof
˜gS/r˜gs for S5s, f 0 ,a0 :

f˜gs

r˜gs
52

1

6
~2 cosDuV sinDus1sinDuV cosDus!

.1.7531022,

f˜g f 0

r˜gs
52

1

3
cosDuV~22tanDuV tanDus!.20.67,
03520
f˜ga0

r˜gs
52

sinDuV

cosus
.25.931022. ~C3!

The couplinggrgs is found in Ref.@18# from r photopro-
duction:grgs.2.71 and it is positive. Using this value, on
can get thef decay couplings

gfgs.0.047,

gfg f 0
.21.81,

gfga0
.20.16. ~C4!

The unitary symmetry allows to estimate thegSNN cou-
plings as well. The effective Lagrangian forSNN interaction
reads

LSNN5ga0
N̄Na01A3 cosDusg8N̄Ns

2A3 sinDusg8N̄N f0 ,

g85
1

A3

3F2D

F1D
ga0

, ~C5!

which results in

ga0NN5
F1D

3F2D

1

cosDus
gsNN ,

gf 0NN52tanDusgsNN . ~C6!

The sNN coupling constant was determined within vario
meson-exchange models forNN scattering@28# and also for
v photoproduction@18#. Its value is somewhat model depe
dent. To be consistent with our treatment ofpNN vertex
~discussed in Sec. III B!, we also follow Ref.@18# here and
choosegsNN5A8.034p ~no error was assigned in Re
@18#!. With F/D50.57560.016 @30#, we then obtainga0NN

521.761.5,gf 0NN50.56, where the uncertainty ofgf 0NN is

related to the uncertainty ofgsNN . For definiteness, we us
the central valuesga0NN521.7,gf 0NN50.56 in all of our cal-
culations.

As in PSE, we assume that thegfgS , gSNN couplings are
dressed by the off-shell form factors. Fors exchange we
accept the monopole form factors withlsfg5lsNN52 GeV
@28#. For the heavy meson we parametrize the product of
form factors directly@19,48#:

F~ t !5
L4

L41~Mw
22t !2

, ~C7!

with L50.6 GeV @19#. Note ~i! that the relatively small
gfga0

is compensated by the largega0NN and all amplitudes

have the same order of magnitude and~ii ! ga0nn52ga0pp

which results in isotopic dependence of SE amplitude.
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