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10 Dipartimento di Fisica, Università di Torino, via P. Giuria 1, 10125 Torino, Italy

11 INFN, Sezione di Roma, c/o Dipartimento di Fisica - Università di Roma “La Sapienza”, P.le
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Abstract

A series of experiments for the investigation of associated strangeness photoproduction
are planned for the BGO-OD experiment. This proposal includes two dedicated beam time
requests:

1. To measure γp → K+Λ differential cross section from threshold to 2.88 GeV pho-
ton beam energy over a large angular acceptance range. The measurement will cover the
structure at W = 1.9 GeV, where discrepancies in the world data set have lead to ambi-
guities in partial wave analysis, and also cover very forward regions with high precision
where there is limited data.

2. To measure the beam asymmetry, Σ for γp→ K0Σ+ over the photon beam energy
range 1680-1845 MeV. The measurement will be the first Σ data for this channel over this
energy range, covering the K∗ threshold region in which a ”cusp” structure is observed
in the K0Σ+ differential cross section. It is speculated that this cusp structure is due to
sub-threshold K∗ production rescattering into this channel, which is then absent above
K∗ threshold. Such mechanisms could also be regarded as dynamically generated hadronic
states. Beam asymmetry measurements over the K∗ production threshold will shed light
on the reaction mechanism.

Analysis of these channels will form the foundation for the next set of experiments,
the motivations of which are outlined in this proposal: Polarisation observables and dif-
ferential cross section data for γn → K0Λ, and the investigation into missing or poorly
understood hyperon resonances.

Equipment
Both experiments will be performed at the ELSA accelerator using the BGO-
OD setup and a liquid hydrogen target. For the first request, unpolarised elec-
trons with an energy of 3.2 GeV are required. Using a copper radiator, this will
provide a photon flux of 5×106 s−1 from 911 MeV (threshold) to 2.88 GeV. The
second request requires an electron beam at an energy of 3.2 GeV and a crystal
radiator to produce linear polarised photons over the range 1680-1845 MeV.
This equates to a photon flux over this range of 2.53× 105 s−1, with a conser-
vative estimation of 30% polarisation.

Accelerator & target specification
e− beam: 3.2 GeV e− unpolarized
beam line: BGO-OD experimental area
beam intensity: Request 1: 5·106 photons/s in the energy range 0.91 - 2.88 GeV

Request 2: 2.53·105 photons/s in the energy range 1.68 - 1.85 GeV
polarization: Request 1: No polarisation

Request 2: Linear polarised beam, maximum polarisation at 1.80 GeV
target: LH2

trigger: BGO or forward spectrometer

beamtime request
Request 1: LH2: 1000 h. Request 2: LH2: 2000 h
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1 Introduction

With the advent of higher duty factor accelerators delivering photon beams over the comparitively
large associated strangeness production threshold (∼ 1 GeV) over the last 10-15 years, differential
cross section and polarisation observable data for channels with open strangeness has markedly in-
creased. Despite these advances, there are still many open questions in associated strangeness photo-
production. For charged kaon photoproduction, partial wave analyses of the world data are unable
to agree on the contributions of s-channel resonances in the photoproduction mechanism. Neutral
kaon photoproduction is an important constraint to understand the reaction mechanism. The absence
of t-channel pseudoscaler kaon exchange renders K0 photoproduction an important probe into into
the role of K∗ t-channel exchange. It also allows a ”cleaner” spectrum of s-channel resonances in the
excitation spectrum, where t-channel processes can dominate charged kaon photoproduction.

The BGO-OD experiment, with the BGO calorimeter and forward spectrometer at forward angles
provides unique opportunities for the investigation for associated strangeness photoproduction. Data
at very forward angles can be taken with high momentum precision using the forward spectrometer,
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which, for example, is essential to determine t-channel contributions. The complementarity of a large
acceptance segmented calorimeter (BGO) with additional charged particle identification (MWPC and
inner plastic scintillator) allows the identification of final states with mixed charges and the ability
to identify particles via different decay mechanisms, improving statistics for the analysis of channels
with low cross sections. The identification of mixed final states is also important for the investigation
into hyperon (Y ∗) states, where for example, all three decay modes can be detected for Λ(1405)→ Σπ.

The programme of measurements with the BGO-OD is extensive and so the beam time requested in
this proposal concentrates on the first chapter of measurements and is as follows. Section 2 describes
the physics motivations for the first set of experiments with charged and neutral kaon photopro-
duction. Section 3 describes the BGO-OD experiment and section 4 presents simulated data analysis,
estimated count rates and beam time requests. Section 6 is an outlook at the next set of experiments
for the associated strangeness programme.

2 Physics motivation

2.1 γp→ K+Λ

γp → K+Λ has the lowest energy threshold for photoproduction reactions with final state particles
containing strange valence quarks. This is a crucial channel for investigation as many models predict
poorly established or “missing” resonances couple strongly to strange decay channels [1]. The Λ weak
decay also allows access to its polarisation from the distribution of its decay particles ensuring that
γp → K+Λ will be the first photoproduction reaction with a complete measurement of observables
and will be a benchmark channel for partial wave analysis (PWA) studies.

Detailed measurements of γp → K+Λ from threshold have been obtained with the SAPHIR [2, 3]
and CLAS detectors [4, 8]. Unfortunately the cross section data have discrepancies which lead to
significant differences in the PWA solutions using either data set (see [6] for a brief review). The most
notable difference is around the structure at

√
s = 1.9 GeV. The LEPS collaboration [7] measured the

K+Λ differential cross section for centre of mass energies 1.945-2.28 GeV (photon beam energy of
1.5-2.4 GeV) and forward angular range (centre of mass K+ polar angle of 0 − 600). The data was
consistent with the CLAS data in the energy overlap region (see fig. 1) and partially reproduces the
peak structure at

√
s = 1.9 GeV, however this is at the lower limit of the energy range. The data extends

beyond the angular acceptance of the CLAS data (approximately 250 in the centre of mass).

Recent photoproduction data has indicated narrow structure in a number of sources, for example in
η photoproduction off the neutron [9, 10], although the interpretation remains controversial. Narrow
resonance states [11] and coupled channel effects [12] have both been suggested as mechanisms for
creating this structure. Accurate γp → K+Λ data has been proposed as a powerful tool to help settle
this fundamental issue [13]. A recent second analysis of CLAS data has extended the kinematic range
to lower energies at more backward angles (fig. 2) [14, 15]. Large peaked structure was observed at
∼ 1670 MeV, which has been interpreted as N(1710)1/2+ and N(1720)3/2+ [14] however has not been
observed in any previous K+Λ analyses.

2.2 γp→ K0Σ+

Fig. 3 shows γp→ K0Σ+ differential cross section measured by Ewald et al [16] with the Crystal Barrel
detector at ELSA. Directly above the K0Σ+ threshold a differential cross section of ' 0.02µbarn/sr
is obtained with flat angular dependence, typical for s-wave production. The cross section rises with
increasing photon energy and also develops an increasing forward peaking, suggesting increasing
t-channel contributions.

A pronounced structure is found in the vicinity of the K∗ thresholds. In forward directions the dif-
ferential cross section drops by a factor of 4, and up to the highest measured energies an almost flat
angular distribution is then obtained. The effect is strong enough to become clearly visible in the total
cross section, cf. Fig. 4(left).
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Figure 1 γp→ K+Λ differential cross sections. Closed circles LEPS [7], open squares SAPHIR [2], triangles CLAS [4, 5].

Figure 2 Analysis of γp → K+Λ differential cross section data from CLAS, with K+pπ− topology (blue) and K+p or
K+π− topology (red). Taken from [14].
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Figure 3 Measured differential cross sections for K0Σ+ photoproduction as a function of the kaon centre-of-mass angle
in ±50 MeV wide bins of photon energy from 1100 to 2200 MeV. The present results (full squares) are compared to previous
measurements of Crystal Barrel (open squares) [21] and SAPHIR (triangles) [22]. The error bars are purely statistical. An
estimate of the systematic uncertainty is given by the bars on the abscissa.

The structure seems related to a change in the reaction mechanism in the vicinity of the K∗ thresh-
old. The role of K∗-exchange (fig. 5a) was investigated using K-MAID [17] where it is possible to
manually change the K∗ exchange strength. With standard parameters both, K-MAID and SAID [18],
deliver an unsatisfactory description of the data, cf. the dashed and dashed-dotted curves in Figure 4,
respectively. Below the K∗ threshold this can be drastically improved by adjusting the couplings of
the S31(1900) state to G1 = 0.3 and G2 = 0.3 and reduction of the Born-couplings from 1 to 0.7.

Two versions (for details see [16]) of K-MAID are depicted in fig. 4. The inclusion of K∗-exchange
improves the description of the data below K∗ threshold. Contrary, omission of K∗-exchange renders
K-MAID closer to the data above the threshold. At the K∗ threshold the K-MAID variants with and
without K∗-exchange exhibit a difference of the order of the observed drop.

This leads to the following speculation. In diagram (b) and (c) of fig. 5 no real K∗0 or K∗+ is produced
below K∗ threshold. However, in the vicinity of the K∗ threshold a K∗0,+ would be produced almost
on mass shell. It then strongly couples to aK0 and a charged or neutral pion. In this way a rescattering
of the type 5(b) and (c) may contribute to the K0 channel.

Such a contribution will vanish from the K0 channel once the K∗ is produced as a free particle above
its reaction threshold, then contributing to the K∗0Σ+ channel. The strength, which at the dip of the
cross section is taken from the K0 channel, should then show up in K∗0Σ+. In order to test this idea,
the measured total cross section of the reaction γp → K∗0Σ+ [19] was added to the observed K0Σ+

cross section above the K∗ threshold. The result is shown in fig. 4(left) (grey circles). The sum of the
two cross sections indeed exhibits a smooth transition from below to above the K∗ thresholds and the
dip structure vanishes.

The loops in fig. 5(b) and (c) could be regarded as dynamically generated (K∗Σ)+ or (K∗Λ)+ states
in the vicinity of the K∗ threshold. Such states are expected in chiral unitary approaches through
the interaction of the nonet of vector mesons with the octet of baryons. In Ref. [20] a non-strange
isospin 1/2 doublet is indeed predicted at a mass of 1972 MeV, i.e. very close to the K∗ threshold.
Experimentally, the reaction mechanism can be further constrained through polarisation observables.
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Unfortunately, the beam asymmetry was only measured below theK∗ threshold (up to a beam energy
of 1650 MeV) [16]. Nevertheless, an interesting effect is observed regarding the hypothesised reaction
mechanism.
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Figure 4 left: Total cross section for K0Σ+ photoproduction as a function of the centre-of-mass energy from the present
experiment (full squares) in comparison to the previous Crystal Barrel (open squares) [21] data. The vertical lines indicate the
K∗Λ and K∗Σ+ thresholds at W = 2007.4 and 2085.5 MeV, respectively. The SAID parameterisation [18] is represented by
the short dashed-dotted curve. A K-MAID calculation [17] with standard parameters yields the dashed curve. The long dashed-
dotted curve is obtained from K-MAID with the modifications described in the text, and standard K∗-exchange included. The
full curve has the same modifications, but K∗-exchange excluded. Above the K∗ threshold the grey circles represent the sum
of the cross sections of K0Σ+ of the present experiment and K∗0Σ+, also measured by Crystal-Barrel/TAPS [19]. The vertical
bars on the abscissa indicate the systematic error of the present experiment, the errors plotted with the data symbols are purely
statistical. right: Angular distribution of the photon beam asymmetry Σγ 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 shown represent: SAID [18] (dash-dotted) and K-MAID (long-dashed) [17] with standard parameters,
K-MAID with parameters modified as explained in the text (full), and Bonn-Gatchina PWA (short-dashed).

Accounting for a linearly polarised photon beam, the cross section of photoproduction of pseudoscalar
mesons off a nucleon can be written in the form

dσ

dΩ
=

(
dσ

dΩ

)

0

(1− PlinΣγ cos 2φ) (1)

with polarisation independent cross section, (dσ/dΩ)0, degree of linear polarisation, Plin, and photon
beam asymmetry, Σγ . The productPlinΣγ determines the magnitude of modulation of the cross section
with the azimuthal angle φ beween the plane of linear polarisation and the ejected meson. Vice versa,
the product is obtained from the measured modulation by a fit of a cos 2φ function to the K0 yield,
from which Σγ can then be determined using the known beam polarisation. The results for the beam
asymmetries are presented in fig. 4(right).
At threshold the photon beam asymmetry is negativea and compatible with zero throughout the inter-
mediate energy bin. At higher energies the beam asymmetry changes sign and turns clearly positive,
except at forward directions where it becomes strongly negative. The highest energy bin is still below
the K∗ thresholds which is at Eγ = 1678.2 MeV for the K∗+Λ final state, and at Eγ = 1848.1 MeV for
K∗0Σ+.
The parameterisations of the photon beam asymmetry show reasonable agreement with the Crystal
Barrel data, except in forward directions in the highest energy bin. Interferences of partial waves ren-

anote that it is bound to zero at | cos θ| = 1

Figure 5 Mechanisms for kaon photoproduction, descriptions in the text.
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der the beam asymmetry very sensitive to resonances in s-channel production. In t-channel processes,
however, the photon beam asymmetry reflects the character of the t exchange. The dominant parts of
the electromagnetic coupling with the t-exchange are T (K∗) ∝ (~ε × ~q) · ~pf and T (K) ∝ ~ε · (~q + ~pf )
for K∗ and K exchange, respectively, with the photon polarisation vector, ~ε, and the momenta of the
exchanged (intermediate) and final-state kaons, ~q and ~pf . The scattered kaon and hyperon in the fi-
nal state are produced most likely perpendicular to the plane of photon polarization when a K∗ is
exchanged, and parallel to it in the case of an intermediate K. With the cross sections perpendicular
( σ⊥) and parallel (σ‖) to the photon polarisation plane, the photon beam asymmetry is defined as
Σ =

σ⊥−σ‖
σ⊥+σ‖

. In the case of a K∗ exchange the asymmetry is therefore expected to be positive and,
oppositely, negative for a pseudoscalar K.

In the highest energy bin, where t-exchange is dominant, the beam asymmetry is generally positive
compatible withK∗0-exchange. In forward directions of the 1450–1650 MeV bin, however, it turns sig-
nificantly negative. This indicates the predominant exchange of a pseudoscalarK, and due to stronger
charge coupling very probably aK+. Hence, the beam asymmetry seems to support a t-channel mech-
anism with subsequent rescattering as shown in fig. 5(b,c). It appears compatible with the above spec-
ulation on the origin of the strong downturn of the forward cross sections. To further study this it will
be necessary to extend the beam asymmetry measurements beyond the K∗ threshold.

Extending the measurements of the beam asymmetry to energies across the K∗ threshold will probe
the role of t-exchange.

3 The BGO-OD experiment

The BGG-OD detector setup is a combination of a central detector system and a forward spectrometer
for charged particles, completed by a photon tagging system.

ToF
Drift chambers

Dipole magnet

MOMO

SciFi2

Tagging system

MRPC

BGOcalorimeter

Open Dipole
forward spectrometer

MWPCSi strips Target system

8 double layers
2.46 x 1.23 m2

2.2 x 3.9 x 1.5 m3

94t, Bmax~0.5T

672 ch. x 2.5mm

640 ch. x 3mm

120ch. scint. bars
480ch. scint. fibres

LH2, LD2fw tracking (B8) inner tracking480ch. 0.9 x 4π

2 layers of bars
5x21x270cm3

480 ch. x 1cm2
e- beam

Figure 6 The BGO-OD experimental setup

The central detector of the experimental setup is the high resolution and large solid angle (0.9 · 4π)
BGOb electromagnetic calorimeter of the former GRAAL experiment [23, 24, 25, 26]. The calorimeter is

bBi4Ge3O12
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combined with two multi-wire proportional chambers (MWPC) for inner tracking and a plastic scin-
tillator barrel for particle identification through the measurement of dE/dx. The calorimeter consists
of 480 BGO crystals with a length of 24cm (> 21 radiation lengths).

The region between the acceptance of the central detector and the forward spectrometer will be cov-
ered by an azimuthally symmetric Multi-gap Resistive Plate Chamber (MRPC), which is a contribu-
tion from external BGO-OD collaborators (INFN Rome and University of Rome). The MRPC will be
located between the BGO calorimeter and the MOMO detector.

The forward spectrometer is based on a large open dipole magnet, a permanent loan by DESY. Tracks
are reconstructed in front of the magnet by two fiber hodoscopes, MoMo and SciFi2.

Behind the magnet tracking is done using a set of 8 double layer drift chambers in four different
orientations, vertical wires to measure the x-coordinate, horizontal for the the y-coordinate, and tilted
by ±9◦ from vertical, for a u- and v-coordinate.

The forward spectrometer is completed by a set of time-of-flight walls that are used to discriminate
the various particles.

The photon tagging system, uses a series of 120 adjacent, partially overlapping plastic scintillators
with fast photomultiplier readout. It is designed to cover an electron energy range between 10% and
90% of the ELSA energy. In 2003 an additional scintillating fibre hodoscope will be added to allow the
precise determination of the degree of polarisation for linearly polarised photons by measuring the
shape of the coherent edge.

Part Acceptance angular resolution time resolution p/E resolution
BGO Ball 25◦ < Θ < 155◦ ∆Θ < 6◦,∆Φ < 7◦ < 3 ns ≈ 3 % for 1 GeV photons
MWPC 18◦ < Θ < 163◦ ∆Θ ≈ 1◦,∆Φ = 2◦ n.a. n.a.
MRPC 8◦ < Θ < 25◦ < 1◦ 50 ps n.a.
forward spec. Θvert < 8◦ ∆ΘΘ<4◦ < 0.2◦ n.a. < 3 % for p < 1.5 GeV

Θhor < 12◦ ∆ΘΘ<10◦ < 0.3◦ n.a. < 6 % for p < 3 GeV
ToF Θvert < 8◦,Θhor < 12◦ 500 ps n.a.
Tagger n.a. n.a. 275 ps 10 MeV to 40 MeV

Table 1 Parameters of the BGO-OD setup

4 Experimental approach and count rate estimates

This section comprises two parts. Section 4.1 describes the experimental approach and count rate
estimates for γp → K+Λ analysis. This includes a new method of K+ identification via the weak
decay in the BGO crystals, and a method of separatingK+Λ andK+Σ0 channels via the identification
of the photon from the Σ0 radiative decay. The simulated analysis is then used to estimate the beam
time required to measure the differential cross sections for a given precision.

Section 4.2 describes the methods that will be used to identify K0 and a calculation of the beam time
required to perform the asymmetry measurements.

An accurate Geant4 [27] simulation of the BGO-OD experiment has been used to determine detection
efficiencies. The analysis procedure of the simulated data includes all sub-detectors of the BGO-OD
experiment and is able to reconstruct particles in the final state. The generated events follow SAID
solutions [18] folded with a 1/Eγ bremsstrahlung distribution

The same analysis procedures have already been used with experimental commissioning data and it
is anticipated that this will also be the foundation for the analysis of the proposed experiments.

As there is no current analyses with the BGO-OD experiment, the simulated data has no direct com-
parison, and so should only be regarded as estimates. It is encouraging however that extracted detec-
tion efficiencies are close to those extracted with similar experimental conditions (K+ identification
with the Crystal Ball and K0 neutral decay identification with the Crystal Barrel).
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4.1 γp→ K+Λ

4.1.1 K+ identification in the BGO

A new method ofK+ identification has been developed by identifying the time delayed weak decay of
K+ within the crystals of the BGO. The energy deposited during the decay of a stoppedK+ (150 MeV
for K+ → µ+νµ or up to 350 MeV for K+ → π+π0) spoils the particle signature expected with the
inner plastic scintillator. As the K+ has a lifetime of 12 ns however, an incident cluster of adjacent
crystals with energy deposition can be split into two: A first sub-cluster from the kinetic energy of the
K+, and a second sub cluster from the energy of the decay products. The sub-clusters were created by
grouping crystals within a cluster into a sub-cluster if the time of energy deposition was within 8 ns.
A final selection cut with the inner plastic scintillator rejected background of low energy electrons.
The method was tested extensively with simulated data (fig. 7). Fitting an exponential function to the
time difference of the two sub-clusters yields the expected K+ lifetime of ∼ 12 ns (fig. 7 left) and the
energy of the 2nd sub-cluster is consistent with the 150 MeV energy release for the decay K+ → µ+νµ
(fig. 7 right).
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Figure 7 Identification of the K+ weak decay within the BGO crystals. Left, time between 1st and 2nd sub-cluster, right:
energy of the 2nd subcluster. Description in the text.

Data from a commissioning beam time in March 2012 demonstrates the first evidence of K+ identifi-
cation with experimental data (fig.8). The data set had no charged particle identification, resulting in
the tail rising towards the low energy part of the spectrum.
γp → K+Λ will be identified by the missing mass of the recoiling hyperon from the K+ in the final
state. Fig. 9 shows this plot for K+ identified in the forward spectrometer and the BGO for both
K+Λ and K+Σ0. Below a beam energy of 2 GeV, the two channels are completely separable for K+

identified in the forward spectrometer. For the BGO and the forward spectrometer at energies above
2 GeV however, the missing mass spectra of the channels overlap. The events can still be separated
however with negligible yield loss via the detection of the photon from the decay Σ0 → Λγ. Fig 10 is
the photon energy in the hyperon rest frame versus the missing mass from the combined K+ and γ
four momenta. A peak is evident at the Σ0 − Λ mass difference.
The γp → K+Λ detection efficiency is shown in fig. 11. At forward angles, the forward spectrometer
provides a detection efficiency of 60-70% and at more backward angles the BGO provides an efficiency
of 10-15%.
The MWPC within the BGO will be commissioned before the requested beam time. This will enable Λ
to be identified via the detached decay vertex, and provide a second method to identify this channel.
This will provide a check of analysis techniques and increase the angular acceptance. Fig. 12 shows
the range of W and K+ centre of mass polar angle accesible if the Λ is identified with the MWPC.
The following beam time request only uses detection efficiencies based upon the direct detection of
K+ either in the BGO or the forward spectrometer only.
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Figure 8 Identification of the K+ weak decay within the BGO crystals. With experimental data. No charged particle identifi-
cation was used
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Figure 9 Missing mass for the detected K+ in (a) The forward spectrometer and (b) the BGO. Black line is simulated data
for both K+Λ and K+Σ0. The channels were separated (red and blue lines) by the identification of the Σ0 radiative decay
(described in the text).
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Figure 10 Detected photons in the Σ0 rest frame (simulated data). For the decay Σ0 → γΛ, γ energy is equal to the Σ0−Λ
mass difference (77 MeV) (y-axis). K+γ missing mass yields the Λ mass of 1116 MeV (x-axis).
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Figure 11 Detection efficiency for γp→ K+Λ.
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Figure 12 K+ acceptance region for when Λ are identified in the MWPC via the detached decay vertex. Distributions follow
a SAID solution folded with the 1/E bremsstrahlung spectrum.
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4.1.2 Beam time request

• Nθ = number of bins in centre of mass polar angle = 14;

• NW = number of bins in centre of mass energy, W = 40;

• ∆A = the statistical precision required = 0.05 of the measured cross section;

• dσ/dΩ = approximate differential cross section ≈ 0.1 µb;

• Nγ = photon flux [s−1] ≈ 5× 106 from 0.911-2.88 GeV;

• ρT = Target surface density = 0.2558 b−1;

• εeff = detection efficiency multiplied by solid angle of acceptance = 0.1×11.3 for the BGO +
0.25×0.06 for the forward spectrometer;

• εDAQ = data taking running efficiency = 0.5 (macroscopic duty factor of the ELSA beam (0.714),
DAQ lifetime (0.75) and a small safety margin (0.93)).

The estimated beam time required, t is given as:

t =
NθNW

∆A2(dσ/dΩ)NγρT εeff εDAQ

A beam time of 1000 hours (∼42 days) with an unpolarised beam to a photon energy of 2.88 GeV
(electron beam energy of 3.2 GeV) is therefore requested.

4.2 γp→ K0Σ+

4.2.1 K0 identification with the BGO-OD

Fig. 13(a) and (c) show the reconstruction of the K0 invariant mass by the identification of the decay
K0 → π0π0. Accounting for the decay branching ratio, this has a detection efficiency of approximately
4%. The decay K0 → π−π+ can also be used to reconstruct the K0 invariant mass, however the
small acceptance of determining the π−momentum in the forward spectrometer renders the detection
efficiency very small.

Fig. 13(b) and (d) show the reconstruction of the Σ+ invariant mass via the decay Σ+ → pπ0. This
has an efficiency of approximately 7%. To reduce background from other channels, this can be used in
conjunction with identification of the decayK0 → π−π+, and fixing the π−momentum from the other
known four momenta. The charged decay has a detection efficiency of approximately 70%, reducing
the combine detection to approximately 5%.

Combining both methods of detection yields a total detection efficiency of approximately 9%. For
the final analysis, a kinematic fit will be used to improve momentum resolution and help remove
background from the invariant mass signals.

4.2.2 Beam time request

It is desired to measure the beam asymmetry, Σ, to a precision of at least 0.05 (absolute value). This
is consistent with the precision of the previous measurements of Ewald et al. [16] and allows the
determination of the sign of Σ to values smaller than 0.1. It was calculated that 1000 events per energy
and theta bin were required to meet this criteria.

An analytic calculation of the degree of polarisation [28] was used to calculate the number of polarised
photons for a given polarised peak position over the range where the polarisation exceeded 30%.
Over the range of interest between 1680 - 1845 MeV, the photon flux of polarised photons is given as
Nγ = 2.53× 105s−1.

Using the same notation as in section 4.1.2:
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Figure 13 (a) K0 invariant mass reconstructed from K0 → π0π0 (b) Σ+ invariant mass reconstructed from Σ+ → pπ0. (c)
2π0 invariant mass (K0) versus the missing mass mass Σ+. (d) pπ0 invariant mass (Σ+) versus the missing mass (K0).

• Nγ = 2.53× 105s−1;

• Nθ = 5;

• NW = 2;

• C = counts per bin required = 1000;

• dσ/dΩ = 0.04µb;

• ρT = 0.2558 b−1;

• εeff = 0.09× 11.9 (detection efficiency multiplied by the solid angle of acceptance)

The estimated beam time required, t is given as:

t =
CNθNW

(dσ/dΩ)NγρT εeff εDAQ

A beam time of 2000 hours (83 days) using a crystal radiator to produce polarised beam with a maxi-
mum polarisation peak at 1.8 GeV is therefore requested.

5 Beam request summary

• 1000 hours of an unpolarised electron beam at an energy of 3.2 GeV. A copper radiator will be
used to produce energy tagged unpolarised photons up to an energy of 2.88 GeV.

• 2000 hours of an unpolarised electron beam at an energy of 3.2 GeV. A crystal radiator will be
used to produce linearly polarised beam with a maximum polarisation peak at 1.8 GeV.
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6 Outlook

The beam time requested in this proposal is for the first part of an extensive associated strangeness
photoproduction series of measurements. The photoproduction ofK0 from neutrons (deuteron target)
and investigations of poorly understood or missing hyperon states will comprise the second part
of the programme. These analyses will rely on analysis techniques refined in the first part of the
programme. The physics motivations are described below.

6.1 γn→ K0Λ

Determining s-channel resonances contributing to the γp → K+Λ spectrum is complicated by large
t-channel contributions. K0 photoproduction in this sense is easier to understand due to the absence
of t-channelK0 exchange. Furthermore, γn→ K0Λ provides a crucial constraint in understanding the
reaction mechanism for γp→ K+Λ as the hadronic coupling constants are linked via SU(3) symmetry.
Measurements and the extraction of polarisation observables for this channel is therefore mandatory
to determine the photoproduction mechanism. Despite this there is insubstantial data available.

The first cross section data for γn → K0Λ using a deuterium target was measured with the Neutral
Kaon Spectrometer at the Laboratory of Nuclear Science (LNS) at Tohoku University [29]. The experi-
ment had an acceptance of approximately π steradians, covering forward angles up to a photon beam
energy of 1.1 GeV.K0 were identified via the decayK0 → π+π−, where theK0 invariant mass was re-
constructed from pion momenta. Fig 14 shows the measured cross section for the inclusive reactions
γN → K0Y (where Y is either Λ, Σ0 or Σ+). The data suggests a more backward peaking angular
distribution than what was predicted with the Kaon-MAID parameterisation [17].

Figure 14 γ(n,K0)Λ differential cross section as a function of K0 momentum for photon beam energy (a) 0.9-1.0 GeV and
(b) 1.0-1.1 GeV, for laboratory frame polar angles smaller than 250. Solid black line is a Kaon-MAID fit [17], dotted black line
the Saclay-Lyon A isobar model [30], dotted red and dot-dashed red are phenomenological models described in [29], and the
blue dashed and dot dashed lines are Kaon-MAID fits to K0Σ0 and K0Σ+. Taken from [29].

The BGO-OD will be able to measure detailed differential cross section data for this channel, from
threshold to 2.8 GeV photon beam energy and over nearly 4π steradians. The identification of multiple
decay channels will vastly improve existing statistics. Using circularly and linearly polarised polarised
photon beams, the polarisation observables, Σ, OX , OZ , CX , and CZ will also be extracted.

6.2 Hyperon photoproduction

This section highlights future proposals with the BGO-OD for the investigation of hyperon excited
states (Y ∗). The charged and neutral kaon identification which has already been discussed is intended
to be the foundation of this research. The BGO-OD capability of the identification of mixed charge final
states, and acceptance at very forward angles allows the determination of Y ∗ via multiple channels
and decay modes.
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6.2.1 Λ(1405)

Recent advances in chiral unitary formalism for meson baryon interactions [31, 32, 33] described the
Λ(1405) as a two-pole structure, with the contributions interfering on the real energy axis. The Λ(1405)
can only be observed via the decays: Λ(1405) → πΣ with I = 0, however it was found that there is
different coupling of the two poles to different meson-baryon channels, leading to a difference in the
Λ(1405) line shape depending upon the decay it is observed via.

The Λ(1405) mass was reconstructed from all three decay modes using recent data from the CLAS
detector [34]. It is clear that the line shape differs depending upon the decay mode, however they do
not agree with theoretical predictions where the Σ−π+ line shape is at a higher mass.

Figure 15 (a) The predicted Λ(1405) lineshape for different decay channels (inset) as predicted by a chiral unitary for-
mulism [31, 32, 33]. Taken from [33]. (b) The measured Λ(1405) line shape for all decay channels (inset) with the CLAS
detector [34]. The dashed line is a relativistic Breit-Wigner shape using mass and width values from the PDG. Taken from [34].

6.2.2 Missing and poorly understood hyperon states

Constituent quark models with three quenched quark states cannot accurately describe the mass dif-
ferences of excited hyperons. The lowest excitation energy of a baryon of approximately 450 MeV is
too high to describe the Λ(1405), and the mass difference to the spin orbit partner, Λ(1520) is too large.
It is also difficult to reconcile the Λ(1405) mass to be lower than the non-strange N(1535).

These mass differences however can be described using unquenched quark models with five compo-
nents [35, 37, 38]. These can either be interpreted as a meson cloud or a pentaquark molecule with
di-quark structure. The N∗(1535) for example can be described as a bound KΛ − KΣ system and
Λ(1405) as a dynamically generated KN −Σπ resonance. Alternatively within a penta-quark descrip-
tion, N∗(1535) can be described as [ud][ud]d and Λ(1405) as [ud][sq]q with qq = (uu + dd)/

√
2. These

descriptions have important implications for the entire spectrum of hyperon resonances. Within the
penta-quark model for example, a Σ∗ with Jπ = 1/2− is expected close in mass to Σ(1385). The cur-
rent knowledge of excited hyperon states is relatively poor, with the majority of data measured before
1980 with limited statistics. There are, for example, no PDG assigned four star Jπ = 1/2− states for
Σ∗, Ω∗ hyperons.

Old data (pre 1980) for K−p→ Λπ+π− [36] has been re-examined in a search for Σ∗ states with Jπ =
1/2− [38], in light of a potential Σ∗(1/2−) structure observed in J/ψ decays [37]. A fit to the Λπ− mass
spectrum favours the inclusion of a second resonance close in mass but with a width of approximately
120 MeV. Including the second resonance also improves the fit to the angular distribution between
the incident K− and Λ (the Σ(1385) with J = 3/2+ gives an angular distribution of the form (1 +
3 cos2 θ)/2, and the addition of a resonance with J = 1/2 gives a flat distribution component).

Wu, Dulat and Zou [35] proposed that the existence of a Σ∗(1/2−) state close to the Σ(1385) can be
tested via the decay Λ(1520) → Σ∗π → Λπ+π−. The Λπ− invariant mass is sensitive to the inclusion
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of the extra resonance due to the final state particles being either in relative P -wave or S-wave for
Λ(1520) → Σ∗+3/2π

− and Λ(1520) → Σ∗−1/2π
+ respectively. Model fits to data were promising, however

it concluded that higher statistics data is required to establish this resonance.

Figure 16 Λπ− invariant mass for different K− momenta (inset) for the reaction K−p → Λπ−π+. Data from [?], lines are
model fits from Wu et al. [35] when only including Σ(1385) (dotted line) and also including a Σ∗

1/2
(solid line) and a phase space

distribution (thin line). Figure adapted from [35].

The LEPS collaboration measured differential cross section and beam asymmetry data for K+Σ∗−

photoproduction off the deuteron [39]. The beam asymmetries were small and negative, in contrast to
the positive values predicted by Oh, et al. [40], who included weakly established resonances predicted
by quark models to accurately describe cross section data.

Recent analysis of previous Crystal Ball data for K−p → π0Λ [41, 42] fitted effective Lagrangians to
differential cross sections and Λ polarisation data. After including t-channel K∗ exchange, u-channel
proton exchange and four star Σ resonances, the best fit to data required an extra Σ resonance with
Jπ = 1/2+, mass 1635 MeV and width 120 MeV.

Due to the limited data on excited hyperons and the ambiguity as to their structure, a detailed search
with the BGO-OD experiment is proposed. Σ∗ resonances close in mass to Λ(1405) can be identified
via Σ∗ → πΛ, and avoid misidentified background from Λ(1405). Differential cross sections, and
polarisation observables, Σ, P , CX and CZ will be used to disentangle reaction mechanisms. Resonant
structure can be studied via the photoproduction of K∗, K+ and K0. The reaction γp → K+Λ(1520)
will also be studied to constrain potential Σ∗1/2 resonances close to Σ(1385), and provide differential
cross section data up to 2.8 GeV. The BGO-OD experiment will identify all three Λ(1405) decay modes,
providing differential cross section, and t dependence data for each. The experimental setup is ideal
to identify all particles in the final state for the decay Λ(1405) → Σ0π0, the only decay channel with
no background from Σ(1385) (isospin forbidden).
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