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K +�(1405) photoproduction has been studied at the BGOOD experiment via the all neutral decay, 
�(1405) → �0π0. The unique BGOOD experimental setup allows both the cross section and �(1405)

invariant mass distribution (line shape) to be measured over a broad K + polar angle range, extending to 
extreme forward K + angles unattainable at previous experiments.
Evidence is provided for the role of a triangle singularity driven by the N∗(2030) resonance, which 
appears to contribute significantly to K +�(1405) photoproduction. This is observed in the integrated 
cross section which was determined with unprecedented energy resolution and supported by the angular 
distributions. The measured line shape is also in agreement with the previous results of CLAS and ANKE, 
and is consistent with two poles derived in χPT based models.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
1. Introduction

The �(1405) resonance is a strangeness S = −1 baryon with 
spin-parity J P = 1− and isospin I = 0, situated directly at the K̄ N
threshold and decaying into the three π� channels through the 
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strong interaction. Since its discovery in bubble chamber studies 
of the reaction K − p → πππ� [1], it has attracted a lot of exper-
imental activity in K − p scattering [2,3], in pp scattering [4,5], in 
the study of kaonic hydrogen [6,7], and in K +�(1405) photopro-
duction [8–10].

Interestingly, when discovered prior to the advent of the quark 
model, the �(1405) was predicted to be a K̄ N molecular-type 
bound state [11], mainly because it is located directly below the 
K̄ N threshold. The invariant mass distribution in the (π�)0 de-
cay, often called the line shape, appears distorted from a usual 
Breit-Wigner resonance shape. The �(1405) has recently achieved 
the status of the archetypal molecular hadronic state in the uds
le under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
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Fig. 1. Possible processes of �(1405) photoproduction.

sector [12], which is mainly due to new developments in Chiral 
Perturbation Theory (χPT) and Quantum Chromodynamics on the 
Lattice (LQCD). The former describe the �(1405) through meson-
baryon dynamics at the K̄ -nucleon threshold [13–17]. The latter 
determine K̄ -nucleon as the dominating Fock component of the 
wave function when quark masses approach realistically small val-
ues [18,19]. Such a molecular structure is difficult to reconcile 
with constituent quark models, which include the �(1405) as the 
uds flavour singlet 3-quark state [20]. Mass degeneracy with the 
anticipated spin-parity partner �(1520) is not observed, and the 
non-strange J P = 1− partner N(1535) is 130 MeV heavier, despite 
lacking the valence strange quark. Within baryon χPT, a two pole 
structure is predicted in the I = 0 channel [14]. In the �(1405) de-
cay the three (π�)0 charge combinations are expected to couple 
differently to the two poles which was experimentally confirmed 
in K +�(1405) photoproduction [21].

The reaction γ p → K +�(1405) is assumed to mainly proceed 
via the kaon t-channel exchange depicted in Fig. 1 (left). Such 
processes are generally expected to be dominated by small mo-
mentum transfers, t , in particular if the �(1405) has a relatively 
loosely bound molecular structure. In this case, production would 
be prohibited if the momentum transfer is significantly larger than 
the internal momentum due to the Fermi motion of the hadron 
constituents within the molecule. Since small t is associated with 
forward going K + , corresponding forward angle acceptance is ex-
perimentally mandatory to study such possible processes.

Ref. [22] suggests an additional mechanism, where production 
is driven via the triangle diagram shown in Fig. 1 (right). This is of 
particular interest not only regarding the photoproduction mecha-
nism itself, but also in view of the existence and internal structure 
of the s-channel N∗(2030) which drives the �(1405) final state. 
The Coleman-Norton theorem [23] explains how the N∗(2030)

must have a mass close to the total free mass of the K ∗� and have 
a strong coupling to K ∗� which provide the internal legs of the 
triangle. If such a process contributes, it is likely that the N∗(2030)

is itself a molecular-type K ∗� state. And indeed, it is exactly this 
state which was held responsible for a cusp-like structure observed 
in K 0�+ photoproduction at the K ∗� threshold [24] in the same 
χPT model of vector meson-baryon interactions [25] which pro-
vided the only prediction of the pentaquarks [26] observed by 
LHCb [27]. If the triangle mechanism provides a significant con-
tribution to �(1405) photoproduction, then, in contrast to a pure 
t-channel process, the differential cross section is suggested to flat-
ten and drop at the most forward angles. An enhanced total cross 
section is expected in the region of the driving N∗(2030) structure, 
which quickly drops once the K ∗� threshold is exceeded, whereby 
the triangle breaks up and the mechanism is lost for �(1405) pro-
duction.

The BGOOD experiment [28] at the ELSA electron accelera-
tor [29] at the University of Bonn is ideally suited to investigate 
these issues. The very forward K + acceptance and the almost 
hermetic acceptance to identify �(1405) → π� allows access to 
hitherto unexplored kinematic regions. One of the challenges in 
extracting a clean selection of K +�(1405) events is the near mass 
degeneracy between the �(1405) and the �(1385), which also de-
cays to π�. Fortunately, �(1405) → π0�0 is the exception since 
�(1385) → π0�0 is prohibited by isospin conservation.
2

Fig. 2. γ � versus π0�0 invariant mass distribution for Eγ = 1550 to 1750 MeV 
and cos(θ) = 1 to 1. The sections labelled (A), (B) and (C) correspond to regions 
with different ratios of signal to background, described in the text.

This letter presents the differential and integrated photopro-
duction cross sections and the �(1405) lineshape via the decay 
�(1405) → π0�0.

2. Experimental setup and analysis procedure

BGOOD [28] is comprised of two main parts. The central region 
is covered by the BGO Rugby Ball calorimeter, which is ideal for 
neutral meson detection and complemented by inner sub-detectors 
for charged particle identification. The Forward Spectrometer covers 
polar angles 1-12◦ for charged particle identification and momen-
tum reconstruction. The small intermediate region is covered by 
SciRi, which consists of concentric rings of plastic scintillators for 
charged particle detection.

The presented data was taken over 49 days using a 6 cm 
long liquid hydrogen target and an ELSA electron beam energy of 
3.2 GeV. The electron beam was incident upon a 560 μm thick dia-
mond radiator4 to produce an energy tagged bremsstrahlung pho-
ton beam which was subsequently collimated. The photon beam 
energy, Eγ , was determined per event by momentum analysing the 
post bremsstrahlung electrons in the Photon Tagger over the range 
of 10% to 90% of the accelerator energy. The integrated photon flux 
from 1550 to 2900 MeV was 8.5 × 1012.

The reaction channel was identified via the sequential
decay γ p → K +�(1405) → K +π0�0 → K +(γ γ )(γ�) →
K +(γ γ )(γ π− p), therefore candidate events with three neutral 
and three charged particles were selected. As it is difficult to dis-
tinguish between charged particles in the BGO Rugby Ball and 
SciRi, all combinations of each candidate event was determined, 
where the K + , π− and proton were interchangeable between the 
measured tracks. The exception to this was the Forward Spectrom-
eter, where particles were identified via their mass reconstruction 
and combinatorial background was therefore suppressed. For for-
ward going K + , this corresponds to cos(θ) > 0.86, where θ is the 
K + polar angle in the centre-of-mass frame.

A kinematic fit was applied to all combinations, with the con-
straints of four-momentum conservation and the π0 and � invari-
ant masses. As π− and protons can not be accurately distinguished 
in the BGO Rugby Ball and SciRi, the combination with the best 
confidence level from the kinematic fit was used and events with 
a confidence level lower than 0.2 were excluded from further anal-
ysis to provide an optimal signal to background ratio.

Fig. 2 shows the two dimensional plot of the π0�0 and 
γ� invariant mass. The peak at approximately 1400 MeV/c2 and 
1190 MeV/c2 corresponds to the �(1405) and �0 respectively.

4 A diamond radiator was used to produce coherent, linearly polarised photon 
beam with a maximum polarisation at a beam energy of 1.4 GeV, however the po-
larisation was not required for the presented analysis.
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Fig. 3. One dimensional π0�0 invariant mass projections of the histogram in Fig. 2
for the γ � invariant mass intervals labelled (A), (B) and (C). The lower right plot 
shows the γ � invariant mass projection over the complete range. The fit is de-
scribed in the text.

To extract the line shape, simulated data was used to de-
termine the background from reactions which do not decay to 
K +γπ− pγ γ . This includes ηπ0 p, K 0�+ , K +�0, π0π+π− p, and 
K +�(1385)π0, which were simulated using an event generator 
with phase space distributions and the beam energy distribution 
from the real data. These were input into the GEANT4 simulation 
of BGOOD, which accurately implements energy, time and spatial 
resolutions. The analysis procedure of this simulated data was the 
same as for the identification of the K +�(1405) candidate events 
in the real data.

The γ� invariant mass is split into three regions labelled (A), 
(B) and (C) in Fig. 2, where the K +�(1405) signal is in the cen-
tral region, (B). The projections of the π0�0 invariant mass for 
these regions are shown in Fig. 3, with an additional projec-
tion of the γ� invariant mass over all three regions. The simu-
lated background distributions were fitted to regions (A) and (C) 
where no signal was expected. The dominant background proved 
to be K +π− pπ0 from the decays of K +�+π− , K +�π0 and 
K +�0(1385) final states. The fitted background yield from regions 
(A) and (C) was used to determine the background contribution 
in region (B) under the signal and subsequently subtracted from 
the data. The remaining events were normalized according to the 
beam flux, detection efficiency, target area density and solid angle.

The π0�0 invariant mass distribution includes K +�(1405), 
K +�(1520) and uncorrelated K +�0π0 final states. To determine 
the differential cross section with respect to Eγ , the contributions 
of these three channels were separated. This was achieved using 
two-dimensional fits to the π0�0 and γ� invariant mass distribu-
tions, two examples of which are shown in Fig. 4.

The detection efficiency and resolution of the π0�0 invari-
ant mass were determined using the GEANT4 model of the de-
tector setup. The efficiency, at approximately 3.3% for the final 
state K +π0γ pπ− , is almost independent of the invariant mass for 
masses higher than 1350 MeV/c2. A loss of efficiency was deter-
mined for cos(θ) between 0.27 to 0.42 and 0.87 to 0.89 due to 
small gaps between the BGO Rugby Ball, SciRi, and the Forward 
Spectrometer, and these data were subsequently removed from the 
presented results.

For cos(θ) < 0.86 the invariant mass resolution of the π0�0

system varied linearly with mass and was determined as σ =
15 MeV and 17 MeV at 1350 MeV/c2 and 1450 MeV/c2 respectively. 
For cos(θ) > 0.86, the K + detection in the Forward Spectrometer 
3

Fig. 4. Two-dimensional projections for fitted π0�0 vs γ � invariant mass for Eγ =
1775 MeV to 2000 MeV and two different cos(θ) intervals labelled inset. The fit 
(dashed red line) uses simulated data listed in the legend and described in the text.

improved the mass resolution to 13 MeV/c2 over the full invariant 
mass range.

Systematic uncertainties for the photon flux (4%), beam en-
ergy calibration (4%), hardware triggers (4%), and the modelling 
of the experimental setup were estimated from well established 
cross section measurements such as γ p → π0/ηp. These were also 
used to determine the systematic uncertainty of 5% from using the 
kinematic fit and the 0.2 confidence level cut. This was consistent 
across the measured Eγ and cos(θ) intervals and was determined 
by measuring cross sections using different confidence level selec-
tion criteria and also by not using the kinematic fit at all.

The systematic uncertainty of the detection efficiency depended 
on particle angle and energy and varies between 5% to 20%. Dif-
ferences between the simulated and real �(1405) line shape for 
the cross section determination are included in the uncertainty of 
modelling the detector resolution. The mean value for the com-
bined systematic error is estimated as 12%.

3. Results and interpretations

The differential cross section for γ p → K +�(1405) is shown in 
Fig. 5. The data has reasonable agreement with the CLAS results 
and extend to previously unmeasured forward angles. A consis-
tency check was made by comparing γ p → K +�(1520) decaying 
to the same final state to previous data, which also had good 
agreement (not shown).

The model of Wang et al. [22] which was fitted to the CLAS 
data is also shown in Fig. 5. The model included t-channel pro-
duction via K and K ∗ exchange, and the proposed decay of the 
N∗(2030) to a triangle singularity as a feeding mechanism for the 
�(1405). The new BGOOD data appears to exhibit a sharp drop in 
the cross section for extremely forward cos(θ), particularly for Eγ

between 2225 and 2675 MeV (panels (d) and (e) in Fig. 5) The an-
gular distribution of t-channel production via K and K ∗ are similar 
below cos(θ) ≈ 0.8, above which they start to deviate from each 
other. The CLAS experiment has limited coverage of forward an-
gles, and therefore imposed no constraints on this ratio between 
K and K ∗ exchange. It cannot be confirmed given the statistical 
precision, however it appears that if this new data were included 
in the fit, there would be an increased K and smaller K ∗ t-channel 
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Fig. 5. The γ p → K +�(1405) → K +(π0�0) differential cross section. The BGOOD 
data are the black squares with the systematic uncertainties shown as grey bars on 
the abscissa. The horizontal error bars indicate 1σ of the cos(θ) interval. The CLAS 
data [10] are the red circles and the results of the model of Wang et al. [22] are 
the superimposed lines. The dashed green line shows the triangle singularity con-
tribution, dashed blue line is the t-channel production via K ∗ exchange, the dashed 
magenta line is t-channel production via K exchange and the purple line is the to-
tal.

contribution, with minimal changes to the proposed triangle pro-
duction amplitude.

The BGOOD detector acceptance for K + in the lab frame po-
lar angle of 1◦ to 155◦ translates to cos(θ) ≈ −0.99 to 0.99 for 
most beam energies. The uncovered region is therefore sufficiently 
small to permit the determination of the integrated cross sec-
tion without extrapolation. To do this, the number of events were 
weighted by the inverse of the reconstruction efficiency, which al-
lowed the determination of the cross section with only one fit per 
Eγ interval. The integrated cross section for γ p → K +�(1405) is 
shown in Fig. 6, with the model of Wang et al. superimposed. 
The model is in agreement with both the CLAS and this new 
data, supporting the triangle diagram decay of the N∗(2030) res-
onance playing a significant role in K +�(1405) photoproduction. 
The fine energy binning of this new BGOOD data reveals the ex-
tent of the cusp-like structure driven by this triangle singularity. 
The falloff at Eγ = 2000 MeV is consistent with a K ∗� structure of 
the N∗(2030), since in this case the triangle mechanism driven by 
the N∗(2030) is expected to vanish once the threshold of free K ∗�
production is exceeded. To demonstrate this, cross section data for 
γ p → K ∗0�+ [32] is also shown on Fig. 6 as the grey triangles, 
where it rises from threshold at the same energy of the drop in 
strength of the K +�(1405) cross section. Summing the two cross 
sections together (the magenta triangles) gives a smooth distribu-
tion over the K ∗0�+ threshold. This is very similar to the cusp-like 
structure observed in K 0�+ photoproduction at the K ∗ thresh-
old [24] which supports the N∗(2030) as a vector meson-baryon 
dynamically generated resonance in the hidden-strange sector.

Previous calculations by the COMPASS Collaboration [34,35], 
which described the a1(1420) observed in the f0(980)π final state 
via a K̄ K ∗K triangle singularity, further support K +�(1405) pho-
toproduction as also being driven by a triangle singularity. Fig. 7
shows this new data and a calculation based on the Mathemat-
ica code of Wagner [34] which was used to calculate the ampli-
4

Fig. 6. Integrated γ p → K +�(1405) cross section, with the same labelling as in 
Fig. 5. The additional cyan line is the model of Wang et al. without the triangle 
singularity, the K ∗0�+ data from CBELSA/TAPS [32] are the grey triangles and the 
sum of the K ∗0�+ and the BGOOD K +�(1405) data are the magenta triangles. The 
reduced χ2 of the two dimensional fits to extract the yield are shown below. The 
red and blue lines correspond to the reduced χ2 for the one dimensional γ � and 
π0�0 projections respectively, and the black squares with the thick black line are 
the combined reduced χ2 for both dimensions.

Fig. 7. Integrated γ p → K +�(1405) (the same as in Fig. 6 but with a different scale 
and only statistical uncertainties shown). Superimposed are the triangle singularity 
calculations from the COMPASS Collaboration [34,35] described in the text and set 
at an arbitrary scale. Indicated in the legend, three different �(1405) mass distribu-
tions are used in the triangle singularity calculation: The model of Nacher et al. [30]
(red line), the proposed two I = 0 poles of the �(1405) [13,14,16] (thin cyan and 
magenta lines at equal amplitude and the sum as the blue line), and assuming a 
�(1405) mass of 1400 MeV/c2 with no width.

tude assuming the intermediate particles shown in Fig. 1 (right). 
This was multiplied by the centre-of-mass momentum squared to 
account for available phase space as a function of Eγ , and two 
additional form factors for the N∗(2030) → K ∗� and K ∗ → Kπ
vertices given in ref. [22]. Three different �(1405) line shape dis-
tributions were used in the calculation and are shown in Fig. 7. The 
green line is the distribution assuming a �(1405) with zero width 
and a mass of 140 MeV/c2, the red line uses the line shape from 
the model by Nacher et al. [30], and the blue line is the two I = 0
poles predicted in χPT based models [14] (with equal amplitudes 
and also shown separately). The distributions are at an arbitrary 
scale however reproduce the trend of the data well, with only 
small changes between the three different �(1405) line shapes. 
Crucially, no fits to the data were made as distributions are de-
rived exclusively from the kinematics of the triangle singularity.
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Fig. 8. The π0�0 invariant mass (line shape) for Eγ = 1550 to 2300 MeV (black 
circles) compared to ANKE (scaled to other data) [5] and CLAS [21] results (blue 
circles and red squares respectively). The blue dotted line is the model of Nacher et 
al. [30]. The systematic errors are the grey bars on the abscissa.

The π0�0 invariant mass distribution for the full cos(θ) range 
is shown in Fig. 8. The results agree with data from the CLAS col-
laboration [21] within statistical errors. The ANKE data [5] was not 
normalised but is shown here scaled to other data. It is interest-
ing to note that this data and the ANKE data might indicate a two 
peak structure at 1395 MeV and 1425 MeV, which is close to the 
proposed two I = 0 poles of the �(1405) [13], calculated to have 
widths of 132 MeV and 32 MeV respectively [14,16] and in agree-
ment with the χPT analysis based upon the CLAS π±�∓ charged 
decay mode line shape measurements [17]. These peaks however 
are not apparent in the CLAS data π0�0 line shape.

Shown in Fig. 9, the relative strength of these two peaks at 
1395 MeV and 1425 MeV at forward cos(θ) appear to change with 
Eγ . The CLAS Collaboration reported a mass resolution of 7 MeV/c2

and the two peaks were not observed [21], therefore, with the 
mass resolution of this new data of 13 MeV/c2 these peaks should 
also not be resolved. CLAS had a more limited forward acceptance 
however, so it may be that there is an angular dependence on the 
amplitudes of the poles and that they are only apparent at forward 
angles. It cannot yet be confirmed due to the statistical precision 
that the two poles are present in the line shape, and the sug-
gested change in strength with Eγ is only of the order of 1σ of 
the statistical precision, therefore further data is essential to re-
solve this structure. It is interesting however to compare to the 
�(1405) electroproduction data from the CLAS collaboration [31]. 
Two peaks were observed in the �(1405) lineshape at 1423 ± 2
and 1368 ± 4 MeV/c2, the relative amplitudes of which depended 
on Q 2. If the coupling to the two poles is kinematically dependent 
(as is expected from χPT models), there may be an equivalence 
observed by variations in Q 2 in electroproduction and variations 
in the momentum exchange, t in photoproduction. Access to for-
ward angles, and therefore low t may prove to be mandatory to 
study such a system.

4. Summary and conclusions

Results in K +�(1405) → K +(π0�0) photoproduction are pre-
sented by utilising the two main features of the BGOOD experi-
ment; the hermetic coverage to observe hyperon decays, combined 
with extremely forward and high momentum resolution K + detec-
tion.

The measured cross sections support the role of a triangle 
singularity driven by the N∗(2030), where χPT models of vec-
tor meson-baryon interactions determine this to be a dynamically 
generated state [22]. Equivalent models successfully predicted the 
pentaquarks [26] observed in the hidden-charm sector [27], and 
this data supports the description of the N∗(2030) as the hidden-
strange analogue of these states [25,33].

The measured �(1405) → π0�0 line shape is in agreement 
with previous measurements from the CLAS and ANKE collabo-
5

Fig. 9. The π0�0 line shape for cos(θ) = 0.86 to 1.00. The dashed red and blue lines 
indicate the proposed poles at 1395 and 1425 MeV respectively [13].

rations [21,5]. An indication is found for a possible double peak 
structure in the neutral (π0�0) decay channel, consistent with the 
two poles derived in χPT [17], however more data is needed for a 
firm conclusion.
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