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The tensor part of the color hyperfine interaction between quarks leads to a small electric quadrupole
amplitude in the yN~A excitation. It is demonstrated that pion photoproduction data available previ-
ously have a low sensitivity to the (isospin 2) electric quadrupole amplitude, E~+( z ). An additional

difficulty is that there is an appreciable background contribution to the total El+ amplitude. The conse-
quent difficulties in extracting the resonant part of this small amplitude from experiment are discussed.
It is shown that yp ~~ p and yp ~~+n cross sections near 0' and 180', and also those near 90' with po-
larized y rays, both with and without polarized targets, have the greatest sensitivity to the El+ ( —, ) am-

plitude. Since the anticipated observable effects of the resonant E2 amplitude are expected to be —10%
to 20% in magnitude, the required accuracy to extract a precise E2/M1 ratio is —

l%%uo for both experi-
ment and theory.

PACS number(s): 13.60.Rj, 14.20.Gk

I. INTRODUCTION

In analogy with the nucleon-nucleon and atomic
hyperfine interactions, the interaction between quarks is
believed to have a tensor component [1,2]. This gives a
d-state admixture in the predominantly s-state quark
wave functions for the nucleon and A. This also leads to
important predictions [2] about hadron structure includ-
ing mass splitting, decay probabilities nonzero quadru-
pole moments of 6 and 0, and a nonzero electric form
factor for the neutron [2,3]. The tensor interaction be-
tween quarks also leads to a resonant (I =—', ) electric
quadrupole amplitude' E,+( —,

'
) in the yN~A transition,

which is primarily an I = —', magnetic dipole M, +( —,')
transition. An accurate measurement of the E&+ ( —,

'
) am-

plitude is therefore of great importance in testing nucleon
models.

Multipole analyses [4] of the N(y, m) reactions consti-
tute a first step in determining the resonant. E,+(—', )

amplitude; or, equivalently, the ratio R EM
=E&+(—', )/M, +(—', ) (or E2/Ml ) for the resonant ampli-

tudes. The determination of the resonant E,+( —,') ampli-
tude is difficult for several reasons. First, it is small com-
pared to the dominant M, +( —,') amplitude. Second, the
relative magnitude of the background is large for this am-
plitude. Therefore, it is difficult to avoid a model depen-
dence in separating the background contribution from
the entire E,+(—', ) amplitude to get the resonant part.
Previous empirical attempts [5—10] obtained a range of
values from 0 to —5% for REM using available data.
Since these analyses were based on essentially the same
data, the spread in the values reAects a systematic error
in the analysis. In order to understand the reason for this
systematic variation, we have made, for the first time, a
quantitative estimate of the effect of the resonant E,+ ( —', )

amplitude on the observables. This paper is primarily
motivated by the fact that new experimental facilities and
techniques have made a more accurate measurement of
the quantities which are sensitive to the quadrupole am-
plitude in the yN~E transition feasible. However, as
will be discussed below, before these measurements can
be properly interpreted, one must be able to distinguish
between the signal and the background.

The amplitudes are denoted by EI+(I) and MI+(I), where l is
the orbital angular momentum of the photoproduced pion, the
+ sign refers to the total pion-nucleon angular momentum
j = l+ 2, and I is the isospin of the ~N system. Thus, El+ ( 2 ) is
the resonant electric quadrupole amplitude (E2) and M, + ( 2 ) is
the resonant magnetic dipole amplitude (M1).

II. GENERAL CONSTRAINTS
ON RESONANT MULTIPOLES

Since the E,+ ( —,
'

) amplitude is small and very likely to
have a large background component in addition to the
resonant part [11—13], it is important to discuss the basic
quantum mechanics of resonance amplitudes [14]. First
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consider resonances in mN scattering. These are most
gradually defined as poles in the S matrix. However, for
a strong resonance with a smooth background (e.g. , b, ),
one can describe the phase shift 5 (in the p33 channel) as

ing. In Fig. 1(c), we see that the dressed resonance is
composed of the bare 5 plus the vertex renormalization.
The bare 6 has the final-state interaction in the resonant
p33 channel and is unitary; i.e.,

tan5( W) =—
( W„—W) '+ A ( W'),

M( W) =M~( W)+Mv~( W)+M~( W)

=M~( W)+M~( W), (2)

where Mz( W) is the bare resonant amplitude, MvR( W) is
the "vertex renormalization" (due to ~N rescattering be-
fore b. formation). Mz( W) is the background amplitude,
and M~( W) =M~( W)+MvR( W) is the dressed resonant
amplitude. In Fig. 1, the diagrams showing the interac-
tions which are included in each of these terms [12,16]
are indicated. The background term [Fig. 1(b)] has final-
state interactions in nonresonant states and is unitary.
We have

(3)

where 5z( W) is the background phase shift in mX scatter-

(a)

(b)

// +
t ~

gVR

FIG. 1. Graphical representation of the t matrix for pion
photoproduction. (a) The total amplitude, (b) the background
term, and (c) the dressed resonance term in terms of the bare 6
and the vertex renormalization. For a more detailed discussion
see Refs. [12,16].

where I is the full width at half maximum, 8'is the total
c.m. energy, W„ is the resonance energy, and 3 ( W) is a
slowly varying background term [14]. With Eq. (1) and
A =0, one obtains the usual Breit-Wigner resonance for-
mula. At W= W„, 5( W)=m/2 so that the real part of
the scattering amplitude goes to zero and the imaginary
part goes through a maximum.

For the photoproduction amplitudes, the main con-
straint comes from the Fermi-Watson theroem [15]. This
states that the multipoles M can be written in the form
M (W)= M (W)~expi5 (W), where 5 (W) is the vrX
phase shift in the quantum state a=l, j,I. For the 3,3
channel at resonance, one notes that Re[M ( W„)]=0.
This is the only general constraint on the M&+( —', ) and

E,+ ( —,') multipoles.
We can now write the resonant multipole amplitudes

(or equivalently the t-matrix elements) in the form [11,12]

M~ ( W) =M~( W) +Mv~( W) =M~( W)e'~ . (6)

From Eq. (6), it is clear that the multiplicative factor e'~
essentially represents the additive vertex renormalization
[16].

The electromagnetic ratio R EM characterizes the
E2/M1 ratio at resonance. Since these quantities are
complex we define

Re(E, +M*, ~ )z,M
——Re(E, + iM, + )=

M)+

One of the advantages of using a dynamical model is that
we can separately demonstrate the eAects of the dressed
and bare E &+ ( —', ) amplitude on the observables. We
therefore define two electromagnetic ratios:
R FM:E i+ /M &+ the dressed" E2/M 1 ratio; and
R EM +E,+ /M, +, the "bare" E2/M1 ratio.

One di%culty in interpreting the REM value is that the
quadrupole amplitude is calculated in the framework of
quark or soliton models. But a phenomenological ha-
dronic model, which takes ~N final-state interactions into
account, must be used to extract the quadrupole ampli-
tude from experiment. The connection between the ex-
tracted amplitude and that of the quark or soliton model
is not entirely clear. It is probably most appropriate to
compare quark models (e.g. , the nonrelativistic quark
model with harmonic-oscillator wave functions) to the
bare 6 amplitude, and models which have pion clouds
(e.g. , the cloudy bag, chiral bag, or soliton models) to the
dressed 6 amplitude. We stress that this identification is
intuitive and remains to be demonstrated by more realis-
tic identifications.

III. RESONANT M 1 AND E2 AMPLITUDES

We now present results for the E,+(—,') and M&+( —,
'

)

amplitudes calculated with the model of Nozawa, Blank-
leider, and Lee (NBL) [11]. This model gives reasonable
agreement with experimental data and has several attrac-
tive features. It is gauge invariant, preserves unitarity,

The vertex renormalization term in Fig. 1(c) has the
initial-state interaction in the resonant p33 channel.

Although the entire amplitude M( W) is unitary, the 6
resonance dressed amplitude itself is not [11,12]. One
way to enforce unitarity for the dressed amplitude is to
write it in terms of the bare b, amplitude, via [13,18]

M~ ( W) =M~( W)e'~ .

Here P is an empirically determined phase, whose dy-
namic origin is not clear at this stage. Noting that the
resonant amplitude is the sum of the bare delta and ver-
tex renormalization amplitudes, and using Eq. (5), one
can write
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and takes into account the ofF'-shell final-state ~Ã interac-
tions (FSI). The vrX interaction used in the model repro-
duces the phase shift data. In this model, the value of
RFM —=—3% has been obtained from a fit to the data
[11]. It can arbitrarily be set to zero to study the sensi-
tivity of the observables to the EI+ ( —,

'
) amplitude.

We stress that our primary use of this model here is to
determine the sensitivity of the observables to the quad-
rupole amplitude and to discuss the general question of
how this amplitude can be obtained from experiment.
The model employed is sufficiently realistic to accomplish
this goal, since it is in reasonable agreement with the
data.

In Fig. 2, we show the calculated MI+( —', ) and EI+ ( —', )

amplitudes along with two empirical (energy-dependent)
values [4,17]. There is reasonable agreement for both
MI+( —', ) and EI+(—', ) amplitudes. The MI+( —', ) multipole
has a typical Breit-Wigner resonance shape [Figs. 2(a)
and 2(b)]. As is required for a resonance, the real part of
M, + ( —,

'
) goes through zero at the resonance energy

(E&=338 MeV, 8 =1232 MeV). However, it can be
seen that there is a significant background contribution in
the real part of the M, +( —,') amplitude. The parameters
of the NBL model were chosen to fit the Berends-

Donnachie multipoles [4]. There are small differences be-
tween the Berends-Donnachie and Amdt et al. [17]
MI+ ( —', ) multipoles, as can be seen in Figs. 1(a) and 1(b).

Qualitatively, the shape of EI+ ( —', ) [Figs. 2(c) and 2(d)]
indicates that it is not a simple resonance like MI+( —, ).
The fact is that the E,+ ( —,

'
) amplitude goes through zero

near the 5 resonance. This was first confirmed by
Berends and Donnachie [4] and was subsequently demon-
strated by Jurewiez [4] to be predicted by dispersion rela-
tions. It remained, however, for the recent theoretical
models [9—13] to show physically that this unusual shape
was due to a cancellation between the dressed resonant
amplitude and the background. One obtains
ReEI+( —', )=0 at resonance (E =338 MeV, 8 =1232
MeV) as required by the Fermi-Watson theorem. One
obtains ImEI+( —,')=0 slightly above resonance; in the
NBL model this occurs at Ez =342 MeV, 8'=1234
MeV. The fact that these zeros are so close to each other
is a "dynamical accident. " There are two important
consequences of this background cancellation: (1) the ob-
servable effects of the E2 amplitude are reduced, and (2)
it is important to separately determine the resonance and
background contribution.

From the shapes of the resonant multipoles one can
discuss the determination of RFM [Eq. (7)] in more detail.
For the unitary amplitudes (total and bare 6) the real
parts of the amplitudes are zero at resonance and there-
fore R FM is the ratio of the imaginary parts of each am-
plitude. For the M&+ amplitude the imaginary part has a
maximum at resonance. For the E,+ amplitude there is
a strong cancellation between the resonant and back-
ground contributions making the total amplitude even
smaller. For the dressed amplitude, which is not unitary,
the ratio of E,+ /MI+ is complex at resonance. Howev-
er since R~M is defined as the real part of the ratio, we
obtain a real number.

IV. SENSITIVITY OF THE CROSS SECTION
TO THE E2 AMPLITUDE

0
I
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'I
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FIG. 2. The M, +( —) and E,+( —) multipole amplitudes (in

units of 10 /m ) as a function of the photon laboratory ener-

gy E~. The four sections of the figure are (a) Re M, +( —', ), (b)

ImM, +(2 ), (c) ReE, +(2 ), (d) ImE, +(2 ). The curves are full

calculation; background, -;bare K, —-—;and
vertex renormalization plus background, —- -—.The points
with the error bars are the empirical (energy-dependent) mul-
tipole results of Pfeil and Schwela [4], o; Berends and Don-
naehie [4], A; and Amdt et al. [17),~.

We now study the sensitivity of the cross sections for
the p(y, m ) reaction to the resonant EI+ ( —,

'
) amplitude

with both polarized and unpolarized photons. Calcula-
tions have been performed for the cross sections for un-
polarized photons (cr„„,I), photons polarized parallel to
the production plane (cr ~~), and photons polarized perpen-
dicular to the production plane (crt). They are related to
each other by

do. „„p„(0) 1 dcrt(0) der~~(0)

dA 2 dA dA
(8)

where 0 is the pion production angle. It should be point-
ed out that cross sections o.„„„.o.

II, and o.
~ become iden-

tical at 0=0 and ~, where they are equally sensitive to
the E,+ ( —,

'
) amplitude.

We now present numerical results obtained by the
NBL model [11]. First we define the ratio of the cross
sections with and without the resonant E2 amplitude as
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R a
do (with E2) do (without E2)

where a= unpolarized,
~ ~, and l. These ratios are con-

venient to show the sensitivity of the observables to the
E2 amplitude (they are not directly observable); typical
sensitivities are of the order of 5 —20% for E2/I 1 ratios
of a few percent. The ratios are useful to indicate which
observables to study and can be used to estimate the re-
quired experimental accuracy. To determine which ob-
servables are sensitive to the resonant E2 amplitude only
requires a reasonably realistic model. Once the pertinent
observables are measured the requirements for the
theoretical model are more stringent. It will be shown
that the accuracy which is required to measure accurate
E2 amplitudes needs to be —1% for both theory and ex-
periment.

For the yp~~ p reaction we show the calculated re-
sults for R for the bare 6 in Fig. 3(a) and for the dressed
b, in Fig. 3(b). Note how different these three sensitivity
curves are. For the bare 6, the curves are symmetric
about 90'; for the dressed 6, they are not. For the entire
E~+( —,) amplitude, the effect is negligible (and is there-
fore not plotted), indicating the large effect that the back-
ground has in canceling the resonant signal. In all cases,
there is the greatest sensitivity for parallel polarized pho-
tons. For 8 EM —= —3%, there is a 15% increase in R

l
for

the bare 5 near 0=90'. We conclude that the measure-
ment of the cross section for parallel polarized photons

provides the most sensitive measurement of the E2 am-
plitude. The first polarized photon data were recently
taken at the L.E.G.S facility at Brookhaven [22] with
-5% errors (which is approaching the required accura-
cy). These data indicate the shortcoming of current mod-
els and multipole solutions [22].

The maximum sensitivity to the E2 resonance occurs
for parallel polarized photons near 0=90'. This can be
seen by examining the multipole expressions for the po-
larized cross sections. Keeping s-, p- and d-wave mul-
tipoles, one can write the cross sections at O=vr/2 as

d o ~(vr/2)

d0 coq
I lEo+ —Dil'+ IP, I'&,

d o ((vr/2)
I IEO+ D() I

+ IP~([ I

(10a)

(10b)

P~ =2M'+ +Mi

P~~
—3E)+ —M)+ +M)

Similarly, the d-wave amplitudes are

D q
—

—,
' E2+ —E2 +3M2+ —3M2

D~~
——,'E2+ +2E2

(1 la)

(1 lb)

(12a)

(12b)

Here k and co are the pion momentum and the photon
energy in the c.m. system, respectively. In Eq. (9), P~ and

P~~ are p-wave amplitudes given by

It is evident from Eqs. (10)—(12) that at 8=90', o.
l

has a
maximum sensitivity to the E&+(—, ) amplitude, whereas
0.

~ has no sensitivity.
We compare in Fig. 4(a) the predicted unpolarized

cross section with the Bonn data [19]. Other data sets
[19] are in reasonable agreement with those shown. The
full calculation (solid curve) is in fair agreement with the
data. This figure indicates the need for more accurate
data and theoretical calculations. In order to demon-
strate the importance of the background E2 amplitude,
we have added two curves in Fig. 4(a). These are the
cross sections without the bare and without the dressed
E,+ ( —,

'
) amplitude. As can be seen in Fig. 4(a), the max-

imum sensitivity of the unpolarized cross section to the
E2 amplitude is near 0' and 180'. As is shown in Figs. 3
and 4(a), there is an interesting difference between the
forward and backward cross section with respect to the
bare, dressed, and total E,+ ( —,

'
) amplitudes. In particu-

lar, for the dressed amplitude, the effect of the E2 reso-
nance is to lower the cross section at forward angles and
to increase it at large angles. For the bare E2 resonance,
the cross section is lowered at both forward and back-
ward angles. For the total E&+(—,') amplitude, the effect
is rather small and is almost independent of angle;
dramatically showing the cancellation of the background
and resonance amplitudes. The data [as illustrated in
Fig. 4(a)] look in somewhat better agreement at backward
angles. A new data set which should be an improvement
for the entire angular region was recently taken at Mainz
[20]. This should give valuable information on the rela-
tive contributions of resonance and background contribu-
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FIG. 3. The calculated ratios R, [Eq. (9)] for the p(y,n)re-.
action at 340 MeV vs the c.m. pion angle are shown for (a) the
bare 6 resonance E&+ ( —) amplitude, and (b) the dressed

resonance E,+ ( —) amplitude. The curves correspond to

Run pi&
-—

~ R ' and Rq, - - - - - -- -.
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tions to the quadrupole transition amplitude.
In Fig. 4(b), we show the calculated polarized cross

sections for the yp~~ p section at E&=340 MeV. It
can be seen that the parallel cross section is about four
times smaller near 90 and not as angular dependent as
the perpendicular cross section. In Fig. 4(c), we show the
effect of the bare and dressed E2 amplitudes on the cross
section for photons polarized in the reaction plane. The
same information can be obtained by multiplying the
cross section shown in Fig. 4(b) with the ratios shown in
Fig. 3. We believe that it is useful in one case to show the
effect of the E2 amplitudes in both ways.

In order to make an isospin decomposition to obtain
the resonant I =—', amplitudes we need measurements of
the charged as well as the neutral pion channels. In Fig.
5, we show the sensitivity of the yp ~n ~+ reaction to
the E2 amplitude. In Figs. 5(a) and 5(b) the sensitivity of
the polarized and unpolarized cross sections to the bare
and dressed E2 amplitudes are shown. These results are

similar to the corresponding ones for the ~ p channel
shown in Figs. 3(a) and 3(b). In Fig. 5(c), we show the
predicted cross sections for the parallel and perpendicu-
lar polarization for the ~+n channel. The cross section is
larger for the perpendicular case. The corresponding
cross sections for the Ir p channel are shown in Fig. 4(b).

The double polarization observables, i.e., both target
and photon polarized, in the (y, Ir) reaction [10,21] have
similar sensitivities (up to =20% for E2/M 1 = —3%) to
those we presented for the polarized photon cross sec-
tions. These measurements involve a polarized nucleon
target polarized perpendicular to the reaction plane and
photons polarized either parallel or perpendicular to the
reaction plane. As was the case for unpolarized targets
there is more sensitivity to the E2 amplitude for photons
polarized parallel to the reaction plane; therefore the re-
sults for this case will be presented here. In Fig. 6, we
present the calculated results for the double polarization
observables for the yp~m p and yp —+~+n reactions
with photons polarized parallel to the reaction plane. In
Figs. 6(a)and 6(b) we show the sensitivity ratios R [Eq.

~ 2P

~ 10—
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FIG. 4. Cross sections for the p(y, m ) reaction at E~ =340
MeV vs the c.m. pion angle. (a) shows the unpolarized cross
sections. The curves are, full calculation; , no
bare 6 resonant E&+(2) amplitude; and —-—,no dressed
E&+ ( 2 ) resonance amplitude. Experimental data are taken
from Ref. [19]. (b) shows oj and cr~~, - . Curves
in (c) present the polarized cross section o.

II
for E~ =340 MeV

[the curves are labeled as in (a)].
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FIG. 5. Calculated ratios R [Eq. (9)] and cross sections vs
pion c.m. angles for the yp~nm+ reaction at E~ =340 MeV.
(a) shows the sensitivity to the bare b. resonance EI+( —', ) ampli-
tude; (b) for the dressed 6 resonance EI+(2) amplitude. The
curves are, R II, + J and

&
+ unpp]

shows the calculated magnitudes of cr&, andolI, — — —----
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and Ohta [12], and —1.3+0.5% from the last analysis
performed by the Particle Data Group [6]. These values,
although not all that are found in the literature, have
been obtained with quite differing assumptions and actu-
ally represent different quantities.

The analysis of the particle data group is based on the
two helicity amplitudes A»2 and A3/p The relationship
between the resonant and helicity amplitudes is

08 I l I I I I I I I l ( I I ( I I I
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E2= —I/2( A 1/2 A3/2/+3) .
(13)
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The E2/Ml ratio of —1.3+0.5% is then obtained from
the measured helicity amplitudes [6]. This means that no
background contribution has been subtracted. The quot-
ed error is based on the measured uncertainties in the hel-
icity amplitudes and does not reAect any systematic er-
rors in the extraction of the E2/M 1 ratio.

The most ambitious effort to determine the E2/M 1 ra-
tio from the multipoles is due to Davidson and Mukho-
padhyah [7]. They assumed IC-matrix forms for the pho-
topion production and pion-nucleon scattering (K andK, respectively):

FICi. 6. Double polarization observables calculated at
E~ =340 MeV vs the c.m. angle. All figures are for the photons
polarized in the reaction plane and the dashed (solid) lines are
for the proton polarized up (down) relative to the reaction
plane. (a) and (b) show the ratios R [Eq. (9)] to the bare b, am-
plitudes for the yp~~ p and yp~~+n reactions, respectively.
(c) and (d) show the cross sections for yp~~ p and yp~~+n
reactions, respectively.

(9)] for the bare 5 coupling for the proton spin oriented
up and down relative to the reaction plane. As was the
care for unpolarized targets the effects are predicted to be
up to 20%%uo for an assumed E2/Ml= —3%. It can be
seen that the sensitivity to the E2 amplitude depends on
the target spin orientation. The calculated cross sections
for the full amplitude are shown in Figs. 6(c) and 6(d) for
the two target spin orientations. These experiments are
within the capabilities of present electromagnetic facili-
ties. For example, at Bonn University, the p (y, m+ )n re-
action was studied with unpolarized gamma rays using
unpolarized [23] and polarized [24] targets, and also dou-
ble polarization experiments with polarized beam and
target are planned [24]. Associated recent data [25] on
the ~ p~yn reaction will also be valuable for under-
standing the amplitudes.

V. PREVIOUS DETERMINATIONS
OF THE E2/M1 RATIO

Having presented the results of the E2/M 1 sensitivity
on the observables, we are now in a position to discuss
the E2/Ml ratios obtained in the literature. The most
recent version of the Review of Particle Properties [26]
lists four values of the E2/Ml ratio —1.1+0.4% and—1.5+0.2% from the two papers of Davidson, Mukho-
padhyay, and Wittman [7], +3.7+0.4 % from Tanabe

Kr = A /( W~ —W) +B,
K =CI( W~ —W)+D .

(14)

Here 3, B, C, and D are smoothly varying functions of
8' in practice, they were assumed to be constant near
resonance. The t-matrix elements (multipoles) are calcu-
lated from the K matrix. At 8 = W~, the resonance en-
ergy, one obtains[ 7] Retz =0, in agreement with the
Fermi-Watson theorem; and Imt „=3 /C, the ratio of
the K-matrix residues for the photoproduction and pion
scattering. Note that the K-matrix background term B
does not contribute at resonance. This assumption there-
fore represents the strong model-dependent choice for the
t matrix (multipoles), that there is no background contri-
bution. As shown in Sec. III and also by Davidson et aI.
[13] using an effective Lagrangian, and also by others
[11,12], there is a large background term which is compa-
rable to the resonant amplitude for the E,+ ( —,

'
) multipole.

We therefore conclude that the "model-independent"
method of Davidson and Mukhopadhyay [7] is in effect a
highly restrictive (no background) determination of the
E2/Ml ratio. Once that is understood, the results are
interesting. A number of multipole solutions to the data
were analyzed with a uniform procedure, and the
E2/Ml ratios were obtained; the results varied from—0.6+1.0% to —2. 3+1.0%. Since the multipole anal-
yses were based on essentially the same database, this
spread in the values represents a systematic uncertainty
in the E2/M 1 ratio. The values should not be combined
statistically as if they were independent measurements of
the same quantity. In fact, it is a triumph of the mul-
tipole analyses that given the relative lack of sensitivity of
the data to the E2 amplitude (as shown in Sec. III), that
the results of the different multipole analyses are so con-
sistent. Finally we note that the E2/M 1 ratios obtained
by Davidson, Mukhopadhyay, and Wittman [7] can be
interpreted as being for the bare coupling [16]. The
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TABLE I. The helicity amplitudes (10 GeV ' ).

PDG DMW NBL
(Ref. [6]) (Ref. [13]) (Ref. [11]) Quark models

A &/p 145+5 136+16
A 3/z 260+8 256+34

—97
—191

—102 [35], —91 [36]—177 [35], —159 [36]

reason is that the unitarization procedure used in Ref. [7]
is effectively equivalent to the vertex renormalization dis-
cussed in Sec. II.

There have been several empirical attempts to subtract
a background contribution in the E,+ ( —', ) amplitude
[8,10]. The results are —0.6 and —1.9%, respectively,
for the dressed amplitude. A third approach uses a mod-
el to calculate the background amplitude, then deter-
mines the resonance contribution by fitting the empirical
E,+(—', ) amplitude. The results for the bare b, amplitude
are —(3.1+1.3)% for the model presented here [11],—(1.5+0.72)% [13], —4% [18],0% [9], and +4% [12]
(Tanabe and Ohta). The results for the dressed b, ampli-
tude are —2. 2%%uo for the model presented here [11]. It is
clear that there is a significant model dependence for the
extracted E2/Ml ratio; much of this is probably due to
the different off shell treatment of the ~N scattering in
the final state.

Finally, we show in Table I the helicity amplitudes
A, &z and A3/p of Davidson, Mukhopadhyay, and Witt-
man, and of Nozawa, Blankleider, and Lee. Using Eq.
(13) and the results of Table I, one can calculate the Ml
and E2 amplitudes. For example, Ml(DMW)=289+37,
E2(DMW) = —5.7+2.7, whereas M 1(NBL)=214,
E2(NBL)= —6.6. All amplitudes are in units of 10
GeV ' . There is a strong disagreement between the
two models for the dominant M1 multipole. The NBL
model value is much closer to the quark model values, as
discussed in Ref. [27].

VI. CONCLUSIONS

In summary, we have quantitatively investigated the
resonant electric quadrupole E,+ ( —,') sensitivity of the ob-
servables for the (y, ~) reaction for the first time. It was
shown that the spread in the values for E2/M 1 obtained
in previous analyses is due to the model dependencies of
the analyses, and to the fact that they are based on data
which do not have the angular coverage or the polariza-
tion data to be very sensitive to the resonant E2 ampli-
tude. In addition, there is a sizable background contribu-
tion to the E,+( —,

'
) amplitude which has been neglected

in several analyses [6,7]. This background contribution
almost cancels out the resonant amplitude and makes the
E2 amplitude more dificult to observe.

We have shown that the yp ~m p and yp ~~+n reac-
tions are sensitive to the resonant E2 amplitude for pho-
tons polarized in the reaction plane or for unpolarized
photons producing pions near 0 and 180'. We have
shown similar sensitivities for the double polarization ob-
servables (i.e., with both the photon and target proton
polarized). To estimate which observable is sensitive to
the resonant E2 amplitude requires a reasonable realistic
model (such as the one employed here); to extract the E2
amplitude from experiment will need a model accuracy at
the 1% level.

An accurate determination of the E2/Ml ratio will
need new data from dedicated experiments; the required
experimental accuracy will be —1% since the predicted
effects are 10—20 %%uo for the assumed value of
RFM= —3% Ex.periments which employ different po-
larization observables are important to perform because
they all have different relative sensitivities to the E&+ ( —, )

and the other multipoles. Compton scattering [28] is also
important since it depends differently on the resonant and
background amplitudes.

To extract the E2/M1 ratio from these reactions will
require more accurate models than are presently avail-
able. Multipole analyses are important but are of limited
help, because they cannot distinguish between the reso-
nant and background contributions to the E&+ ( —', ) ampli-
tude; such a breakdown is model dependent.

In addition to the photoreactions, the d-state contribu-
tion to the N~A transition can be measured in the
ep ~e'par reaction [29—33]. In particular, the interfer-
ence term between the longitudinal and transverse virtual
photon contributions is sensitive to the d-state com-
ponents in the nucleon wave function. The "fifth" or
polarization-dependent structure function is the imagi-
nary part of the same amplitude and is sensitive to the in-
terference between the background and resonant ampli-
tudes. These experiments will provide valuable informa-
tion about the d-state nucleon amplitudes. Of related in-
terest are planned [34] measurements of E2/Ml ratios
for the analogous radiative transitions with X and:-
hyperons.
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