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Abstract.
The BGO-OD experiment at the ELSA accelerator facility uses an energy tagged bremsstrahlung photon beam

to investigate the excitation structure of the nucleon. The setup consists of a highly segmented BGO calorimeter

surrounding the target, with a particle tracking magnetic spectrometer at forward angles.

BGO-OD is ideal for investigating lowmomentum transfer processes due to the acceptance and high momentum

resolution at forward angles. In particular, this enables the investigation of strangeness photoproduction where

t-channel exchange mechanisms play an important role. This also allows access to low momentum exchange

kinematics where extended, molecular structure may manifest in reaction mechanisms.

First key results at low t indicate a cusp-like structure in K+Σ0 photoproduction at W = 1900MeV, line shapes

and differential cross sections for K+Λ(1405)→ K+Σ0π0, and a peak structure in K0
SΣ

0 photoproduction. The

peak in the K0
SΣ

0 channel appears consistent with meson-baryon generated states, where equivalent models have

been used to describe the PC pentaquark candidates in the heavy charmed quark sector.

1 Introduction

Hadron spectroscopy has been used for many years to un-

derstand the interactions of the constituents and the rele-

vant degrees of freedom. Despite the wealth of data avail-

able using both pion and photon beams and a multitude of

final states, there are still many resonances predicted by

constituent quark models (CQMs) that have not been ob-

served experimentally (see for example Ref. [1]). This is

in spite of major advances in partial wave analysis work-

ing in tandem with experimental research (see for exam-

ple Ref. [2]). Even some lowest lying states are difficult

to reconcile within a CQM. The pattern of the mass and

parity of the N(1440)1/2+ and N(1535)1/2− for example

are hard to describe assuming valence quarks in a mutu-

ally generated potential. In the strange sector, the mass
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ordering of the Λ(1405) compared to the N∗(1535) (de-

spite the Λ(1405) being a uds singlet state) and the mass

difference to the Λ(1520) spin orbit partner is hard to un-

derstand within a CQM framework.

Since the conception of the quark model, there have

been descriptions of hadrons with more than three con-

stituent quarks [3–5], and models explicitly including

light mesons interacting as elementary objects have had

markedly improved success in describing nucleon exci-

tation spectra [6–8]. Such interactions may give rise to

meson rescattering effects near production thresholds, and

molecular like systems.

The BGO-OD experiment at the ELSA facility, Bonn,

Germany, is a unique setup that is ideal to study molecu-

lar like interactions in strangeness photoproduction which

may manifest in the reaction mechanisms. This proceed-

ings is as follows: section 2 discusses parallels between
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the heavy charm and lighter strange quark sector, where

there maybe equivalent evidence of molecular-like sys-

tems. The BGO-OD experiment and performance is de-

scribed in sections 3 and 4, and the first preliminary re-

sults in associated strangeness photoproduction are shown

in section 5.

2 Exotic hadron structure - parallels in
strange and charmed quark sectors?

In the heavy, charmed quark sector, the pentaquark candi-

dates, PC(4450) and PC(4380) were one of the first indica-

tions of baryons of more than three constituent quarks [9].

It is still an open question to whether these are five quark

bound systems, or a molecular like system to some ex-

tent, with models successfully describing them as meson-

baryon dynamically generated states (see for example,

Ref. [10]). In the meson sector, the X(3872) close to the

D0D̄0∗ threshold has also been described as a molecular

state [11].

In the lighter strange sector, models including meson-

baryon interactions have had improved success. The

Λ(1405), lying close to the K̄N threshold appears to be

dynamically generated to some extent [12–14], which is

supported by Lattice QCD calculations [15]. A cusp-like

structure observed in the K0
SΣ
+ differential cross section

at the K∗ thresholds [16] has been successfully described

by the destructive interference between two vector meson-

baryon dynamically generated resonances [17–19]. There

are remarkable comparisons to the heavier charmed pen-

taquarks described by an equivalent model [10]. Both

share quantum numbers, JP = 3/2−, equivalent pion ex-

change transitions and close to two and three body thresh-

olds.

To study systems where molecular like interactions

may manifest, it is vital to access kinematic regions where

the residual baryon remains at low momentum. Using a

real, energy tagged photon beam, this corresponds to very

forward meson angles. BGO-OD is ideal for studying such

systems in associated strangeness photoproduction. The

experiment comprises a forward spectrometer for charged

particle identification at forward angles, coupled with a

central calorimeter ideal to identify hyperon decays. Fig. 1

depicts two examples where the kinematics suit this setup.

In in both scenarios, the K+ travels forwards, leaving either

a residual K∗Y system (left) or Λ(1405) (right) at low mo-

mentum to decay almost isotropically. With the ability to

reconstruct complicated mixed charge final states, BGO-

OD is complementary to other facilities such as CBELSA-

TAPS, Crystal Ball and CLAS.

3 The BGO-OD experiment at ELSA

The ELectron Stretcher Accelerator (ELSA) [20], shown

in Fig. 2 is situated at the University of Bonn’s Physikalis-

ches Institut. ELSA is comprised of three parts. A LINAC

delivers a 20 MeV electron beam to a booster synchrotron

which accelerates this pulsed beam up to 1.6 MeV. This

enters the stretcher ring, whereupon it is accelerated up to
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Figure 1. Example of kinematics ideally suited for BGO-OD.

3.2 GeV and accumulated to provide a 100% duty factor

continuous wave beam. The beam is subsequently deliv-

ered to one of three experimental areas: a beam line for

detector tests (bottom right), the CBELSA/TAPS experi-

ment [21–23] or the BGO-OD experiment (both top left).

The BGO-OD experiment, shown in Fig. 3, is com-

prised of two main components. A central region, con-

sisting of a calorimeter and charged particle tracking de-

tectors, and a forward spectrometer for charged particle

identification and momentum reconstruction.

The electron beam from ELSA impinges upon a thin

radiator (bottom right of Fig. 3 within the goniometer tank)

producing bremsstrahlung photons. A metal or crystal ra-

diator can be used to produce either unpolarised (inco-

herent) or polarised (coherent) bremsstrahlung photons re-

spectively. Photon energies are determined by momentum

analysing the post-bremsstrahlung electrons in the Photon

Tagger, over a range of 10% to 90% of incoming electron

beam energy.

The photon beam is subsequently collimated and in-

cident upon the target at the centre of the BGO Rugby

Ball. Liquid hydrogen, liquid deuterium and carbon tar-

gets have previously been used. Fig. 4 shows a sliced view

of the central calorimeter region. A barrel of 32 plastic

scintillators surrounds the target to veto between charged

and neutral particles and to provide charged particle iden-

tification via ΔE − E techniques. Two MultiWire Propor-

tional Chambers (MWPCs) surround this for accurate de-

termination of charged particle trajectories, reaction and

decay vertices. The BGO Rugby Ball, consisting of 480

BGO crystals, covers the polar angle range of 25◦ − 155◦.
Each crystal is 24 cm long, corresponding to 21 radiation

lengths. Separate time readout per crystal and a resolution

of approximately 2 − 3 ns enable clean identification of

neutral meson decays.

The small intermediate range between the BGORugby

Ball and the Forward Spectrometer is covered by the Scin-

tillating Ring detector (SciRi). SciRi is comprised of three

rings of 32 scintillating plastic elements each to measure

directions of charged particles.

The Forward Spectrometer is a combination of track-

ing detectors, open dipole magnet and Time of Flight

Walls (ToF Walls). The Scintillating fibre detectors,

MOMO and SciFi, track particles from the target before

their trajectories are curved in the magnetic field of the

open dipole magnet, with an integrated field of
∫
Bdl ≈

0.71 Tm. The acceptance of the forward spectrometer cov-

ers polar angles of 12◦ and 8◦ in the horizontal and vertical

directions respectively.
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Figure 2. Overview of the ELSA accelerator facility. Figure adapted from Ref. [24].
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Figure 3. The BGO-OD experiment

Eight double-sided drift chambers trace particle tra-

jectories downstream from the magnetic field. Each drift

chamber is orientated to measure either horizontal, vertical

or ±9◦ from horizontal information (named X,Y,U and V

respectively). Using accurate three dimensional maps of

the magnetic field (both measured and simulated), parti-

cle trajectories and momenta are determined using com-

binations of all tracking detectors, with a resolution of

δp/p ≈ 3%. Three ToF Walls measure the time of inci-

dent particles relative to the reaction start time. Particle

β is determined after accounting for the trajectory length

and energy loss en route.

Two photon monitoring detectors, GIM and Flumo are

located behind the TOF walls to measure absolute photon

flux.

For a detailed description of the BGO-OD setup and

running conditions see Ref. [25].
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Figure 4. Slice view of the central detector consisting of the

segmented BGO Rugby Ball, cylindrical inner scintillator barrel

and MWPC, and the SciRi scintillator ring detector in forward

direction. Also depicted are MOMO and SciFi, the front track-

ing fibre detectors of the forward spectrometer and the MRPC

detector under construction.

4 BGO-OD performance

Fig. 5 shows the invariant mass of two photons identified

in the BGO Rugby Ball after selecting a recoiling missing

mass consistent with that of a proton. A clean identifica-

tion of π0 and η mesons can be made
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Figure 5. Neutral meson identification using the BGO Rugby

Ball. The two photon invariant mass spectrum has peaks corre-

sponding to the accepted π0 and η masses. Approximate mean

and sigma values given inset.

Numerous "bench mark" cross section measurements

have been made to ensure the accuracy of the simulated

geometry, trigger conditions, photon beam flux normalisa-

tion and event reconstruction (including kinematic fitting

algorithms). One example is shown in Fig. 6, where the

differential cross section for γp → ωp was determined

with a limited data set. The data are consistent with pre-

vious measurements. This analysis employed the unique

mixed charge identification available at BGO-OD, where

the decay ω→ π0π+π− was identified.

Fig. 7 demonstrates particle and momentum determi-

nation using the forward spectrometer. Particle β versus

momentum yields characteristic loci for particle species

(top). After selecting forward going protons, and with no

additional selection criteria, reaction channels can be eas-

ily identified. The bottom plot shows the missing mass re-
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Figure 6. Preliminary γp → ωp differential cross sections iden-

tified via the mixed charge decay, ω → π+π−π0 (black points).

For comparison, data from Dietz et al. [26] and Williams et
al. [27] are shown in blue and magenta respectively. Analysis

by G. Scheluchin [28].

coiling from the forward proton, where peaks correspond-

ing to single meson photoproduction are evident. The

smooth distribution under the peaks originates from mul-

tiple mesons in the final state.

5 Preliminary results in strangeness
photoproduction

The results shown below are from the first stage of an ex-

tensive strangeness photoproduction programme. Chan-

nels with both neutral and charged kaons are investigated,

using both liquid hydrogen and deuterium targets. The for-

ward spectrometer for charged particle identification and

calorimeter for neutral meson and hyperon decays yield

unique kinematics complementary to existing facilities.

5.1 Neutral kaon photoproduction

BGO-OD is able to identify K0
S via both the neutral and

charged pion decays. The model of Ramos and Oset [29],

which described the cusp in γp → K0
SΣ
+ as the destruc-

tive interference of two dynamically generated resonances

predicts the same states will constructively interfere in

γn→ K0
SΣ

0, resulting in a peak in the cross section. BGO-

OD is ideally suited to search for this "smoking gun" sig-

nal.
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Figure 7. Particle identification in the forward spectrometer.

Top: β versus momentum. Characteristic loci for π+, protons and

K+ are indicated by white lines. Bottom: Mass recoiling from

forward particles. Peaks from single meson photoproduction in-

dicated.

The reaction γp → K0
SΣ

0 is identified via K0
S → 2π0

in the BGO Rugby Ball and selecting a missing mass con-

sistent with Σ0. A peak at the K0
S invariant mass can be

seen in Fig. 8(top), above a broad distribution of back-

ground channels. This is dominantly uncorrelated three

pion photoproduction yielding the same final state. To im-

prove the signal to background ratio, the photon from the

decay Σ0 → Λγ was additionally identified in the BGO

Rugby Ball. After the photon momentum is boosted into

the rest frame of the Σ0, the fixed energy is close to the

Σ0 −Λ mass difference of 77 MeV. This is shown in Fig. 8

(bottom), for simulated data (where the peak is immedi-

ately evident) and real data, where a small peak resides

over a large background. To demonstrate the veracity of

this technique, the channel K+Σ0 was used, where there

is a much cleaner signal. The peak is consistent with the

other data. After selecting events around this peak, the

invariant mass of the K0
S is more prominent above back-

ground.

To remove γp→ K0
SΣ
+ events from the yield, an iden-

tical analysis was performed using liquid hydrogen target

data. The kinematics were smeared according to the mo-

mentum distribution of nucleons in deuterium, and the sig-

nal subtracted from the K0
S invariant mass plot.

The selection of the Σ0 → γΛ decay removed almost

all γn → K0
SΛ events. The remaining background was
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Figure 8. Top: Identification of γn → K0
SΣ

0 via K0
S → 2π0,

with and without the Σ0 → γΛ decay additionally identified (red

and blue lines respectively). Bottom: Energy of Σ0 decay photon

candidates in the Σ0 rest frame for different scenarios labelled

inset. Analysis by K. Kohl [30].

subtracted by scaling the known cross section [31] accord-

ing to the measured efficiency and photon flux. This was

approximately 16% and 2% of the yield at photon beam

energies 1250MeV and 1750MeV respectively.

Fig. 9 shows an example of a preliminary differen-

tial cross section for K0
SΣ

0 photoproduction. This shows

a peak structure at approximately 1700-1800 MeV pho-

ton beam energy, reducing dramatically to the point where

the signal is negligible above 2 GeV. The peak structure

predicted by Oset and Ramos [29], arising from the co-

herent interference of the vector-meson dynamically gen-

erated resonances appears to be consistent. It should be

noted that the model prediction is for the integrated cross

section which has been scaled by a factor of five to ap-

proximately match the data. This is only to demonstrate

that the shape of the structure appears consistent, but with

no constraints upon the absolute scale. For further details

see Ref. [32].

A complimentary analysis to identify the decay

K0
S → π+π− is underway [33], where it is anticipated that

more forward angles can be reached. This analysis uses

the excellent spatial resolution afforded by the MWPC to

identify the K0
S decay vertex outside of the target fiducial

volume (cτ ≈ 2.7 cm).
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Figure 9. Preliminary γp → K0
SΣ

0 differential cross section.

The arbitrarily scaled peaked structure predicted by Ramos and

Oset [29] is overlayed (see text for details). Analysis by K.

Kohl [30].

5.2 K+(Λ(1405) → π0Σ0) photoproduction -
Lineshapes and differential cross sections

The unique BGO-OD setup allows identification of K+Y
states at extremely forward regions and at very low mo-

mentum transfer. Fig. 10 shows the missing mass from

forward K+ for all events where the K+ momentum is be-

low 1 GeV/c. Peaks corresponding to hyperon masses are

immediately visible above a smooth background up to ap-

proximately 1900 MeV/c2. The approximate fit used sim-

ulated data to describe the signal, and background arising

from misidentified π+ and positrons from pair production

from the beam. This kinematic region covers many Λ and

Σ∗ states where the evidence of existence is poor or many

parameters not accurately determined [34].
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Figure 10. Missing mass recoiling from forward K+. The

spectrum is fitted with real data describing background from

e+ and π+ (cyan line) and peaks corresponding to K+Λ, K+Σ0,
K+Σ0(1385)/Λ(1405) (nearly mass degenerate) and K+Λ(1502)
(red lines).

Different hyperon states where the masses overlap can

be disentangled via identifying their decays in the BGO

Rugby Ball. Fig. 11 shows the same spectra as in Fig. 10

on the x-axis, with an additional axis showing the miss-

ing mass from a combined K+π0 system. This has been

used to separate the nearly mass degenerate Σ0(1385) and

Λ(1405).
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Figure 11. Missing mass from K+π0 system versus K+ missing

mass. Yellow labels indicate hyperon mass peaks and red arrows

indicated expected missing mass from the K+π0 system.

BGO-OD is ideal to investigate the

γp→ K+(Λ(1405) → Σ0π0) line shape (Λ(1405) invariant
mass) and differential cross section. In addition to provid-

ing high statistics data over kinematic regions accessible to

other facilities, the kinematics can be extended to very for-

ward, low momentum transfer regions using the forward

spectrometer.

The γp → K+(Λ(1405) → Σ0π0) signal has been de-

termined by fitting simultaneously to the two dimensions

in Fig. 11, and line shapes and differential cross sections

measured [28]. Two distinct analyses were made. The

Full topology Analysis has a nearly 4π angular acceptance,

where every particle in the final state π0γπ−p was iden-

tified and a kinematic fit employed. The Forward Spec-
trometer Analysis uses the high momentum resolution at

forward angles to reconstruct each event from a forward

K+ and π0 decay only.

Fig.12 shows the line shape of the Λ(1405) → π0Σ0

decay for the Full Topology Analysis. The statistics are

comparable with the previous data shown and provide a

crucial constraint given that BGO-OD is ideally suited to

identify the neutral Λ(1405) decay. Line shapes at very

forward angles using the Forward Spectrometer Analysis
also show consistent results. The differential cross section

for both analyses is shown in Fig. 13, where extremely

forward angles can be accessed for the first time. This is

also demonstrated in Fig. 14, where the data are converted

into a differential cross section with respect to the square

of the momentum exchange, −t. See Ref. [35] for further

details.

5.3 Forward K+Λ and K+Σ0 photoproduction

Ground state, K+Λ and K+Σ0 photoproduction is virtu-

ally unconstrained at forward angles. The lack of data and

discrepancies in the existing world data prevents accurate

descriptions by isobar models and partial wave analyses,
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Figure 12. Λ(1405)→ π0Σ0 line shape (black points), compared

to previous data from Zychor et al. [36] andMoriya et al. [37] the
dashed line is the prediction of Nacher et al. [38] using a chiral

unitary model where the Λ(1405) is dynamically generated via

K−p interactions. Analysis by G. Scheluchin [28].

Figure 13. Preliminary γp → K+(Λ(1405)→ π0Σ0) differen-

tial cross section using a full topology and forward K+ analysis

(black and green points respectively). Blue points are previous

data of Moriya et al. [37]. Analysis by G. Scheluchin [28].

where many solutions have large deviations (see for exam-

ple, Ref. [39]). Data at this very low momentum exchange

region is also crucial in constraining the elementary reac-

tion processes in hypernuclei electroproduction, where the

required low Q2 is comparable to the photoproduction pro-

cess. The excellent forward acceptance and high momen-

tum resolution allows BGO-OD to resolve these issues.

Additional selection criteria were used to enhance the

signal above background for K+Λ and K+Σ0 photoproduc-
tion. For K+Λ photoproduction, a diagonal selection cut

was applied to the two dimensional plot in Fig. 11 to se-

lect the Λ → π0n decay. For K+Σ0 photoproduction, the

Σ0 decay photon was identified in the same manner as de-

scribed in section 5.1. Fig. 15 shows the missing mass for

forward K+ (corresponding to cos θK
+

CM > 0.9) for two dif-

ferent photon beam intervals. The two selection criteria

enhance the required channel. The non-K+ background

indicated by the cyan line in the figure mostly originates

from positrons from pair production in the beam. This dis-

tribution was determined using an equivalent analysis for

Figure 14. The same data shown in Fig. 13, but plotted vs −t
(black and magenta points show the full topology and forward K+

analysis respectively). Blue points are previous data of Moriya

et al. [37]. Analysis by G. Scheluchin [28].

negatively charged particles, where the electron distribu-

tion was identical. The largest contribution of hadronic re-

action background was determined as γp → π0Δ+, where

a π+ from the Δ+ decay was misidentified as a K+. Simu-

lated data were used to determine systematic effects of this

upon the extracted signal yields.

Fig. 16 shows the γp → K+Λ differential cross sec-

tion for cos θK
+

CM > 0.9. The statistical error is signifi-

cantly smaller than previous datasets, allowing for the first

time an accurate description at small angles, low momen-

tum transfer regions where t-channel mechanisms domi-

nate the reaction process. The high statistics allow a dis-

crimination between previous datasets which exhibit dis-

crepancies. It should be noted that the CLAS data are at

the slightly more backward angle interval of

0.85 < cos θK
+

CM < 0.95. The dominant systematic errors

shown on the abscissa are the flux normalisation and beam

spot position (4% and 5% respectively) up to approxi-

mately 1260 MeV photon beam energies. At higher en-

ergies the fitting to the signal and background is the dom-

inant error (approximately 12%).

BGO-OD is able to measure this forward region in fine

polar angle intervals. Fig. 17 shows four examples of the

angular distribution of the differential cross section, en-

abling accurate extrapolations to the minimum possible

momentum exchange at the most forward angle.

The recoil polarisation, PΛ was accessed via the self-

analysing weak decay of the Λ, given in Eq. 1, where N↑/↓
are the π0 yield above or below the reaction plane in the Λ

rest frame and the weak decay parameter, α = 0.642 [34].

PΛ =
2

α

N↑ − N↓
N↑ + N↓

(1)

Fig. 18 shows the recoil polarisation for cos θK
+

CM > 0.9.
The BGO-OD data are consistent with the previous data

shown.

The differential cross section for γp → K+Σ0 for

cos θCM > 0.9 is shown in Fig. 19. As for K+Λ, the statis-

tics are of unprecedented accuracy at this forward angle.
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Figure 15. Missing mass recoiling from forward K+ candidates

(black points) for two different photon beam energies and selec-

tion criteria to either accentuate the K+Λ or K+Σ0 signal. The

spectra are fitted with e+ background (described in the text), sim-

ulated K+Λ, K+Σ0 and K+Σ0(1385) (cyan, red, green and purple

lines respectively). The blue line is the summed fit.

The data suggest a "cusp-like" structure at a photon beam

energy of approximately 1470 MeV where there is a drop

in the cross section of approximately 25%. Previous data

sets supported this however with insufficient statistics for

a clear statement.

Similarly to K+Λ photoproduction, the data were di-

vided into fine, 0.02 cosK
+

CM intervals, two examples of

which are shown in Fig. 20. The "cusp-like" structure ap-

pears more pronounced at the most forward, lowest mo-

mentum exchange region. This appears consistent with

the expected behaviour of a molecular like system or

sub-threshold effects playing important roles at very low

momentum exchange regions. This is close to multi-

ple thresholds of open and hidden strangeness, notably

K+Λ(1405), f0p (where the f0 has been previously de-
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Figure 16. γp → K+Λ differential cross section for cos θCM >

0.9 (Black points). Systematic errors are the filled grey bars on

the abscissa. Previous data of McCracken [40], Bradford [41]

and Glander [42] shown in red, blue and green respectively. The

data of McCracken and Bradford are at the more backward inter-

val, 0.85 < cos θCM < 0.95.
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Figure 17. γp→ K+Λ differential cross section for four example

photon beam energies (labelled inset) versus cosK
+

CM . Systematic

errors are the filled grey bars on the abscissa. The red line is the

Bonn-Gatchina PWA solution [2].

scribed as a KK̄ molecule) and η′p, however mechanisms

responsible are still under discussion.

6 Conclusions

The BGO-OD experiment is an ideal setup to investi-

gate associated strangeness photoproduction at very for-

ward angles and low momentum transfer where exotic be-

haviour may manifest. The first key results vindicate this

argument, with a cusp in the K+Σ0 photoproduction cross

section observed at very forward angles, and a peak in

K0Σ0 photoproduction cross section at the K∗ thresholds.

The Λ(1405) → π0Σ0 line shape and differential cross sec-

tion is also measured over a broad kinematic region, with
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points). Previous data shown from McCracken et al. [40], Lleres
et al. [43] and the Bonn-Gatchina PWA solution [44] shown in

red triangles, purple triangles and magenta line respectively.
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Figure 19. γp→ K+Σ0 differential cross section for

cos θCM > 0.9 (Black points). Systematic errors are the filled

grey bars on the abscissa. Previous data of Dey [45], Glan-

der [42] and Bradford [41] shown in red, blue and green respec-

tively. The data of Dey and Bradford are at the more backward

interval, 0.85 < cos θCM < 0.95.

high statistics and extending to very low momentum trans-

fer regions.
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