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Abstract

Accurate measurements of the p(�e,e′p)π0 reaction were performed atQ2 = 0.127 (GeV/c)2 in the� resonance energ
region. The experiments at the MIT-Bates Linear Accelerator used an 820 MeV polarized electron beam with
of-plane magnetic spectrometer system (OOPS). In this Letter we report the first simultaneous determination of
TL and TL′ (“fifth” or polarized) cross sections at lowQ2 where the pion cloud contribution is predicted to domin
the quadrupole amplitudes (E2 and C2). These are the real and imaginary parts of the transverse–longitudinal in
amplitudes and provide a sensitive determination of the Coulomb quadrupole amplitude and a test of reaction calc
Comparisons with model calculations are presented. The empirical MAID calculation gives the best overall agreement
accurate data. The parameters of this model for the values of the resonant multipoles are|M1+(I = 3/2)| = (40.9 ± 0.3) ×
10−3/mπ , CMR = C2/M1 = −6.5 ± 0.3%, EMR= E2/M1 = −2.2 ± 0.9%, where the errors are due to the experime
uncertainties.
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Experimental confirmation of the deviation of th
nucleon shape from spherical symmetry is of fun
mental significance and has been the subject of
tense investigation [1] since this possibility was ori
nally raised by Glashow [2]. For theJ = 1/2 nucleon,
this has focused on the determination of the elec
and Coulomb quadrupole amplitudes (E2, C2) in
predominantly M1 (magnetic dipole-quark spin fli
γ ∗N → � transition. Thus, measurements of the
and C2 amplitudes represent deviations from sph
cal symmetry of the N,� system and not the nucleo
alone. The experimental difficulty is that the E2/M1
and C2/M1 ratios are small (typically� −2 to −8%
at low four momentum transfered,Q2). In this case the
non-resonant (background) and resonant quadru
amplitudes are the same order of magnitude. Th
fore, experiments have to be designed to attain the
quired precision to separate the signal and backgro
contributions. This has been accomplished for pho
pion reactions using polarized photon beams [3,4]

Observation of the deviation from spherical sy
metry in pion electroproduction is more pronounc
than in photoproduction. This is due to the interf
ence between the longitudinal C2 and the domin
M1 amplitudes in theσTL cross section [5]. On th
other hand, the presence of the additional longitu
nal multipoles means that there are more multipole
determine and, therefore, more extensive data mu
taken. The experiments for an extensive database
would allow a model independent analysis have
begun [1,6–8]. At the present time one must rely
reaction models to extract the resonant M1, E2,
C2 amplitudes of interest from the data. As has b
pointed out in previous publications, the model er
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can be much larger than the experimental error [5,6
Therefore, it is important to test model calculations
a range of center of mass (CM) energiesW in the
region of 1232 MeV, the� resonant energy, whic
provides a range of background and resonant am
tudes. It is also important to determine specific cr
sections (e.g.,σTL, σTL′ ) which are primarily sensitive
to the C2 and background amplitudes, respectively
this Letter we present the first measurement that
vides such information at and below the resona
energy at lowQ2. This requires a polarized electro
beam and out of plane hadron detection.

In the constituent quark model the d state
mixtures in the nucleon and� wave functions are
caused by the hyperfine tensor interaction betw
quarks [11]. However this effect contributes only
small portion of the observed quadrupole signal
The pion cloud contribution to the nucleon and�
structure is primarily in the p wave. This is due
the spontaneously broken chiral symmetry of QC
in which the pion, an almost Goldstone boson, int
acts with hadrons via gradient coupling [12]. The
fore, it is not surprising [7] that model calculatio
[13–15] have shown that at lowQ2 the pion cloud con-
tributes significantly to the M1 amplitude and dom
inates the E2 and C2 contributions to theγ ∗N →�

transition. The present experiment was performe
Q2 = 0.127(GeV/c)2 which is close to the predicte
maximum of the pion cloud contribution [13–15
Thus, this experiment is ideally suited to test these
culations.

The coincident p(�e,e′π) cross section in the one
photon-exchange-approximationcan be written as

(1)
dσ

dωdΩedΩcm
π

= Γvσh(θ,φ),

where

σh(θ,φ)= σT + εσL + √
2ε(1+ ε) σTL cosφ

+ εσTT cos 2φ

+ hpe
√

2ε(1− ε) σTL′ sinφ,
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Γv is the virtual photon flux,h= ±1 is the electron he
licity, pe is the magnitude of the longitudinal electro
polarization,ε is the virtual photon polarization para
meter,θ andφ are the pion CM polar and azimuth
angles relative to the momentum transfer�q, andσL ,
σT, σTL, and σTT are the longitudinal, transvers
transverse–longitudinal, and transverse–transvers
terference cross sections, respectively [16].

The TL and the TL′ (transverse–longitudinal) cros
sections are the real and imaginary parts of the s
combination of interference multipole amplitudes. A
proximate expressions for these are:

σTL(θ)= −sinθ Re[ATL +BTL cosθ ],
σTL′(θ)= sinθ Im[ATL +BTL cosθ ],
ATL ≈ −q

k
L∗

0+M1+,

(2)BTL ≈ −6
q

k
L∗

1+M1+,

where the pion production multipole amplitudes a
denoted byMl±, El±, andLl±, indicating their char-
acter (magnetic, electric, or longitudinal), their to
angular momentum(J = l± 1/2), andq andk are the
pion and photon center of mass momenta. In the
two lines of Eq. (2) it has been assumed that the p
are produced in s and p waves only. In the next
lines an additional truncated multipole approximat
is made, namely, only terms which interfere with t
dominant magnetic dipole amplitudeM1+ are kept.
The exact formulas without this approximation can
found in [16]. In model calculations [13,14,17,18] th
approximation is not made and significant deviatio
from the truncated multipole approximation occur.

As has been previously demonstrated,σTL is sen-
sitive to the magnitude of the longitudinal quadrup
amplitude C2 [5]. Adding a measurement ofσTL′ to
this provides a stringent test of the background ma
tudes and phases of the reaction calculations. It sh
be pointed out that a determination of the backgro
amplitudes is an important part of the physics of
γπN system.

To precisely determine the resonant quadrup
amplitude in theγ ∗N →� transition at lowQ2 and to
address the issue of background contributions, a
gram has been developed at the MIT-Bates Linear
celerator. For this purpose we have developed a sp
out-of-plane magnetic spectrometer system (OOPS
which the spectrometers are deployed symmetric
l

about the momentum transfer�q [10]. We observed the
TL′ cross section using a polarized electron beam
0.85% duty factor at an energy of 820 MeV. A typ
cal polarization and an average current were 37%
6 µA, respectively. A liquid H2 target was used in
cylindrical cell of 1.6 cm diameter with a 4.3 µm thic
Havar wall. The scattered electrons were detecte
the One Hundred Inch Proton Spectrometer (OHI
and the coincident protons in two out-of-plane sp
trometers deployed at a fixed laboratory angle rela
to �q and with out-of-plane anglesφ = 225◦, 315◦. The
focal plane instrumentation of each spectrometer c
sisted of three horizontal drift chambers for track
construction and scintillators for triggering. Detail
optics studies were done for each spectrometer,
the detection efficiencies were measured as funct
of all independent reaction coordinates. The total
ficiency of the system was calibrated by using el
tic electron scattering data from the liquid H2 target.
Boiling effects in the target were studied by varyi
the beam current and they were negligible. The ph
space normalization of the cross section and var
corrections applied to the data, including radiative c
rections, were calculated with a Monte Carlo simu
tion. The cross sections were obtained from the pa
the phase space of the two spectrometers which w
matched in four dimensions(W,Q2, θ,φ) [19], where
W is a central invariant mass.

The experiment was performed atQ2 = 0.127
(GeV/c)2, W = 1232 and 1170 MeV. The results an
kinematic settings are presented in Table 1 and
Figs. 1–3. The helicity asymmetryATL′(θ,φ) is

ATL′(θ,φ)= σh=1(θ,φ)− σh=−1(θ,φ)

σh=1(θ,φ)+ σh=−1(θ,φ)
,

(3)=
√

2ε(1− ε) σTL′(θ)sin(φ)

σunpol(θ,φ)
,

where the quantities were defined in Eq. (1) andσunpol
is the electron helicity independent part (the first fo
terms) ofσh. To first approximation this quantity ca

Table 1
Results of the present p(�e,e′p)π0 experiment atQ2 = 0.127
(GeV/c)2

W (MeV) θ σ0 = σT + εσL (µb/sr) σTL (µb/sr) σTL′ (µb/sr)

1170 119◦ 17.31± 0.90 0.91± 0.18 1.65± 0.55
1232 129◦ 26.39± 0.47 2.83± 0.20 3.11± 0.55
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Fig. 1. The helicity asymmetryATL′ for the p(�e,e′p)π0 reaction
atQ2 = 0.127 (GeV/c)2 plotted versusθ , the CM angle between
the outgoing pion and the momentum transfer�q . The curves are
MAID [17] (solid), Sato–Lee [13] (dashed), DMT [14] (dotted), an
dispersion theory [18] (dot-dashed).

be extracted from the data without detailed Mo
Carlo calculations of the phase-space acceptanc
the apparatus, and therefore has a smaller error. T
are only small corrections due to the finite acceptan
of the spectrometers. In the quoted results, the qua
ties have been referred to the central spectrometer
tings [19]. The absolute values of the TL′ cross sec-
tions,σTL′ , have also been extracted from the data [
and are presented here.

We note that the sign ofATL′ is negative. In the
π0 channel the recoil protons were detected with
protons being emitted in the forward direction relat
to �q, the momentum transfer with out-of-plane ang
φpq = 45◦, 135◦. In Eq. (1) the angles of the pion a
involved, andφ = 225◦, 315◦. Therefore, a negativ
sign forATL′ means that the sign ofσTL′ is positive.

The experimental results are compared to ca
lations [13,14,17,18] in Figs. 1–3. The most am
tious calculation is the Sato–Lee model [13] whi
calculates all of the multipoles andπ–N scattering
from dynamical equations. It is in agreement w
the photoproduction data (some of the model para
ters were fit to these data). The Sato–Lee model
agrees with our data for the unpolarized cross sect
f

-

Fig. 2. Cross sections for the p(�e,e′p)π0 reaction for
W = 1170 MeV,Q2 = 0.127 (GeV/c)2 plotted versusθ . Panel
(a) is for σ0 = σT + εσL . Panel (b) is forσTL and panel (c) is for
σTL′ . See Fig. 1 captions for an explanation of the curves.

σ0 = σT +εσL , but unfortunately, is in strong disagre
ment with our measurements ofσTL andσTL′ . The dis-
persion relations calculation [18] agrees with some
our data but disagrees with ourσTL measurements a
W = 1170 MeV. On the other hand dispersion relat
calculations provide good agreement with photo-p
production data [20].

The Mainz Unitary Model (MAID) is a flexible
way to fit observed cross sections as a function
Q2 [17]. It incorporates Breit–Wigner resonant term
Born terms, higher N∗ resonances, and is unitariz
using empiricalπ–N phase shifts. The paramete
of the model have been previously fit to a range
data, including our previous results [5], and are
reasonable agreement with our data [17] with
exception ofσTL (θ = 119◦, W = 1170 MeV) which
is in disagreement with all calculations. The Dubn
Mainz–Taipei (DMT) model [14] includes dynamic
for the resonant channels and uses the backgro
amplitudes of the MAID model. This model is i
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Fig. 3. Cross sections for the p(�e,e′p)π0 reaction for
W = 1232 MeV,Q2 = 0.127 (GeV/c)2 plotted versusθ . Panel
(a) is for σ0 = σT + εσL . Panel (b) is forσTL and panel (c) is for
σTL′ . See Fig. 1 captions for an explanation of the curves.

reasonable agreement with our data at resonance (W =
1232 MeV) but not withσ0 andσTL below resonance
(W = 1170 MeV).

The Sato–Lee and DMT dynamical models [13,1
predict that the pion cloud is the dominant contrib
tion to the quadrupole amplitudes at low values ofQ2.
This behavior is an expected consequence of the s
taneous breaking of chiral symmetry in QCD [7]. U
fortunately these models are not in overall agreem
with our data. In contrast, the Sato–Lee model show
much better predictions of the recently reported JL
Hall B result for the p(�e,e′p)π0 reaction in the� re-
gion forQ2 from 0.4 to 1.8 (GeV/c)2 [21]. This seems
to indicate that the dominant meson cloud contri
tion, which is predicted to be a maximum near our v
ues ofQ2, is not quantitatively correct.

Recently, a measurement ofATL′ for the p(�e,e′p)π0

reaction in the� region was performed at Mainz [22
The kinematics include a range ofQ2 values from 0.17
to 0.26 (GeV/c)2 and backwardθ angles. These dat
-

disagreed with the MAID [17], Sato–Lee [13], an
DMT [14] models.

It is of interest to compare the TL and TL′ results
presented here with those of the recoil polarizati
which are proportional to the real and imagina
parts of interference multipole amplitudes. For t
p(�e,e′p)π0 channel the outgoing proton polarizatio
have been observed in parallel kinematics (the pro
emitted along�q or θ = 180◦) [23,24]. For this case th
observables in the truncated multipole approxima
are:

σ0px ∝ Re
[
AxTL

]
,

σ0py ∝ Im
[
B
y
TL

]
,

σ0px ∝ Re
[
CzTL

]
,

AxTL � B
y
TL ≈ (

4L∗
1+ −L∗

0+ +L∗
1−

)
M1+,

(4)CzTT ≈ |M1+|2 + Re
[(

6E∗
1+ − 2E∗

0+
)
M1+

]
,

where σ0 = σT + εσL , px , py , and pz are defined
in [17], and the constants of proportionality co
tain only kinematic factors (for the full expressio
see [16]). This shows both the similarity and detai
difference between a measurement of TL and TL′ and
the recoil polarizations. In the published papers [
24] the data were compared to the MAID model wh
is found not to be in good agreement with the data
the present time we do not have sufficient data to
down the multipoles that are responsible for this diff
ence (a discussion of the data requirements for m
independent analyses is presented in [7]). On the o
hand, there is a possible experimental problem in
experimental values of the recoil polarizations sin
the data do not agree with a model independent
rule [25].

The empirical MAID calculation gives the be
overall agreement with the accurate data prese
here but also with the overall set of the data obtai
by our collaboration. The parameters of this model
the values of the resonant multipoles are|M1+(I =
3/2)| = (40.9 ± 0.3) × 103/mπ , CMR = C2/M1 =
−6.5 ± 0.3%, EMR= E2/M1 = −2.2 ± 0.9%. The
errors are experimental and were obtained by vary
the magnitudes in MAID of the resonant amplitud
by one σ in a χ2 fit to our data. In a previou
paper [5] we showed that the dominant error w
due to model uncertainties, which was estimated
taking the differences between the multipoles of
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different models. We argue here that only one mo
is in reasonable agreement with our data, and so
approach can no longer be used. Therefore, the m
errors come from uncertainties in the non-reson
multipole amplitudes of the MAID calculation which
at the present time, are not known. We plan to add
this issue in a future publication.

In conclusion, we have performed the first sim
taneous measurement of both the real and imagi
parts of the transverse–longitudinal interference (T
cross section for the p(�e,e′p)π0 reaction in the� re-
gion at a lowQ2 where the meson cloud is predict
to be the leading cause of deformation [13–15]. I
found that only the more empirical MAID model [17
is in reasonable agreement with the accurate data
tained forσ0 = σT + εσL andσTL′ and also with our
previous data [5]. On the other hand, for recoil pol
ization data obtained at the sameQ2 [23,24], and for
ATL′ taken at slightly higher values ofQ2 [22], there
are possible problems with the MAID model. At th
present time there are not sufficient data to ascer
which multipoles might be responsible for this sit
ation. We are presently analyzing new data take
Q2 = 0.127 (GeV/c)2 which should provide a mor
accurate determination of these values [26] in conju
tion with the new generation, double polarization e
periments [27].
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