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Abstract. In this paper the current status of the threshold photo- and electroproduction of neutral pions as
test of Chiral Perturbation Theory is summarized. The combination of differential cross-section data with
polarized photon asymmetries allows to determine a complete set of s- and p-wave amplitudes at threshold
for the photoproduction case. These extracted amplitudes are in good agreement with predictions and fits
of Heavy Baryon Chiral Perturbation Theory. On the other hand, new data on pion electroproduction
shows a significant deviation from the predicted cross-sections at a four-momentum transfer of Q2 =
0.05GeV2/c2. For the coherent pion production from the deuteron the photoproduction data agree with
Chiral Perturbation Theory. The former reported severe disagreement between the electroproduction s-
wave amplitude at a four-momentum transfer of Q2 = 0.1GeV2/c2 and first calculations seems to be
resolved now.

PACS. 25.30.Rw Electroproduction reactions – 13.60.Le Meson production – 12.39.Fe Chiral Lagrangians

1 Neutral pion photoproduction

Chiral Perturbation Theory is a consistent scheme to uti-
lize the symmetries of QCD to predict observables at the
confinement scale. A short introduction on the basic prin-
ciples of ChPT was given in this conference [1]. A more
complete overview of the status of this field can be found,
e.g., in ref. [2].

In this paper, the current status of the neutral pion
photo- and electroproduction experiments near thresh-
old is discussed. Since the pion is the Goldstone Boson
of the chiral symmetry breaking, these experiments are
well suited to test calculations in the framework of Heavy
Baryon Chiral Perturbation Theory (HBChPT) [3].

First experiments [4] on threshold pion photoproduc-
tion were aimed at testing the predictions of Low Energy
Theorems [5] for the threshold value of the s-wave mul-
tipole amplitude E0+. The severe disagreement between
these theorems and the experiments was resolved in the
following years by refined calculations in HBChPT [6],
which also gave predictions for the p-wave multipole com-
binations:

P1 = 3E1+ +M1+ − M1− ,

P2 = 3E1+ − M1+ +M1− ,

P3 = 2M1+ +M1− .

The calculations showed that the s-wave amplitude is
only slow converging in the chiral expansion, while the
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p-wave combinations P1 and P2 are strong predictions in
this framework. P3 is given by a low-energy constant of
HBChPT and has to be determined by the experiment.

The first experimental access to the multipoles is the
measurement of the differential cross-section. With the as-
sumption that only s- and p-waves contribute at threshold,
the angular structure of the cross-section is given by

σ(θ) =
q

k

(
A+B cos θ + C cos2 θ

)

with the phase space factor q
k and three angular coeffi-

cients,

A = E2
0+ +

1
2

(
P2

2 + P3
2
)

,

B = 2Re (E0+P1
∗) ,

C = P1
2 − 1

2
(
P2

2 + P3
2
)

.

Experiments at SAL [7] and MAMI [8,9] are in good
agreement and allow for an extraction of the full angular
structure of the differential cross-section. But from un-
polarized cross-section experiments, only the modulus of
the s-wave multipole |E0+| and the p-wave combinations
P1 and P23 := 1

2 (P2
2 + P3

2) can be extracted. To fur-
ther decompose all multipoles, a further observable has to
be measured. A convenient choice is the polarized photon
asymmetry Σ with the multipole decomposition

Σ(θ)σ(θ) ∼ sin(θ)1
2

(
P 2

3 − P 2
2

)
.
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Fig. 1. Polarized photon asymmetry measured at MAMI [9]
in comparison with calculations in ChPT [6] and in Dispersion
Relations formalism [10].

Such an experiment was performed at MAMI [9] at
the tagged-photon beam of the A2 Collaboration with the
TAPS detector for the detection of the π0 decay photons.
The polarized photon beam was produced by coherent
Bremsstrahlung from a diamond crystal. Figure 1 shows
the asymmetry Σ, averaged over the energy range of the
experiment.

With this experiment, for the first time a complete sep-
aration of the p-waves is possible. The results are given
in table 1, in comparison with the predictions of Chi-
ral Perturbation Theory (ChPT) [6] and Dispersion Re-
lations(DR) [10]. Within the error bars, the two existing
high-resolution experiments and the quoted calculations
agree. The deviation for P3 of ChPT can be removed by
re-fitting the low-energy constants to the new data set.

2 Electroproduction at low Q2

Additional information on the pion production mechanism
can be extracted from electroproduction experiments.

While, e.g., the multipole combination P3 is basically
a fit parameter in the description of the photoproduction
data, the extention of this quantity to virtual photons is
given in ChPT without further degrees of freedom. In ad-
dition, the longitudinal s-wave amplitude L0+ and two fur-
ther longitudinal p-wave combinations can be extracted.

First experiments at a photon virtuality of Q2 =
0.1 (GeV/c)2 aimed at extracting the s-wave amplitudes
at threshold [11,12]. These experiments were in reason-
able agreement with calculations [13], but the value of
Q2 = 0.1 (GeV/c)2 is somewhat to high for the conver-
gence radius of ChPT.

Therefore, a further experiment at the intermediate
value of the photon virtuality Q2 = 0.05 (GeV/c)2, half-
way between photoproduction and the existing data was
performed at MAMI [14].

This experiment showed a surprising discrepancy to
the calculations. Figure 2 shows the total cross-section as
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Fig. 2. The total cross-section σtot versus Q2, at a value of
ε = 0.8. The solid (dashed) line is the prediction of ChPT [13]
(MAID [15]), data points at Q2 = 0 and 0.1GeV2/c2

from [9,12].

a function of Q2. In this observable, the statistical error
of all data points is very small and only systematic errors
contribute. Thus, the clear discrepancy between data and
calculations, but also the increasing discrepancy between
ChPT and MAID [15] is visible.

In ref. [14] also an extraction of multipoles in a model-
independent manner was attempted. While the resolution
of the experiments is not yet good enough to perform a re-
liable separation of the multipoles, it seems that the devi-
ation is burried in the multipole combination P23, which is
already fixed by photoproduction and cannot be adjusted
in the calculations to describe the new data set.

Since the discrepancy is large and surprising, this sub-
ject urgently needs further investigation. An experiment
at MAMI is planned to cover a continuous range in Q2,
while an independent experiment is planned at JLab [16]
with extended kinematical coverage using a large accep-
tance spectrometer.

3 Electroproduction from the deuteron

The low-energy constants of ChPT were adjusted, as
shown above, to describe the existing pion photo- and elec-
troproduction data from the proton. By this, one looses
some of the predictive power of ChPT, since in threshold
experiments the complete amplitude is already given by
only few parameters. On the other hand, from the descrip-
tion of the proton amplitudes one can extract predictions
for the pion production from the neutron without intro-
ducing further degrees of freedom.

Despite this theoretical advantage, the experimental
access to the free neutron amplitude is quite difficult. The
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Table 1. Experimental multipole amplitudes for photoproduction from MAMI [9] and SAL [7] in comparison with Chiral
Perturbation Theory (ChPT)) [6] and Dispersion Relations (DR).

E0+ P1 P2 P3

(10−3/mπ) (qk · 10−3/m3
π) (qk · 10−3/m3

π) (qk · 10−3/m3
π)

MAMI −1.31± 0.08 10.02± 0.2 −10.5± 0.2 13.1± 0.1
SAL −1.32± 0.05 10.26± 0.1
ChPT −1.16 10.33± 0.6 −11.0± 0.6 11.7± 0.6
DR −1.22 10.54 −11.4 10.2
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Fig. 3. The extracted s-wave multipoles from MAMI [19]
(circles) in comparison with the prediction of ChPT [21]. The
solid line shows the fit to the data, while the dashed line was
fitted with additional constrains from resonance saturation.

most promising method seems to be the coherent pion
production from a deuteron target. In impulse approxi-
mation, the production amplitude is basically given by the
coherent iso-scalar sum of the free proton and free neutron
amplitude, corrected by form factors as parameterization
of the deuteron structure.

A first measurement of the photoproduction ampli-
tude was performed at SAL [17]. The IGLOO detector
was used to detect the decay photons of the π0 decay
in coincidence. By this technique, the missing mass res-
olution is not sufficient to separate the coherent chan-
nel from the deuteron breakup. By calculating this con-
tribution in a simple model, the authors were able to
extract the threshold value of the s-wave amplitude to
Ed = (−1.45± 0.09)× 10−3/mπ.

This value falls about 20% below the prediction of
ChPT [18] of Ed = (−1.8±0.6)×10−3/mπ but the agree-
ment seems reasonable within the error bars.

The extension of this experiments to finite Q2 intro-
duced further experimental difficulties. Due to the back-
ground conditions for electroproduction the detection of
the pion decay photons had to be replaced by the detec-
tion of the recoil deuteron, which suffers at the low ener-
gies at threshold from energy loss and multiple scattering.

On the other hand, by this technique the coherent channel
is clearly separated from the deuteron break-up reaction
and can be extracted without model assumptions.

A first threshold measurement of d(e, e′d)π0 was per-
formed at MAMI [19]. The detection of the deuteron
limited this experiment to a four-momentum transfer of
Q2 = 0.1 (GeV/c)2. As for the similar experiments from
the proton, the full center-of-mass angle was covered up to
4MeV above threshold and a Rosenbluth separation was
performed.

The first prediction in ChPT for electroproduction [20]
could not explain the extracted s-wave amplitudes |Ed| ≈
0 · 10−3/mπ and |Ld| = 0.5 · 10−3/mπ and missed the ex-
periment by nearly an order of magnitude. The improved
calculation [21] showed that it is necessary to calculate
elementary nucleon amplitudes and multi-body currents
in consistent schemes. Figure 3 shows the result of this
calculation in comparison with the data. Within the large
systematic error of the data, finally consistency could be
achieved. Of course, a measurement at lower Q2 would be
necessary to further test these concepts.
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