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Lessons to be learned from the coherent photoproduction of pseudoscalar mesons
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We study the coherent photoproduction of pseudoscalar mesons—particularly 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 nucleus.@S0556-2813~99!03410-X#

PACS number~s!: 25.20.2x, 14.40.Aq, 24.10.Jv
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I. INTRODUCTION

The coherent photoproduction of pseudoscalar mes
has been advertised as one of the cleanest probes for s
ing how nucleon-resonance formation, propagation, and
cay get modified in the many-body environment; for curre
experimental efforts see Ref.@1#. The reason behind suc
optimism is the perceived insensitivity of the reaction
nuclear-structure effects. Indeed, many of the earlier non
ativistic calculations suggest that the full nuclear contrib
tion to the coherent process appears in the form of its ma
density @2–5#—itself believed to be well constrained from
electron-scattering experiments and isospin consideratio

Recently, however, this simple picture has been put i
question. Among the many issues currently addressed—
to a large extent ignored in all earlier analyses—are ba
ground~nonresonant! processes, relativity, off-shell ambigu
ities, nonlocalities, and violations to the impulse approxim
tion. We discuss each one of them in the manuscript.
example, background contributions to the resonan
dominated process can contaminate the analysis due to i
ference effects. We have shown this recently for
h-photoproduction process, where the background contr
tion ~generated byv-meson exchange! is in fact larger than
the corresponding contribution from theD13(1520) reso-
nance@6#. In that same study, as in a subsequent one@7#, we
suggested that—by using a relativistic and mod
independent parametrization of the elementarygN→hN
amplitude—the nuclear-structure information becomes se
tive to off-shell ambiguities. Further, the local assumpti
implicit in most impulse-approximation calculations, an
used to establish that all nuclear-structure effects appea
clusively via the matter density, has been lifted by Pete
Lenske, and Mosel@8#. An interesting result that emerge
from their work on coherenth photoproduction is that the
S11(1535) resonance—known to be dominant in the elem
0556-2813/99/60~5!/054606~11!/$15.00 60 0546
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tary process but predicted to be absent from the cohe
reaction@4#—appears to make a non-negligible contributi
to the coherent process. Finally, to our knowledge, a co
prehensive study of possible violations to the impulse
proximation, such as the modification to the productio
propagation, and decay of nucleon resonances in the nuc
medium, has yet to be done.

In this paper we concentrate—in part because of the
pected abundance of new, high-quality experimen
data—on the coherent photoproduction of neutral pions. T
central issue to be addressed here is the off-shell ambig
that emerges in relativistic descriptions and its impact
extracting reliable resonance parameters; no attempt
been made here to study possible violations to the impu
approximation or to the local assumption. Indeed, we ca
out our calculations within the framework of a relativist
impulse approximation model. However, rather than res
ing to a nonrelativistic reduction of the elementarygN
→p0N amplitude, we keep intact its full relativistic structur
@9#. As a result, the lower components of the in-mediu
Dirac spinors are evaluated dynamically in the Walec
model @10#.

Another important ingredient of the calculation is th
final-state interactions of the outgoing pion with the nucle
We address the pionic distortions via an optical-poten
model of the pion-nucleus interaction. We use earlier mod
of the pion-nucleus interaction plus isospin symmetry—sin
these models are constrained mostly from charged-p
data—to construct the neutral-pion optical potential. Ho
ever, since we are unaware of a realistic optical-poten
model that covers theD-resonance region, we have extend
the low-energy work of Carr, Stricker-Bauer, and McMan
@11# to higher energies. In this way we have attempted
keep at a minimum the uncertainties arising from the opti
potential, allowing concentration on the impact of the o
shell ambiguities to the coherent process. A paper discus
©1999 The American Physical Society06-1
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ABU-RADDAD, PIEKAREWICZ, SARTY, AND REGO PHYSICAL REVIEW C60 054606
this extended optical-potential model will be presen
shortly @12#. Finally, we use an elementarygN→p0N am-
plitude extracted from the most recent phase-shift analysi
Arndt, Strakovsky, and Workman@13#.

Our paper has been organized as follows. In Sec. II an
the Appendix we discuss in some detail the pion-nucl
interaction and its extension to theD-resonance region. Sec
tion III is devoted to the central topic of the paper: the lar
impact of the off-shell ambiguity on the coherent cross s
tion. Section IV includes a qualitative discussion on seve
important mechanisms that go beyond the impul
approximation framework, but that should, nevertheless,
included in any proper treatment of the coherent proce
Finally, we summarize in Sec. V.

II. PIONIC DISTORTIONS

Pionic distortions play a critical role in all studies involv
ing pion-nucleus interactions. These distortions are str
and, thus, modify significantly any process relative to
naive plane-wave limit. Indeed, it has been shown in ear
studies of the coherent pion photoproduction process—
verified experimentally@14#—that there is a large modifica
tion of the plane-wave cross section once distortions are
cluded. Because of the importance of the pionic distortio
any realistic study of the coherent reaction must invoke th
from the outset. However, since a detailed microsco
model for the distortions has yet to be developed, we h
resorted to an optical-potential model. This semiphenome
logical choice implies some uncertainties. Thus, pionic d
tortions represent the first challenge in dealing with the
herent photoproduction processes.

We have used earlier optical-potential models of the pi
nucleus interaction, supplemented by isospin symmetry
construct thep0-nucleus optical potential. Moreover, w
have extended the low-energy work of Carr, Stricker-Bau
and McManus@11# to the D-resonance region. Most of th
formal aspects of the optical potential have been reserve
the Appendix and to a forthcoming publication@12#. Here we
proceed directly to discuss the impact of the various cho
of optical potentials on the coherent cross section.

Results.The large effect of distortions can be easily se
in Fig. 1. The left panel of the graph~plotted on a linear
scale! shows the differential cross section for the coher
photoproduction of neutral pions from40Ca at a laboratory
energy ofEg5168 MeV. The solid line displays our resul
using a relativistic distorted-wave impulse approximati
~RDWIA! formalism, while the dashed line displays the co
responding plane-wave result~RPWIA!. The calculations
have been done using a vector representation for the elem
tary gN→p0N amplitude. Note that this is only one of th
many possible representations of the elementary ampli
that are equivalent on-shell. A detailed discussion of th
off-shell ambiguities is deferred to Sec. III. At this speci
photon energy—one not very far from threshold—the dist
tions have more than doubled the value of the differen
cross section at its maximum. Yet, the shape of the ang
distribution seems to be preserved. However, upon clo
examination~the right panel of the graph shows the sam
05460
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calculations on a logarithmic scale! we observe that the dis
tortions have caused a substantial back-angle enhance
due to a different sampling of the nuclear density, relative
the plane-wave calculation. This has resulted in a small—
not negligible—shift of about 10° in the position of th
minima. The back-angle enhancement, with its correspo
ing shift in the position of the minimum, has been seen in o
calculations also at different incident photon energies.

The effect of distortions on the total photoproductio
cross section from40Ca as a function of the photon energy
displayed in Fig. 2. The behavior of the the distorted cro

FIG. 1. Differential cross section for the coherent pion pho
production reaction from40Ca at Eg5168 MeV using the vector
representation for the elementary amplitude with~solid line! and
without ~dashed line! the inclusion of distortions. Results on th
left~right! panel are plotted using a linear~logarithmic! scale.

FIG. 2. Total cross section for the coherent pion photoprod
tion reaction from40Ca as a function of the photon energy in th
laboratory frame with~solid line! and without~dashed line! includ-
ing pionic distortions. A vector representation for the element
part of the amplitude is used.
6-2
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LESSONS TO BE LEARNED FROM THE COHERENT . . . PHYSICAL REVIEW C 60 054606
section is explained in terms of a competition between
attractive real~dispersive! part and the absorptive imaginar
part of the optical potential. Although the optical potent
encompasses very complicated processes, the essence
physics can be understood in terms ofD-resonance domi-
nance. Ironically, the behavior of the dispersive and the
sorptive parts are caused primarily by the same mechan
D-resonance formation in the nucleus. The mechanism
hind the attractive real part is the scattering of the pion fr
a single nucleon—which is dramatically increased in
D-resonance region. In contrast, the absorptive imagin
part is the result of several mechanisms, such as nuc
knock-out, excitation of nuclear states, and two-nucleon p
cesses. At very low energies some of the absorptive chan
are not open yet, resulting in a small imaginary part of
potential. This in turn provides a chance for the attract
real part to enhance the coherent cross section. As the en
increases, specifically in theD-resonance region, a large
number of absorptive channels become available leading
large dampening of the cross section. Although the attrac
part also increases around theD-resonance region, this in
crease is more than compensated by the absorptive
which greatly reduces the probability for the pion to intera
elastically with the nucleus.

Since understanding pionic distortions constitutes our fi
step towards a comprehensive study of the coherent proc
it is instructive to examine the sensitivity of our results
various theoretical models. To this end, we have calcula
the coherent cross section using different optical potenti
all of which fit p-nucleus scattering data as well as the pro
erties of pionic atoms. We have started by calculating
coherent cross section using the optical potential develo
by Carr and collaborators@11#. It should be noted that al
though our optical potential originates from the work of Ca
and collaborators, there are still significant differences
tween the two sets of optical potentials. Some of these
ferences arise in the manner in which some parameters
determined. Indeed, in our case parameters that have
origin in pion–single-nucleon physics have been determi
from a recentp-N phase shift analysis@15#, while Carr and
collaborators have determined them from fits to pionic-at
data. Moreover, we have included effects that were not
plicitly included in their model, such as Coulomb correctio
when fitting to charge-pion data.

In addition to the above potentials, we have calculated
coherent cross section using a simple four-param
Kisslinger potential of the form

2vU524pFbeffr~r !2ceff¹W r~r !•¹W 1ceff

v

2MN
¹2r~r !G .

~1!

Note that we have used two different sets of parameters
this Kisslinger potential, denoted by K1 and K2@11#. Both
sets of parameters were constrained byp-nucleus scattering
data and by the properties of pionic atoms. However, wh
the K1 fit was constrained to obtainbeff andceff parameters
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that did not deviate much from their pionic-atom values, t
K2 fit allowed them to vary freely, so as to obtain the be
possible fit.

Results for the coherent photoproduction cross sec
from 40Ca at a photon energy ofEg5186 MeV ~resulting in
the emission of a 50 MeV pion! for the various optical-
potential models are shown in Fig. 3. In the plot, our resu
are labeled full-distortions~solid line! while those of Carr,
Stricker-Bauer, and McManus as CSM~short dashed line!;
those obtained with the four-parameter Kisslinger poten
are labeled K1~long-dashed line! and K2 ~dot-dashed line!,
respectively. It can be seen from the figure that our calcu
tion differs by at most 30% relative to the ones using ear
forms of the optical potential. Note that we have only pr
sented results computed using the vector parameterizatio
the elementary amplitude. Similar calculations done with
tensor amplitude~not shown! display optical-model uncer
tainties far smaller~of the order of 5%! than the ones re-
ported in Fig. 3. In conclusion, although there seems to b
non-negligible uncertainty arising from the optical potenti
these uncertainties pale in comparison to the large off-s
ambiguity, to be discussed next.

III. OFF-SHELL AMBIGUITY

The study of the coherent reaction represents a challe
ing theoretical task due to the lack of a detailed microsco
model of the process. Indeed, most of the models use
date rely on the impulse approximation: the assumption
the elementarygN→pN amplitude remains unchanged a
the process is embedded in the nuclear medium. Yet, ev
detailed knowledge of the elementary amplitude does
guarantee a good understanding of the coherent process
main difficulty stems from the fact that there are, literally,

FIG. 3. Differential cross section for the coherent pio
photoproduction reaction from40Ca atEg5186 MeV ~resulting in
the emission of a 50 MeV pion! using different optical-potentia
models. All of these models are equivalent insofar as they fit pr
erties of pionic atoms andp-nucleus scattering data. A vector rep
resentation for the elementary part of the amplitude is used.
6-3
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ABU-RADDAD, PIEKAREWICZ, SARTY, AND REGO PHYSICAL REVIEW C60 054606
infinite number of equivalent on-shell representations of
elementary amplitude. These different representations of
elementary amplitude—although equivalent on-shell—c
give very different results when evaluated off-shell.
course, this uncertainty is present in many other kind
nuclear reactions, not just in the coherent photoproduc
process. Yet, this off-shell ambiguity comprises one of
biggest, if not the biggest, hurdle in understanding the coh
ent photoproduction of pseudoscalar mesons.

A. Formalism

Before discussing the off-shell ambiguity, let us set t
background by introducing some model-independent res
for the differential cross section. Using the relativistic fo
malism developed in our earlier work@6#, the differential
cross section in the center-of-momentum frame~c.m.! for the
coherent photoproduction of pseudoscalar mesons is g
by

S ds

dV D
c.m.

5S MT

4pWD 2S qc.m.

kc.m.
D

3S 1

2
kc.m.

2 qc.m.
2 sin2 uc.m.D uF0~s,t !u2, ~2!

where MT is the mass of the target nucleus. Note thatW,
uc.m., kc.m., andqc.m. are the total energy, scattering ang
photon, andp-meson momenta in the c.m. frame, respe
tively. Thus, all dynamical information about the cohere
process is contained in the single Lorentz-invariant form f
tor F0(s,t); this form-factor depends on the Mandelsta
variabless and t.

We now proceed to compute the Lorentz invariant fo
factor in a relativistic impulse approximation. In order to d
so, we need an expression for the amplitude of the elem
tary process:gN→p0N. We start by using the ‘‘standard’
model-independent parametrization given in terms of f
Lorentz- and gauge-invariant amplitudes@4,9#. That is,

T~gN→p0N!5(
i 51

4

Ai~s,t !Mi , ~3!

where Ai(s,t) are scalar functions ofs and t, and for the
Lorentz structure of the amplitude we use the standard s

M152g5e”k” , ~4a!

M252g5@~e•p!~k•p8!2~e•p8!~k•p!#, ~4b!

M35g5@e” ~k•p!2k” ~e•p!#, ~4c!

M45g5@e” ~k•p8!2k” ~e•p8!#. ~4d!

This form, although standard, is only one particular cho
for the elementary amplitude. Many other choices—all
them equivalent on shell—are possible. Indeed, we co
have used the relation—valid only on the mass shell,
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M152g5e”k”5
1

2
«mnabemknsab

5
i

2
«mnabemkn

Qa

MN
gb2

1

2MN
g5@e” ~k•p!2k” ~e•p!#

2
1

2MN
g5@e” ~k•p8!2k” ~e•p8!#, ~5!

to obtain the following representation of the elementary a
plitude:

T~gN→p0N!5(
i 51

4

Bi~s,t !Ni , ~6!

where the new invariant amplitudes and Lorentz structu
are now defined as

B15A1 , N15
i

2
«mnabemkn

Qa

MN
gb , ~7a!

B25A2 , N25M252g5@~e•p!~k•p8!2~e•p8!~k•p!#,

~7b!

B35A32A1/2MN , N35M35g5@e” ~k•p!2k” ~e•p!#,

~7c!

B45A42A1/2MN , N45M45g5@e” ~k•p8!2k” ~e•p8!#.

~7d!

Note that we have introduced the four-momentum trans
Qm[(k2q)m5(p82p)m. Although clearly different, Eqs.
~3! and ~6! are totally equivalent on-shell: no observab
measured in the elementarygN→p0N process could distin-
guish between these two forms. We could go on. Indeed,
well known that a pseudoscalar and a pseudovector repre
tation are equivalent on shell. That is, we could substitute
pseudoscalar vertex inN2 andM2 by a pseudovector one:

g55
Q”

2MN
g5. ~8!

The possibilities seem endless.
Given the fact that there are many—indeed infinite

equivalent parametrizations of the elementary amplitude
shell, it becomes ambiguous on how to take the amplitu
off the mass shell. In this work we have examined this o
shell ambiguity by studying the coherent process using
‘‘tensor’’ parametrization, as in Eq.~3!, and the ‘‘vector’’
parametrization, as in Eq.~6!. Denoting these parameteriza
tions as tensor and vector originates from the fact that for
coherent process from spherical nuclei~such as the ones con
sidered here! the respective cross sections become sensi
to only the tensor and vector densities, respectively. Inde
the tensor parametrization yields a coherent amplitude
depends exclusively on the ground-state tensor density@6#:

@rT~r ! r̂ # i5(
a

occ

Ūa~x!s0iUa~x!;
6-4
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LESSONS TO BE LEARNED FROM THE COHERENT . . . PHYSICAL REVIEW C 60 054606
rT~r !5(
a

occ S 2 j a11

4pr 2 D2ga~r ! f a~r !, ~9!

whereUa(x) is an in-medium single-particle Dirac spino
ga(r ) and f a(r ) are the radial parts of the upper and low
components of the Dirac spinor, respectively, and the ab
sums run over all the occupied single-particle states.

The vector parametrization, on the other hand, leads
coherent amplitude that depends on timelike-vector—
matter—density of the nucleus, which is defined as

rV~r !5(
a

occ

Ūa~x!g0Ua~x!;

rV~r !5(
a

occ S 2 j a11

4pr 2 D @ga
2~r !1 f a

2~r !#. ~10!

In determining these relativistic ground-state densities,
have used a mean-field approximation to the Walecka mo
@10#. In doing so, we have maintained the full relativist
structure of the process. In the Walecka model, one obt
three nonvanishing ground state densities for spherical, s
saturated nuclei. These are the timelike-vector and ten
densities defined earlier, and the scalar density given by

rS~r !5(
a

occ

Ūa~x!Ua~x!;

rS~r !5(
a

occ S 2 j a11

4pr 2 D @ga
2~r !2 f a

2~r !#. ~11!

All other ground-state densities—such as the pseudosc
and axial-vector densities—vanish due to parity conser
tion. This is one of the appealing features of the coher
reaction; because of the conservation of parity, the cohe
process becomes sensitive to only one (A1) of the possible
four, elementary amplitudes. Moreover, this suggests t
depending on the adopted parametrization of the elemen
amplitude, only matrix elements of eitherM1 or N1 @Eq. ~4a!
or Eq. ~7a!# between in-medium Dirac spinors must b
evaluated. Because of the structure of these operators, g
invariance is still maintained in the coherent process. I
important to note that the three nonvanishing relativis
ground-state densities are truly independent and const
fundamental nuclear-structure quantities. The fact that in
nonrelativistic framework@2–5,14# only one density survives
~the scalar and vector densities become equal and the te
density becomes dependent on the vector one! is due to the
limitation of the approach. Indeed, in the nonrelativis
framework one employs free Dirac spinors to carry out
nonrelativistic reduction of the elementary amplitude. Hen
any evidence of possible medium modifications to the ra
of lower-to-upper components of the Dirac spinors is los

Before presenting our results we should mention a ‘‘co
ventional’’ off-shell ambiguity. In the vector parametrizatio
of Eq. ~6! the amplitude includes the four-momentum tran
fer Q5(k2q). While the photon momentumk is well de-
fined, the asymptotic pion three-momentumq is different—
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because of distortions—from the pion momentu
immediately after the photoproduction process. Since
‘‘local’’ pion momentum in the interaction region is th
physically relevant quantity, we have replaced t
asymptotic pion momentumq by the pion-momentum opera
tor (2 i¹). Thus, in evaluating the scattering matrix eleme
T65^p(q);A(p8)uJmuA(p);g(k,e6)&, we arrive at an inte-
gral of the form:

« i jm0e ikjE d3x@¹fq
(2)* ~x!#meik•x

rV~r !

2MN

56~2p!3/2
uku
MN

(
l 51

` Al ~ l 11!

2l 11
Yl ,61~ q̂!

3E r 2drrV~r !Rl~r !, ~12!

where

Rl~r !5 j l 11~kr !F d

dr
2

l

r Gf l ,q
(1)~r !

1 j l 21~kr !F d

dr
1

l 11

r Gf l ,q
(1)~r !. ~13!

Note that we have introduced the distorted pion wave fu
tion fq

(6)(x), the spherical Bessel functions of orderl 61,
and the6 sign for positive/negative circular polarization o
the incident photon. Moreover, adopting theq→2 i¹ pre-
scription, has resulted, as in the tensor case@6#, in no s-wave
( l 50) contribution to the scattering amplitude. This is al
in agreement with the earlier nonrelativistic calculation
Ref. @2#. Finally, we have obtained the four Lorentz- an
gauge-invariant amplitudesAi(s,t) for the elementary pro-
cess from the phase-shift analysis of the VPI group@13#.

B. Results

Based on the above formalism, we present in Fig. 4
differential cross section for the coherent photoproduction
neutral pions from40Ca at a photon energy ofEg5230 MeV
using a relativistic impulse approximation approach. Bo
tensor and vector parametrizations of the elementary am
tude were used. The off-shell ambiguity is immense; fact
of two ~or more! are observed when comparing the vec
and tensor representations. It is important to stress that t
calculations were done by using the same nuclear-struc
model, the same pionic distortions, and two elementary a
plitudes that are identical on-shell. The very large discr
ancy between the two theoretical models emerges from
dynamical modification of the Dirac spinors in the nucle
medium, and not from changes to the elementary produc
amplitude~assessing the impact of medium modifications
the elementary amplitude remains an important open qu
tion!. Indeed, in the nuclear medium the tensor density
which is linear in the lower-component of the Dirac spino
@see Eq.~9!#—is strongly enhanced due to the presence o
large scalar potential~the so-called ‘‘M ! effect’’!. In con-
trast, the conserved vector density is insensitive to theM !
6-5
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ABU-RADDAD, PIEKAREWICZ, SARTY, AND REGO PHYSICAL REVIEW C60 054606
effect. Yet the presence of the large scalar—and vecto
potentials in the nuclear medium is essential in accoun
for the bulk properties of nuclear matter and finite nuc
@10#. While the nuclear structure model used here is kno
to yield the smallestM ! and, thus, the largest discrepan
between the vector and tensor results, the qualitative pic
should remain unchanged, even as more realistic nucl
structure models are incorporated. Moreover, the large
crepancy between the calculations cannot be attributed t
improper treatment of gauge invariance, as gauge invaria
is strictly maintained in all of our calculations@see Eq.~5!#.

We have compared our theoretical results to prelimin
and unpublished data~not shown! provided to us courtesy o
Krusche@16#. The data follows the same shape as our cal
lations but the experimental curve seems to straddle betw
the two calculations, although the vector calculations appe
closer to the experimental data. This behavior—a clo
agreement of the vector calculation to data—has been
served in all of the comparisons that we have done so fa

In Fig. 5 we present results for the differential cross s
tion from 40Ca at a variety of photon energies, while in Fi
6 we display results for the total cross section. By examin
these graphs one can infer that the tensor parametriza
always predicts a large enhancement of the cross sectio
irrespective of the photon incident energy and the scatte
angle—relative to the vector predictions. As stated earl
this large enhancement is inextricably linked to the cor
sponding in-medium enhancement of the lower compone
of the nucleon spinors. Moreover, the convolution of t
tensor and vector densities with the pionic distortions g
rise to similar qualitative, but quite different quantitativ
behavior on the energy dependence of the corresponding
herent cross sections.

In order to explore theA dependence of the coherent pr
cess, we have also calculated the cross section from12C at
various photon energies. This is particularly relevant for o
present discussion, as12C displays an even larger off-she

FIG. 4. Differential cross section for the coherent pion pho
production reaction from40Ca atEg5230 MeV with~RDWIA! and
without ~RPWIA! pionic distortions. Tensor and vector paramet
zations of the elementary amplitude are used.
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ambiguity than40Ca. In Fig. 7 we show the differential cros
section for the coherent process from12C at a photon energy
of Eg5173 MeV. The off-shell ambiguity for this case i
striking; at this energy the tensor result is five times larg
than the vector prediction. The additional enhancement
served here relative to40Ca is easy to understand on the ba
of some of our earlier work@7#. Indeed, we have shown in
our study of the coherent photoproduction ofh mesons, that
if one artificially adopts an in-medium ratio of upper-to
lower components identical to the one in free space, then
tensor and vector densities are no longer independent; ra
they become related by

rT~Q!52
Q

2MN
rV~Q!. ~14!

-

FIG. 5. Differential cross section for the coherent pion pho
production reaction for40Ca at a variety of photon energies using
RDWIA formalism. Tensor~dashed line! and vector~solid line!
parametrizations of the elementary amplitude are used.

FIG. 6. Total cross section for the coherent pion photoprod
tion reaction from40Ca as a function of the photon energy wi
~right panel! and without ~left panel! pionic distortions. Tensor
~dashed line! and vector~solid line! parametrizations of the elemen
tary amplitude are used.
6-6
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However, this relation was proven to be valid only f
closed-shell nuclei. As12C is an open-shell nucleus~closed
p3/2 but openp1/2 orbitals! an additional enhancement of th
tensor density—above and beyond theM ! effect—was ob-
served. Figure 7 also shows a comparison of our results
the experimental data of Ref.@17#. It is clear from the figure
that the vector representation is closer to the data; note
the tensor calculation has been divided by a factor of 5. E
so, the vector calculation also overestimates the data b
considerable amount.

For further comparison with experimental data we ha
calculated the coherent cross section from12C at photon en-
ergies ofEg5235, 250, and 291 MeV. In Table I we hav
collated our calculations with experimental data published
Arends and collaborators@18# for Eg5235 and 291 MeV,
and with data presented by Booth@19# and Nagl, De-
vanathan, and U¨ berall @14# for Eg lab5250 MeV. The experi-
mental data exhibits similar patterns as our calculations~not
shown! but the values of the maxima of the cross section
different. The tensor calculations continue to predict la
enhancement factors~of 5 and more! relative to the vector
calculations. More importantly, these enhancement fac
are in contradiction with experiment. The experimental d
appears to indicate that the maximum in the differential cr
section from 12C is largest at about 250 MeV, while ou

FIG. 7. Differential cross section for the coherent pion pho
production reaction from12C at Eg5173 MeV. Tensor~dashed
line! and vector~solid line! parametrizations of the elementary am
plitude are used. The experimental data is from Ref.@17#.

TABLE I. Maxima of the differential cross section~in mb) for
the coherent pion photoproduction reaction from12C at various en-
ergies.

Eg ~MeV! Tensor Vector Experiment

235 694 116 105
250 731 133 190
291 786 186 175
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calculations predict a maximum around 295 MeV. It is like
that this energy ‘‘shift’’ might be the result of the formatio
and propagation of theD resonance in the nuclear medium
Clearly, in an impulse-approximation framework, mediu
modifications to the elementary amplitude—arising fro
changes in resonance properties—cannot be accounted
Yet, a binding-energy correction of about 40 MeV due to t
D-nucleus interaction has been suggested before. Ind
such a shift would also explain the discrepancy in the po
tion of our theoretical cross sections in40Ca, relative to the
~unpublished! data by Krusche and collaborators@16#. More-
over, such a shift—albeit of only 15 MeV—was invoked b
Peters, Lenske, and Mosel@8# in their recent calculation of
the coherent pion-photoproduction cross section. Yet, a
tailed study of modifications to hadronic properties in t
nuclear medium must go beyond the impulse approximat
a topic outside the scope of the present work. Howeve
brief qualitative discussion of possible violations to the im
pulse approximation is given in the next section.

We conclude this section by presenting in Figs. 8 and 9
comparison between our plane- and distorted-wave calc
tions with experimental data for the coherent cross sec
from 12C as a function of photon energy for a fixed angle
u lab560°. The experimental data from MAMI is containe
in the doctoral dissertation of Schmitz@20#.

Perhaps the most interesting feature in these figures is
very good agreement between our RDWIA calculation us
the vector representation and the data—if we were to s
our results by125 MeV. Indeed, this effect is most clearl
appreciated in Fig. 9, where the shifted calculation is n
represented by the dashed line. In our treatment of the
herent process, the detailed shape of the cross section
function of energy results from a delicate interplay betwe
several effects arising from~a! the elementary amplitude—

- FIG. 8. Differential cross section for the coherent pion pho
production reaction from12C as a function of photon energy at
fixed laboratory angle ofu lab560°, with and without pionic distor-
tions. Tensor~dashed lines! and vector~solid lines! parametriza-
tions of the elementary amplitude are used. The experimental
is from Ref.@20#.
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which peaks at the position of the delta resonanceEg

.340 MeV from a free nucleon and slightly lower here b
cause of the optimal prescription@6#!, ~b! the nuclear form
factor—which peaks at low-momentum transfer, and~c! the
pionic distortions—which strongly quench the cross secti
at high energy, as more open channels become available
believe that the pionic distortions~see Sec. II! as well as the
nuclear form factor have been modeled accurately in
present work. The elementary amplitude, although obtai
from a recent phase-shift analysis by the VPI group@13#,
remains one of the biggest uncertainties, as no microsc
model has been used to estimate possible medium modi
tions to the on-shell amplitude. Evidently, an importa
modification might arises from the production, propagati
and decay of theD resonance in the nuclear medium. Indee
a very general result from hadronic physics, obtained fr
analyses of quasielastic (p,n) and (3He,t) experiments@21#,
is that the position of theD peak in nuclear targets is lowe
relative to the one observed from a free proton target.

However, it is also well known that such a shift is n
observed when theD resonance is excited electromagne
cally @21#. This apparent discrepancy has been attributed
the different dynamic responses that are being probed by
two processes. In the case of the hadronic process, it is
~pionlike! spin-longitudinal response that is being probe
which is known to get ‘‘softened’’~shifted to lower excita-
tion energies! in the nuclear medium. Instead, quasielas
electron scattering probes the spin-transverse respon
which shows no significance energy shift. Unfortunately,
our present local-impulse-approximation treatment it
comes impossible to assess the effects associated with
dium modifications to theD resonance. A detailed study o
possible violations to the impulse approximation and to

FIG. 9. Differential cross section for the coherent pion pho
production reaction from12C as a function of photon energy at
fixed laboratory angle ofu lab560°, with pionic distortions and us
ing only a vector parametrization of the elementary amplitude. T
same calculation—including a shift of 25 MeV is also includ
~dashed line!. The experimental data is from Ref.@20#.
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local assumption remains an important open problem for
future ~for a qualitative discussion see Sec. IV!.

IV. VIOLATIONS TO THE IMPULSE APPROXIMATION

In this section we address an additional ambiguity in
formalism, namely, the use of the impulse approximatio
The basic assumption behind the impulse approximatio
that the interaction in the medium is unchanged relative to
free-space value. The immense simplification that
achieved with this assumption is that the elementary inte
tion now becomes model independent, as it can be obta
directly from a phase-shift analysis of the experimental d
~see, for example, Ref.@13#!. The sole remaining question t
be answered is the value ofs at which the elementary am
plitude should be evaluated, as now the target nucleon is
free but rather bound to the nucleus~see Fig. 10!. This ques-
tion is resolved by using the ‘‘optimal’’ prescription of Gur
vitz, Dedonder, and Amado@22#, which suggests that the
elementary amplitude should be evaluated in the Breit fra
Then, this optimal form of the impulse approximation lea
to a factorizable and local scattering amplitude—with t
nuclear-structure information contained in a well-determin
vector form factor. Moreover, as the final-state interact
between the outgoing meson and the nucleus is well c
strained from other data, a parameter-free calculation of
coherent photoproduction process ensues.

This form of the impulse approximation has been us
with great success in hadronic processes, such as in (p,p8)
and (p,n) reactions, and in electromagnetic processes, s
as in electron scattering. Perhaps the main reason behind
success is that the elementary nucleon-nucleon or elect
nucleon interaction is mediated exclusively byt-channel
exchanges—such as arising fromg, p, or s exchange. This
implies that the local approximation~i.e., the assumption tha
the nuclear-structure information appears exclusively in
form of a local nuclear form factor! is well justified. For the
coherent process this would also be the case if the elem
tary amplitude would be dominated by the exchange of m
sons, as in the last Feynman diagram in Fig. 11. Howeve
is well known—at least for the kinematical region of curre
interest—that the elementary photoproduction process
dominated by resonance (N! or D! formation, as in the
s-channel Feynman diagram of Fig. 11. This suggests
the coherent reaction probes, in addition to the nuclear d
sity, the polarization structure of the nucleus~depicted by the
‘‘bubbles’’ in Fig. 11!. As the polarization structure of th
nucleus is sensitive to the ground- as well as to the exci

-

e

FIG. 10. Pictorial representation of the impulse approximat
for the coherent photoproduction of pseudoscalar mesons. Note
the elementary amplitude is evaluated using the optimal presc
tion ~see, for example, Ref@6#!.
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LESSONS TO BE LEARNED FROM THE COHERENT . . . PHYSICAL REVIEW C 60 054606
state properties of the nucleus, its proper inclusion could l
to important corrections to the local impulse-approximat
treatment. Indeed, Peters, Lenske, and Mosel have lifted
local assumption and have reported—in contrast to all ea
local studies—that theS11(1535) resonance does contribu
to the coherent photoproduction ofh mesons. Clearly, under
standing these additional contributions to the coherent p
cess is an important area for future work.

V. CONCLUSIONS

We have studied the coherent photoproduction of pseu
scalar mesons in a relativistic-impulse-approximation
proach. We have placed special emphasis on the ambigu
underlying most of the current theoretical approaches.
though our conclusions are of a general nature, we have
cused our discussions on the photoproduction of neu
pions due to the ‘‘abundance’’ of data relative to the oth
pseudoscalar channels.

We have employed a relativistic formalism for the e
ementary amplitude as well as for the nuclear structure.
believe that, as current relativistic models of nuclear str
ture rival some of the most sophisticated nonrelativistic on
there is no longer a need to resort to a nonrelativistic red
tion of the elementary amplitude. Rather, the full relativis
structure of the coherent amplitude should be maintai
@6,7#.

We have also extended our treatment of the pion-nuc
interaction to theD-resonance region. Although most of th
details about the optical potential will be reported shor
@12#, we summarize briefly some of our most important fin
ings. As expected, pionic distortions are of paramount
portance. Indeed, we have found factors-of-2 enhancem
~at low energies! and up to factors-of-5 reductions~at high
energies! in the coherent cross section relative to the pla
wave values. Yet, ambiguities arising from the vario
choices of optical-model parameters are relatively small
at most 30%.

By far the largest uncertainty in our results emerges fr
the ambiguity in extending the many—actually infinite—
equivalent representations of the elementary amplitude
the mass shell. While all these choices are guaranteed to
identical results for on-shell observables, they yield vas

FIG. 11. Characteristics-, u-, andt-channel Feynman diagram
for the photoproduction of pseudoscalar mesons from a sin
nucleon~upper panel! and—coherently—from the nucleus~lower
panel!.
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different predictions off-shell. Yet, it is worth mentionin
that the off-shell ambiguity emerges mainly from our ins
tence in using the impulse approximation. With an effect
microscopic model—calibrated to reproduce two- and ma
body scattering amplitudes—the off-shell ambiguity can, t
large extent, be removed. This task, however, remains a
midable one—forcing us, as well as most of the other th
retical approaches, to rely on the impulse approximation

In this work we have investigated two on-shell-equivale
representations of the elementary amplitude: a tensor a
vector. The tensor representation employs the ‘‘standa
form of the elementary amplitude@4,9# and generates a co
herent photoproduction amplitude that is proportional to
isoscalar tensor density. However, this form of the elem
tary amplitude, although standard, is not unique. Inde
through a simple manipulation of operators between on-s
Dirac spinors, the tensor representation can be transfor
into the vector one, so-labeled because the resulting cohe
amplitude becomes proportional now to the isoscalar ve
density. The tensor and vector densities were computed
self-consistent, mean-field approximation to the Walec
model @10#. The Walecka model is characterized by the e
istence of large Lorentz scalar and vector potentials that
responsible for a large enhancement of the lower com
nents of the single-particle wave functions. This so-cal
‘‘ M ! enhancement’’ generates a large increase in the te
density, as compared to a scheme in which the lower co
ponent is computed from the free-space relation. No s
enhancement is observed in the vector representation, a
vector density is insensitive to theM ! effect. As a result, the
tensor calculation predicts coherent photoproduction cr
sections that are up to a factor of 5 larger than the vec
results. These large enhancement factors are not consi
with existent experimental data. Still, it is important to no
that the vastly different predictions of the two models ha
been obtained using the same pionic distortions, the s
nuclear-structure model, and two sets of elementary am
tudes that are identical on-shell.

Finally, we addressed—in a qualitative fashion
violations to the impulse approximation. In the impulse a
proximation one assumes that the elementary amplitude
be used without modification in the nuclear medium. Mo
over, by adopting the optimal prescription of Ref.@22#, one
arrives at a form for the coherent amplitude that is local a
factorizable. Indeed, such an optimal form has been u
extensively—and with considerable success—in electron
nucleon elastic scattering from nuclei. We suggested h
that the reason behind such a success is thet-channel domi-
nance of these processes. In contrast, the coher
photoproduction process is dominated by resonance for
tion in the s channel. In the nuclear medium a variety
processes may affect the formation, propagation, and de
of these resonances. Thus, resonant-dominated proce
may not be amenable to treatment via the impulse appr
mation. Further, ins-channel–dominated processes, it is n
the local nuclear density that is probed, but rather, it is
~nonlocal! polarization structure of the nucleus. This can le
to important deviations from the naive local picture. Indee
by relaxing the local assumption, Peters and collabora

le
6-9
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ABU-RADDAD, PIEKAREWICZ, SARTY, AND REGO PHYSICAL REVIEW C60 054606
have reported a non-negligible contribution from t
S11(1535) resonance to the coherent photoproduction oh
mesons@8#, in contrast to all earlier local studies.

In summary, we have studied a variety of sources t
challenge earlier studies of the coherent photoproductio
pseudoscalar mesons. Without a clear understanding of t
issues, erroneous conclusions are likely to be extracted f
the wealth of experimental data that will soon become av
able. What will be the impact of these calculations on o
earlier work on the coherent photoproduction ofh mesons
@6,7# is hard to predict. Yet, based on our present study i
plausible that the large enhancement predicted by the te
form of the elementary amplitude might not be consist
with the experimental data. In that case, additional calcu
tions using the vector form will have to be reported. Mor
over, this should be done within a framework that cop
simultaneously with all other theoretical ambiguities. Inde
many challenging and interesting lessons have yet to
learned before a deep understanding of the coher
photoproduction process will emerge.
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APPENDIX: PION-NUCLEUS OPTICAL POTENTIAL

The form of the optical potential is derived using a sem
phenomenological formalism that uses a parameterized f
of the elementarypN→pN amplitude that is assumed t
remain unchanged in the nuclear medium~impulse approxi-
mation!. However, the elementary amplitude does not
compass the many other processes that can occur in
many-body environment, such as multiple scattering, t
pion absorption, Pauli blocking, and Coulomb~in the case of
charged-pion scattering! interactions. The corrections resul
ing from these processes are of second and higher order
tive to the strength of the first-order expression given by
impulse approximation. To account for these corrections,
impulse approximation form of the optical potential is mod
fied to arrive at a pion-nucleus optical potential—applica
from threshold up to the delta-resonance region—of the fo

2vU524pFp1b~r !1p2B~r !2¹W Q~r !•¹W 2
1

4
p1u1¹2c~r !

2
1

4
p2u2¹2C~r !1p1y1K̃~r !G , ~A1!
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where

b~r !5b̄0r~r !2epb1dr~r !, ~A2a!

B~r !5B0r2~r !2epB1r~r !dr~r !, ~A2b!

c~r !5c0r~r !2epc1dr~r !, ~A2c!

C~r !5C0r2~r !2epC1r~r !dr~r !, ~A2d!

Q~r !5
L~r !

11~4p/3!lL~r !
1p1x1ćr~r !, ~A2e!

L~r !5p1x1c~r !1p2x2C~r !, ~A2f!

K̃~r !5
3

5 S 3p2

2 D 2/3

c0r5/3~r !, ~A2g!

and with

b̄05b02p1

A21

A
~b0

212b1
2!I , ~A3a!

ć5p1x1

1

3
k0

2~c0
212c1

2!I . ~A3b!

In the above expressions, the set$p1 , u1 , x1 , andy1% rep-
resents various kinematic factors in the effectivep-N system
~pion-nucleon mechanisms!, and the set$p2 , u2 , and x2%
represents the corresponding kinematic factors in thep-2N
system ~pion-two-nucleon mechanisms!. These kinematic
factors have been derived using the relativistic poten
model @23# with no recourse to nonrelativistic approxima
tions and it includes nucleus recoil. The set of parame
$b0 , b1 , c0 , andc1% originates from thepN→pN elemen-
tary amplitudes while all other parameters—excluding
kinematic factors—have their origin in the second and hig
order corrections to the optical potential. These first-or
parameters have been determined from a recentp-N phase-
shift analysis@15#, in contrast to the approach by Carr an
collaborators in which they were fit to pionic-atom results.
spite of this difference, the parameters determined by the
methods match nicely. Nuclear effects enter in the opti
potentials through the nuclear densityr(r ), and through the
neutron-proton density differencedr(r ). Moreover,A is the
atomic number,l is the Ericson-Ericson effect parameter,k0
is the pion lab momentum,v is the pion energy in the pion
nucleus center of mass system, andI is the so-called
1/r correlationfunction. TheB andC parameters arise from tru
pion absorption. A detailed account of this optical potent
will be the subject of a paper that will be submitted f
publication shortly@12#.
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