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Photoproduction of Mesons

Hartmut Schmieden'-* and Friedrich Klein®-**

! Physikalisches Institut, Universitét Bonn

Abstract. B.1 is one of the experimental projects within the CRC 16. It aims at the systematic investigation
of the photoproduction of mesons off nucleons in order to understand reaction mechanisms and the relevant
degrees of freedom in resonance formation. Of particular interest is the photoproduction of mesons heavier
than the pion and resonances involving hidden or open strangeness. Essential hardware contributions have been
made to the experimental programme of the CRC 16 through tagging systems, and photon-beam polarisation
and polarimetry. A new experiment has been set up within the framework of the BGO-OD collaboration. This
combines a forward magnetic spectrometer with a central BGO calorimeter with charged particle recognition
and identification. The BGO-OD experiment enables reconstruction of complex final states composed of both
charged and neutral particles, complementary to the existing CBELSA/TAPS calorimeter which is optimised
for multi-photon final states. Selected results of the 12-year CRC period are presented from both experiments.

1 Introduction

The goal of CRC 16 project B.1 is the systematic investiga-
tion of the photoproduction of mesons off nucleons. Me-
son production is tightly connected with the nucleon ex-
citation spectrum. Those gross features seem understood
in terms of the quark sub-structure, but important aspects
still remain puzzling.

In relation to constituent quark models and also re-
cent results in Lattice-QCD [1], a large fraction of the ex-
pected excited states, predominantly at higher masses, re-
mains “missing” in experiments [2]. Results in the double-
strange sector of E-hyperon states even seem to exacerbate
the situation: Despite the expected improved separability
of resonances due to smaller widths in the 2s-sector, al-
most no excited states at all are observed in photoproduc-
tion experiments [3].

Not only the higher states, also the lowest excitations
in the non-strange and 1s-sector exhibit peculiar patterns,
which are not described in genuine 3-quark models:

— Parity is reversed between the two lowest lying N* ex-
citations, P;1(1440) with J® = 1/2* and S;(1535) with
JP = 1/27; naturally the lowest state above the ground
state would be expected to have negative parity, and the
state above this to have positive parity.

— Mass is reversed between the two lowest lying negative
parity states in the strange and non-strange sector, i.e. the
A(1405) and the S ;(1535); naturally the state containing
the s-quark would be expected heavier.!

These, and other patterns opened speculations regard-
ing the inner structure of the states and the effective de-
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grees of freedom, which are not necessarily just quarks.
Due to the closeness of the chiral symmetry breaking
scale to the nucleon mass/size scale, the associated Gold-
stone bosons also enter as effective “elementary” objects
[4, 5], enabling interactions of the light mesons directly
with quarks, and the formation of meson-baryon? type ob-
jects. Corresponding models indeed appear more success-
ful than genuine three constituent quark models in some
aspects, for example, determining the parity ordering of
the lowest nucleon excitations [5]. Meson-baryon dynam-
ics seem to play an important role for higher baryon exci-
tations too [6—14]. In addition to the interaction of pseu-
doscalar mesons with baryons, vector mesons should also
contribute to resonance formation [15-17]. In this case,
degenerate states of J* = 1/27,3/2" are expected, in par-
ticular in the mass region around 2 GeV [18].

Meson-baryon dynamics may be expected to be partic-
ularly important at thresholds, for example through (sub-
threshold) rescattering effects. Many unresolved struc-
tures seem associated with such production or decay
thresholds, as is illustrated in Fig. 1. The above mentioned
A(1405) and S1;(1535) lie directly at the KN and np
thresholds, respectively. Around 1680 MeV at the closely
spaced KT and wp thresholds, a narrow peak structure
is observed in n-photoproduction off the neutron [19-21].
This seems associated with a dip structure off the proton at
the same energy, in particular at forward n angles [22], and
a pronounced structure in the photon beam asymmetry off
the proton at central angles [23]. In the ¢p photoproduc-
tion channel, an unexpected narrow peak is observed in the
vicinity of the almost degenerate K*A, ;. and K*A(1520)
thresholds [24-26]. And, finally, a dip structure was found

2in the meson sector also meson-meson
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at the K*X threshold in KYZ* photoproduction off the pro-
ton, which is particularly pronounced at forward directions
[27]. At the same energy, a structure is suggested in the
photon beam asymmetry at central angles [28]. A dip
in the cross section can be reproduced in a model based
on vector meson-baryon interactions [29]. It appears as-
sociated with the formation of a N*(2030) vectormeson-
baryon resonance, possibly in combination with a close-
by N*(2080), and it is predicted to be complemented by
a peak structure in KX’ photoproduction off the neutron.
This issue is not experimentally resolved yet. The phe-
nomenology may be potentially similar to the situation in
the n-channel at 1680 MeV.
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Figure 1: Overview of production/decay thresholds.

Some of the states which persistingly resisted a con-
ventionial three-quark explanation are likely to be “dy-
namically” generated through meson-baryon interactions,
at least to some extent. For the A(1405) the important
role of meson-baryon dynamics was recently supported
by a result from LQCD [30]. Approaching realistic quark
masses in the calculations, the A(1405) seems to adopt a
pronounced meson-baryon structure.

To better understand these issues, non-pionic channels
are of particular interest. For the ELSA experiments this
means 7, associated K-hyperon and vectormeson photo-
production. The main goal is to disentangle the reac-
tion mechanisms, in order to understand the excitations or
structures observed. This is complementing projects pref-
erentially pursuing spectroscopy of states. The results pro-
vide qualitative input and quantitative contraints for Par-
tial Wave Analyses, for example, with respect to s versus
t-channel contributions. In turn, the feedback from spec-
troscopy and PWA aids the interpretation of the data, and
is also in tight cooperation with theory.

An essential aspect of the experiments are polarisation
degrees of freedom. For the CBELSA/TAPS experiment,
which is run in combination with the Bonn Frozen Spin
polarised target, linearly polarised tagged photon beams
and the necessary electron polarimetry for circularly po-
larised beam were provided. This is described in the next
section.

The CBELSA/TAPS calorimeter setup, optimised for
neutral final states which involve multiple photons, is com-
plemented by the new BGO-OD experiment. Combining
a large aperture magnetic spectrometer in forward direc-

tions with a central BGO ball, BGO-OD is ideal for re-
constructing complex final states including both charged
and neutral particles. This makes it especially suited
for the strangeness and vectormeson channels addressed.
Setup and commissioning results are described in sec-
tion3. Some selected results are then discussed in sec-
tion 4.

2 Tagging and Polarimetry at the
CBELSA/TAPS Experiment

The photon tagging system is an essential feature of the
CBELSA/TAPS experiment. This includes the positioning
system to align a diamond crystal to produce linearly po-
larised coherent bremsstrahlung, and a Mgller polarimeter
for in-situ measurements of the longitudinal electron beam
polarisation. The latter provides the basis to determine the
(energy-dependent) degree of circular polarisation of the
photon beam.

2.1 Photon Tagging and Linear Polarisation

Energy tagging of bremsstrahlung photon beams is a
common method in meson photoproduction experiments.
The principle is to measure the momentum of the post-
bremsstrahlung electrons using a magnetic spectrome-
ter, and associate it with the detected hadronic reaction
through time coincidences.

The electron beam extracted from the ELSA accelera-
tor [31] impinges on one of a set of four amorphous cop-
per radiators of thickness 15 — 300 um (corresponding to
1.05 — 21 %o radiation lengths Xj), a diamond crystal for
coherent bremsstrahlung of thickness 500 um (4.1 %o X),
or a magnetisable ferromagnetic foil® of effective thick-
ness 58.5 um (3.6 %o X)) for in-situ Mgller measurements
when using a polarised electron beam. The radiators are
accurately positioned by means of a commercial goniome-
ter system.*

A schematic overview of the tagging system is shown
in Fig. 2. The post-bremsstrahlung electrons are horizon-

magnet

SciFi detector scintillation counters

Figure 2: Schematics of the tagging system, 3-dimensional
view (left) and top-view (right).

3material “Vacoflux”, an alloy of 49 % iron, 49 % cobalt, and 2 %
vanadium
4Newport Corporation www.newport.com
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tally bent in the field of a Brown-Boveri MC type dipole
magnet. Maximum field strength is 2T at a current of
1500 A. Nominal settings are such that electrons of pri-
mary beam energy are deflected by 9 degree into the exit
beamline and the electron beam dump. The momentum
of the post-bremsstrahlung electrons is analysed through a
two-part hodoscope of 96 half overlapping plastic scintil-
lators. The backward part is placed in the focal plane of
the magnet, against which the forward part had to be tilted
due to space limitations. All scintillators are 1cm thick,
with the height and width varying from 6 — 13cm and 1.4 -
5 cm, respectively. The total tagged photon energy range is
from 21 % — 87.1 % E. Resolutions are between 0.1 % in
electron energy for the lowest energy electrons and 0.4 %
for the highest energies, which translates into a photon en-
ergy resolution of AE,/E, = 0.1...6.0 %. The scintillator
hodoscope is augmented by a 480 channel scintillating fi-
bre (SciFi) detector. Arranged in two layers the 2 mm di-
ameter fibres cover the high electron range of the tilted ho-
doscope part (cf. Fig.2). In this range the photon energy
resolution is significantly improved to AE,/E, < 2.9 %.
Setup, calibration and performance of the tagging system
are described in detail in Ref. [32].

Linearly polarised photon beams are generated by co-
herent bremsstrahlung off the diamond radiator. Precise
alignment through the goniometer system enables the set-
ting of the energy range of maximum polarisation (the “co-
herent peak”) and the orientation of the polarisation plane.
The energy-dependent degree of polarisation can be deter-
mined from the energy spectrum of post-bremsstrahlung
electrons. Methods and results are described in Ref. [33].

2.2 Circular Polarisation and Mgller Polarimetry

Circularly polarised photon beams are obtained using a
longitudinally polarised electron beam. The photon polar-
isation P,(E,) is energy dependent, with the polarisation
transfer from an electron beam of polarisation P, given by
[34]
3+(1-x

3+43(1-x2-2(1-x)’
where x = E,/E, is the fractional energy transfer, which
is measured with the tagging system. The determination
of P, requires the additional measurement of the degree
of electron polarisation. This is done using a Mgller po-
larimeter integrated into the tagging system.

In Mgller scattering, a count rate asymmetry Ay =
(N*™ — N*7)/(N** + N*7) is obtained between parallel
(++) and antiparallel (+—) spin orientations of the elec-
trons which translates into

P,/P, = x ey

AM = azszPZ, (2)

where Pf and PZT are the longitudinal beam and target po-
larisations, and a, is the asymmetry coefficient, which fol-
lows from the Mgller cross section and can be calculated
in QED. For highly relativistic electrons it is energy inde-
pendent. It does, however, depend on the Mgller scatter-
ing angle with a maximum of |a,.| = 7/9 for the symmet-
ric case (0" = 90 degree) where, in the laboratory frame,

both outgoing electrons have the same scattering angle and
the same momentum p,, = po/2, i.e. half the incoming
beam momentum, p.

Due to the electron spin precession in magnetic (bend-
ing) fields, it is important to measure the polarisation of
the electron beam directly at the nominal bremsstrahlung
radiator position. This is easily achieved by simultane-
ously using the bremsstrahlung radiator as the Mgller tar-
get. To determine the asymmetry according to Eq. 2,
the target/radiator electrons need to be polarised. This is
achieved by using one of the above mentioned ferromag-
netic Vacoflux foils as the bremsstrahlung radiator. It is
placed inside a small solenoid producing a magnetic field
of approximately 0.008 mT, sufficient to magnetise the foil
into saturation. The magnetisation of the foil is measured
by inductive methods, and the electron polarisation deter-
mined using the gyromagnetic ratio. For Vacoflux the lat-
ter is known with a precision of ~ 0.7%.

The polarisation is orientated within the foil plane.’
Therefore, target polarisation in exactly z — i.e. beam —
direction can not be realised. Instead, the foil is slightly
tilted against the beam direction, in our case by 20 degree.
The (unwanted) small sensitivity induced by this for trans-
verse components of the beam polarisation is compensated
for by alternate tilt settings of +20 and —20 degree, which
sign-flip and thus cancel the measured transverse compo-
nents in the asymmetry while leaving the longitudinal one
unaffected.

The polarimeter tags Mgller scattering events through
coincident detection of the two outgoing electrons in a
pair of lead glass detectors of thickness 6.4cm. Lead
plates of 1cm thickness in front of the detectors ensure
the shower maximum to lie inside the detector material
for the symmetric scattering case at the magic® beam en-
ergy of 2.4GeV. To minimise systematic errors through
the Levchuk effect [35], symmetric scattering is selected
through momentum. The detectors are accordingly ar-
ranged after the tagger dipole, and behind the tagger scin-
tillator strip and fibre hododcopes. The plane for Mgller
pairs to be detected is chosen perpendicular to the bending
plane of the tagger magnet. This allows to place the detec-
tors far enough from the magnet’s mid plane, thus avoid-
ing the high rate exposition through post-bremsstrahlung
electrons.

The polarimeter works fast enough to be used for ac-
celerator diagnostics. At nominal tagger rates of a few
MHz a relative statistical error of (0P./P,)sar =~ 2% is
achieved after about 15 minutes, the precision of which
can be increased with longer data taking periods. The
overall limitation is always the total systematic error of
(0P| P¢)gyst = 1.5% which is dominated by the precision
of the target foil polarisation. A detailed description of
beam polarimetry for the CBELSA/TAPS experiment can
be found in Ref. [36].

5To magnetise a thin foil perpendicular to its plane requires a much
larger external field exceeding the saturation field of By, =~ 2.25T, and
would require, for example, superconducting magnets to produce it.

6 At this energy the electron spin orientation is exactly longitudinal at
the radiator position



EPJ Web of Conferences 134, 03001 (2017)
Subnuclear Structure of Matter: Achievements and Challenges

DOI: 10.1051/epjconf/201713403001

3 BGO-OD

The BGO-OD experiment emerged from the B.1 project of
a magnetic spectrometer, originally intended to be used in
combination with Crystal Barrel to detect forward going
charged particles with high resolution over a large accep-
tance. The main device is a 94 t large-aperture dipole mag-
net’, the “open dipole” (OD). A major part of the former
GRAAL group joined the spectrometer project, which led
to the formation of the international BGO-OD collabora-
tion in March 2010 with currently 62 members of institu-
tions from Basel University, Bonn University (HISKP and
PI), Edinburgh University, INFN Frascati, PNPI Gatchina,
Gieflen University, Kharkov University, Messina Univer-
sity and INFN, Moscow University, Pavia University and
INFN, Rome “Tor Vergata” and INFN, and Torino Univer-
sity and INFN. In particular the Italian groups contribute
very significantly to the BGO-OD experiment, most im-
portantly through the 480 channel BGO ball which was
previously used at the ESRF Grenoble and is now installed
with upgraded electronics at ELSA.

The photon tagging system at BGO-OD works upon
the same principles as the system in operation at the
CBELSA/TAPS experiment (see section 2.1). Lin-
early polarised photon beams are available via coherent
bremsstrahlung using a diamond radiator [37]. To deter-
mine the accuracy of extracting the degree of polarisation,
beam asymmetries were determined for both pn and pn®
final states. The data agreed well with previous data sets
and model fits (see [37] for details).

Circularly polarised photon beams are produced us-
ing longitudinally polarised electron beams from ELSA.
A Mgller polarimeter is used to determine the degree of
circular polarisation [38].

The BGO ball encloses the cryogenic target® over the
angular range from 25°-155°, complemented by detectors
for charge recognition and tracking® (see Fig. 3). Forward
directions are covered by the OD spectrometer (see Fig. 4).
The magnet is sandwiched by tracking detectors and com-
plemented by a time-of-flight (TOF) spectrometer. The
small acceptance gap between the BGO ball and forward
spectrometer is covered with a segmented plastic scintil-
lator detector, labelled SciRi in Fig. 3. This acceptance
gap will also be covered by a special MRPC!? (labelled
Daisy in Fig. 3), which is presently under construction at
Rome. Generally, the BGO-OD setup is ideally suited for
unpolarised target experiments with complex final states
including both charged and neutral mesons, hence ideal to
pursue associated strangeness and vector meson produc-
tion.

7We thank DESY for providing the magnet on permanent loan basis.
8Provided by Messina university and INFN.

9A cylindric MWPC is being built by the Pavia group.
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Figure 3: A slice view through the BGO ball.
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Figure 4: A schematic of the BGO-OD experiment.

The commissing of BGO-OD was succesfully finished
in 2015. Additionally to commissioning tests, the first data
of approximately 25 days with linearly polarised photon
beams was taken during 2015. A small subset of this data
is shown in Figs. 5 and 6. Fig. 5 shows the reconstruc-
tion of neutral mesons in the BGO ball. With timing cuts
applied to ensure a coincidence between the tagged beam
photons and events recorded in the BGO, the mass recoil-
ing from two photons in the final state is plotted against the
invariant mass of the two photons. Peaks corresponding to
the pn® and py final state are visible. The two photon in-
variant mass for a selection of events where the the mass
recoiling from the mesons is consistent with the proton
mass is shown in Fig. 5(b).

Fig. 6 shows the same subset of data for particle trajec-
tories reconstructed in the forward spectrometer. Fig. 6(a)
shows, for postively charged particles, S (calculated from
the time of flight walls), plotted against momentum (calcu-
lated from the extent of curvature of the particle trajectory
in the magnetic field of the open dipole). Enhancement of
events for 7 and protons are seen to agree well with the
expected loci denoted by the red lines. Of these events,
a subset was selected where the forward going particle is
likely to be a proton. The mass recoiling from the proton
in the final state is plotted in Fig. 6(b). Peaks consistent
with 17, w and i7" mesons are visible without further analy-
sis.
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Figure 5: Neutral meson reconstruction in the BGO. (a)
Mass recoiling from a two photon system versus the two
photon invariant mass. (b) Two photon invariant mass af-
ter a selection cut where the mass recoiling from the two
photon system is within 20 of the proton mass. The mean
and sigma values are from a Gaussian fit to the 7° and n
invariant mass peaks (red and blue respectively). To ob-
serve the 7 mass peak, the data is replotted and scaled by
a factor of 50.

Additionally to commissioning tests and the liquid hy-
drogen target data that was taken, approximately two days
of data with a carbon target, and two days of data with a
liquid deuterium target were taken during 2015.

4 Selected Results

As motivated in section 1, a particular interest is the pho-
toproduction of mesons beyond the pion, and to dis-
entangle reaction dynamics at reaction thresholds. The
CBELSA/TAPS detector essentially comprises a highly
segmented 4 electromagnetic calorimeter, optimised for
multi-photon final states. Therefore, neutral mesons were
detected in their neutral decay modes, e.g. n — 7yy or
- 31° - 6y, w — 1% — 3y, KY - 72°2° — 4y,
Polarisation observables play an important role in un-
derstanding the photoproduction mechanism. The most
basic one is the beam asymmetry, X, which is accessi-
ble through linearly polarised photon beams, and provides
seed for a whole class of double polarisation observables
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Figure 6: Positively charged particle reconstruction in the
forward spectrometer. (a) Particle S versus momentum.
Red lines indicate the expected loci of 7%, K* and protons.
(b) The mass recoiling from forward going protons (thick
dark blue line). The green line was used to estimate back-
ground and extract the peaks at the 77, w and 1" masses (red
lines). The peaks were subsequently fitted with a Gaus-
sian function (thick red curves), the widths of which are
labelled inset.

which are sensitive to aspects of spin-orbit interactions in-
volved [39].

The new BGO-OD detector opens a window to more
complex final states of mixed neutral and charged par-
ticles. First preliminary results are presented including
K*Y™ with subsequent decay of the (excited) hyperons
into different channels. Charged mesons not only can be
detected in the magnetic forward spectrometer, but also in
the central BGO calorimeter, using the inner scintillator
barrel and MWPC as vetoes (section 3). This includes K*
detection in the BGO using the time delayed weak decay
as explained in section 4.4.1.

A few personal-choice selected results of the last 12
year CRC/TR-16 funding are presented in the following.

4.1 Beam asymmetry in r7p photoproduction

As described in Ref. [40], the beam asymmetry was mea-
sured in the reaction ¥ p — n p using linearly polarised
tagged photon beams from coherent bremsstrahlung,
which is described in section 2.1. By accurate alignment
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of the diamond crystal the coherent peak was set to the
energy range £, = 800 — 1400 MeV. A maximum polari-
sation of P, = 49% was obtained at E, = 1305MeV. The
n was detected in both dominant decay modes, n — 2y
and n — 32, and the beam asymmetry extracted from the
azimuthal modulation of the cross section [41],

~\aa

do do
aQ

) |1 - P,Zcos20]. (3)
0

Large asymmetries of up to 80% were extracted over a cm
angular range of ;" = 50— 150 degree. It was shown that
with both the eta-MAID model and the Bonn-Gatchina
partial wave parametrisation the measurement could be
described equally well, although their relative resonance
contributions differed substantially. This is illustrated in
Fig. 7, and was mainly traced back to the interplay of
P11(1710) and P;3(1720), and D;3(1520) and D;s5(1675)
states. These results clearly demontrated the need to mea-
sure further double-polarisation observables, in order to
resolve such an unsatisfactory situation.
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Figure 7: Impact of different resonance contributions to
the beam asymmetry in n — MAID (left) and the Bonn-
Gatchina PWA (right), both plotted at a photon beam en-
ergy of 1250 MeV. Full lines represent full calculations,
broken curves the effect of “turning off” individual reso-
nances: P;3(1720) (long dashed), P;;(1710) (long dash-
dotted), D13(1520) (short dashed), and D;5(1675) (short
dash-dotted). The figure is taken from Ref.[40].

4.2 Measurements of polarisation observables and
spin-density matrix elements in w-meson
photoproduction

w photoproduction is an ideal channel to explore the lesser
known third resonance region due to the higher production
threshold compared to pionic channels. Furthermore, the
isoscaler nature of the w (I = 0) allows only N* states to
contribute to the reaction mechanism, with no interference
from A resonance states.

For vector meson photoproduction, at least 23 polar-
isation observables are required to completely determine
the photoproduction amplitudes and relative phases, which
is considerably more than the eight required for pseu-
doscalar meson photoproduction. Despite this, the mea-
surement of only a few polarisation observables provides
important insights into the reaction mechanism. The data
presented here are from three papers. Klein et al. [42] mea-
sured photon beam asymmetries, X, and pion asymmetries,
X, for w photoproduction close to threshold. Eberhardt et
al. measured the beam-target helicity asymmetries, E, G
and G, from threshold [43], and Wilson et al. the differen-
tial cross sections and spin-density matrix elements [44].

At higher energies, w photoproduction is dominated
by diffractive scattering, via the exchange of a Pomeron,
as shown in Fig. 8, top. m exchange, as depicted in Fig. 8§,
centre, should also be expected due to the sizable observed
decay mode w — 7y (I" = 8.3%). The energy and angular
dependence of the differential cross section near thresh-
old however cannot be described with these mechanisms
alone. Previous beam asymmetries from GRAAL [45],
supported the significance of s-channel resonances near
threshold (Fig. 8, bottom). A study of w photoproduction
at CLAS [46, 47], via the decay w — a*n~n° was made
after the paper described here by Klein et al. [42], but be-
fore the paper by Eberhardt et al. [43]. Strong evidence
for several N* states were found, including N(1680)5/2*,
N(1700)3/2* and N(2190)7/2*.

The measurement of polarisation observables is par-
ticularly sensitive to the role of s-channel resonances near
threshold. The beam asymmetry, X, is expected to be close
to zero for pure 7-channel mechanisms, but large with s-
channel contributions. This can be explained by the man-
ner of the photon coupling: If the photon couples to the
vector meson, and with no angular momentum transferred
in the #-channel (either for Pomeron or pion exchange), no
beam asymmetry should be observed. Conversely, the ob-
servable X, which is a measurement of the extent of the
asymmetry in the decay w — 7'y, is predicted to be +0.5
or -0.5 for pure Pomeron and pion exchange respectively.
From existing partial wave analyses, significant contribu-
tions from s-channel mechanisms should render X, close
to zero. The simultaneous measurement of X and X, as
was made in [42] will therefore constrain the role of the
three mechanisms close to the w threshold.

The measurements of E, G and G, that were made in
[43] also act to understand the photoproduction mecha-
nism close to threshold. For Pomeron or pion exchange,
E should be zero. E may be non-zero for a mixture of the
two exchange mechanisms. For s-channel contributions, £
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Figure 8: w production via t-channel 0* (Pomeron) exchange (top),
t-channel 7° exchange (middle) and s-channel intermediate resonance
(bottom).

will be the projection of the intermediate state spin upon
the beam axis.

Based on the unpolarised cross section and the pho-
ton beam asymmetry, spin-density matrix elements were
determined for the reaction yp — pw using the radiative
decay w — 7y [44]. The cross sections cover the full
angular range, yielding shape of the angular distribution
and unpolarised spin-density matrix elements in agree-
ment with previous data. In the energy range E, = 1150
— 1650 MeV polarised spin-density matrix elements were
extracted for the first time using the radiative channel.
The data were included in the Bonn-Gatchina partial wave
analysis.

The measurements with unpolarised and linearly po-
larised photon beams [42—44] used an electron energy
of 3.2 GeV from ELSA [31]. The electrons were inci-
dent upon a diamond radiater, 500 um thick, and aligned
to produce linearly polarised photons via the coherent
bremsstrahlung process. For the measurement of E pre-
sented in [43], a longitudinally polarised electron beam
with an energy of 2.4 GeV was also used to produce a
circularly polarised photon beam. The electrons were in-
cident upon a Mgller radiator to produce bremsstrahlung
photons and simultaneously determine the degree of po-
larisation (see section 2.2).

The w — 7% channel was observed using the Crys-
tal Barrel [48] and TAPS [49, 50] detector system. Sur-
rounding the target was a three layer scintillating fibre de-
tector [51] for charged particle identification and reaction
vertex determination. For the measurement of X presented
in [42], a liquid hydrogen target was used. For the mea-
surements of E, G and G, presented in [43], a 2 cm long,
longitudinally polarised butanol target was used [52].
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Figure 9: pw Beam-target-helicity asymmetry, E, as a
function of photon beam energy. Systematic errors are
on the abscissa. The solid line is the result of the Bonn-
Gatchina PWA when including this data. Figure taken
from [43].

Fig. 9 shows the E measurement from the analysis
of Eberhardt et al. [43]. The overlayed line is the solu-
tion from a Bonn Gatchina partial wave analysis, using
a large body of data, including this data set. The fit found
significant contributions from Pomeron exchange, particu-
larly at higher energies, but only a small contribution from
pion exchange. Intermediate s-channel resonances were
found to be important, with significant contributions from
aJP =3/2" and J* = 5/2* states below 1.9 GeV, and an
improvement with the additional inclusion of a J© = 3/2~.
Table 1 [53] details the changes the new data sets have in
constraining the resonance contribution in w photoproduc-
tion.

Fig. 10 shows the X and X, measurements of Klein et
al. [42]. It was noted that there is a dependence of £ on
the centre of mass polar angle. Given the extent of the
variation away from zero, this was considered as evidence
of s-channel mechanisms playing a significant role. This
is supported by the £; measurement, which remains close
to zero. A further comparison to Bonn-Gatchina PWA,
which did not include this data set, showed that s-channel
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triangles). Figure taken from [42].

resonances are required to have a satisfactory fit to the
data.

Resonance B.R. 5(x?) Resonance B.R. 5(x?)
N(1700)3/2~ 224+12 100 N(]900)3/2+ 15+8 70
13+9
N(1710)1/2% 2+2 26 N(2000)5/2% 18+8 42
8+5 1+1
N(1720)3/2% 26+ 14 105 N(2060)5/2~ 4+3 37
N(1875)3/2~  13+7 98 NQ@100)1/2+  15+10 78
20+4
N(1880)1/2F 2048 33 N@2150)3/2- 1248 99
N(1895)1/2~ 28+12 100 N(2190)7/2~ 14+6 131

Table 1: Branching ratios for N* contributions to Nw. 6y
is the change in y? with the inclusion of the new data.
Taken from [53].

There is a change of sign of E at 1650 MeV at
cos 62,5 = 0.125, and a peak like structure at -0.375 and
-0.125. This is interesting as it is the region of the cusp-
like structure in the KYX* cross section over the K* thresh-

old [27], which is described in the following subsection.

4.3 Differential cross section and polarisation
observable measurements for K+

In the strange quark sector, K¥ photoproduction is an ideal
tool to understand the effective degrees of freedom that are
required to model excitation spectra. Compared to charged
K* photoproduction, few measurements of K photopro-
duction have been made. This channel benefits from the
lack of the t-channel kaon exchange mechanism, as the
photon cannot couple to the vanishing charge of the neu-
tral K°. On the contrary, K photoproduction is sensitive
to t-channel K* exchange. Detailed measurements of K°
photoproduction over the K* thresholds therefore allow an
understanding of the role of #-channel exchange, and po-
tentially, K*-hyperon dynamically generated interactions
which may contribute to the K photoproduction process.

The data presented here are from differential cross sec-
tion measurements of yp — K" from threshold to a
photon beam energy of 2250 MeV [27], and the first recoil

polarisation and beam asymmetry measurements made for
this reaction channel [28].

Both experiments were performed at the Crystal Bar-
rel [48] and TAPS [49, 50] detector system. An electron
beam energy of 3.2 GeV was extracted from ELSA [31].
This was incident upon a 500 um diamond radiator, which
was orientated to produce linearly polarisated photons via
the coherent bremsstrahlung process, with peaks in the
photon energy spectrum at 1305, 1515 and 1814 MeV. The
photon beam was incident upon a 5.3 cm long liquid hy-
drogen at the centre of the Crystal Barrel. The absolute
photon flux was determined by a fast, total absorbing lead
tungstate crystal detector behind the TAPS detector.

Simulated yp — K%Z* data was used to determine the
detection efficiency when identifying the reaction channel
via the decays K — 27% and £+ — n°p. This was found
to be flat across the entire polar angle range, with an effi-
ciency of approximately 11% near threshold, and reducing
to 2% in the highest energy bin of 2150 to 2250 MeV.

Fig. 11 shows the differential cross section, for both
with and without the requirement of the charged cluster
from the proton detection. There is good agreement be-
tween the data sets. Previous data from Crystal Barrel [54]
and SAPHIR [55] are also shown, which agree reasonably
well with this new data.

Near threshold, the cross section is approximately flat,
with respect to the centre of mass polar angle. This is ex-
pected for a dominantly s-wave production mechanism.
With increasing beam energy, the differential cross sec-
tion becomes more forward peaked, indicative of z-channel
mechanisms becoming more dominant. This continues up
to a beam energy of 1750 MeV. In the energy bin 1750 to
1850 MeV, the cross section sharply drops at forward an-
gles by a factor of approximately four. At higher energies,
the cross section remains flat at approximately 0.02 ub/sr.
The cusp-like structure is so pronounced that it is visible
in the total integrated cross section shown in Fig. 12.



EPJ Web of Conferences 134, 03001 (2017)
Subnuclear Structure of Matter: Achievements and Challenges

DOI: 10.1051/epjconf/201713403001

0.12
1050 MeV - 1150 MeV 1150 MeV - 1250 MeV ] 7 1250 MeV - 1350 MeV
0.08 ) I I
004 | 4 % G
4 1 ¢ = 5 2 L] [
e T O S T v ¢
0.0 -~ 2]
(5 | e ee— oS ———
£ 1350 MeV — 1450 MeV 1450 MeV - 1550 MeV | £ 1550 MeV - 1650 MeV |
3 " 1E [ &
0.08/ il RER X
3 ad ; HHF 48 a Y
— Ee # ° i 1 1 #1 g 21
E 0'045 e 1 " 0] 4-, o Eg & g =
= i b ibEg
2 o9 g
(1 . —————————————— e —————
k) 1650 MeV - 1750 MeV 1750 MeV - 1850 MeV 1850 MeV — 1950 MeV
S 008 L3t it
© . . 154
o . L ek :
0.04 B l ! o LA E N 'j ‘
LI S 1Fe J T % 1FH 4 N % L
0.0 .
0.12 g
| 1950MeV-2050MeV | [ 2050 MeV-2150MeV - - 2150 MeV—2250 MeV
0.08 b
0.04 .
‘; g J 8 Bite o d @ F TIFy g 4oy ¥y
00756 02 02 06 1-1 -06 02 02 06 1-1 06 -02 02 06 1
K
cos(®_ )

s

Figure 11: yp — K2 differential cross sections. Filled
squares are this data (grey bars on the abscissa are the sys-
tematic errors), open squares are the previous data from
the Crystal Barrel [54], and the open triangles are the pre-
vious data from SAPHIR [55]. Figure taken from [27].

/ MeV
12 1200 1400 1600 1800 2000 2200
2 — T — 71— —
R - K*A K*=*
- // \\ threshoids
1 — / \ ' '
r / \ | :
[ 1 K-MAID
0.8 / \.\ : alp
o r \! K-MAID, + SAID
< o / .y N i
6 ) ,

0.4

<

) | ot el PRI B L
1800 1900 2000 2100 2200 2300
W/ MeV

Figure 12: Total yp — K%Z* cross sections. Filled squares
are this data (grey bars on the abscissa are the systematic
errors), open squares are the previous data from the Crys-
tal Barrel [54]. Grey circles are the addition of this data
to K*9Z* cross section data of Nanova et al. [S8]. The
SAID [56] and modified Kaon Maid (K-MAID) [57] so-
lutions which are labelled inset are described in the text.
Figure taken from [27].

The exhibited behaviour suggests there is a 7-channel
mechanism that contributes below 1750 MeV, but not
above this energy, leaving only s-channel contributions
as the dominant mechanism. To test this hypothesis, the
SAID [56] solution, and modified versions of the Kaon-
MAID calculation [57] are overlayed in fig 12. Using the
standard parameterisation, neither SAID nor Kaon-MAID
can fit the data below a beam energy of 1700 MeV. An
improvement can be made however by manually adjust-
ing the couplings of the $3;(1900) state to G; = 0.3 and

G3 = 0.3, and a reduction of the Born couplings to 0.7.
Fig. 12 shows this adjusted fit, and an additional fit without
the K* exchange term. The inclusion of the K* exchange
term improves the description of the data below the K*
threshold, but the omission of this term gives an improved
description above this energy. The grey data points show
this data summed with the K*Z* total cross section data
of Nanova et al. [58]. The incoherent addition of this data
shows an agreement with the modified Kaon-MAID solu-
tion when K* exchange terms are included. This suggests
that K* channels contribute to the KYZ* cross section be-
low K* threshold. Above threshold, K* is produced on-
shell and therefore no longer contributes to the KYE* cross
section.

It is speculated that the mechanism shown in Fig. 13
is responsible for this cusp-like structure. A K* is pro-
duced off-shell, and subsequently rescatters to a K and
m, where the 7 is absorbed by the hyperon. The coupled
channel model by Ramos and Oset, which includes vector
meson-baryon interactions, supports this claim [29]. An
interesting prediction of this model is a peak like structure
in the K20 cross section in photoproduction off the neu-
tron. Measurements of this channel will therefore provide
further constraints to meson-baryon interactions and are
intended at the BGO-OD experiment.

Figure 13: t-exchange diagram for K° photoproduction,
with an intermediate K° and pion rescattering through sub-
threshold K* decay.

Fig. 14 shows the photon beam asymmetry for KVZ*
photoproduction. In general there is better agreement with
the Bonn-Gatchina PWA solution than any of the modified
Kaon-MAID parameterisations. An improved variant of
the Bonn-Gatchina PWA was included, which used in the
fit the K9%* data presented here. The new fit suggested
a significant J®* = 3/27 contribution over a large energy
range. A larger contribution of J¥ = 3/2~ than J” = 3/2*
gave a better fit to the beam asymmetry data, however the
opposite was true for the recoil polarisation data.

At the most forward angle and high energy bin
(cos 8" = 0.8, E,, = 1550 MeV), the photon beam asym-
metry deviates from the trends described by the Bonn
Gatchina PWA, and has a negative value of -0.7. This is an
interesting region as it is just below the K* thresholds and
the cusp-like structure that was observed in the differential
cross section. Extension of beam asymmetry and recoil
polarisation measurements over this energy region will be
possible with the BGO-OD experiment.
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Figure 14: Angular distribution of the photon beam asym-
metry X, in the three bins of photon energy indicated in
the diagrams. The error bars attached to the data points
are purely statistical, the systematic errors are indicated
by the grey bars on the abscissa. Curves represent the re-
sults of the Bonn-Gatchina-PWA [59] solutions, BG2011-
02m (black dashed) and BG2011-02 (black solid), and the
K-MAID [57] parametrisations, standard (red solid) and
modified as described in the text, to study the origin of the
cross section anomaly at the K* threshold (red dashed).
The fourth energy bin is added to show the behaviour of
the parametrisations across the K* thresholds where there
is no data yet available. Figure taken from [28].

4.4 Strangeness photoproduction at the BGO-OD
experiment

BGO-OD is ideal for the investigation of reactions domi-
nated by t-channel mechanisms, due to the acceptance at
forward angles with high momentum resolution. Neutral
particle identification in the central region aids the identi-
fication of final states of mixed charge. This unique com-
bination is suited to the investigation of reaction channels
with open strangeness and complicated final states.

The preliminary analysis presented in this section
demonstrates the BGO-OD capabilities of reconstructing
channels with both K? and K* in the final state.

4.4.1 K* detection in the BGO ball

K* reconstruction over the polar angle range of the BGO is
crucial to identify associated strangeness final states over a
large kinematic range. The techniques presented here are
currently being used to extract differential cross section
data for K*A and K*X° channels. This can be used to help
resolve discrepancies in the world data set, in particular
at W ~ 1.9 GeV, where differences in differential cross

10

section data from SAPHIR [60] and CLAS [61, 62] leave
ambiguities to the s-channel contributions.

Accurate understanding of K* detection in the BGO
also is crucial for the measurements of channels with
higher lying hyperons. It is intended to study, for ex-
ample, differential cross sections and polarisation observ-
ables for K*A(1405) and K*A(1520). Measurements of
K*A(1405) at BGO-OD will be complemantary to recent
measurements made at CLAS [63, 64]. BGO-OD is suited
in particular to identify the decay A(1405)— #°X° via
photon reconstruction in the BGO. This channel discrim-
inates against the mass-overlapping 2(1385), for which it
is isospin forbidden. Of course, K* reconstruction is also
important for vector meson studies, for example yp — p¢
with the subsequent decay ¢ —» K*K~.

A technique of K* detection developed with the Crys-
tal Ball detector [65] was implemented for the BGO ball
[66]. It makes use of the weak decay of K™ into the dom-
inant modes u*v, and 7*x° with time delays characteris-
tic to the K* lifetime of approximately 12 ns. The BGO
time resolution per crystal allows the K* cluster to be sep-
arated into an incident sub-cluster from stopping the K™,
and a decay sub-cluster from the subsequent decay. Fig. 15
shows a schematic of the technique and characteristic en-
ergy and time spectra. Fig. 15(b) shows the energy of the
decay cluster with a peak at 153 MeV, corresponding to
the u* energy deposition when the K* decays via the u*v,
mode at rest. There is excellent agreement between real
and simulated data. Events where the K* decays pioni-
cally are usually lost, since the two sub-clusters cannot be
spatially separated. Fig. 15(c) shows the time difference
between the incident subcluster from stopping the K*, and
the decay subcluster. The real and simulated spectra agree
very well, and an exponential fit to the spectra yields a
lifetime close to the expected K* lifetime of 12 ns.

Fig. 16 shows the mass recoiling from the K* in the
final state for both real and simulated data. Peaks at the
A, 2% and A(1405) or £(1385) masses are visible. Events
from K*X° and K*A reaction channels can be separated
by identifying the radiative £° — Ay decay [66]. A de-
tection efficiency of the decay X° — Ay (having already
identified the K*) of approximately 50-60% is obtained,
with misidentification of K*A events of less than 10%.

4.4.2 Kinematic fitting and neural network analysis

Kinematic fitting has been successfully implemented at the
BGO-0OD experiment, with careful analysis to understand
energy and spatial resolution of particle momenta recon-
struction. This has been used to reconstruct the reaction
yp — KX over a wide kinematic range [67]. The anal-
ysis shown here used the full set of liquid hydrogen target
data that was taken during 2015.

The techniques described below are complementary to
either detecting the K* in the forward spectrometer or in
the BGO via the weak decay as described in section 4.4.1.
The angular acceptance is however higher, and in particu-
lar for when the K* is detected in the BGO, the detection
efficiency is greatly increased. These techniques have ap-
plication in studying higher lying hyperons. For example,
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yp — K*A(1405), via the decay A(1405)— 7°%°, can be
studied in a similar manner, but with the additional recon-
struction of the 7¥ in the BGO ball.

Events were selected under the assumption that after
the decay X° — yA, the A decayed to pn~. It was there-
fore required to identify three charged particles over the
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Figure 17: Identification of K*X° via three charged parti-
cles in either the BGO, SciRi or the forward spectrometer,
and a photon in the BGO [67]. The reconstructed 30 in-
variant mass is plotted for real and simulated data (blue
and red respectively) for (a) All combinations of selected
events, (b) After a kinematic fit and a confidence level cut
of 1%, and (c) after the kinematic fit and applying a neutral
network to remove background.

range of the forward spectrometer, SciRi and BGO (where
a coincidence with the inner plastic scintillator determined
the particle charge), and an additional neutral cluster in the
BGO. The momenta of the three charged particles were de-
termined by requiring momentum conservation transverse
to the beam (in the xy plane). The direction of the three
particles is a sufficient constraint to determine their mo-
menta, and energy signals from the detectors were not re-
quired. Three solutions per event were made, depending
upon the order of assignment of the K*, proton and 7~ to
the three detected charged particles. The beam energy was
then used to determine the overall energy conservation for
each solution, and the solution with the closest conserved
energy was chosen. Fig. 17 shows the reconstructed X°
invariant mass using this technique for real and simulated
data. Fig. 17(a) is the results from the selection process
described, with a broad bump at the X° mass, but with a
large amount of background from misidentified events in
the real data. Fig. 17(b) is the same event selection but
with a kinematic fit applied. The contraints enforced by
the fit were the A mass and total momentum conservation.
A selection cut rejected events with a confidence level be-
low 1%. A narrow peak is now visible at the =° mass
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in real and simulated data. A neural network has been
preliminarly implemented to understand the event topol-
ogy and be able to distinguish true K*X° final states from
background. Fig. 17(c) shows the same event selection af-
ter the kinematic fit but with an additional selection cut to
remove events which the neural network considered to be
background. For real data, the integral of the background
spectrum reduces, leaving the integral of peak correspond-
ing to K*X? events unchanged. The peak from simulated
K*X° remains unchanged.

Fig. 18 shows preliminary yp — K*X° differential
cross sections using this technique [67]. A complete, solid
angle acceptance of 4 can be accessed with this tech-
nique, and with only approximately 25 days of data, it is
clear that the statistics are comparable to previous mea-
surements.

4.4.3 K* at forward angles

Despite the channels K*A and K*X° having been exten-
sively studied, there remains a dearth of data at extremely
forward K* centre of mass polar angles. This region is cru-
cial to understand the role of # channel mechanisms which
are forward peaking and dominate the reaction process
(see for example [70] and reference therein). Accurately
knowing the free yp — K*A production cross section at
forward angles is also an important constraint in hypernu-
clei electroproduction, where there is typically very small
Q? and forward going K*.

The data presented below are preliminary differential
cross section for yp — K'A, for K* travelling at ex-
tremely forward angles [38]. The analysis shown is ap-
proximately one third of the available liquid hydrogen tar-
get data set taken during 2015.

Due to to the comparatively low cross section of final
states with associated strangeness, additional cuts are re-
quired to observe K* directly in 8 versus momentum plots
for particles detected in the forward spectrometer. The re-
quirement of a 7° reconstructed in the BGO and a total
BGO energy deposition of less than 250 MeV accentuates
K*A and K*X° final states where the forward going K*
takes the majority of the available energy. Fig. 19(a) shows
the 8 versus momentum plot with these cuts applied, with
a visible loci corresponding to K*. Particle mass was cal-
culated from 8 and momentum and shown in Fig. 19(b).
Events were selected where this mass was between 420 to
640 MeV, corresponding to a 1o of a Gaussian fit to the
K* mass peak. A deliberately narrow selection range was
chosen to reduce background, however this range may be
extended in future analysis. Fig. 20(a) shows the mass re-
coiling from the forward going K*, with clear peaks cor-
responding to A and £°. The same technique of identi-
fying the photon from the decay X° — yA that was de-
scribed in section 4.4.1 was applied, and the K*X° events
removed. Fig. 20(b) shows the remaining spectrum, with
a clear peak at the A mass.

A detection efficiency of between 10-20% was deter-
mined for K* detection at forward angles. This is limited
by the proportion of K* which decay on flight and are ther-
fore not identified. With the additional requirement of a
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selection cut required an energy sum of less than 250 MeV
in the BGO, and the decay ¥ — Ay to be identified, as de-
scribed in section 4.4.1. (b) Particle mass calculated from

B and momentum.

7Y in the BGO, the detection efficiency reduces to approx-
imately 6%, due to the efficiency of 7” reconstruction, and
the decay branching ratio of A — 7°n of 35.8%.

Fig. 21 shows preliminary K*A differential cross sec-
tions at forward angles for two W intervals. The data ex-
tends over a larger energy range, however further analysis
is required at these intervals to separate signal from back-
ground. The data presented here is approximately 1/3 of
the available data from 2015 and, nevertheless, the statis-
tics are comparable to the previous data labelled in Fig. 21.

Removing BGO selection cuts (7 selection and en-
ergy sum) allows the identification of higher lying hy-
peron states via K™ detection in the forward spectrome-
ter [66]. Fig. 22(a) shows the mass recoiling from the K*
under these conditions. Peaks corresponding to X(1385)
and A(1405) (which need further analysis to separate),
A(1520), and potentially higher states up to 1800 MeV are
visible. The event topology can be significantly changed
by the requirement of additional charged particles and re-
constructed 7%, as shown in Fig. 22(b,c,d). For example,
the requirement of a 7° and at least another charged parti-
cle (besides the K*) accentuates the peak at the (1385)
and A(1405) masses, while the requirement of at least
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mass energy ranges, /s labelled inset. Black points are this preliminary data [67], green are the SAPHIR data of Glander
et al. [60], blue are the LEPS data of Sumihama et al. [68], and red are the CLAS data of Dey et al. [69].

two more charged particles accentuates the peak at the
A(1520) mass. Analysis to isolate particular K*Y* states
is in progress.

4.4.4 K° detection from a deuterium target

An important measurement to be made with BGO-OD is
the K20 differential cross sections over the K* threshold
regions. As was described in section 4.3, the model of
Ramos and Oset [29] uses vector meson-baryon interac-
tions to describe KYZ* data. This model predicts a peak for
K930 data at the K* thresholds. Measurements over this
region are therefore crucial in constraing meson - baryon
degrees of freedom in the photoproduction mechanism.

Additionally to this measurement, studies of the reac-
tion yn — KUY, give important insights and constraints
into the reaction mechanism for associated strangeness
photoproduction. The photoproduction of charged and
neutral kaons are intrinsically related via SU(3) symmetry,
leading to relations between hadronic coupling constants.
This can be used, for example as shown in reference [71],
for better constraints upon isobar models for both charged
and neutral kaon photoproduction.

Data from a two day test beam with a liquid deuterium
target has been used to demonstrate the K? identification
procedure in the pure neutral channel [72]. Analysis with
simulated data demonstrated that there is significant back-
ground from channels with uncorrelated multiple 7° in the
final state. A selection cut demanding that no more than
five neutral clusters should be identified in the BGO, and
no more than two charged particles identified either in the
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BGO, SciRi or the forward spectrometer was used to sup-
press this background. After applying timing cuts between
neutral clusters and the tagged photon beam, events were
selected where the two 7° could be reconstructed via pairs
of photons with a combined invariant mass between 114
- 162 MeV. With the preliminary energy calibration used,
this corresponded to approximately 20 of a fitted Gaussian
function to the 7° mass peak.

Fig. 23(a) shows the 270 invariant mass after select-
ing events where the mass recoiling from the 27° sys-
tem is consistent with the X* mass (1050 - 1250 MeV).
A quadratic function was fitted to the background, with a
Gaussian function fitted to the peak corresponding to the
K? mass. An additional method was used, where a proton
or 1~ was required in the forward spectrometer. Assuming
the decay, A — pr~, the mass recoiling from the 270 p or
27%7 system should be the 7~ or proton masses respec-
tively. Events were selected consistent with this topology,
and the resulting 27° invariant mass is shown in Fig. 23(b).
The peak corresponding to the K mass is now more pro-
nounced above the background, albeit with lower statis-
tics.

The same analysis was performed with data using a
liquid hydrogen target. No peak structure at the k¥ mass
was observed, however the background looked very sim-
ilar. This suggests that the peak observed with the deu-
terium target was from the reactions yn — K°%° and
yn — KYA. Due to limited statistics with the real data
set, no serious attempt has been made to separate these two
channels. Simulated data has shown however that the tech-
nique of identifying the photon from the decay X° — Ay,
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K*30 events were identified as described in section 4.4.1,
and removed, leaving a pronounced peak from the K*A
final state.

as was described for Kt detection in section 4.4.1, will
work for these channels as well.

5 Summary and Outlook

The goal of project B.1 was the systematic investiga-
tion of the photoproduction of mesons off nucleons in
order to understand the reaction mechanisms involved,
and the relevant degrees of freedom in resonance forma-
tion. Of particular interest were mesons heavier than the
pion, for example 7, w and K?, and resonances carry-
ing hidden or open strangeness. Polarisation is an impor-
tant tool, and essential hardware contributions have been
made to the experimental programme of the CRC 16 in
this regard. As a requirement for the experiments, pho-
ton tagging systems have been designed and set up for the
CBELSA/TAPS and BGO-OD experiments. Both include
coherent bremsstrahlung radiators for linearly polarised
photon beams and Mgller polarimeters to determine the
energy dependent degree of circular polarisation when a
polarised electron beam is used. Using polarised pho-
ton beams in conjunction with the Bonn polarised frozen
spin target, significant results could be achieved in sin-
gle and double polarisation experiments which, in com-
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spectively. The green line is the current parameterisation
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bination with the unpolarised cross section measurements,
provided essential input for partial wave and other theo-
retical analyses. Selected highlights are the single and
double polarisation measurements in w-photoproduction
which helped to disentangle the reaction mechanism near
threshold, and to identify specific s-channel resonances in-
volved. In the strange sector, a cusp like structure was
observed in KYX* production at the K* threshold which
in chiral unitary models seems to be associated with one
or two dynamically generated vector meson-baryon states
around 2 GeV.

In the frame of the BGO-OD collaboration a new
experiment has been set up. It combines a forward
magnetic spectrometer with a central BGO calorimeter
with charged particle recognition and identification. The
BGO-OD experiment enables reconstruction of complex
final states composed of both charged and neutral par-
ticles, complementary to the existing CBELSA/TAPS
calorimeter which is optimised for multi-photon final
states. The experiment was commissioned at the end
of the CRC period and first physics data were taken.
The preliminary results demonstrate the performance of
the detector. It opens a new experimental window to
investigate hadronic excitation structures, complementary
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to other experiments and facilities.

The results presented by the spokespersons of B.1 are the fruits
of work and commitment of numerous people involved in the
project over the past 12 years. Many students who received
their Bachelor’s, Master’s, or Diploma degrees significantly con-
tributed to the success of B.1. In particular, the doctoral stu-
dents carried the main load of technical developments and data
analysis. Without their enthusiasm the whole project would have
been unthinkable. Equally important have always been the post-
doctoral fellows with their dedication to B.1. Particular mention
for their contributions deserve Daniel Elsner, Jiirgen Hannappel,
Thomas C. Jude, and Valentina Vegna. As co-spokesperson dur-
ing the first 4-year funding period Hartmut Kalinowsky made
important contributions in the initial phase of B.1.

For providing excellent beam we thank the whole staff of the
ELSA accelerator, in particular the technical director Wolfgang
Hillert. The project also benefited from the support of the me-
chanical and electronics workshops. We thank DESY for provid-
ing the BGO-OD spectrometer magnet on permanent loan basis,
and the IPN Orsay for loan of the TOF detector of the former
GRAAL experiment. Very signifcant contributions to the BGO-
OD experiment by Italian Universities and INFN in the frame
of the BGO-OD collaboration are gratefully acknowledged, as is
the fruitful co-operation with PNPI Gatchina and INR Moscow.
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