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Relativistic calculations for the exclusive photoproduction ofh mesons from complex nuclei

M. Hedayati-Poor and H. S. Sherif
Department of Physics, University of Alberta, Edmonton, Alberta, Canada T6G 2J1

~Received 7 March 1997!

A relativistic model for the quasifree photoproduction ofh mesons from complex nuclei is developed. The
interactions between fields are introduced through effective Lagrangians. Contributions from several nucleon
resonances as well as nucleon Born terms and vector meson exchange diagrams are included. Nucleon andh
wave functions are solutions of Dirac and Klein-Gordon equations, respectively. Final state interactions of the
outgoing particles are included via optical potentials. The effects of these interactions on the cross sections and
photon asymmetries are studied and are found to be large. Calculations indicate that at energies near threshold
the exclusive reaction takes place mainly through formation of theS11~1535! resonance. Comparisons with the
nonrelativistic calculations show differences between the two approaches both for the cross sections and
photon asymmetries. We give some detailed predictions for the reaction observables for exclusive photopro-
duction on12C, 16O, and 40Ca. @S0556-2813~97!05209-6#

PACS number~s!: 25.20.Lj, 24.10.Jv, 24.70.1s, 13.60.Le
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I. INTRODUCTION

h meson production reactions explore a rich domain
phenomena at the interface of nuclear and particle phys
These reactions have the potential for expanding our un
standing of the formation of nucleon resonances and t
propagation in the nuclear medium. Moreover, as has b
shown recently, these reactions have allowed more pre
determination of the mass of theh meson and the study of it
rare decays@1,2#. The spin-isospin characteristics of theh
lead to a selectivity of resonance channels that can be for
through its interactions with a nucleon. At energies near
threshold of its production, there is a significant preferen
for the excitation of theS11~1535! resonance which is known
to decay nearly 50% of the time to anh meson and a
nucleon. By contrast, theS11~1650!, which has identical
characteristics, has only a decay rate below 2%. The un
standing of these dissimilar branching ratios is still an op
question and may be a reflection of important and su
differences in the detailed substructures of these resonan
The selectivity mentioned above makes theh meson produc-
tion reactions an important tool for studying the physics
the S11~1535! resonance.

Until recently the production ofh mesons using photon
beams has been largely confined to proton targets. The
vent of high-duty-cycle electron accelerators such as thos
the Jefferson Lab, Mainz, Bates and other laboratories,
opened up novel possibilities of performing production e
periments on complex nuclei@3#.

The elementary reactiong1p→h1p has been the sub
ject of several studies. Benmerroucheet al. @4# developed an
effective Lagrangian approach to study this reaction. Con
butions from nucleon resonances andt-channel vector me-
sons as well as the nucleon Born diagrams are includ
Calculations were performed at the tree level and inclu
eight free parameters. TheS11(1535) was found to be the
dominant contributor to the reaction at energies close
threshold. In addition, from comparisons with the data,
authors concluded that there is no clear preference for u
pseudoscalar~PS! or pseudovector~PV! coupling forms for
560556-2813/97/56~3!/1557~13!/$10.00
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the interaction vertices of theh meson with the nucleon an
nucleon resonances. Bennhold and Tanabe@5,6# developed a
somewhat different approach toh photoproduction on the
nucleon. They used a coupled channel isobar model
which the reaction is related to (g,p), (p,h), and (h,h)
reactions. They included contributions from three resonan
S11~1535!, P11~1440!, and D13~1520!. The data on the el-
ementary reaction appeared to favor the PS form of thehNN
vertex. The authors employed the resulting elementary
plitude to study coherent and incoherent photoproduction
h mesons on nuclei. This model for the elementary proc
was later extended by Tiatoret al. @7# to include Born as
well as r and v exchange diagrams through effectiv
Lagrangians. The resulting elementary amplitudes were s
sequently used to calculate the PWIA~plane wave impulse
approximation! amplitude of the photoproduction reaction o
light nuclei.

The elementary amplitude mentioned above was also u
by Lee et al. @8# to calculate the amplitude for quasifre
photoproduction ofh mesons on heavier nuclei. They pe
formed exclusive as well as inclusive reaction calculatio
using a nonrelativistic approach. The initial bound nucleon
described by a harmonic oscillator wave function and fi
state interactions of the outgoing particles with the rec
nucleus are introduced through optical potentials. Two d
ferent optical potentials were used for theh mesons. The
authors found that the photon asymmetry is insensitive to
final state interactions of the outgoing particles as well as
size of the target nucleus.

In this paper we develop a relativistic model for th
(g,hp) reaction on nuclei leading to specific final states
the residual nuclei~exclusive reactions!. The study of the
photoproduction reactions on nuclei compliments the on
ing studies of the production on free nucleons. In addition
further investigating the reaction mechanism, studies on
clei can help limit any existing ambiguities in the elementa
process. Moreover, since the production process is medi
by certain nucleon resonances and vector mesons, these
ies open the possibility of investigating medium modific
tions of the properties of these hadrons in nuclei. As m
1557 © 1997 The American Physical Society
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1558 56M. HEDAYATI-POOR AND H. S. SHERIF
tioned earlier, the availability of a new generation
accelerators capable of producing high quality beams of e
trons and photons has led to increased interest in eta ph
production physics. Many experiments that were not poss
in the past are now within reach.

The present work is devoted to quasifree photoproduct
This type of reaction has the advantage of allowing meas
ments at small momentum transfer to the residual nucle
This, in addition to enhancing the possibility of increas
cross sections, compliments the information obtained fr
coherent and incoherent (g,h) reactions which by necessit
involve large momentum transfers.

In the present study we follow a relativistic approac
This is motivated by the impressive successes of the rela
istic mean field approach to nuclear dynamics. We have
cently studied the difference between relativistic and non
ativistic treatments in photonuclear knockout@9# and
quasielastic scattering of electrons@10#, and have found tha
there are important differences between the two approac
In the course of the present study we shall compare our
sults to those of the work of Leeet al. @8#.

The main ingredients of the present treatment are as
lows. The effective Lagrangian of Benmerroucheet al. @4# is
used for the interactions between fields. Contributions fr
nucleon resonances andt-channel vector mesons as well
the nucleon Born diagrams are included. In addition to
S11~1535! resonance, we also include three spin-1

2 resonances
@P11~1440!,S11~1650!,P11~1710!# and one spin-32 resonance
@D13~1520!#. The nuclear wavefunctions are solutions of t
Dirac equation with strong scalar and vector potentials in
spirit of the relativistic mean field theory of Walecka@11,12#.
Calculations are carried out in the PWIA limit and also in t
distorted wave approximation~DWA! in which the final state
interactions are taken into account. Bennhold and Wri
have developed a similar model for the photoproduction
kaons on nuclei@13#. A short note on the present work wa
reported earlier@14#.

In the following section we derive the amplitude of th
A(g,hp)A21 reaction and calculate the relevant obse
ables. The results of our calculations are presented in Se
and our conclusions are given in Sec. IV.

II. FORMALISM

The model for the~g,hp! reaction on nuclei has the inc
dent photon interacting with a bound proton through so
process denoted by the blob in Fig. 1. A proton and anh
meson are produced. The diagrams contributing to the b
of Fig. 1, at the tree level, are shown in Fig. 2. The Bo
diagrams (s and u channels of the nucleon propagator! are
shown in Figs. 2~a! and 2~b!, the t-channel vector meson
diagram is shown in Fig. 2~c!, and Figs. 2~d! and 2~e! are the
nucleon resonance poles.

The starting point in the present approach is a relativi
interaction Lagrangian for a system of photons, nucleo
and mesons from which one obtains the transition amplit
for the A(g,hp)A21 reaction. The amplitude then is use
to calculate the observables for the reaction.

A. Interaction Lagrangian

In the photoproduction ofh mesons from complex nucle
the reaction is taking place within the nuclear medium. T
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dynamics of the nucleons within the nuclear matter is
scribed through the relativistic mean field Lagrangian of W
lecka @11,12#. Theh meson is described by solutions to th
Klein-Gordon equation. The interactions of the fields i
volved in the production reaction depicted in Fig. 2, are d
scribed through the interaction Lagrangian

Lint5LhNN1LgNN1LVhg1LVNN1LhNR1LgNR .
~2.1!

In the present work we adopt the pseudoscalar form for thh
meson-nucleon states coupling. This choice is based on
work of Bennhold and Tanabe@6# and Leeet al. @8# which
showed preference for this form in the production on p

FIG. 1. Feynman diagram for anA(g,hp)A21 reaction. The
incident photon with momentumk is absorbed by a proton embed
ded in nucleusA, resulting in ejection of a proton and anh meson.

FIG. 2. The contributing Feynman diagrams toA(g,hp)A21
reaction.~a! and~b! are thes- andu-channel Born diagram respec
tively, ~c! the t-channel vector meson diagram, and~d! and ~e! are
the s- andu-channel nucleon resonance poles.
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56 1559RELATIVISTIC CALCULATIONS FOR THE EXCLUSIVE . . .
tons. The interaction Lagrangians which involve the nucle
and spin-12 resonances are cast in the following forms@4#:

LhNN52 ighc̄g5ch, ~2.2!

LgNN52ec̄gmAmc2
ekp

4M
c̄smncFmn , ~2.3!

LVNN52gvc̄gmcVm2
gt

4M
c̄smncVmn, ~2.4!

LVhg5
elV

4mh
emnlsFmnVlsh, ~2.5!

LhNR52 ighNRc̄GRh1H.c., ~2.6!

LgNR52
ekp

R

2~MR1M !
R̄GmncFmn1H.c., ~2.7!

where

for S11 resonancesG51 andGmn5g5smn,

for P11 resonancesG5g5 andGmn5smn, ~2.8!

kp andkp
R are the anomalous magnetic moment of the pro

and the nucleon~proton! resonance, respectively, andMR is
the resonance mass. The tensorVmn(x) is related to the vec-
tor meson fieldVm by

Vmn~x!5]mVn~x!2]nVm~x!. ~2.9!

The interactions of photons andh mesons with the spin-3
2

@D13(1520)# resonance are introduced through t
Lagrangians

LhNR5
f hNR

mh
R̄mumn~Z!g5c]nh1H.c., ~2.10!

LgNR
1 5

iekR
1

2M
R̄mumn~Y!glcFnl1H.c., ~2.11!

LgNR
2 5

ekR
2

4M2
R̄mumn~X!]lNFnl1H.c., ~2.12!

where Rm is the field associated with theD13~1520! reso-
nance. Two anomalous magnetic momentskR

1 and kR
2 are

used in conjunction with the two different interactio
Lagrangians introduced by Benmerroucheet al. @4# for the
ghR vertex. The functionumn(V) is given by

umn~V!5gmn1F2
1

2
~114V!1VGgmgn ,

V5X,Y,Z , ~2.13!
n

n

where the parametersX, Y, andZ, often referred to as off-
shell parameters, are obtained by fitting the experime
data for the elementary reaction.

The authors of Ref.@4#, through fits to existing data, pro
vided several sets of values for the parameters and obs
ables related to the coupling constants of the effective in
action Lagrangians of Eqs.~2.2!–~2.12!. The parameters we
use are those of the second column of Table V of the ab
reference. These parameters are associated with the PS
pling which is the form used in the present work. The o
shell parametersa, b, andd given in that table are related t
the X, Y, andZ introduced in Eqs.~2.10!–~2.12!, as

a5114Z, b5114y, d5112X. ~2.14!

A total of five nuclear resonances are included in the pres
calculations. Table I gives some of the properties of th
resonances.

B. Reaction amplitude

At the tree level theS matrix for theA(g,hp)A21 reac-
tion is @15#

Sf i52
1

2E ^ f uT@Lint~x!Lint~y!#u i &d4xd4y, ~2.15!

whereu i & andu f & are the initial and final states of the system
respectively. TheT in front of the square brackets denot
the time-ordered product of the operators within the brack
We shall illustrate, below, the derivation of theS matrix for
one of the contributing diagrams of Fig. 2, namely, theS11
diagram. The same procedure can be used to derive thS
matrix for the other diagrams.

After introducingLgNR andLhNR @from Eqs.~2.6!, ~2.7!,
and ~2.8!# and using Wick’s theorem@15#, the S matrix for
the S11 resonance diagrams can be written as

Sf i
R52

iekp
RghNR

2~M1MR!
E ^ f uN@ c̄~y!h~y!R~y!R̄~x!

3g5smnFmn~x!c~x!

1 c̄ ~x!g5smnFmn~x!R~x!R̄~y!c~y!h~y!#u i &dx4dy4.

~2.16!

TABLE I. Summary of the properties of the baryon resonanc
included in present model.Jp is the spin parity, andL is the relative
angular momentum related topN scattering state. The subscriptsI
andJ for theL values~third column! represent the isospin and tota
angular momentum assigned to the resonance, respectively.G is the
total width of the resonance.

Resonance Jp L2I2J Mass~MeV! G ~MeV!

N* ~1440! 1/21 P11 1440 350
N* ~1520! 3/22 D13 1520 120
N* ~1535! 1/22 S11 1535 150
N* ~1650! 1/22 S11 1650 150
N* ~1710! 1/21 P11 1710 100
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1560 56M. HEDAYATI-POOR AND H. S. SHERIF
The initial stateu i & contains a photon and a target nucle
with A nucleons. The latter is regarded as made up of a c
and a valance nucleon. We write

u i &5asg

† ~kg! (
JBMBJ

~J,JB ;M ,MBuJi ,Mi !

3@SJiJf
~JB!#1/2bJBMB

† ufJ
M&, ~2.17!

where asg

† (kg) is the creation operator for a photon wi

momentumkg and polarizationsg . bJBMB

† creates a nucleon

with angular momentum quantum numbersJB and MB

bound to the coreufJ
M& andS is the corresponding spectro

scopic factor.
The final stateu f &, composed of anh meson, a nucleon

and the residual nucleus, is written in a similar fashion us
creation operators for theh and the nucleon. To reduce th
complexity of the numerical calculations we use the pla
wave approximation for the propagators@16#. In this ap-
proximation the propagator for a spin-1

2 resonance assume
the simple form

R~x!R̄~y! 5 iSR
F~x2y! 5 i

k” R1MR

kR
22MR

2 d4~x2y!,

~2.18!

where SR
F(x2y) is the Feynman propagator of a nucle

resonance with mass MR and four-momentumkR . Carrying
out the Fock space calculations and using the radia
gauge, theS matrix of Eq.~2.16! reduces to the form
re

g

e

n

Sf i
R5

e

~2p!9/2S M

Ep

1

2Eh

1

2Eg
D 1/2

(
JBMB

~Jf ,JB ;M f ,MBuJi ,Mi !

3@SJiJf
~JB!#1/2E d4xCsf

~2 !†~x!GS11

3CJBMB
~x!wh* ~x!e2 ikg•x, ~2.19!

whereGS11
is a 434 matrix operator and contains combin

tions of the Diracg matrices, polarization of the interactin
photon, mass, and four-momentum of the propagating re
nance. The explicit form of this operator for each of t
contributing diagrams is given below. In the above equati
Eg , Ep , andEh are energies of the photon, proton, andh
meson, respectively, andM is proton mass.CJB ,MB

(x) de-
scribes a bound nucleon and is a solution of Dirac equa
with the appropriate strong scalar and vector potenti
Csf

(x) is the wave function of the outgoing proton which
the plane wave approximation is just a plane wave Di
spinor. In the distorted wave calculationsCsf

(x) is a solu-
tion of the Dirac equation with the strong vector and sca
optical potentials. Theh meson wave functionwh is a solu-
tion of the Klein-Gordon equation with an appropriate op
cal potential for theh-nucleus system.

The structure of the totalS matrix is the same asSf i
R of

Eq. ~2.19! except forGS11
which must be replaced by a sum

representing contributions from all the diagrams included
the model~Fig. 2!. We obtain the following operators fo
these diagrams:
Gproton5ghNNg0S g5

k” s1M

ks
22M2S kp

2M
k” g11D e” r1S kp

2M
k” g11D e” r

k” u1M

ku
22M2

g5D , ~2.20!

GS11
5

ghNRkp
R

M1MR
g0S k” s1MR

ks
22MR

2
g5k” ge” r1g5k” ge” r

k” u1MR

ku
22MR

2 D , ~2.21!

GP11
5

ghNRkp
R

M1MR
g0S g5

k” s1MR

ks
22MR

2
k” ge” r1k” ge” r

k” u1MR

ku
22MR

2
g5D , ~2.22!

GV
v 52 i

lvgv

mh
emnlsg0

emkg
nkh

lgs

kt
22mV

2
, ~2.23!

GV
t 5

l tgt

2Mmh
emnlsg0

emkg
nssaktakh

l

kt
22mV

2
, ~2.24!

GD13

~1! 52
f hNRkR

~1!

2Mmh
g0S g5kh

n unm~Z!
k” s1MR

ks
22MR

2
Pmauab~Y!gl~kg

be r
l2e r

bkg
l!1gluba~Y!~kg

be r
l2e r

bkg
l!

3
k” u1MR

ku
22MR

2
Pamumn~Z!kh

n g5D , ~2.25!
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GD13

~2! 5
f hNRkR

~2!

4mhM2
g0S g5kh

n unm~Z!
k” s1MR

ks
22MR

2
Pmauab~X!~kg

be r
l2e r

bkg
l!$kB%l1$kp%luba~X!~kg

be r
l2e r

bkg
l!

3
k” u1MR

ku
22MR

2
Pamumn~Z!kh

n g5D , ~2.26!

where

Pmn5S gmn2
1

3
gmgn2

1

2MR
@gmkn2gnkm#2

2

3MR
2

kmknD , ~2.27!

andkB is the local momentum of the bound nucleon, and

ks5kh1kp , kt5kg2kh , ku5kp2kg . ~2.28!

1. Plane wave calculations

To calculate the amplitude of Eq.~2.19! one can use either plane waves or distorted waves to describe the out
particles. In the plane wave approximation the final state interactions of the outgoing nucleon andh meson, with the recoil
nucleus, are ignored. The respective wave functions have the form

cp~kp ,x!5AE1M

2M S 1

s•kp

E1M D e2 ikp•xxsf
,

wh~x!5e2 ikh•x. ~2.29!

Thus in the plane wave approximation~PWA! the S matrix in Eq.~2.19! takes the form

Sf i
R5

e

~2p!7/2S M

Ep

1

2Eh

1

2Eg
D 1/2

d~EB1Eg2Ep2Eh! (
JBMB

~Jf ,JB ;M f ,MBuJi ,Mi !

3@SJiJf
~JB!#1/2E d3xus f

† ~kp!eikrec•xGS11
CJBMB

~x!, ~2.30!

wherekrec is the momentum of the recoil nucleus (krec5kg2kp2kh). Equation~2.30! shows that the PWAS matrix is made
up of terms proportional to the Fourier transform of the components of the bound state wave function.

2. Final state interactions: Distorted wave calculations

The rest of this section is devoted to a derivation of the form of theS matrix in the distorted wave approximation~DWA!.
The continuum nucleon wave function is written as

csf

~2 !†
~x!54pFE1M

2M G1/2

eiEt (
LJM

i 2LYL
M2sf~ k̂ f !YL1/2J

M†
~V!~L,1/2;M2sf ,sf uJ,M !F f LJ~r !, is• r̂gLJ~r !G , ~2.31!

where f LJ andgLJ refer to the upper and lower radial functions. These are solutions of the radial Dirac equation with
and scalar optical potentials obtained from comparison with proton-nucleus elastic scattering data. More details of t
proton wavefunctions can be found in Ref.@16#. Expanding the eta and photon wave functions into partial waves and u
these in the expression of the amplitude given by Eq.~2.19!, one gets the DWAS matrix as

Sf i5
e

pS Ep1M

EpEhEg
D 1/2

d~EB1Eg2Ep2Eh! (
JBMB

~Jf ,JB ;M f ,MBuJi ,Mi !@SJiJf
~JB!#1/2 (

LJLhLg

i Lg2L2Lh~2Lg11!1/2

3 (
MMh

YL
M2sf~ k̂p!@YLh

Mh~ k̂h!#* S L,
1

2
;M2sf ,sf uJ,M D
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33H Rf f@kkBLhLg#A11F k kB Lh

M MB Mh
Lg jG1 iRf g@kkBLhLg#A12F k kB8 Lh

M MB Mh
Lg jG

2 iRg f@kkBLhLg#A21F k8 kB Lh

M MB Mh
Lg jG1 Rgg@kkBLhLg#A22F k8 kB8 Lh

M MB Mh
Lg jG J , ~2.32!
c
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wherek5(L2J)(2J11) andL852J2L. The radial inte-
grals are given by

RCB@kkBLhLg#

5E CLJ~r !BLBMB
~r !vLh

~khr ! j Lg
~kgr !r 2dr, ~2.33!

andC(r ) is either an upper- or lower-component radial fun
tion for the ejected proton whileB(r ) is the counterpart for
the bound state wave function. The angular integrals
given as follows:

Ai j Fk8 kB Lh

M MB Mh
Lg jG

5E ~YL1/2J
M !†G i jYLB1/2JB

MB YLh

Mh~V!YLg

0 ~V!dV. ~2.34!

The matrix operatorsG i j are the elements of the 434 G
matrix operator

G5S G11 G12

G21 G22D . ~2.35!

C. Observables

It is useful to define a function of the initial and final sp
projectionsZjMB

sf by rewriting the amplitude of Eq.~2.32! in

the form

Sf i5
e

pS Ep1M

EpEhEg
D 1/2

d~Ep1Eg2EB2Eh!

3 (
JBMB

~Jf ,JB ;M f ,MBuJi ,Mi !@SJiJf
~JB!#1/2ZjMB

sf .

~2.36!

The triple differential cross section is related toZjMB

sf by

d3s

dVhdVpdEh

5
8ap

\c FEp1Mc2

Eg
Gkpckhc

1

R (
JBMBsfj

SJiJf
~JB!

2JB11
uZjMB

sf u2,

~2.37!

wherea is the fine structure constant and the recoil factoR
is defined in a manner similar to the case of (e,e8p) reac-
tions @17#,
-

re

R512
Ep

Er

1

ukpu2
kp•kr , ~2.38!

andEr is the total energy of the residual nucleus.
The photon asymmetry for linearly polarized inciden

photons is

A5
ds i2ds'

ds i1ds'

, ~2.39!

whereds i andds' are the cross section for specified polar
izations of the incident photon, namely, parallel and perpe
dicular to the plane of the reaction.

III. RESULTS AND DISCUSSION

This paper is concerned with the study of the exclusiv
quasifree (g,hp) reaction on complex nuclei. To date there
are no available experimental data for this particular reacti
~data exist only for inclusive reactions@3#!. Since the lack of
attempts to measure the exclusive observables is mainly d
to the expectation of low cross sections, it is of practica
importance to identify the kinematical regions in which th
cross sections are relatively large. Figure 3 shows the calc
lated cross section for this reaction on12C leading to the
ground state of11B ~assumed to be a purep3/2 hole state!.
The incident photon energy is 750 MeV. The calculations a
carried out in the plane wave approximation for the outgoin

FIG. 3. The cross section for the12C(g,hp)11Bg.s. reaction for
the regions of the phase space where the reaction has signific
yield. Calculations are performed in the plane wave approximatio
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proton andh meson. The bound nucleon is described by
solution of the Dirac equation involving the relativistic sca
and vector Hartree potentials of Ref.@18#. We used the maxi-
mum possible value for the spectroscopic factor~i.e., 2JB
11; JB is the total angular momentum of the bound proto!.
The azimuthal angles of the outgoing proton andh meson
are fixed at 180° and 0°, respectively. Calculations are p
formed at four different polar angles for theh meson and
cover the outgoing proton polar angular range 10°–5
Cross sections are plotted as a function of polar angle of
outgoing proton and the kinetic energy of theh meson.
These results indicate that one can observe relatively la
cross sections foruh in the range 10°–30° andup515°–30°.
The pair of anglesuh5up530° may be a preferable settin
experimentally and hence will be used for most of the ana
sis done here. Similar results were found for16O and 40Ca
nuclei. These results are expected to change somewhat
respect to variation in the incident photon energy. The lar
cross sections will shift towards more forward angles as
photon energy increases.

It is well known that the eta photoproduction reaction
the proton near threshold is dominated by theS11~1535! reso-
nance formation. We have done calculations aimed at ass
ing the extent to which this dominance prevails when
reaction takes place within the nuclear medium. The ca
lations are done for the reaction discussed above, again in
plane wave limit, where the angles of the outgoing partic
are fixed atuh5up530°. We varied the energy of the inc
dent photon from near threshold to the energy where
contributions from theS11~1535! diagrams are comparable t
contributions from all other diagrams. Results of these c
culations are illustrated in Fig. 4: The dotted curves give
cross sections due to the formation of theS11~1535!; contri-
butions due to the rest of the diagrams are represente
solid curves. Note the varying scale for the cross sec
axes. Figure 4 shows that theS11~1535! resonance dominate
the cross section from threshold up to a photon energy
about 1.1 GeV. The cross section is small at energies
threshold and increases with increasing photon ene
reaching its largest values in the photon energy range 7
950 MeV. At energies higher than 950 MeV, the cross s
tion due to theS11~1535! resonance decreases as the pho
energy increases.

In Fig. 5 we show the relative contributions of the ind
vidual diagrams. The cross section arising from t
S11~1535! pole diagrams, shown by the long dashed curve
clearly the dominant contribution. The second largest con
bution comes form the proton poles~double-dash–double
dotted curve!. The results of the calculations for th
D13~1520! resonance and the vector mesons poles are sh
by dot-dot-dashed and dot-dash-dashed curves, respect
The solid curve shows the total cross section~i.e., contribu-
tions from all the diagrams!. Besides confirming clearly tha
the S11~1535! resonance is the main contributor to the rea
tion in this energy region, these results also give us an in
cation of the relative importance of other diagrams. The n
largest contribution comes from the proton pole followed
the D13 resonance, then the vector meson diagrams.
P11~1440!, S11~1650!, and P11~1710! resonances do no
make significant contributions to the reaction at this ener

In order to establish that the above conclusions are
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affected by the inclusion of the final state interactions of
outgoing particles with the residual nucleus, we carried
distorted wave calculations in which these final state inter
tions are taken into account. Appropriate optical potenti
are used in the calculation of the wave functions of the o
going proton andh meson. In all the distorted wave calcu
lations presented here the global optical potentials of Coo
et al. @19# have been used to calculate the Dirac distor
wave functions of the outgoing proton. For the outgoingh
meson we use the Klein-Gordon equation together with
optical potentials of Refs.@8,22#. The results are shown in
Fig. 6; the solid curve shows the cross section due to
S11~1535! resonance, whereas the dashed curve include
contributions other than those of theS11~1535!. These results
indicate that, as in the plane wave calculations discus
above, theS11~1535! resonance is the dominant contribut
to the reaction in the distorted wave limit. Note the gene
suppression of the cross section as a result of the inclusio
the final state interactions.

Figure 7 shows the calculated observables for the reac
where we investigate separately the effects of the proton
h meson final state interactions. The energy-dependent
bal optical potential of Cooperet al. @19# and the optical
potential DW1 of Ref.@8# are used for outgoing protons an
h mesons, respectively. Plane wave and various disto
wave calculations are shown. The comparisons of the c
sections are shown in Fig. 7~a! and those for the photon
asymmetry are shown in Fig. 7~b!. The short dashed curv
shows the suppression due to the final state interaction o
outgoing proton with the residual nucleus. This suppress
is more evident at higherh energies. These correspond
smaller energies of the outgoing protons and indicate
these protons are more affected by the distortion. This sa
qualitative behavior holds for theh meson distortion~dashed
curve!; the suppression is skewed towards smallerh ener-
gies. The dotted curve is the calculated cross section w
distortion effects are included for both of the outgoing p
ticles. The suppression of the cross section in this cas
much more pronounced.

Figure 7~b! shows the photon asymmetry for the sam
reaction @see Eq.~2.39!#. Plane wave calculations~solid
curve! produce a nearly flat curve for the photon asymmet
Distortion of the outgoingh meson affects the shape an
magnitude of the photon asymmetry only slightly. Inclusi
of the final state interactions of the outgoing proton results
larger changes in the asymmetry. When both final state
teractions are included, the resulting curve~dotted curve! has
characteristics close to the case when only the proton is
torted.

Figure 8 shows the effects of differenth optical potentials
on the calculated observables. The curves of Fig. 8 are
tained with the same bound and continuum proton potent
while different optical potentials are used for the outgoingh
meson. Five different potentials are used. The first two
those~denoted by DW1 and DW2! used by Leeet al. @8#.
These are obtained in atr approximation usinghN t matri-
ces obtained in a coupled channel approach@6,7,20# ~a recent
work by Batinićet al. @21# points out to a sign error in thei
analysis in@20# which may mean that the potential DW2
not reliable!. The other sets of potentials are those of Chia
et al. @22#. These are obtained by calculating theh self-
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FIG. 4. The plane wave cross sections for the12C(g,hp)11Bg.s. reaction for photon energies from near threshold up to 1.2 GeV
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energy in nuclear matter taking into account only contrib
tions from theS11 resonance. The three different potentia
used correspond to three different choices of the real pa
the N* self-energy @namely, ReSN* 5(r/r0)VN* with
VN* 550, 0,250 MeV; r andr0 are the nuclear density fo
finite and infinite nuclear matter, respectively#. The uncer-
tainty about the parameterVN* is a drawback for the poten
tials of Chianget al.

In general the calculated cross sections show some de
dence on the type of distorting potential used; there are s
variations in shape and magnitude. The magnitude of
cross section obtained with the DW1 potential is somew
-

of

n-
e
e
t

larger than those predicted by the other potentials near
midrange ofh energies.

The corresponding calculations for photon asymme
with different optical potentials for the outgoingh meson are
shown in Fig. 8~b!. All potentials produce approximately th
same shape and magnitude for the photon asymmetry.
asymmetry therefore, at least at this energy, is not part
larly sensitive to the different choices of the final state int
actions ofh mesons.

We have also calculated the observables of the reac
using several different proton optical potentials. We fou
that the calculated observables are rather insensitive to
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variations among these optical potentials.
The sensitivity of the results to the bound state potent

was also assessed by performing calculations in which
ferent binding potentials are used. In this case relativi
scalar and vector potentials of Woods-Saxon shape@23# were
used to generate the Dirac bound state wave function.
results are shown by the dashed curve in Fig. 9~a! along with
the results obtained using the Hartree potentials ado
throughout the present study~solid curve!. Comparison of
these curves indicates the level of sensitivity in our mo
calculations to the bound state potentials. This compari
shows that the Hartree bound state potentials lead to so
what larger cross sections at this photon energy. On the o
hand, the photon asymmetry calculations appear to be in
sitive to different choices of the bound state potentials@Fig.
9~b!#.

In addition to the kinematics used above, we also cal
lated the observables of the reaction for another set of an
for the outgoing particles. The motivation for choosing th
new set is to compare the results of our model with those
the nonrelativistic model of Leeet al. @8#. Figure 10 shows

FIG. 5. Contributions of different diagrams to the cross sect
of the 12C(g,hp)11Bg.s. reaction at photon energies of 750 MeV.

FIG. 6. Differential cross section for the same reaction as Fig
calculated in the distorted wave approximation. Solid curve: D
calculations using onlyS11~1535! diagrams~curve labeled S11).
Long dashed curve: DW calculations using all the diagrams
those ofS11~1535! resonance~curve labeled ‘‘Rest’’!.
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this comparison. The calculations are performed at the
lowing angular settings for the outgoing particle
uh520°, fh50° andup515°, fp5180°. We have plot-
ted the results of the nonrelativistic plane wave calculatio
of Leeet al. @8# together with our results for both plane wav
and distorted wave calculations. Figure 10~a! shows the cross
section and Fig. 10~b! the resulting photon asymmetry. Re
sults of the relativistic plane wave and distorted wave cal
lations are shown by solid and short dashed curves, res
tively. The nonrelativistic plane wave calculations a
depicted by the long dashed curves.

Comparison of the solid and long dashed curves indica
that both relativistic and nonrelativistic calculations produ
curves with similar shape, but the nonrelativistic calculatio
predict generally larger cross sections in theh energy range
up to;120 MeV, and fall below at higherh energies. There
is also a slight shift in the relative positions of the peaks
the two calculations. As noted earlier, the inclusion of fin
state interactions leads to a suppression of the calcul
cross sections.

The plane wave relativistic and nonrelativistic predictio
for the photon asymmetry differ significantly~note that Lee
et al.use a definition of asymmetry which is opposite in si
to the one used here; for the purpose of the present com
son the results from Ref.@8# have been multiplied by21).
The relativistic calculations produce a flat curve with sm

n

,

t

FIG. 7. Differential cross section~a! and photon asymmetry~b!
for the reaction12C(g,hp)11Bg.s. at Eg5750 MeV. The Hartree
potentials of Ref.@18# are used in calculation of the bound sta
wave function. The final state energy-dependent global optical
tentials are taken from Ref.@19#. The h optical potential is the
DW1 potential of Leeet al. @8#. Solid curve: plane wave calcula
tions. Long dashed curve: calculations include only final state in
actions of theh meson~h distorted!. Short dashed curve: calcula
tions include only final state interactions of outgoing proton~proton
distorted!. Dotted curve: bothh and proton waves are distorted~full
DW!.
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1566 56M. HEDAYATI-POOR AND H. S. SHERIF
positive values, whereas the nonrelativistic calculations
sult in a curve with large negative values, with strong dep
dence on theh energy. The relativistic calculations sho
some sensitivity to final state interactions whereas Leeet al.
report such effects are negligible in the nonrelativistic cal
lations.

We carried out similar calculations for the photoprodu
tion reaction on a16O target leading to the ground state
15N. Figure 11 shows the results of these calculations.
residual nuclear state is assumed to be a pure 1p1/2 hole
state. The Hartree potentials of Ref.@18# are used to calculate
the bound state wave function. The final state interaction
the outgoing proton andh meson are calculated using th
energy-dependent global optical potential of Ref.@19# and
the DW1 optical potential of Ref.@8#, respectively.

The results for the cross section are very much simila
the 12C case~see Fig. 7!. In the case of16O we note that the
distorted wave cross section~dotted curve! is slightly smaller
in comparison with the corresponding case in12C ~dotted
curve in Fig. 7!. On the other hand, the resulting photo
asymmetries for this target behave differently form those
the 12C target. The distorted wave calculations here pea
lower h energies. Moreover, asymmetries for this target h
larger magnitudes but this occurs in a region of very sm
cross sections. These differences with the12C case indicate
that the asymmetry is dependent on the single-particle s
from which the proton is ejected.

We have also used our relativistic model for calculatio
of the reaction on40Ca. Figure 12 shows the results of o
calculations for the case in which the residual nucleus (39K!
is left in its ground state~a 1d3/2 hole state! and the incident

FIG. 8. Same as Fig. 7 but for different choices ofh optical
potentials. Solid curve: DW calculations using DW1 of Ref.@8#.
Long dashed curve: DW calculations using DW2 of Ref.@8#. DW
calculations using the optical potential of Ref.@22# with the real
part of theS11 self-energy set to 50 MeV~short dashed curve!, 0
MeV ~dotted curve!, and250 MeV ~dash-dotted curve!.
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photon energy is 750 MeV. The calculated cross section
Fig. 12~a! show curves with different shapes from those
the two targets studied previously. The final state interacti
of the outgoing particles lead to a suppression of the cr
section for this target in a manner similar to what has be
noted earlier for12C and 16O. We find that the earlier obser
vation on photon asymmetries is confirmed in the pres
case; the photon asymmetry calculations are sensitive to
final state interactions of the outgoing particles. This is
contrast to the predictions of the nonrelativistic model for t
reaction@8#. The shape and magnitude of the asymmetr
are different from those found for the12C and 16O targets.

We have also carried out calculations for the observab
of the reaction on a40Ca target leading to an odd parity 1p3/2
hole state in39K. The results are shown in Fig. 13. Th
curves in this figure have the same features as in Fig.
except that the differences in the magnitude of the relativi
and nonrelativistic cross sections are larger. Also the effe
of the final state interactions are more prominent for
present case. Note that the photon asymmetries given in F
10~b! and 13~b! have approximately the same shapes. Th
similarities, and the fact that reaction is taking place on
proton in a 1p3/2 state, support our earlier statement on t
state dependence of the asymmetry.

The calculations reported in this section have all use
specific set of coupling constants; one of several that
given in Ref. @4#. The question then arises concerning t
sensitivity of the calculated results to the possible differen
among these sets which provide nearly equivalent fits to
data for the elementary reactions. We have carried out

FIG. 9. Differential cross section~a! and photon asymmetry~b!
for the same reaction as in Fig. 7. The final state optical poten
for the h meson and outgoing proton are the same as those of
7. Curves are labeled for different choices of proton bound pot
tials: Solid curve: DW calculations using Hartree potential of R
@18#. Dashed curve: DW calculations using Woods-Saxon poten
of Ref. @23#.
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56 1567RELATIVISTIC CALCULATIONS FOR THE EXCLUSIVE . . .
culations using the set given in the first column of Table V
Ref. @4#. The results show that there are some changes in
magnitudes of the calculated cross sections and ph
asymmetries. These changes are at the level of 15% for
cross sections but are somewhat larger for the asymmet

IV. CONCLUSIONS

In this paper we have developed a relativistic model
the quasifree photoproduction ofh mesons on complex nu
clei. The ingredients of the model are that~i! the nucleon
wave functions are solutions of the Dirac equation with a
propriate scalar and vector potentials consistent with the r
tivistic mean field approach,~ii ! theh meson is described b
solutions of the Klein-Gordon equation with appropriate o
tical potentials, and~iii ! the interactions between the field
are introduced through a covariant effective Lagrangi
Contributions from nucleon resonances andt-channel vector
mesons as well as the nucleon Born diagrams are inclu
The model is used to calculate the cross section and ph
asymmetry, for different target nuclei. Both plane wave a
distorted wave calculations are presented.

We wish to comment on the question of the gauge inv
ance of the reaction amplitude calculated in the above m
ner. The effective Lagrangian we start with is gauge inva
ant. As we look at the nuclear amplitude itself, as given
Eq. ~2.19!, we find that its invariance is determined by th
behavior of theG operators given in Eqs.~2.20!–~2.26!. All
these operators are gauge invariant, except for the ele
parts of Eq.~2.20!. These latter terms are invariant only
the limit where the particles involved in the elementary

FIG. 10. Differential cross section~a! and photon asymmetry~b!
for the same reaction as Fig. 7. Solid curve: relativistic PW cal
lations. Long dashed curve: nonrelativistic PW calculations of L
et al. @8#. Short dashed curve: relativistic DW calculations.
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teraction are considered to be on their mass shell.
The energy region where theS11~1535! resonance domi-

nates the reaction is identified. As expected this region
close to threshold and covers a range of photon ener
from 750 MeV to 950 MeV. None of the other diagram
makes contributions at the same level as theS11. We find
that the next leading diagrams are proton,D13 resonance, and
vector meson poles. However, we also find that there is so
cancellation among these contributions. In our view the
ergy region identified above is perhaps the best suited
using theh photoproduction reactions to study the propert
of the S11 resonance in the nuclear medium.

When the final state interactions of the outgoing partic
are included, we find that the resulting cross sections
strongly suppressed. The extent of this suppression dep
somewhat on the type of optical potential used to repres
the final state interaction. We find some variations among
available sets of potentials particularly those that desc
theh meson final state interactions. Severalh optical poten-
tials were tested and lead to different results for the cr
section as well as the photon asymmetry . The uncertaint
h optical potentials makes it difficult to make final predi
tions for the cross sections. More theoretical work on
final state interactions of theh is required.

Calculations were carried out using the same kinema
as those in the recent nonrelativistic calculations of Leeet al.
@8#. Results of our calculations for the cross section ha

-
e

FIG. 11. Differential cross section~a! and photon asymmetry~b!
for the reaction16O(g,hp)15Ng.s. at Eg5750 MeV. The Hartree
potential of Ref.@18# is used in calculation of the bound state wa
function. The final state energy-dependent global optical poten
are taken from Ref.@19#. The h optical potential is the DW1 po-
tential of Leeet al. @8#. Solid curve: plane wave calculations. Lon
dashed curve: calculations include only final state interactions
the h meson with nuclei~h distorted!. Short dashed curve: calcu
lations include only final state interactions of outgoing proton~pro-
ton distorted!. Dotted curve: bothh and proton waves are distorte
~DW!.
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1568 56M. HEDAYATI-POOR AND H. S. SHERIF
shapes close to those of these nonrelativistic calculations
the magnitudes of our results are somewhat smaller. In c
trast, the photon asymmetries predicted by the two mod
differ significantly. The nonrelativistic model gives larg
asymmetries in the plane wave limit, which are found to
insensitive to the final state interactions of the outgoing p
ticles. Our predictions yield much smaller asymmetries a
these are strongly affected by the final state interactions.
et al. have also found that a small percentage change in
masses of theS11 and D13 have large effects on the cros
sections and the asymmetries, respectively. Our present
culations show similar effects. These are indications that
photoproduction reactions can be used as a probe of med
modifications of the properties of these resonances. Thes
course are expected to go beyond the simple mass shifts
example, there may in fact be a radial density dependenc
the masses of the propagators. Studies of these effects
the present relativistic model are planned.

The above statements indicate that the present reactio
rich in its physics content. If enough data become availa
one will be able to clarify the role played by the intermedia

FIG. 12. Differential cross section~a! and photon asymmetry~b!
for the reaction40Ca(g,hp)39Kg.s. at Eg5750 MeV. The Hartree
potential of Ref.@18# is used in the calculation of the bound sta
wave function. The final state energy-dependent global optical
tentials are taken from Ref.@19#. The h optical potential is the
DW1 potential of Leeet al. @8#. Solid curve: plane wave calcula
tions. Long dashed curve: calculations include only final state in
actions of theh meson with nuclei~h distorted!. Short dashed
curve: calculations include only final state interactions of outgo
proton ~proton distorted!. Dotted curve: bothh and proton waves
are distorted~DW!.
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nucleon states~the S11 and theD13) as well as the vector
mesons while embedded in the nuclear environment.
question of the optical potential for theh-nucleus system
could also be clarified. The data could also be used to as
the need for a strictly relativistic treatment. It is clear th
there is a multiplicity of effects at play and hence it is im
perative that measurements at several energies in the re
discussed above and for a variety of target nuclei be car
out. Measurements of the cross sections and photon as
metries in exclusive production, as well as coherent prod
tion, will be very helpful in shedding more light on the abov
issues. In a subsequent paper the present model will be
tended to the treatment of inclusive reactions for which so
data have become available recently@3#.
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FIG. 13. Differential cross section~a! and photon asymmetry~b!
for the same reaction as Fig. 12. The reaction is assumed to
place in 1p3/2 proton. The potentials are the same as those of F
12. Curves are labeled as in Fig. 10.
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