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We study the coherent photoproduction of pseudoscalar mesons—patrticularly of neutral pions—placing
special emphasis on the various sources that put into question earlier nonrelativistic-impulse-approximation
calculations. These include final-state interactions, relativistic effects, off-shell ambiguities, and violations to
the impulse approximation. We establish that while distortions play an essential role in the modification of the
coherent cross section, the uncertainty in our results due to the various choices of optical-potential models is
relatively small(at most 30% By far the largest uncertainty emerges from the ambiguity in extending the
many on-shell-equivalent representations of the elementary amplitude off the mass shell. Indeed, relativistic
impulse-approximation calculations that include the same pionic distortions, the same nuclear-structure model,
and two sets of elementary amplitudes that are identical on-shell, lead to variations in the magnitude of the
coherent cross section by up to factors of 5. Finally, we address qualitatively the assumption of locality implicit
in most impulse-approximation treatments, and suggest that the coherent reaction probes—in addition to the
nuclear density—the polarization structure of the nucl¢86556-281®9)03410-X

PACS numbdss): 25.20—-x, 14.40.Aq, 24.10.Jv

[. INTRODUCTION tary process but predicted to be absent from the coherent
reaction[4]—appears to make a non-negligible contribution
The coherent photoproduction of pseudoscalar meson® the coherent process. Finally, to our knowledge, a com-
has been advertised as one of the cleanest probes for studyehensive study of possible violations to the impulse ap-
ing how nucleon-resonance formation, propagation, and dgroximation, such as the modification to the production,
cay get modified in the many-body environment; for currentpropagation, and decay of nucleon resonances in the nuclear
experimental efforts see Refl]. The reason behind such medium, has yet to be done.
optimism is the perceived insensitivity of the reaction to In this paper we concentrate—in part because of the ex-
nuclear-structure effects. Indeed, many of the earlier nonrelpected abundance of new, high-quality experimental
ativistic calculations suggest that the full nuclear contribu-data—on the coherent photoproduction of neutral pions. The
tion to the coherent process appears in the form of its mattezentral issue to be addressed here is the off-shell ambiguity
density [2—5]—itself believed to be well constrained from that emerges in relativistic descriptions and its impact on
electron-scattering experiments and isospin considerations.extracting reliable resonance parameters; no attempt has
Recently, however, this simple picture has been put intdoeen made here to study possible violations to the impulse
guestion. Among the many issues currently addressed—arapproximation or to the local assumption. Indeed, we carry
to a large extent ignored in all earlier analyses—are backeut our calculations within the framework of a relativistic
ground(nonresonantprocesses, relativity, off-shell ambigu- impulse approximation model. However, rather than resort-
ities, nonlocalities, and violations to the impulse approxima-4ng to a nonrelativistic reduction of the elementapiN
tion. We discuss each one of them in the manuscript. For- 7N amplitude, we keep intact its full relativistic structure
example, background contributions to the resonancef9]. As a result, the lower components of the in-medium
dominated process can contaminate the analysis due to intdbirac spinors are evaluated dynamically in the Walecka
ference effects. We have shown this recently for themodel[10].
n-photoproduction process, where the background contribu- Another important ingredient of the calculation is the
tion (generated bys-meson exchanges in fact larger than final-state interactions of the outgoing pion with the nucleus.
the corresponding contribution from th2,4(1520) reso- We address the pionic distortions via an optical-potential
nance[6]. In that same study, as in a subsequent[@jewe  model of the pion-nucleus interaction. We use earlier models
suggested that—by using a relativistic and model-of the pion-nucleus interaction plus isospin symmetry—since
independent parametrization of the elementaiy— yN these models are constrained mostly from charged-pion
amplitude—the nuclear-structure information becomes sensdata—to construct the neutral-pion optical potential. How-
tive to off-shell ambiguities. Further, the local assumptionever, since we are unaware of a realistic optical-potential
implicit in most impulse-approximation calculations, and model that covers thA-resonance region, we have extended
used to establish that all nuclear-structure effects appear exae low-energy work of Carr, Stricker-Bauer, and McManus
clusively via the matter density, has been lifted by Peters11] to higher energies. In this way we have attempted to
Lenske, and Mose[8]. An interesting result that emerges keep at a minimum the uncertainties arising from the optical
from their work on coherenty photoproduction is that the potential, allowing concentration on the impact of the off-
S,1(1535) resonance—known to be dominant in the elemenshell ambiguities to the coherent process. A paper discussing
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this extended optical-potential model will be presented 300 ——————— ——— 10
shortly[12]. Finally, we use an elementamyN— 7°N am- —— RDWIA
plitude extracted from the most recent phase-shift analysis o ——- RPWIA
Arndt, Strakovsky, and Workmar 3.

Our paper has been organized as follows. In Sec. Il and ir
the Appendix we discuss in some detail the pion-nucleus_ 2 r
interaction and its extension to tieresonance region. Sec- <
tion 11l is devoted to the central topic of the paper: the large =3
impact of the off-shell ambiguity on the coherent cross sec-%

u

tion. Section IV includes a qualitative discussion on several-g 2\ 110°
important mechanisms that go beyond the impulse- " [/ \ !
approximation framework, but that should, nevertheless, be ! \ © ! -
included in any proper treatment of the coherent process ] Y Ca !
Finally, we summarize in Sec. V. A \ E~168 MeV

i N~ 6

00 30 60 90 120 150 180 30 60 90 120 150 180
1. PIONIC DISTORTIONS ecm_(deg)

Pionic distortions play a critical role in all studies involv-

ing pion-nucleus interactions. These distortions are stron roduction reaction fronf’Ca atE.—168 MeV using the vector
- S - - y

and’ th:'ls’ mOdIfyI.SIQnmC;mg f”mﬁ/ prg)cess hrelatlv.e to I',tsrepresentation for the elementary amplitude wisilid line) and

naive plane-wave limit. Indeed, it has been shown in ear 1€{yithout (dashed ling the inclusion of distortions. Results on the

studies of the coherent pion photoproduction process—anglgright) panel are plotted using a lindkgarithmio scale.
verified experimentally14]—that there is a large modifica-

tion of the plane-wave cross section once distortions are in- lculati | thmi al b that the di
cluded. Because of the importance of the pionic distortionscculations on a logarithmic scaee observe that the dis-

any realistic study of the coherent reaction must invoke thenflort'onS have caused a substantial back-angle enhancement

from the outset. However, since a detailed microscopicdue to a different sampling of the nuclear density, relative to

model for the distortions has yet to be developed, we havéhe plane-wave calculation. This has resulted in a small—but

resorted to an optical-potential model. This semiphenomend?c?t negligible—shift of about 10° in the position of the

logical choice implies some uncertainties. Thus, pionic dis:" " a- The back-angle enhancement, with its correspond-

tortions represent the first challenge in dealing with the colN9 Sh'ft.'n the position of the minimum, has been seeninour
herent photoproduction processes. calculations also at dlffe_rent incident photon energies. _
We have used earlier optical-potential models of the pion- The effect of distortions on the total photoproduction

nucleus interaction, supplemented by isospin symmetry, tGross sect|.on f'ron‘i Caasa funqﬂon of the photpn energy 1s
construct them®-nucleus optical potential. Moreover, we displayed in Fig. 2. The behavior of the the distorted cross

have extended the low-energy work of Carr, Stricker-Bauer,

and McManug11] to the A-resonance region. Most of the 4000

formal aspects of the optical potential have been reserved t 40 - ggv"\‘l’l'ﬁ

the Appendix and to a forthcoming publicatifit2]. Here we Ca Lo

proceed directly to discuss the impact of the various choices 3000 | / \

of optical potentials on the coherent cross section. / \
Results.The large effect of distortions can be easily seen / \

in Fig. 1. The left panel of the grapiplotted on a linear ~ _ / \

scale shows the differential cross section for the coherentg a0 | / \

photoproduction of neutral pions frofiCa at a laboratory © / \

energy ofE,=168 MeV. The solid line displays our results / AN

using a relativistic distorted-wave impulse approximation / N

(RDWIA) formalism, while the dashed line displays the cor- 1000 | y AN

responding plane-wave resulRPWIA). The calculations . ~

have been done using a vector representation for the elemer e

tary yN— 7°N amplitude. Note that this is only one of the

many possible representations of the elementary amplitud %50 200 250 300 350 400

that are equivalent on-shell. A detailed discussion of these E.(MeV)

off-shell ambiguities is deferred to Sec. lll. At this specific v

photon energy—one not very far from threshold—the distor- £, 2. Total cross section for the coherent pion photoproduc-

tions have more than doubled the value of the differentiation reaction from*®Ca as a function of the photon energy in the

cross section at its maximum. Yet, the shape of the angulaaboratory frame witi{solid line) and without(dashed linginclud-

distribution seems to be preserved. However, upon closéng pionic distortions. A vector representation for the elementary

examination(the right panel of the graph shows the samepart of the amplitude is used.

FIG. 1. Differential cross section for the coherent pion photo-
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section is explained in terms of a competition between the 500

attractive realdispersive part and the absorptive imaginary “ca

part of the optical potential. Although the optical potential

encompasses very complicated processes, the essence of t 400 —— Full distortions ]
physics can be understood in terms dfesonance domi- ‘\\ 1727 CSM distortions

nance. lronically, the behavior of the dispersive and the ab- i | —-— K2 distortions

sorptive parts are caused primarily by the same mechanisirs 300 | ]
A-resonance formation in the nucleus. The mechanism be<= Ey=186 MeV

hind the attractive real part is the scattering of the pion from%
a single nucleon—which is dramatically increased in theg 200 -
A-resonance region. In contrast, the absorptive imaginary
part is the result of several mechanisms, such as nucleol
knock-out, excitation of nuclear states, and two-nucleon pro- 100 -
cesses. At very low energies some of the absorptive channel
are not open yet, resulting in a small imaginary part of the
potential. This in turn provides a chance for the attractive 0 20 20 60 mo 100 120 10 1e0 780
real part to enhance the coherent cross section. As the ener¢ 6. (deg)
increases, specifically in thA-resonance region, a larger cm.
number of absorptive channels become available leading to @ fig. 3. Differential cross section for the coherent pion-
large dampening of the cross section. Although the attractivgpotoproduction reaction froffCa atE, =186 MeV (resulting in
part also increases around theresonance region, this in- the emission of a 50 MeV pionusing different optical-potential
crease is more than compensated by the absorptive pamhodels. All of these models are equivalent insofar as they fit prop-
which greatly reduces the probability for the pion to interacterties of pionic atoms and-nucleus scattering data. A vector rep-
elastically with the nucleus. resentation for the elementary part of the amplitude is used.

Since understanding pionic distortions constitutes our first
step towards a comprehensive study of the coherent procesgat did not deviate much from their pionic-atom values, the
it is instructive to examine the sensitivity of our results to K2 fit allowed them to vary freely, so as to obtain the best
various theoretical models. To this end, we have calculate@ossible fit.
the coherent cross section using different optical potentials, Results for the coherent photoproduction cross section
all of which fit 7-nucleus scattering data as well as the propfrom “°Ca at a photon energy &, =186 MeV (resulting in
erties of pionic atoms. We have started by calculating thehe emission of a 50 MeV pignfor the various optical-
coherent cross section using the optical potential developegotential models are shown in Fig. 3. In the plot, our results
by Carr and collaboratorgL1]. It should be noted that al- are labeled full-distortiongsolid line) while those of Carr,
though our optical potential originates from the work of Carr Stricker-Bauer, and McManus as CS(ghort dashed line
and collaborators, there are still significant differences bethose obtained with the four-parameter Kisslinger potential
tween the two sets of optical potentials. Some of these difgre labeled K1(long-dashed lineand K2 (dot-dashed ling
ferences arise in the manner in which some parameters argspectively. It can be seen from the figure that our calcula-
determined. Indeed, in our case parameters that have thejpn differs by at most 30% relative to the ones using earlier
origin in pion—single-nucleon physics have been determine¢orms of the optical potential. Note that we have only pre-
from a recentr-N phase shift analysigl5], while Carr and  sented results computed using the vector parameterization of
collaborators have determined them from fits to pionic-atomhe elementary amplitude. Similar calculations done with the
data. Moreover, we have included effects that were not eXtensor amp”tude(not ShOWI) d|sp|ay optica|_mode| uncer-
plicitly included in their model, such as Coulomb correctionstainties far smalleof the order of 5% than the ones re-
when fitting to charge-pion data. ported in Fig. 3. In conclusion, although there seems to be a

In addition to the above potentials, we have calculated theon-negligible uncertainty arising from the optical potential,
coherent cross section using a simple four-parametethese uncertainties pale in comparison to the large off-shell
Kisslinger potential of the form ambiguity, to be discussed next.

IIl. OFF-SHELL AMBIGUITY

> > w 2
20U=—4m beﬁp(r)_CeﬁVp(r)'VJrCe“mv p(r)]. The study of the coherent reaction represents a challeng-
(1) ing theoretical task due to the lack of a detailed microscopic
model of the process. Indeed, most of the models used to
date rely on the impulse approximation: the assumption that
Note that we have used two different sets of parameters fahe elementaryyN— 7N amplitude remains unchanged as
this Kisslinger potential, denoted by K1 and K21]. Both  the process is embedded in the nuclear medium. Yet, even a
sets of parameters were constrainedmgucleus scattering detailed knowledge of the elementary amplitude does not
data and by the properties of pionic atoms. However, whilgguarantee a good understanding of the coherent process. The
the K1 fit was constrained to obtaing; and c.¢ parameters  main difficulty stems from the fact that there are, literally, an
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infinite number of equivalent on-shell representations of the 1

elementary amplitude. These different representations of the M1=—y*£k= Esﬂvaﬁeukvaaﬁ

elementary amplitude—although equivalent on-shell—can

give very different results when evaluated off-shell. Of i p Q. 1

course, this uncertainty is present in many other kind of =5 E“k”M_N LTV [£(k-p)—k(e p)]
nuclear reactions, not just in the coherent photoproduction

process. Yet, this off-shell ambiguity comprises one of the 5 , )

biggest, if not the biggest, hurdle in understanding the coher- - m [é(k-p")—k(e-p")], ®)
ent photoproduction of pseudoscalar mesons.

to obtain the following representation of the elementary am-
A. Formalism plitude:

Before discussing the off-shell ambiguity, let us set the 4
background by introducing some model-independent results T( 7N—>7TON)=E Bi(s,t)N;, (6)
for the differential cross section. Using the relativistic for- i=1
malism developed in our earlier woifl6], the differential
cross section in the center-of-momentum framen,) for the
coherent photoproduction of pseudoscalar mesons is giv

” B,=A;, N L puras k Q 7
do - My |2 o, 1=A1, NiT5¢8 STy I cE (7a)
da/ 147w/ ke,

My
1 2 2 H 2
Ekc.m.qgm.s"’.'2 Oc.m. |F0(31t)| ) (2)

where the new invariant amplitudes and Lorentz structures
cye now defined as

B,=A,, N2:M2:27’5[(6' p)(k-p")—(e-p")(k-p)],
(7b)

Bs=A3—A;/2My, N3=M3z=y’[£(k-p)—k(e-p)],

X

where M+ is the mass of the target nucleus. Note tWat (70)
Ocm., Kem, andg.,, are the tota_l energy, scattering angle, B,=A,—A/2My, Ny=M =5 £(k-p')—K(e-p')].
photon, andm-meson momenta in the c.m. frame, respec-
tively. Thus, all dynamical information about the coherent (7d)
process is contained in the single Lorentz-invariant form facNote that we have introduced the four-momentum transfer
tor Fqo(s,t); this form-factor depends on the MandelstamQ#=(k—q)*=(p’—p)*. Although clearly different, Egs.
variabless andt. (3) and (6) are totally equivalent on-shell: no observable

We now proceed to compute the Lorentz invariant formmeasured in the elementapgN— 7°N process could distin-
factor in a relativistic impulse approximation. In order to do guish between these two forms. We could go on. Indeed, it is
so, we need an expression for the amplitude of the elememwell known that a pseudoscalar and a pseudovector represen-
tary processyN— 7°N. We start by using the “standard” tation are equivalent on shell. That is, we could substitute the
model-independent parametrization given in terms of foupseudoscalar vertex iN, andM, by a pseudovector one:
Lorentz- and gauge-invariant amplitudes9]. That is, o

5

a YoV ®
T(N=7N) =3, A(sM; 3) N

The possibilities seem endless.

Given the fact that there are many—indeed infinite—
equivalent parametrizations of the elementary amplitude on-
shell, it becomes ambiguous on how to take the amplitude
off the mass shell. In this work we have examined this off-

where A;(s,t) are scalar functions o andt, and for the
Lorentz structure of the amplitude we use the standard set

M=y, (43 shell ambigui i i
guity by studying the coherent process using the
“tensor” parametrization, as in Eq.3), and the “vector”
M,=2[(e-p)(k-p")—(e-p")(k-p)], (4b)  parametrization, as in E6). Denoting these parameteriza-
tions as tensor and vector originates from the fact that for the
Ms=y°[&(k-p)—kK(e-p)], (4c)  coherent process from spherical nugkich as the ones con-
sidered herethe respective cross sections become sensitive
My=17[Ek-p')—K(e-p')]. (4d)  toonly the tensor and vector densities, respectively. Indeed,

the tensor parametrization yields a coherent amplitude that

This form, although standard, is only one particular choice®Pends exclusively on the ground-state tensor def8jty

for the elementary amplitude. Many other choices—all of oce
them equivalent on shell—are possible. Indeed, we could NEli=S 2000 6% ()
have used the relation—valid only on the mass shell, Lpr(r)7] Ea: 2(X) 0 USX);
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occ because of distortions—from the pion momentum

pT(I‘)ZE (Ja—21>29a(r)fa(r), 9 immediately after the photoproduction process. Since the
a | Amt “local” pion momentum in the interaction region is the
physically relevant quantity, we have replaced the
asymptotic pion momentuig by the pion-momentum opera-
%)r (—=iV). Thus, in evaluating the scattering matrix element
~=(m(q);A(p")|I*|A(p); y(k,e~)), we arrive at an inte-
gral of the form:

wherel/,(x) is an in-medium single-particle Dirac spinor,
0a(r) andf,(r) are the radial parts of the upper and lower
components of the Dirac spinor, respectively, and the abov
sums run over all the occupied single-particle states.

The vector parametrization, on the other hand, leads to
coherent amplitude that depends on timelike-vector—or

N * ‘ r
matter—density of the nucleus, which is defined as s”moeiij d3X[V o) (x)]me'k'xgvT()
N
occ -
)=, U (X) YUL(X); K| [(1+1) .
PN =2 Us(X) Y Ua(X) —=2m s A Sy )
occ .
2j,+1) )
pv(r)=§a: g, )[ga(r)+fa(r)]- (10 xf r2drpy(rnR(r), (12
In determining these relativistic ground-state densities, wevhere
have used a mean-field approximation to the Walecka model
[10]. In doing so, we have maintained the full relativistic R(F=i . (k a 1y
structure of the process. In the Walecka model, one obtains (1) =J1+a(kn) dr r biq (")

three nonvanishing ground state densities for spherical, spin-
saturated nuclei. These are the timelike-vector and tensor
densities defined earlier, and the scalar density given by

[+1

d (+) 13
e P A—CE

oo Note that we have introduced the distorted pion wave func-

ps(1)= 2 Up(X) U (X); tion ¢{~)(x), the spherical Bessel functions of order 1,
‘ and the=* sign for positive/negative circular polarization of
oce j.+1 the incident photon. Moreover, adopting tge>—iV pre-
ps(r)ZE ( a > )[gg(r)_fg(r)]_ (1D scription, has resulted, as in the tensor d&dein no s-wave
4mr (I1=0) contribution to the scattering amplitude. This is also

. in agreement with the earlier nonrelativistic calculation of
All other ground-state densities—such as the pseudoscalgfqs [2]. Finally, we have obtained the four Lorentz- and

and axial-vector densities—vanish due to parity Conservaiauge-invariant amplitudea (s,t) for the elementary pro-

tion. This is one of the appealing features of the coherenloqq from the phase-shift analysis of the VPI grpii)
reaction; because of the conservation of parity, the coherent '

process becomes sensitive to only olg)(of the possible
four, elementary amplitudes. Moreover, this suggests that,
depending on the adopted parametrization of the elementary Based on the above formalism, we present in Fig. 4 the
amplitude, only matrix elements of eithier; or N; [Eqg. (48 differential cross section for the coherent photoproduction of
or Eq. (78] between in-medium Dirac spinors must be neutral pions fronf°Ca at a photon energy &, =230 MeV
evaluated. Because of the structure of these operators, gaugging a relativistic impulse approximation approach. Both
invariance is still maintained in the coherent process. It igensor and vector parametrizations of the elementary ampli-
important to note that the three nonvanishing relativistictude were used. The off-shell ambiguity is immense; factors
ground-state densities are truly independent and constitutgf two (or morg are observed when comparing the vector
fundamental nuclear-structure quantities. The fact that in thand tensor representations. It is important to stress that these
nonrelativistic framework2-5,14 only one density survives calculations were done by using the same nuclear-structure
(the scalar and vector densities become equal and the tensmodel, the same pionic distortions, and two elementary am-
density becomes dependent on the vector @melue to the plitudes that are identical on-shell. The very large discrep-
limitation of the approach. Indeed, in the nonrelativisticancy between the two theoretical models emerges from the
framework one employs free Dirac spinors to carry out thedynamical modification of the Dirac spinors in the nuclear
nonrelativistic reduction of the elementary amplitude. Hencemedium, and not from changes to the elementary production
any evidence of possible medium modifications to the ratimmplitude(assessing the impact of medium modifications to
of lower-to-upper components of the Dirac spinors is lost. the elementary amplitude remains an important open ques-
Before presenting our results we should mention a “con+ion). Indeed, in the nuclear medium the tensor density—
ventional” off-shell ambiguity. In the vector parametrization which is linear in the lower-component of the Dirac spinors
of Eg. (6) the amplitude includes the four-momentum trans-[see Eq(9)]—is strongly enhanced due to the presence of a
fer Q=(k—q). While the photon momenturk is well de- large scalar potentiaithe so-called ‘M* effect”). In con-
fined, the asymptotic pion three-momentanis different—  trast, the conserved vector density is insensitive toNHe

B. Results
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1500 | ——- RDWIA vecior | 1000 r ]
] oo e RPWIA tensor 900 | L ]
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— 800 ! E A B
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700 L ]
3 = i [
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Q1000 . g so0f I N i
= 2 ! j !
) g sof | F ‘l .
o i i
401 s R ]
|
s00f | b ]
500 . | |
200 F 4o\ ]
/ ]
100 |/ ] -
' 7 S E\WAN \ ‘
N —— 0 30 60 9 120 30 60 9 120 30 60 9 120
' ST 6, (deg)

180

production reaction frorfi®Ca atE.,= 230 MeV with(RDWIA) and

FIG. 5. Differential cross section for the coherent pion photo-
FIG. 4. Differential cross section for the coherent pion photo-Production reaction fof°Ca at a variety of photon energies using a

without (RPWIA) pionic distortions. Tensor and vector parametri- Parametrizations of the elementary amplitude are used.

zations of the elementary amplitude are used.

RDWIA formalism. Tensor(dashed ling and vector(solid line)

ambiguity thar*°Ca. In Fig. 7 we show the differential cross

effect. Yet the presence of the large scalar—and vector—Section for the coherent process frdfC at a photon energy

potentials in the nuclear medium is essential in accountin@ E,=173 MeV. The off-shell ambiguity for this case is
for the bulk properties of nuclear matter and finite nucleiStriking; at this energy the tensor result is five times larger

[10]. While the nuclear structure model used here is know
to yield the smallesM™ and, thus, the largest discrepancy
between the vector and tensor results, the qualitative pictu
should remain unchanged, even as more realistic nuclealrf-
structure models are incorporated. Moreover, the large dis1-o
crepancy between the calculations cannot be attributed to gl

is strictly maintained in all of our calculatiorisee Eq(5)].

We have compared our theoretical results to preliminary
and unpublished daf@ot shown provided to us courtesy of
Krusche[16]. The data follows the same shape as our calcu-
lations but the experimental curve seems to straddle betwee
the two calculations, although the vector calculations appear:
closer to the experimental data. This behavior—a closer
agreement of the vector calculation to data—has been ob
served in all of the comparisons that we have done so far.

In Fig. 5 we present results for the differential cross sec-
tion from #°Ca at a variety of photon energies, while in Fig.
6 we display results for the total cross section. By examining

always predicts a large enhancement of the cross section-
irrespective of the photon incident energy and the scattering
angle—relative to the vector predictions. As stated earlier,
this large enhancement is inextricably linked to the corre-
sponding in-medium enhancement of the lower components

han the vector prediction. The additional enhancement ob-
served here relative tfCa is easy to understand on the basis
r(éf some of our earlier work7]. Indeed, we have shown in
our study of the coherent photoproductionspmesons, that

one artificially adopts an in-medium ratio of upper-to-

ey become related by

PT(Q):_Zﬁ_NPV(Q)-

wer components identical to the one in free space, then the
. . . ) 10 88nsor and vector densities are no longer independent; rather,
improper treatment of gauge invariance, as gauge invariangg,

(14)

8000

7000

6000

5000 [

)
3, 4000 |
these graphs one can infer that the tensor parametrizatio g

3000

2000

1000

RPWIA

RDWIA

—— Vactor
——- Tensor

of the nucleon spinors. Moreover, the convolution of the
tensor and vector densities with the pionic distortions give
rise to similar qualitative, but quite different quantitative,

behavior on the energy dependence of the corresponding co-
herent cross sections. FIG. 6. Total cross section for the coherent pion photoproduc-

In order to explore thé\ dependence of the qoherent pro- tion reaction from*°Ca as a function of the photon energy with
cess, we have also calculated the cross section fi@rat  (right pane) and without (left pane) pionic distortions. Tensor
various photon energies. This is particularly relevant for ouridashed lingand vector(solid line) parametrizations of the elemen-

present discussion, d@$C displays an even larger off-shell tary amplitude are used.

200 250 300 350 400

350
E,{ (MeV)

0 . . .
150 200 250 300 400
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FIG. 7. Differential cross section for the coherent pion photo-  F!G- 8. Differential cross section for the coherent pion photo-
production reaction from2C at E,=173 MeV. Tensor(dashed production reaction fromt?C as a function of photon energy at a

line) and vector(solid line) parametrizations of the elementary am- fixed laboratory angle ofj,,=60°, with and without pionic distor-
plitude are used. The experimental data is from IRET]. t!ons. Tensor(dashed Ilne)saqd vector(solid lineg parametrlza-
tions of the elementary amplitude are used. The experimental data

. . . is from Ref.[20].
However, this relation was proven to be valid only for

closed-shell nuclei. A$%C is an open-shell nucleuslosed _ , _ o
p%2 but openp¥’2 orbitaly an additional enhancement of the calculations predict a maximum around 295 MeV. It is likely

tensor density—above and beyond e effect—was ob- that this energy “shift” might be the. result of the forma'tion
served. Figure 7 also shows a comparison of our results witgnd Propagation of thé resonance in the nuclear medium.
the experimental data of RdfL7]. It is clear from the figure ~C€arly, in an impulse-approximation framework, medium
that the vector representation is closer to the data; note thaodifications to the elementary amplitude—arising from
the tensor calculation has been divided by a factor of 5. Eveff1@Ng€s in resonance properties—cannot be accounted for.
so, the vector calculation also overestimates the data by €t @ binding-energy correction of about 40 MeV due to the
considerable amount. A-nucleus interaction has been suggested before. Indeed,
For further comparison with experimental data we haves,“Ch a shift Would_ also explain t.he discrepancy in the posi-
calculated the coherent cross section fri@ at photon en- N of our theoretical cross sections 1Ca, relative to the
ergies ofE, =235, 250, and 291 MeV. In Table | we have (unpublishegl da'ta by Krgsche and coIIaboratQﬂﬁ;I. More-
collated our calculations with experimental data published by?Ver: such a shift—albeit of only 15 MeV—was invoked by

Arends and collaboratorgl8] for E.=235 and 291 MeV Peters, Lenske, and Mosid] in their recent calculation of
and with data presented by Boéﬂ19] and Nagl De. the coherent pion-photoproduction cross section. Yet, a de-

vanathan, and berall[14] for E.,.,= 250 MeV. The experi- tailed study _of modifications to hadr_onic properties_ in t.he
mental data exhibits similar patterns as our calculations ~ "Ucléar medium must go beyond the impulse approximation;

shown but the values of the maxima of the cross section ar .tOp'C ogts[de the Scope of the present wqu. Howevgr, a
different. The tensor calculations continue to predict large?/€f qualitative discussion of possible violations to the im-
enhancement factor®f 5 and more relative to the vector pulse approximation is given in the next section.

calculations. More importantly, these enhancement factors V€ conclude this section by presenting in Figs. 8 and 9, a

are in contradiction with experiment. The experimental dat"®MpParison between our plane- and distorted-wave calcula-

appears to indicate that the maximum in the differential cros%'ons with experimental data for the coherent cross section

1 . .
section from%C is largest at about 250 MeV, while our 'TO™M °C as a function of photon energy for a fixed angle of
0i.b=60°. The experimental data from MAMI is contained

in the doctoral dissertation of Schmit20].
Perhaps the most interesting feature in these figures is the
very good agreement between our RDWIA calculation using

TABLE I. Maxima of the differential cross sectidin ub) for
the coherent pion photoproduction reaction fr&i@ at various en-

ergies. the vector representation and the data—if we were to shift
E, (MeV) Tensor Vector Experiment our res_ults by+ 25 MeV. Indeed, this_ effect is most cl_early
appreciated in Fig. 9, where the shifted calculation is now
235 694 116 105 represented by the dashed line. In our treatment of the co-
250 731 133 190 herent process, the detailed shape of the cross section as a
291 786 186 175 function of energy results from a delicate interplay between

several effects arising frorta) the elementary amplitude—
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FIG. 10. Pictorial representation of the impulse approximation
for the coherent photoproduction of pseudoscalar mesons. Note that
the elementary amplitude is evaluated using the optimal prescrip-

tion (see, for example, R¢B]).

50

do/dQ (ub)

40

30 |
local assumption remains an important open problem for the
20 | . . . .
future (for a qualitative discussion see Sec.) IV

10

0 , , ) ~ IV. VIOLATIONS TO THE IMPULSE APPROXIMATION
150 200 250 300 350 400 ) ) o o
E, (MeV) In this section we address an additional ambiguity in the

formalism, namely, the use of the impulse approximation.
FIG. 9. Differential cross section for the coherent pion photo-The basic assumption behind the impulse approximation is

production reaction front’C as a function of photon energy at a that the interaction in the medium is unchanged relative to its
fixed laboratory angle oﬂ,at_,= 6_0°, with pionic distortions a_md Us- free-space value. The immense simplification that is
ing only a vector parametrization of the elementary amplitude. Theychieved with this assumption is that the elementary interac-
same cal_culatlon—lnclu_dlng a shift _of 25 MeV is also included tion now becomes model independent, as it can be obtained
(dashed ling The experimental data is from R¢20]. directly from a phase-shift analysis of the experimental data

(see, for example, Ref13]). The sole remaining question to
which peaks at the position of the delta resonankg ( be answered is the value efat which the elementary am-
=340 MeV from a free nucleon and slightly lower here be-plitude should be evaluated, as now the target nucleon is not
cause of the optimal prescriptid]), (b) the nuclear form free but rather bound to the nuclegee Fig. 10 This ques-
factor—which peaks at low-momentum transfer, godthe  tion is resolved by using the “optimal” prescription of Gur-
pionic distortions—which strongly quench the cross sectionditz, Dedonder, and Amadf22], which suggests that the
at high energy, as more open channels become available. Vgementary amplitude should be evaluated in the Breit frame.
believe that the pionic distortior(see Sec. Jas well as the  1hen, this optimal form of the impulse approximation leads
nuclear form factor have been modeled accurately in thd® @ factorizable and local scattering amplitude—with the
present work. The elementary amplitude, although obtaine&uclear—struc’[ure information contalned_ln awell-o_letermlned
from a recent phase-shift analysis by the VPI grgag], vector form factor. Moreover, as the final-state interaction

. . S ; between the outgoing meson and the nucleus is well con-
remains one of the biggest uncertainties, as no microscopig,

model has been used to estimate possible medium modiﬁcs;rained from other data, a parameter-free calculation of the
. ) pos : oherent photoproduction process ensues.

tions to the on-shell amplitude. Evidently, an important This form of the impulse approximation has been used
modification might arises from the production, propagation

dd fth in th I i q d’vvith great success in hadronic processes, such ap, ' (
and decay of tha resonance in the nuclear medium. Indeed,,q ;1) reactions, and in electromagnetic processes, such
a very general result from hadronic physics, obtained fro

- ) ) Mhs in electron scattering. Perhaps the main reason behind this
analyses of quasielastip(n) and (He.t) experiment§21],  gyccess is that the elementary nucleon-nucleon or electron-
is that the position of tha peak in nuclear targets is lower nycleon interaction is mediated exclusively byhannel
relative to the one observed from a free proton target. exchanges—such as arising from, or o exchange. This
However, it is also well known that such a shift is not implies that the local approximatidie., the assumption that
observed when thé resonance is excited electromagneti-the nuclear-structure information appears exclusively in the
cally [21]. This apparent discrepancy has been attributed téorm of a local nuclear form factpiis well justified. For the
the different dynamic responses that are being probed by theoherent process this would also be the case if the elemen-
two processes. In the case of the hadronic process, it is thary amplitude would be dominated by the exchange of me-
(pionlike) spin-longitudinal response that is being probed,sons, as in the last Feynman diagram in Fig. 11. However, it
which is known to get “softened’(shifted to lower excita- is well known—at least for the kinematical region of current
tion energies in the nuclear medium. Instead, quasielasticinterest—that the elementary photoproduction process is
electron scattering probes the spin-transverse responsedeminated by resonanceN{ or A) formation, as in the
which shows no significance energy shift. Unfortunately, ins-channel Feynman diagram of Fig. 11. This suggests that
our present local-impulse-approximation treatment it bethe coherent reaction probes, in addition to the nuclear den-
comes impossible to assess the effects associated with msity, the polarization structure of the nuclddepicted by the
dium modifications to the\ resonance. A detailed study of “bubbles” in Fig. 11). As the polarization structure of the
possible violations to the impulse approximation and to thenucleus is sensitive to the ground- as well as to the excited-
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N Single-nucleon Response different predictions off-shell. Yet, it is worth mentioning
that the off-shell ambiguity emerges mainly from our insis-
= |NNSAY L NNeA tence in using the impulse approximation. With an effective
microscopic model—calibrated to reproduce two- and many-
YN oot o body scattering amplitudes—t.he off-shell ambiguity can, toa
TN A e large extent, be removed. This task, however, remains a for-
midable one—forcing us, as well as most of the other theo-
=l N* N + N¥ N

retical approaches, to rely on the impulse approximation.
In this work we have investigated two on-shell-equivalent
T A representations of the elementary amplitude: a tensor and a
Many-body Response vector. The tensor representation employs the “standard”

FIG. 11. Characteristis-, u-, andt-channel Feynman diagrams form of the elementary amplitudet,9] and generates a co-

for the photoproduction of pseudoscalar mesons from a singlé€'e€nt photoproduction amplitude that is proportional to the
nucleon (upper pandl and—coherently—from the nucleytower  I1soscalar tensor density. However, this form of the elemen-

pane). tary amplitude, although standard, is not unique. Indeed,
through a simple manipulation of operators between on-shell
state properties of the nucleus, its proper inclusion could leafirac spinors, the tensor representation can be transformed
to important corrections to the local impulse-approximationinto the vector one, so-labeled because the resulting coherent
treatment. Indeed, Peters, Lenske, and Mosel have lifted themplitude becomes proportional now to the isoscalar vector
local assumption and have reported—in contrast to all earligfensity. The tensor and vector densities were computed in a
local studies—that th&,,(1535) resonance does contribute Self-consistent, mean-field approximation to the Walecka
to the coherent photoproduction gimesons. Clearly, under- model[10]. The Walecka model is characterized by the ex-
standing these additional contributions to the coherent proistence of large Lorentz scalar and vector potentials that are

cess is an important area for future work. responSible for a Iarge enhancement of the lower compo-
nents of the single-particle wave functions. This so-called
V. CONCLUSIONS M™* enhancement generates a Iarge increase in the tensor

density, as compared to a scheme in which the lower com-

We have studied the coherent photoproduction of pseudgonent is computed from the free-space relation. No such
scalar mesons in a relativistic-impulse-approximation ap€nhancement is observed in the vector representation, as the
proach. We have placed special emphasis on the ambiguitie®ctor density is insensitive to tiéd™* effect. As a result, the
underlying most of the current theoretical approaches. Altensor calculation predicts coherent photoproduction cross
though our conclusions are of a general nature, we have fasections that are up to a factor of 5 larger than the vector
cused our discussions on the photoproduction of neutralesults. These large enhancement factors are not consistent
pions due to the “abundance” of data relative to the otherwith existent experimental data. Still, it is important to note
pseudoscalar channels. that the vastly different predictions of the two models have

We have employed a relativistic formalism for the el- been obtained using the same pionic distortions, the same
ementary amplitude as well as for the nuclear structure. Wauclear-structure model, and two sets of elementary ampli-
believe that, as current relativistic models of nuclear structudes that are identical on-shell.
ture rival some of the most sophisticated nonrelativistic ones, Finally, we addressed—in a qualitative fashion—
there is no longer a need to resort to a nonrelativistic reducviolations to the impulse approximation. In the impulse ap-
tion of the elementary amplitude. Rather, the full relativistic proximation one assumes that the elementary amplitude may
structure of the coherent amplitude should be maintainethe used without modification in the nuclear medium. More-
[6,7]. over, by adopting the optimal prescription of REZ2], one

We have also extended our treatment of the pion-nucleuarrives at a form for the coherent amplitude that is local and
interaction to theA-resonance region. Although most of the factorizable. Indeed, such an optimal form has been used
details about the optical potential will be reported shortlyextensively—and with considerable success—in electron and
[12], we summarize briefly some of our most important find-nucleon elastic scattering from nuclei. We suggested here
ings. As expected, pionic distortions are of paramount imthat the reason behind such a success ig-tfennel domi-
portance. Indeed, we have found factors-of-2 enhancementence of these processes. In contrast, the coherent-
(at low energiesand up to factors-of-5 reductioriat high  photoproduction process is dominated by resonance forma-
energies in the coherent cross section relative to the planetion in the s channel. In the nuclear medium a variety of
wave values. Yet, ambiguities arising from the variousprocesses may affect the formation, propagation, and decay
choices of optical-model parameters are relatively small; obf these resonances. Thus, resonant-dominated processes
at most 30%. may not be amenable to treatment via the impulse approxi-

By far the largest uncertainty in our results emerges frommation. Further, irs-channel-dominated processes, it is not
the ambiguity in extending the many—actually infinite— the local nuclear density that is probed, but rather, it is the
equivalent representations of the elementary amplitude offnonloca) polarization structure of the nucleus. This can lead
the mass shell. While all these choices are guaranteed to gite important deviations from the naive local picture. Indeed,
identical results for on-shell observables, they yield vastlyby relaxing the local assumption, Peters and collaborators
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have reported a non-negligible contribution from thewhere
S$,1(1535) resonance to the coherent photoproductiony of
mesond8], in contrast to all earlier local studies. b(r)=bgp(r)— e, b,5p(r), (A2a)
In summary, we have studied a variety of sources that
challenge earlier studies of the coherent photoproduction of

— 2
pseudoscalar mesons. Without a clear understanding of these B(1)=Bop™(r) —€-Bip(r) op(r), (A2D)
issues, erroneous conclusions are likely to be extracted from
the wealth of experimental data that will soon become avail- c(r)=cop(r) = €zC18p(r), (A2c)
able. What will be the impact of these calculations on our
earlier work on the coherent photoproduction pimesons C(r)=Cop?(r)—€,Cy1p(r)p(r), (A2d)
[6,7] is hard to predict. Yet, based on our present study it is
plausible that the large enhancement predicted by the tensor L(r)
form of the elementary amplitude might not be consistent Q(r)= WJFMMCP(U, (A2¢)
with the experimental data. In that case, additional calcula-
tions using the vector form will have to be reported. More-
over, this should be done within a framework that copes L(r)=paXaC(r)+pax,C(r), (A2f)
simultaneously with all other theoretical ambiguities. Indeed, o 23
many challenging and interesting lessons have yet to be % _3(3m 53 (A20)
learned before a deep understanding of the coherent- (r) 5\ 2 Cop™ (), 9
photoproduction process will emerge.
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In the above expressions, the $pi, u;, X;, andy;} rep-
resents various kinematic factors in the effectivéN system
(pion-nucleon mechanismsand the sefp,, u,, and x,}
represents the corresponding kinematic factors inthaN
system (pion-two-nucleon mechanismsThese kinematic
The form of the 0ptica| potentia| is derived using a semi-factors have been derived using the relativistic potential
phenomenological formalism that uses a parameterized foriodel [23] with no recourse to nonrelativistic approxima-
of the elementaryrN— 7N amplitude that is assumed to tions and it includes nucleus recoil. The set of parameters
remain unchanged in the nuclear meditimpulse approxi- {Po, b1, Co, andc,} originates from therN— 7N elemen-
mation). However, the elementary amplitude does not eniary amplitudes while all other parameters—excluding the
compass the many other processes that can occur in thdnematic factors—have their origin in the second and higher
many-body environment, such as multiple scattering, trué@rder corrections to the optical potential. These first-order
pion absorption, Pauli blocking, and Coulortib the case of ~parameters have been determined from a reeefit phase-
charged-pion scatterifgnteractions. The corrections result- shift analysis[15], in contrast to the approach by Carr and
ing from these processes are of second and higher order relgollaborators in which they were fit to pionic-atom results. In
tive to the strength of the first-order expression given by thespite of this difference, the parameters determined by the two
impulse approximation. To account for these corrections, th&€thods match nicely. Nuclear effects enter in the optical
impulse approximation form of the optical potential is modi- potentials through the nuclear densitr), and through the
fied to arrive at a pion-nucleus optical potential—applicableneutron-proton density differenegp(r). Moreover,A is the
from threshold up to the delta-resonance region—of the forn@tomic number) is the Ericson-Ericson effect parametey,
is the pion lab momentumy is the pion energy in the pion-
nucleus center of mass system, ahdis the so-called
1/ correlationfunction. TheB andC parameters arise from true
pion absorption. A detailed account of this optical potential
1 v2C R Al will be the subject of a paper that will be submitted for
~ g P2VIC(ND FpayiK(r) |, (A1) publication shortly{12].

APPENDIX: PION-NUCLEUS OPTICAL POTENTIAL

- 01
20U=—4m pb(r)+p,B(r) ~ VQ(r)- V- Zpyu;V2e(r)
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