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Coherent p0 and h photoproduction on the deuteron

S. S. Kamalov* and L. Tiator
Institut für Kernphysik, Universita¨t Mainz, 55099 Mainz, Germany
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Coherent pion photoproduction,d(g,p0)d, is calculated in a coupled channels approach in momentum
space using an elementary production operator that includes Born terms, vector meson exchange, and
M1/E2 D-resonance excitation. The final state interaction is treated in the Kerman-McManus-Thaler multiple
scattering approach that describespd elastic scattering well. Differential cross sections are found to agree well
with existing (g,p0) data. The polarization observablesS,iT11 and the tensor analyzing powers are predicted
for forthcoming experiments. A number of transparent relationships between polarization observables and the
elementary production operator is derived. Finally, calculations are performed for coherenth photoproduction,
d(g,h)d, in the threshold region which agree well with a very recent Mainz experiment.
@S0556-2813~97!04101-0#
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I. INTRODUCTION

For a long time, coherent pion photoproduction on t
deuteron has been studied as a source of information onp0

photoproduction off the neutron. In the beginning, the i
pulse approximation was the main instrument for this und
taking. However, in contrast to charged pion photoprod
tion where the largest contribution comes from the we
known Kroll-Ruderman amplitude, the isoscalarp0

amplitude on the deuteron target is drastically reduced du
an accidental cancelation between leading terms. There
the contributions from pion rescattering or final state int
action ~FSI! become extremely important. This dramatic e
fect from pion rescattering with charge exchange contri
tions was first found by Koch and Woloshyn@1# and then
verified by Bosted and Laget@2# in studies of coherent pion
photoproduction on the deuteron in the threshold region.

With increasing photon energy the contribution from t
direct term~without rescattering! becomes very large due t
the dominance of theD-resonance contribution and finall
dominates the cross section. In theD-resonance region th
main mechanism of FSI is elastic pion scattering; the con
butions from the charge exchange reactions become sma
recent years, the three-body approach has been employe
the description of FSI. By solving the Faddeev equations
possible to take into account the coupling with the break
and pion absorption channels. In this framework consid
able progress has been achieved in the description of p
deuteron elastic scattering~see, for example, the review o
Ref. @3#!. Very recently, Wilhelm and Arenho¨vel @4,5# used
an approach ofNN2ND coupled channels for describin
deuteron photodisintegration,gd→pn and coherent pion
photoproduction,
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g1d→p01d. ~1!

In another approach, recently developed for reaction~1!
by Garcilazo and de Guerra@6#, relativistic Feynman dia-
grams have been evaluated. Using the spectator-on-m
shell prescription, differential cross sections and polarizat
observables have been calculated in the energy region f
threshold up to 1 GeV. Blaazer@7#, on the other hand, used
Faddeev approach to thepNN system to describe pion res
cattering in the final state.

This paper is the continuation of our previous work whi
was devoted to pion scattering@8,9# and pion photoproduc-
tion @10,11# on very light nuclei. Using a microscopic ap
proach based on the KMT multiple scattering approach@12#
in momentum space we have achieved a good descriptio
pion scattering on deuteron and3He and pion photoproduc
tion on 3He.

In paper I @8#, we demonstrated that a microscopic d
scription of elasticpd scattering in the framework of the
multiple scattering theory is able to describe the differen
cross section and polarization observables equally well a
the Faddeev approach. Furthermore, our multiple scatte
approach proved to be very transparent, simplifying a co
parison of the pion interaction with heavier nuclei. We b
lieve the same rational holds in the case of coherentp0 pho-
toproduction.

Very recently, interest in the physics with eta mesons
grown significantly. This relatively new field of theoretica
and experimental studies is promising to be very usefu
obtain a more global picture of the meson-nuclear inter
tion. On the other hand, these studies could give impor
information on the excitation of nucleon resonances in nu
@like theS11~1535! and theD13~1525!#. Eta photoproduction
on the deuteron is of special interest since, due to isos
selection rules a measurement of this process should allo
to completely determine the proton and neutron electrom
netic amplitudes and to separate the isospin componen
the nucleon resonances.
R
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55 99COHERENTp0 AND h PHOTOPRODUCTION ON THE DEUTERON
Unfortunately, despite its long history, the experimen
data available for the meson photoproduction processe
the deuteron are not of as high a quality as the ones for,
elastic pion scattering. However, with the new accelerator
Mainz, Bonn, Saskatoon and, in the near future, CEBAF
hope that such data will be available soon.

The basic ingredients of our formalism based on the m
tiple scattering approach and coupled-channels method
given in Sec. II. In Sec. III we present the main expressio
for the differential cross section and polarization obse
ables. Our results for coherentp0 photoproduction are dis
cussed in Sec. IV. In Sec. V, we will complete our analy
with the investigation of coherent eta photoproduction on
deuteron. A summary and conclusions are given in Sec.

II. BASIC INGREDIENTS OF THE THEORY

To obtain the amplitude of pion photoproduction on n
clei one may start, as in pion scattering, with the amplitu
of the elementary process and the use of multiple scatte
theory @12,13#. An extension of the KMT approach@12# to
the case of nuclear pion photoproduction leads to the follo
ing expression for theT matrix:

Tg~E!5(
j51

A

t j
g1(

iÞ j

A

(
j51

A

t iG0~E!t j
g

1(
kÞ i

A

(
jÞ i

A

(
j51

A

tkG0~E!t iG0~E!t j
g1•••, ~2!

wheret i and t j
g describe the pion scattering and pion ph

toproduction on bound nucleons, respectively, andG0(E) is
the Green’s function for a free pion-nuclear system. Toget
with the equations for the pion-nuclear scatteringT matrix
~see paper I!, Eq. ~2! can be rewritten as a system of integr
equations:

Tg~E!5Ug~E!1T8~E!G0~E!Ug~E!, ~3a!

T8~E!5U8~E!1U8~E!G0~E!T8~E!, ~3b!

where

T8~E!5
A21

A
T~E!, U8~E!5

A21

A (
j51

A

t j~E!,

and Ug~E!5(
j51

A

t j
g~E!. ~4!

For a consistent derivation of the pion photoproduct
amplitude from Eq.~3! we will use the same approximation
as in pion scattering. First in the spectral decomposition
the Green’s function only the deuteron ground state is
tained,neglecting the contributions from the coupling wi
the break-up channels. As we have seen in paper I, this a
proximation is a reasonable starting point to study pio
nuclear scattering. However, as we will see below, n
threshold for isoscalar nuclei like the deuteron the grou
state contribution is very small and the coupling to t
breakup channels becomes important. Second we use the
elementaryt matrix, tg(E)'tg(v). The last assumption is
l
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calledmodified impulse approximationwhere the connection
between pion-nucleon (v) and pion-nuclear (E) energies is
the same as in elastic pion scattering~three-body choice!:

v5E1mp1MN2F ~mp1MN!21
~qW 1kW !2

16
G1/2

2FMN
21

~qW 1kW !2

16
G1/2, ~5!

wheremp andMN are the pion and nucleon masses,kW and
qW are the photon and pion momenta, respectively. As
have shown in paper I, this choice improves the impu
approximation in pion scattering.

Finally, using these two approximations for the nucle
pion photoproduction amplitude we get an expression in
distorted wave impulse approximation~DWIA !. In momen-
tum space it can be presented as

FM fMi

~l! ~qW ,kW !5VMfMi

~l! ~qW ,kW !2
1

~2p!2

3(
M f8

E dqW 8

M~q8!

FM fM f8
8 ~qW ,qW 8!VM

f8Mi

~l!
~qW 8,kW !

E~q!2E~q8!1 i e
,

~6!

where the amplitudesFM fMi

(l) andFM fM f8
8 are connected with

theTg(E) andT8(E) matrixes in Eq.~3! via relations

FM fMi

~l! ~qW ,kW !52
AM~q!M~k!

2p
^p~qW !, f uTg~E!u i ,g~kWl!&,

~7a!

FM fM f8
8 ~qW ,qW 8!52

AM~q!M~q8!

2p

3 ^p~qW !, f uT8~E!u f 8,p~qW 8!&. ~7b!

In Eqs. ~6!–~7b! l561 is the photon polarization,u i &,u f &,
and u f 8& are the deuteron ground state which differs only
projection of the deuteron’s spin,Mi ,M f andM f8 . The rela-
tivistic pion-nuclear and photon-nuclear reduced masses
given byM(q)5Ep(q)EA(q)/E(q) andM(k)5kEA(k)/
E(k), whereE5E(q)5E(k) is the pion-nuclear~or photon-
nuclear! total energy in the pion-nuclear (pA) c.m. system.

Note that the main difference compared to the stand
DWIA approach~which is not appropriate for the deuteron!
is the factor (A21)/A in the T8 matrix. This factor avoids
double counting of pion rescattering on one and the sa
nucleon. Such effects are already included in the elemen
amplitude. Another difference is that Eq.~6! includes not
only coherent~non-spin-flip! pion rescattering but also inco
herent spin-flip transitions which change the projection
the spin of the deuteron.

In the framework of theplane wave impulse approxima
tion ~PWIA! the pion photoproduction amplitude is equal
the first term of Eq.~6! which is expressed in terms of th
elementary pion-nucleon photoproductiontg(v) matrix or
amplitudef (l):
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VMfMi

~l! ~qW ,kW !52
AM~q!M~k!

2p

3K p~qW !, fU(
j51

A

t j
g~v!U i ,g~kWl!L , ~8a!

^qW ,pW 8utg~v!upW ,kWl&52
2p

Am~q,p8!m~k,p!
f ~l!~v,up* !

3d~pW 81qW 2pW 2kW !, ~8b!

where relativistic pion-nuclear and photon-nuclear
duced masses arem(q,p8)5Ep(q)EN(p8)/v and m(k,p)
5kEN(p)/v, pW andpW 8 are the nucleon momenta in the in
tial and final states~in pA c.m. system!, respectively.

The relativistically invariant amplitudef (l), in the pion-
nucleon (pN) c.m. system has the standard CGLN form@14#

f ~l!~v,up* !5 iF 1sW •eWl1F2sW •qŴ sW •@kŴ3eWl#1 iF 3sW •kŴqŴ •eWl

1 iF 4sW •qŴqŴ •eWl , ~9!

whereqŴ andkŴ are the unit vectors for the pion and photo
momenta in thepN c.m. system,up* is the pion angle in the
same system. All these variables can be expressed in a
bitrary frame via the standard Lorentz transformation~see
Ref. @11#!.

In nuclear applications, it is convenient to divide the a
plitude in Eq. ~9! into non-spin-flip (f 2) and spin-flip
( f 1 , f 3 , f 4) amplitudes

f ~l!5 i f 1sW •eWl1 f 2@qŴ 3kŴ #•el1 i f 3sW •kŴqŴ •eWl1 i f 4sW •qŴqŴ •eWl .
~10!

These are connected to the standard CGLN amplitudes

f 15F12F2cosup* , f 25F2 , f 35F31F2 , f 45F4 .
~11!

In terms of the lowests- andp-wave multipoles, the am
plitudes f i can be expressed as

f 15E011cosup* ~3E111M112M12!, ~12a!

f 252M111M12 , ~12b!

f 353E112M111M12 , ~12c!

f 450 . ~12d!

In our calculation, we use the unitary version of t
Blomqvist-Laget amplitude@15,16# for the elementary am
plitude which contains contributions from Born an
v-exchange terms. The dominantD-resonance contribution
is described by the real and imaginary parts of the reson
M11

D (v) andE11
D (v) multipoles that are added to the bac

ground terms in a unitarized way. Here we want to rem
that in accordance with the Blomqvist-Laget approach
pion photoproduction operator used for nuclear applicati
is obtained after a nonrelativistic reduction to ord
-

ar-

-

a

nt

d
e
s
r

(pW /MN)
2 of the relativistic and gauge invariant amplitud

Due to the reduction procedure gauge invariance is no lon

exactly fulfilled but to order (pW /MN)
2, consistent with the

nonrelativistic reduction. It was shown in Refs.@15,16# that
up to photon laboratory energies of about 500 MeV this
proximation is well suitable and agrees well with the expe
mental data for the elementary reaction.

Embedding a gauge invariant one-body operator in
nucleus in the framework of the impulse approximatio
however, will always violate gauge invariance due to bindi
or off-shell effects. This is well known in electron scatterin
wheremeson exchange currents~MEC! have to be included.
As it was shown in our previous work@17# one way to con-
struct a gauge invariant nuclear pion photoproduction am
tude is using minimal substitution of the electromagne
field in the nuclear pion emission amplitude and in t
nuclear wave function, satisfying the Schro¨dinger equation
with the nuclear HamiltonianHA5T1VA .

Minimal substitution in the kinetic termT gives the stan-
dard nucleon pole terms of the elementary~one-body! pion
photoproduction amplitude. In addition, a two-body opera
appears, describing the process where the photon is abso
on one nucleon and the pion is emitted from another nucle
Such a two-body mechanism is not included in Eq.~2!. As it
was shown in Ref.@17# in the case3He(g,p1)3H this two-
body mechanism can be important at high energies and b
ward angles. On the other hand, in the case of the deut
the corresponding contribution from minimal substitution
the nuclear wave functions in the initial and final states c
cel each other almost exactly. A similar cancelation has b
found in Ref.@18# in pion-deuteron elastic scattering.

Further two-body contributions could appear due to mi
mal substitution in the nuclear potentialVA which has essen
tially a one boson exchange nature. In this way we can g
erate the meson exchange currents of pion photoproduc
This issue has not been studied in detail for pion photop
duction and is beyond the realm of our paper. A detai
discussion of this problem can be found in Ref.@19#, where
such MEC contributions are found to be of higher order
p/MN . In the following our considerations will be based o
the conventional approach without MEC degrees of freedo

Finally, we mention the so-calledfactorization approxi-
mation in the treatment of nucleon Fermi motion. We ha
developed the formalism for the exact treatment of
nucleon momentum dependence in the elementary ampli
using a multidimensional integration in Eqs.~7a! and ~7b!.
However, similar to our previous studies@20,21# the substi-
tution

pW→pW eff52
kW

A
2
A21

2A
~kW2qW !52

kW

2
2
1

4
QW ~13!

works very well quantitatively and provides an excellent a
proximation. This result is based on the fact that in case o
Gauss wave function, which roughly reproduces the do
nantS-wave part of the deuteron ground state, the repla
ment~13! gives an exact treatment for the linearpW /2M terms
in the elementary amplitude.
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55 101COHERENTp0 AND h PHOTOPRODUCTION ON THE DEUTERON
III. POLARIZATION OBSERVABLES

Polarization observables have the promise of openin
new field in the electromagnetic production of pions fro
protons and nuclear targets. Since many of these observa
contain interference terms, small but important amplitud
can be investigated in a unique way.

To define our polarization observables we choose the
tem of coordinates corresponding to theMadison Convention
@22#: a right-handed coordinate system where the positivz
axis is along the photon beam direction and they axis is
along the vector@kW3qW #.

In this paper, we focus only on single polarization obse
ables that appear inp0 photoproduction with a polarized
beam and an unpolarized target, or an unpolarized beam
a polarized target. In both cases five polarization observa
can be measured.

The photon asymmetry

S5
ds/dV'2ds/dV~ i !

ds/dV'1ds/dV~ i ! , ~14!

where' (i) refers to a photon linearly polarized perpe
dicular ~parallel! to the reaction plane and fouranalyzing
powers ~the vector, iT11, and three tensor ones
T20,T21,T22)

Tkk5
Tr~FtkkF

†!

Tr~FF†!
. ~15!

In Eq. ~15!, the spherical tensor operatortkk is defined as

^JM8utkkuJM&5 Ĵk̂~21!J1M8S J J k

M 2M 8 k D ~16!

with a Wigner 3j symbol andĴ5A2J11.
From the partial wave decomposition of the electrom

netic vector potential@13# it follows that the pion photopro-
duction matrix elements,FM fMi

(l) , can be divided into mag

netic and electric components which are both independen
the photon polarizationl561:

FM fMi

~l! 5FM fMi

~M ! 1lFM fMi

~E! . ~17!

Similar to the formalism in pion scattering, one can pres
the photoproduction matrix in the following form:

FM fMi

~l! 5S F11
~l! F01

~l! F21
~l!

F10
~l! F00

~l! F20
~l!

F12
~l! F02

~l! F22
~l! D 5S AM BM CM

DM EM 2DM

CM 2BM AM
D

1lS AE BE CE
DE 0 DE

2CE BE 2AE
D , ~18!

where the signs1,0,2 correspond to the deuteron spin pr
jectionsMi ( f )511,0,21, respectively. Note that the struc
ture of the magnetic part of matrix~18! is similar to the
a

les
s

s-

-

nd
es

-

of

t

Robsonmatrix @23# which was discussed in the case of ela
tic pion scattering@17#. The main difference appears in th
electric part, whose contribution is much smaller. Therefo
the behavior of the differential cross section and the sin
polarization observables is mainly determined by the fi
magnetic amplitudes. We point out that theCE amplitude
vanishes in PWIA; it has contributions due only to pion re
cattering.

Calculating the expectation values of the operatortkk for
k5k50, the differential cross section and photon asymm
try can be written as

ds

dV
5
dsM

dV
1
dsE

dV
, ~19a!

dsM

dV
5
2q

3k
~ uAMu21uBMu21uCMu21uDMu21 1

2 uEMu2!,

~19b!

dsE

dV
5
2q

3k
~ uAEu21uBEu21uCEu21uDEu2!, ~19c!

S5
dsM /dV2dsE /dV

dsM /dV1dsE /dV
. ~19d!

Similarly, the vector and tensor analyzing powers can
divided into magnetic and electric parts

Tkk5Tkk
~M !1Tkk

~E! . ~20!

The expression forTkk
(M ) in terms of theAM , . . . ,EM ampli-

tudes are the same as in pion scattering:

iT11
~M !5A2/3Im@DM* ~AM2CM !2BM* EM !]/a~up!, ~21a!

T20
~M !5

A2
3

~ uAMu21uBMu21uCMu222uDMu22uEMu2!/a~up!,

~21b!

T21
~M !52A2/3Re@DM* ~AM2CM !1BM* EM !]/a~up!, ~21c!

T22
~M !5

1

A3
@2Re~AM* CM !2uBMu2#/a~up!, ~21d!

a~up!5
k

q

ds

dV
. ~21e!

For the electric part of the analyzing powers we obtain

iT11
~E!5A2/3Im@DE* ~AE1CE!#/a~up!, ~22a!

T20
~E!5

A2
3

~ uAEu21uBEu21uCEu222uDEu2!/a~up!, ~22b!

T21
~E!52A2/3Re@DE* ~AE1CE!#/a~up!, ~22c!

T22
~E!52

1

A3
@2Re~AE* CE!2uBEu2#/a~up!. ~22d!

Finally, we present expressions for theA,B, etc. ampli-
tudes obtained:~1! in the plane wave impulse approximatio
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and ~2! by taking into account only contributions from th
S component and its interference with theD component of
the deuteron wave function. Then the Robson amplitudes
be expressed solely through the elementary amplitu
f 1 , . . . ,f 4 from Eq. ~10! and the radial integralsRl 8 l ~intro-
duced in paper I!:

Rl 8 l
~L !

~Q!5E rU l 8~r ! j LSQr2 DUl~r !, ~23!

whereUl is the deuteron radial wave functionj L(z) is the
spherical Bessel function, and$ l ,l 8%50,2. This yields

AM>A2 f 2sinup* FR00
~0!2

1

2A2
~113cos2Q!R02

~2!GWA ,

~24a!

BM>S f 1RS1
3

A2
f 2sinup* sin2QR02

~2!DWA , ~24b!

CM>2
3

2
f 2sinup* ~12cos2Q!R02

~2!WA , ~24c!

DM>2S f 1RS2
3

A2
f 2sinup* sin2QR02

~2!DWA , ~24d!

EM>A2 f 2sinup* FR00
~0!1

1

A2
~113cos2Q!R02

~2!GWA ,

~24e!

AE>2A2sinup* F ~ f 31 f 4cosup* !RS1
3

A2
f QcosQR02

~2!GWA ,

~24f!

BE5DE>2F ~ f 11 f 4sin
2up* !RS

2
3

A2
f Qsinup* sinQR02

~2!GWA , ~24g!

where we have used the following notations:

RS~Q!5R00
~0!~Q!1

1

A2
R02

~2!~Q!, ~25a!

f Q5
q

Q
~ f 11 f 3cosup*1 f 4!2

k

Q
~ f 31 f 4cosup* !, ~25b!

cosQ5
1

Q
~k2qcosup!. ~25c!

In Eqs.~24a!–~25c! up* is the pion angle inpN c.m. system,

QW 5kW2qW is the nuclear momentum transfer. The kinemati
factorWA can easily be obtained from Eq.~8!.

As we will see below, the expressions~24a!–~24g! are
very useful for a qualitative as well as a quantitative und
standing of the polarization observables. The complete
an
es

l

-
x-

pressions~including complete contributions from the deu
teronD-state component! are given in the Appendix.

IV. RESULTS AND DISCUSSION

A. Differential cross section

We begin our discussion with the results for the differe
tial cross section. Using our formalism described above
will show that it reproduces the well-known results for th
coherent p0 photoproduction at threshold and in th
D-resonance region.

In general, pion photoproduction near threshold is dom
nated by the spin-flip amplitude with the leading multipo
E01 . However, neutral pion photoproduction is compara
to the situation with the scattering length in elastic pio
deuteron scattering~see paper I!: the isoscalar part of the
s-wave multipole is one order of magnitude smaller than
isovector one. Therefore, the PWIA approach is not valid
threshold and contributions from pion rescattering w
charge exchange become very important@1,2#. For this two-
step process the corresponding contribution to the total
plitude can be estimated by using the first iteration of Eq.~3!

FResc.
~l! 5

Mpd

mpN
WAK dUeirW•~kW1qW !/2

eiq0r

r (
iÞ j

f pN~ i ! f ~l!~ j !UdL ,
~26!

whereMpd andmpN are the reduced masses for thepd and
pN systems, respectively,ud& is the deuteron ground state
andq0 is the on shell momentum of the pion in the interm
diate state.

In the limit of q→0, the elementary amplitudes forpN
scattering, f pN , and pion photoproduction,f (l), become
constant and the total amplitude~with direct and rescattering
contributions! can be reduced to the expression@24#

F ~l!'WAR00
~0!~Q!F ~E01

p0p1E01
p0n!

1
Mpd

mpN
K 1r L apN

p0p1

~E01
p1n2E01

p2p!G ~27!

with the pion-nucleon scattering lengt

apN
p0p1

52apN
p0p2

5A2(a12a3)/350.122/mp and ^1/r &5

0.65/mp . In Eq. ~27!, theE01
p0N multipoles forp0 photopro-

duction are much smaller than the Kroll-Ruderman multip

E01
p6N thus the rescattering terms are comparatively

hanced.
In Fig. 1 we show our calculations for the total and d

ferential cross section in the threshold region. In this reg
the contribution of elastic rescattering~without charge ex-
change! is very small. This is due to the small size of th
isoscalar part of thepN scattering amplitude. On the othe
hand, due to its large isovector part and also due to the la

E01
p6N multipole, the role of the charge exchange proce

becomes very important. In the upper figure the redu
cross section is compared with a recent reanalysis@25# of an
earlier Saclay measurement. The full calculations are ab
15% larger than the experimental data. The same results
recently been obtained by Garcilazo and Guerra@6# using a
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55 103COHERENTp0 AND h PHOTOPRODUCTION ON THE DEUTERON
Feynman diagram method with a pure pseudovectorpNN
coupling. Calculations by Bosted and Laget@2# are about
15% lower than ours and agree better with the experime

The authors of Ref.@6# argue that the main reason of the
disagreement with the experiment could be due to the c
tributions from third- and higher-order scattering term
However, our calculations~compare dashed and solid curv
in Fig. 1! show that such contributions usually increase
cross section because of the attractive nature of the p
nuclear interaction in the threshold region.

In the lower part of Fig. 1 we show calculations for th
differential cross section atDE5Eg2Eg

thr5 8 MeV. Here
we see that the interference between direct and rescatte
terms is strongly angle dependent, leading to an increas
the differential cross section by about a factor of two at ba
ward angles.

Recent developments inp0 photoproduction on the pro
ton @26,27# that indicate large deviations from the old lo
energy theorem~LET! predictions suggest that such effec
could also be visible in coherent photoproduction on the d
teron. In the direct term only the isospin~1! amplitude ap-
pears which is proportional to the sum of the proton a
neutron amplitudes, E01

(1)5@E01(p
0p)1E01(p

0n)#/2.
While PV Born terms predict this amplitude to be constan
the threshold region with a value close to the old LE
E01
(1)521.031023/mp , the new experiments on the proto

show an energy dependent function with a cusp effect at
charged pion threshold. Using isospin symmetry, with t
new experimental data and the older values for (g,p6) @28#
we find values forE01

(1) from 21.5 to 11.5 in units of

FIG. 1. ~a! Reduced total cross section as a function of
photon lab energy near threshold. The dotted curves are the P
results, the dashed and solid curves are the calculations inclu
pion charge exchange without and with elastic pion rescatter
respectively. The data are from Ref.@25#. ~b! Reduced differential
cross section for the photon excess energy in the lab frame a
threshold,DE5Eg2Eg

thr58 MeV. The notation of the curves is th
same as in~a!.
.

n-
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1023/mp . Predictions from chiral perturbation theory giv
positive values for this amplitude that vary between the n
tral and charged thresholds in the range
(0.521.2)31023/mp @29#. In Fig. 2, we show the influence
of this isospin~1! amplitude on the total and differentia
cross section of coherent pion photoproduction on the d
teron. Even though the direct term is not dominant in t
reaction, a significant sensitivity can be seen because of
interference with the pion rescattering channel. Compar
our calculations with the total cross section data in Fig. 2~a!
leads to a preferred value of20.531023/mp . As demon-
strated in Fig. 2~b!, a determination ofE01

(1) should be much
easier using angular distributions, where one can easily
tinguish different values in the forward-backward angu
asymmetry.

With increasing photon energy the contributions fro
p-wave multipoles become stronger, due mostly to the ex
tation of theD resonance. Figure 3 illustrates the role of t
individual parts of the elementary photoproduction amp
tude: the Born1v-exchange terms~dotted curves!, the
D-resonance contribution~dashed curves!, and the total am-
plitude ~solid curves!. The Born andv-exchange diagrams
are essential at forward and backward angles. In this reg
only the f 1 amplitude remains which contains the nonres
nantE01 andM12 multipoles as well as the resonantM11

D

andE11
D amplitudes. Aroundup590°, theD-resonance con-

tribution dominates due to the magnitude of the coher
contribution from the non-spin-flip amplitudef 2.

In comparison to the available data the overall agreem
is satisfactory. An exception may be the large disagreem

IA
ng
g,

ve

FIG. 2. ~a! Sensitivity of the reduced total cross section on t
isospin ~1! amplitude in the direct term. From top to bottom th
E01
(1) s-wave amplitude has been taken as21,20.5,0,10.5,11 in

units of 1023/mp . All curves have been calculated with full resca
tering including the SCE contribution. The data are from Ref.@25#.
~b! Reduced differential cross section for the photon excess en
in the lab frame above threshold,DE5Eg2Eg

thr58 MeV. The no-
tation of the curves is the same as in~a!.



e

ob
in

d,

a
n-

nd
ip

d

in
e
rib
tri

e
ar

o

io
re
st
ir

ibu-
n-

ge

re

n-
e-
the

tion.
n
il-
t-

ich
the

-

e
rly,
he
er,

gli-

n
e

a

are
are
on

104 55S. S. KAMALOV, L. TIATOR, AND C. BENNHOLD
in the forward direction with the data from Ref.@33# with
rather large error bars. The best description of the exp
mental measurements is achieved atup590°, where theD
contribution dominates. Together with our earlier results
tained for 3He andp-shell nuclei, this gives us confidence
the treatment ofD propagation in nuclei. In order to draw
further conclusions more precise experiments are neede
particular at extreme angles where theD contribution is
weaker.

Figure 4 shows the differential cross sections
Eg5260–400 MeV. Here we illustrate the role of the spi
flip contribution~dash-dotted curves!. It only contributes sig-
nificantly at very backward and forward angles. Arou
up590° the main contribution comes from the non-spin-fl
transition associated with the elementary amplitudef 2 which
is dominated by theD resonance.

The role of the rescattering mechanism can be seen
comparing the simple PWIA~dashed curves! with our full
calculations~solid curves!. Its contribution is biggest in the
D-resonance region and at backward angles. Among the
ferent rescattering mechanisms elastic scattering~without
charge exchange! dominates in this energy region. This is
contrast to the threshold region where, as we have s
above, charge exchange rescattering gives the main cont
tion. Above theD-resonance region, the rescattering con
bution becomes smaller with increasing photon energy.

The role of the3D1 configuration in the deuteron wav
function is also illustrated in Fig. 4 by turning off the nucle
matrix elements withL52. The D-wave contribution be-
comes manifest at large angles,up.90°, for energies
Eg.300 MeV, which corresponds to momentum transfers
Q2.3.1 fm22.

We conclude our analysis of the differential cross sect
by comparing with previous calculations. Our results p
sented here are very similar to the ones obtained by Bo
and Laget@2#. The main difference between our and the

FIG. 3. Energy dependence of the differential cross sectio
fixed anglesup56°, 90°, 120°, and 175°. The dotted and dash
curves are the calculations only with Born1v-exchange andD con-
tributions, respectively. Solid curves are the results of the full c
culations. Experimental data are from Refs.@30# ~o!, @31# (d), and
@32# (n).
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approach is the treatment of the pion rescattering contr
tions. In our formalism the coupling with the breakup cha
nels was not included in contrast to Ref.@2#. Apparently, the
corresponding contribution is small in the kinematical ran
considered here.

A comparison with the Garcilazo and Guerra@6# calcula-
tions shows that in the forward direction their results a
generally about 50% larger, except atEg5340 MeV. This
could indicate a difference in the spin-flip part of the eleme
tary amplitude which dominates in the forward direction. B
low we show that this leads to a dramatic difference in
vector analyzing power. The work by Blaazer@7# includes
only a comparison with the data atEg5300 MeV. Their
results are about 20% above the measured cross sec
Within their Faddeev formalism they find only small pio
rescattering effects. Compared to the calculations by W
helm and Arenho¨vel @5# our results are lower and agree be
ter with the data, except forup56°. The main reason for this
difference is due to pion rescattering in our approach wh
reduces the cross sections considerably in the region of
D resonance~see Fig. 4!.

B. Polarization observables

Photon asymmetry.Figure 5 shows the angular distribu
tion for the photon asymmetry calculated atEg5200–400
MeV in PWIA ~dashed curves! and DWIA ~solid curves!.
The dotted curves are DWIA calculations without th
D-state configuration in the deuteron wave function. Clea
all calculations are very similar; thus, the influence of t
deuteronD-state and pion rescattering is small. Moreov
our analysis showed that the contribution of thel52 multi-
poles in the elementary production amplitude is also ne

at
d

l- FIG. 4. Angular distribution at fixed photon lab energyEg5
260, 300, 340, and 400 MeV. The dashed and solid curves
PWIA and full calculations. The dash-dotted and dotted curves
the calculations without non-spin-flip and without deuter
D-state, respectively. Experimental data are from Refs.@30# ~o!,
Refs.@31# (d), and@33# (n).
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55 105COHERENTp0 AND h PHOTOPRODUCTION ON THE DEUTERON
gible, e.g., we can setf 450. Thus, using Eq.~24! the photon
asymmetry can be expressed in a rather simple form u
only the elementary amplitudesf 1 , f 2, and f 3:

S~S!~deuteron!' 3
4 sin

2up

u f 2u22
2
3 u f 3u2

u f 1u21
3
4 sin

2up~ u f 2u21
2
3 u f 3u2!

.

~28!

This expression is close to the expression for the elem
tary photon asymmetry for the process on the nucleon:

S~nucleon!' 1
2 sin

2up

u f 2u22u f 3u2

u f 1u21
1
2 sin

2up~ u f 2u21u f 3u2!
.

~29!

Therefore, the angular distribution of the photon asymme
for the production process on hydrogen and deuteron lo
very similar.

Tensor analyzing powers.Figure 6 presents our results fo
the T20 observable obtained in the same way as the pho
asymmetry. However, in contrast to the photon asymme
T20 is very sensitive to the deuteronD-state componen
~compare solid and dotted curves!. The influence of pion
rescattering still remains small.

In the region of 90°,up,150°, where the contribution
of the D state is more important the value forT20 can be
estimated from Eq.~24! as

FIG. 5. Photon asymmetryS at Eg5200–400 MeV. The solid
and dashed curves are full and PWIA calculations, respectiv
The dotted curves are obtained without deuteronD state.
g

n-

y
ks

n
y,

T20~;130°!'
uAMu22uEMu2

uAMu21
1

2
uEMu2

'2~113cos2Q!
x

113 x2sin22Q
, ~30!

where angleQ is defined in Eq.~25c! and x5R02
(2)(Q)/

R00
(0)(Q) . This ratio describes the role of the deuteronD state

as a function of the momentum transferQ. It is clear that
with increasingQ the ratiox also increases anduT20u reaches
its maximum value.

The contribution of the deuteronS-state dominates at for
ward and backward angles. In this regio
BM5DM52BE52DE and other amplitudes are zero
Therefore, independent of the photon energy we have

T20~0°!'T20~180°!'2
A2
4
. ~31!

As can be seen in Fig. 6, this relation is generally fulfill
and only small deviations appear due to pion rescattering
Fermi motion.

Thus we find that the maximum value of the tensor a
lyzing powerT20 is only sensitive to theD-state componen
of the deuteron wave function and not to the details of
elementary amplitudes or to pion rescattering.

The behavior of the other tensor polarization observab
T21 andT22 is similar ~see Fig. 7 and Fig. 8!. They both have
a maximum negative value aroundup5900. As in the case
of T20 this value is determined by the deuteronD state. Us-
ing Eq. ~24!, this dependence can be expressed appr
mately as

y.
FIG. 6. Tensor analyzing powerT20. The notations of the

curves are as in Fig. 5.
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T21~;90°!'2A6sin2Q
x

113 x2sin22Q
, ~32a!

T22~;90°!'2A3/2~12cos2Q!
x

113 x2sin22Q
. ~32b!

From this equation it follows that at the maximu
T21'2T22. In the forward and backward direction these o

FIG. 7. Tensor analyzing powerT21. The notations of the
curves are as in Fig. 5.

FIG. 8. Tensor analyzing powerT22. The notations of the
curves are as in Fig. 5.
-

servables vanish. At low energies theS-state component be
comes visible and theD-state contribution is negligible. In
this region,T21 can be estimated by the following expre
sion:

T21
~S!~Eg;200 MeV!

'2
A3
4
sinup

Re@ f 1* f 3#

u f 1u21
3
4 sin

2up~ u f 2u21
2
3 u f 3u2!

.

~33!

Vector analyzing power.In our study of polarization ob-
servables in elastic pion-deuteron scattering~see paper I! we
found that the vector analyzing poweriT11 is very sensitive
to the details of the theory. Especially pion rescattering w
very important, around theD-resonance region it change
the sign ofiT11.

Our calculations, shown in Fig. 9, indicate that the infl
ence of pion rescattering is not important foriT11 in the case
of p° photoproduction~compare solid and dashed curves!.
The contribution of the deuteronD-state is also small. There
fore, in this reaction the vector analyzing power is neith
sensitive to details of the rescattering mechanism nor
nuclear structure. Therefore, it can be expressed enti
through the elementary amplitudesf 1 , . . . ,f 4. If we again
neglect the small contribution from thef 4 amplitudeiT11 has
a simple form,

iT11
~S!~deuteron!'2

A3
2
sinup

3
Im@ f 1* ~ f 22

1
2 f 3!#

u f 1u21
3
4 sin

2up~ u f 2u21
2
3 u f 3u2!

. ~34!

FIG. 9. Vector analyzing powerT11. The notations of the
curves are as in Fig. 5.
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55 107COHERENTp0 AND h PHOTOPRODUCTION ON THE DEUTERON
Furthermore, due to the small nonresonantE01 multipole,
f 1 reduces to

f 1'cosup~3E111M112M12!. ~35!

Therefore,iT11 has a sinupcosup angular dependence an
changes the sign aroundup590°. Note that this result is in
strong disagreement with the predictions of Garcilazo a
Guerra@6#. Their vector analyzing power is positive in th
D-resonance region at all angles. This can occur o
through differences in the elementary amplitude. At the sa
time their predictions for the photon asymmetry and ten
analyzing powers are very similar to ours.

Another interesting consequence which comes from E
~34! and ~35! is related to the contribution of theE11 mul-
tipole. It is of a particular interest because of its resonant p
due to theE2 transition in thegND vertex. The size of this
quadrupole component is very sensitive to the tensor forc
the quark-quark interaction. Thus, this transition could g
us a measure for the deformation of the delta and, su
quently, of the nucleon in the framework of quark model

Figure 10 illustrates the sensitivity of the vector analyzi
power to the contribution of theE2 transition ingND vertex
at up530°. As follows from Fig. 9, the influence of othe
theoretical uncertainties is minimal in this region. Howev
the presence of theE11

D multipole dramatically changes th
value of iT11.

Note that a similar situation also occurs inp° photopro-
duction on the nucleon. Again, if we neglect the small co
tribution from the f 4 amplitude we obtain for the targe
asymmetry on the proton

T5A2iT11~nucleon!

'2sinup

Im@ f 1* ~ f 22 f 3!#

u f 1u21
1
2 sin

2up~ u f 2u21u f 3u2!
. ~36!

V. h PHOTOPRODUCTION

We complete our analysis with an investigation of coh
ent h photoproduction on the deuteron. The formalism
this process can be developed in a straightforward way
the same coupled channels method which has been appli
pion photoproduction. In momentum space the nuclear p
toproduction amplitude can be written as

FIG. 10. Sensitivity ofiT11 to theE11
D multipole. The solid and

dashed curves are the results obtained with and without this m
pole, respectively.
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Fhg
~l!~qW ,kW !5Vhg

~l!~qW ,kW !2
a

~2p!2

3 (
i5p,h

E d3q8

Mi~q8!

Fh i~qW ,qW 8!Vig
~l!~qW 8,kW !

Eh~q!2Ei~q8!1 i e
, ~37!

wherekW is the photon, andqW is theh or pion momentum.
The total energy in theh-nucleus andp-nucleus channels is
denoted byEi(q)5Ei(q)1EA(q), the reduced mass is give
byMi(q)5Ei(q)EA(q)/Ei(q), anda5(A21)/A.

Vhg is expressed in terms of the freeh-nucleon photopro-
duction t-matrix

Vhg
~l!~qW ,kW !52

AMh~q!Mg~k!

2p

3K h~qW !, fU(
j51

A

thg~ j !U i ,g~kWl!L . ~38!

As an elementarythg amplitude we will use the extende
dynamical model of Bennhold and Tanabe@34,35# where the
resonance sector is constrained by solving the coupled c
nels problem for thepN→pN, pN→hN, pN→ppN, and
gN→pN reactions, using available data as input. The ba
ground is formed by the contributions froms- and
u-channel Born terms and byr- and v- exchange in the
t-channel. Following the analysis of Ref.@35# we use pseu-
doscalar Born terms with anhNN coupling constant of
gh
2/4p50.4.
At present, little is known about the nature of th

h-nucleus interaction which enters in the amplitu
Fh i(qW ,qW 8). For the elementarypN→hN process the experi
mental data is much less complete and accurate in contra
pN-scattering data. There are only few theoretical studies
this reaction@34,36,37# based on the coupled channel isob
model for thepN,hN, and ppN systems. More detailed
information about the structure of theh-nucleus interaction
can be found in our previous work@9#. We only note that,
just as in pion photoproduction, theh scattering amplitude
Fh i is constructed as a solution of the Lippmann-Schwin
equation using the KMT version of multiple scatterin
theory. At present our calculations have been carried ou
DWIA without coupling to the pion channel because o
elementary pion photoproduction amplitude is not well a
propriate for the photon energiesEg.500 MeV where
higher nucleon resonances become important. From the o
hand as it was estimated in Ref.@40# contributions coming
from the pion channel are much smaller than eta rescatte
terms.

In Fig. 11, we show the differential cross section for c
herenth photoproduction on the deuteron atEg5675 MeV
~48 MeV above threshold!. The reaction is completely domi
nated by the resonance contribution, the nonresonant B
terms and vector meson contributions are negligible. Theh
rescattering contribution in the final state is also small in t
energy region.

Figure 12 presents the energy dependence of the diffe
tial cross section atu590°. Old experimental data@38# are
in dramatic disagreement with numerous theoretical pre
tions @39–41#. This is related to the small isoscalar (g,h)

ti-
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108 55S. S. KAMALOV, L. TIATOR, AND C. BENNHOLD
amplitudeE01
(0) with R5E01

(0)/E01
(p)50.22. As can be seen i

Fig. 12, only an unrealistically large isoscalar amplitude
E01
(0)/E01

(p)50.7 can explain the data. This puzzle was a s
ject of investigations by many authors over the past twe
years. Recently, a new experiment at Mainz by Krusc
et al. @42# has obtained an upper limit for coherenth photo-
production which is in agreement with our calculations us
a realistic ratio ofR'0.2. This is also confirmed by a pre
liminary analysis of an experiment at Bonn@43#.

VI. CONCLUSION

In this paper we have presented a calculation for cohe
pion and eta photoproduction from the deuteron using
approach that is consistent with the description of pion e
tic scattering~paper I! @17#. The deuteron wave function use
in our computation is obtained from the Paris potential. T
final state interaction of the emitted mesons is treated in m
tiple scattering as described in paper I. All calculations
performed in momentum space treating dependence of
elementary amplitude from mesons and nucleon mome
exactly.

Our calculations agree well with existing data of differe
tial cross sections and can also reproduce previous calc
tions found in the literature. In the case ofp0 photoproduc-
tion in the threshold region we have found significa
sensitivity of the differential cross section to theE01

(1) isospin
amplitude of the nucleon that should allow a determinat
of theE01(p

0n) amplitude@44#. For coherenth photopro-
duction new experimental data from Mainz is in agreem
with our results obtained using a realistic ratio
E01
(0)/E01

(p)50.22.
We have applied our approach to polarization observa

that can be measured with the new electron scattering fa
ties where polarized targets and beams are becoming a
able. A number of simple relationships between polarizat
observables and the basic production amplitude was der
for the kinematical regions where nuclear structure and p

FIG. 11. Differential cross section for coherenth photoproduc-
tion on the deuteron at 675 MeV photon lab energy. The do
curves show the individual contributions for the resonance exc
tion and the nonresonant background from vector mesons and
terms in PWIA. The dashed and full lines give the full calculatio
in PWIA and DWIA, respectively.
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rescattering are not important. We found a strong sensiti
to the deuteronD-state component in the tensor analyzi
powers. The vector analyzing power (iT11) or target polar-
ization shows an enhanced sensitivity to the resonantE11

D

multipole. This very important quantity may give insight in
the medium modification of baryons in the presence of ot
nucleons. A study of this amplitude is possible by looking
different nuclei. In a previous paper on3He it was found that
this multipole can be rather easily observed with a polariz
photon beam.

Up to now there are only few good data available for th
rather elementary reaction and polarization observables
missing in the low energy andD region. With the new ac-
celerators at Mainz, Bonn, Saskatoon and, very so
CEBAF and the development of very powerful spectromet
and detectors we hope that soon precise data will bec
available, thus improving our knowledge of the producti
and interaction of mesons with very light nuclei.
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APPENDIX

In this appendix we give PWIA expressions for theRob-
son amplitudesA, . . . ,E with the deuteronS andD states
taken into account. They are expressed with nuclear ma
elementsMSLJ(Q) defined in Ref.@17#

M000~Q!52A3/4p@R00
~0!~Q!1R22

~0!~Q!#, ~A1!

FIG. 12. Energy dependence of the differential cross sectio
fixed anglesuh590° for thed(g,h)d reaction calculated with dif-
ferent ratiosR5E01

(0) /E01
(p)50.22, 0.5, and 0.7, where the first valu

is the prediction of the Bennhold Tanabe model@34#. The dashed
and solid curves are the PWIA and DWIA calculations, resp
tively. Experimental data are from Refs.@42# ~o! and @38# (d).
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M022~Q!54A3/4pFR02
~2!~Q!2

A2
4
R22

~2!~Q!G , ~A2!

M101~Q!52A6/4pFR00
~0!~Q!2

1

2
R22

~0!~Q!G , ~A3!

M121~Q!522A6/4pFR02
~2!~Q!1

1

A2
R22

~2!~Q!G . ~A4!

For the magnetic part of theA, . . . ,E amplitudes in the
PWIA approach we obtain

AM5A4p/6f 2sinup* FM000~Q!

2
1

4A2
~113cos2Q!M022~Q!GWA , ~A5!

BM5 1
2A4p/6@ f 1MS~Q!1 3

2 f 2sinup* sin2QM022~Q!#WA ,
~A6!

CM52 3
8A4p/3f 2sinup* ~12cos2Q!M022~Q!WA , ~A7!

DM52 1
2A4p/6@ f 1MS~Q!2 3

2 f 2sinup* sin2QM022~Q!#WA ,
~A8!
95

st

s.

u,
EM5A4p/6f 2sinup* FM000~Q!

1
1

2A2
~113cos2Q!M022~Q!GWA . ~A9!

For the electric part we obtain

AE52 1
2A4p/3sinup* F ~ f 31 f 4cosup* !MS~Q!

2
3

A2
f QcosQM121~Q!GWA , ~A10!

BE5DE52
1

2
A4p/6F ~ f 11 f 4sin

2up* !MS~Q!

1
3

A2
f Qsinup* sinQM121~Q!GWA . ~A11!

In the PWIA approach the electric amplitudeCE50 which
contributes only in the presence of pion rescattering. In E
~A5–A11! we used the notation

MS~Q!5M101~Q!2
1

A2
M121~Q!. ~A12!
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