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Search for Quadrupole Strength in the Electroexcitation of the D1���1232���
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High-precision 1H�e, e0p�p0 measurements at Q2 � 0.126 �GeV�c�2 are reported, which allow the
determination of quadrupole amplitudes in the g�N ! D transition; they simultaneously test the re-
liability of electroproduction models. The derived quadrupole-to-dipole (I � 3�2) amplitude ratios,
RSM � �26.5 6 0.2stat1sys 6 2.5mod�% and REM � �22.1 6 0.2stat1sys 6 2.0mod�%, are dominated by
model error. Previous RSM and REM results should be reconsidered after the model uncertainties associ-
ated with the method of their extraction are taken into account.
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The conjecture that the nucleon is deformed, raised more
than 20 years ago [1], continues to be the subject of in-
tense theoretical [2–8] and experimental [9–15] activity.
Because the quadrupole moment of the nucleon vanishes
on account of its spin-1�2 nature, this investigation has
naturally turned to the search for quadrupole strength in
nucleon resonances, specifically, in the g�N ! D�1232�
transition.

Spin-parity selection rules in the N�1�21� ! D�3�21�
transition allow magnetic dipole (M1) and electric (E2)
or Coulomb quadrupole (C2) amplitudes. In the naive
(spherical) quark model of the nucleon, the D excitation
is a pure spin-flip (M1) transition. Experimentally, M1 is
indeed found to dominate. In more refined models, small
E2 and C2 amplitudes are predicted. The physical origin
of these contributions is attributed to different mechanisms
in the various models; they have important implications
for our understanding of the structure of the nucleon and
of QCD at low energies [2–5]. For instance, in “QCD-
inspired” constituent quark models, nonvanishing E2 and
C2 components arise from intraquark effective color-
magnetic tensor forces [3] whereas, in “cloudy” baryon
models, they arise mostly from meson exchange cur-
rents [5].
0031-9007�01�86(14)�2963(4)$15.00
In pion production, the multipoles are denoted by MI
l6,

EI
l6, and SI

l6, indicating their character (magnetic, elec-
tric, or scalar), their isospin (I), and their total angular
momentum (J � l 6 1�2). Thus, the resonant photon

multipoles M1, E2, and C2 correspond to M
3�2
11 , E

3�2
11 , and

S
3�2
11 , respectively. The electric- and scalar-to-magnetic-

amplitude-ratio are defined as REM � Re�E3�2
11 �M

3�2
11 � and

RSM � Re�S3�2
11 �M

3�2
11 �, respectively. Most models of the

nucleon have definite predictions for these ratios. They
are very small at low momentum transfers, the domain of
the reported measurements. The predictions for REM at
Q2 � 0 range from 20.1% up to 25% [2–5].

While REM measurements at Q2 � 0 are pursued with
the use of real photons, its Q2 evolution and the RSM
ratio can be investigated only through electroexcitation.
A number of calculations explore the dependence of REM
and RSM on Q2 [2,6–8]. The experimental determination
of REM and RSM is severely complicated by the presence of
nonresonant processes that are coherent with the resonant
excitation of the D�1232� [16]. These processes (such as
nucleon and pion pole contributions, u-channel nucleon
and D exchange, and tails of higher resonances), termed
“background contributions,” need to be constrained with
© 2001 The American Physical Society 2963
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model calculations and measurements tailored to this end.
Also, it is imperative that electroproduction models, used
in model extraction of REM and RSM, are adequately tested
in their ability to accurately handle small amplitudes, both
resonant and background.

Precision measurements with polarized tagged photons
have resulted in an REM at a resonance of �23.0 6 0.3�%
[9] and �22.5 6 0.3�% [10]. Model calculations are in
reasonably good agreement with experiment [17–19]. The
situation is quite different for electron scattering investi-
gations. Experiments conducted in the late 1960’s and
early 1970’s for Q2 up to 1 �GeV�c�2 have yielded REM
values consistent with zero and RSM of around 27%
with large statistical and systematic errors [11–13]. A
dispersion relation analysis [20] reported exceptionally
large values of RSM around 213% in the range of Q2 �
0.1 0.25 �GeV�c�2, suggestive of a narrow structure
peaking near Q2 � 0.1 �GeV�c�2. These values are con-
sistent with the value Re�S11�M11� � �212.7 6 1.5�%
of the ratio of isospin-mixed multipoles reported in a
recent H�e, e0p0�p experiment at Q2 � 0.127 �GeV�c�2

[14]. The measurements reported here, performed at the
same Q2, allow a direct comparison with the aforemen-
tioned data.

The coincident H�e, e0p�p0 cross section in the one-
photon-exchange-approximation can be written as [21]

ds

dvdVedVcm
pq

� Gy

pcm

kcm
s ,

s � RT 1 ´LRL 2 rLT RLT cosf (1)

1 ´RTT cos2f ,

where Gy is the virtual photon flux; pcm and kcm are the
pion momentum and the photon equivalent energy in the
hadronic CM frame, respectively; ´, ´L, and rLT are elec-
tron kinematic factors; and f is the nucleon azimuthal
angle about the momentum transfer �q measured from the
nucleon direction closest to the beam exit line. RL, RT ,
RLT , and RTT are the longitudinal, transverse, longitudinal-
transverse, and transverse-transverse interference response
functions, respectively [21].

To study the g�N ! D transition with high precision,
an extensive program has been developed at the MIT-Bates
Linear Accelerator. We report here results from the first
phase of the program. We have reported the recoil proton
polarization Pn result from the same experiment [22].

The experiment [22,23] was conducted at energies of
719 and 799 MeV and a liquid H2 target was used; the scat-
tered electrons were detected in the “MEPS” spectrome-
ter and the coincident protons in “OHIPS”. The focal
plane instrumentation of each spectrometer consisted of
one crossed vertical drift chamber for track reconstruc-
tion and scintillators for triggering. Detailed optics studies
were done for each spectrometer, and the detection effi-
ciencies were measured as functions of all independent re-
action coordinates. The phase-space normalization of the
2964
cross section and various corrections applied to the data,
including radiative corrections, were implemented with the
aid of a Monte Carlo simulation model. The coincident
cross section was measured at f � 0 and p for a broad
range of hadronic mass W around the resonance and a
range of proton polar angle u about �q in the hadronic CM
frame near u � 0.

Figure 1 shows the coincident cross section as a func-
tion of the hadronic mass W for proton detection at u � 0,
where RLT and RTT vanish and RT has the maximum sensi-
tivity to Re�E�

11M11�. The data exhibit a distinct resonant
shape, arising mostly from jM11j

2. Figure 2 shows the re-
sponse function RLT and the cross section asymmetry ALT

which are sensitive to Re�S�
11M11�,

ALT �
sf�0 2 sf�p

sf�0 1 sf�p

�
2rLT RLT

RT 1 ´LRL 1 ´RTT
. (2)

The measured cross section (Fig. 1), asymmetry, and
RLT response function (Fig. 2), are compared with the
curves that result by adjusting the relevant parameters in
the models of Drechsel et al. [17,24] (MAID), of Sato and
Lee (SL) [18,25], and of Davidson and Mukhopadhyay
(RPI [Rensselaer Polytechnic Institute]) [19,26]. All three
models start from the same Lagrangian for the nonreso-
nant terms, including explicit nucleon and light meson (p,
r, v) degrees of freedom coupled to the electromagnetic
field. Their principal differences lie in the definition of the

FIG. 1. The CM cross section in parallel kinematics. The
curves are as follows: solid: fit of MAID [17,24]; dot-dashed:
corresponding result for the resonant E2 � C2 � 0;
long-dashed: fit of RPI [19,26]; dot-dot-dashed: corresponding
result for the resonant C2 � 0; short-dashed: “deformed”
prediction of SL [18,25]; dotted: “nondeformed” prediction of
SL. The shaded band depicts the value of the systematic error.
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FIG. 2. The longitudinal-transverse asymmetry and response, as a function of the proton polar angle relative to �qcm. The curves
and the shaded bands are explained in Fig. 1. The hatched band is the projection of the Bonn result [14].
D resonance and in the method of unitarization. The solid
curve is the fit of the MAID-2000 code, where the five pa-
rameters controlling the electromagnetic couplings of the
D�1232� and of the P11�1440� (Roper) resonances were
fitted to our data [24]. The long-dashed curve results by
adjusting all seven free parameters of the RPI model [26],
following the same procedure reported in [15], while the
short-dashed curve results by judiciously adjusting (with-
out x2 minimization) the parameters of the SL model to
the data [25]. The resulting fits are virtually unchanged if
the Pn datum [22] is included [24,26].

It has become standard practice in the field, e.g., [9,15],
to readjust the parameters of the models by considering
only the new data and not the entire data base (enlarged
with the new data) through which the models were initially
calibrated. It is assumed that the models provide only a lo-
cal (in Q2) solution —i.e., no particular form for the Q2

evolution of the transition amplitudes is assumed. Thus the
pionic data are consistently included via the unitarization
procedure [17,19], while the older and less accurate elec-
troproduction data are superseded by the far more precise,
but consistent, new data.

In Figs. 1 and 2, all calculations properly obtain the
position of the cross section maximum; they differ in their
detailed shape and in magnitude. The adjusted MAID-
2000 and RPI models provide an excellent description of
the data shown in the figures, with the possible exception
of the high W points in Fig. 2.

The ALT and RLT results (Fig. 2) amply demonstrate
the sensitivity of our data to the presence of resonant
quadrupole amplitudes. All three models fail dramatically
if the resonant quadrupole amplitudes are set to zero. How-
ever, when the quadrupole strength is adjusted, good agree-
ment is achieved.

The sensitivity of our data to the quadrupole amplitudes
allows for the determination of REM and RSM either
through a variant of the M1-dominance truncated multi-
pole expansion (“TME”) fit (as in [11–14]) or through
model extraction, as in [15]. The derived values for the
isospin-mixed multipoles are shown in Table I. In TME
TABLE I. Multipoles extracted from the present data at Q2 � 0.126 �GeV�c�2 and W �
1232 MeV. Statistical and systematic errors are added quadratically. The measured Pn �
20.40 6 0.06 at W � 1231 MeV [22].

jM11j Re�E11�M11� Re�S11�M11�
Model �1023�mp1 � (%) (%) Pn

TME (a) 25.1 6 0.7 0 27.6 6 0.5 · · ·
TME (b) 24.5 6 1.6 10.9 6 1.7 28.5 6 1.5 · · ·
TME (a) 25.1 6 0.7 0 27.6 6 0.8 · · ·
TME (b) 24.5 6 1.1 10.9 6 1.4 28.5 6 1.2 · · ·

RPI 25.4 6 0.3 10.8 6 0.8 29.1 6 0.8 20.12
MAID 26.6 6 0.2 22.2 6 0.2 26.7 6 0.2 20.51

SL 27.7 23.3 24.3 20.26
2965
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fit (a), as in [14], it is assumed that only the multipoles
M11 and S11 contribute and that RL is insignificant. Then
we obtain Re�S11�M11� � �27.6 6 0.3stat 6 0.7sys�%.
The hatched band in Fig. 2 shows the projected asym-
metry (1s confidence) for our angular range if the Bonn
Re�S11�M11� � �212.7 6 1.5stat�% [14] is adopted.
Our data points lie several standard deviations away.
Noting that ALT was measured in [14] near u � p , the
discrepancy may indicate that terms having a different
dependence on u than those included in TME fit (a)
contribute significantly. If all three 11 multipoles are ad-
justed, setting jS11j

2 � jE11j
2 � Re�S�

11E11� � 0, the
derived value of Re�S11�M11�, labeled with “TME (b)”
in Table I, is noticeably larger, although not incompatible
with, the value extracted through TME fit (a). This is
a manifestation of the significant truncation error that
characterizes the TME approach.

Re�S11�M11� and Re�E11�M11� values are also ob-
tained from the fits of the MAID-2000 [24] and RPI [26]
models and from the adjustment of the SL model [25].
While all three models achieve a reasonable agreement
with the unpolarized data (Figs. 1 and 2), the resulting val-
ues of Pn disagree with each other (Table I) and with the
experimental value Pn � 20.397 6 0.055stat 6 0.009sys
[22]. The MAID-2000 value could be considered as pro-
viding a fair agreement, lying within two standard devia-
tions from the experimental value.

Given the overall success of the MAID-2000 model fit
in accounting for our data, we adopt its values of RSM �
�26.5 6 0.2stat1sys�%, REM � �22.1 6 0.2stat1sys�%, and

jM
3�2
11 j � �39.8 6 0.3stat1sys� 3 1023�mp1 for the pure

isospin-3�2 multipoles. The statistically incompatible
values provided by the other two, equally sophisticated,
model analyses indicate that the results are characterized
by substantial model uncertainty. The quantification of
this uncertainty for each one of the available models is
urgently needed. It could remove the apparent contradic-
tions among the available models. We assume that the
scatter of the extracted values provides an estimate of the
model uncertainty. We therefore attribute, conservatively,
to RSM and REM model uncertainties of 62.5% and
62.0%, respectively, and to jM

3�2
11 j a model uncertainty of

62.0 3 1023�mp1 . Previously published RSM and REM
results [11–15] have not taken into account this uncer-
tainty. They are subject to comparable model error. This
added uncertainty may remove all known inconsistencies
among them, when properly estimated.

The data presented here exhibit unprecedented sensi-
tivity to the presence of resonant quadrupole amplitudes.
Their analysis leads us to the following conclusions:
(i) Extractions of quadrupole strengths based on TME
fits are characterized by substantial truncation error and
lead to inconsistent results; (ii) claims of large RSM
at low Q2 derived from earlier [20] and recent [14]
2966
measurements cannot be supported; (iii) even when con-
servative estimates of systematic and model uncertainties
are taken into consideration, an unambiguously negative
value for RSM is obtained. This value supports the
claims for an oblate deformed D; and (iv) the available
pertinent electroproduction models are on the verge of
successfully describing the high precision data that are
now emerging. It is important that the model errors due
to input parameters and model assumptions be quantified.
It is essential that measurements be performed that are
sensitive to background amplitudes, along with those that
are primarily sensitive to quadrupole amplitudes.

We are indebted to Dr. S. S. Kamalov, Dr. D. Drechsel,
Dr. L. Tiator, Dr. R. M. Davidson, Dr. N. C. Mukhopad-
hyay, Dr. T.-S. H. Lee, Dr. T. Sato, and Dr. J. M. Laget for
providing us with detailed calculations and valuable com-
ments concerning their models and the issue of “nucleon
deformation.”
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