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Spin effects and baryon resonance dynamics inf-meson photoproduction at few GeV
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The diffractivef-meson photoproduction amplitude is dominated by the Pomeron-exchange process and
contains the terms that govern the spin-spin and spin-orbital interactions. We show that these terms are
responsible for the spin-flip transitions at forward photoproduction angles and appear in the angular distribu-
tions of f→K1K2 decay in reactions with unpolarized and polarized photon beams. At large momentum
transfers, the main contribution to thef-meson photoproduction is found to be due to the excitation of nucleon
resonances. Combined analysis ofv andf photoproduction indicates strong Okubo-Zweig-Iizuka–rule vio-
lation in fNN* couplings. We also show that the spin observables are sensitive to the dynamics off-meson
photoproduction at large angles and could help to distinguish different theoretical models of nucleon reso-
nances. Predictions for spin effects inf-meson photoproduction are presented for future experimental tests.
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I. INTRODUCTION

The photoproduction of light vector meson (r,v,f) is an
interesting reaction for many reasons. At high energiesW
[As*10 GeV), it brings information on the dynamics o
the Pomeron exchange@1–8#. At low energies (W
;2 GeV), its observables are sensitive to the resona
channel and can be used to obtain some unique informa
about the structure of baryon resonances, properties
VNN* interactions@9–16#, and possible manifestation of th
so-called ‘‘missing resonances’’@17–19#. Therefore, the
study of vector-meson photoproductions is an import
component of the experimental programs at the electron
photon facilities such as the Thomas Jefferson National
celerator Facility, the LEPS at SPring-8, the ELSA-SAPH
at Bonn, and the GRAAL at Grenoble. Thef-meson photo-
production at relatively low energiesEg.2 –3 GeV plays a
particularly important role. It is expected that in the diffra
tive region, the dominant contribution comes from t
Pomeron exchange, since trajectories associated with
ventional meson exchanges are suppressed by the OZI
The exception is the finite contribution of the pseudosca
p,h-meson-exchange channel, but its properties are q
well understood@20,21#. Therefore, the low-energyf-meson
photoproduction may be used for studying the presence
additional trajectories. Candidates are trajectories assoc
with a scalar meson@20,22# and f 28 meson@21# containing a
large amount of strangeness, glueball@23#, or other exotic
channels@24#. But the relative contributions of these add
tional processes cannot be well defined within the Re
phenomenology and must be determined from comparis
with experimental data. Spin observables are of crucial
portance for such studies. As a matter of fact, the Pome
exchange amplitude which is inspired by multigluon e
change@1# contains specific spin-dependence terms that
negligible inf-meson photoproduction at high energies b
become important at a few GeV. These interactions lead
spin-flip processes and give nontrivial behavior of the sp
0556-2813/2003/67~6!/065205~17!/$20.00 67 0652
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density matrix elements even at forward angles. Theref
the angular distribution off→K1K2 decay can be used as
tool to study the diffractive mechanism, and is compleme
tary to the measurement of unpolarized cross section.

Another subject is related to the strange degrees of f
dom in a nucleon. Analysis of magnetic@25,26# and elec-
troweak @27# moments of baryons show that thef meson
couples more strongly to the nucleon than expected on
basis of the Okubo-Zweig-Iizuka~OZI! rule @28#. The pres-
ence of the strange-quark content in the nucleon was i
cated by measurements of thep-nucleon term@29#, f-meson
production in proton annihilation at rest@30–32#, and deep-
inelastic electroweak lepton-nucleon scattering~see Ref.@33#
for references and a compilation of the data!.

The f-meson photoproduction seems to be an effect
and promising candidate process for studying the hid
strangeness in a nucleon. The backward-angle photopro
tion is dominated bys and u channels of the nucleon an
resonant amplitudes, and directly related to the strength
fNN and fNN* interactions. The finite strange conte
leads to an increase of this strength compared to the ex
tation based on the standard OZI-rule violation~OZI-rule-
evading interaction@22#!. This effect must be seen in bot
unpolarized and spin observables at large momentum tr
fers.

At forward angles, the nucleon and resonant contributio
become negligible forf-meson photoproduction and OZ
rule violation could appear as directss̄knockout@34# from a
nucleon. Here, the measurement of spin observables that
resent the interference of the weakss̄ knockout and strong
vector-meson dominance photoproduction amplitudes@35–
37# is the most promising feature. It is clear that for th
purpose the diffractive amplitude must be established un
biguously.

The purpose of this paper is to investigate the proble
mentioned above. The main differences with the previo
studies of the conventional nonstrange amplitude ofgp
→fp reaction@20,22# are in giving a detailed analysis of th
©2003 The American Physical Society05-1
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spin properties of the amplitude in the diffractive region. W
will present a comprehensive analysis of all spin-density m
trix elements which are responsible for the angular distri
tions of K1K2 in the reactiongp→fp with unpolarized
and polarized photons at a few GeV. For the most import
matrix elements we give an estimation in an explicit analy
cal form, which is useful for the qualitative analysis.

The backward-angle photoproduction is described by
nucleon resonance excitations. For the latter, we use an
fective Lagrangian approach developed forv-meson photo-
production@16#, where all known nucleon resonances list
in the Particle Data Group@38# are included. This resonan
model is different from the approach of Ref.@14#, which
results in giving significantly different predictions of som
spin observables.

This paper is organized as follows. In Sec. II we defi
the kinematics and observables. The formula for the calc
tion of various spin observables are also introduced here.
basic amplitudes for the conventional processes, such a
Pomeron exchange, Reggeon exchanges, and resonanc
citations, are given in Sec. III. In Sec. IV we discuss resu
and make predictions for the future experiments. The su
mary is given in Sec. V. In the Appendix we discuss
extreme case where the exotic trajectories become domi
in the near-threshold energy region.

II. KINEMATICS AND OBSERVABLES

The scattering amplitudeT of the gp→Vp reaction
~whereV can bef or v) is related to theS matrix by

Sf i5d f i2 i ~2p!4d4~k1p2q2p8!Tf i , ~1!

wherek, q, p, andp8 denote the four-momenta of the incom
ing photon, outgoing vector meson, initial nucleon, and fi
nucleon, respectively. The standard Mandelstam varia
are defined byt5(p2p8)25(q2k)2, s[W25(p1k)2, and
the vector-meson production angleu by cosu[k•q/ukuuqu.
We use the convention of Bjorken and Drell to define theg

matrices; the Dirac spinors are normalized asū(p)gau(p)
52pa .

The scattering amplitude is written as

Tf i5
I f i

~2p!6A2Ev~q! 2uku2EN~p!2EN~p8!
, ~2!

whereEi(p)5AMi
21p2, with Mi denoting the mass of th

particle i. In the center of mass~c.m.! system, the quantiza
tion axisz is chosen along the beam momentum, and thy
axis is perpendicular to the production plane:y5p3p8/up
3p8u. The differential cross section is related to the invaria
amplitude by

ds f i

dt
5

1

64p~W22MN
2 !2 (

mimflglV

uI f i u2, ~3!

wheremi ,mf are the proton spin projections in the initial an
final state, respectively, andlglV are the helicities of the
06520
-
-

nt
-

e
ef-

a-
he
the
ex-

s
-

nt

l
es

t

incoming photon and outgoing vector meson, respectively
this paper we will also investigate some of the single- a
double-spin observables@35#.

The considered beam asymmetrySx for the linearly po-
larized photons reads

Sx5
dsy2dsx

dsy1dsx
5

Tr@ I f isg
x I f i

† #

Tr@ I f i I f i
† #

, ~4!

where the subscripty (x) corresponds to a photon linearl
polarized along they (x) axis. In the case of a circularly
polarized photon beam, the double beam-target~recoil!
asymmetry is very sensitive to the production mechan
@37#. Therefore, in the present work we analyze the bea
target asymmetry,

Czz
BT5

ds~¹ !2ds~� !

ds~¹ !1ds~� !
, ~5!

where the arrows represent the spin projections of the inc
ing photon and the target protons: (¹) and (�) thus corre-
spond to the initial states with the total spin equal to3

2 and 1
2 ,

respectively.
The double polarization observables related to the be

polarization and polarization of the outgoing vector meso
are described in terms of spin-density matricesr i j , which
determine the vector-meson decay distributions in its r
frame @39# and are defined by

rll8
0

5
1

N (
a,lg

I a;l,lg
I a;l8,lg

† ,

rll8
1

5
1

N (
a,lg

I a;l,2lg
I a;l8,lg

† ,

rll8
2

5
i

N (
a,lg

lgI a;l,2lg
I a;l8,lg

† ,

rll8
3

5
1

N (
a,lg

lgI a;l,lg
I a;l8,lg

† , ~6!

where the symbola includes the polarizations of the incom
ing and the outgoing baryons, and the normalization fac
reads

N5 (
a,l,lg

I a;l,lg
I a;l,lg

† . ~7!

The f→K1K2 decay distribution as a function of th
polar (Q) and azimuthal (F) angles is expressed through th
spin-density-matrix elements and depends on the beam
larization. The polarization vectors of the linear («) and cir-
cular («l,l561) photon polarizations read

«5~cosC, sinC,0!,

«l52
l

A2
~1,il,0!. ~8!
5-2
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For easy reference we list here the explicit form of the de
angular distributionW(cosQ,F,C) for various photon polar-
izations in the rest frame of the outgoingf meson. For un-
polarized photons, it reads

Wunpol~cosQ,F!5W0~cosQ,F!, ~9!

with

W0~cosQ,F!5
3

4p H 1

2
~12r00

0 !1
1

2
~3r00

0 21!cos2Q

2A2 Rer10
0 sin 2QcosF

2r1-1
0 sin2Qcos 2FJ . ~10!

For the circularly polarized photons of helicitylg561, the
angular distribution has the following form:

W6~cosQ,F!5W0~cosQ,F!

6
3

4p
Pg$A2 Imr10

3 sin 2QsinF

1Imr1-1
3 sin2Qsin 2F%, ~11!

wherePg is the strength of polarization (0<Pg<1).
In the case of the linearly polarized photons the de

distribution is defined as

WL~cosQ,F,C!5W0~cosQ,f!

2Pg@W1~cosQ,F!cos 2C

1W2~cosQ,F!sin 2C#, ~12!

whereC denotes the angle between the photon-polariza
vector andf-meson production plane@cf. Eq. ~8!#. The par-
tial distributionsW1,2 read

W1~cosQ,F!5
3

4p
$r11

1 sin2Q1r00
1 cos2Q

2A2Rer10
1 sin 2QcosF

2r1-1
1 sin2Qcos 2F%,

W 2~cosQ,F!5
3

4p
$A2Imr10

2 sin 2QsinF

1Im r1-1
2 sin2Qsin 2F%. ~13!

The spin-density matrix elements depend on the choice
the quantization axisz8 that defines the reference frame
the vector-meson-decay distribution. There are sev
choices of the quantization axisz8 in the vector-meson res
frame: the helicity system withz8 opposite to the velocity of
the recoiling nucleon, the Gottfried-Jackson system~GJ!
with z8 parallel to the momentum of the photon, and t
Adair system withz8 parallel to the photon momentum in th
c.m. Although the general formalism for the analysis of t
06520
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vector-meson decay does not depend on the system, al
calculations are done in the GJ system, where some of
amplitudes have a simple helicity-conserving form rega
less of the momentum transfers.

Using the two-dimensional decay distribution of Eq.~10!,
one can get the one-dimensional distributions after integ
ing over the remaining variables,

W0~cosQ!5
3

2 S 1

2
~12r00

0 !sin2Q1r00
0 cos2Q D ,

W0~F!5
1

2p
~122Rer1-1

0 cos 2F!. ~14!

In the case of the linearly polarized beam, the distributio
depend additionally on the direction of the polarization ve
tor,

WL~cosQ,C!5W0~cosQ!2
3

2
~r11

1 sin2Q

1r00
1 cos2Q!Pgcos~2C!,

WL~F,C!5W0~F!1
1

p
Pg~ r̄1-1

1 cos@2~F2C!#

1D1-1cos@2~F1C!#!, ~15!

where

r̄1-1
1 5

1

2
~r1-1

1 2Im r1-1
2 !, D1-15

1

2
~r1-1

1 1Imr1-1
2 !.

~16!

The averaging over the angle between polarization and
duction planes, at fixedF-C results in the following one-
dimensional distributions:

WL~cosQ!5W0~cosQ!,

WL~F2C!5
1

2p
~112Pgr̄1-1

1 cos@2~F2C!#!. ~17!

The integration overQ andF gives dependence of the tota
decay distribution as a function onC,

WL~C!512Pg~2r11
1 1r00

1 !cos 2C. ~18!

For the circularly polarized beam, the distributions read

W6~cosQ!5W0~cosQ!,

W6~F!5W0~F!6
1

p
Pg Im r1-1

3 sin 2F. ~19!

We will also discuss the vector-meson decay asymmetry
is related to the matrix elementsr11

0,1,r1-1
0,1 ,

SV5
r11

1 1r1-1
1

r11
0 1r1-1

0
, ~20!
5-3
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and has a meaning of the asymmetry between the two a
lar distributions when the decay angles are fixed and eq
Q5p/2 andF5p/2, andC5p/2,0,

SV5
1

Pg

WLS cosQ,F,C5
p

2 D2WL~cosQ,F,C50!

WLS cosQ,F,C5
p

2 D1WL~cosQ,F,C50!

.

~21!

III. THE AMPLITUDE

A. Diffractive photoproduction

The invariant amplitude in the region of small momentu
transfers (I Diff ) can be considered in frame of Regge ph
nomenology as a sum of the Pomeron and other Regge
jectories. ForEg.2 –3 GeV (s.5 –7 GeV2), this region is
limited by the forward angle photoproduction withutu
&0.5–0.7 GeV2, where utu/s&0.1!1 @40#. As we will see
later, the employment of conventional residuals in cor
sponding amplitudes expressed through the isoscalar nuc
form factors leads to fast decreasing ofI Diff , so that it be-
comes rather small in the region beyond its validity. On
other hand, the meson photoproduction at low energy
large momentum transfers withutu;utumax (u;p) can be
described successfully in terms of the nucleon a
resonance-exchange amplitudesI B. In diffractive region of
the f-meson photoproduction,I B is suppressed by the OZ
rule and is negligible compared toI Diff . The total amplitude
may be written as

I f i5I f i
Diff

% I f i
B , ~22!

where % means that the above two components are defi
and operate in different regions oft, and simultaneous ac
count of the Regge amplitude and the resonant part le
strictly speaking, to double counting@40#. But since in the
considered case the interference ofI Diff and I B at forward-
and backward-angle photoproduction is negligible, we c
substitute^ →1. This leads to the so-called ‘‘interferenc
model’’ which was widely used in the resonance region~see,
for example, Ref.@41#!. But taking into account the problem
of double counting at the region ofu;p/2 when interference
of the resonant and Regge parts may be sizable, predic
for such a model must be considered as very qualitative
timations, especially for spin variables.

In the diffractive region of thef-meson photoproduction
the two processes are reasonably well established;
Pomeron exchange which is dominant and relatively w
pseudoscalarp,h-meson exchange. For the Pomero
exchange process, depicted in Fig. 1~a!, we use the
Donnachie-Landshoff model@1#, based on the Pomeron
isoscalar-photon analogy. It gives the amplitude in the f
lowing form

I f i
P52M P~s,t !G f i

P ,

G f i
P5«m* ~lV!ūfhP

mnui«n~lg!, ~23!
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where«m(V) and «n(g) are the polarization vectors of th
vector meson (v,f) and photon, respectively, andui
5umi

(p) @uf5umf
(p8)# is the Dirac spinor of the nucleon

with momentump (p8) and spin projectionmi (mf).
The scalar functionM P(s,t) is described by the following

Regge parametrization:

M P~s,t !5CPF1~ t !FV~ t !
1

s S s

sP
D aP(t)

expF2
ip

2
aP~ t !G ,

~24!

whereF1(t) is the isoscalar electromagnetic form factor
the nucleon andFV(t) is the form factor for the vector-
meson–photon–Pomeron coupling. We also follow Ref.@1#
to write

F1~ t !5
4MN

2 22.8t

~4MN
2 2t !~12t/t0!2

,

FV~ t !5
2m0

2

~12t/MV
2 !~2m0

21MV
22t !

, ~25!

wheret050.7 GeV2. The Pomeron trajectory is known to b
aP(t)51.0810.25t. ~Also see Ref.@7#.! The strength factor
CP equals

CP5
6g2A4paem

gV
, ~26!

wheregV is the vector-meson decay constant (2gv517.05
and 2gf513.13) andaem5e2/4p. The parameterg2 is the
product of two dimensionless coupling constantsg2

[gPssgPqq5(AsPbs)(AsPbu), wheregPss andgPqq have a
meaning of the Pomeron coupling with the strange quark
a f meson and the light in a proton, respectively. For t
v-meson photoproduction,g2[qPqq

2 .
The vertex functionhP

mn is defined by a trace calculatio
of the quark loop in the diagram of Fig. 1~a! with the non-
relativistic vector-meson wave function and the vector co
pling for the Pomeron-quark-quark vertex (VPqq;ga). The
net result reads

hP
mn5k” S gmn2

qmqn

q2 D 2gnS km2
qmk•q

q2 D 2qnS gm2
q”qm

q2 D ,

~27!

where we keep the explicit gauge-invariant terms and s
the term proportional tokn, which, after being multiplied by
the photon-polarization vector does not contribute. One

b ca
p p

P

γ φ

p p

gg

γ φ

p p

gg

γ φ

FIG. 1. Diagrammatic representation of~a! Pomeron exchange
and~b!,~c! two-gluon-exchange contributions in thegp→fp reac-
tion.
5-4
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see that the last term violates gauge invariance. That
serious problem and its solution requires a more deta
description of the gluon-exchange mechanism and ve
functions@5,6,42#, which is beyond the scope of this wor
Here, we perform gauge-invariance restoration by ga
transformation, since the above described simple model
been very successful in the description of many proces
The easiest way is the transformation ofqn in the last term of
Eq. ~27!,

qn→q̄n5qn2 p̄n
k•q

p̄•k
, ~28!

where the vectorp̄ must be fixed via an additional assum
tion. Using this transformation, the vertex functionG f i

P has
the following form:

G f i
P5ūfk”ui~«lV

* •«lg
!2ūf«” lg

ui~«lV
* •k!

2ūf«” lV
* uiS «lg

•q2
~«lg

• p̄!~k•q!

p̄•k
D . ~29!

To find the vectorp̄, we take into account that it must lie i
the production plane and should be constructed from
three linear independent vectorsp, p8, and q, be different
from q and, it must have a proper ‘‘high energy limit.’’ Thi
limit may be found using the Pomeron–two-gluon-exchan
analogy @43#, since it is now generally believed that th
Pomeron exchange is generated by the gluon excha
@44,45# and the nonperturbative two-gluon-exchange proc
@2# justifies the vector type of coupling inPqq-vertex.

The two-gluon-exchange amplitude for the vector-mes
photoproduction is depicted in Figs. 1~b!,~c!. The amplitude,
where the two gluons interact with the same qua
@Fig. 1~b!#, generates the vertexh2g

mn with the same struc-
ture as the Pomeron-exchange mechanism. The ampli
where the two gluons interact with different quar
@Fig.1~c!# contains an additional term proportional
ū(p8)«” lg

u(p1)•ū(p1)«” lV
* u(p), wherep1 is the momentum

of the quark in the intermediate state. This term restores
gauge invariance. At high energies and small momen
transfers wherep8.p1.p and ū(p8)gau(p).2pa , the
two-gluon-exchange model results@46,42#,

G f i
2g;~k•p!~«lV

* •«lg
!2~«lg

•p!~«lV
* •k!

2~«lV
* •p!S «lg

•q2
~«lg

•p!~k•q!

p•k
D . ~30!

One can see the identity of Eqs.~29! and ~30! if p̄5p ~cf.
Ref. @21#!. But at relatively low energies wherep8Þp, a
more reasonable choice isp̄5 1

2 (p1p8), symmetrical with
respect top and p8, because of approximate estimat
ū(p8)gau(p).(p1p8)a . This value of p̄, together with
Eq. ~29!, will be used in our calculations. Note that at lar
photon energies, the last two terms in Eq.~29! are negligible,
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but at a few GeV and finiteutu, they generate spin-flip tran
sitions and become important.

By fitting all available total cross section data forv, r,
and f photoproduction at high energies, the remaining p
rameters of the model are determined:m0

251.1 GeV2, sP

54 GeV2, bs51.61, and bu52.05 GeV21, which give
gPqq54.1 andgPss53.22.

The pseudoscalar-meson-exchange amplitude may be
pressed either in terms of the one-boson-exchange m
@10,20,22,37# or using the Regge model@21,24#. The
pseudoscalar-meson exchange amplitude in the one-bo
exchange~OBE! approximation is evaluated from the fo
lowing effective Lagrangians:

LVgw5
egVgw

MV
emnab]mVn]aAbw,

LwNN52 igpNNN̄g5t3Np02 ighNNN̄g5Nh, ~31!

wherew5(p0,h) andAb is the photon field. The resulting
invariant amplitude is

I f i
ps52 (

w5p,h

iF wNN~ t !FVgw~ t !

t2Mw
2

egVgwgwNN

MV
ūmf

~p8!

3g5umi
~p!«mnabqmka«n* ~V!«b~g!. ~32!

In the above, we have followed Ref.@47# to include the fol-
lowing form factors to dress thewNN andVgw vertices:

FwNN~ t !5
Lw

22Mw
2

Lw
22t

, FVgw~ t !5
LVgw

2 2Mw
2

LVgw
2 2t

. ~33!

We usegpNN513.26 andgpNN53.527 for thepNN and
hNN coupling constants, respectively~cf. Ref. @20# for dis-
cussion and references!. The coupling constantsgVgw can be
estimated through the decay widths ofV→gp andV→gh
@38#, which lead to gvgp51.823, gfgp520.141, gvgh
50.416, andgfgh520.707. The cutoff parametersLw and
Lvgw in Eq. ~33! are chosen to reproduce thev-meson pho-
toproduction at low energies@16#: Lp50.6 GeV2, Lh
50.9 GeV2, LVgp50.6 GeV2, andLVgh51.0 GeV2.

In Refs. @21,24,48# it is suggested to describ
pseudoscalar-meson ~PS! exchange with a
p-meson-exchange trajectory by making use of Reggeza
of the Feynman propagator in the following way:

1

t2mp
2

⇒S s

s1
D ap(t) ~11e2 ipap(t)!pap8

2sin~pap!G@ap~ t !11#
, ~34!

where the trajectory is given by

ap~ t !5ap8 ~ t2mp
2 !, ~35!

with ap8 50.7 GeV22. Using properties of theG function:
G(11z)5zG(z) and G(z)G(12z)sinpz5p, and assuming
5-5
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that uap(tmax)u!1, one can see that the Reggezation of E
~34! does not modify the polet-dependence of the OBE am
plitude at forward-angle photoproduction. The Regge p
nomenology does not definet dependence and phases of r
siduals. In practice, they are determined by comparison
the Regge and OBE amplitudes at low energies where
lowest t-channel resonances are expected to be domi
@49,48#. In the present paper we analyze photoproduction
narrow energy region forW52 –3 GeV, and in order to
avoid consideration of additional parameters we will direc
use the OBE model for the pseudoscalar-meson-excha
processes, with the parameters taken from independent
ies. In this case our result coincides with the Regge mode
small utu, and slightly overestimates it at backward-ang
photoproduction where the contribution of pseudosca
meson-exchange becomes negligible relative to the o
channels.

Together with these conventional processes, several o
diffractive channels are discussed in the literature. One
them is OZI-rule allowedf 28-meson exchange or contributio
of the f 28-meson Regge trajectory@21#. Significant strange-
ness content off 28(1525) supports the existence of this cha
nel. But, on the other hand, the absence of a finitef 28→gf
decay width@38# is a real problem for applying af 28 trajec-
tory in f-meson photoproduction and the only argument
its use is to obtain agreement with the low-energy data.

Another possible low-energy channel is related to the p
gluon dynamics such as a glueball exchange or the contr
tion of a glueball (Jp501,Mgl

2 .3 GeV2) inspired trajectory
@23#. The idea is based on the assumption that the Pom
trajectory is also inspired by the glueball exchange, being
leading glueball Regge trajectory. Other trajectories may
pear as its daughter trajectories. This picture has been j
fied recently by calculations within the string model@8,50#.
The slope of the glueball trajectory is found to be mu
smaller than slope of conventional mesonic trajectories
close to the Pomeron trajectory.

Since bothf 28 and glueball trajectories are not forbidde
we also include them into the total amplitude. To fix t
vertexhmn we use the simplest covariant and gauge-invari
effective Lagrangians forVVj interactions, whereV and j
are the vector and boson (01,21) fields, respectively,

L 015
1

4
gab~Lab1Lba!j, ~36a!

L 215
1

4
~Lab1Lba!jab1~Lab2Lba!jab , ~36b!

with

Lab5]mV1
a]mV2

b1]aV1
m]bV2m2]aV1

m]mV2
b2]mV1

a]bV2
m .

~37!

Taking the corresponding fermion-boson interactions asc̄cj

and c̄gagbcjab , we get the verticeshmn as follows:

h01
mn

5gmnk•q2kmqn, ~38a!
06520
.

-
-
of
e
nt
n

ge
ud-
at

r-
er

er
of

-

r

e
u-

on
e

p-
ti-

d

t

h21
mn

5h01
mn

22isab@gamgbnk•q1qakbgmn1ganqbkm

1gbmkaqn#. ~38b!

Note that the similar expressions can be also found using
loop integration within the same prescription as for t
Pomeron exchange in the Donnachie-Landshoff model w
the Reggeon-quark-quark vertices taken as 1, andgagb for
01 and 21 exchanges, respectively. The difference is in a
ditional gauge breaking term which appears in Eq.~38b!,
gamqbqn. It brings some ambiguity for this method, but fo
us it is important that the structure of all other terms, inclu
ing their mutual signs, is identical to Eq.~38b!.

The scalar@M (s,t)# functions read

MR~s,t !5CRF1~ t !FV~ t !
1

NR
S s

sR
D aR(t)

3
hR~11e2 ipaR(t)!paR8

2 sin~paR!G@aR~ t !#
, ~39!

whereR5 f 28 , gl, andCR differ from CP in Eq. ~24! by the
substitutiongP

2→gR
2 . The normalization factorsNR in Eq.

~23! are defined byhR : N21.2sMV , N01.MNMV
2 . Fol-

lowing Ref. @21# we choose f 28 trajectory asa f
28
50.55

1a f
28

8 t, with a f
28
50.7 GeV22, and the mass scalesf

28

51 GeV2. For the glueball trajectory we will use the param
eters of Ref.@23#, with agl(0)520.75, agl8 50.25 GeV22,
andsgl5agl8

21. The phasehR561 and the strengthgR are
not defined in the Regge model and have to be found to b
the model calculation close to the data for unpolarized to
cross section.

Finally, we note that sometimes in literature the Reg
amplitude at low energy is chosen with an additional thre
old factor to get a better shape of the energy dependenc
the near-threshold region, which modifies the standard
rametrization as follows:

S s

sR
D a(t)

→S s2aR

sR
D a(t)

. ~40!

It is obvious that the relative contribution of each trajecto
in the threshold region strongly depends on the thresh
parameteraR , which is not defined by the Regge mode
Thus, the finite value ofaP in Pomeron exchange leads to
decrease of the contribution of the Pomeron-exchange am
tude, which must be compensated by the increase of stre
in additional trajectories@20,22,23#. The shape of the energ
dependence of the total cross section is sensitive to
choice ofaP , aR at energies close to the threshold. In t
present paper we choose the valueaR50 for all trajectories.
This choice corresponds to the upper limit for the contrib
tion of Pomeron exchange and the lower limit for the ad
tional Regge trajectories in near-threshold region. Its valid
must be checked in study of the polarization observable
diffractive region, because the vertex functions for t
Pomeron and other trajectories in Eqs.~29!, ~38a!, and~38b!
lead to quite different predictions. In the Appendix, we illu
5-6
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trate this point for two other extreme cases where the diffr
tive amplitude is dominated by thef 28 and 01 ~glueball! tra-
jectories, respectively. They can be realized at largeaP , aP
;sP .

B. Baryon and baryon-resonance exchange

The amplitudeI B in Eq. ~22! consists of baryon (I N) and
baryon-resonance-exchange (I N* ) terms,

I B5I N1I N* . ~41!

To evaluate these channels we use the effective Lagran
approach, developed forv-meson photoproduction and dis
cussed in our recent paper@16#. Here, we restrict the consid
eration to a brief description, given below. We consider
isospinI 51/2 nucleon resonances listed by the Particle D
Group @38# with empirically known helicity amplitudes o
gN→N* transitions. We thus have contributions from 1
resonances:P11(1440), D13(1520), S11(1535), S11(1650),
D15(1675), F15(1680), D13(1700), P11(1710), P13(1720),
F17(1990), D13(2080), andG17(2190).

In Ref. @16# we found that the contribution of the nucleo
term with standard parametrization@51,52# is much smaller
than a resonant part. Therefore, in the present paper we
consider the resonance-exchange contribution.

For the N* with spin J and parity P, JP

5 1
2

6, 3
2

6, 5
2

6, 7
2

6, we use the following effective
Lagrangians:

LgNN*
1/26

5
eggNN*

2MN*
c̄N* G (6)smnFmncN1H.c., ~42!

LgNN*
3/26

5 i
eggNN*

MN*
c̄N*

m glG (7)FlmcN1H.c., ~43!

LgNN*
5/26

5
eggNN*

MN*
2 c̄N*

maglG (6)~]aFlm!cN1H.c., ~44!

LgNN*
7/26

52 i
eggNN*

MN*
3 c̄N*

mabglG (7)~]b]aFlm!cN1H.c.,

~45!

wherecN are the nucleon fields;cN* , ca , cab , andcabg
are the Rarita-Schwinger spin12 , 3

2 , 5
2 , and 7

2 field, respec-
tively, andMN* is the resonance mass.Am is the photon field
and Fmn5]nAm2]mAn. The couplingG151(G25g5) de-
fines theN* excitations with different parity.

We define thevNN* interactions by using the vector
dominance model. This assumes that the effectiveLvNN*
Lagrangian has the same form as the correspondingLgNN*
with substitutionsAm→vm and egsgNN* → f v , where f v

52gsgv . The isoscalar-coupling constantgs is related to the
strengths of theN* excitations on the proton (gp5ggpN* )
and on the neutron (gn5ggnN* ), and equalsgs5(gp
1gn)/2.
06520
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The gNN* and vNN* vertices are regularized by th
form factor FN* (r 2)5L4/@L41(r 22MN*

2 )2#, where r is
the four-momentum of the intermediate baryon state, the
off parameterL50.85 GeV is chosen to be the same for
resonances. More detailed discussion of the effec
Lagrangians, propagators, fixing thegNN* couplings, and
comparison with other approaches are given in Ref.@16#.

Validity of the model is illustrated in Fig. 2, where w
show result of our calculation for the differential cross se
tion of gp→vp reaction together with experimental data
Eg51.23, 1.68 GeV@53#, and 3.65 GeV@54#. In Fig. 2~a! we
show the differential cross section as a function oft at Eg
51.68 GeV~solid curve! together with the partial contribu
tion of each of the main channels: pseudoscalar-meson
change, Pomeron exchange, and resonance excitation
picted by long-dashed, dot-dashed, and dashed cur
respectively. In Fig. 2~b! we show the differential cross sec
tion as a function of thev production angle in the c.m
system atEg51.23, 1.68, and 3.65 GeV by the dashed, d
dashed, and solid lines, respectively. The contribution of
resonance excitations is important at backward angles, a
results in the agreement of data with our calculation at la
momentum transfers. We also found that atEg53.65 GeV,
only the Pomeron-exchange contribution is not sufficient
get agreement at forward angle photoproduction withutu
,1 GeV2. Therefore, following Ref.@21#, we include also a
f 2-meson trajectory. It is calculated similar to that of th
f 28-meson trajectory@Eqs. ~39!# with gf 2

2 .3gP
2 and h f 2

511. One can see that the model satisfactorily reprodu
both the energy and the angular distribution of thev photo-
production in the considered energy region. However
leaves some scope for additional processes, such as two
photoproduction mechanisms@55# and direct-quark ex-
change, which are expected to be important at large en
and atu;p/2 @54#, and must be subject for special detaile
analysis. There, it is most important that the model rep
duces the cross section at backward-angle photoproduc
which allows us to fix the resonant part of thef-meson
photoproduction.

For the f-meson photoproduction we assume the sa
N* -excitation mechanism with the substitutionf vNN*

0.0 0.5 1.0 1.5
t [GeV 2

]

10
1

10
1

 d
σ/

dt
 [µ

b/
G

eV
2 ]

γp  ωp  

Total

π,ηP

N*

(a)

Eγ=1.68 GeV

0 45 90 135 180
θ [degree]

10
2

10
0

10
2

 d
σ/

dt
 [µ

b/
G

eV
2 ]

γp  ωp

3.65

1.68

1.23

(b)

FIG. 2. ~a! The differential cross section ofgp→vp reaction as
a function of 2t at Eg51.68 GeV. The lines denote th
pseudoscalar-meson exchange~long dashed!, Pomeron exchange
~dot-dashed!, resonant channel~dashed!, and the full amplitude
~solid!, respectively.~b! The differential cross sections as a functio
of the v-meson production angle atEg51.23, 1.68 GeV, and 3.65
GeV. Data are taken from Refs.@53,54#.
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→ffNN* . The key problem is how to fix these coupling co
stants. For this aim we use the ‘‘minimal’’ parametrizatio
of the fNN* coupling constants,

f fNN* 52tanDuVxOZIf vNN* , ~46!

whereDuV is the deviation of thef-v mixing angle from
the ideal mixing (DuV.3.7° @38#! andxOZI is the OZI-rule
evading parameter@22,56#, which will be found from com-
parison of calculation and data at large momentum transf
An increase in the value ofxOZI from 1 determines the scal
of the OZI-rule violation in interaction of thef-meson with
baryons.

IV. RESULTS AND DISCUSSIONS

A. Unpolarized cross sections

We first consider the total cross section. Its dominant c
tribution comes from the diffractive channels atutu
,1 GeV2. The resonance excitations which are importan
large utu do not affect the total cross section. The total cro
section data allow a wide range of OZI-rule evading para
eter of thefNN* couplings defined in Eq.~44!. Therefore,
for definiteness sake, we takexOZI54, which is close to its
low bound reported in Refs.@30–32#, and as we will see
later, this value is in agreement with the available data
f-meson photoproduction at large momentum transfers.

For the analysis of the diffractive mechanism we have
keep in mind that the P and pseudoscalar PS meson exch
are well established. Therefore, any ‘‘exotic’’ process is
cluded as a supplementary channel. We will analyze th
possibilities: model I includes the P and PS~i.e., without
exotic channel!; model II includes P and PS meson exchan
and f 28 Regge trajectory; model III includes P-PS meson
change and the glueball inspired trajectory.

All the formulas for models I–III have been describe
above. The strength parametergR and phase factorhR of f 28
meson and glueball trajectories are fixed by fitting the av
able data:gf

28
51.87,h f

28
511; ggl57.66,hgl521.

In Fig. 3~a! we show the total cross section ofgp→fp
reaction as a function of the photon energy for three mod
together with the available experimental data@57,58#. Com-
parison with the data slightly favors for models II and III, b

0 2 4 6 8 10
Eγ [GeV]

0.2

0.4

0.6
σ 

[µ
b]

SLAC
Daresbure

(a)

PP+0
+

P+2
+

0 45 90 135 180
θ [degree]

10
2

10
0

10
2

 d
σ/

dt
 [µ

b/
G

eV
2 ]

γp  ωp

3.65

1.68

1.23

(b)

FIG. 3. ~a! The total cross section ofgp→fp reaction as a
function of the photon energyEg for models I–III indicated by
dashed, long-dashed, and dot-dashed curves, respectively. Da
taken from Refs.@57,58#. ~b! The total cross section for the hybri
model.
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unfortunately, the accuracy of the data is not sufficient
make a definite conclusion about the preference for one
the models. The difference between the models disappea
high energy withW*10 GeV (Eg*50 GeV), where only
the Pomeron trajectory is important. At low energy, high p
cision data are required to select the favored diffract
mechanism. Taking into account some ambiguity for the
action mechanism, all our calculations are done using
‘‘hybrid’’ model, where the amplitude is taken as a sum
the Pomeron and PS meson-exchange amplitudes and s
contribution of thef 28 and glueball trajectories taken with th
equal weights withgf

28
51.32 andggl55.42. The total cross

sections calculated from this hybrid model is shown in F
3~b!. In the further discussions, for simplicity, we will deno
the sum of Pomeron-,f 28-, and glueball-exchange amplitude
as the ‘‘diffractive’’ amplitude. The opposite case where t
f 28- or 01-exchange trajectories are dominant is discusse
the Appendix.

In gp→vp reaction at low energies, the backward-ang
photoproduction is dominated by the resonant channel~cf.
Fig. 2!, and we expect a similar picture forgp→fp reac-
tion. The global structure ofN* -exchange amplitude is fixed
by thev-meson photoproduction and the remaining para
eter for thef-meson photoproduction is the OZI-rule eva
ing parameterxOZI in Eq. ~46!. Figure 4 shows the differen
tial cross section atEg53.6 GeV as a function oft for
different values ofxOZI , together with experimental dat
@59#.

The calculation brings agreement with data atxOZI.4.
This value is consistent with the results reported in Re
@30–32# and the estimation of Refs.@26,27#. It would be
interesting to check this prediction at lower energies, wh
the relative contribution of the resonant channels is expec
to be stronger.

In Fig. 5~a! we show the differential cross section as fun
tion of t at Eg52.0 GeV together with the partial contribu
tion of main channels withxOZI54. The diffractive part is
described by the hybrid model. One can see that the forw
angle photoproduction is completely defined by the diffra

are
0 1 2 3 4 5

t [GeV
2
]

10
5

10
3

10
1

10
1

 d
σ/

dt
 [µ

b/
G

eV
2 ] Bonn

JLab

xozi=8

1

2

4

γp  φp

FIG. 4. The differential cross section ofgp→fp reaction as a
function of t at Eg53.6 GeV for different values of the OZI-rule
evading parameterxOZI . Data are taken from Ref.@59#.
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tive amplitude; the contribution from the diffractive channe
exceeds the pseudoscalar-meson exchange by an ord
magnitude. Backward-angle photoproduction is domina
by the N* -exchange channel, while in the central regi
(0.7&utu&1.4 GeV2), the coherent interference of all pro
cesses becomes important. Unfortunately, our model is
very well defined in this region. Figure 5~b! shows the dif-
ferential cross section as a function of thef-meson produc-
tion angle in the c.m. system atEg51.7, 2.0, and 3.6 GeV
~dashed, long dashed, and dot-dashed lines, respectiv!.
The calculations are in agreement with available data. S
the data atEg53.6 GeV are used to fixxOZI , the other
curves represent our prediction, which would be interest
to check.

B. Spin observables

Spin observables can be used as a powerful tool to tes
photoproduction mechanisms in detail. We first consider
spin-density matrix elementsrll8

023 , which are planned to be
measured in near future at the JLab@60# and at the LEPS/
SPring-8 @61#. All our calculations have been done in th
Gottfried-Jackson system. For simplicity, we show our p
diction at all momentum transfers, however, the applicabi
of the model atEg;2 –3 GeV is limited by the forward and
backward photoproduction withutminu<utu<utlu and utumax2utlu
<utu<utumax, respectively, whereut l u.0.5–0.7 GeV2, depend-
ing on the energy.

First of all, we remind that the nonzero spin-density m
trix elements for the pure helicity conserving amplitude,

I f i;dl il f
dmimf

, ~47!

have the following values:

r11
0 5r21-1

0 5
1

2
, r1-1

1 5r211
1 56

1

2
,

Im r211
2 52Im r1-1

2 56
1

2
, r11

3 52r21-1
3 56

1

2
,

~48!

0.0 0.5 1.0 1.5 2.0
t [GeV

2
]

10
3

10
1

10
1

 d
σ/

dt
 [µ

b/
G

eV
2 ] Bonn

(a)

Total

N*

γp> φp

Dπ,η

0 45 90 135 180
θ [degree]

10
4

10
2

10
0

 d
σ/

dt
 [µ

b/
G

eV
2 ] Bonn

JLab

1.7 

2.0

3.6(b)

γp> φp

FIG. 5. ~a! The differential cross section ofgp→fp reaction as
a function of2t at Eg52.2 GeV. The results are the pseudoscal
meson exchange~long dashed!, diffractive channels~dot-dashed!,
resonance excitation~dashed!, and the full amplitude~solid!. ~b!
The differential cross section a function of thef-meson production
angle atEg51.7, 2.0, and 3.6 GeV. Data are taken from Re
@63,59#.
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where the upper and lower signs inr1 –3 correspond to the
amplitudes with natural (I N) and unnatural (I U) parity ex-
change, respectively. The typical example of the natural
unnatural parity exchange amplitude in our case are
scalar- and the pseudoscalar-meson exchange amplitude
spectively. For the forward-angle photoproduction, they c
be expressed as

I mfmi ;lflg

N
U ~ t !5S 1

2milg
D dmimf

dlglf
I 0

N
U~ t !,

whereI 0

N
U(t) is the spin-independent part of the correspon

ing amplitudes.
The Pomeron-exchange amplitude in GJ system has

following structure:

I f i
P;2dlflg

ūfk”ui1dlf0kgūf«” lg
ui

1A2lgpx

k•q

2p•k2k•q
ūf«” lf

* ui , ~49!

wherekg and px are the photon momentum and thex com-
ponent of the proton (px5px8 in the GJ system! momentum,
respectively. One can see that only the first term satisfies
~47!. The second term describes the interaction of the pho
and nucleon spins and the interaction of thef-meson spin
and the orbital momentum in the initial state. The third te
is responsible for the interaction of thef meson and nucleon
spins, and for the interaction of the photon spin with t
orbital momentum in the final state. AtEg52 –3 GeV, the
contribution of these two terms is finite and must be tak
into account. Thus, the second and third terms in Eq.~49! are
responsible for the spin-flip transitionslg→lf50 and gen-
erate a finite value forr00

0 . The contribution of the second
term is dominant, and it can be estimated as

r00
0 .

kg
2~ utu12px

2!

s̄2
,

s̄25~s2MN
2 !2S 12

Mf
2 1utu

s2MN
2 D . ~50!

This equation shows thatr00
0 increases monotonically with

increasingutu, and Eg52.2 GeV and atu5p, it reaches
large value ofr00

0 .0.6.
The interaction of the photon spin with the orbital m

mentum is responsible for the so-called double spin-flip tr
sition lg→lf52lg and generatesr1-1

0 , which is defined
by the interference of the first and third terms in Eq.~49!,

r1-1
0 .

px
2~Mf

2 1utu!

s̄2
. ~51!

This matrix element reaches its maximum valuer1-1
0 .0.2 at

utu.1 GeV2 and Eg52.2 GeV. Note that this matrix ele
ment depends on the choice of the gauge parameterp̄5ap

-

.
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A. I. TITOV AND T.-S. H. LEE PHYSICAL REVIEW C67, 065205 ~2003!
1bp8 in Eq. ~28! with constrainsa,b.0 and a1b51,
which provide the proper high-energy limit. Our choice
a5b5 1

2 . r1-1
0 is proportional to«l(g)• p̄/@s2MN

2 2b(Mf
2

1utu)#. Since in the GJ systempx5px8 , thus the product

«l(g)• p̄5A2lpx does not depend on this choice. The re
dependence on choice ofp̄ is rather weak. Thus, atEg
52.2 GeV the choice ofa51,b50 (a50,b51) results in
the decrease~increase! of r1-1

0 by a factor of 20%.
The resonant channel andf 28 trajectory @first and third

terms in the brackets in Eq.~38b!# also generate the finite
spin-flip matrix elements, but in the region withutu
,1 GeV2 their contribution tor00

0 ,r1-1
0 is about of an order

of magnitude smaller than the contribution from t
Pomeron-exchange amplitude of Eq.~49!. At large momen-
tum transfers withutu;utumax, the resonant channel becom
essential.

In Fig. 6 we show thet dependence of the threer0 matrix
elements atEg52.2 GeV.r0 defines the angular distributio
of K1K2 mesons in reactions with unpolarized photo
@Eqs. ~10! and ~14!#. Figure 6~a! is for the pure Pomeron
exchange amplitude@Eq. ~23!# and Fig. 6~b! for the full
model which includes diffractive part, PS meson-exchan
and resonance excitations. One can see that for the
model the nonzero values of these spin-density matrix
ments at forward-angle photoproduction, (utu,1 GeV2) are
mostly determined by the Pomeron-exchange contribut
At large momentum transfers the resonant excitations pla
key role.

The one-dimensional angular distributionsW0(cosQ) and
W0(F) at three values ofutu50.2, 0.5, and 1.8 GeV2 are
shown in Figs. 7~a! and 7~b!, respectively. For small momen
tum transfers (utu&0.2 GeV2), the f mesons are produce
transversely with its spin aligned along the quantization a
z8 (r00

0 !1). This results in the angular distributio
W0(cosQ).sin2Q. When utu increases, the spin-flip pro
cesses generate longitudinally polarizedf mesons (r00

0 be-
comes finite!. Initially, this leads to depolarization of thef
mesons with W0(cosQ).0.5 at utu;0.5–0.6 GeV2, and
then, at large momentum transfers, to a predominance o
longitudinal polarization with W0(cosQ).a1bcos2Q,
wherea,b.0.

TheF dependence ofW0 is determined completely by th
double-spin-flip processes. The amplitude of the azimuth
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FIG. 6. Spin-density matrix elementsr00
0 , r10

0 , andr1-1
0 for the

reactiongp→fp as a function of2t at Eg52.2 GeV shown as
dot-dashed, solid, and dashed lines, respectively.~a! Result for the
Pomeron-exchange amplitude;~b! result for the full model.
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angle modulation is proportional to 2r1-1
0 . It is exactly zero

at u50 (utu5utumin), increases with increasingutu, and
reaches its maximum value atutu.0.6 GeV2. It goes down at
large momentum transfers, as it is shown in Fig. 7~b!. It is
important to note that the spin-conserving scalar- a
pseudoscalar-exchange processes do not contribute tor1-1

0 .
The contribution of the tensor part off 28 @square brackets in
Eq. ~38b!# and the resonant channel atutu&0.8 GeV2 are
rather small. Therefore, the distributionW0(F) may be used
as a tool to study dynamics of the spin-orbital interacti
generated by the gluon-exchange processes in diffractive
plitude. At large momentum transfers,W0(cosQ) and
W0(F) are sensitive to the resonant channel.

Figure 8 displays the energy dependence of the ma
elementsr00

0 andr1-1
0 which define the one-dimensional dis

tributions W0(cosQ) and W0(F), respectively, at fixedutu;
utu50.4 GeV2. The left~a! and right~b! panels correspond to
calculation for the Pomeron exchange and for the full am
tudes, respectively. One can see that the energy depend
of the matrix elements in both cases is very similar to ea
other. The increase ofr00

0 with increasing energy reflects
definite increase of the amount of the longitudinally pola
izedf mesons with energy. The increase ofr1-1

0 with energy
results in increasing the amplitude of theF modulation in
W(F).

Figures 9 and 10 display thet dependence of the matri
elements ofr1 and r2 matrices, respectively. These matr
elements represent the angular distribution ofK1K2 mesons
in reactions with the linearly polarized photons@cf. Eqs.~12!
and~17!#. Notation is the same as in Fig. 6. Consider first t

1.0 0.5 0.0 0.5 1.0
cosΘ

0.0

0.5

1.0

W
0 (c

os
Θ

) 0.2

1.8

0.5

(a)

Φ

0.0

0.6

1.2

1.8

2π
W

0 (Φ
) 

π 2π0

0.2

0.5

1.8

(b)

FIG. 7. The angular distribution of thef-meson decay in the
reactiongp→fp with unpolarized photon beam atEg52.2 GeV
and utu50.2, 0.5, and 1.8 GeV2. ~a! The dependence on cosQ ~in-
tegrated over the azimuthal angleF); ~b! the dependence onF
~integrated over cosQ).
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FIG. 8. Spin-density matrix elementsr00
0 andr1-1

0 for the reac-
tion gp→fp as a function ofEg at utu50.4 GeV2. ~a! Result for
the Pomeron-exchange amplitude;~b! result for the full model.
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matrix elementr1-1
1 . In the case of the helicity-conservin

model of Eq.~49!, its meaning is the asymmetry in the co
tribution from natural- and unnatural-parity-exchange par

r1-1
1 5

1

2

uI 0
Nu22uI 0

Uu2

uI 0
Nu21uI 0

Uu2
. ~52!

Therefore, it is considered as a good tool to extract the r
tive contributions of the unnatural-parity-exchange proces
from the angular distributionWL(F2C). However, the ex-
istence of spin-flip processes violates this identity, and
stead of Eq.~52! one has to use

r1-1
1 5

1

2

uI 0
Nu22uI 0

Uu21uI 1
121u2

uI 0
Nu21uI 0

Uu21uI 10u21uI 2
121u2

, ~53!

whereuI 10u25Tr@ I a;10I a;10
† # is the spin contribution for tran

sitions lg→lf50; uI 1
a;121u25Tr@ I a;1-1I a;211

† # and
uI 2

a;121u25Tr@ I a;1-1I a;1-1
† # are the spin-flip contributions fo

transitionslg→lf52lg . Only at u50 (utu5utumin) and
r00

0 .0, Eqs.~52! and ~53! are equivalent to each other.
For the pure Pomeron-exchange amplitude, the contr

tion of the double spin flip can be estimated as

1

N
uI 1

1-1u2.
1

N
uI 2

1-1u2.
1

2~12r00
0 !

~r1-1
0 !2!r00

0 , ~54!

where N is the normalization factor, defined by Eq.~7!.
Therefore, for the pure Pomeron-exchange amplitude we
the relation

r1-1
1 .

1

2
~12r00

0 !, ~55!

which is confirmed by the explicit calculation ofr00
0 and

r1-1
1 , see in Figs. 6~a! and 9~a!, r1-1

1 decreases from1
2 at

utu5utumin to 0.23 atutu5utumax.
For the forward-angle photoproduction, where the con

bution of the resonant channel touI 1-1u2 remains negligible,
we get the following relation betweenr1-1

1 and the relative
contribution of the spin-conserving unnatural-parit
exchange amplitude,

0.0 0.5 1.0 1.5 2.0
t [GeV

2
]
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1 (a)
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2
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ρ11

ρ00

ρ11
1

1

1
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(b)

FIG. 9. Spin-density matrix elementsr00
1 , r11

1 , r10
1 , andr1-1

1 for
the reactiongp→fp as a function of2t at Eg52.2 GeV. ~a!
Result for the Pomeron-exchange amplitude;~b! result for the full
model.
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uaUu2.
uI 0

Uu2

uI 0
Nu21uI 0

Uu21uI 10u2
, ~56!

which can be rewritten as

uaUu2.
1

2
~122r1-1

1 2r00
0 !. ~57!

This means that for evaluation of the relative contribution
the unnatural-parity exchange part from the data with a
early polarized beam at small momentum transfers, one
to account forr00

0 , which in turn is extracted from the analy
sis of W0(cosQ). At large utu, r1-1

1 is determined by the
interplay between the resonant and all other channels and
no simple meaning.

Using the definition of spin-density matrices in Eq.~6!,
one can get the following relation:

2Im r1-1
2 .r1-1

1 2
@r1-1

0 #2

12r00
0

. ~58!

Therefore, in Eq.~15!, r̄1-1
1 .r1-1

1 andD1-1.0. So, the term
proportional to cos@2(F1C)# in Eq. ~15! is negligible.

Figure 11~a! shows the angular distributionWL(F2C) at
utu50.2, 0.5, and 1.8 GeV2 (Eg52.2 GeV). The amplitude
of modulation of this distribution is equal to 2Pgr1-1

1 . In
calculation we usePg50.95, which is reasonable for th
highly polarized photon beam at the LEPS of SPring-8@61#.

0.0 0.5 1.0 1.5 2.0
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2
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2
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(b)
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Imρ11
2

2

FIG. 10. Spin-density matrix elements Imr10
2 and Imr1-1

2 for
the reactiongp→fp as a function of2t at Eg52.2 GeV. ~a!
Result for the Pomeron-exchange amplitude;~b! result for the full
model.
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FIG. 11. ~a! The angular distribution of thef-meson decay as a
function of F-C in the reactiongp→fp with linearly polarized
photon beam atEg52.2 GeV and2t50.2, 0.5, and 1.8 GeV2; ~b!
the f-meson-decay asymmetry forgp→fp reaction atEg51.7
and 2.2 GeV.
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The amplitude of modulation has a maximum value at f
ward angles and decreases with increasingutu.

Figure 11~b! displays thef-meson-decay asymmetrySf
~20!, as a function of the production angleu. It is determined
by the matrix elementsr1-1

1,0 andr11
1,0. For the pure helicity-

conserving amplitude there exist an identitySf52r1-1
1 . But

in spin-flip processes, this relation is violated. The scale
the violation increases with increasingutu. At large utu, the
shape ofSf is sensitive to the resonant amplitude.

The decay distribution as a function of cosQ for the lin-
early polarized beam depends on the beam-polarization a
C and matrix elementsr11

1 andr00
1 @cf. Eq. ~15!#. In Fig. 12,

we show results for the calculation ofWL
L(cosQ)

[WL(cosQ,C50) and WT
L(cosQ)[WL(cosQ,C5p/2) at

utu50.2 GeV2 and utu50.5 GeV2: left ~a! and right~b! pan-
els, respectively. Also, for comparison, results for the angu
distributions with an unpolarized beam are shown~thin solid
lines!. The difference betweenWL

L andWT
L disappears atutu

.utumin , but becomes very large at finiteutu. Using these
distributions, one can extractr00

1 andr11
1 from the data:

r00
1 5

1

3Pg
@WT

L~Q50!2WL
L~Q50!#,

r11
1 5

1

3Pg
FWT

LS Q5
p

2 D2WL
LS Q5

p

2 D G . ~59!

The decay distribution as a function of the bea
polarization angleC is defined by the matrix elementsr11

1

and r00
1 . These matrix elements, taken separately, are fi

at utuÞutumin,utumax. But the absolute value of the sum 2r11
1

1r00
1 in Eqs. ~18! is very small at forward-angle photopro

duction,

2r11
1 1r00

1 .0, ~60!

and becomes sizable only at large momentum transf
Equation~60! allows us to express the angular distributi
for the linearly polarized beamWL(cosQ,C) similar to the
distribution for unpolarized beamW0(cosQ),

WL~cosQ,C!5
3

2 S 1

2
~12r00

eff!sin2Q1r00
effcos2Q D ,

~61!
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|t|=0.5 GeV
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FIG. 12. Thef-meson-decay distribution in the reactiongp
→fp with linearly polarized photon beam atEg52.2 GeV for ver-
tical beam polarization withC5(p/2) (WT

L) and horizontal polar-
ization with C50 (WL

L) at utu50.2 ~a! and 0.5 GeV2 ~b!.
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where

r00
eff5r00

0 2Pgr00
1 cos~2C!. ~62!

Figure 13 shows the calculation of the total decay dis
bution as a function of the beam polarization angleC. It is
defined by the sum 2r11

1 1r00
1 @cf. Eq. ~18!#, which is finite

only at large momentum transfers. Here the sign and
amplitude ofWL(C) is determined by the resonant channe
and prediction in this region is sensitive to the underlyi
theoretical model for the resonance part. The beam asym
try Sx of Eq. ~4! is related toWL(C) as

Sx5

WLS p

2 D2WL~0!

WLS p

2 D1WL~0!

, ~63!

and for the pure Pomeron exchange channel is defined by
interference of the first and third terms in Eq.~30! and can be
evaluated in the c.m. system as

Sx.
q2sin2u

2s̄
. ~64!

It is positive and increases near threshold with energy asq2

~proportional to increase of the phase space!, but remains
small: Sx!1. For the full model, the dominant contributio
to Sx at largeutu comes from the resonant channel. Thus,
utu;1.8 GeV (Eg52.2 GeV), Sx tends to be negative with
large absolute value. This is illustrated in Fig. 14 where

Ψ

0.0

0.6

1.2

1.8

W
L
(Ψ

) 

π 2π0

0.2

1.8

FIG. 13. The totalf-meson-decay distribution in the reactio
gp→fp with linearly polarized photon beam atEg52.2 GeV and
2t50.2 and 1.8 GeV2 as a function of the angle between the bea
polarization and production planes.
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FIG. 14. The beam asymmetry forgp→fp reaction atEg

51.7 and 2.2 GeV.~a! Result for the Pomeron-exchange chann
~b! result for the full model.
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showSx , calculated for the pure Pomeron-exchange am
tude and for the full model at the left~a! and the right~b!
panels, respectively.

Figure 15 displays the energy dependence of the m
important matrix elements, which define the angular dis
butions off→K1K2 decay with the linearly polarized pho
ton beam and the beam asymmetry. The left~a! and right~b!
panels correspond to the calculation for the Pomeron
change and for the full amplitudes, respectively. The ene
dependence ofr00

1 and r11
1 in both cases is similar to eac

other. The difference inr1-1
1 is explained by the contribution

of unnatural parityp-h meson exchange in the total amp
tude. The calculation results in some decrease ofr1-1

1 and
r11

0 ; increase ofr11
1 , and almost constant value for 2r11

1

1r00
1 .0.

Unfortunately, the available experimental data on
spin-density matrix elementsr1,2 in f-meson photoproduc
tion at Eg;2 –5 GeV @57# are of a pure accuracy to mak
some definite conclusion about the photoproduction mec
nism. To increase statistics they are combined at two e
gies ~2.8 and 4.7 GeV! with momentum transfers 0.02<utu
<0.8 GeV2. The data are given in helicity frame where th
spin-density matrix elements have additional kinematical
pendence on the momentum transfers compared to the
system@20#. In Table I we show the comparison of this da
with our calculation for the ‘‘central’’ pointEg53.75 GeV
andutu50.4 GeV2 in the helicity frame. One can see that th

TABLE I. Comparison of calculated spin-density matrix el
ments in helicity system with experimental data of Ref.@57# at Eg

52.8 and 4.7 GeV for 0.02<utu<0.8 GeV2. Theoretical prediction
is done atEg53.75 and forutu50.4 GeV2.

rll8 Expt. Calc.

r00
0 20.0460.06 0.061

Rer10
0 20.0060.06 20.067

r1-1
0 20.0460.10 0.042

r00
1 20.1360.09 0.010

r11
1 20.0660.11 0.018

Rer10
1 0.0060.09 0.063

r1-1
1 0.1860.13 0.44

Im r10
2 20.0260.10 20.052

Im r1-1
2 20.5160.16 20.44
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FIG. 15. Spin-density matrix elementsr00
1 , r11

1 , r1-1
1 , and sum

of 2r11
1 1r00

1 for the reactiongp→fp as a function ofEg at utu
50.4 GeV2. ~a! Result for the Pomeron-exchange amplitude;~b!
result for the full model.
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theoretical values are within experimental accuracy. The
ception isr1-1

1 , where the calculated value~0.44! exceeds the
experimental one (0.1860.13) by two standard deviations
But close inspection shows some inconsistency with the d
Really, following the identity of Eq.~58! and using experi-
mental values of r00

0 ,r1-1
0 , one could expect r1-1

1

;2Imr1-1
2 ; i.e., it must be close to 0.5, which is also su

ported by Fig. 29 of Ref.@57#. Nevertheless, it is clear tha
for better understanding of details of the photoproduct
processes the more precise experimental data in a wide k
matical region are desired.

The spin-density matrix elementsr3, responsible for the
angular distribution with the circularly polarized beam a
shown in Fig. 16. They reach their maximum valu
Im r1-1(10)

3 .0.1 atutu;1.8 GeV2. The finite value of Imr1-1
3

generates an additional term in the angular distribution
cording to Eq.~19!: DW6(F)56(Pg /p) Im r1-1

3 sin 2F. At
forward photoproduction angles this term is rather weak a
W6(F).W0(F).

Next, we investigate the beam-target asymmetry wh
may be studied in reactions with a circularly polarized be
and polarized target. Using the notation of Eq.~5!, the ex-
pression for helicity-conserving amplitudes~49!, and ne-
glecting spin-flip processes, we can estimateCBT at forward-
angle photoproduction as

CBT~ tmax!.2uaUucos~dN2dU!, ~65!

wheredN ,dU are the phases of the natural- and unnatu
parity exchange amplitudes, respectively. From this exp
sion it seems quite reasonable to useCBT as a tool for study-

0.0 0.5 1.0 1.5 2.0
t [GeV

2
]

0.50

0.25

0.00

0.25

0.50

ρ3

Imρ10

Imρ11
3

3

FIG. 16. Spin-density matrix elements Imr10
3 and Imr1-1

3 for
the reactiongp→fp as a function of2t at Eg52.2 GeV for the
full model.
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FIG. 17. The beam-target asymmetry forEg52.2 and 3.6 GeV
at forward photoproduction angles.~a! Result for the Pomeron-
exchange amplitude;~b! result for the full model.
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ing contribution from exotic processes with unnatural-par
exchange, because the asymmetry depends onaU, and not
on uaUu2 @37#.

However, analysis of the pure Pomeron-exchange am
tude shows that the second term of Eq.~30! gives some
contribution toCBT even without admixture of an unnatura
parity exchange component. This term contains a part wh
n

l
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h

describes the interaction of the photon and proton sp
which is governed by condition

sp1lg5sp8 , ~66!

and select the initial state with the total spinusi u5
1
2 . As a

result, the beam-target asymmetry has an additional co
bution,
DCBT.2
~Ep1MN!~Ep81MN!~n2n8cosu!2@q~Mf

2 1utu21kMf!#2

4s̄2@Mf~Ef1Mf!#2
,

n5AEp2MN

Ep1MN
, n85AEp82MN

Ep81MN

. ~67!
mo-
eso-
d to
e of

in-

uch

c-
y.
in
a-

e
the

s
in-
zed
po-
on

otic
be

.
.
is-
e-

1-

n,
ron
im-
Fortunately, atEg52 –3 GeV and forutu.utumin this term is
small and disappears with increasingEg . However, it is
quite large at large momentum transfers. This is illustrated
Fig. 17 where we show calculations for the Pomero
exchange amplitude and for the full model forEg52.2 and
3.6 GeV. At smallutu and Eg;2 –3 GeV, the conventiona
processes considered above do not contribute toCBT ; and it
may be used as a tool to study the nondiffractive compon
with unnatural parity exchange, such asss̄ knockout @37#,
etc. At largeutu the beam-target asymmetry is defined by t
interplay of all channels and is very sensitive to the prod
tion mechanism.

V. SUMMARY

In this paper we have discussed several topics of cur
interest for thef-meson photoproduction at low energies.
particular, we found that the spin-dependent interaction
the diffractive~Pomeron-exchange! amplitude is responsible
for the spin-flip transitions which are suppressed comple
in the helicity-conserving processes. These transitions g
sizable contributions to the spin-density matrix elements
may be measured via the angular distributions ofK1K2 de-
cays in reactions with unpolarized and polarized photons
special interest is the finite and large value of ther1-1

0 matrix
element generated by the double spin-flip transition. It
caused by the spin-orbital interaction inherent to the tw
gluon exchange processes in the diffractive channel. T
matrix element generates theF dependence of the decay
angular distribution in reactions with unpolarized photons
forward angles. That is, the spin observables at smallutu may
be used as a tool for studying diffractive mechanism in
tail.

A combined study off and v photoproduction at large
angles allows the analysis of the status of OZI rule
fNN* interactions relative to the standard estimation ba
on the violation off2v mixing from its ideal value. We
found a large~factor of 4! scale of this violation, which
agrees with other independent indications for this effect.
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We have also shown that spin observables at large
mentum transfers are due to the interplay between the r
nant and all other channels, and therefore, may be use
test the resonance excitation mechanism, which is a issu
current interest.

It would be interesting to extend our analysis of sp
density matrix elements to thev photoproduction too. This
needs to include into consideration additional channels s
as initial and final state interactions@55#, direct quark ex-
change@54#, contribution of the conventional meson traje
tories@21#, and others. This will be a subject of future stud

Another interesting problem we have not investigated
this work is to use the spin observables to extract inform
tion about the exotic isoscalar processes, such asss̄knockout
@34,37#, G poles @24#, etc., with unnatural-parity exchang
properties. The most challenging question is to exclude
contribution of the pseudoscalarp-meson exchange. Thi
problem may be solved in a combined study of the sp
density matrix elements measured using linearly polari
photons and the beam-target and/or beam-recoil double
larizations measured using circularly polarized photons
the proton and deuteron targets@62#. It is then possible to
determine the absolute value and the phase of the ‘‘ex
channel.’’ The corresponding theoretical estimations will
presented in our forthcoming paper.
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APPENDIX: COMPARISON STUDIES
OF DIFFRACTIVE MECHANISMS

Up to now we have discussed diffractive photoproductio
where the dominance contribution comes from the Pome
exchange, and the additional trajectories are added to
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prove the total unpolarized cross section at low energy.
us denote this diffractive model as a model ‘‘P. ’’ As we
discussed in Sec. III the finite value of threshold parame
aP;sP in Eq. ~40! eliminates the Pomeron contribution
Eg;2 GeV, which must be compensated by an increase
strength of the additional trajectories. The validity of diffe
ent assumptions must be checked in study of the polariza
observables in diffractive region, because the vertex fu
tions for the Pomeron and other trajectories in Eqs.~27!–
~38b! lead to different predictions. By way of illustration, w
shall compare the modelP with the model ‘‘21, ’’ which
represents thef 28 Regge trajectory and PS-meson exchan
and the model ‘‘01, ’’ which is the PS meson exchange an
the scalar~glueball exchange! trajectory. The last two case
are realized if one chooses the threshold parameters in
~40! asaP.sR;(MN1Mf)2 andaRÞP50.

In Fig. 18, we show the differential cross section of t
gp→fp reaction as a function of2t at Eg52.2 GeV for
the three models together with the available experime
data @63#. Parameters of the Pomeron exchange amplit
are fixed from the high energy region, for other trajector
we useg2150.82gP , andg0153.9gP . The contribution of
the pseudoscalarp,h exchange is also shown for complet
ness. We also show case when the diffractive channel is b
from the Pomeron and PS exchanges. In this case the c
lation is slightly below data. But all other three models a
close to each other and it is difficult to distinguish betwe
them using only unpolarized differential cross section. T
situation reverses if we look at spin observables.

0.0 0.2 0.4 0.6
t [GeV

2
]

10
2

10
0

 d
σ/

dt
 [µ

b/
G

eV
2 ]

Bonn
P
2

+
(f2’)

0
+
(gl)

π,η

FIG. 18. ~a! The differential cross section of thegp→fp reac-
tion at Eg52.2 GeV for the models ‘‘P,’’ ‘ ‘21, ’’ and ‘‘0 1’’ indi-
cated by solid, dashed, and dot-dashed curves, respectively.
contribution of the pseudoscalarp,h exchange is shown by the
solid thin curve. The short dashed curve corresponds to the c
where the diffractive channel represents Pomeron and PS excha
Data are taken from Ref.@63#.

0.0 0.2 0.4 0.6
t [GeV

2
]

0.2

0.0

0.2

0.4

0.6

ρ0 00 P

2
+

0
+

(a)

1.0 0.5 0.0 0.5 1.0
cosΘ

0.0

0.5

1.0

W
0 (c

os
Θ

)

|t|=0.2 GeV
2

2
+

P
0

+

(b)

FIG. 19. The spin-density matrix elementr00
0 ~a! and the angular

distribution W0(cosQ) ~b! for the three models of diffractive
f-meson photoproduction. Notation is the same as in Fig. 18.
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Figure 19~a! showsr00
0 for different models as a function

of 2t at Eg52.2 GeV. Thus, for the 01 exchange,r00
0 .0,

and for the Pomeron exchange, it increases monotonic
with utu. For the 21 exchanger00

0 decreases witht, starting
from a large value atutu5utumin , because of the spin-flip
terms. They are the first and the third terms in the squ
brackets of Eq.~38b!. These terms generate a finite value
r00

0 even at forward-angle photoproduction. The difference
r00

0 leads to the difference in decay distributionW0(cosQ)
shown in Fig. 19~b! for utu50.2 GeV2. For 01 exchangef
mesons produced to be transversely polarized, the Pome
exchange process results in partialf-meson ‘‘depolariza-
tion.’’ In case of 21 exchange we get rather strongf-meson
depolarization with an enhancement of the longitudinal p
larization atutu5utumin . One can also see that the differen
between the ‘‘hybrid’’ modelP ~solid curve! in Fig. 19~a!
and pure Pomeron-exchange model~short dashed curve! is
negligible.

In Fig. 20~a! we showr1-1
0 generated by the double-spin

flip transition lg→lf52lg . This matrix element is pro-
portional to interference of helicity-conserving and doub
spin-flip transition amplitudes, and is almost equal to ze
for the 01 model. ForP and 21 models it increases mono
tonically with increasingutu, but in the 21 exchange it is
much smaller.

As we have discussed above, the matrix elementr1-1
1 de-

pends on the contribution of unnatural-parity exchange co
ponents and strength of the single-spin-flip component orr00

0

@cf. Eq. ~57!#. In the 21 model the spin-conserving compo
nent orr11

0 is dominated by the PS exchange, and theref

he

e
e.

0.0 0.2 0.4 0.6
t [GeV

2
]

0.25

0.00

0.25

0.50

ρ1 1−
1

(a)

2
+

0
+

P

Φ−Ψ

0.0

0.5

1.0

1.5

2.0
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FIG. 21. The spin-density matrix elementr1-1
1 ~a! and the angu-

lar distributionWL(F2C) ~b! for the three models of diffractive
f-meson photoproduction with linearly polarized photons. Notat
is the same as in Fig. 18.
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FIG. 20. The spin-density matrix elementr1-1
0 ~a! and the angu-

lar distribution W0(F) ~b! for the three models of diffractive
f-meson photoproduction. Notation is the same as in Fig. 18.
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the relative contribution of unnatural-parity exchange
smaller than in other cases. Also,r00

0 is greater. This leads to
strong decreasing ofr1-1

1 at forward angles up to the negativ
values, which is illustrated in Fig. 21~a!. At small and finite
utu, this matrix element is the biggest for 01 model, since
there are no spin-flip processes in this case. The corresp
ing angular distributionsWL(F2C) at utu50.2 GeV2 are
ys

v.

l
es

.

06520
d-

shown in Fig. 21~b!. One can see strong difference betwe
21 exchange and other models. Existing data@57# support
for the small value forr00

0 and finite value forr1-1
1 . This

eliminates large a component of the 21 exchange. In order to
distinguish between the Pomeron and 01 exchange, one
needs at least data onr1-1

0 -matrix element~cf. Fig. 20!,
which is crucial for these models on the qualitative level.
v.

v,

,

-

ys.

ys.

-

ys.
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