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Relativistic calculations for the exclusive photoproduction ofpp mesons from complex nuclei
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A relativistic model for the quasifree photoproductionspfmesons 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. Nugleon and
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 o5 535 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 on*?C, €0, and“%Ca.[S0556-28187)05209-4

PACS numbeps): 25.20.Lj, 24.10.Jv, 24.78.s, 13.60.Le

I. INTRODUCTION the interaction vertices of the meson with the nucleon and
nucleon resonances. Bennhold and Tarf&)& developed a

7 meson production reactions explore a rich domain ofsomewhat different approach tp photoproduction on the
phenomena at the interface of nuclear and particle physicswcleon. They used a coupled channel isobar model, in
These reactions have the potential for expanding our undewhich the reaction is related toy(w), (m, %), and (,7)
standing of the formation of nucleon resonances and theireactions. They included contributions from three resonances
propagation in the nuclear medium. Moreover, as has bee8,;(1535, P;,(1440, and D,5(1520. The data on the el-
shown recently, these reactions have allowed more precisementary reaction appeared to favor the PS form ofitiNé\
determination of the mass of themeson and the study of its vertex. The authors employed the resulting elementary am-
rare decayg1,2]. The spin-isospin characteristics of the plitude to study coherent and incoherent photoproduction of
lead to a selectivity of resonance channels that can be formegl mesons on nuclei. This model for the elementary process
through its interactions with a nucleon. At energies near th@vas later extended by Tiatat al. [7] to include Born as
threshold of its production, there is a significant preferencevell as p and o exchange diagrams through effective
for the excitation of the&s;;(1535 resonance which is known Lagrangians. The resulting elementary amplitudes were sub-
to decay nearly 50% of the time to ap meson and a sequently used to calculate the PW(plane wave impulse
nucleon. By contrast, thé&;,(1650, which has identical approximationamplitude of the photoproduction reaction on
characteristics, has only a decay rate below 2%. The undelight nuclei.
standing of these dissimilar branching ratios is still an open The elementary amplitude mentioned above was also used
qguestion and may be a reflection of important and subtldy Lee et al. [8] to calculate the amplitude for quasifree
differences in the detailed substructures of these resonancgshotoproduction ofy mesons on heavier nuclei. They per-
The selectivity mentioned above makes #heneson produc- formed exclusive as well as inclusive reaction calculations
tion reactions an important tool for studying the physics ofusing a nonrelativistic approach. The initial bound nucleon is
the S;1(1535 resonance. described by a harmonic oscillator wave function and final

Until recently the production ofy mesons using photon state interactions of the outgoing particles with the recoil
beams has been largely confined to proton targets. The aducleus are introduced through optical potentials. Two dif-
vent of high-duty-cycle electron accelerators such as those #rent optical potentials were used for themesons. The
the Jefferson Lab, Mainz, Bates and other laboratories, hasuthors found that the photon asymmetry is insensitive to the
opened up novel possibilities of performing production ex-final state interactions of the outgoing particles as well as the
periments on complex nuclés]. size of the target nucleus.

The elementary reactiop+ p— n+p has been the sub- In this paper we develop a relativistic model for the
ject of several studies. Benmerrouatteal. [4] developed an (v, np) reaction on nuclei leading to specific final states of
effective Lagrangian approach to study this reaction. Contrithe residual nucleiexclusive reactions The study of the
butions from nucleon resonances andhannel vector me- photoproduction reactions on nuclei compliments the ongo-
sons as well as the nucleon Born diagrams are includedng studies of the production on free nucleons. In addition to
Calculations were performed at the tree level and includedurther investigating the reaction mechanism, studies on nu-
eight free parameters. Thg;;(1535) was found to be the clei can help limit any existing ambiguities in the elementary
dominant contributor to the reaction at energies close tg@rocess. Moreover, since the production process is mediated
threshold. In addition, from comparisons with the data, theby certain nucleon resonances and vector mesons, these stud-
authors concluded that there is no clear preference for usinigs open the possibility of investigating medium modifica-
pseudoscalafPS or pseudovecto(PV) coupling forms for  tions of the properties of these hadrons in nuclei. As men-
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tioned earlier, the availability of a new generation of
accelerators capable of producing high quality beams of elec-
trons and photons has led to increased interest in eta photo-
production physics. Many experiments that were not possible
in the past are now within reach.

The present work is devoted to quasifree photoproduction.
This type of reaction has the advantage of allowing measure-
ments at small momentum transfer to the residual nucleus.
This, in addition to enhancing the possibility of increased
cross sections, compliments the information obtained from
coherent and incoherent/(n) reactions which by necessity A
involve large momentum transfers.

In the present study we follow a relativistic approach.
This is motivated by the impressive successes of the relativ- FIG. 1. Feynman diagram for af(y,zp)A—1 reaction. The
istic mean field approach to nuclear dynamics. We have rencident photon with momenturk is absorbed by a proton embed-
cently studied the difference between relativistic and nonrelded in nucleus, resulting in ejection of a proton and anmeson.
ativistic treatments in photonuclear knocko(i®] and
quasielastic scattering of electrofi®], and have found that  dynamics of the nucleons within the nuclear matter is de-
there are important differences between the two approacheseribed through the relativistic mean field Lagrangian of Wa-
In the course of the present study we shall compare our r§gcka[11,12. The » meson is described by solutions to the
sults to those of the work of Leet al. [8]. Klein-Gordon equation. The interactions of the fields in-

The main ingredients of the present treatment are as folyg|ved in the production reaction depicted in Fig. 2, are de-
lows. The effective Lagrangian of Benmerroudteal.[4]is  scribed through the interaction Lagrangian

used for the interactions between fields. Contributions from

nucleon resonances amdhannel vector mesons as well as Lint= LNt Lynnt Lyyy T Lunnt Longt Long-

the nucleon Born diagrams are included. In addition to the (2.1
S,1(1535 resonance, we also include three spiresonances

[P11(1440,5,,(1650,P1,(1710] and one spirg resonance |, the present work we adopt the pseudoscalar form forthe
[D15(1520]. The nuclear wavefunctions are solutions of themeson-nucleon states coupling. This choice is based on the
Dirac equation with strong scalar and vector potentials in the, ok of Bennhold and Tanalj®] and Leeet al. [8] which

spirit of the relativistic mean field theory of WaleckHl,12. showed preference for this form in the production on pro-
Calculations are carried out in the PWIA limit and also in the

distorted wave approximatididWA) in which the final state
interactions are taken into account. Bennhold and Wright
have developed a similar model for the photoproduction of
kaons on nuclej13]. A short note on the present work was
reported earlief14].

In the following section we derive the amplitude of the
A(v,n7p)A—1 reaction and calculate the relevant observ-
ables. The results of our calculations are presented in Sec. llI (a) (b)
and our conclusions are given in Sec. IV.

II. FORMALISM

The model for they,7p) reaction on nuclei has the inci-
dent photon interacting with a bound proton through some
process denoted by the blob in Fig. 1. A proton andzan
meson are produced. The diagrams contributing to the blob
of Fig. 1, at the tree level, are shown in Fig. 2. The Born
diagrams § andu channels of the nucleon propagatare
shown in Figs. 2a) and 2b), the t-channel vector meson
diagram is shown in Fig.(2), and Figs. &d) and Ze) are the
nucleon resonance poles.

The starting point in the present approach is a relativistic
interaction Lagrangian for a system of photons, nucleons,
and mesons from which one obtains the transition amplitude
for the A(y,yp)A—1 reaction. The amplitude then is used (d) ©
to calculate the observables for the reaction.

FIG. 2. The contributing Feynman diagramsA¢Qy, np)A—1
reaction.(a) and(b) are thes- andu-channel Born diagram respec-
In the photoproduction off mesons from complex nuclei, tively, (c) the t-channel vector meson diagram, afuil and (e) are

the reaction is taking place within the nuclear medium. Thehe s- andu-channel nucleon resonance poles.

A. Interaction Lagrangian
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tons. The interaction Lagrangians which involve the nucleon TABLE |. Summary of the properties of the baryon resonances

and spin% resonances are cast in the following forpds: included in present model” is the spin parity, and is the relative
angular momentum related teN scattering state. The subscripts

(2.2) andJ for theL values(third columr) represent the isospin and total
angular momentum assigned to the resonance, respectivedythe
total width of the resonance.

Lonn=—1ig 77%’51#77:

= —edv Alg— %_ uy
L= = ey A= oo Iy, @3 Resonance J” Lapy  Mass(MeV) T (MeV)
o g — N*(1440 1/2* Py 1440 350
LyNN= = Qo yu IV = oV, (2.4  N*(1520 32 Dis 1520 120
N* (1535 1/2° S, 1535 150
N* (1650 1/2” Sy 1650 150
Ew,ﬁ% €ymoFEVMT, (25 N*(1710 120 Py 1710 100
7
L= _ignNRﬁRn+ H.c., (2.6)  Wwhere the parameteps, Y, andZ, often referred to as off-
shell parameters, are obtained by fitting the experimental
exkR data for the elementary reaction.
Long=— WEM)RFWIM:‘”*— H.c., (2.7 The authors of Refl4], through fits to existing data, pro-

vided several sets of values for the parameters and observ-
ables related to the coupling constants of the effective inter-
action Lagrangians of Eq$2.2—(2.12. The parameters we

use are those of the second column of Table V of the above
reference. These parameters are associated with the PS cou-
pling which is the form used in the present work. The off-
shell parametera, B, andé given in that table are related to

. the X, Y, andZ introduced in Eqs(2.10—(2.12), as
Kp and K,Ff are the anomalous magnetic moment of the proton as(2.10-(2.12

where

for S;; resonancefF =1 andl'*"= ygso*”,

for P,, resonancef = y5 andl'#**=g**, (2.9

and the nucleortiproton resonance, respectively, aMi is a=1+4Z, B=1+4y, 6=1+2X. (2.14
the resonance mass. The tensgr,(x) is related to the vec-
tor meson fieldv,, by A total of five nuclear resonances are included in the present
calculations. Table | gives some of the properties of these
V() =3,V (X) = 3,V ,(X). (2.99  resonances.
The interactions of photons angl mesons with the spig- B. Reaction amplitude
[LD13(15.20)] resonance are introduced through the At the tree level theS matrix for theA(y, np)A—1 reac-
agrangians tion is[15]
fonRes : Su=— = [ (T Lm0 LT dxdty, (215
L,NR= m, R“6,.,(Z)ys¢pd"n+H.c., (2.10 fi 2 int intlY Y, .
wherel|i) and|f) are the initial and final states of the system,
1 iEK]F}_M N respectively. TheT in front of the square brackets denotes
Lonr= 2M R0, (Y)nyF™ +H.C, (213 the time-ordered product of the operators within the brackets.

We shall illustrate, below, the derivation of tiematrix for
one of the contributing diagrams of Fig. 2, namely, B¢
) exﬁ_ N diagram. The same procedure can be used to derivé&Sthe
LyNRsz“HW(X)&xNF +H.c., (212  matrix for the other diagrams.
After introducing£,ng and £ ,r [from Egs.(2.6), (2.7),
and (2.8)] and using Wick’s theoreril5], the S matrix for

where R* is the field associated with thB5(1520 reso the S, resonance diagrams can be written as

nance. Two anomalous magnetic momerfsand «3 are
used in conjunction with the two different interaction

Lagrangians introduced by Benmerrouadieal. [4] for the R ingg.,}NR — _
y7R vertex. The functiord,,,(V) is given by fi=— MJ (FINL&(y) n(Y)R(Y)R(X)
1 X 'YSO-;LVFMV(X) lﬂ(X)
eﬂv(v):g,u,v_l— —E(l+4V)+V YuYvs

+ (%) Y50, FE (O ROOR(Y) ¢(y) 7(y) ]| ydx*dy*.
v=X)Y,Z, (2.13 (2.16
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The initial state|i) contains a photon and a target nucleus e M 1 1 \12
with A nucleons. The latter is regarded as made up of a corsﬁ:—glz(E— 2E. f) > (3,35 M¢,Mg|J; M)
and a valance nucleon. We write ) p<ctncby)  JgMg

12| qdup(—)t
|i>=a§ (kY)J%J (3,5:M.Mgld: M) X[SJiJf(‘]B)] fd Xq’sf )I's
v sBMp
X, B(X)QD*(X)e_ikV'X, (2.19
X[85,3,(38) 1420} |, (2.17) e

Wherea (ky) is the creation Operator for a photon with Wheref'sll is a 4<4 matrix Operator and contains combina-

momentunk and polarizatiors, . bl _, Creates a nucleon tions of the Diracy matrices, polarization of the interacting
with angular momentum quantum numbejg and Mg photon, mass, and four-momentum of the propagating reso-

. . nance. The explicit form of this operator for each of the
boun.d to the cor¢¢§") andS'is the corresponding spectro- contributing diagrams is given belovF\)/. In the above equation,
scopic factor. E,, Ep, andE, are energies of the photon, proton, and

The final statdf), composed of am meson, a nucleon, meson respectlvely and is proton mass\IfJ " (x) de-
and the residual nucleus, is written in a similar fashion usmgS
creation operators for the and the nucleon. To reduce the cribes a bound nucleon and is a solution of Dlrac equation

complexity of the numerical calculations we use the plane \Pth the t?]ppropna;e sttrong f?rc]:alartand vect;)r por:er;]tlals
wave approximation for the propagatdrs6]. In this ap- 5,(X) is the wave function of the outgoing proton which in

proximation the propagator for a spinresonance assumes the plane wave approximation is just a plane wave Dirac
the simple form spinor. In the distorted wave calcula’uol‘l’sS (x) is a solu-
tion of the Dirac equation with the strong vector and scalar
K+ optical potentials. They meson wave functiow,, is a solu-
k2— 54(x—y), tion of the Klein-Gordon equation with an appropriate opti-
R 2.18 cal potential for thep-nucleus system.
' The structure of the tota® matrix is the same aS; of

where Sh(x—y) is the Feynman propagator of a nucleon Ed. (2.19 except forl's  which must be replaced by a sum
resonance with mass Mand four-momentunkg. Carrying  representing contributions from all the diagrams included in
out the Fock space calculations and using the radiatiothe model(Fig. 2). We obtain the following operators for
gauge, theS matrix of Eq.(2.16) reduces to the form these diagrams:

RO)R(Y) = iSk(x—y) = i

ks+M Kp. Kp. k,+M
Fproton:gnNN)’o( 75k2 VEFIY Sk, L] E+ M Sk, 1 ém% : (2.20
5= EA@T\;E E;szsk bt ysk E+—m: , (220
Tp,, E;:F;\’A‘P v Yslljgtl\'\jlgkyéﬁkyér% '}/5), (2.22
ry=—i )\r‘l;liv fwmﬁ’o%%y (2.23
F§/=%émgvow, (2.24

f NRKg') k + M
7 s

”“Gaﬁ(Y) (K€t — Pk + 1 0pa(Y) (Ko er — €PK3)

K,+Mpg

Xz (Z)k,]y5), (2.29
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f NRKg?Z) v k +MR
PB= oz 70| 75Ky 0uu(2) 5 v PH0,5(X) (K5 et — ePkO{KPh + {Kph 5a( X) (Ko — €K
n S
kz_Mép 40, (2)K.ys ], (2.26
u
where
YT T L OV B 2.2
=9 —§77—WR[7 -y ]_3M§ : (2.27

andk® is the local momentum of the bound nucleon, and

ke=k,+kp, ki=k,—K,, k,=k,—k,. (2.28

1. Plane wave calculations

To calculate the amplitude of Eq2.19 one can use either plane waves or distorted waves to describe the outgoing
particles. In the plane wave approximation the final state interactions of the outgoing nuclegnnaegbn, with the recoil
nucleus, are ignored. The respective wave functions have the form

1
[E+m| o
Velkn X0 =\ 3 EU+IT\3| e s,
@ (X)=e KrX, (2.29

Thus in the plane wave approximatiOdRWA) the S matrix in Eq.(2.19 takes the form

Re(Ml

1 1/2
fi:(zT)wz —> 5(EB+E«/—Ep—E7;)J%A:B (J¢,Jg;M¢,Mp|J; M)

E, 2E, 2E,
X[SJiJf(JB)]l/ZJ d®xuli(kp)etrec Ts Wy (), (2.30

whereke is the momentum of the recoil nucleus{=k,—k,—k,). Equation(2.30 shows that the PW/ 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 ofSmeatrix in the distorted wave approximatigBWA).
The continuum nucleon wave function is written as

12 .
eEUS ity M TSR (Q)(L,12M — s 53, M)| TLalDs Toeran(D] - (2.3
LIM

(-t _4 E+M
dlsf (X)_ m 2M

wheref ; andg, ; refer to the upper and lower radial functions. These are solutions of the radial Dirac equation with vector
and scalar optical potentials obtained from comparison with proton-nucleus elastic scattering data. More details of the Dirac
proton wavefunctions can be found in REE6]. Expanding the eta and photon wave functions into partial waves and using
these in the expression of the amplitude given by @dl9), one gets the DW/S matrix as

1/2
S(Eg+E,~Ep—E,) > (J5.Jg;M¢,Mgldi,Mp[Sy5,(Jp) ]2 X ity b2l +1)12
JgMg L

Y

Ept+M

EpE,Ey

1
M*Sf P M " * - _
><M§M‘,ﬂ YR DY (k) 1| Lo 53 M =51 53 M
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k kg L, _ k kg L,
X X\ Ryl kgl L, 1A, M M, M,,LV &|+iR¢g[ kgl L 1AL M M, M,]L’/ &
_ k' kg L, " kg L,
—|Rgf[KKBL7]L7]A21 M MB Mnl_y g + Rgg[KKBL‘)yLy]A22 M MB Mnl—y f ’ (232
|
wherek=(L—J)(2J+1) andL’'=2J—L. The radial inte- E. 1
grals are given by R=1—E—pwkp-kr, (2.39
r
p
RCB[KKBLWL’}/]

andE, is the total energy of the residual nucleus.

. The photon asymmetry for linearl olarized incident
=f CLy(NBLyw (ML (KDL (kynr?dr, (233 g ymmetry y P

photons is
andC(r) is either an upper- or lower-component radial func- doj—do,
tion for the ejected proton whilB(r) is the counterpart for = —dUHWLd(n ) (2.39
the bound state wave function. The angular integrals are
given as follows: wheredo anddo, are the cross section for specified polar-

izations of the incident photon, namely, parallel and perpen-

k" kg L dicular to the plane of the reaction.

AilM Mg MLyg}

ij

Ill. RESULTS AND DISCUSSION

=f (y,’i"l,ZJ)TFijytABBUZJBYEA Q)Y (Q)dQ. (2.34 This paper is concerned with the study of the exclusive
n Y

quasifree , »p) reaction on complex nuclei. To date there
The matrix operatord’;; are the elements of thexs4 I' &€ no available experimental data for this particular reaction

matrix operator (data exist only for inclusive reactiof8]). Since the lack of
attempts to measure the exclusive observables is mainly due
'y T to the expectation of low cross sections, it is of practical
=1, Tyl (2.35  importance to identify the kinematical regions in which the
cross sections are relatively large. Figure 3 shows the calcu-

lated cross section for this reaction fC leading to the
C. Observables ground state of!'B (assumed to be a pum;, hole state
The incident photon energy is 750 MeV. The calculations are

It is useful to define a function of the initial and final spin carried out in the plane wave approximation for the outgoing

projectionsz?,vIB by rewriting the amplitude of Eq2.32 in
the form 12¢(y,q p)l1B, E,=750 MeV
el E,+M

)1/2
———| &(E,+E,—Eg—E,)
EpEﬂEy p Y U

Yo

X 2 (31,383 My,Mg|3i M)[Sy5,(3e) M2, .
JgMg i B

.
236
E
The triple differential cross section is relatedz@wB by o
g
__de g,
d0,d0,dE, 3
8am| E,+Mc? 1 S3.9,(J8)
= p— kpck Cc— 2 ;|Zsf |2,
hc Ey 7 RJBMBng 2Jg+1 "TéiMg

(2.37

whereq is the fine structure constant and the recoil fa&or FIG. 3. The cross section for th€C(y, 7p)*'B, s reaction for
is defined in a manner similar to the case efgp) reac- the regions of the phase space where the reaction has significant
tions[17], yield. Calculations are performed in the plane wave approximation.
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proton andz meson. The bound nucleon is described by aaffected by the inclusion of the final state interactions of the
solution of the Dirac equation involving the relativistic scalar outgoing particles with the residual nucleus, we carried out
and vector Hartree potentials of REL8]. We used the maxi- distorted wave calculations in which these final state interac-
mum possible value for the spectroscopic fadiice., 2lg  tions are taken into account. Appropriate optical potentials
+1; Jg is the total angular momentum of the bound proton are used in the calculation of the wave functions of the out-
The azimuthal angles of the outgoing proton amdneson  going proton andy meson. In all the distorted wave calcu-
are fixed at 180° and 0°, respectively. Calculations are pertations presented here the global optical potentials of Cooper
formed at four different polar angles for the meson and et al. [19] have been used to calculate the Dirac distorted
cover the outgoing proton polar angular range 10°-50°wave functions of the outgoing proton. For the outgoing
Cross sections are plotted as a function of polar angle of theneson we use the Klein-Gordon equation together with the
outgoing proton and the kinetic energy of the meson. optical potentials of Refd.8,22]. The results are shown in
These results indicate that one can observe relatively largeig. 6; the solid curve shows the cross section due to the
cross sections fof,, in the range 10°-30° an@,=15°-30°. S11(1539 resonance, whereas the dashed curve includes all
The pair of angles), = 6,=30° may be a preferable setting contributions other than those of t8g,(1539. These results
experimentally and hence will be used for most of the analyindicate that, as in the plane wave calculations discussed
sis done here. Similar results were found f86 and “°Ca  above, theS;;(1535 resonance is the dominant contributor
nuclei. These results are expected to change somewhat with the reaction in the distorted wave limit. Note the general
respect to variation in the incident photon energy. The largesuppression of the cross section as a result of the inclusion of
cross sections will shift towards more forward angles as thé¢he final state interactions.
photon energy increases. Figure 7 shows the calculated observables for the reaction
It is well known that the eta photoproduction reaction onwhere we investigate separately the effects of the proton and
the proton near threshold is dominated by 831535 reso- % meson final state interactions. The energy-dependent glo-
nance formation. We have done calculations aimed at assed3al optical potential of Coopeet al. [19] and the optical
ing the extent to which this dominance prevails when thepotential DW1 of Ref[8] are used for outgoing protons and
reaction takes place within the nuclear medium. The calcu#y mesons, respectively. Plane wave and various distorted
lations are done for the reaction discussed above, again in thveave calculations are shown. The comparisons of the cross
plane wave limit, where the angles of the outgoing particlesections are shown in Fig.(& and those for the photon
are fixed atg,= 6,=30°. We varied the energy of the inci- asymmetry are shown in Fig(l). The short dashed curve
dent photon from near threshold to the energy where thehows the suppression due to the final state interaction of the
contributions from thes,;(1535 diagrams are comparable to outgoing proton with the residual nucleus. This suppression
contributions from all other diagrams. Results of these calis more evident at higher; energies. These correspond to
culations are illustrated in Fig. 4: The dotted curves give thesmaller energies of the outgoing protons and indicate that
cross sections due to the formation of 8g(1539; contri-  these protons are more affected by the distortion. This same
butions due to the rest of the diagrams are represented kyualitative behavior holds for the meson distortioriddashed
solid curves. Note the varying scale for the cross sectiorturve); the suppression is skewed towards smaleener-
axes. Figure 4 shows that t1%¢,(1535 resonance dominates gies. The dotted curve is the calculated cross section when
the cross section from threshold up to a photon energy oflistortion effects are included for both of the outgoing par-
about 1.1 GeV. The cross section is small at energies nedicles. The suppression of the cross section in this case is
threshold and increases with increasing photon energynuch more pronounced.
reaching its largest values in the photon energy range 750— Figure qb) shows the photon asymmetry for the same
950 MeV. At energies higher than 950 MeV, the cross secreaction [see Eq.(2.39]. Plane wave calculationgsolid
tion due to theS;;(1535 resonance decreases as the photorcurve) produce a nearly flat curve for the photon asymmetry.
energy increases. Distortion of the outgoingy meson affects the shape and
In Fig. 5 we show the relative contributions of the indi- magnitude of the photon asymmetry only slightly. Inclusion
vidual diagrams. The cross section arising from theof the final state interactions of the outgoing proton results in
S,1(1535 pole diagrams, shown by the long dashed curve, idarger changes in the asymmetry. When both final state in-
clearly the dominant contribution. The second largest contriteractions are included, the resulting cufdetted curve has
bution comes form the proton polédouble-dash—double- characteristics close to the case when only the proton is dis-
dotted curvé The results of the calculations for the torted.
D45(1520 resonance and the vector mesons poles are shown Figure 8 shows the effects of differeptoptical potentials
by dot-dot-dashed and dot-dash-dashed curves, respectivelyn the calculated observables. The curves of Fig. 8 are ob-
The solid curve shows the total cross sectibe., contribu- tained with the same bound and continuum proton potentials
tions from all the diagramsBesides confirming clearly that while different optical potentials are used for the outgoing
the S;;(1535 resonance is the main contributor to the reac-meson. Five different potentials are used. The first two are
tion in this energy region, these results also give us an indithose (denoted by DW1 and DW2used by Leeet al. [8].
cation of the relative importance of other diagrams. The nexfhese are obtained inta approximation usingyN t matri-
largest contribution comes from the proton pole followed byces obtained in a coupled channel apprd#&ch,2Q (a recent
the D3 resonance, then the vector meson diagrams. Theork by Batinicet al.[21] points out to a sign error in their
P1,(1440, S;,(1650, and P,,(1710 resonances do not analysis in[20] which may mean that the potential DW2 is
make significant contributions to the reaction at this energynot reliablg. The other sets of potentials are those of Chiang
In order to establish that the above conclusions are nott al. [22]. These are obtained by calculating the self-
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FIG. 4. The plane wave cross sections for 'Eﬁ@(y,r;p)llBg_& reaction for photon energies from near threshold up to 1.2 GeV.

energy in nuclear matter taking into account only contribu-larger than those predicted by the other potentials near the
tions from theS,;; resonance. The three different potentialsmidrange ofy energies.

used correspond to three different choices of the real part of The corresponding calculations for photon asymmetry

the N*

tials of Chianget al.

self-energy [namely, R&y«=(p/pg)Vn+ with
Vy+ =50, 0,—50 MeV; p andp, are the nuclear density for
finite and infinite nuclear matter, respectivelyrhe uncer-
tainty about the parametéfy« is a drawback for the poten-

with different optical potentials for the outgoingmeson are
shown in Fig. 8b). All potentials produce approximately the
same shape and magnitude for the photon asymmetry. The
asymmetry therefore, at least at this energy, is not particu-

larly sensitive to the different choices of the final state inter-
In general the calculated cross sections show some depeaetions ofy mesons.

dence on the type of distorting potential used; there are some We have also calculated the observables of the reaction
variations in shape and magnitude. The magnitude of thesing several different proton optical potentials. We found
cross section obtained with the DW1 potential is somewhathat the calculated observables are rather insensitive to the
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variations among these optical potentials.

The sensitivity of the results to the bound state potentials
was also assessed by performing calculations in which dif- °5% 50 00 50
ferent binding potentials are used. In this case relativistic Tp(MeV)
scalar and vector potentials of Woods-Saxon sthapgwere
used to generate the Dirac bound state wave function. The F|G. 7. Differential cross sectio@) and photon asymmetrip)
results are shown by the dashed curve in Fig) 8long with  for the reaction'?C(y, 7p)*'By at E,=750 MeV. The Hartree
the results obtained using the Hartree potentials adoptegbtentials of Ref[18] are used in calculation of the bound state
throughout the present studgolid curvg. Comparison of wave function. The final state energy-dependent global optical po-
these curves indicates the level of sensitivity in our modelentials are taken from Ref19]. The » optical potential is the
calculations to the bound state potentials. This comparisoPW1 potential of Leeet al. [8]. Solid curve: plane wave calcula-
shows that the Hartree bound state potentials lead to soméons. Long dashed curve: calculations include only final state inter-
what larger cross sections at this photon energy. On the othé@gtions of then meson(z distorted. Short dashed curve: calcula-
hand, the photon asymmetry calculations appear to be insef{ons include only final state interactions of outgoing proforoton
sitive to different choices of the bound state potentj&is. distorted. Dotted curve: bothy and proton waves are distort&dill

In addition to the kinematics used above, we also calcu-
lated the observables of the reaction for another set of ang| : . : . i
for the outgoing particles. The motivation for choosing this ©ViNd angular - settings for the outgoing particles:
new set is to compare the results of our model with those of »=20°, #,=0 and#,=15°, $,=180°. We have plot-

the nonrelativistic model of Leet al. [8]. Figure 10 shows ted the results of the nonrelativistic plane wave calculations
i of Leeet al.[8] together with our results for both plane wave

and distorted wave calculations. FigurgdGhows the cross
section and Fig. 1®) the resulting photon asymmetry. Re-

Qis comparison. The calculations are performed at the fol-

12C('Y9T|P)11Bgs T .
| E=750 MeV 1 sults of the relativistic plane wave and distorted wave calcu-

N
)
Ng 6,=30° lations are shown by solid and short dashed curves, respec-
& ¢n=000 tively. The nonrelativistic plane wave calculations are
S 3":3300 depicted by the long dashed curves.
;:0-04 Rk Sn ) Comparison of the solid and long dashed curves indicates
= /T Rest that both relativistic and nonrelativistic calculations produce
d ,
=
(=
2
N
o)
-]

] curves with similar shape, but the nonrelativistic calculations
0.02 | . predict generally larger cross sections in thenergy range
I ] up to~120 MeV, and fall below at highex energies. There
] is also a slight shift in the relative positions of the peaks in
f . PR TS | the two calculations. As noted earlier, the inclusion of final
0 50 100 150 state interactions leads to a suppression of the calculated
Ty(MeV) cross sections.
The plane wave relativistic and nonrelativistic predictions
FIG. 6. Differential cross section for the same reaction as Fig. 5for the photon asymmetry differ significant{pote that Lee
calculated in the distorted wave approximation. Solid curve: Dwet al. use a definition of asymmetry which is opposite in sign
calculations using onlys,;(1535 diagrams(curve labeled §).  to the one used here; for the purpose of the present compari-
Long dashed curve: DW calculations using all the diagrams buson the results from Ref8] have been multiplied by-1).
those 0fS;;(1535 resonancécurve labeled “Rest). The relativistic calculations produce a flat curve with small
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potentials. Solid curve: DW calculations using DW1 of Rl {o the same reaction as in Fig. 7. The final state optical potentials

Long dashed curve: DW calculations using DW2 of R&f. DW ¢4/ the 5 meson and outgoing proton are the same as those of Fig.
calculations using the optical potential of Rg22] with the real 7 cyrves are labeled for different choices of proton bound poten-
part of theSy, self-energy set to 50 MeVshort dashed curye0  iais: Solid curve: DW calculations using Hartree potential of Ref.
MeV (dotted curvg, and —50 MeV (dash-dotted curve [18]. Dashed curve: DW calculations using Woods-Saxon potential
of Ref.[23].

positive values, whereas the nonrelativistic calculations re-

sult in a curve with large negative values, with strong depenphoton energy is 750 MeV. The calculated cross sections of
dence on they energy. The relativistic calculations show Fig. 12a) show curves with different shapes from those of
some sensitivity to final state interactions whereas ¢e@.  the two targets studied previously. The final state interactions
report such effects are negligible in the nonrelativistic calcu-of the outgoing particles lead to a suppression of the cross
lations. section for this target in a manner similar to what has been

We carried out similar calculations for the photoproduc-noted earlier for*?C and 1°0. We find that the earlier obser-
tion reaction on a'®0 target leading to the ground state in vation on photon asymmetries is confirmed in the present
1>N. Figure 11 shows the results of these calculations. Thease; the photon asymmetry calculations are sensitive to the
residual nuclear state is assumed to be a pyrg,lhole final state interactions of the outgoing particles. This is in
state. The Hartree potentials of REE8] are used to calculate contrast to the predictions of the nonrelativistic model for the
the bound state wave function. The final state interactions afeaction[8]. The shape and magnitude of the asymmetries
the outgoing proton and; meson are calculated using the are different from those found for thEC and '°0 targets.
energy-dependent global optical potential of Rdf9] and We have also carried out calculations for the observables
the DWL1 optical potential of Ref8], respectively. of the reaction on 4°Ca target leading to an odd parity3,

The results for the cross section are very much similar tchole state in3%K. The results are shown in Fig. 13. The
the *2C case(see Fig. 7. In the case of°0 we note that the curves in this figure have the same features as in Fig. 10,
distorted wave cross sectiddotted curveis slightly smaller  except that the differences in the magnitude of the relativistic
in comparison with the corresponding casefiC (dotted  and nonrelativistic cross sections are larger. Also the effects
curve in Fig. 7. On the other hand, the resulting photon of the final state interactions are more prominent for the
asymmetries for this target behave differently form those ofpresent case. Note that the photon asymmetries given in Figs.
the 1C target. The distorted wave calculations here peak atO(b) and 13b) have approximately the same shapes. These
lower n energies. Moreover, asymmetries for this target havesimilarities, and the fact that reaction is taking place on a
larger magnitudes but this occurs in a region of very smalproton in a Jpg, State, support our earlier statement on the
cross sections. These differences with € case indicate state dependence of the asymmetry.
that the asymmetry is dependent on the single-particle state The calculations reported in this section have all used a
from which the proton is ejected. specific set of coupling constants; one of several that are

We have also used our relativistic model for calculationsgiven in Ref.[4]. The question then arises concerning the
of the reaction on°Ca. Figure 12 shows the results of our sensitivity of the calculated results to the possible differences
calculations for the case in which the residual nucleiKY  among these sets which provide nearly equivalent fits to the
is left in its ground statéa 1ds, hole statg¢ and the incident data for the elementary reactions. We have carried out cal-



56 RELATIVISTIC CALCULATIONS FOR THE EXCLUSIVE ... 1567

0.2 :
Rel. PW 12C(ynp)"B 0.12 | 160 15 (a)
YNPp) Ngs
B SR Nonrel. PW ( Lee etal. ) i 88 & -
- — Rel. DW (DW1) 752 MeV R 2 E~750 MeV ]
< 8p=15°, 4p=180° = o
ALY SN L7 = 9y=20°, ¢,,=0°] L B A
@ 7 \ ’ N | L 0.08 ha N
= ' . ’ 3
= ' \\ ,/ \‘ = -
~— 1 [ 0.06 .
(= N ’ \ .
= 01| 1 N v \ "Un_
= ! et \ @]
G‘“ ) \ % 0.04 .
\ PW A%
= ! = 1 Distorted ( DW1 )3 *
CIF 0.05 7,' ------ Lot . 7 ('E 0.02 Proton Distorted \‘x" .
% - 3 3 DWOWD SR
-1 e (a) ™
a | ! .
)
...... =
R L 7]
> S e E
5 0 Proemeemmmmmm e - 2 ol ;
g 2 _
SO AR g
« . PR g o2f ]
g o2 . - A~
S - Y ”,
b= z ’ A
= s ‘ 0.4 |- (b) ]
B \\ ,’/ | - ‘ )
. g 0 50 100 150
o4l e (b) - Ty(MeV)
L L 1
0 50 100 150
Ty(MeV) FIG. 11. Differential cross sectid@a and photon asymmetip)
for the reaction'®O(y, 7p)**Ngys at E,=750 MeV. The Hartree

FIG. 10. Differential cross sectid@) and photon asymmetijp) potential of Ref[18] is used in calculation of the bound state wave
for the same reaction as Fig. 7. Solid curve: relativistic PW calcufunction. The final state energy-dependent global optical potentials
lations. Long dashed curve: nonrelativistic PW calculations of Leeare taken from Refl19]. The » optical potential is the DW1 po-

et al.[8]. Short dashed curve: relativistic DW calculations. tential of Leeet al.[8]. Solid curve: plane wave calculations. Long
dashed curve: calculations include only final state interactions of

culations using the set given in the first column of Table V ofthe 7 meson with nucle( distorted. Short dashed curve: calcu-
Ref.[4]. The results show that there are some changes in thlgt'og.s include only df'nal Stfat)e 'merazt'ons of outgoing prg@""'
magnitudes of the calculated cross sections and photot r:letorteOI. Dotted curve: both; and proton waves are distorted
asymmetries. These changes are at the level of 15% for th )
cross sections but are somewhat larger for the asymmetriegeraction are considered to be on their mass shell.
The energy region where th& (1535 resonance domi-
V. CONCLUSIONS nates the reaction is identified. As expected this region .is
close to threshold and covers a range of photon energies
In this paper we have developed a relativistic model forfrom 750 MeV to 950 MeV. None of the other diagrams
the quasifree photoproduction @f mesons on complex nu- makes contributions at the same level as $he. We find
clei. The ingredients of the model are th@t the nucleon that the next leading diagrams are protbnz resonance, and
wave functions are solutions of the Dirac equation with ap-vector meson poles. However, we also find that there is some
propriate scalar and vector potentials consistent with the relazancellation among these contributions. In our view the en-
tivistic mean field approactiii) the » meson is described by ergy region identified above is perhaps the best suited for
solutions of the Klein-Gordon equation with appropriate op-using thes photoproduction reactions to study the properties
tical potentials, andiii) the interactions between the fields of the S;; resonance in the nuclear medium.
are introduced through a covariant effective Lagrangian. When the final state interactions of the outgoing particles
Contributions from nucleon resonances arthannel vector are included, we find that the resulting cross sections are
mesons as well as the nucleon Born diagrams are includedtrongly suppressed. The extent of this suppression depends
The model is used to calculate the cross section and phot@omewhat on the type of optical potential used to represent
asymmetry, for different target nuclei. Both plane wave andhe final state interaction. We find some variations among the
distorted wave calculations are presented. available sets of potentials particularly those that describe
We wish to comment on the question of the gauge invarithe  meson final state interactions. Sevepabptical poten-
ance of the reaction amplitude calculated in the above martials were tested and lead to different results for the cross
ner. The effective Lagrangian we start with is gauge invari-section as well as the photon asymmetry . The uncertainty in
ant. As we look at the nuclear amplitude itself, as given by» optical potentials makes it difficult to make final predic-
Eq. (2.19, we find that its invariance is determined by thetions for the cross sections. More theoretical work on the
behavior of thel’ operators given in Eq$2.20—(2.26). All final state interactions of the is required.
these operators are gauge invariant, except for the electric Calculations were carried out using the same kinematics
parts of Eq.(2.20. These latter terms are invariant only in as those in the recent nonrelativistic calculations of &eal.
the limit where the particles involved in the elementary in-[8]. Results of our calculations for the cross section have
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for the reaction®®Ca(y, 7p)**s at E,=750 MeV. The Hartree
potential of Ref[18] is used in the calculation of the bound state
wave function. The final state energy-dependent global optical po- FIG. 13. Differential cross sectig@) and photon asymmetijp)
tentials are taken from Ref19]. The » optical potential is the for the same reaction as Fig. 12. The reaction is assumed to take
DW1 potential of Leeet al. [8]. Solid curve: plane wave calcula- place in Ipg, proton. The potentials are the same as those of Fig.
tions. Long dashed curve: calculations include only final state inter12, Curves are labeled as in Fig. 10.
actions of theny meson with nuclei(» distorted. Short dashed
curve: calculatiqns include only final state interactions of outgoingncleon stategthe S;; and theD ;3 as well as the vector
proton (proton distorteyl Dotted curve: bothy; and proton waves  mesons while embedded in the nuclear environment. The
are distortedDW). question of the optical potential for thg-nucleus system
could also be clarified. The data could also be used to assess
shapes close to those of these nonrelativistic calculations bttie need for a strictly relativistic treatment. It is clear that
the magnitudes of our results are somewhat smaller. In corthere is a multiplicity of effects at play and hence it is im-
trast, the photon asymmetries predicted by the two modelperative that measurements at several energies in the region
differ significantly. The nonrelativistic model gives large discussed above and for a variety of target nuclei be carried
asymmetries in the plane wave limit, which are found to beout. Measurements of the cross sections and photon asym-
insensitive to the final state interactions of the outgoing parmetries in exclusive production, as well as coherent produc-
ticles. Our predictions yield much smaller asymmetries andion, will be very helpful in shedding more light on the above
these are strongly affected by the final state interactions. Leigsues. In a subsequent paper the present model will be ex-
et al. have also found that a small percentage change in thiended to the treatment of inclusive reactions for which some
masses of th&;; and D3 have large effects on the cross data have become available recerj@y.
sections and the asymmetries, respectively. Our present cal-
culations show similar effects. These are indications that eta ACKNOWLEDGMENTS
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