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Abstract

Photoproduction of mesons off nuclei, in particular the deuteron, helium-, and lithium-isotopes,
but also heavier ones up to lead, has been studied at the tagged photon beams of the electron accel-
erators ELSA in Bonn and MAMI in Mainz with the Crystal Barrel/TAPS and Crystal Ball/TAPS
experiments. The aim of these measurements was twofold: the study of meson production reactions
off quasi-free neutrons and the study of meson-nucleus interactions. The measurements of quasi-
free reactions off the neutron include the observation of a narrow structure, of as yet unknown
nature, in the excitation function of η production off the neutron. These experiments continue
now with the measurement of single and double polarization observables. The main topics for
the meson-nucleus interactions were the search for η-mesic nuclei and the investigation of nuclear
double-pion production reactions in view of possible in-medium modifications of the σ-meson.

1 Introduction

The excitation spectrum of the nucleon is the most basic testing ground for the strong interaction in the
non-perturbative regime, but surprisingly, it is still only poorly understood. The ‘missing resonance’
problem, i.e. the fact that models of the nucleon predict many more states than have ever been observed
in experiment has been with us for decades. It became even more severe after the most recent partial-
wave analysis of elastic pion scattering data by Arndt and collaborators [1] discarded almost half of the
states listed in the Review of Particle Physics [2] as being due to statistical noise in earlier analyzes. The
still unanswered basic question is, whether this mismatch between experiment and model predictions
is related to inappropriate internal degrees of freedom in the models or to bias in the experiments.
Interestingly, first unquenched lattice results, which became available very recently [3], basically ‘re-
discovered’ the well-known SU(6)⊗O(3) excitation structure of the nucleon and have a level counting
consistent with the standard non-relativistic quark model, making simple arguments like a reduction
of the effective number of degrees of freedom, e.g. by the formation of quark-diquark structures, less
plausible. However, one should keep in mind, that these calculations are in a very early stage, still far
away from the quality reached in the meantime for ground state properties of hadrons.

In experiment, the ‘missing resonance’ problem and further questions in the interpretation of the
nucleon-excitation scheme are the main motivation for the intense recent efforts to investigate the excited
states of the nucleon with photon-induced meson-production reactions. The choice of a different initial
state and the investigation of many different final states, avoid the bias against resonances that couple
only weakly to Nπ and the exploration of multiple meson production reactions like ππ, πη... is supposed
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to give access to resonances that decay mainly via intermediate excited states. Furthermore, photon
induced reactions have the additional advantage that the electromagnetic couplings are related to the
spin-flavor correlations of the states and thus carry information about configuration mixing, which is
sensitive to the details of the model wave functions. However, the electromagnetic excitations are isospin
dependent, so that also measurements of meson-production reactions off the neutron are required.

Progress for the experimental investigation of meson photoproduction reactions off the free proton
has been tremendous during the last few years and this program approaches now its final phase with
the measurement of single and double polarization observables in particular at the CLAS experiment at
Jlab, The Crystal Barrel/TAPS experiment at ELSA, and the Crystal Ball/TAPS experiment at MAMI.
Much less has been done so far for the neutron due to the complications related to the measurements off
quasi-free neutrons bound in light nuclei, in particular in the deuteron. The detection of recoil neutrons,
and even more the control of their detection efficiency, is non-trivial and the interpretation of the results
is complicated by nuclear effects like Final State Interaction (FSI). Therefore, so far the data base is
very sparse in particular for the photoproduction of neutral mesons off the neutron. However, such
programs have now been launched at CLAS, ELSA, and MAMI. These facilities are complementary
because CLAS at Jlab is optimized for final states with charged particles, like e.g. from the γn → pπ−

reaction, while the almost 4π-covering electromagnetic calorimeters at ELSA and at MAMI can measure
mixed charge and also complicated ‘all-neutral’ final states like nπ0π0.

The experimental programs at ELSA and MAMI cover also the topic of meson-nucleus interactions
and in-medium properties of hadrons. Much has been learned about the properties of the strong
interaction from elastic and inelastic scattering of long-lived mesons such as pions and kaons off nuclei,
revealing the relevant potentials. But most mesons cannot be prepared in secondary beams due to their
short lifetime. Their interaction with nuclei can only be studied via final state interactions. The idea
is, to produce the mesons with some initial reaction in a nucleus and then study their interaction with
the same nucleus.

There is a long standing discussion, whether mesons can form (quasi)-bound states with nuclei. One
of the best candidates are so-called η-mesic nuclei, the existence of which was suggested many years ago
by Liu and Haider [5]. The case of η-mesons is special because close to threshold the reaction is com-
pletely dominated by the excitation of an s-wave resonance [6, 7], the S11(1535). As a consequence the
ηN interaction is attractive at small meson momenta (although it is not known whether the attraction
is strong enough to form a (quasi)-bound state). The ηN absorption cross section is ≈30 mb; over a
wide range basically independent of kinetic energy [8, 9]. Experimental evidence for η-mesic states has
therefore been searched in the threshold behavior of η-production reactions off nuclei, which has been
studied in hadron- [10]-[20] as well as in photon-induced [21]-[26] reactions. The idea is, that quasi-
bound states close to the production threshold will enhance the cross section relative to the expectation
for phase-space dependence. In the case of photon induced reactions this requires the measurement of
coherent reaction processes of the type γA → Aη. Since the production process via excitation of the
S11(1535) resonance involves a dominantly iso-vector, spin-flip amplitude [27] the target nuclei must
have non-vanishing spin and isospin. Among light nuclei, 3He, 3H, and 7Li are the most promising
candidates. The 3He case had been previously studied by Pfeiffer et al. [26] and a strong enhancement
of the cross section in the threshold range had been found, but the statistical quality of the data was
not very good and they showed an unexpected dip-like structure just above the immediate threshold
range. This reaction has now been measured with much better statistical quality and also coherent
η-production off 7Li nuclei has been investigated for the first time.

Another topic is related to the in-medium properties of the σ-meson, which have been much discussed
in connection with partial chiral symmetry restoration [28]. Due to the strong coupling of the σ to
the scalar, isoscalar pion pairs an in-medium shift of its mass should be reflected in the invariant mass
distributions of π0π0 (and π+π−) pairs [29]-[32]. Such effects have been sought in pion induced reactions
at the CHAOS spectrometer (see e.g. [33, 34]) and with the Crystal Ball detector at BNL [35], as well as
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with photon induced reactions at MAMI [36, 37]. All experiments found some effects on the in-medium
mass distributions of pion pairs. However, such effects may also arise from final state interactions of
the pions. Originally, it had been thought, that since for example in the photon induced reactions
there is a larger effect in the π0π0 channel than in the mix-charged π0π± ‘control’ channel, FSI effects
alone cannot explain the data. However, later [37] it has been shown that careful treatment of all FSI
processes gives results very close to the data and that intricate side-feeding effects from charge-exchange
scattering of the pions can mimic the effects of σ in-medium modifications. Recent results from a new
series of experiments with the Crystal Ball/TAPS experiment at MAMI, producing high statistics data
in the threshold region over a larger range of nuclear masses, allows to investigate these questions in
detail.

2 Experiments

The experiments were done at the tagged photon facilities of the Bonn ELSA [38] and Mainz MAMI [39]
accelerators. Maximum electron beam energies were 3.2 GeV at ELSA and 1.5 GeV at MAMI. Liquid
cryo-targets were used for the measurements with deuterium and helium (length typically around 5 cm),
while for the heavier nuclei (Li,C,Ca,Pb) solid targets with similar radiation lengths (thickness ranging
from 5.4 cm for Li to 0.05 cm for lead) were irradiated. The reaction products of interest (photons,
recoil protons and neutrons, charged pions) were detected with electromagnetic calorimeters, covering
almost the full solid angle.

The setup used at ELSA is described in detail in [40, 41]. It combined the Crystal Barrel detector
[42] with the TAPS detector [43, 44]. At MAMI the Crystal Ball detector [45], consisting of 672 NaI
crystals, covered the full azimuthal angle for polar angles between 20o - 160o and the forward range
between 21o down to 2o was covered by a hexagonal wall constructed from BaF2 modules from TAPS.
For part of the experiments this wall was built from 510 modules and placed at a distance at 1.75 m
from the target, for other measurements a wall of 384 elements was placed at 1.457 m from the target.
A detailed discussion of the setup and analysis procedures is given in [46].

All calorimeters were equipped with additional detectors surrounding the target and placed in front
of the TAPS-walls for charged-particle identification. Both setups allow the detection of meson decay-
photons and recoil nucleons and deuterons. The experiment at MAMI allowed furthermore the iden-
tification of charged pions emitted into the solid angle of the Crystal Ball via E − ∆E techniques,
using a particle identification detector made of 24 plastic scintillators, aligned parallel to the beam axis.
For the identification of the different particles, information from the charged particle detectors, and for
TAPS also time-of-flight-versus-energy measurements as well as pulse-shape analysis were used. Neutral
mesons were identified via standard invariant mass analyzes of the decay photons. Missing mass and
missing energy techniques were additionally used for reaction identification.

Systematic effects influencing the measurement of meson production reactions off quasi-free neutrons
bound in light nuclei have been studied in detail (see [47]). The technical challenge is a precise control
over the instrumental detection efficiency for recoil neutrons. Since they deposit only small amounts of
energy in the detectors the detection efficiency is difficult to simulate. However, there is an independent
way to cross check it when the production reaction is measured in coincidence with recoil protons σp,
recoil neutrons σn, and inclusively without any condition on recoil nucleons σincl. Since in most cases
coherent reaction components are negligible (or when not negligible can be also measured) there are
two independent ways to extract the neutron cross section. Either one can directly use σn or one can
construct it from the difference σδ = σincl − σp. Only the much larger and easier to simulate detection
efficiency for protons enters into the latter. For all reactions investigated so far, the results for σn and
σδ have been compared and found in agreement within statistical uncertainties. Thus, for reactions
with small cross sections, one can even improve the statistical quality of the data by averaging them.
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3 Results

3.1 Photoproduction of mesons off quasi-free nucleons

The recently most discussed reaction off the quasi-free neutron is photoproduction of η-mesons. This
reaction had been studied over the last 20 years in much detail off the free proton from production
threshold up to the few GeV range (see [48, 49, 50] for most recent results), which have demonstrated
the extraordinary dominance of the S11(1530) resonance in the threshold region [6, 7] and revealed small
contributions of further excited states, which are, however, not yet uniquely determined [51]. Photo-
production off the deuteron had been mostly used to determine the isopin structure of the S11(1535)
excitation [21, 23, 25]. It came as a surprise when several experiments [52, 53, 54] observed a pro-
nounced, narrow structure in the excitation function of quasi-free η-production off the neutron, which
seems to corresponds to a small dip-like structure in the proton excitation function, which previously
had not been payed much attention. The status is summarized in Fig. 1. The structure appears around
W ≈1.68 GeV (corresponding to Eγ ≈1 GeV) and is more narrow than 50 MeV. At the same energy the
angular distributions, both off the proton and off the neutron, change drastically shape (see Legendre
coefficients in the center of Fig. 1). In the meantime, preliminary results from the Crystal Ball/TAPS
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Figure 1: Quasi-free η-production off proton and neutron. Left hand side: total cross sections as function
of final state invariant mass W . Curves for neutron data; dashed: fitted S11 line shape, dotted: broad
Breit-Wigner resonance, dash-dotted: narrow Breit-Wigner, solid: sum of all [41]. Center: coefficients
of Legendre series fitted to angular distributions normalized to A0. From top to bottom: free proton
[50], quasi-free proton, quasi-free neutron [41]. Right hand side: preliminary excitation functions from
MAMI for deuteron and 3He target.

experiment at MAMI have been obtained (see Fig. 1) which reproduce the signal with much better
statistical quality. At MAMI also a measurement off an 3He target has been done, which gives consis-
tent results (slightly broader structure because the resolution for the kinematical re-construction of the
four-body final state is worse). The nature of this structure is much discussed in the literature (see [41]
for an overview), suggestions range from cusp effects at opening thresholds, over intricate interference
effects, to a contribution of the P11-like state of the proposed anti-decuplet of penta-quarks. Currently,
measurements of (double) polarization observables are under way at ELSA and MAMI in order to pin
down the responsible partial wave.

Results for other reaction channels have been recently published (quasi-free η′-production [40] or
are in preparation for publication (e.g. single π0, double pion production channels, πη channels).
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3.2 Search for η-mesic nuclei - the coherent γ3He → η3He reaction

Coherent η-production off 3He has been measured in an experiment at MAMI with much higher statis-
tical precision than in the previous TAPS@MAMI experiment by Pfeiffer et al. [26]. In addition, also
the systematic uncertainties could be reduced due to two improvements. The almost 4π coverage of the
Crystal Ball/TAPS detector allowed a significant reduction of background from quasi-free η-production
due to the detection of the recoil nucleons. This large solid-angle coverage allowed in addition the
measurement of not only the η → 2γ decay but also the η → 3π0

→ 6γ decay branch could be used.
The result for the total cross section is summarized in Fig. 2 and compared to the previous result and
model predictions. The agreement between the data from the two different η-decay modes is excellent.
The overall agreement with the previous data is good, but there is a discrepancy around incident pho-
ton energies of 620 MeV. The old data showed a dip-like structure in this region which could not be
reproduced, and is very probably due to systematic effects in the separation of the coherent reaction
from breakup background in the previous experiment. The data confirm the extremely steep rise of
the cross section at the coherent production threshold, which is not reproduced in the models. This
behavior is similar to what has been observed in hadron induced reactions [19, 20] and a clear indication
for a resonant-like behavior at threshold.
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Figure 2: Preliminary total cross section
for the γ3He →

3 Heη reaction from η →

2γ and η → 6γ decays [55]. The shaded
band at the bottom indicates the system-
atic uncertainty. The two vertical lines
indicate coherent and breakup threshold.
Previous data from Pfeiffer et al. [26].
Theory curves: (blue) dotted and dashed
from Shevchenko et al. [56] for two differ-
ent versions of elastic ηN scattering, (red)
solid (dash-dotted): Fix and Arenhövel
[57] full model (plane wave), (black) long
dash-dotted: Tiator et al. [58].

3.3 Double pion production off nuclei

The main motivation for this experiment was to measure double pion production (π0π0 and π0π± final
states) from very light (deuteron and 7Li) to heavy nuclei (Pb) with such high statistical quality that
the invariant mass distributions off the pion pairs can be studied also close to production thresholds
where FSI effects are small.

Preliminary results are summarized in Fig. 3. On the left hand side the scaling coefficients α of
the mass dependence of the total cross section σ(A) ∝ Aα are shown. Values close to 2/3 indicate a
proportionality to the nuclear surface (corresponding to strong absorption) while values close to unity
indicate proportionality to the nuclear volume (corresponding to transparent nuclei). As expected, final
state interaction is small in the immediate threshold region, where the kinetic energies of the pions are
to small to excite a nucleon into the ∆-resonance, and becomes large at higher incident photon energies.
The shape of the invariant mass distributions of the pion pairs are very similar for low incident photon
energies and develop an enhancement of strength at small invariant masses for heavy nuclei only in the
region where the final state interaction effects become large. Consequently, FSI seems to be a major
source of these effects.
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Figure 3: Preliminary results. Left hand side: scaling coefficient α. Center (right) invariant mass
distributions of π0π0 pairs (π0π± pairs) off nuclei for different ranges of incident photon energy (all
distributions normalized to total cross section). (Green) histograms: deuterium, (black) dots: 7Li,
(blue) downward triangles: 12C, (magenta) upward triangles: 40Ca, (red) squares: natPb [59].
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[57] A. Fix and H. Arenhövel, Phys. Rev. C 68 (2003) 044002

[58] L. Tiator, C. Bennhold, and S.S. Kamalov Nucl. Phys. A 580 (1994) 455

[59] Y. Magrhbi et al., in preparation, (2011)

7


