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Abstract. Recent pion electro-production experiments of the A1 Collaboration at MAMI
are presented. The threshold data in the p(e, e'p)7t0 and d(e,e’d)n® channels reveal the
chiral dynamics of the pion-nucleon system at low energies. Measurements of the neutral
channel in the A region address the issue of nucleon and/or A deformation and of the pion
cloud, while the p(e,e’n" )n channel gives access to the axial structure of the nucleon.

1 Introduction

Electro-production of neutral or charged pions off nucleons close to the pion pro-
duction threshold is an important tool to explore the structure of protons and neu-
trons at low energies. The s- and p-wave partial amplitudes in the pn® channel
are bench-mark tests for predictions of the Chiral Perturbation Theory (ChiPT)
which is believed to be a good low-energy approximation to QCD involving nu-
cleon and pion degrees of freedom. Its validity can also be examined in the nmt*
channel which offers a possibility to extract the axial and induced pseudo-scalar
form-factors of the proton. The threshold coherent 7t° production on the deuteron,
used as an effective neutron target, is a sensitive probe of the chiral dynamics of
the pion-neutron system. Experiments in the region of the A resonance probe the
multipole structure of the N — A transition by isolating interferences of small
quadrupole transition amplitudes with the dominant magnetic dipole amplitude,
and provide a quantitative measure for the deformation of the nucleon and/or
the A. In addition, many observables in the N — A transition exhibit large sensi-
tivities to the effects of the pion cloud.

2 Testing ChiPT with p(e, e’p)7® and d(e, e’d)n® reactions

2.1 The proton

The first photo-production measurements p(y, p)n° at threshold were designed
to access the s-wave electric dipole amplitude Eo [1] and thereby test the early
low-energy theorems [2]. The severe disagreement between these theorems and
the experiments was subsequently resolved by refined calculations in ChiPT [3],
which also gave predictions for the p-wave multipole combinations P;. Soon ex-
perimental work at MAMI extended to electro-production in order to study the
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evolution of low-energy theorems of ChiPT [6]. In the first Mainz experiment at
Q% =0.1(GeV/c)?, the s-wave amplitudes Eo. and Lo, were extracted by using
calculated p-waves. In the transverse, longitudinal, and the interference terms in
the cross-section, which can be decomposed by measuring the complete distribu-
tions in the azimuthal angle, the p-waves appear in specific combinations,

P =3B+ + My —My_,
P> =3B — My + My,
P3 = 2My + M,

Py =4L + 1,

Ps = L —2L;. .

All multipoles are functions of the pion energy and of Q2. Neglecting multipoles
with 1 > 2, the structure functions can be expressed in terms of the multipoles as
follows:

Rr = |Eos + Pycos®|? + 1(P2]? + [P3?) sin @,

Ri = | Lot + PscosO* +|Ps|* sin® 0,

R = —sinORe[(Eoy + Py cos0) P5 + (Los + PacosB) P3|,

Rer = $(IP212 —|P3?) sin® 0, 1)

where 0 is the pion centre-of-mass angle.

For the experiment at Q2 =0.1(GeV/c)?, the predictions for P; were consid-
ered to be reliable because the one-pion-loop contributions are much smaller than
those of the tree diagrams, contrary to the s-wave amplitudes Eo; and Lo; which
pick up large pion-loop corrections even at threshold and at Q% — 0. The low-
energy parameters of ChiPT were fitted to the partial cross-sections of [5], and the
photo-production data, the electro-production data, and the theory seemed con-
sistent. However, the value of QZ was believed to be too high for the convergence
of ChiPT.

Therefore, another experiment at Q% = 0.05 (GeV/c)? was recently perform-
ed at MAMI [7], in which a model-independent extraction of the multipoles was
attempted. Because the transverse-transverse interference term in the cross-sec-
tion (1) was consistent with zero within the experimental uncertainty, only the
s-wave multipoles and the combinations Py, P4, Ps were extracted, while the P
and P3 terms could not be separated: only their combination P,3 = % (IP2|2+|P3/%)
could be determined. The experiment showed large discrepancies with respect
to the calculations. For example, the measured Q2-dependence of the total cross-
section, which is dominated by systematical uncertainties, strongly deviates from
the prediction of ChiPT (see Fig. 1). Furthermore, there are large discrepancies
between ChiPT and the MAID model [8]. Similar large disagreements were ob-
served in the differential (and partial) cross-sections. While the resolution of the
experiment was not good enough to perform a complete separation of the multi-
poles, it seems that the deviation is hidden in the P,3 term which is constrained
by photo-production and is not free to be re-adjusted to fit the new data set.



Structure of the nucleon and A from pion electro-production... 109

1.0 2.0F
- AW =0.5MeV L AW =1.5MeV
— | o 1.5 ®
5 L
5 r C
3051 1.0
g T C
° r 0.5F
0-0 K 1 " I/ 1 1 I 1 1 1 1 | 0.0: ’I ] 1 1 1 I 1 1 1 1 |
0.00 0.05 0.10 0.00 0.05 0.10
3.0F 4.0F
,5E  AW=25Mev £ AW =35MeV
— _F ¢| 3.0F
o 2.0 E
s F £
2 15F 2.0
£1.0 3
© 1.0
0.5 E
0-0: ’l 1 1 1 I 1 1 1 1 | ().0E ’I 1 1 1 I 1 1 1 1 |
0.00 0.05 0.10 0.00 0.05 0.10
Q? [GeV?/cY Q? [GeV?/cY

Fig. 1. The Q?-dependence of the total cross-section for p(e,e’p)n° at four energies above
threshold AW, at the virtual photon polarisation of ¢ = 0.8. The solid (dashed) curves are
the prediction of ChiPT (MAID).

Since the discrepancy is large and seems to persist, this subject urgently
needs further investigation. An experiment is planned at MAMI to scan the per-
tinent Q2-region. Parts of the experimental programme have been performed in
the Spring of 2003. An independent experiment, using the large-acceptance spec-
trometer BigBite, is being prepared at JLab [9] with extended kinematical cover-
age up to 20 MeV above threshold.

2.2 The deuteron

In the absence of free neutron targets, coherent 7° electro-production from the
deuteron has proven to be a promising way to obtain information on the electro-
production amplitude off a free neutron. In the impulse approximation, the full
production amplitude is a coherent isoscalar sum of the free proton and neutron
amplitudes. The nuclear binding effects are typically accounted for by means of
deuteron form-factors. Interpreted in terms of ChiPT, the d(e,e’d)nt® process es-
tablishes a connection to the pion-nucleon chiral dynamics in the proton chan-
nel: once the low-energy constants of ChiPT are optimally adjusted to describe
the pion photo- and electro-production data sets on the proton, the measured
deuteron threshold s-wave amplitudes E4 and L4 (analogs of Eg; and Lo of the
proton case) can be used to extract the predictions for the neutron amplitudes
without introducing new or readjusting old low-energy parameters.
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A cross-section measurement with real photons was performed at SAL, us-
ing coincidence detection of the m°-decay photons in the IGLOO detector [10].
Since the missing-mass resolution was insufficient to separate the coherent chan-
nel from the deuteron breakup, the breakup contribution was subtracted by using
amodel, yielding Eq = (—1.45£0.09) x 1073 /m.. This value is about 20% below
the prediction of ChiPT, Eg = (—1.8 £ 0.6) x 1073 /m, [11], but it is within the
error bars.

The first experiment at finite Q% and close to threshold was recently per-
formed at MAMI [12]. In this experiment, a magnetic spectrometer was used to
detect the deuterons, thereby cleanly separating the coherent from the breakup
channel. However, the detection of the low-energy deuterons suffering from large
energy loss and multiple scattering, limited the Q? range to 0.1 (GeV/c)2. The
complete centre-of-mass solid angle was covered up to 4 MeV above threshold,
and a Rosenbluth separation was performed. We extracted a value of |L4| =
(0.50 £ 0.11) - 1073 /m, for the longitudinal s-wave amplitude at threshold, and
an upper limit of [E4| < 0.42 - 1073 /m,;. The results are shown in Fig. 2.

N © MAMI 2001
15§ "~ m SAL 1998

-3
|E(| [10 "M ]

Lyl [207°M]

0 0.02 0.04 0.06 0.08 0.1

Fig. 2. The Q?-dependence of the threshold s-wave multipoles E4 and Ly for d(e,e’d)n®.
The solid (dotted) curves represent fits 2 (1) of ChiPT (see [13] for details). The band
between the dashed lines centered around fit 2 corresponds to a variation of the single-

n)

scattering amplitudes Eé _ and Lé’lr) by £1-10 3 /mn.

The calculation of the threshold amplitude within ChiPT [13] showed that in
order to understand the present data set, it is necessary to calculate the single-
scattering (nucleon) amplitudes and three-body interactions in a consistent chi-
ral scheme. A similar conclusion was reached in Ref. [14]. Since in the charged
channel, the Ey; amplitude exceeds the one in the neutral channel by an order
of magnitude (typically | Eo; (n7t") | & 20| Eo4 (pt®) |), strong rescattering effects
(involving pion loops) are anticipated, as illustrated in Fig. 3.
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Fig. 3. Rescattering mechanisms in the d(e,e’d)n® process. (Figure adopted from [14].)

Considerations of rescattering effects in Ref. [14] show that it is most crucial
to ensure proper anti-symmetrisation in the intermediate state, to apply correctly
parity and angular momentum conservation, and to prevent double-counting. It
was shown that rescattering effects cancel out, indicating that indeed the coher-
ent ° production off the deuteron is a good way to access the elementary neu-
tron amplitude. One of the observations supporting this conclusion is that also
the unitary cusp observed in the pn® channel at the n" threshold disappears.
However, the calculations in the framework of ChiPT also demonstrate that the
p-wave multipoles are substantial and that the amplitudes possess a more com-
plex momentum dependence than postulated in the original data analysis. Thus,
even though consistency between data and theory seems to have been achieved
(within the relatively large systematic uncertainties), more precise measurements
at lower Q2 would be beneficial to test these concepts accurately.

3 Nucleon axial and induced pseudo-scalar form-factors

Close to threshold, the transverse and longitudinal cross-sections for p(e,e’'n" )n
in parallel kinematics depend predominantly on the electric (Eo4) and the longi-
tudinal (Lo ) multipoles, respectively. The Eo amplitude is sensitive to the axial
form-factor G, while the Lo, amplitude depends on the pion charge form-factor
Fr and the induced pseudo-scalar form-factor Gp. Rosenbluth separations of the
transverse and longitudinal cross-sections were performed in recent experiments
at MAMI at an invariant mass of W = 1125MeV and several values of Q? (see
Fig. 4 for kinematics coverage).

For the transverse cross-section, the s-wave dominance is known to persist to
relatively high energies above the threshold. Thus the axial mass parameter My
(a cut-off in the dipole parameterisation of GA) has been extracted from the Q?-
dependence of transverse cross-section by using an effective Lagrangian model
[15] in which G4 was the only adjustable form-factor while the electro-magnetic
form-factors were assumed to be well-known.

One of the key difficulties in this extraction which directly translates into
the variation in M, is the value of the transverse cross-section in the real-photon
limit. This value needs to be determined by extrapolation of angular distributions
for photo-production p(y, 7" )n to zero, a procedure with a large systematical
uncertainty (see Fig. 5).
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Fig.4. Kinematics coverage for the Rosenbluth separations in the p(e,e’nn" )n channel at
W = 1125MeV /c. Circles: published data [15]; squares: recently acquired data. The sym-
bols 2" and ‘3’ denote measurements repeated in different time periods, while ‘AB’ indi-
cates spectrometer swaps which were performed to control systematics.
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Fig.5. Extrapolation of the photo-production angular distributions to zero in order to ob-
tain the transverse cross-section at Q% = 0. The results of a partial-wave analysis SATD
(full curve) and the Mainz Unitary Isobar Model MAID (dashed curve) are shown.

We have used a weighted-average cross-section at the photon point of (7.22+
0.36) ub/sr (The corresponding value of Eo (n7t") is also well supported by the
studies of the GDH sum rule and by the low-energy (Kroll-Ruderman) limit.)
The extracted value of My = (1.077 £ 0.039) GeV is (0.051 £ 0.044) GeV larger
than the axial mass M = (1.026 £ 0.021) GeV known from neutrino scattering
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experiments. This ‘axial mass discrepancy’ is consistent with the prediction of
ChiPT [16] which originates in pion-loop corrections to the electro-production
process exemplified in Fig. 6.
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Fig. 6. Pion-loop corrections to the p(e, e’'7t" )n process which induce a modification of M.
(Figure adopted from [16].)

Unfortunately, the kinematics range of the presently acquired data was too
high for a direct application of the ChiPT result. The model-dependent terms,
especially in the Lo+ multipole, are of a size which does not allow to distinguish
the pion form-factor from the induced pseudo-scalar form-factor. Even closer to
threshold, however, also the longitudinal cross-section will be dominated by the
s-wave, and we shall have

2
E0+(q2) = \/z% |:GA(q2)+4qWGA(O)GK/[(q2)+:| ‘
2y - wFﬂ(ki) i P
L0+(q ) - |:D(t) ZMGA(O) :| \/zmnfn (2M+mn) - My EO+(mn)-

Here the divergence form-factor

7\2

_ 2frgranmi
A —t

D(t) = > + 2 [MGA(O) — frgmN ]
ms—t

measures the deviation of the induced pseudo-scalar form-factor Gp from its

pion-pole dominance (1/(m2 —t)) form. This allows one, by fitting A to the data, a

simultaneous extraction of G4 and Gp. To access very low Q?%and pion momenta

in the vicinity of the threshold, a dedicated short-orbit spectrometer is being com-

missioned in Mainz, and is expected to take data soon [17].

4 The N — A transition

One of the main goals of the N — A experiments is to measure the Q2-depen-
dence of the transition amplitudes. The non-vanishing electric (E2) and Coulomb
(C2) quadrupole amplitudes, which are much smaller than the leading magnetic
dipole amplitude (M1), are an indication that the nucleon and/or the A deviate
from spherical symmetry. Several mechanisms have been proposed to explain
the nature of this deviation. In models involving explicit pion degrees of free-
dom, relatively large contributions to M1 and dominant contributions to E2 and
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C2 originate in the coupling of the virtual photon to the p-wave pion field. The
motivation behind the recent N — A program at MAMI is to map out the M1,
E2, and C2 multipoles in the region of low Q? where the pion-cloud effects are
expected to play the most important role.
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Fig.7. Recent experimental data on the E2/M1 and C2/M1 ratios compared to the predic-
tions of the model of Sato and Lee [18] (dashed curves: bare nucleon, full curves: including
pion cloud) and MAID [8] (constant values of —2.2 % and —6.5 %, respectively). The antic-
ipated MAMI data (taken in the Spring of 2003) are shown with full squares.

The small quadrupole amplitudes E2 and C2 can be accessed through spe-
cific terms in the cross-section which contain interferences of the electro-produc-
tion multipoles B and S, with the dominant M :

Oon(0%) = 00(0%) + orr(0%) — 00(180°)

!

!

orr(0%)

2(cos 0% + 1) Re [E5, My ] — 12 sin® 0% Re [EX, My 4],

sin 0% Re [S§, M14] — 6 cos 07 sin 0% Re [ST M1, ],

O‘LTI(Q;(.[) ~ —sinG;Im[(—6cosej‘T S]+ +So+)*M]+] N
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where 07, is the emission angle of the pion in the centre-of-mass frame of the N
system and 0y = o7 + €0r.. The 0o and or1 terms exhibit large sensitivities to the
E2/M1 ~ Re [E] M1, ] and the C2/M1 ~ Re [ST, M ] ratios, respectively, while
the opr is sensitive to the imaginary part of the S7, My, interference.
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Fig.8. Angular distributions of orr, o1/, and oo for Q% =0.127 (upper three panels) and
0.200 (GeV/c)? (lower three panels). The full curves indicate full MAID predictions, the
dashed curves correspond to the MAID prediction without the quadrupole amplitudes.
For details, see text.
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In the Spring of 2003, new high-precision data in the p(e,e’p)n® channel
were acquired at MAMI in the region of the A resonance, at four-momentum
transfers of —0.06, —0.127, and —0.2 (GeV/c)?. The anticipated results for the
E2/M1 and C2/M1 ratios as a function of Q2 are shown in Fig. 7.

In addition to our primary goal, the extractions of E2/M1 and C2/M1 ra-
tios at different Q2, the present data set will try to answer several open questions
arising from previous experiments at MIT-Bates and MAMI. For example, the
measurement of or 1 at Q2 = 0.2 (GeV/c)? will address the significant disagree-
ment between MAID and the Ajg: result from Mainz, which is underestimated
by MAID by about 25 % [19]. The measurement of o1+ at Q2% =0.127 (GeV/c)?
which overlaps with Bates will try to yield more insight into the apparent in-
ability of the models to simultaneously describe the polarisation components ob-
tained in the recoil-polarisation measurements [20]. At present, it is unclear where
the violation of the consistency relation between P, P!, and Pg comes from. The
multipole structure of o1 resembles that of PO, so we expect new data to help
resolve this issue. The expected data points in the angular distributions of orr,
orr/, and oo at Q2 = 0.127 and 0.200 (GeV /c)? are shown in Fig. 8.
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