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Problems with extraction of the nucleon toD„1232… photonic amplitudes
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We investigate the model dependence and the importance of choice of database in extracting thephysical
nucleon-D(1232) electromagnetic transition amplitudes, of interest to QCD and baryon structure, from the
pion photoproduction observables. The model dependence is found to be much smaller than the range of values
obtained when different datasets are fitted. In addition, some inconsistencies in the current database are
discovered, and their affect on the extracted transition amplitudes is discussed.@S0556-2813~99!04202-8#

PACS number~s!: 13.60.Le, 13.60.Rj, 14.20.Gk, 25.20.Lj
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The importance of electromagnetic amplitudes in
nucleon toD(1232) transition as a test of our understand
of the underlying hadron dynamics has been known for
cades@1#. In the SU~6! symmetry limit of the quark mode
@2#, the only surviving amplitude is the transverse magne
dipole (M1). The other allowed electromagnetic transition
the electric and scalar~longitudinal! quadrupole,E2 andS2
~L2! amplitudes, respectively, vanish identically in this sy
metry limit. In more realistic quark models@3#, theM1 am-
plitude for real photon transitions is predicted to be ab
30% lower than what is extracted@4–6# from the data, while
the E2 amplitude is considerably smaller in magnitude th
the extracted value. Other models of hadrons, such as
@7#, Skyrmions@8#, other solitons@9# and the more rigorous
QCD approach on the lattice@10#, all give varying values for
these amplitudes, none in perfect agreement with the p
nomenologically inferred values@4,6#. A relevant quantity
that reflects this theoretical interest is the ratio ofE2 to M1
at theK-matrix pole@where thepN phase shift in theJ5T
53/2 ~or 3,3! channel goes through 90°]. At the real phot
point, Q250, this ratio is small and negative, while at larg
Q2, in the domain of perturbative QCD, this ratio is expect
to be positive and unity@11#.

Current research on this topic has theorists struggling
understand why theoretical predictions at the real pho
point fall short of the values inferred from experiment. F
example, introducing explicit pion degrees of freedom m
be the solution to this long-standing problem. An early wo
@12# based on a simple pion emission model found that
M1 amplitude is largely unaffected by the pion cloud. Mo
recent works on this topic are divided. The work of Sato a
Lee @13#, who use an effective Hamiltonian method, fin
that the pion cloud is important for theM1 amplitude. On
the other hand, a different work@14# in which the one-pion
exchange potential is included in the quark model finds t
theM1 amplitude is largely unaffected by the pionic degre
of freedom. This latter work also points out the importan
of two-body currents in theE2 amplitude.

At the same time, a vigorous program has been launc
by both experimentalists and phenomenologists to determ
them more accurately by doing better experiments and an
ses. Very recently, the Mainz@15# and the BNL LEGS@16#
groups have released newly measured differential cross
PRC 590556-2813/99/59~2!/1059~5!/$15.00
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tion (ds/dV) and photon asymmetry (S) data in the
D(1232) resonance region. These new data have caused
mendous interest among the phenomenologists, and the t
rists from RPI@5#, VPI @6#, and Mainz@17# have produced
their own analyses of these data. These analyses have f
the E2/M1 ratio ranging from2(1.560.5)% @6# to 2(3.2
60.2)% @5#, a range of21 to 23.4 %. Given thatE2 is so
small compared toM1, it is quite satisfactory to have it
value narrowed down to this range. However, it is not sa
factory that different analyses do not agree, within th
quoted error bars, on the value ofE2/M1. One reasonable
explanation of this discrepancy is that the various auth
have underestimated their errors. Are there any other ex
nations for the disagreement amongst the various analys

This brings us to the central issue of this work: finding t
origin of this numerical spread of theE2/M1 ratio and what
can be done to substantially reduce this spread. One m
suspect@18# that this spread is coming from the theoretic
model dependence of various analyses. However, we
show that the model dependence in extracting thephysical
photodecay amplitudes isactually much smaller than the ef
fect of different choices for the databases that various
thors have made@5,6,17#. Indeed, if a complete set of exper
ments were available at theK-matrix pole position, then the
multipoles could be determined model independently, a
thus there would be no model dependence in determining
K-matrix residues@19#. As a complete set of experimen
does not yet exist, model dependence arises in the multip
due to what one assumes about the structure of the photo
duction amplitude.

We construct test datasets of pertinent observables in
energy region between the pion photoproduction thresh
and the onset of the two pion threshold, beyond which imp
mentation of unitarity is difficult. We then apply two distinc
theoretical approaches of extracting the resonant amplitu
to the same dataset, to gauge the degree of model de
dence in the extraction of the resonant amplitudes. Both
these approaches provide a generally good description o
photoproduction data, but differ significantly in their physi
input. One of these two is the effective Lagrangian appro
@4,5,20# which satisfies the constraints of chiral symmet
unitarity and crossing symmetry. The other is a more p
nomenological energy-dependent~global! multipole analysis
@6#.
1059 ©1999 The American Physical Society
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The first approach, hereafter called the RPI analy
@4,5,20#, is based on an effective Lagrangian@20# containing
the pseudovector~PV! nucleon Born terms,s andu channel
D exchange, and t-channelr and v exchanges. It contain
five parameters that are determined by fits to the data:
gauge couplings describing theM1 andE2 amplitudes and
three off-shell parameters related to ambiguities in the r
tivistic spin-3/2 Lagrangian@21#. In this approach, thed and
higher-l multipoles are dominated by the nucleon Bo
terms, i.e., effectively only thes andp wave multipoles are
allowed to vary. In addition, not all thes andp wave multi-
poles are independent as the model contains only five pa
eters. While the resonance contribution is nota priori con-
strained, the background is. In fact, for the most part
background is dominated by the PV nucleon Born terms

The second approach, which we call the VPI analysis@6#,
has the energy dependence of thes-, p-, andd-waves multi-
poles parametrized and unitarity is implemented via
K-matrix approach. The higher-l multipoles are assumed t
be given by the nucleon Born terms, and the paramet
including M1 andE2, are determined by a fit to the dat
Thus, apart from thel .2 multipoles, the background an
resonance contributions are nota priori constrained in this
approach. We shall repeat our analysis for two different
databases to demonstrate the role of the choice of the d
base in extracting resonance parameters.

For this analysis, we need a standard set of definitions
resonance parameters@19,20#. For theK-matrix definition of
the resonance photocouplings, we have@19#

M15Im M 11
3 A,

E25Im E11
3 A, ~1!

where

A5A8pWqGD

3MK
, ~2!

and all kinematical quantities are evaluated at the cm ene
where the phase shift in the isospin 3/2, spin 3/2~3,3! chan-
nel is 90°. In Eq.~2!, M is the nucleon mass,GD is the D
width at the K-matrix pole @19#, q is the pion three-
momentum, andK is the photon three-momentum.

At the T-matrix pole, we adopt a definition of the photo
couplings which is similar to that used at theK-matrix pole.
First, consider pion-nucleon elastic scattering in the
channel. Below energies where inelasticities become imp
tant, theT matrix is of the well-known elastic form

T5sindeid. ~3!

If we now define the energy dependence of theD width
G(W) to be given by

tand5
G~W!/2

WR2W
, ~4!

then theT matrix in the 3,3 channel becomes, without loss
generality,
is
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T5
G~W!/2

WR2W2 iG~W!/2
. ~5!

Note that in Eq.~5!, WR is the energy where the 3,3 phas
shift is 90°. In the literature, one often finds theT matrix in
the 3,3 channel written in the above form~5! plus an addi-
tional background contribution. However, the backgrou
contribution may be absorbed into the definition ofG(W).

In the vicinity of theT-matrix poleWT we have

G~W!'G~WT!1~W2WT!G8~WT!1•••, ~6!

and by using the standard definition ofWT ,

WT5WR2 iG~WT!/2, ~7!

we obtain, in the vicinity ofWT ,

T'
G~WT!/2

~WT2W!@11 iG8~WT!/2#
. ~8!

Therefore, the residue at theT pole is

ResT[RS5
G~WT!/2

11 iG8~WT!/2
. ~9!

From Eq.~7!, one trivially obtains

G~WT!52i ~WT2WR!, ~10!

and we also define theT-matrix width by GT
5Re$@G(WT)#%.

Turning to photoproduction, theM11 multipole in theT
53/2 channel,M11

3 , may be written as

M11
3 5M1~W!A 3KM

8pWqG~W!

G~W!/2

WR2W2 iG~W!/2
.

~11!

In terms of the residue ofM11
3 at theT-matrix pole, we thus

obtain

M1~WT!5
ResM11

3

RS
A8pWTqG~WT!

3KM
, ~12!

whereG(WT) is given by~10!. The relevant expression fo
E2(WT) can be found from Eq.~12! by replacingM1 with
E2 andM11

3 with E11
3 . To make connection with the quan

tity reif introduced by the Mainz group@17#, we obtain

Res~M11
3 !5reifGT . ~13!

In the RPI approach, Res(M11
3 ) may be exactly calcu-

lated from Eq.~55! of Ref. @20# once the parameters hav
been fitted to the data. However, in other approaches
necessary to fit some functional form to the multipoles a
extrapolate to theT-matrix pole. Although countless extrapo
lation functions can be used, we expect, based on res
from pN scattering@22#, that the extrapolation is not ver
sensitive to the particular parametrization of the multipol
Thus, we adopt the simple form
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f ~W!5
m2

qK
sindeid~A1BX1CX2!, ~14!

whereX5(W2MR)/MR ,m is the pion mass, and the con
stantsA,B,C are determined from a fit to the multipole. Th
form ~14! provides an accurate description of both theM11

3

andE11
3 multipoles in theW range from 1180 to 1250 MeV

The T-matrix residues are given by

Res~M11
3 !5RS

m2

qK
~A1BX1CX2!, ~15!

where all kinematical quantities are evaluated atWT . A
similar equation holds for Res(E11

3 ). For the RPI approach
the results obtained from the extrapolation function~14!
agree with the exact results to within 1% for theM11

3 and
within 5% for theE11

3 .
Let us now make our case that much of the difference

the extractedM1 andE2 values, and hence theE2/M1 ra-
tios, can be traced back to the use of different database
the various fits. Not surprisingly, the recent Mainz@17# and
BNL @16# fits have been based largely on data produced
their own facilities. In order to investigate the implications
the Mainz data on theM1 andE2 amplitudes, the initial RPI
fit @5# was restricted to the Mainz data@15# over the reso-
nance. The initial VPI fits@6# were different in that they
included the entire database. In order to investigate
model dependence and the dependence on the choic
dataset in extracting the values of theM1 and E2 ampli-
tudes, we have performed several fits using different,
common, datasets. We have chosen to fit the data in
energy region of the recent Mainz experiment, i.e., from 2
to 420 MeV. This is partially dictated by the fact that R
model@20# does not work outside theD region, and the VPI
analysis@6# cannot be restricted to a narrow energy regio
Furthermore, as we are primarily interested in theM 11

3 and
E11

3 multipoles, we have fitted only the proton data, whi
are sufficient to isolate the isospin 3/2 multipoles.

Our first test of model dependence is a fit which ar
trarily rejects all pre-1980 cross section data, but keeps
single-polarization observables. This dataset contains
datum points, of which 353 correspond topp0 observables.
In particular, there are 140 photon asymmetry points, 91
ferential cross section points, 68 target asymmetry poi
and 54 recoil polarization points. Of the 483np1 datum
points, 164 are photon asymmetry points, 144 are differen
cross section points, 121 are target asymmetry points, an
are recoil polarization points. The effect of the few doub
polarization points available in this energy region was fou
to be negligible.

The results for the resonant amplitudes,M1 andE2, in
standard units of 1023GeV21/2, and theE2/M1 ratio are
shown in Table I at theK matrix pole and in Table II at the
T-matrix pole~labeled by fit 1!. The results from the RPI an
VPI approaches for the dominantM1 amplitude are in ex-
cellent agreement at both theK- andT-matrix poles. Some-
what surprising is how well the RPI and VPI analyses ag
on the value ofE2 and hence theE2/M1 ratio. For example,
at the K-matrix pole, the RPI analysis givesE2/M15
22.1% while the VPI analysis givesE2/M1521.9%.
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Based solely on the quoted systematic errors on the data
RPI analysis gives an error of about 0.2% for this ratio. It
quite satisfactory that thesetwo rather different ways of ana
lyzing the data agree so well on the extracted values of th
amplitudes.

Comparing the results of these two solutions with the
cluded differential cross sections, general agreement is fo
with two main exceptions: two sets ofp0p differential cross
sections from Bonn@23#, containing a total of 587 datum
points. Thus, thepp0 dataset in this energy region is dom
nated by the Bonn datasets. Therefore, as an additional
of model dependence, and to determine the influence of
Bonn data on theM1 and E2 amplitudes, we have per
formed fits which include these Bonn data, but still exclu
all other pre-1980 differential cross sections. The results,
beled as fit 2 are also shown in Tables I and II. Again,
results from RPI and VPI approaches are in excellent ag
ment. In fact,this is a very stringent test of model depe
dence on the extracted E2 amplitude,since theE2 amplitude
is so small in this case. Although at theT-matrix pole the real
and imaginary parts of this ratio have shifted compared
the fit without the Bonn data, the magnitude is quite simi
in both fits.

Although theM1 amplitude is almost identical in the tw
fits, theE2/M1 ratio is quite sensitive to the chosen data s
This is particularly surprising since the Mainz and Bonnp0

differential cross sections are in agreement. The influenc
these Bonn data on the extracted value of theE2/M1 ratio
has also been confirmed by the BNL group@16#. In that
work, as a test, the BNL cross sections are removed
replaced by the Bonn cross sections. The value of the
tracted EMR drops from23.0 to 21.3 %. Similar results
have also been found by the Mainz group@24#. In the RPI
fits, the raw data have been fitted, that is, any system
differences between different datasets has not been taken
account. On the other hand, in the VPI fits, the data w
allowed to ‘‘float’’ in an attempt to take into account system
atic differences. As the effect of the Bonn data on t
E2/M1 ratio is found in both approaches, it seems to b
shape effect rather than a scale effect.

Although the Mainz@15# and Bonn@23# cross sections
agree over their common angular range, their implicatio
for theE2 amplitude are quite different. Let us try to unde
stand this. Near the resonance energy, the Bonn cross
tions @23# range from 10° to 160° while the Mainz cros
sections@15# go from 75° to 125°. Thus, it is apparently th
Bonn data at forward and backward angles that are resp

TABLE I. Results of theK-matrix residues obtained from fitting
selected databases on pion photoproduction observables in
D(1232) region by the RPI and VPI analyses. Selection of
databases and these analyses are discussed in the text. TheK-matrix
residues are in the standard units of 1023 GeV21/2.

K-matrix pole
M1 E2 E2/M1

Fit 1 RPI 289 26.0 22.1%
VPI 290 25.6 21.9%

Fit 2 RPI 290 21.3 20.45%
VPI 291 21.1 20.38%
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TABLE II. Results ofT-matrix residues, in the standard units of 1023 GeV21/2, obtained from the RPI
and VPI analyses. For comparison with the Mainz group@17#, we also givereif at theT-matrix pole, where
r is in units of 1023/m andf is in degrees.

T-matrix pole
M1 E2 E2/M1 r M fM r E fE

Fit 1 RPI 3001 i27 28.72 i13.2 2(3.31 i4.1)% 22.3 226.7 1.17 2155.2
VPI 2971 i19 26.52 i15.9 2(2.51 i5.2)% 22.0 228.1 1.27 2144.1

Fit 2 RPI 3011 i26 24.82 i14.8 2(2.01 i4.7)% 22.3 226.9 1.15 2139.8
VPI 3011 i14 21.12 i15.0 2(0.61 i4.9)% 22.3 229.1 1.11 2126.0
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sible for bringing theE2/M1 ratio down in magnitude. As a
check on this, we have truncated the Bonn data to the s
angular range as the Mainz data and have redone the fit u
the RPI approach. The result for theE2/M1 ratio is
21.4%, which accounts for much of the discrepancy
tween the fits with and without the Bonn data. It is al
worth noting that the fit to thep0 photon asymmetry data i
significantly worsened when the Bonn data are included
the fit, while the fit to all other observables remains larg
unchanged. Therefore, viewed from our two approach
there is an inconsistency between thep0 photon asymmetry
data and the Bonn cross section data at forward and ba
ward angles.

It is natural to ask how these two distinct observab
could be in disagreement. This is difficult to pin down qua
titatively, because the other multipoles, with the possible
ception of theM11

3 , will differ if different datasets are fit.
Qualitatively, however, the problem seems to arise from
interference term between theM11 and E11 multipoles,
which appears both in the differential cross section and
polarized photon asymmetry@25#. The Bonnp0 differential
cross section favors a small interference term, while the
larized photon asymmetry favors a significantly larger val
The role ofE2 in these two observables can be judged
comparing the results of our two fits, which are shown

FIG. 1. A comparison of the RPI results of fit 1~solid line! and
fit 2 ~dashed line!, discussed in the text, with the recent MainzS
data @15# at a photon lab-energy of 340 MeV. The dotted line
obtained from fit 2 by rescaling theE2 amplitude such that the
E2/M1 ratio is23.2%, everything else held fixed.
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Figs. 1 and 2 at 340 MeV. The solid line is the result from
1, while the dashed line is obtained from fit 2. For the pho
asymmetry~Fig. 1!, fit 1, which has the largerE2 amplitude,
is clearly favored, while for the differential cross sectio
~Fig. 2!, the backward angle data from Bonn favor fit 2. W
can further investigate the role of theE2 amplitude in these
two observables by scaling theE2 amplitude in fit 2 such
that theE2/M1 ratio is 23.2% with everything else held
fixed. As is shown by the dotted line, the agreement with
photon asymmetry is greatly improved when this scaling
done, while the fit to the cross section becomes poorer.
nally, it should be emphasized that thed waves are allowed
to vary in the VPI approach, and therefore the discrepa
cannot be accounted for bythesemultipoles.

In conclusion, we have demonstrated that the RPI a
VPI approaches give very similar results for both theM1
andE2 amplitudes in the case where all pre-1980 differen
cross sections are removed. These very different method
analysis also agree on the effect of adding two sets@23# of
p0p differential cross sections measured at Bonn in
1970’s. The agreement between these two different
proaches suggests that the model dependence in extra
the physical resonant amplitudes is much smaller than t
range ofE2/M1 values obtained from fitting different data
bases. As our two approaches do not exhaust all the the
ical methods used to analyze these data, a benchm
dataset, available to all groups, would be useful for a broa

FIG. 2. A comparison of the RPI results with the differenti
cross sections from Mainz~diamonds! @15# and Bonn ~squares!
@23#. Curves as in Fig. 1.
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investigation of the model dependence in the extraction
the M1 andE2 amplitudes.

Looked at from our approaches, there is an inconsiste
between the Bonnp0p differential cross section data at fo
ward and backward angles and the MainzS data. As the
recent BNL S data @16# are consistent with the MainzS
data, it is vitally important to verify the forward and bac
ward Bonn cross sections for neutral pion photoproducti
Given this, the wider angle measurements of the differen
cross section forp0p photoproduction from Mainz@26#, not
yet available in the current database, could be crucial t
more definitive resolution of theE2/M1 problem, of great
topical interest to the understanding of baryon structure@1#.

Although our main goal has been to investigate the mo
dependence in the extraction of theM1 and E2 resonant
amplitudes, some comments on the preferred values of t
amplitudes is in order. Of the datasets considered here
extracted value of theM1 amplitude is quite stable with
value of about 29031023 GeV21/2, which is roughly 30%
larger than most quark model predictions@3#. On the other
hand, the recent BNL differential cross sections@16# are
larger than the previous Bonn and Mainz cross section m
surements, presenting yet another problem in the datab
As the BNL cross sections imply anM1 amplitude of about
310 in the same units, a resolution of the discrepancy
tween these cross sections is urgently needed. Presen
.

.

ys

tt

v.

ys
f

cy

.
al

a

el

se
he

a-
se.

e-
, a

conservative estimate of theM1 amplitude is 300620,
where the error is almost entirely systematic. For theE2
amplitude, or theE2/M1 ratio, a reasonable estimate can
found by examining the fit to theS data at a photon lab
energy of 340 MeV, close to theK-matrix pole. Although
most analyses have very similar global chi-squares per
gree of freedom, the quality of fit to these particular da
vary widely. Comparing the results of various multipole s
lutions with these data and discarding those that give p
fits to these data, chi-squared per datum point greater tha
one finds anE2/M1 range of about22.5 to23.2 %. Thus,
if we adopt theS data at 340 MeV as a benchmark, then w
have E2/M152(2.860.4)%. An accurate and consiste
complete setof measurements is needed to resolve the iss
of the M1 andE2 nucleon toD~1232! transition amplitudes
once for all.
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