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This paper establishes the case that the process of quasifseetoproduction from nuclei is an important
tool to study medium modifications and changes to the elementary prebkssyN in the nuclear medium.
We investigate the sensitivity of the differential cross section, recoil nucleon polarization, and the photon
asymmetry to changes in the elementary amplitude, medium modifications of the resd®danbg4) masses,
as well as nuclear target effects. All calculations are performed within a relativistic plane-wave impulse
approximation formalism resulting in analytical expressions for all observables. Our results indicate that
polarization observables are largely insensitive to nuclear target effects. Depending on the type of coupling, the
spin observables do display a sensitivity to the magnitude off/iR& coupling constant. The polarization
observables are identified to be the prime candidates to investigate the background processes and their medium
modifications in the elementary process such astheresonance. Moreover, as a consequence of the large
dominance in the differential cross section of 8jgresonance, the quasifree differential cross section provides
an exceptional instrument to study medium modifications toSheesonance in such a manner that helps to
distinguish between various models that attempt to understar®, fiesonance and its distinctive position as
the lowest lying negative parity state in the baryon spectrum.
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[. INTRODUCTION ing and restoration. Indeed, DeTar and Kunihiro have sug-
gested the “mirror assignment” of chiral symmetry where
The 7 electroproduction and photoproduction processeghe S;; resonance, as the lowest lying negative parity reso-
continue to experience significant investigations from a varinance, is the chiral partner of the nucleon and transforms in
ety of approaches. This interest stems from the fact that an opposite direction compared to the nucl¢@g]. How-
processes form a gate to understand several fundamengdyer, Jido, Nemoto, Oka, and Hosaka have suggested a dif-
puzzling issues in nuclear and particle physics today such Jerent realization of chiral symmetry through what they label

i — . . as the “nave assignment(14,15. Improvements to these
measuring thes quark content in the nucledd)]. While the models have been suggested through the inclusion of nonlin-

7 photoprodqctlon process is only one of the many MESOIy 4y terms that preserve chiral symmdti$]. Understanding
phc_;toproductlon processes from nuclei, the chara_cterls_;tlc "&he medium modifications of th,; resonance will help us
active content of this process near threshold provides it Withyiseriminate between the different models of chiral symme-
a distinguished role among other meson photoproductiofy assignment, and in turn, this provides us the understand-
processes. Part of the reason is that the interaction is domjng of structure of this resonance and the prediction of its
nated clearly by only one resonance near threshold. This iﬁroperties under chiral symmetry restoration.
the S;,(1535) resonance with its peculiar status as the lowest |t had been thought earlier that the coherenphotopro-
lying negative parity resonance in the baryon spectrum. Faduction process from nuclei may in fact help us to study the
vorably, the theoretical interest has been correlated with exnedium modifications of thé&;; resonancg17]. Nonethe-
perimental advances, particularly with the construction andess, it has been shown that t&g, contribution, although
the running of modern electron-scattering facilities, such aslominant for the elementary procesdl— »N, is strongly
the Thomas Jefferson National Accelerator Facility andsuppressed in the coherent process due to the filtering of only
Mainz[2,3]. the isoscalar contribution and due to the spin-flip nature of
Understanding the structure of ti&, resonance is of the S;; exchange diagranth18-20Q. Hence, then process
prime interest in baryon physics as it is believed that thisA(y,»N)B in the quasifree regime, with its strong depen-
resonance plays a crucial role in the dynamics of chiral symedence on the resonance contribution, provides an opportunity
metry and its spontaneous breaking in the baryon spectrunio understand the medium modifications of tBg reso-
The S, resonance has been studied using various approachaance.
including effective Lagrangian theofyt—8] and QCD sum Building on a series ofy photoproduction studieg21—
rules[9-12. Yet, a more unifying approach is to study this 27], Lee, Wright, Bennhold, and Tiator studied thequasi-
resonance using chiral symmetry and its spontaneous breafee process using the nonrelativistic distorted wave impulse
approximation formalisnj28]. In this work, we also assume
the impulse approximation, but provide a fully relativistic
*Electronic address: bventel@sun.ac.za study in both the reactive content and the nuclear structure.
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Furthermore, we use a different and robust dynamical con-
tent for the elementary procefs,29,30 and study this pro-
cess in a different kinematic setting compared to the one
used by Leeet al. Our paper constitutes the third application
of our established quasifree formali$B1] after studying the
kaon[32] and the electroh33] quasifree reactions. The goal
here is to shed light on the elementary proceds— N

by furnishing a different physical setting from the on-shell

point for studying the elementary amplitude. We also exam- g 1. A schematic diagram of the meson quasifree photo-

ine the possibility of using this process to extract mediumproduction within the framework of a plane-wave impulse-

modification effects to the propagation of tig; and D3  approximation approach.

resonances. We devote special attention in our work to the

polarization observables, the recoil polarization of the Il. FORMALISM

ejected nucleon, and the photon asymmetry, as they are very

sensitive to the fine details in the reactive content and are

effective discriminators of subtle physical effects compared N the meson quasifree photoproductidfy,7N)B, the

to the unpolarized differential cross section. Moreover, the<inématics are constrained by two conditions. The first is an

quasifree polarization observables, while very sensitive t&Verall energy-momentum conservation:

the fundamental processes, are |psen5|tlye to dlstorthn ef- K+pa=k'+p’+pg. 1)

fects[28,34,33. Finally, by comparing against the polariza-

tion observables of the free process, medium effects can bgere, k is the four-momentum of the incident photon, while

discerned. k’ andp’ are the momenta of the producedand nucleon,
The effects of relativity in meson quasifree processes argespectivelypa(pg) represents the momentum of the target

still not well understood. While it appears that the polariza-(recoil) nucleus. Since we assume the impulse approxima-

tion observables are not sensitive to the enhanced lowafon, as shown in Fig. 1, another kinematical constraint

component of the Dirac spinors in the relativistic nuclearemerges from the energy-momentum conservation at the

structure model§32], other results indicate important differ- yN— 7N vertex:

ences compared to nonrelativistic Satirger-based formal-

isms. Relativistic plane-wave impulse approximation calcu- k+p=k'+p’, 2

lations, such as the one we present in this study, have _

identified subtle dynamics not present at the nonrelativisti®vherep is the four-momentum of the bound nucleon, whose

level. Two notable examples to quote here are that relativisgSPatial partis known in the literature as the missing momen-

effects contaminate any attempt to infer color transparencﬂfpm

from a measurement of the asymmetry in tleee(p) reac- —p'—q (q=k—K') 3

tion [36] and the breakdown of the nonrelativistic factoriza- Pm=p"—4q: (9 '

tion picture in the ¢,e’p) process as a consequence of théthe gependence of the cross section on the missing momen-
presence of negative-energy components in the boundym (see Sec. Iliresults in the interaction becoming a probe
nucleon wave functiof37]. of the nucleon momentum distribution, just as in most semi-

Although processes of photoproduction from nucleons inclusive processes, one of which is the & p) reaction
and nuclei have recently experienced significant experimerf33.

tal attention, the current experimental work for quasifree

scattering has thus far been limited to the measurement of B. Cross section and polarization observables

the total and differential cross sections. This includes scatter- ) ) ) )

ing off the deuterori3] and “He [38,39 as well as heavier  USing the conventions of Bjorken and Drgdl1], the dif-

nuclei [40]. Nonetheless, what is theoretically desired arefe.rem"f’lI cross section for the scattering process depicted in

measurements of the polarization observables as these olt:)'-g' 11is given by

servables continue to show the promise of discerning the ( dPo(s',z) ) 2n K'[2 Mylp'|
lab

Elementary Amplitude
T[s,t

A A-1

A. Kinematic constraints

subtle dynamics in meson photoproduction processes. With | ———— - —

the advent of JLab and Mainz such measurements are finally \ dk’dQ.d€ 2E, (2m)32E, (2m)3

realizable. 4
We have organized our paper as follows. In Sec. II, we ) ) ) )

discuss our relativistic plane-wave formalism, placing em-Wheres’ is the spin of the emitted nucleon, is the polar-

phasis on the use of the “bound-nucleon propagator” tolzat!on of the |nc_|dent ph_oton\/IN is the nucleon mass, and

enormously simplify the formalism. In Sec. Ill, this formal- /M iS the scattering matrix element defined as

ism is applied to calculate the unpolarized differential cross

section, the _recoil nucleor) polarization, gnd the photon |M|2=2 Iﬁ(p’,s’)T(s,t)ua,m(p)lz. (5)

asymmetry. Finally, conclusions are drawn in Sec. IV. m

| M|?

’
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Note thatZ/(p’,s’) is the free Dirac spinor for the knocked- While one can use a specific model for thephotoproduc-
out nucleon, whilel/, (p) is the Fourier transform of the tion process, which fixes the off-shell behavior of these am-
relativistic spinor for the bound nucleon(stands for the plitudes, this still does not solve the problem of medium
collection of all quantum numbers of the single-particle or-modifications as the driving dynamics, such as $ereso-
bital). The use of the impulse approximation is evident innance, may change its properties in the nuclear medium. The
this expression where we invoke the on-shell photoproducproblem can be addressed by modeling how the propagation
tion operatorT(s,t). in the nuclear medium affects the inherent dynamics. Such

By summing over the two spin components of the emittednodels, however, can be very different in their predictions
nucleon and averaging over the transverse photon polarizésee Sec.)lwhich makes the quasifree process an ideal can-
tion in Eq. (4), we obtain an expression for the unpolarizeddidate to distinguish between them.
differential cross section It is more convenient at this stage to transform the above

parametrizations to a form that shows explicitly the Lorentz
( d°c ) 1 D ( dda(s’,e) ) ® and the parity structure of the amplitude as giver{ b§,20
lab lab

dk'd Q. dQ 2 dk’'dQy dQ

s’ e

T(yp— 7N)=F§Po s +iFpys+Favays, (1D

Nonetheless, our main interest is in the polarization observ- : .
P where the tensor, pseudoscalar, and axial-vector amplitudes

ables as they are the true discriminators of subtle dynamics, .
Hence, the recoil nucleon polarizati@his given by[42,43 2re defined through

af_ 1 va
P= (—dS‘f(T >—d50<i)_) 7) Ff=zet e,k A(sit), (123
e \ (1) +d% (1)), Fp=—2i[(s-p)(k~p’)—(e~p’>(k~p>]Az(S'“'(1zb>

while the photon asymmetr}, is provided through the ex-

pression 28,35 Fa=[(e-p)k*—(k-p)e“]As(s,t)+[(e-p')k"
. (d50(l)—d50(ll)) ® = (k-p")e“TAy(s\1). (120
s \do(L)+d%(]) lab While this parametrization is model independent, one still

. . needs to determine the four Lorentz- and gauge-invariant
Here, T and | represent the projection of the spin of the ympjitudesA;(s,t). In principle, one can just extract them
nucle(?n with respect to the normal to the scattering plangynerimentally or use some other formalism that calculates
(kxk’), while L (|)) represents the out-of-plar@-plan®  hese amplitudes based on effective Lagrangian theory or

polarization of the photon. other approaches. Here, we use the effective Lagrangian ap-
_ proach of Benmerrouche, Zhang, and Mukhopadh@zM)
C. Elementary (yp—»N) amplitude [6,29,30. Such an approach is more fundamental and satis-

We use the canonical model-independent parametrizatiofies stringent theoretical constraints compared to other treat-
for the elementary process— yN. This parametrization is Ments such as Breit-Wigner-type parametrizatigt&47 or
constructed in terms of four Lorentz- and gauge-invarian€oupled channel isobar model21,25,28. The BZM treat-

amplitudes[21,44,45 ment is especially distinguished by the limited number of
free parametersa maximum of eight compared to other
4 models.
T(yp—7N)=T(s,t)= >, A(s,)M;, ©) The BZM aproach we adopt here includes spin-1/2
=1 [S11(1535)] and spin-3/2 D 15(1520)] resonances as well as
where the invariant matrices have been defined as nucleon Born terms and vector meson exchangear(dp).
All free parameters in the model were determined by fitting
M= — 24K, (109  the experimental data fqu(y,n)p [2] andd(y,n)pn [3].

The cross section is clearly dominated by g resonance
M,=29"[(e-p)(k-p')—(e-p")(k-p)], (10b in this model. However, there are still important and neces-
sary contributions, particularly in the angular distributions,
M=y 4(k-p)—k(z-p)], (100  from theD,; resonance, nucleon born terms, and vector me-

son exchanges.
Ms=1[4(k-p")—K(e-p")]. (100

One must stress here that although this parametrization is
conventional, it is certainly not unique. Many other param- We use in this work a relativistic mean-field approxima-
etrizations, which are all equivalent for on-shell spinors, argion to the Walecka mod¢#8] for all calculations of nuclear
possible[20]. The problem is that in the quasifree processstructure. In the case of nuclei with spherically symmetric
the bound nucleon is off its mass shell and these varioupotentials such as those studied here, the Dirac bound-state
parametrizations may no longer be equivalent off-shellspinors can be classified with respect to a generalized angu-

D. Nuclear-structure model
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lar momentumk [49]. These states can be expressed in &ardner and Piekarewi¢31,32,34 have shown that a simi-
two-component representation according to lar procedure holds even for bound-state spinors where the
bound-state propagator can be cast in the form

1 gEK(X)erKm(;()
Ue ()= | - | (13) 1 _
AEEONRPEY Su(P)= 5777 2 UaanP ()
jt+1 45
where the spin-angular functions are defined as . ( o gi(p) —g.(D)f(p)o-P
e 1 2+ gumitaprop ~12(p)
Ve ®) ="l im); =[xl 5 GulPelPerp
=(p,+M,), (a={E,k}). (18
|- k if x>0 14 Note that we have defined the above masslike, energylike,
Tl -1-k if «<oO. (14 and momentumlike quantities as
The Fourier transform of the relativistic bound-state spinor is T2 P
— —ip-x
el = | 056 i Ea=(12)[gi<p>+fi<p>], (195
p
= (= ~ +xem(P), T .
P fex(P)(o-p) pa=<g)[2ga<p>fa<p>p], (199
where we have written the Fourier transforms of the radial
wave functions as which satisfy the “on-shell relation”
pa=Ei—pi=M. (20)

geup)= | “ax 00, (0. (169
0 This algebraic trick results in an enormous simplification in
the formalism due to the similarity in structure between the
free and the bound propagatdiggs. (17) and (18)]. The
calculation of the square of the photoproduction amplitude
boils down to an evaluation of the tracespmmatrices. This
The Riccati-Bessel function is incorporated here in terms ofimplification would have not been possible had we incorpo-

the spherical Bessel functign(z) =zj,(2) [50]. Thel” is the rated distortion effects for the emitted nucleon.

- : - : In evaluating the ensuing traces ¢f matrices, we are
orbital angular momentum corresponding-toc as given in X ' .
Eq I(l 4) gu u ponding given greatly aided by the use afeyNcALC package[51] with

MATHEMATICA . The tedious work of calculating, analytically,

the tens of traces of matrices can be borne by the computer

and eventually we arrive elegantly at transparent analytical
Having discussed some of the basic elements of our forresults for all observables. The results can then be fed into a

malism, the next step is to calculate the square of the photd;ORTRAN code to obtain the final numerical values for all

production amplitud¢Eq. (5)]. In doing so, we use the rela- observables in the problem.

tivistic plane-wave impulse approximation and incorporate

no distortions for the emitted nucleon gt Our rationale is [ll. RESULTS AND DISCUSSION

that we concentrate on the polarization observables as they ) )

are true discriminators of the subtle dynamics. Fortunately, |here are many ingredients, mostly related to the nature

these observables, although very sensitive to the elementafj the model used for the elementary process, that go into the

amplitude dynamics, are strikingly insensitive to distortionscalculation of the observables for quasifrgephotoproduc-

as has been suggested by several nonrelativistic studid@n- o )

[28,34,35. Consequently, it is straightforward to evaluate the [N our treatment, the basic ingredients are the Born and

knocked-out nucleon propagator using the Casimir “trick”; Vector meson terms, th®,, and D,; resonances, as well as
the coupling constants and the choice of pseudoscalar or

Fen(P)=(sgn) f:dx o] (PX). (16D

E. Closed-form expression for the photoproduction amplitude

) L=, . bt My pseudovector coupling at the meson-nucleon vertex. In the
S(p )EZ Up',s"up',s")= My subsequent sections, we investigate the sensitivity of the ob-
s servables to variations in the elementary amplitude, medium
modifications to the masses of tBg, andD 3 resonances, as
10— _ [FT2 g2 . ;
[p"=En(p")= Vp “+My]. (17 well as to different nuclear targets. All calculations are done
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not far from threshold at an incident photon laboratory ki- ’% 130 . . ;
netic energy of 750 MeV. 2 . _——— ]
In Ref.[28] a nonrelativistic distorted wave model of qua- a et = N ]
sifree » photoproduction was given. In the preceding section st N ]
we presented a fully relativistic formalism, but using the = ; ]
plane-wave approximation for the nucleon apdwhile dis- g 52t
tortions are very difficult to incorporate in an analytical rela- x :
tivistic treatment such as ours, they do not appear to have > a3 ]
any significance apart from quenching the cross section in o ok . . . .
such a manner that does not affect polarization observables. 0 7 o228 3%
Indeed, the spin observables, although very sensitive to the 0.13 ]
elementary amplitude dynamics, are insensitive to distortions :
at least as far as the photoproduction process is concerned o.10
[28,34,39. We will therefore pay special attention to these P 007 b ]
observables in all subsequent sections. ; ]
0.04 | ]
A. Sensitivity to variations in the elementary amplitude 0.01 F b
It is clear from Eqgs(4) and (6)—(8) that the unpolarized _oo2 k . e
differential cross section, the recoil nucleon polarization, and 0 7 w2128 35
the photon asymmetry are determined by the scattering ma- 0.070 ¢ . . . .
trix elementM. Equation(5) in turn shows that one of the s
primary ingredients in the calculation @f( is the interaction 0.054 E
matrix T(s,t). From Eq.(9) we see that it is determined by > o0oss b ]
the four invariant amplitudes;(s,t). These amplitudes con- ; ]
tain the dynamics of the reaction. In this work the effective 0.022 F 3
Lagrangian model of Benmerrouche, Zhang, and Mukho- 5 ]
padyay[6,29,3] is used to determine the dynamics where oco6p -~ ]
the elementary process depends on four key compongnts: 20010 bt
the nucleon Born termgji) the vector mesonse{ and p) 0 7 1“4 21 28 35
exchangeiii ) the S;; resonance, an@v) the D ;5 resonance. 2 <de >
The contributions from other vector mesons such asftloe 7 9

other heavier mesons are shown to be negligible as a conse- ) ) ) )

quence of several reasons including the Okubo-Zweig-lizuka, F'G-/ 2. Unpolarized  differential crossd hsectnon
suppression, the largeness of masses, and the meager c8u2’/dK d€2d,., recoil nucleon polarizatior, and photon
pling to the photoproduction chann8]. Furthermore, the afg:g?i:]rgfkgztaﬂmctt;?en 2}c2t2?git2|e§??2§°ﬁ:1eé'ggl%nﬁriﬂ Igr_
contributions from other resonances are insignificant primap ; A ‘ P
rily due to their larger masses or small coupling to tg resents the calculation using the Born and vector meson terms to-
channel in the energy regime of interésear threshold[6] gether with both theS;; and D5 resonances. The dashed line rep-

resents the calculations employing only tBg, resonance. The

In this section, we investigate how each of these four COMiycident photon laboratory kinetic energyfis = 750 MeV and the

ponents influence the measured observables. All results Missing momentum is fixed 46,| =100 MeV.

this section were obtained for the proton knockout from the

1p*? orbital of *°C, apart from the results in Fig. 4 which cajculation using only theS,; resonance. Figure 2 clearly
refer to the neutron knockout from the same orbital. All Ca"displays that theS;, resonance gives the dominant contribu-
culations were done for an incident photon laboratory kinetigion to the unpolarized quasifree differential cross section
energy E, =750 MeV, while the missing momentum was just as in the elementary reaction. This is in contrast to the
fixed at|p,,| =100 MeV. This value ofp,,| is near the peak coherents photoproduction where the contribution of this
of the momentum distribution of the bound nucleon, i.e.,resonance is strongly suppressed due to the filtering of the
where the cross section is maximized. Except for Fig. 5, alisoscalar component and the spin-flip nature of $pecon-
calculations employed pseudoscalar coupling at #N  tribution [18—20. Despite theS;; dominance of the differ-
vertex. ential cross section, the nucleon polarization and photon
In Fig. 2, we show calculations of the unpolarized differ- asymmetry yield only small contributions from tiSg, reso-
ential cross sectionl%/dk’ko,de,, the recoil nucleon nance. This illustrates efficiently how the polarization ob-
polarization P, and the photon asymmetry) for proton servables are the true discriminators of subtle dynamics.
knockout from the p32 orbital of *°C as a function of they ~ While the differential cross section is largely insensitive to
meson scattering anglé,,. In this figure the solid line rep- all except theS;; contribution, the polarization observables
resents the full calculation where all four components of theshow the intricacies of the dynamics in full color.
effective Lagrangian model are used in the evaluation of the In Fig. 3 the solid line represents the full calculation em-
invariant amplitudes\;(s,t). The dashed line represents the ploying both theS;; and D5 resonances together with the
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0.20 Ty 0.45 T
] N ]
0.15 | - ] 0.35 F /N .
p - \\ ] / \ ]
0.10 F . P oast / \ .
/ ] // \ ]
L 3 L \ 3
0.05 , / ] 0.15 , \ ]
-0.00 e isim T 3 0.05 / \ 3
-/ 1 — _-—_-=-_—_-=‘-_¥-:

—-0.05 b 1 P PR B B g Wy 1o Y A SR PP R P S
0 7 14 21 28 35 0 7 14 21 28 35
0.35 T T '_'_; T rr T '] 0.75 T T ]
RN : :
0.27 | y \ . 0.58 | .
2 omf / \\ . 2 0.41F ]
ok / PSS 3 0.24 F 3
0.03 | . 0.07 | 3
-0.05 PP B P B B —0.10 Lo
0 7 14 21 28 35 0 35

6, (deg)
FIG. 3. The recoil nucleon polarizatidh and the photon asym- FIG. 4. The recoil nucleon polarizatidh and the photon asym-

metry as a function of the; meson scattering ang, for proton ~ metryX as a function of they meson scattering angk, for neu-
knockout from the 32 orbital of 1°C. The incident photon energy tron knockout from the p*? orbital of *“C. The incident photon

is E,=750 MeV and the missing momentum is fixed | energy isE, =750 MeV and the missing momentum is fixed at
=100 MeV. The solid line represents the full calculation employ- |pm|=100 MeV. The solid line represents the full calculation em-
ing both theS;; and D,5 resonances together with the Born and ploying both theS,; andD ;3 resonances together with the Born and
vector meson terms. The dashed and the long-dash—short-dashegctor meson terms. The dashed and the long-dash-short-dashed
lines represent employing only ti8,; andD,; resonances, respec- lines represent employing only tf8&, and D3 resonances, respec-
tively. The dash-dotted and dotted lines correspond to the calculdively. The dash-dotted and dotted lines correspond to the calcula-
tion employing only the Born terms and vector meson terms, retion employing only the Born terms and vector meson terms, re-
spectively. spectively.

Born and vector meson terms. The dashed and long-dashtton compared to that of the proton. Moreover, g, reso-
short-dashed lines represent employing only$heandD ;3  nance makes the largest contribution for these observables.
resonances, respectively. The dash-dotted and dotted ling$e branching ratios of th§;; andD ;5 resonances are 50%
correspond to the calculation employing only the Born andand 0.1%, respectivelj6]. The sensitivity of the polariza-
vector meson terms, respectively. In contrast to the unpolation observables to thB ;3 resonance is therefore striking in
ized differential cross section, the recoil nucleon polarizatioriight of its small branching ratio. However, this sensitivity is
and the photon asymmetry are not dominated by $a¢ very advantageous since the polarization observables there-
resonance, but thB ;3 resonance makes the largest contribu-fore provide a unique opportunity to study the properties of
tion. TheS;; resonance, as well as the Born and vector methis spin-3/2 resonance such as its off-shell effects which are
son terms, make significant contributions to the spin observbelieved to be very importai6]. Note that in both Figs. 3
ables but through interference terms of the larg  and 4 the calculation employing only the vector meson ex-
amplitude and the small ones resulting from the other backehange results in the polarization being identically zero,
ground components in the photoproduction process. It is hence no dotted line appears in either of these two figures for
easy to note that the full calculation is significantly reducedthe polarization. The reason for this is that the “potential”
with respect to thé® ;5 calculation for the photon asymmetry resulting from only vector meson exchange is spin indepen-
due to these interference effects. These effects highlight théent.

relevance of the polarization observables in studying the With respect to the Born terms, there are two uncertainties
background processes in thephotoproduction process. concerning theyNN vertex: (i) the magnitude of the cou-

In Fig. 4 we show the polarization and asymmetry forpling constant andii) the type of coupling, i.e., pseudoscalar
neutron knockout. As for the case of proton knockout, all(PS or pseudovectofPV) coupling. While for thewNN
components of the elementary amplitude contribute signifivertex there are convincing reasons, in terms of the low en-
cantly to the polarization observables, especially through thergy theorem and the approximate chiral symmetry of the
interference terms which are stronger for the case of the nel8U(2) X SU(2) group, to favor the PV over the PS coupling
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0.15¢ 1 0.15
[ ] FIG. 5. Variation of the recoil
012 1 0.12F nucleon polarization? and the
P ¥ ] photon asymmetr®, with respect
O'ng 1 0.09¢ to a change in the value of the
008k 1 oosh meson coupling constantg,,
; ] where 0.2<g,=<6.2. The graphs
0.03L 1 ooz on the left-hand siddright-hand
f ] side are for PS(PV) coupling at
0.00 —0.00 the »NN vertex. The values of the
0 35 0 coupling constant chosen in the
0.10 010 range specified above are shown
¥ on the graph of the polarization
008 1 008¢ ] for pseudovector coupling. The
2 006k 1 oosh ] calculations shown are for proton
B ' knockout from the p*? orbital of
0.04F 1 o004l ] 12C for an incident photon energy
¥ of 750 MeV and fixed missing
0.02} 1 002} ] momentum)p,,| =100 MeV. The
E ] calculation employed both th®;;
000~ s O T T T T T s and D5 resonances together with

the Born and vector meson terms.
0, (deg)

[52,53, such considerations are not necessarily valid for thehat the magnitude off,, also plays a role in investigating
7NN vertex as a consequence of the largeness oftheass  this ambiguity. To emphasize, the polarization is sensitive to
and the significant breaking of the chiral & X SU(3) the difference in the type of coupling whey is of the order
group [54,55. In Ref. [6] it is shown that an acceptable of 3.0, 5.0, or 6.2.

range for thepNN coupling constang,, is

O.2<gnS6.2. (21) B. Sensitivity to medium modifications
of the resonance masses

In Fig. 5, we show calculations of the recoil nucleon polar- In this section, we investigate the sensitivity of the
ization and the photon asymmetry for pseudoscalar anfucleéon polarization and photon asymmetry to medium
pseudovector coupling when the valuegofis varied in the ~ modifications of the masses of ti%, and D,3 resonances.
range specified in Eq21). The graphs on the left-hand side Since in the quasifree process the resonances propagate in
(right-hand sidg are for PS(PV) coupling at thepNN ver-  the nuclear medium as opposed to free space, one would
tex. The values of the coupling constant chosen in the rang@XPect changes in their physical properties such as effective
specified above are shown on the graph of the polarizatioasses. Now we examine the sensitivity of our observables
for pseudovector coupling. For the case of pseudoscaldP any possible medium modifications to thesée masses.
(pseudovector coupling, the polarizationasymmetry is We consider proton knockout from thep¥? orbital of
largely insensitive to variations in the value 9f,. When ’C with an incident photon energy &, =750 MeV and a
pseudovector coupling is employed, the polarization displaysnissing momentum offp,,| =100 MeV. For this calculation
significant variations over the entire angular range. In fact, itve used the Born and vector meson terms together with both
systematically decreases with an increase in the valgg, of resonances. In Fig. 6 the solid line corresponds to the free-
Note that the asymmetry with pseudoscalar coupling has exnass values, the dashed line to a decrease of 3%, and the
actly the opposite behavior in that it decreases with a delong-dash—short-dashed lines correspond to an increase of
crease in the value @, . In general, the pseudovector cou- 3% in the masses of th#; andD 3 resonances. The graphs
pling decreases the polarization for a fixed valugpf This  on the left-hand side of Fig. 6 show the sensitivity of the
decrease is more drastic the larger the valug,pis, as can polarization and the asymmetry to a change in the mass of
be seen by comparing the dotted line for the polarization fothe S;; resonance, while keeping the mass of g reso-
pseudoscalar and pseudovector coupling. The pseudovectoance fixed. For the graphs on the right-hand side, only the
coupling also tends to decrease the value of the photomass of theD ;5 resonance was varied.

asymmetry. The nonrelativistic analysis of Ref8] seems to The nucleon polarization shows little sensitivity over the
indicate that the data favors a pseudoscalar coupling at thentire angular range when only the mass of$)gresonance
n»NN vertex. This is in contrast to the analysis of the elemenis varied. The polarization is not sensitive to a decrease in the
tary process in Ref.6] where no conclusive evidence could mass of theD ;53 resonance. An increase in the masda#

be found for either type of coupling. However, caution mustleads to a significant reduction relative to the free-mass cal-
be exercised when comparing the two analyses, since theulation for the polarization. The photon asymmetry does
underlying dynamics are very different. Our results indicateexhibit some sensitivity to a change in the mas$gf. This
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FIG. 6. Effect on the unpolarized differential cross sectida/d k' d€,.dQ , recoil nucleon polarizatio, and photon asymmetiy
when the masses of tti2,; andS,, resonances are increaséahg-dash—short-dashed liner decrease@ashed lingby 3%. The solid line
corresponds to the free-mass value for the two resonances. The results shown are for proton knockout fioi ¢bital of *°C
employing both resonances together with the Born and vector meson terms. The incident photon eag#ggoi8 MeV and the missing
momentum is fixed a|u3m|= 100 MeV. The graphs on the left-hand side correspond to a variation in the massf tiesonance, while
keeping the mass of thB 5 resonance fixed. The graphs on the right-hand side correspond to a variation in only the masb gf the
resonance.

observable is more sensitive to variations in the mas3.ef  together with both the5;; and D,; resonances, as well as

in particular, an increase. This confirms the findings of Refpseudoscalar coupling. The calculations clearly indicate that
[28]; that is, the photon asymmetry is a very useful observihe nucleon polarization is practically target independent.
able to look for medium modifications for the resonancesThis finding is in agreement with that of R¢82] (although

Our results now indicate that in addition, the polarization isfor the kaon quasifree procéssn the relativistic case, the
also sensitive to medium maodifications to the mass of th?)hoton asymmetry does indeed exhibit some dependence on

D3 resonance. the nuclear target although the sensitivity is rather small. The
calculation for *2C and “He coincide, while the photon
C. Sensitivity to the nuclear target asymmetry for'0, 4°Ca, and?%®Pb are practically indistin-

In Fig. 7 we show results for the nucleon polarization andguishable. The apparent independence of the polarization ob-
the photon asymmetry as a function @f for a variety of servables to nuclear target effects appears to be a feature
nuclear targets. We considered valence proton knockout fromhared by various meson photoproduction procefils
the 1s'? orbital of “He, the 1p®? orbital of 1°C, the 1p*?

orbital of 1%0. the 1032 orbital of 4°Ca. and the 82 orbital D. Unpolarized differential cross section as a measure
of 2%%Pp. The incident photon energy was taken tobbe of the momentum distribution of the wave function
=750 MeV and the missing momentufp,,| =100 MeV. The momentum distribution of the bound nucleon is cus-

The calculations employed the Born and vector meson term@marily measured by electron scatterif®8]. In this sec-
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[ e \ ] a function of the missing momentum for proton knockout from the
0.09¢ //// o 4 \ ] 1p®? orbital of **C. The incident photon energy B,=750 MeV
[ ( C, He) ] and the momentum transfer is fixed|gt=400 MeV. The dashed
0.06 b ] lined represents the parametey (up to an arbitrary scalewhich
[ ] is proportional to the momentum distribution of the bound-proton
0.05¢ ] wave function.
0.00 I N N B B . . . .
0 = 14 1 o3 35 The emphasis was on the polarization observables, since they

are very sensitive to the underlying dynamics but largely
@77 (deg) insensitive to distortion and nuclear target effects. The use of
a plane-wave formalism greatly simplifies the calculation of
FIG. 7. Recoil nucleon polarizatio and photon asymmetry the transition matrix element. Gardner and Piekarewicz
(%) for a variety of nuclear targets as a functionéyf. The results  showed in Ref[36] that by introducing a bound-state propa-
shown are for the knockout of valence protons from the particulargatOr one can still writ¢M|2 in terms of traces over Dirac
nucleus and employed both ti%, and D,3 resonances together matrices. This not only allows one to use Feynman's trace
with the Born and vector meson terms. The mcEJIent photon enerd¥echniques even for quasifree scattering, but additionally re-
is E,=750 MeV and the missing momentum fis,|=100 MeV.  gyjts in analytical expressions for the spin observables. The
The curves corresponding to a particular group of nuclei are showp g nd-state wave function of the bound nucleon was calcu-
on the graph of the asymmetry. lated within a relativistic mean-field approximation to the
Walecka model. For the elementary process we used the ef-
tion, we illustrate the remarkable similarity between thefective Lagrangian approach of Benmerrouche, Zhang, and
cross section and the momentum distribution of the boundlukhopadhyay[6,29,30.
nucleon forz photoproduction. In Fig. 8, we show the un-  We investigated the sensitivity of the various observables
polarized cross sectiofsolid line) as a function of the miss- to the elementary amplitude, medium modifications to the
ing momentum for proton knockout from thep:jfz orbital of  masses of thes;; and D5 resonances, as well as nuclear
12C. The incident photon energy was taken to Be  target effects. Our results indicate that the nucleon polariza-
=750 MeV and the momentum transfer is fixed |af tion is practically target independent, whereas the asymmetry
— 400 MeV. For this calculation we have used the Born angeXhibits some small sensitivity. The polarization observables
vector meson terms together with both Bg andD, 5 reso- &€ Very sensitive to the elementary amplitude. We find that,
nances. The dashed line represents the pararBigtéop to N contrast to coherenﬁ photoproduptlon, th&;; resonance
an arbitrary scalewhich is proportional to the momentum completely dominates the unpolarized cross section. How-
distribution of the bound-proton wave functidisee Eq. €Ver: the two spin observables are dominated by the back-
(190)]. The similarity between the momentum distribution of 9round processes in the elementary amplitude and especially

the bound-proton wave function and the cross section is ursensitive to theD,5 resonance contribution. As a conse-
deniable. Beyond 300 MeV, the cross section quickly tend§luénce, the polarization and asymmetry are considerably

to zero. A similar result was obtained in RE82] for kaon ~ Sensitive to variations in the mass of tDg; resonance. In-
photoproduction. deed, a variation in the mass of this resonance leads to sig-

nificant effects in the polarization and asymmetry. This find-
ing agrees with the nonrelativistic analysis of R&8]. The
polarization and asymmetry are useful tools to study the two

In this paper we have studied quasifreephotoproduc- ambiguities at theyNN vertex. The sensitivity of these ob-
tion via the calculation of the differential cross section, theservables to the magnitude of the coupling constant depends
recoil nucleon polarization, and the photon asymmetry usingo a large extent on the type of coupling. The polarization
a relativistic plane-wave impulse approximation formalism.(asymmetry is insensitive to the magnitude of the coupling

IV. CONCLUSIONS
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constant for pseudoscalgrseudovectgrcoupling. However, jective of this paper is now clear: to probe medium modifi-
the polarizationflasymmetry does indeed exhibit a sensitiv- cations to theS,; resonance, measure the differential cross
ity to the magnitude of the coupling constant for pseudovecsection, to study the background processes and their medium

tor (pseudoscalarcoupling. modifications, measure the polarization observables.
The z photoproduction process shares many features with

kaon photoproduction when viewed within a relativistic
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