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Photoproduction of the �+ hyperon using linearly polarized photons with CLAS

L. Clark,1,* B. McKinnon ,1,† D. G. Ireland,1 D. I. Glazier,1 K. Livingston,1 D. Rönchen,2 A. G. Acar,45 P. Achenbach,40

J. S. Alvarado,23 M. J. Amaryan,33 W. R. Armstrong,3 H. Atac,39 L. Baashen,14,‡ L. Barion,18 M. Battaglieri,19 B. Benkel,20

F. Benmokhtar,11 A. Bianconi,22,42 A. S. Biselli,12 W. A. Booth,45 F. Bossù,7 K.-Th. Brinkmann,34 W. J. Briscoe,16

W. K. Brooks,41 S. Bueltmann,33 T. Cao,40 R. Capobianco,9 D. S. Carman,40 A. Celentano,19 P. Chatagnon,40 G. Ciullo,13,18

P. L. Cole,26 M. Contalbrigo,18 A. D’Angelo,20,36 N. Dashyan,48 R. De Vita,19,§ M. Defurne,7 A. Deur,40 S. Diehl,34,9

C. Djalali,32 M. Dugger,4 R. Dupre,23 H. Egiyan,40 A. El Alaoui,41 L. El Fassi,28 P. Eugenio,15 S. Fegan,45 R. F. Ferguson,1

A. Filippi,21 C. Fogler,33 K. Gates,1 G. Gavalian,29,40 G. P. Gilfoyle,44 A. A. Golubenko,37 R. W. Gothe,38 M. Guidal,23

H. Hakobyan,41 M. Hattawy,33 F. Hauenstein,40 T. B. Hayward,9 D. Heddle,8,40 A. Hobart,23 M. Holtrop,29 E. L. Isupov,37

D. Jenkins,46 H. Jiang,1 H. S. Jo,25 D. Keller,47 M. Khandaker,31,� W. Kim,25 F. J. Klein,6,14 V. Klimenko,9 A. Kripko,34

V. Kubarovsky,40 L. Lanza,20,36 P. Lenisa,18,13 X. Li,27 I. J. D. MacGregor,1 D. Marchand,23 V. Mascagna,22,42 D. Matamoros,23

S. Migliorati,22,42 V. Mokeev,40 C. Munoz Camacho,23 P. Nadel-Turonski,40 K. Neupane,38 S. Niccolai,23 G. Niculescu,24,32

M. Osipenko,19 P. Pandey,27 M. Paolone,30 L. L. Pappalardo,13,18 R. Paremuzyan,40 E. Pasyuk,4,40 S. J. Paul,43 W. Phelps,8

N. Pilleux,23 M. Pokhrel,33 S. Polcher Rafael,7 Y. Prok,33,47 T. Reed,14 J. Richards,9 M. Ripani,19 B. G. Ritchie,4 J. Ritman,17

G. Rosner,1 C. Salgado,31 S. Schadmand,17 A. Schmidt,16 R. A. Schumacher,5 Y. G. Sharabian,40 E. V. Shirokov,37

U. Shrestha,9 D. Sokhan,1 N. Sparveris,39 M. Spreafico,19 S. Stepanyan,40 I. I. Strakovsky,16 S. Strauch,38 J. A. Tan,25

M. Tenorio,33 N. Trotta,9 R. Tyson,40 M. Ungaro,35,40 L. Venturelli,22,42 H. Voskanyan,48 E. Voutier,23 D. P. Watts,45 X. Wei,40

R. Williams,45 L. Xu,23 N. Zachariou,45 Z. W. Zhao,10 and M. Zurek3

(The CLAS Collaboration)
1University of Glasgow, Glasgow G12 8QQ, United Kingdom

2Institute for Advanced Simulation (IAS-4), Forschungszentrum Jülich, 52425 Jülich, Germany
3Argonne National Laboratory, Argonne, Illinois 60439, USA
4Arizona State University, Tempe, Arizona 85287-1504, USA

5Carnegie Mellon University, Pittsburgh, Pennsylvania 15213, USA
6Catholic University of America, Washington, DC 20064, USA

7IRFU, CEA, Université Paris-Saclay, F-91191 Gif-sur-Yvette, France
8Christopher Newport University, Newport News, Virginia 23606, USA

9University of Connecticut, Storrs, Connecticut 06269, USA
10Duke University, Durham, North Carolina 27708-0305, USA

11Duquesne University, 600 Forbes Avenue, Pittsburgh, Pennsylvania 15282, USA
12Fairfield University, Fairfield, Connecticut 06824, USA

13Universita’ di Ferrara, 44121 Ferrara, Italy
14Florida International University, Miami, Florida 33199, USA

15Florida State University, Tallahassee, Florida 32306, USA
16The George Washington University, Washington, DC 20052, USA

17GSI Helmholtzzentrum für Schwerionenforschung GmbH, D-64291 Darmstadt, Germany
18INFN, Sezione di Ferrara, 44100 Ferrara, Italy
19INFN, Sezione di Genova, 16146 Genova, Italy

20INFN, Sezione di Roma Tor Vergata, 00133 Rome, Italy
21INFN, Sezione di Torino, 10125 Torino, Italy

22INFN, Sezione di Pavia, 27100 Pavia, Italy
23Université Paris-Saclay, CNRS/IN2P3, IJCLab, 91405 Orsay, France

24James Madison University, Harrisonburg, Virginia 22807, USA
25Kyungpook National University, Daegu 41566, Republic of Korea

26Lamar University, 4400 MLK Blvd, PO Box 10046, Beaumont, Texas 77710, USA

*Present address: Information Services, Durham University, UK.
†Contact author: Bryan.McKinnon@glasgow.ac.uk
‡Present address: King Saud University, Riyadh, Saudi Arabia.
§Present address: Thomas Jefferson National Accelerator Facility, Newport News, Virginia 23606, USA.
�Present address: Idaho State University, Pocatello, Idaho 83209, USA.

Published by the American Physical Society under the terms of the Creative Commons Attribution 4.0 International license. Further distribution
of this work must maintain attribution to the author(s) and the published article’s title, journal citation, and DOI.

2469-9985/2025/111(2)/025204(10) 025204-1 Published by the American Physical Society

https://orcid.org/0000-0002-5550-0980
https://ror.org/00vtgdb53
https://creativecommons.org/licenses/by/4.0/


L. CLARK et al. PHYSICAL REVIEW C 111, 025204 (2025)

27Massachusetts Institute of Technology, Cambridge, Massachusetts 02139-4307, USA
28Mississippi State University, Mississippi State, Mississippi 39762-5167, USA

29University of New Hampshire, Durham, New Hampshire 03824-3568, USA
30New Mexico State University, PO Box 30001, Las Cruces, New Mexico 88003, USA

31Norfolk State University, Norfolk, Virginia 23504, USA
32Ohio University, Athens, Ohio 45701, USA

33Old Dominion University, Norfolk, Virginia 23529, USA
34II Physikalisches Institut der Universitaet Giessen, 35392 Giessen, Germany

35Rensselaer Polytechnic Institute, Troy, New York 12180-3590, USA
36Università di Roma Tor Vergata, 00133 Rome, Italy

37Skobeltsyn Institute of Nuclear Physics, Lomonosov Moscow State University, 119234 Moscow, Russia
38University of South Carolina, Columbia, South Carolina 29208, USA

39Temple University, Philadelphia, Pennsylvania 19122, USA
40Thomas Jefferson National Accelerator Facility, Newport News, Virginia 23606, USA

41Universidad Técnica Federico Santa María, Casilla 110-V Valparaíso, Chile
42Università degli Studi di Brescia, 25123 Brescia, Italy

43University of California Riverside, 900 University Avenue, Riverside, California 92521, USA
44University of Richmond, Richmond, Virginia 23173, USA

45University of York, York YO10 5DD, United Kingdom
46Virginia Tech, Blacksburg, Virginia 24061-0435, USA

47University of Virginia, Charlottesville, Virginia 22901, USA
48Yerevan Physics Institute, 375036 Yerevan, Armenia

(Received 30 April 2024; accepted 3 February 2025; published 20 February 2025)

Background: Measurements of the polarization observables �, P, T, Ox, Oz for the reaction �γ p → K0
S �+ using

a linearly polarized photon beam of energy 1.1 to 2.1 GeV are reported.
Purpose: The measured data provide information on a channel that has not been studied extensively, but is
required for a full coupled-channel analysis in the nucleon resonance region.
Method: Observables have been simultaneously extracted using likelihood sampling with a Markov-Chain
Monte Carlo process.
Results: Angular distributions in bins of photon energy Eγ are produced for each polarization observable. T, Ox,
and Oz are first time measurements of these observables in this reaction. The extraction of � extends the energy
range beyond a previous measurement. The measurement of P, the recoil polarization, is consistent with previous
measurements.
Conclusions: The measured data are shown to be significant enough to affect the estimation of the nucleon
resonance parameters when fitted within a coupled-channels model.

DOI: 10.1103/PhysRevC.111.025204

I. INTRODUCTION

The database of observables from photoproduction of
mesons in the nucleon resonance region now numbers tens of
thousands of points [1,2]. Together with a similar number of
pion scattering data points, they represent the experimentally
measured information that is available to interpret the spec-
trum of light baryons, i.e., determine which resonances exist
and some of their properties.

Most of the data are in the form of differential cross sec-
tions, but a substantial amount of polarization observables
have been measured, thanks to advances in the ability to
produce polarized beams of photons (linear and circular po-
larization), polarized targets (longitudinal and transversely),
and to measure recoil polarization.

In the hadronic mass region of roughly 1 to 3 GeV,
many meson-baryon final states can be produced, and it is
now generally accepted that a sophisticated theoretical model

requires a full coupling of all channels to be able to deter-
mine the light baryon spectrum. Hence the need to produce
a comprehensive dataset. While a range of different final
state reactions have been measured (πN , ηN , KY , vector
mesons, multiple mesons), there remain significant differ-
ences in the amount and quality of data available for each
channel.

Strangeness photoproduction is seen as ideal for determin-
ing many polarization observables, due to the weak decay
of hyperons giving rise to self-analyzing final state recoiling
baryons. In principle it is now possible to carry out mea-
surements that can determine a sufficient number of different
observables to extract amplitude information [3]. However,
amplitude extraction also requires these measurements to be
performed to sufficient accuracy [4]. The usefulness of any
dataset is generally determined by the sensitivity of fits of
theoretical models to the measured data.
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In this paper, we report a measurement of five polarization
observables for the reaction �γ p → K0

S �+ using a linearly
polarized photon beam of energy 1.1 to 2.1 GeV (invariant
energy W = 1.716 to 2.195 GeV). This channel has been
previously measured to give values for recoil polarization P
and photon beam asymmetry �. Our present measurement of
P overlaps the previous data [5,6] which allows a check for
consistency. It extends the range of measured �, and is the
first measurement of the target spin asymmetry T, and the
beam-recoil double-spin asymmetries Ox and Oz.

II. EXPERIMENTAL SETUP AND FORMALISM

The Thomas Jefferson National Accelerator Facility (JLab)
in Newport News, Virginia is home to the Continuous Elec-
tron Beam Accelerator Facility (CEBAF). The data presented
here were acquired in 2001, during the g8b experiment, util-
ising the delivered electron beam and both the CEBAF Large
Acceptance Spectrometer (CLAS) detector [7] and the photon
tagging spectrometer (tagger) [8] in Hall B. Linearly polarized
photons were produced by scattering electrons from a dia-
mond radiator, a technique known as coherent bremsstrahlung
[9,10] with the energy-degraded electron detected in the pho-
ton tagging spectrometer. Final state particles were detected
in the CLAS detector, which was a multi-subsystem de-
tector package utilising drift chamber (DC) tracking, time
of flight (ToF), calorimetry and in the case of photopro-
duction experiments, a start time counter (ST) arranged in
six sectors [11–14]. In combination with a toroidal mag-
netic field, these subsystems allowed for the reconstruction
of both charged and neutral particles with momentum reso-
lution σp/p ∼ 1% and a polar angle acceptance from 8◦ to
140◦. The target used in this experiment was a 40-cm-long
liquid-hydrogen target and was placed 20 cm upstream from
the geometric center of CLAS. The experimental configura-
tion used for this data collection consisted of a 4.55 GeV
electron beam incident on a 50-µm thick diamond radiator,
producing a beam of linearly polarized photons. Five co-
herent edge settings, where the degree of linear polarization
is maximal, were selected [15] at 1.3, 1.5, 1.7, 1.9, and
2.1 GeV, and the degree of polarization was calculated an-
alytically from a fit [16]. The data were collected in two
orthogonal orientations of the photon linear polarization,
parallel and perpendicular to the laboratory floor, allowing
systematic uncertainties relating to detector acceptance to be
minimised.

The coordinate system and kinematic variables used in the
description of kaon photoproduction are shown for the center-
of-mass reference frame in Fig. 1.

The unprimed coordinate system defined in the rest frame
of the hyperon is chosen for this analysis, where the z axis
is orientated along the momentum of the boosted incoming
photon (�k). With a kaon momentum �q, x̂, ŷ and ẑ are defined
as

ẑ = �k
|�k| ; ŷ = �k × �q

|�k × �q| ; x̂ = ŷ × ẑ. (1)

FIG. 1. Kinematics of the γ p → K0�+ reaction.

III. EVENT SELECTION

In this measurement, neither the K0
S nor the �+ were

directly detected. Instead the reaction was determined and
isolated via the identification of charged final state particles:

−→γ p → K0
S �+ → pπ+π−(π0),

where the K0
S decays into a π+ and π− with a 69.3% branch-

ing ratio, whilst the �+ decays into a proton and π0 with a
51.6% branching ratio. The π0 was reconstructed from the
pπ+π− missing mass (MM), while the �+ and K0

S were
subsequently reconstructed from the invariant mass (IM) of
pπ0 and π+π−, respectively.

The analysis was carried out for each of the five coherent
peak positions, with an initial cut applied to restrict the data to
the photon energies with a relatively high degree of polariza-
tion. The polarized photons for each setting were identified in
a 200-MeV-wide bin with an upper limit at the coherent edge
position. The 200-MeV bin size was found to be optimal for
consistency of the polarization value, as demonstrated by the
study described in [17].

A. Event filter and particle identification (PID)

After an initial selection of events with the required number
of particles as well as a valid hit in the tagging spectrom-
eter, a loose identification of the particles was made using
the charge and mass determined by the drift chambers (DC)
and time-of-flight (ToF) subsystem, and a z-vertex coordinate
compatible with the target geometry. Based on these require-
ments and considering the final state particles that would arise
from the decays of the K0

S and �+, events with exactly one
proton, π+, and π− (plus possible neutrals) were retained.
Although not explicitly required for the reaction of interest,
the possibility of a neutral being in the data is retained. Having
determined the three final state hadrons, the remaining parti-
cle identification step was to associate them with the correct
detected photon. The hadron timing information was extrap-
olated backwards to the event vertex. This vertex time should
be identical to the tagger timing of the event photon, within
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FIG. 2. Missing mass (π+π−) vs mass (π+π−). Top: after PID
only. Bottom: after π 0 mass cut. The rectangle shows the extent of
the mass cuts around the kaon and hyperon, and contains those events
retained for further analysis.

the 2 ns beam bucket delivered by CEBAF. The interaction
photon was identified based upon this time coincidence.

B. Channel identification

After the application of the particle identification proce-
dure described, the following mass requirements were placed
on the reconstructed particle combinations:

(i) π0: 0.05 < MM(pπ+π−) <0.22 GeV/c2

(ii) K0: 0.450 < IM(π+π−) <0.550 GeV/c2

(iii) �+: 1.150 < MM(π+π−) <1.250 GeV/c2.

Events remaining after the above cuts were used as candi-
dates for the K0

S �+ final state. Distributions for the different

mass combinations are shown in Fig. 2, where actual signal
events are evident as described in the caption. The particle and
channel identification cuts applied, and the number of events
after each stage, are summarized in Table I.

C. Photon beam polarization

The coherent bremsstrahlung process [9,10], in which
the electron scatters from a diamond radiator producing lin-
early polarized photons, is well understood. The coherent
enhancement above the ∼1/Eγ incoherent unpolarized back-
ground distribution was measured and fitted using the method
described in Ref. [16] to calibrate the degree of linear polar-
ization. The range of beam polarization was 50–90 % in this
experiment. Systematic uncertainties in the degree of polar-
ization are consistent for all reactions. Therefore we used a
detailed study of the consistency of the calculated polarization
using the high-statistics reaction γ p → pπ0 [18,19] to quan-
tify this uncertainty. From this study the estimated systematic
uncertainty of the photon polarization was 4% for the 1.3, 1.5,
1.7, 1.9 GeV settings and 6% for the 2.1 GeV setting.

D. Signal/background separation

Prior to analyzing the angular distributions, which are sen-
sitive to the observables of interest, background contributions
were removed. In this work, the sPlots technique, developed
by Pivk and Diberder [20], was employed.

To separate exclusive pπ+π−π0 events the missing mass
of pπ+π− was used, which is peaked at the π0 mass for
exclusive signal events. To then filter the strange K0�+ events
the invariant mass of π+π− was used, which peaks at the
mass of K0

S , above a background of exclusive, non/strange
pπ+π−π0 events. Weights were first obtained from the π0

fit and used to form a weighted K0
S mass distribution. A fit to

this second distribution provided a combined set of weights
to extract exclusive K0

S �+ events, which were then used in
extracting the polarization observables. In each case, the dis-
tribution was modelled as a Gaussian peak on a Chebyshev
polynomial background. Figure 3 shows an example of each
of these fits for one bin in Eγ and cos θ c.m.

K0 .
As a validation of the background subtraction procedure

we show the subtracted missing mass of π+π−, which, for
the case of exclusive signal events only, should give a narrow
peak at the �0 mass of 1.189 GeV/c2. Figure 4 shows an
example of this mass distribution for one cos θ c.m.

K0 bin at Eγ =
1.23 GeV. The fitted mean of this �+ mass varies from 1.185
to 1.188 GeV/c2, within 0.3% of the particle data group
(PDG) value, across all bins.

TABLE I. Analysis cuts applied and resulting number of events for combined coherent peak settings.

Applied cut Details Events

Initial skim 3 charged particles, optional neutral particles in final state 6.04 × 108

z-vertex cut, proton and pion mass cuts −40 < z < 0 cm 0.49 < M2(p) < 1.44 GeV/c2 M2(π+/−) < 0.09 GeV/c2 2.44 × 108

γ -proton vertex timing |Vertex time(γ ) - Vertex time(p)| < 1.0 ns 1.48 × 108

Polarization Entry exists in polarization tables 5.06 × 107

Mass cuts π 0: (GeV/c2) ∈ (0.05,0.22) K0: (GeV/c2) ∈ (0.45,0.55) �+: (GeV/c2) ∈ (1.15,1.25) 1.15 × 106
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FIG. 3. Example π 0 (left) and K0 (right) mass fits for the Eγ = 1.23 GeV and cos θ c.m.

K0 = −0.28 bin. In each, the plot shows data points in
black, combined signal and background model in solid red, signal in dotted black, and background in dotted red.

IV. EXTRACTION OF OBSERVABLES

This work reports one of several reactions measured in the
same run period, and follows on from the results of Paterson
et al. [17]. In that work, a method was introduced for simul-
taneously determining all polarization observables to which

FIG. 4. Missing mass (π+, π−) for one cos θ c.m.

K0 and Eγ bin. The
dashed vertical line shows the PDG mass of the �+.

the experiment was sensitive, using event-by-event maximum
likelihood weights. There are several developments in the
extraction technique since the work of Ref. [17]:

(i) There is no independent measurement of �+ recoil
polarization P, so it is not solely an asymmetry mea-
surement in photon polarization, and an acceptance
calculation must be included.

(ii) The likelihood as a function of the observables of
interest is sampled with a Markov-Chain Monte Carlo
(MCMC) [21] to estimate the values and co-variances
via a Metropolis-Hastings algorithm [22,23].

(iii) To take into account the correlations among the
observables, which arise from the spin algebra of
pseudoscalar meson photoproduction, the MCMC
samples amplitude space. The mapping from ampli-
tudes to observables is surjective (many to one), so
this would only be possible with a sampling algo-
rithm, not an optimizer.

In order to construct a likelihood function, one must pro-
vide a probabilistic model for what the data would be, given
the model with its parameters set to specific values. The
differential cross section for the reaction, assuming linear
photon polarization only and that recoil polarization can be
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FIG. 5. Example of a so-called corner plot, showing the posterior distributions of the observables evaluated at W = 1.786 GeV and
cos θ c.m.

K0 = −0.28, together with the correlation plots.

determined, can be written as [2]

dσ

d�
≡ σ (φ, cos θx, cos θy, cos θz )

= σ0{1 − Pγ � cos 2φ

− α cos θxPγ Ox sin 2φ

+ α cos θyP − α cos θyPγ T cos 2φ

−α cos θzP
γ Oz sin 2φ}, (2)

where σ0 represents the unpolarized cross section, Pγ is
the degree of linear photon polarization, φ is the center-
of-mass azimuthal angle from the photon polarization plane
to the kaon transverse momentum direction, the variables
cos θx, cos θy, cos θz are the direction cosines of the decay pro-
ton in the �+ rest frame and α is the weak decay parameter,
with value −0.982 ± 0.014 [24], for the reaction �+ → pπ0.
The emboldened symbols represent the polarization observ-
ables that we wish to extract.

We can thus construct a function I (= dσ
d�

) that depends
on both the measured variables x = {Pγ , φ, θx, θy, θz} and the

parameters we wish to estimate (polarization observables),
� = {�, Ox, Oz, T, P}. An acceptance function η(x), deter-
mined by simulation is also required, so if each event is
characterized by its “data” xi, we have for the likelihood of
the N event sample

L (�) =
N∏
i

I (xi : �)η(xi )

A(�)
. (3)

A(�) is the probability normalisation integral, integrated over
the full range of the measured observables, given by

A(�) =
∫

I (x : �)η(x) dx. (4)

The sPlot process gives a weight wi for each event. The
inclusion of weights in the likelihood means that an additional
factor is required to account for the effect of the weights on
the uncertainties. Specifically, the uncertainty will scale with

the quantity
∑

i w
2
i∑

i wi
and we apply an approximate correction

factor accounting for this in the log likelihood, which is

025204-6



PHOTOPRODUCTION OF THE �+ HYPERON … PHYSICAL REVIEW C 111, 025204 (2025)

FIG. 6. Comparison of results against the Juelich-Bonn dynamical coupled channels model [25]. Data points from this work are in black,
the brown line is the 2022 model prediction, and the blue line is after including the data. The dependence on θ c.m.

K0 is shown for each observable
for four center-of-mass energy bins.

given by

ln L (�) =
∑

i wi∑
i w

2
i

N∑
i

[
wi ln

I (xi : �)η(xi )

A(�)

]
(5)

=
∑

i wi∑
i w

2
i

N∑
i

[
wi ln

I (xi : �)

A(�)
+ ln η(xi )

]
, (6)

where we ignored the ln η(xi ) term in the sampling as it
does not effect the parameter posterior distributions, and we
approximated A(�) by

A(�) =
Ns∑
s

I (xs : �), (7)

where the sum over s is over accepted Monte Carlo
events in which the full reaction has been simulated (us-
ing a phase space generator [26] and weighted to reflect
the distributions in Eγ and four-momentum transfer, t , ob-
served in the data), reconstructed and passed through our
selection cuts. This accounts for the factor η(xs) in the
integral.

The task of the MCMC is to draw samples from a distribu-
tion that will asymptotically match the distribution, so that the
samples can be used to determine estimators of the quantities
of interest. We are therefore looking for a distribution in the
parameter space �.

However, there is a further restriction. The five observ-
ables that this measurement is sensitive to are part of a
full set of 16 observables that are related to four (complex)
amplitudes, which are functions of W and cos θ c.m.

K0 . The
mapping from amplitudes to observables depends on the basis
in which the amplitudes are defined. Using the transversity
basis, such as that proposed in Vrancx et al. [27], the four
complex transversity amplitudes a j are normalized such that

a2
1 + a2

2 + a2
3 + a2

4 = 1, (8)

where a2
j = a ja�

j , and which divides out an overall factor
proportional to the cross section. The real and imaginary
components of the amplitudes thus form a unit hypersphere

TABLE II. Reduced χ 2 values before (JuBo2022 solution [28])
and after the inclusion of the new data (JuBo2023-1 solution).

Reduced χ 2

JuBo2022 before fit JuBo2023-1 after fit

� 13.35 1.01
P 2.43 1.44
T 8.97 1.34
Ox 2.94 1.96
Oz 3.30 0.91
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TABLE III. Pole positions of resonances affected by the new
data, before (JuBo2022 solution [28]) and after fitting (JuBo2023-1
solution).

Pole position (MeV) Width (MeV)

Before After Before After
fitting fitting fitting fitting

�(1910) JP = 1/2+ 1802 (11) 1745 550 (22) 433
N (1900) JP = 3/2+ 1905 (3) 1893 93 (4) 105
N (2190) JP = 7/2− 1965 (12) 1946 288 (66) 162

in eight-dimensional space (seven-sphere). The polarization
observables are then related to the normalized amplitudes by
[27]

� = a2
1 + a2

2 − a2
3 − a2

4,

P = a2
1 − a2

2 + a2
3 − a2

4,

T = a2
1 − a2

2 − a2
3 + a2

4,

Ox = 2 Re (a1a∗
4 + a2a∗

3 ),

Oz = 2 Im (a1a∗
4 − a2a∗

3 ). (9)

For the MCMC used here, the sampling proceeds in the
parameter space of the real and imaginary parts of ampli-
tude space, where it is straightforward to explore the surface
of the seven-sphere. The proposed values a j are then used
to evaluate proposed values of � via Eq. (4), at which the
likelihood is evaluated. The MCMC sampling was performed
sequentially by drawing a randomized step size for a sin-
gle random amplitude part and moving to that point. The
Metropolis-Hasting algorithm [22,23] was then followed until
2000 steps had been accepted in the chain. This number in-
cluded 50 burn-in steps that were excluded from the posterior
distributions.

An example of the resulting sampled probability density
functions is shown in Fig. 5. In this example, it can be seen
that the MCMC amplitude sampling procedure ensures the
limits of −1 and +1 (e.g., P and T ), and correlations between
different observables are evident (e.g., � vs T ).

V. SYSTEMATIC UNCERTAINTIES AND VALIDATION

Systematic studies were performed by varying the width of
the fit around the π0 mass, the background shape and width
of the fit around the K0 mass and the MCMC step size. The

dominant uncertainty, from the fit to the K0 mass, was studied
by obtaining signal weights when the interval was 35, 50,
65, and 80 MeV. Using each set of weights, MCMC chains
were produced and merged to create a posterior distribution
(PDF) that includes the effects of these systematic variations.
The resulting effect on the extracted observable distribution
variances was small compared to the statistical uncertainty. In
order to validate the extraction method, toy data was created
from a phase space simulation with known fixed values set
for each observable based upon the real data. Each event in
the toy data was processed as accepted or rejected based on
the probability of it being included in a distribution with the
given observable values. The distributions of deviation, mea-
sured minus true, for each observable resulted in mean values
of the order 0.01 to 0.02. These deviations are an order of
magnitude smaller than the standard deviations quoted lead-
ing to the conclusion that any bias introduced by the fitting
method is insignificant in comparison to the statistical uncer-
tainty. These systematic uncertainties from the fit interval and
method validation were considered along with those from the
photon polarization (see Sec. III C) and the 1.7% introduced
from the �+ weak decay parameter α, resulting in an upper
limit on the systematic uncertainty of 6% for photon energy
bins in the range 1.1 to 1.85 GeV and 7% for the 1.85 to
2.1 GeV bin.

VI. RESULTS

Data for the five observables, determined at a total of 21
points in energy and angle, are presented in Fig. 6. Plotted for
comparison are the calculations of the Juelich-Bonn dynam-
ical coupled-channels model [25] before (brown) and after
(blue) a refitting of the model with the current data included.

In the Juelich-Bonn model a hadronic potential derived
from an effective Lagrangian with chiral constraints is it-
erated in a Lippmann-Schwinger equation formulated in
time-ordered perturbation theory. The photointeraction is de-
scribed in a semiphenomenological framework [29]. The
model preserves unitarity and analyticity and resonance states
are defined as poles in the complex energy plane of the second
Riemann sheet of the scattering amplitude. The values of the
free parameters of the model are determined in simultaneous
fits to pion- and photon-induced reactions.

In its most recent version “JuBo2022” [28] about 7.2 × 104

data points from the reactions πN , γ p → πN , ηN , K�, and
K� were considered. Only 448 of those data points came
from the γ p → K0�+ channel, compared to, e.g., 5632 for
γ p → K+�0. In combination with the fact that only very few

TABLE IV. Photon decay amplitudes affected by the new data, before (JuBo2022 solution [28]) and after fitting (JuBo2023-1 solution).

Modulus (GeV−1/2) Phase

Before fitting After fitting Before fitting After fitting

�(1910) JP = 1/2+ A1/2 −0.446 (0.072) −0.449 −69.50◦ (21) −157.28◦

N (1900) JP = 3/2+ A1/2 0.0091 (0.0027) 0.0077 80.45◦ (23) 26.98◦

A3/2 −0.0077 (0.0034) −0.029 −42.38◦ (23) −30.1◦

N (2190) JP = 7/2− A1/2 0.015 (0.008) 0.005 −68.92◦ (17) −174.10◦

A3/2 −0.062 (0.022) −0.031 −0.54◦ (26) −58.17◦
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FIG. 7. Real (upper row) and imaginary parts (lower row) of the
E1+ (left) and M1+ (right) multipoles for the reaction γ p → K0�+

from the Jülich-Bonn dynamical coupled channels model. Brown
lines: JuBo2022 solution. Blue lines: JuBo2023-1 solution that in-
cludes the data of this work in the fits.

polarization data were available, it was noticed in Ref. [28]
that the determination of the γ p → K0�+ amplitude is dif-
ficult and achieving a good description of the data is hard,
resulting in a rather large total reduced χ2 of 3.16 for K0�+
compared to 1.66 for K+�0. The database of the JuBo2022
analyses included the recoil polarization measurement from
Ref. [6], but not the one form Ref. [5].

In the present study we performed a refit of the full JuBo
data base of pion- and photon-induced reactions with the new
polarization data presented here as the only additional exper-
imental information. In this new fit (“JuBo2023-1” solution),
the description of older K0�+ data could also be improved
and a total reduced χ2 of 2.01 for K0�+ was achieved. While
it is possible to see that there is some improvement in the
model fit for all the observables, the improvement in the
goodness of fit can be estimated by examining the reduced
χ2 statistic. As can be seen from Table II, there is indeed a
noticeable improvement, indicating that the new data are able
to affect the models.

We examined the consequences of including the new data
in the fit, and as shown in Table III, there are significant
differences in the pole positions for three nucleon resonances.
Table IV displays the differences in the photodecay ampli-
tudes for these three resonances.

The new data have a noticeable impact on the partial-wave
content of the γ p → K0�+ channel. In JuBo2022 the dom-
inant contribution came from the P13 partial wave, followed
by P33. This order is now reversed. Accordingly, we observe
major changes in the E1+ and M1+ multipole amplitudes (see

Fig. 7) and also the pole position of the N (1900)3/2+ changes
from 1905 − i46.5 MeV [28] to 1893 − i52 MeV.

Another remarkable shift concerns the �(1910)1/2+ res-
onance, which was very broad (∼550 MeV) but is now
narrower by almost 120 MeV (see Table III). In addition the
real part of the pole moved by almost 60 MeV to a lower
value. Moreover, the contribution of the P31 partial wave to
the K0�+ total cross section is increased. These observations
emphasize the importance of polarization observables to de-
termine the amplitude and to disentangle the isospin content in
the K� channels. Further differences in pole positions occur
for states in higher partial waves where the resonance param-
eters are less stable in general. However, it is noteworthy that
the width of the N (2190)7/2− was much broader in previous
JuBo fits than in the new fit.

VII. CONCLUSIONS

Five polarization observables (�, Ox, Oz, T, P) have been
extracted for the reaction �γ p → K0

S �+ in the nucleon res-
onance region using a linearly polarized photon beam and
the CLAS detector. Comparison with state-of-the-art coupled-
channels calculations demonstrate that even though the
measurements were made at relatively few kinematic points,
nonetheless they carry sufficient information to be sensitive to
the details of several light baryon resonances and are thus an
important addition to the database of photoproduction results.
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