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Abstract of Physics :

We propose to use the high current photon beam available at A2 to produce the isosinglet
Λ(1405)1/2− hyperon at threshold via γp → K+Λ(1405). Its nature is still controversial
and actively debated. Since the only available photoproduction data from CLAS are lacking
in precision in the Σ0π0 decay channel, we propose a new independent measurement of this
most important pure I = 0 final state including the unmeasured beam-helicity observable
I�. In addition, the excellent photon detection acceptance of the A2 setup will offer the
opportunity for a first measurement of the radiative decays of the Λ(1405), which will
provide clean and stringent constraints for model descriptions in terms of, e.g., unitary
chiral perturbation theory.

Abstract of Equipment :
The experiment requires a tagged photon beam above the Λ(1405) production threshold
using the end-point tagger (EPT). The charged kaons will be detected using the in-crystal
decay technique in the calorimeters. Separation of charged pions and protons using the
particle identification detector (PID) and the TAPS vetos/Pizza detector will be important
for the complex and high multiplicity final states. The installation of additional detectors
(Čerenkov) to improve the kaon detection efficiency will be investigated.

MAMI Specifications :
beam energy 1604 MeV
beam polarization polarized

Photon Beam Specifications :
tagged energy range above 1450 MeV (EPT)
photon beam polarization circularly polarized

Equipment Specifications :
detectors EPT, CB, TAPS, PID, Pizza detector
target liquid hydrogen

Beam Time Request :
set-up/test with beam 150 hours
data taking 1000 hours
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1 Motivation

1.1 Introduction
The Λ(1405)1/2− is a S = −1, I = 0 hyperon resonance that lies just below the K̄N
threshold (Ethr

K−p ≈ 1432 MeV) and decays via strong interaction to (Σπ)0 pairs. The K̄N
and the Σπ channels are coupled via unitarity and it was first shown in 1959 by Dalitz and
Tuan [1] that the characteristics of the K−p scattering amplitude lead to a resonance in the
Σπ channel. Soon after this study an excess of events in the (Σπ)0 system was observed
in bubble chamber experiments measuring K−p → Σ+π−π−π+ and K−p → Σ−π+π+π−

[2]. No excess was found in the (Σπ)±± systems and an isospin of I = 0 was deduced
from the count ratio of the three different (Σπ)0 observations using the following isospin
representations:

|Σ+π−〉 =
√

1
3 |0, 0〉 +

√
1
2 |1, 0〉 +

√
1
6 |2, 0〉 (1)

|Σ−π+〉 =
√

1
3 |0, 0〉 −

√
1
2 |1, 0〉 +

√
1
6 |2, 0〉 (2)

|Σ0π0〉 = −
√

1
3 |0, 0〉 +

√
2
3 |2, 0〉 (3)

It should be noted that, neglecting I = 2 contributions, the Σ0π0 system is a pure I = 0
state whereas the charged Σπ systems have I = 1 contributions as well. This leads for
example to the complication of the Σ(1385) I = 1 resonance contributing to the charged
Σπ channels. Therefore, the Σ0π0 channel provides the cleanest way to study the Λ(1405).

Today the Λ(1405) is listed as a 4-star state in the baryons listing of the PDG [3] but
despite having the maximum rating, the exact nature of this state is still not resolved.
This is mainly caused by two puzzles.

First, most simple three-quark models [4, 5] fail to describe the low mass of this
state when compared to the situation in the nucleon sector (see Fig. 1). The p-wave
excitation of the nucleon ground state N(1535)1/2− generates a mass difference of about
600 MeV whereas the corresponding difference in the Λ sector is less than half of this. In
addition, there is a considerable mass gap between the spin-orbit partners Λ(1405)1/2− and
Λ(1520)3/2− in contrast to the near-degeneracy of the corresponding nucleon resonances
N(1535)1/2− and N(1520)3/2−. These issues, however, can be coped with by more
sophisticated quark models, e.g., a quark-diquark approach in a relativistic quark model
inspired by the heavy quark sector, in which the Λ(1405) can be naturally reproduced [6].
Alternative descriptions include also exotic configurations such as compact pentaquarks
[7] and hybrids [8].

The second enigma about the Λ(1405) is the claimed two-pole structure [9–12]. This
is illustrated in Fig. 2 by the example of the elastic K̄N scattering amplitude. The two
poles in the complex energy plane both contribute to the amplitude and form a single
bump on the real axis. Therefore, measured observables will always have contributions
from two poles. The lower wider state around 1325 MeV seems to couple more strongly
to πΣ, while the higher lying one located around 1430 MeV close to the K̄N threshold
is more narrow and has a stronger coupling to K̄N . There are counterarguments to the
two-pole scenario [13] but it can be shown [14] that very recent results of lattice QCD
calculations [15] seem to support this picture.
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Figure 1: Comparison of the ground state and
the first p-wave excited state in the simple
quark model of the nucleon and the Λ sector.
Despite the s-quark, the Λ(1405) is lighter than
its N(1535) counterpart.

T. Hyodo, D. Jido / Progress in Particle and Nuclear Physics 67 (2012) 55–98 75

Table 1

The pole positions zR and the absolute values of the coupling strengths |gi| in the S = �1 and
I = 0 amplitude taken from Ref. [11].

⇤(1405) ⇤(1670)
zR (MeV) 1390 � 66i 1426 � 16i 1680 � 20i

|gi|(⇡⌃) 2.9 1.5 0.27
|gi|(K̄N) 2.1 2.7 0.77
|gi|(⌘⇤) 0.77 1.4 1.1
|gi|(K⌅) 0.61 0.35 3.5
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Fig. 6. Absolute value of the scattering amplitude |T | of the K̄N elastic channel in the second Riemann sheet of the complex energy z plane.

unitary approach, the scattering amplitude is obtained in an analytic form. Thus, it is easy to make analytic continuation of
the scattering amplitude to the second Riemann sheet and to search for the poles there. The real and imaginary parts of the
pole position represent themass and halfwidth of the resonance, respectively, zR = MR � i�R/2, and the residues of the pole
of the scattering matrix express the coupling nature of the resonance to the external channels.

There are two poles in the scattering amplitude with S = �1 and I = 0 around the ⇤(1405) energies [9] and one pole
around ⇤(1670) [137]. The positions of these poles are shown in Table 1. For ⇤(1405), one pole is located at higher energy
around 1426 MeV with a narrower width 32 MeV, while the other is sitting at lower energy around 1390 MeV with a larger
width 132 MeV. Both poles are found below the K̄N threshold, so the ⇡⌃ state with I = 0 is only the open channel for
these poles. The pole positions of ⇤(1405) and their effect on the amplitude on the real axis are illustrated by plotting the
absolute value of the scattering amplitude in the complex energy plane in Fig. 6. The two poles are located definitely at
different positions around the ⇤(1405) energy in the complex energy plane, while there is only one bump structure of the
scattering amplitude on the real axis. Because the real parts of the two poles are close to each other, the contributions of
these poles interfere in the amplitude on the real axis. As a consequence, what one can observe experimentally on the real
axis is only a single resonance peak. Since the pole of the scattering amplitude can be interpreted as one resonance state, this
finding indicates that the nominal ⇤(1405) is not a single resonance but a superposition of these two independent states
with the same quantum numbers [11].

The presence of the two poles around ⇤(1405) is more significant for experimental observations due to the coupling
nature of these resonance states. The coupling constants of the resonance to the external channels can be extracted from
the residues of the scattering matrix at the pole position as seen in Eq. (33). We show in Table 1 the coupling constants of
these resonances to the meson–baryon channels obtained with the chiral unitary approach. From this table, it is found that
these two poles have clearly different coupling nature to the meson–baryon channels; the higher energy pole dominantly
couples to the K̄N channel, while the lower energy pole strongly couples to the ⇡⌃ channel. The larger (smaller) imaginary
part of the lower (higher) pole is the consequence of the stronger (weaker) ⇡⌃ coupling.

Due to the different coupling nature of these resonances, the shape of the ⇤(1405) spectrum can be different depending
on the initial and final channels [11]. In the K̄N ! ⇡⌃ amplitude, the initial K̄N channel gets more contribution from
the higher pole with a larger weight. Consequently, the spectrum shape has a peak around 1420 MeV coming from the
higher pole, as seen in Fig. 7(a). This is obviously different from the ⇡⌃ ! ⇡⌃ spectrum which is largely affected by the
lower pole. To examine the relevance of two poles, ⇡⌃ invariant mass spectra are calculated in a simple model with two
Breit–Wigner pole terms [first term of Eq. (33)]. The pole parameters are determined by the chiral unitary model as in

Figure 2: Two-pole structure of the Λ(1405)
resonance in the absolute value |T | of the elas-
tic K̄N scattering amplitude. The two poles
produce one single broad bump on the real axis.
Taken from [12].

Besides experiments with meson beams and bubble chambers [16, 17] the Λ(1405) was
also studied in photoproduction already in the 1970s [18] via the t-channel dominated
reaction

γp → K+Λ(1405) (4)

As an example, the Λ(1405) production via the K−-exchange contribution is shown in
Fig. 3. Theoretical attention to Λ(1405)-photoproduction starting in the late 1990s [19, 20]
was followed only recently by measurements at LEPS [21, 22] and especially at the CLAS
experiment [23–25], which denoted a huge step forward in gaining more experimental data
about the Λ(1405). For example, spin and parity were measured directly for the first time
[25] and positions and widths of both resonance poles could be extracted [26–28] using
chiral unitary theory, which emerged as the common framework to describe dynamics
related to the Λ(1405) (see [12] for a review).

As mentioned before, theoretical activities concerning the Λ(1405) are numerous,
coming from fields such as chiral unitary perturbation theory and lattice QCD. In a very
recent work [29], also Regge theory was used to analyze the latest estimates of the pole
positions suggesting that the higher-lying pole is consistent with a conventional three-quark

γ K+

p Σ

π

K−

Λ(1405)

Figure 3: K−-exchange contribution to γp → K+Λ(1405) in the t-channel, where the Λ(1405) is
formed via scattering of the off-shell K− on the proton.

5



picture while the nature of the lower-lying pole seems to be nonordinary. This continuing
interest from the theory community motivates thus more experimental attention to perform
further and more precise measurements.

Despite the fact of the CLAS data being of unprecedented quality, new measurements
could improve on the following points. First, the data for the most important final state
π0Σ0 concerning the study of the Λ(1405) were obtained without detection of the three
decay photons, leading to a decrease in statistics due to rigorous cuts in the event selection.
In addition, despite having applied stringent cuts, sufficient background rejection could
not be guaranteed [23]. Second, as delicate experimental parameters, such as detector
acceptance and photon flux, enter directly into the normalized m(Σπ) distributions, it is
necessary to conduct a second measurement at a different experiment to eliminate effects
from those sources of systematic uncertainties. Finally, a high statistics measurement
very close to threshold would be desirable as it simplifies the interpretation due to the
less complex situation in this energy region. For example, background contributions from
higher mass hyperon and kaon resonances are not present at threshold.

Therefore we propose a new experiment to be performed at A2 that will provide a
significant and independent contribution to the experimental database. It will focus on
areas where the A2 experiment has advantages compared to other experiments. Namely,
we propose to produce the Λ(1405) in photoproduction via γp → K+Λ(1405) and to
measure the following observables:

1. m(Σ0π0) and m(Σ+π−) invariant mass distributions (‘line shapes’)

2. The beam-helicity asymmetry I� of ~γp → K+Σ0π0 and ~γp → K+Σ+π− with
circularly polarized photons

3. Signal search and potential determination of ΓY γ/ΓΣ0π0 for the Λ(1405)→ Y γ
radiative decays with Y = {Λ, Σ0}

The next sections will present those physics goals in more detail discussing previous
measurements, the current status of both experimental and theoretical research and future
contributions from other experiments.

1.2 Σ0π0 and Σ+π− line shapes
Due to the two poles contributing to the Λ(1405) resonance, the distribution of the m(Σπ)
invariant mass (‘line shape’) depends on the reaction the Λ(1405) is produced in, giving
more weight to either the lower or higher lying resonance pole. In addition, according to
Eqs. 1–3, the different (Σπ)0 isospin states are sensitive to the isospin structure of the
production amplitude.

The Σ0π0 channel bears the advantage that only isospin I = 0 amplitudes contribute
(apart from negligible non-resonant I = 2 terms, see Eq. 3), which facilitates the theoretical
interpretation of experimental data, while the nearby Σ0(1385) resonance decaying into
Σ+π− and Σ−π+ makes an isolated study of the Λ(1405) in those decay channels more
difficult. Unfortunately, most older experiments were not able to measure the neutral pion
and the decay photon from the Σ0 → Λγ decay in the Σ0π0 final state. For example, older
bubble chambers experiments using π− [16] and K− beams [17] were only able to extract
the line shapes of the Σ±π∓ final states.
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Fig. 4. (a) Missing-mass MM(pFdK+) distribution for the pp →
pK+pπ−X0 reaction for events with M(pSdπ−) ≈ m(Λ) and
MM(pK+pπ−) > 190 MeV/c2. Experimental points with statistical er-
rors are compared to the shaded histogram of the fitted non-resonant Monte
Carlo simulation. (b) The background-subtracted lineshape of the Λ(1405) de-
caying into Σ0π0 (points) compared to π−p → K0(Σπ)0 [13] (solid line)
and K−p → π+π−Σ+π− [11] (dotted line) data.

We finally turn to the contribution from lower missing mass-
es. From the number of events with 1320 < MM(pFdK+) <

1440 MeV/c2, equal to 156 ± 23, we find a total production
cross section of

σtot
(
pp → pK+Λ(1405)

)
= (4.5 ± 0.9stat ± 1.8syst) µb

at pbeam = 3.65 GeV/c. The cumulative branching ratio for the
Λ(1405) decay chain of reaction (2) of 21% and the acceptance
of ∼ 4 × 10−6 have been included, as well as the overall detec-
tion efficiency of ∼ 55%.

The (Σπ)0 invariant-mass distributions have been stud-
ied in two hydrogen bubble chamber experiments. Thomas
et al. [13] found ∼ 400 Σ+π− or Σ−π+ events correspond-
ing to the π−p → K0Λ(1405) → K0(Σπ)0 reaction at a
beam momentum of 1.69 GeV/c. Hemingway [11] used a
4.2 GeV/c kaon beam to investigate K−p → Σ+(1660)π− →
Λ(1405)π+π− → (Σ±π∓)π+π−. For the Σ−π−π+π+ final
state, the Σ−π+ mass spectrum is distorted by the confusion
between the two positive pions. Thus, in the comparison with
our data, we use only the Σ+π− distribution, which contains
1106 events [11].

In Fig. 4(b) our experimental points are compared to the re-
sults of Thomas and Hemingway, which have been normalised
by scaling their values down by factors of ∼3 and ∼7, re-
spectively. The effect of the K̄N threshold is apparent in these
published data, with the Λ(1405) mass distribution being dis-

torted by the opening of this channel. Despite the very different
production mechanisms, the three distributions have consistent
shapes. A fit of one to either of the others leads to a χ2/ndf of
the order of unity though, as pointed out in Ref. [6], for Σ+π−

production [11] there is likely to be some residual distortion
from I = 1 channels. The K−p → Λ(1405)π0 → Σ0π0π0

data yield a somewhat different distribution [22] but, as noted
in this reference, the uncertainty as to which π0 originated from
the Λ(1405) “smears the resonance signal in the spectra”. The
situation is therefore very similar to that of the Hemingway
Σ−π−π+π+ data [11] and such results can only be interpreted
within the context of a specific reaction model, such as that of
Ref. [9].

Models based on unitary chiral perturbation theory find two
poles in the neighborhood of the Λ(1405) which evolve from
a singlet and an octet in the exact SU(3) limit [8,9]. One has
a mass of 1390 MeV/c2 and a width of 130 MeV/c2 and
couples preferentially to Σπ . The narrower one, located at
1425 MeV/c2, couples more strongly to K̄N , whose thresh-
old lies at ∼ 1432 MeV/c2. Both states may contribute to the
experimental distributions, and it is their relative population,
which depends upon the production mechanism, that will deter-
mine the observed lineshape. Our experimental findings show
that the properties (mass, width, and shape) of the Λ(1405)

resonance are essentially identical for these three different pro-
duction modes.

In summary, we have measured the excitation of the
Σ0(1385) and Λ(1405) hyperon resonances in proton–proton
collisions at a beam momentum of 3.65 GeV/c. We have suc-
ceeded in unambiguously separating the two states through
their Λπ0 and Σ0π0 → Λγπ0 decay modes. Cross sections
of the order of a few µb have been deduced for both reso-
nances. The Λ(1405), as measured through its Σ0π0 decay,
has a shape that is consistent with data on the charged de-
cays [11,13], with a mass of ∼ 1400 MeV/c2 and width of
∼ 60 MeV/c2. This might suggest that, if there are two states
present in this region, then the reaction mechanisms in the three
cases are preferentially populating the same one. However, by
identifying particular reaction mechanisms, proponents of the
two-state solution can describe the shape of the distribution that
we have found [10].

The Σ0π0 channel is by far the cleanest for the obser-
vation of the Λ(1405) since it is not contaminated by the
Σ(1385) nor the confusion regarding the identification of the
pion from its decay. However, although we have shown that the
method works in practice, in view of our limited statistics, fur-
ther data are clearly needed. The decay Λ(1405) → Σ0π0 →
Λγπ0 can be detected directly in electromagnetic calorimeters.
Corresponding measurements are under way in γp reactions
(CB/TAPS at ELSA [23], SPring–8/LEPS [24]) and are also
planned in pp interactions with WASA at COSY [25].
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Figure 4: ANKE pp → pK+Σ0π0 results
(points) compared to π−p → K0(Σπ)0 [16]
(solid line) and K−p → π+π−Σ+π− [17] (dot-
ted line).
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FIG. 7. Missing mass of the γp → K+X reaction in data set (II) in two photon energy ranges: (a) 1.5 < Eγ < 2.0 GeV and (b) 2.0 <

Eγ < 2.4 GeV. The experimental data are shown as closed circles. The data were fitted with spectra determined by MC simulation of
K+"(1405), K+#0(1385), K+"(1520), nonresonant (K+#π ), and K∗0#+ production. The solid histograms show fit results. The solid lines,
open circles, dashed lines, and dot-dashed line show spectra of K+"(1405), K+#0(1385), nonresonant (K+#π ), and K∗0#+ production,
respectively.

The fit results did not change significantly, and this theoretical
model is also seen to be consistent with the experimental
data. In the high-photon-energy region, the line shape of
"(1405) is unclear, and the yield of "(1405) extracted by
fitting depends on the estimation of the background reaction.
A more conservative yield estimation will be discussed later.

After correcting for the detector acceptance and decay
branches of the hyperon resonances, the production ratios of
"(1405) to #0(1385) were obtained as "∗/#∗ = 0.54 ± 0.17
and 0.084 ± 0.076 for 1.5 < Eγ < 2.0 GeV and 2.0 < Eγ <
2.4 GeV, respectively. The systematic uncertainties due to the
detection efficiency of the TPC, the target thickness, and the
number of photons were canceled out in the ratio.

Finally, the absolute values of the differential cross sec-
tions of "(1405) and #0(1385) production off protons were
measured from data set (I) using the production ratio of these
two hyperons determined above. The event selection criteria
were the same as for the analysis of the γp → K+"/#0

production reactions. Details can be found in Ref. [4]. The
angular coverage for forward going K+’s was matched with
that of data set (II) by selecting the overlapping region,
0.8 < cos %KCM

< 1.0.
Figure 8 shows MM(K+) from the liquid hydrogen target

for 0.8 < cos %KCM < 1.0 and the two photon energy ranges,
1.5 < Eγ < 2.0 GeV (a) and 2.0 < Eγ < 2.4 GeV (b) in

data set (I). The experimental data (open circles) were fitted
with distributions for "(1405) (hatched), #0(1385) (dotted),
"(1520) (dot-dashed), and background reactions (dashed).
The background reactions considered were nonresonant
(K+"π ), (K+#π ), (K+K−p), and φ-meson production. The
normalization factor of each background spectrum was deter-
mined by fitting, and the sum of these background spectra are
shown. The spectral shape of "(1405) was assumed to be the
one of the theoretical calculation by Nacher et al. [9]. A linear
background was introduced to explain the background events
at the threshold of (K+"π0) production, 1.25 GeV/c2, where
the contribution from K+#0 production was negligible. These
background events might be caused by the mismeasurement
of the photon energy or the K+ momentum or near threshold
enhancement of (K+"π0) production which was not included
in the MC simulation. The main systematic uncertainties due
to this background were estimated to be +1.0

−27 % and +8.1
−0.94%

for 1.5 < Eγ < 2.0 GeV and 2.0 < Eγ < 2.4 GeV, respec-
tively, by fitting with various slope parameters of the linear
background and without the linear background. The other
sources of systematic uncertainties are summarized in Table
II. The differential cross sections of "(1405) production were
found to be dσ/d(cos θ ) = 0.43 ± 0.088(stat.)+0.034

−0.14 (syst.)
µb and 0.072 ± 0.061(stat.)+0.011

−0.0056(syst.) µb for 1.5 < Eγ <
2.0 GeV and 2.0 < Eγ < 2.4 GeV, respectively. Those

TABLE II. The sources of systematic uncertainties for the measurement of differential cross sections.

The sources of uncertainties 1.5 < Eγ < 2.0 GeV 2.0 < Eγ < 2.4 GeV
Background around (K+"π ) threshold +1.0

−27 % +8.1
−0.94%

The sources of uncertainties 1.5 < Eγ < 2.4 GeV
Thickness of the liquid H2 target 1.0%
Number of photons 1.2%
Photon transmission efficiency 3.0%
Accidental veto by the aerogel Čerenkov counter 1.6%

035202-8

Figure 5: LEPS K+ missing mass of
γp → K+Λ(1405), Λ(1405)→ Σ±π∓ event can-
didates [22]. The theoretical line shape from
[19] was fitted along with other contributions
to the data.

The Crystal Ball collaboration was able to show the presence of the Λ(1405) in the
Σ0π0 system in the measurement of K−p → π0π0Σ0 [30]. However, due to the two
indistinguishable π0-meson this reaction is less suited to study the Λ(1405) in the Σ0π0

distribution.
More recently, the (Σπ)0 line shapes were also studied in pp collisions at the ANKE [31]

and HADES [32] experiments. While the result of the Σ0π0 channel obtained at ANKE
were found to be in reasonable agreement with the older meson-beam bubble chamber
data (see Fig. 4), the Σ±π∓ distributions measured by HADES differ from those older
results. This illustrates the influence of the different production mechanisms and final
states.

The line shapes in the Σ±π∓ channels were also studied in photoproduction experiments
at LEPS [21, 22]. The result of the lower photon energy bin shown in Fig. 5 shows good
agreement with the theoretical calculation by Nacher et al. [19]. Finally, the CLAS
collaboration obtained high statistics data from photoproduction measuring all three
(Σπ)0 isospin channels [23]. The line shapes closest to threshold and the kinematic region
accessible with the proposed A2 experiment are shown in Fig. 6. As mentioned before, the
Σ0π0 invariant mass distribution suffers from higher systematic and statistical uncertainties
compared to the Σ±π∓ channels. This is caused by the very limited to nonexistent photon
detection efficiency of the CLAS detector, which was optimized for the detection of
charged particles. In this respect the A2 experiment provides a completely complementary
experimental setup being optimized for photon detection in almost the complete solid
angle with still acceptable capabilities for the detection of charged particles.

The CLAS photoproduction data were found to be valuable input for unitary chiral
approaches in terms of extracting the two Λ(1405) pole positions [26, 27] and eliminating
solutions that describe the existing hadronic data equally well [28]. Therefore, new data
of the proposed experiment could be easily analyzed by those groups using existing
frameworks.
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Figure 6: (Σπ)0 line shapes measured by the CLAS collaboration [23] via γp → K+(Σπ)0 in the
photon energy bin closest to threshold. The error bars represent only the statistical uncertainties.

1.3 Beam-helicity asymmetry I� of ~γp → K+(Σπ)0

The beam-helicity asymmetry I� is a polarization observable in photoproduction defined
for three-body final states, e.g. Nππ [33], that can be measured with a circularly polarized
beam and an unpolarized target. It is defined as

I�(Φ) = dσ+ − dσ−

dσ+ + dσ− = 1
Pγ

N+ − N−

N+ + N− , (5)

with the differential cross sections dσ± for the two photon helicity states, the degree of
circular polarization of the photon Pγ and an angle Φ that can be defined in various ways
in the center-of-mass system of the photon and the initial state nucleon. For γp → pππ
sensitivity to small contributions via interference terms was found [34]. In addition, the
experimental access to this observable is particularly straightforward since all normalization
factors cancel in the ratio, apart from detection efficiencies when integrated over angles or
photon beam energies. Therefore, the experimental extraction only relies on the observed
counts N±(Φ) for the two beam helicity states.

In double-pion photoproduction I� has been measured with the A2 experiment for
several reactions [35–37]. The degree of longitudinal polarization of the electrons at MAMI
is usually Pe− ≈ 70–85% and is transferred to the circular polarization of the photons
according to Olsen and Maximon [38]. In the energy range covered by the endpoint tagger
for the proposed experiment, this basically translates into a constant values for Pγ that is
very close to Pe− .

There are no measurements known to the authors of the observable I� for the reactions
~γp → K+(Σπ)0. On the theory side, calculations exists for γN → KK̄N , where sensitivity
of certain observables to the Λ(1405) coupling to K̄N was found and measurements of
KΣπ final states were encouraged [39].

1.4 Λ(1405) radiative decays
A clean way of probing the structure of baryons is the study of their radiative decays
by emission of a photon. The decay scheme for the low-lying hyperon states is shown in
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RADIATIVE DECAYS OF THE !0(1385) AND "(1520) HYPERONS PHYSICAL REVIEW C 71, 054609 (2005)

TABLE I. Theoretical predictions and experimental values for the radiative widths (in keV) for the transitions Y → "(1116)γ and
Y → !(1193)γ . Some models have multiple predictions that depend on different assumptions. For comparison the predictions and experimental
value are quoted for the $(1232) → pγ transition.

Model $(1232) !0(1385) "(1405) "(1520)

pγ "(1116)γ !0(1193)γ "(1116)γ !0(1193)γ "(1116)γ !0(1193)γ

NRQM [3,4] 360 [14] 273 22 200 72 156 55
RCQM [5] 267 23 118 46 215 293
χCQM [6] 350 265 17.4
MIT bag [3] 152 15 60, 17 18, 2.7 46 17
Chiral bag [7] 75 1.9 32 51
Soliton [8] 243, 170 19, 11 44, 40 13, 17
Skyrme [9,10] 309–348 157–209 7.7–16
Algebraic model [11] 343.7 221.3 33.9 116.9 155.7 85.1 180.4
HBχPT [12]a (670–790) 290–470 1.4–36
1/Nc expansion [13] 298 ± 25 24.9 ± 4.1
Previous experiments 640–720 [30] <2000 [22] <1750 [22] 27 ± 8 [19] 10 ± 4 [19] 33 ± 11 [17] 47 ± 17 [17]

23 ± 7 [19] 134 ± 23 [16]
159 ± 33 ± 26 [18]

This experiment 479 ± 120+81
−100 167 ± 43+26

−12

aThe results for HBχPT [12] are normalized to the quoted empirical range (in parentheses) for the $ → pγ transition.

hyperfine interaction, which leads to a wider range of model
predictions. This is explained in more detail in an excellent
review of the experimental and theoretical situation in [15].

Experimental measurements have been sparse. The results
are tabulated in Table I. The "(1520) → "γ transition has
been measured by Mast et al. [16], who used a K− beam
with a liquid-hydrogen bubble chamber; by Bertini et al. [17]
with a liquid-hydrogen target viewed by a NaI detector; and

Λ(1520)

Λ(1116)

Λ(1405)

K p threshold = 1432 MeV
_

3/2

1/2

+

+

+

3/2

1/2

1/2

_

_

0
Σ (1193)

Σ (1385)0

FIG. 1. Photon decay spectrum of low-lying excited-state hyper-
ons. The transitions shown as dashed lines are suppressed.

by Antipov et al. [18], who used a high-energy proton beam
on carbon and copper targets. Antipov et al. measured the
K+, p and π− in a magnetic spectrometer and detected the
decay photons by using an electromagnetic calorimeter. These
are the only direct measurements in the literature. Burkhardt
and Lowe [19] extracted model-dependent branching ratios
for "(1405) radiative decay from the kaon-proton capture
data of Whitehouse et al. [20]. The radiative decay of the
!0(1385) has never been observed (Meisner [21] reports one
event); only upper limits for the branching ratios have been
established [22].

II. EXPERIMENT

In the current experiment, the low-lying excited-state
hyperons were studied in the reaction γp → K+pπ−X
with the Large Acceptance Spectrometer (CLAS) in
Hall B at the Thomas Jefferson National Accelerator Facility.
The data were from the G1C running period, September to
October 1999. The primary electron beam was converted to
a photon beam with a thin radiator of 10−4 radiation lengths.
The scattered electron was momentum-analyzed by a photon
tagging spectrometer [23] with a resolution of $E/E = 10−3.
Photons were tagged over a range of 20%–95% of the incident
electron-beam energy. The electron-beam energies were 2.445,
2.897, and 3.115 GeV, and the currents were typically 6 nA.
The target was liquid hydrogen in a cylindrical cell of 17.9-cm
length and 2-cm radius. The CLAS detector [24] consisted
of six individually instrumented segments, each consisting of
three layers of drift chambers and a shell of 48 time-of-flight
scintillators. Six superconducting magnets provided a toroidal
magnetic field, with negative particles bent toward the beam
direction. The trigger consisted of a triple coincidence among
the photon tagger, the time-of-flight system, and a small
scintillation detector (the “Start Counter” [25]) surrounding

054609-3

Figure 7: Radiative decay scheme of
low-lying hyperon states. Suppressed
transitions are denoted by the dashed
lines. Taken from [40].
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K̄N component inside !(1405). Especially a large decay
width "!γ directly indicates a large absolute value of the
K̄N compositeness |XK̄N |, and hence implies a large K̄N
component inside !(1405). On the other hand, $0γ decay is
dominated by the π$ component and hence the decay width
becomes "$0γ ∼ 23 keV even for |XK̄N | = 0. Then, as |XK̄N |
grows the values of W± are more separated from each other
and the allowed range for the $0γ decay width is expanded.
Here we note that the maximal and minimal values of "$0γ

become ∼40 and 10 keV, respectively, for |XK̄N | = 1, so we
could conclude that |XK̄N | should be large if the decay width
for $0γ would be considerably large or considerably small.

By using the relation in Fig. 4 we can estimate the K̄N com-
positeness from the !(1405) radiative decay width. Actually,
there are “experimental” data on the !(1405) radiative decay
width evaluated from an isobar model fitting of the decays of
the K−p atom [27]: "!γ = 27 ± 8 keV and "$0γ = 10 ± 4
or 23 ± 7 keV. From these “experimental” values we can
estimate the K̄N compositeness by using the relation in
Fig. 4. As a result, we extract |XK̄N | = 0.5 ± 0.2 from "!γ =
27 ± 8 keV, |XK̄N | > 0.5 from "$0γ = 10 ± 4 keV, while
|XK̄N | can have an arbitrary value within "$0γ = 23 ± 7 keV.
These results suggest that the absolute value of the K̄N
compositeness is |XK̄N | ! 0.5, which implies that K̄N seems
to be the largest component inside !(1405).

Finally we make several comments. In this study we use
the Particle Data Group value to determine the pole position
of !(1405) as Zpole = M!(1405) − i"!(1405)/2. However, the
!(1405) pole position is not well determined, although the
compositeness (41) should be evaluated on the !(1405) pole
position. This may lead to an ambiguity of the relation between
the K̄N compositeness and the radiative decay width shown in
Fig. 4. This point is discussed in the next subsection together
with the effects of the two-pole structure for !(1405).

In addition, we have neglected the bare state contribution of
!(1405) to the radiative decay. Actually, even if the !(1405)
would be dominated by a quark bound state such as uds rather
than the meson-baryon component, !(1405) would have finite
spatial size coming from the quark dynamics. This would lead
to the additional contribution to the decay width, and hence the
decay width in Fig. 4 would be shifted upward. Nevertheless, in
this study we do not take into account such a contribution since
a usual constituent quark model cannot describe !(1405),
which indicates that the ordinary quark configuration inside
!(1405) is small.

We also note that our relation would be model dependent
mainly from the formulation of the radiative decay widths.
Actually we might include form factors for the meson-
baryon-baryon couplings, or we might use a usual Dirac-field
propagators for baryons. These effects altogether would lead
to ∼10% errors. Nevertheless, the scenario that the larger
radiative decay width to !γ directly leads to the larger absolute
value of the K̄N compositeness would not be changed.

C. Analysis from the !(1405) pole position

In the previous subsection we have obtained the relation
between the !(1405) radiative decay width and the absolute
value of the K̄N compositeness with the !(1405) pole
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FIG. 5. Radiative decay width of !(1405) as a function of the
absolute value of the K̄N compositeness. The !(1405) mass is fixed
as M!(1405) = 1424 MeV.

position determined from the value by the Particle Data
Group. However, as we have already mentioned, the !(1405)
pole position is not well determined in experiments, and
moreover !(1405) has two poles according to the chiral
unitary approach. Therefore, in this subsection we analyze
how our relation between the radiative decay width and the
absolute value of the K̄N compositeness |XK̄N | depends on
the !(1405) pole position.

First we show how the relation shown in Fig. 4 is changed
when the !(1405) mass, i.e., the real part of the pole
position, shifts upward to M!(1405) = 1424 MeV, as the higher
!(1405) pole in the chiral unitary approach. In this condition,
nevertheless, we expect that the relation shown in Fig. 4
will be not largely changed because we have shown that for
the K̄N bound state the binding energy dependence of the
relation between the K̄N compositeness and the radiative
decay width is very small (see Fig. 3). Indeed, by using
M!(1405) = 1424 MeV instead of M!(1405) = 1405 MeV, we
obtain the relation between the absolute value of the K̄N
compositeness and the radiative decay width shown in Fig. 5.
The result with M!(1405) = 1424 MeV is similar to that with
M!(1405) = 1405 MeV shown in Fig. 4 but the decay widths
are slightly larger according to the larger !(1405) mass. Then,
by using the relation in Fig. 5 we could estimate the absolute
value of the K̄N compositeness from the “experimental” value
[27]: |XK̄N | = 0.4+0.1

−0.2 from "!γ = 27 ± 8 keV, |XK̄N | > 0.6
from "$0γ = 10 ± 4 keV, while |XK̄N | can have an arbitrary
value witnin "$0γ = 23 ± 7 keV. These results, especially
from "!γ , would indicate that the absolute value of the K̄N
compositeness inside !(1405) would decrease slightly when
a larger !(1405) mass is used.

However, we should emphasize that the “experimental”
value in Ref. [27] is extracted from an isobar model fitting of
the decays of the K−p atom with the assumption M!(1405) =
1405 MeV. Besides, in the chiral unitary approach the K−p →
meson-baryon scatterings around and below the K−p thresh-
old contains more weight on the higher !(1405) pole of the
mass ∼1420 MeV, which is indeed supported by the K−d →
π$n reaction [47–51] and also by the absorption branching
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Figure 8: Radiative decay widths of the Λ(1405) as
functions of the absolute value of the K̄N compositeness
for mΛ(1405) = 1424 MeV [41].

Fig. 7. For the Λ(1405) an early calculation [42] within the nonrelativistic quark model [4]
obtained

ΓΛγ = 143 keV ΓΛγ/Γ = 2.83 × 10−3

ΓΣ0γ = 91 keV ΓΣ0γ/Γ = 1.80 × 10−3

with Γ = (50.5 ± 2.0) MeV [3]. These values are very small and pose a challenge to
experiments — yet today there are still no experimental data available that were directly
measured. There is a model-dependent determination [43] of the radiative widths extracted
from measurements of the decays of kaonic hydrogen [44] which found even smaller values:

ΓΛγ = (27 ± 8) keV ΓΛγ/Γ = (5.35 ± 1.60) × 10−4

ΓΣ0γ,1 = (10 ± 4) keV ΓΣ0γ,1/Γ = (1.98 ± 0.80) × 10−4 or
ΓΣ0γ,2 = (23 ± 7) keV ΓΣ0γ,2/Γ = (4.55 ± 1.40) × 10−4.

Several models describing the Λ(1405) predict very different values for the two decay
widths and in particular for their ratio. Namely, by using the two-pole results from chiral
unitary theories, it was found that the ratio ΓΛγ/ΓΣ0γ is reversed for the lower and the
higher-lying pole [45]. Hence, experimental data on the radiative decay widths provide
an excellent test of the conjectured two-pole structure or even speculative five-quark
components [46]. In another work [41], a relation between the compositeness, which is a
measure for the amount of the K̄N component inside the Λ(1405), and the radiative decay
width is established. The relation for both radiative decays is shown in Fig. 8 evaluated
for a Λ(1405) mass of 1424 MeV. This value corresponds to the higher-lying pole, where
the relation is more striking. Due to cancelling Σ±π∓ terms in the Λγ decay mode, the
K−p component dominates this decay resulting in a linear relationship between ΓΛγ and
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the K̄N compositeness. Using this calculation and a direct measurement of ΓΛγ from
photoproduction, the meson-baryon component in the Λ(1405) could thus be estimated.

The authors of [41] also conduct a reevaluation of the Λ(1405) radiative width in the
chiral unitary approach with updated parameters and obtain the following values:

ΓΛγ = 31 keV (lower pole) ΓΛγ = 96 keV (higher pole) (6)
ΓΣ0γ = 94 keV (lower pole) ΓΣ0γ = 60 keV (higher pole) (7)

In view of all those possibilities on the theoretical side, experimental input from a direct
measurement of the radiative decay widths is urgently needed. More recent attempts to
measure the radiative decays of the Λ(1405) in the CLAS experiment [40, 47] failed due
to contamination from the overlapping Σ0(1385) resonance and the lack of detecting the
radiated photon. Here again, the A2 setup with its excellent photon detection capabilities
and high solid angle coverage could provide a great opportunity for a new attempt to
observe and quantity the radiative decays of the Λ(1405).

1.5 Competing experiments
There is an ongoing interest to study the Λ(1405) at several experiments worldwide.
Information about the low energy K−p interaction was obtained in the SIDDHARTA
experiment at DAΦNE [48] by studying kaonic hydrogen. An upgrade to this experiment
measuring the K−d interaction seems to be planned [28]. The AMADEUS experiment,
which was part of the KLOE detector located at the same facility, published prelimary
results of the Σ0π0 line shape [49].

At J-PARC there are continuing activities related to strangeness physics and the
Λ(1405) at various experiments (E31/E42/E45) using π− and K− beams. For example,
the E31 collaboration is working on (Σπ)0 line shape results [50] and the E45 collaboration
with the HypTPC detector is planning measurements of the Λ(1405) radiative decay [51].
As the setup seems to be incapable of photon detection, the experiment will rely on good
momentum resolution of the charged particles to use the missing energy technique for an
indirect measurement of the radiative decay.

Competing photoproduction experiments using beam energies up to ∼3 GeV will be
LEPS2 at SPring-8 [52], especially once the new spectrometer based on the BNL-E949
solenoid will be operational, and the BGO-OD experiment at ELSA [53]. The latter
was specifically built for the study of hyperon resonances with excellent kaon detection
capabilities in forward direction although the detection is restricted to quite a small solid
angle. Also, photons cannot be detected in this region and the available photon beam
intensity is lower compared to MAMI. In addition, simulations (see Sec. 2.2) have shown
that a considerable amount of kaons and protons coming from the reactions of interest
are going to regions where they cannot be detected or not very precisely measured in this
experiment.

Finally, photoproduction experiments with beam energies above 3 GeV will be the next
generation experiments GlueX and CLAS12 at the Thomas Jefferson National Accelerator
Facility (TJNAF). At CLAS12, quasi-real tagged photons will be available via the forward
tagger with energies normally around 6.5–10.5 GeV. The very high momentum kaons in
forward direction originating from the t-channel production mechanism may be detected
in CLAS12 but the decay photons going beyond 35 degrees in lab polar angle will not
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be detected [54]. This will result in a low detection efficiency and higher background
contamination. The hermetic GlueX detector has good photon detection capabilities over
a large part of the solid angle but the discrimination of high energetic kaons will only be
available in 2018 [55].

2 Proposed experiment
The proposed experiment aims at measuring ~γp → K+Λ(1405) with a circularly polarized
photon beam and an unpolarized liquid hydrogen (LH2) target to achieve the physics goals
presented in Secs. 1.2–1.4. This will lead to the following primary final states:

(R1) Λ(1405) → Σ0π0 Σ0 → Λγ Λ → pπ− → K+pπ−3γ

(R2) Λ(1405) → Σ+π− Σ+ → pπ0 → K+pπ−2γ

(R3) Λ(1405) → Λγ Λ → pπ− → K+pπ−γ

(R4) Λ(1405) → Σ0γ Σ0 → Λγ Λ → pπ− → K+pπ−2γ

It can be seen that two final states are identical and the others only differ in the number
of photons. Therefore, fully exclusive measurements are inevitable to discriminate the
different event candidates and a high angular coverage for photons, as provided by the
A2 setup, is essential to minimize event contamination caused by undetected particles,
especially photons.

The A2 setup offers the possibility to exploit the Λ → nπ0 decay in addition to
Λ → pπ− as done before using the Crystal Ball detector [30]. This will lead to alternative
event samples for reactions (R1)–(R4), albeit with lower statistics due to the smaller
branching ratio of the neutral Λ decay, the lower detection efficiency for neutrons and the
higher cluster multiplicity. Nevertheless, these additional events could be useful for cross
checks.

On the other hand, it will most certainly not be possible to measure the second charged
Λ(1405) → Σ−π+ decay since the Σ− → nπ− leads to the two most problematic particles
for the A2 setup. The energy of neutrons cannot be measured and the reconstructed
energies of π−-mesons have large uncertainties. One of those particles in the final state
can be handled by calculating its energy from kinematics and the energies of the other
particles. This will not be possible if there are two of them.

Tab. 1 gives an overview of the decays and the corresponding branching ratios of all
involved hyperons.

2.1 Experimental setup and particle detection
The experiment will be performed using available A2 equipment. Due to the high Λ(1405)
production threshold of Eγ ≈ 1450 MeV the electron beam delivered by MAMI should have
the maximum energy of 1604 MeV. In this configuration, the standard Glasgow photon
tagger [56] can only tag photons up to ∼1490 MeV. This leads to a tagged range in the
region of interest of only 40 MeV, where the production cross section is still very small.
The so-called endpoint tagger (EPT) [57] was specifically constructed to cover the very
high photon energy region of the A2 bremsstrahlung spectrum. It can be configured to
cover photon energies from 1450–1590 MeV with a resolution of 2.7–3 MeV [58]. Parallel
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Λ(1405) Σ0(1385) Λ Σ0 Σ+ Σ−

Σ+π− 33%1 5.9%1 — — — —
Σ−π+ 33%1 5.9%1 — — — —
Σ0π0 33%1 — — — — —
Λπ0 — 87% — — — —
Λγ ? 1.25% — 100% — —
Σ0γ ? ? — — — —
pπ− — — 64% — — —
nπ0 — — 36% — — —
pπ0 — — — — 52% —
nπ+ — — — — 48% —
nπ− — — — — — 100%

Table 1: Decay branching ratios Γi/Γ of the involved hyperons. 1assuming isospin symmetry. All
values from [3].

running along with the main tagger is not possible, therefore experiments running with
the EPT require a modification of the A2 beamline. During 2014, a series of experiments
dedicated to the study of η′-decays have taken place [59], in which the EPT was used.
Parts of the data obtained in these measurements have been analyzed for the preparation
of this proposal and were found to be very useful for the determination of the running
conditions for the proposed experiment (see Sec. 2.5).

The main detector setup is shown schematically in Fig. 9. The bremsstrahlung photons
will impinge on the liquid hydrogen target installed in the center of the Crystal Ball (CB)
detector [60]. It consists of two hemispheres with in total 672 optically insulated NaI(Tl)
crystals of 15.7 radiation length thickness, covering all azimuthal angles for the polar angle
range 20◦ < θ < 160◦. All crystals point towards the center of the sphere. The distance
from the center to the detector modules is 25 cm. The energy resolution for photons can be
described as ∆E/E = 2%/(E[GeV])0.36 while typical angular resolutions are ∆θ = 2◦–3◦

and ∆φ = 2◦–4◦ [61]. The multi-wire proportional chamber (MWPC) surrounding the
PID provides basic tracking and can be used improve the angular resolution of charged
particles in CB.

The forward hole of CB is covered by the hexagonal TAPS wall, which is made of 366
hexagonally shaped BaF2 crystals with a thickness of 12 radiation lengths and an inner
ring of 72 PbWO4 crystals of 22.5 radiation lengths at small forward angles. TAPS is
normally installed 1.46 m downstream from the target covering polar angles from 5◦ to 21◦.
The photon energy resolution is parametrized as ∆E/E = 1.8% + 0.8%/(E[GeV])0.5 [62].
The fine granularity of the detector elements leads to excellent resolution in the polar angle
(better than 1◦), while ∆φ = 1◦–6◦. Neutral and charged particles can be discriminated
by plastic scintillators in both detectors. A 50 cm long barrel of 24 strips with a width
of 4 mm surrounds the target and acts as particle identification detector (PID) for CB
[63]. In TAPS charged particles can be identified with individual 5 mm thick plastic
scintillators that are installed in front of every detector element. As the dE/E-resolution
is worse compared to the PID, alternatively the recently constructed pizza detector could
be used. It consists of 24 plastic scintillator sectors and would be place in front of TAPS.
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Figure 9: Schematic view of the A2 experimental setup with the central detector Crystal Ball
(CB) and the forward calorimeter TAPS, and the corresponding subcomponents for charged
particle discrimination (PID, Veto) and tracking (MWPC).

Tests measurements are needed to determine the achievable dE/E-resolution but as the
scintillator thickness is 1 cm, it is expected to be rather good [58]. TAPS additionally
provides separation of photons and massive particles via time-of-flight measurements and
by using the two scintillation light components in the BaF2 crystals in a pulse-shape
analysis.

Although the A2 setup was optimized for the detection of photons, neutrons and
charged particles can be detected as well with the following restrictions:

Neutrons Neutrons can be detected in both CB and TAPS with typical efficiencies up to
40%. Separation from photons is only possible in TAPS (time-of-flight, BaF2 pulse-shape
analysis), separation from protons both in TAPS and CB. An energy measurement is not
possible since the kinetic energy cannot be deduced from the deposited energy [61].

Protons Protons can be detected in both CB and TAPS with typical efficiencies around
80%. The kinetic energy can be determined from the deposited energy using appropriate
corrections up to the punch-through energy (CB: ∼400 MeV, TAPS: ∼380 MeV). Discrim-
ination to pions is possible using the dE/E-technique in CB (up to 250 MeV) and TAPS
(up to 150 MeV).

Pions Pions can be detected in both CB and TAPS with typical efficiencies up to
70%. The kinetic energy can be determined from the deposited energy using appropriate
corrections up to the punch-through energy (CB: ∼250 MeV, TAPS: ∼200 MeV). The
energy resolution for π−-mesons is worse since, once at rest, they will form pionic atoms,
which will finally lead to additional energy depositions by emitted protons and photons
[64]. Discrimination of charged pions to protons is possible using the dE/E-technique in
CB (up to 250 MeV) and TAPS (up to 150 MeV) but the charge of the pions cannot be
determined due to the absence of a magnetic field in the setup.

Kaons K+-mesons can be detected with the in-crystal decay technique [65] in both CB
and TAPS with typical efficiencies of 20–30%. If the kinetic energy of the kaons is below
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Figure 10: K+ detection in the Crystal Ball [66]: (a) Energy distribution of the K+ decay clusters
of all events (black solid), pionic decay events (blue dotted) and muonic decay events (red dashed).
(b) Comparison of experimental (black solid) and simulated (blue dotted) decay cluster energy
distributions for muonic decay events. (c) Impact-decay cluster time difference: Experimental
(black solid) and simulated (blue dotted) distributions. Exponential fit to experimental data
(red curve).

the punch-through energy (CB: ∼350 MeV, TAPS: ∼330 MeV), they will be stopped in the
crystals and decay after a mean lifetime of 12.38 ns [3]. The decay products will deposit
additional energy in a secondary cluster connected to the main cluster. An algorithm was
developed to search for such cluster signatures [65]. It splits potential K+-clusters into
impact and decay subclusters based on the timing signals. Energy and direction of the
kaon can then be accessed via the impact cluster, while properties of the decay cluster help
to differentiate between the dominant µ+νµ (Γi/Γ = 63.56%) and π+π0 (Γi/Γ = 20.67%)
[3] decays.

Fig. 10 shows some characteristic distributions related to the K+-detection technique.
In (a), the decompositon of the total decay cluster energy distribution (black histogram)
into the contributions of the muonic (blue histogram) and the pionic (red histogram)
decays is illustrated. A clear peak around 150 MeV due to the energy deposited by the µ+

can be seen, whereas the distribution coming from the pionic decay is broader. Fig. 10(b)
shows the good agreement of the experimental and the simulated distributions in case
of the muonic decay. Only an overall energy correction is necessary to account for the
systematic shift. Finally, the time difference between the impact and the decay cluster is
plotted in Fig. 10(c) for experimental and simulated data. As expected, both distributions
follow an exponential drop-off and the decay time extracted from the experimental data is
in good agreement with the mean lifetime of the K+-meson [66].

2.2 Kinematics and event reconstruction
The kinematics and event topologies of the signal reactions (R1)–(R4) were studied with
simulations based on a Geant4 [67] model of the experimental setup. Events were generated
according to the differential cross sections measured by CLAS [24] and using the Λ(1405)
resonance parameters provided by the PDG [3]. The resulting lab polar angles and kinetic
energies of all final state particles for the proposed A2 experiment are shown in Fig. 11.
For all reactions, most of the kaons will be going to TAPS with kinetic energies mostly
below the punch-through limit, so that a clean detection via the in-crystal decay technique
is possible. The kinematics is similar for protons coming from the Λ-decay. Time-of-flight,
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Figure 11: Kinematics of γp → K+Λ(1405) in a simulation of the proposed A2 experiment.
Λ(1405) decays in columns, particles in rows: (R1) Λ(1405) → Σ0π0, (R2) Λ(1405) → Σ+π−,
(R3) Λ(1405) → Λγ, (R4) Λ(1405) → Σ0γ . The dashed line represents the CB-TAPS transition.
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dE/E and the BaF2 pulse-shape analysis techniques will further help to achieve a clean
identification of those particles in TAPS. The pions originating from the decay of the Λ are
mainly going to CB. Their energies are in the region were a clean separation from protons
via dE/E is possible. This will be more difficult for pions in TAPS since their energies are
higher and the dE/E resolution is worse using the TAPS vetos. Alternatively, one could
use the still to be tested pizza detector. The MWPC could be used to reconstruct the
pion tracks but as the majority of protons will be detected in TAPS, where no tracking
is available, the exact determination of the Λ-decay vertex will not be possible anyway.
Regarding the photons coming from the decays of the hyperons and the π0, there will be
no issues at all. Most of them are going to CB, where they will contribute to the energy
sum trigger.

The event reconstruction is requiring the detection of the complete final state. The
final analysis will exploit all possibilities for particle identification provided by the different
detectors. In the preliminary analyses presented here, the following selection criteria were
applied:

• detection of K+ cluster candidate via the subcluster finder algorithm, hit in PID or
TAPS veto required. Only the K+ → µ+νµ is considered in this test analysis.

• identification of π− and proton via dE/E in CB (PID) and TAPS (vetos)

• identification of photons via PID and veto detectors (no hit requested)

A kinematic fit [68] of the corresponding signal reaction was performed on all particle
combinations fulfilling these criteria and the solution yielding the lowest χ2 was used in
the subsequent analysis steps. Depending on the signal reaction, further cuts were applied
to obtain the results shown in the following:

• 3σ-cut (CL < 2.7 × 10−3) on the confidence level of the best kinematic fit

• 3σ-cut on m(γγ) to select π0-mesons or to exclude them

• 3σ-cut on the rest frame energy Erest
γ of the Σ0 decay photon

• 3σ-cuts on the differences of the detected and calculated proton polar and azimuthal
angles

Furthermore, the simulated events were subject to a realistic model of the A2 trigger
consisting of an energy sum threshold for the Crystal Ball detector and a multiplicity
condition of logical units in CB and TAPS. The units in CB are made from 45 sectors
each containing up to 16 neighboring crystals, while 6 triangular sectors are constituting
the units in TAPS. In both detectors, one crystal per unit exceeding the corresponding
threshold will mark the unit as hit. A condition is then applied on the number of hit units
which roughly corresponds to the number of detected particle clusters (not taking into
account multiple clusters in a single unit or a single cluster spreading over several units).

The final resolutions of the Σ0π0 and Σ+π− invariant mass distributions in the region
of interest are shown in Figs. 12(a) and 13(a). They were obtained by simulating events
with m(Σπ) = 1.405 GeV (zero intrinsic width). Two different experimental scenarios were
considered. In the first case, a 4 mm photon beam collimator and a 10 cm long target
cell was used. This corresponds to the experimental setup of the 2014 η′-experiment. In
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Figure 12: Resolutions at m(Σπ) = 1.405 GeV in the Λ(1405)→ Σ0π0 analysis: (a) final Σ0π0

invariant mass showing the Λ(1405) resolution. (b) Λγ invariant mass showing the Σ0 signal.
(c) pπ− invariant mass showing the Λ signal. The colors of the histograms denote different
experimental conditions and event reconstruction techniques (see text).
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Figure 13: Resolutions at m(Σπ) = 1.405 GeV in the Λ(1405)→ Σ+π− analysis: (a) final Σ+π−

invariant mass showing the Λ(1405) resolution. (b) pπ0 invariant mass showing the Σ+ signal.
The colors of the histograms denote different experimental conditions and event reconstruction
techniques (see text).

the second case, a 2 mm collimator and a 5 cm target was tested. The motivation for
these settings was mainly to investigate if a spatially more restricted primary vertex would
improve the final m(Σπ) resolutions. This seems not to be the case. Furthermore, the
effect of using the MWPC for the track reconstruction of the charged particles was explored.
Only a minor improvement in the m(Σπ) distributions can be observed. Approximated
Gaussian FWHM resolutions in both the Σ0π0 and Σ+π− invariant masses of 10 MeV are
observed. Finally, the scenario of running an untagged experiment, i.e., without using the
information of the photon tagger, was tested. The advantage of running untagged would
be potentially higher beam currents. But, since in this case the beam photon energy has
an uncertainty of ∼78 MeV, the resulting Σ0π0 and Σ+π− resolutions are twice and three
times worse, respectively, than when running with the tagger.

Figs. 12(b),(c) and 13(b) show the signal distributions of the different intermediate
hyperons of the two Σπ analysis channels. Again, only a minor improvement of the more
restricted primary vertex setup can be seen. The use of the MWPC gives the most notable
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improvement in terms of signal width and position for the Λ-reconstruction, which then
improves also slightly the Σ0-signal. On the other hand, the reconstruction of the more
short-lived Σ+ seems not to profit significantly. As the calculations of the shown hyperon
distributions are not using the photon tagger information, the untagged scenario does not
yield different distributions.

2.3 Detection efficiencies and background contamination
The detection efficiencies of reactions (R1)–(R4) were determined with simulations of the
standard experimental setup using a 4 mm photon beam collimator and a 10 cm long
target cell (equivalent to the 2014 η′-experiment). The main questions to be addressed in
this section is the optimal choice of the experimental trigger and the amount of background
contamination in all analyses channels.

Different thresholds in the range of 100–550 MeV for the energy sum trigger in CB
were investigated. A trigger multiplicity of 4 and higher (M4+) was used along with all
energy sum thresholds with the exception of the 550 MeV setting, in which no multiplicity
condition was applied to reproduce the trigger of the 2014 η′-experiment. The M4+
multiplicity condition denotes the highest reasonable multiplicity sensitive for reactions
(R1)–(R4), where at least four particles need to be detected, while rejecting large parts
of events having less than four final state particles. The use of M4+ is motivated by
the findings discussed in the following. Namely, it was found that a low CB energy sum
threshold increases the detection efficiencies for all reactions of interest. On the other hand,
a low threshold will let pass a large number of unwanted events with higher production
cross sections, possibly saturating the data acquisition system. Therefore, the multiplicity
condition should be as restrictive as possible. As most particles of reactions (R1)–(R4)
going to TAPS have kinetic energies above 80 MeV, the threshold for the multiplicity
sectors in TAPS were set to this value to simulate optimized settings concerning background
rejection. The threshold for the CB units were left at the standard value of 30 MeV.

Different sources of possible background contributions were checked in the analyses of
the signal reactions (R1)–(R4). They can be divided into four groups that will be briefly
discussed in the next paragraphs. More specific comments concerning the background
contamination in each of the signal reactions will be given afterwards.

Nonstrange background Nonstrange reactions, such as γp → pπ+π−π0 (also resonant
via η/ω-photoproduction), γp → pηπ0, and γp → pωπ0 with η/ω → π+π−π0 could mock
the signal final states because π± (and also neutrons) can be marked as kaons by the
in-crystal decay detection algorithm. The probability for this to happen is very small so
that in general the K+-tag given by the algorithm provides a very characteristic signature
for strangeness photoproduction events. Nevertheless, as the nonstrange cross sections
are much higher than the one for the Λ(1405)-production, possible contamination from
these channels was investigated. It was found that only a negligible amount of events
pass the particle number and type selection criteria, hence it is expected that other
reactions yielding the same (or different by ±1 photon) final states are also very unlikely to
contribute significantly. The application of the further analysis cuts discussed in Sec. 2.2
completely removed all nonstrange background events in all four analyses.
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Figure 14: Detection efficiencies of signal (top left) and Λ(1405)/Σ0(1385) hadronic decay
background contributions in the Λ(1405)→ Σ0π0 analysis as a function of the Σ0π0 invariant
mass.
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Figure 15: Detection efficiencies of signal (top left) and Λ(1405)/Σ0(1385) hadronic decay
background contributions in the Λ(1405)→ Σ+π− analysis as a function of the Σ+π− invariant
mass.
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Ground-state hyperon production The reactions γp → K+Λ and γp → K+Σ0 have
roughly 10 times higher cross sections than γp → K+Λ(1405) and could contaminate
the signal reactions due to the presence of the kaon. Especially reaction (R3) could be
affected since it has exactly the same final state as Σ0-production. Indeed, a notable
contamination was found in the analysis of simulated data but since the Λ(1405) and
the Σ0 decay photons have different energies, the removal of this background channel is
straightforward and can be done by a simple cut. No contamination was found for the
other reactions.

Σ0(1385)-production The cross section of γp → K+Σ0(1385) is almost 3 times higher
than the Λ(1405)-production cross section in the region covered by this experiment. In
addition, some of the decays (see Tab. 1) lead to the same final states as in the Λ(1405)
signal reactions. While (R1) is not affected in first order due to Σ0(1385) 6→ Σ0π0 (isospin
forbidden), (R2) will see some contributions from Σ0(1385) → Σ+π−. As the radiative
decays of the Σ0(1385) and the Λ(1405) yield exactly the same final states, contamination
is inevitable for (R3) and (R4) and a simultaneous analysis for the two hyperons needs to
be performed.

Mutual contamination of signal reactions Because of the equal or similar final
states of the signal reactions (R1)–(R4), also mutual contamination is possible and needs
to be investigated. Contamination of the hadronic Λ(1405)-decays by the radiative decays
can of course be neglected due to the tiny branching ratios of the latter, while contamina-
tion into the other direction could be substantial.

The detection efficiencies of signal and background reactions in the Λ(1405)→ Σ0π0

analysis (R1) are plotted in Fig. 14 as a function of the Σ0π0 invariant mass. As mentioned
before, different CB energy sum trigger thresholds were simulated and the corresponding
efficiencies are shown by curves of different color. The average signal efficiencies (top
left) range from 0.23% (550 MeV sum trigger) to 1.25% (100 MeV, M4+). The factor
of ∼5.4 between these two extreme cases illustrates the strong influence of the energy
sum trigger, especially for higher values of m(Σ0π0), where most kaons are going to
TAPS and cannot contribute to the deposited energy in CB. For lower values of m(Σ0π0)
the efficiency is generally lower because there are more high-energy undetected kaons
punching-through the detectors. As shown in the other plots of Fig. 14, the efficiency
for the considered background channels is only a few percent with respect to the signal
efficiency. Nevertheless, considering all factors a contamination of ∼17% coming from
Σ0(1385)→ Λπ0 must be expected in the worst case (see Tab. 2).

The detection efficiencies of signal and background reactions in the Λ(1405)→ Σ+π−

analysis (R2) are plotted in Fig. 15 as a function of the Σ+π− invariant mass. The average
signal efficiencies (top left) range from 0.41% (550 MeV sum trigger) to 1.70% (100 MeV,
M4+) and are thus significantly higher than for (R1). This is probably mostly due to the
lower multiplicity final state and the less distant secondary vertex of the Σ+-hyperon. The
efficiency of the Σ0(1385)→ Σ+π− background reaction is even slightly higher than for the
signal reaction, while the efficiency of Σ0(1385)→ Λπ0, which leads to the exactly same
final state, is considerably lower. The efficiency of the Λ(1405)→ Σ0π0 decay is very small.
Taken into account all factors (see Tab. 2), the Σ0(1385)→ Λπ0 seems to give a major
contribution roughly more than four times stronger than the signal. The simple analysis
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Figure 16: Detection efficiencies of signal (top left) and Λ(1405)/Σ0(1385) radiative decay
background contributions in the Λ(1405)→ Λγ analysis as a function of the Λγ invariant mass.
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Figure 17: Detection efficiencies of the Λ(1405)/Σ0(1385) hadronic decay background contribu-
tions in the Λ(1405)→ Λγ analysis as a function of the Λγ invariant mass.
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Figure 18: Detection efficiencies of signal (top left) and Λ(1405)/Σ0(1385) radiative decay
background contributions in the Λ(1405)→ Σ0γ analysis as a function of the Σ0γ invariant mass.
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Figure 19: Detection efficiencies of the Λ(1405)/Σ0(1385) hadronic decay background contribu-
tions in the Λ(1405)→ Σ0γ analysis as a function of the Σ0γ invariant mass.
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performed for this work is therefore not sufficient for the signal extraction and some better
methods need to be applied in the final analysis. Once the background contributions
will have been suppressed sufficiently, a separation of the different channels should be
possible for example by fitting the different m(Σ+π−) distributions (see Fig. 21) to the
experimental spectrum.

The detection efficiencies of signal and background reactions in the Λ(1405)→ Λγ
analysis (R3) are plotted in Figs. 16 and 17 as a function of the Λγ invariant mass. Here
possible contamination from all hadronic (with the exception of Σ−π+) and radiative
decays of the Λ(1405) and the Σ0(1385) were considered. The average signal efficiencies
(top left of Fig. 16) range from 0.51% (550 MeV sum trigger) to 1.25% (100 MeV, M4+).
Due to the high energetic Λ(1405) decay photon contributing to the CB energy sum, the
efficiency for low values of m(Λγ), where also more kaons are detected in CB, is almost
the same for all energy sum thresholds. Obviously the Σ0(1385)→ Λγ decay has a equally
high efficiency, while the radiative decays of both excited hyperons to the Σ0γ final state
are much small although still notable. On the same low level are the contaminations from
the hadronic decays shown in Fig. 17 with the exception of the Λ(1405)→ Σ0π0 channel,
which is even more suppressed. According to Tab. 2 the Σ0(1385)→ Λπ0 will be the
dominant background in this analysis but basically all final states except Λ(1405)→ Σ0γ
will contaminate the signal. It has to be stressed again that the performed analysis was
rather simple and only exploited a limited number of cuts. Surely the different distributions
of all contributions in, e.g., the Λγ invariant mass (Fig. 22) or the Λ(1405) decay photon
energy in the Λ(1405) rest frame (Fig. 23) will be useful for disentangling the various
channels in a more elaborate analysis.

The detection efficiencies of signal and background reactions in the Λ(1405)→ Σ0γ
analysis (R4) are plotted in Figs. 18 and 19 as a function of the Σ0γ invariant mass. As
before, possible contamination from all hadronic and radiative decays of the Λ(1405) and
the Σ0(1385) were considered. The average signal efficiencies (top left of Fig. 18) range
from 0.25% (550 MeV sum trigger) to 0.87% (100 MeV, M4+). Again, the corresponding
radiative decay of the Σ0(1385) has an equally high efficiency. The other radiative decays
only have very low efficiencies. Efficiencies of the hadronic decays of both hyperons are low
but because of the high production cross section and branching ratio, the Σ0(1385)→ Λπ0

decay will be the dominant background again (see Tab. 2). The separation of this and all
other backgrounds will make use of the different Λγ invariant mass and Λ(1405) decay
photon energy distributions shown in Fig. 24 and Fig. 25, respectively.

2.4 Extraction of observables and cross checks
An estimation of the to be expected effective strengths of the signal and background
contributions is shown in Tab. 2. The detection efficiencies correspond to the 200 MeV CB
energy sum, M4+ trigger scenario. The branching ratios for the hadronic decays were taken
from Tab. 1. The radiative decay widths suffer from considerable uncertainties caused by
the large range of theoretical values and the absence of a previous direct measurement (see
Sec. 1.4). We motivate our choice by the most recent results from unitary chiral theory (see
Eqns. 6 and 7) and use an average value for both decays of ΓY γ = 70 keV for all further
calculations. This is also close to the overall average of the model calculations shown in Tab.
I of Ref. [40]. The assumed branching ratios are thus ΓΛγ/Γ = ΓΣ0γ/Γ = 1.39 × 10−3. Also,
the unknown ΓΣ0γ/Γ for the Σ0(1385) was assumed to be equal to ΓΛγ/Γ = 1.25 × 10−2.
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εdet [%] Γi/Γ (Y ∗) Γi/Γ (Y ) σ [nb] ceff

(R1) Λ(1405)→ Σ0π0

signal 1.19 33% 64% 154 1.00
Λ(1405)→ Σ+π− 0.02 33% 52% 154 0.01
Σ0(1385)→ Λπ0 0.03 87% 64% 404 0.17
Σ0(1385)→ Σ+π− 0.03 6% 52% 404 0.01
(R2) Λ(1405)→ Σ+π−

signal 1.62 33% 52% 154 1.00
Λ(1405)→ Σ0π0 0.07 33% 64% 154 0.05
Σ0(1385)→ Λπ0 0.74 87% 64% 404 3.89
Σ0(1385)→ Σ+π− 1.73 6% 52% 404 0.51
(R3) Λ(1405)→ Λγ
signal 1.18 1.39 × 10−3 64% 154 1.00
Λ(1405)→ Σ0γ 0.11 1.39 × 10−3 64% 154 0.09
Σ0(1385)→ Λγ 1.50 1.25 × 10−2 64% 404 29.99
Σ0(1385)→ Σ0γ 0.15 1.25 × 10−2 64% 404 3.00
Λ(1405)→ Σ0π0 0.01 33% 64% 154 2.01
Λ(1405)→ Σ+π− 0.08 33% 52% 154 13.08
Σ0(1385)→ Λπ0 0.17 87% 64% 404 236.55
Σ0(1385)→ Σ+π− 0.10 6% 52% 404 7.80
(R4) Λ(1405)→ Σ0γ
signal 0.82 1.39 × 10−3 64% 154 1.00
Λ(1405)→ Λγ 0.01 1.39 × 10−3 64% 154 0.01
Σ0(1385)→ Λγ 0.02 1.25 × 10−2 64% 404 0.58
Σ0(1385)→ Σ0γ 0.96 1.25 × 10−2 64% 404 27.62
Λ(1405)→ Σ0π0 0.09 33% 64% 154 26.06
Λ(1405)→ Σ+π− 0.02 33% 52% 154 4.70
Σ0(1385)→ Λπ0 0.03 87% 64% 404 60.07
Σ0(1385)→ Σ+π− 0.02 6% 52% 404 2.24

Table 2: Estimation of effective contributions ceff for the 200 MeV CB energy sum, M4+ trigger
scenario based on detection efficiencies εdet, branching ratios Γi/Γ for the excited hyperon
Y ∗ = {Λ(1405), Σ0(1385)} and the secondary hyperon Y = {Λ, Σ0}, and the production cross
sections σ.

The production cross sections for the Λ(1405) and the Σ0(1385) were estimated from the
CLAS measurements [24] by linear interpolation from the corresponding reaction threshold
to the first data point at Eγ = 1662 MeV. An average cross section in the photon beam
energy range covered by the endpoint tagger was then calculated. Finally, the effective
contributions were normalized to the signal contribution.

In all analysis channels, the Σ0(1385)→ Λπ0 contribution seems to be the largest
background. As can be seen in Figs. 21–25, a separation using the shown variables (amongst
others) should be possible with techniques such as sPlot [69], but as the magnitude of
the background is rather large, a better rejection needs to be implemented beforehand
using more sophisticated analysis methods. For example, an optimization of the signal-to-
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background ratios based on the confidence levels of kinematic fits of all reactions candidates
could be implemented. This approach was already successfully used in the measurement
of the Σ0(1385)→ Λγ decay width [47].

The following list summarizes several cross checks that can be performed in the proposed
experiment, and some additional advantages:

• The second Λ-decay Λ → nπ0 provides an independent data set (with lower statistics)
with a completely different final state and detection efficiencies.

• The radiative decays of the Σ0(1385) will have to be extracted in parallel and the
obtained result for ΓΛγ can be compared to the previously measured value [40, 47].

• The flux normalization can be checked via the determination of the photoproduction
cross sections for the Σ0(1385) or nonstrange mesons.

• Absolute normalization is only needed for the (Σπ)0 line-shape observables.

• Systematic uncertainties due to detection efficiencies will be small in the extraction
of the beam-helicity asymmetry I� and the radiative decay widths because of
cancellation effects.

2.5 Running conditions
Due to the small Λ(1405)-production cross sections, the proposed experiment should run at
the highest possible luminosity. This includes the use of a 4mm collimator and a 10 cm long
hydrogen target. As discussed in Sec. 2.2, the benefits of a smaller beam spot and a shorter
target would only be marginal, but on the other hand lead to a decrease in luminosity
by ∼75%. Even higher luminosities would be possible in an untagged experiment but
this would reduce the photon beam energy resolution dramatically, which would lead to
unacceptable resolutions in the observables and to severe difficulties in the background
rejection. Unfortunately, high luminosities make the use of the MWPC impossible due to
rate limitations, but, as shown in Sec. 2.2, no substantial advantage enabled by their use
could be observed in the event reconstruction.

Test measurements using a 4mm collimator and a 10 cm long hydrogen target but
varying other experimental parameters were performed in July 2014 in preparation of the
η′-experiment. Those measurements allow a more accurate estimation of the parameters
for the proposed experiment. The detection efficiencies presented in Sec. 2.3 suggest that a
200 MeV CB energy sum, M4+ trigger seems to be a reasonable trigger setting. Test data
using a 250 MeV CB energy sum threshold without multiplicity condition is available [70]
and shows the following distribution of multiplicities: M1 (10%), M2 (30%), M3 (40%),
M4+ (20%). Hence, we deduce that applying the M4+ multiplicity condition could reduce
the trigger rate by up to a factor of 5 when using a 200 MeV CB energy sum threshold.
This would allow to increase the beam current by a factor of up to 5 compared to the test
measurement yielding 5 × 14 nA = 70 nA at a data acquisition livetime of ∼60%. This is
close to the beam current used during production running of the η′-experiment (60 nA)
and still well below the hardware limit of the endpoint tagger (110 nA). A further increase
of the beam current towards this limit is only possible when the trigger rate is reduced
even more. Requiring a hit in the endpoint tagger for a positive trigger decision would be
an option to be tested for the proposed experiment. For the η′-decays experiment in 2014,
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this mechanism was found to be not useful since at 30 nA, a trigger reduction of only 10%
could be achieved [71]. Nevertheless, this depends on the main trigger settings and the
benefit of having the EPT contributing to the trigger decision is expected to be higher for
lower CB energy sum thresholds. Namely, a reduction of the tagged event ratio from 11%
to 5% was observed when the energy sum threshold was lowered from 550 MeV to 250
MeV. Other options enabling even higher beam currents would be a threshold Čerenkov
detector vetoing electrons and pions, or an FPGA-based kaon trigger in TAPS sensitive to
the in-crystal decays.

Smaller changes to the standard experimental settings that could further optimize the
signal detection efficiencies and the background suppression, would be checked in detail
before the experiment. They include the use of the pizza detector as dE and time-of-flight
detector for TAPS, the position of this detector and TAPS with respect to the target, the
closing of the backward hole in CB with spare BaF2 crystals or thick plastic scintillator
veto detectors, and the use of a cylindrical PID detector inside CB with a larger radius in
place of the unusable MWPC.

2.6 Combination with other experiments
Combined running with another experiment is possible by, e.g., changing the trigger
conditions on a regular basis during the experiment or by trigger prescaling. This could
even be helpful for obtaining data with a less restrictive trigger conditions for calibration
purposes. The proposed trigger for this experiment combined with the higher-lying tagged
photon energy range could make the a0(980)/f0(980) scalar meson production experiment
(LOI to the PAC 2013 [72]) possible on hydrogen. If this experiment would be performed
using a deuterium target, we could consider measuring a part of our proposed experiment
(radiative decays) on that target as well. Finally, certain decays of the η′ and ω-mesons
studied in the ongoing analyses of the 2014 endpoint-tagger data could benefit from
additional data provided by the complementary trigger of our experiment.
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Figure 20: Expected statistical quality of the Λ(1405) (Σπ)0 line shapes obtained in the proposed
experiment.
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3 Beamtime request
The beamtime request is made based on the measurement of the Λ(1405)→ Σ0γ radiative
decay width with a statistical uncertainty of 25%. This corresponds to the uncertainty of
the first measurement of the Σ0(1385)→ Λγ decay width [40]. Realistic numbers for the
Λ(1405)→ Λγ will be very similar after a more extended background subtraction, hence a
common calculation can be performed using the formula

∆t =
[
δ2

stat · σ · Ne− · εtag · ρt · εdet · εdaq · Γi/Γ
]−1

(8)

and the corresponding values for the tagged photon energy range Eγ =1450–1590 MeV

σ production cross section 154 nb
Ne− detected electrons 2.76 × 107 s−1 at 70 nA
εtag tagging efficiency 60%
ρt target density 0.4215 b−1 (10 cm LH2)
εdet detection efficiency 0.90%
εdaq DAQ livetime 60%
Γi/Γ branching ratio 1.39 × 10−3 · 64% · 84%
δstat relative statistical uncertainty 25%

where the additional branching ratio of 84% comes from the sum of the two analyzable
K+-decays (Γµ+νµ

/Γ = 63.56%, Γπ+π0/Γ = 20.67%) and εdet is the weighted average
detection efficiency for the two kaon-decay analyses. In addition to the ∆t ≈ 1000 hours
of production running, we ask for an additional block of 150 hours for setting up and
optimizing the experiment and request thus a total beamtime of

1150 hours.

The corresponding projected results for the (Σπ)0 line shapes are shown in Fig. 20.
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A Additional figures
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Figure 21: m(Σ+π−) distributions (arb. scaling) in the Λ(1405)→ Σ+π− analysis for the signal
(black curve) and the two most important background contributions (blue and red curves).
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Figure 22: Left side: m(Λγ) distributions (arb. scaling) in the Λ(1405)→ Λγ analysis for the
signal (black curve) and the background caused by the other Λ(1405)/Σ0(1385) radiative decays
(blue, red and green curves). Right side: Corresponding distributions of the Λ(1405) decay
photon energy (Λ(1405) rest frame).

28



) [GeV]γΛm(
1.3 1.4

C
ou

nt
s 

[a
rb

. u
ni

ts
]

0

5

10

15

20 0π0Σ→(1405)Λ
-π+Σ→(1405)Λ
0πΛ→(1385)0Σ
-π+Σ→(1385)0Σ

 [MeV]rest
γE

0 100 200 300

C
ou

nt
s 

[a
rb

. u
ni

ts
]

0

5

10

15

20

Figure 23: Left side: m(Λγ) distributions (arb. scaling) in the Λ(1405)→ Λγ analysis for the
background caused by the Λ(1405)/Σ0(1385) hadronic decays (blue, red and green curves). Right
side: Corresponding distributions of the Λ(1405) decay photon energy (Λ(1405) rest frame).
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Figure 24: Left side: m(Σ0γ) distributions (arb. scaling) in the Λ(1405)→ Σ0γ analysis for the
signal (black curve) and the background caused by the other Λ(1405)/Σ0(1385) radiative decays
(blue, red and green curves). Right side: Corresponding distributions of the Λ(1405) decay
photon energy (Λ(1405) rest frame).
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Figure 25: Left side: m(Σ0γ) distributions (arb. scaling) in the Λ(1405)→ Σ0γ analysis for the
background caused by the Λ(1405)/Σ0(1385) hadronic decays (blue, red and green curves). Right
side: Corresponding distributions of the Λ(1405) decay photon energy (Λ(1405) rest frame).
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