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18

G.D. Smith,37 D.I. Sober,6 N. Sparveris,34 J.A. Tan,24 M. Ungaro,35, 30 H. Voskanyan,42 E. Voutier,21 R.19

Wang,21 X. Wei,35 L.B. Weinstein,29 M.H. Wood,5, 33 N. Zachariou,37 J. Zhang,40 and Z.W. Zhao10
20

(The CLAS Collaboration)21

1Carnegie Mellon University, Pittsburgh, Pennsylvania 1521322

2Argonne National Laboratory, Argonne, Illinois 6043923

3Arizona State University, Tempe, Arizona 85287-150424

4California State University, Dominguez Hills, Carson, CA 9074725

5Canisius College, Buffalo, NY26

6Catholic University of America, Washington, D.C. 2006427

7IRFU, CEA, Universit’e Paris-Saclay, F-91191 Gif-sur-Yvette, France28

8Christopher Newport University, Newport News, Virginia 2360629

9University of Connecticut, Storrs, Connecticut 0626930

10Duke University, Durham, North Carolina 27708-030531

11Fairfield University, Fairfield CT 0682432

12Universita’ di Ferrara , 44121 Ferrara, Italy33

13Florida International University, Miami, Florida 3319934

14Florida State University, Tallahassee, Florida 3230635

15The George Washington University, Washington, DC 2005236

16INFN, Sezione di Ferrara, 44100 Ferrara, Italy37

17INFN, Laboratori Nazionali di Frascati, 00044 Frascati, Italy38

18INFN, Sezione di Genova, 16146 Genova, Italy39

19INFN, Sezione di Roma Tor Vergata, 00133 Rome, Italy40

20INFN, Sezione di Torino, 10125 Torino, Italy41
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We report the first measurements of the E beam-target helicity asymmetry for the ~γ~n→ K0Λ, and

K0Σ0 channels in the energy range of 1.70≤W ≤2.34 GeV. The CLAS system at Jefferson Lab used

a circularly polarized photon beam and a target consisting of longitudinally polarized solid molecular

hydrogen deuteride (HD) with low background contamination for the measurements. Comparisons

with predictions from the KaonMAID, SAID, and Bonn-Gatchina models are presented. These

results will help separate the isospin I = 0 and I = 1 photo-coupling transition amplitudes in

pseudoscalar meson photoproduction.

I. INTRODUCTION69

An accurate description of excited nucleons and their70

interaction with probes such as photons at GeV ener-71

gies has remained elusive for decades. The Standard72

Model [1, 2] underpins the structure of the nucleons and73

their excitations, but in the low-energy non-perturbative74
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regime, competing semi-phenomenological models of spe-75

cific reaction dynamics are all that are available. Present-76

day lattice QCD calculations [3, 4] and quark models [5–77

10] predict a richer baryon spectrum than experimen-78

tally observed [11–13] —the so-called missing resonance79

problem. There are theoretical approaches for the nu-80

cleon resonance spectrum that predict some quark-model81

states do not exist, including models with quasi-stable82

diquarks [14], AdS/QCD string-based models [15], and83

“molecular” models in which some baryon resonances84

are dynamically generated from the unitarized interac-85

tion among ground-state baryons and mesons [16]. But86

finding such missing states may in part be an experimen-87

tal problem: high-mass nucleon resonances may couple88

weakly to πN and may thus have escaped detection in89
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the analysis of πN elastic scattering experiments. Fur-90

ther, they are wide and overlapping, and partial wave91

analysis (PWA) of reaction data for specific final states92

remains difficult due to channel coupling effects and in-93

sufficient experimental constraints. The experimental re-94

sults discussed here represent one step in the direction95

of adding constraints to the hyperon photoproduction96

database, which ultimately impacts models for nucleon97

excitations.98

Cross section measurements alone are not enough to99

constrain PWA models of meson production amplitudes.100

Polarization observables related to the spins of the beam101

photons, target, and recoiling baryons are also needed.102

Photoproduction of pseudoscalar mesons is governed by103

four complex amplitudes that lead to an interaction cross104

sections and 15 spin observables [17]. To describe a105

mathematically complete experiment requires the mea-106

surement of a minimum of eight well-chosen observ-107

ables [18–21] at any given center-of mass (c.m.) en-108

ergy W , and meson polar angle described by cos θc.m..109

To extract amplitudes accurate enough to discriminate110

among models requires requires measurements of observ-111

ables from each configuration of the three combinations112

of beam-target, target-recoil and beam-recoil polariza-113

tion [22]. Furthermore, while isospin I = 3/2 transi-114

tions (∆∗ excitations) can be studied with proton tar-115

get data alone, both proton- and neutron-target observ-116

ables are necessary to study I = 1/2 transitions and iso-117

late the separate γpN∗ proton and γnN∗ neutron photo-118

couplings [23]. Information from neutron targets is com-119

paratively scarce [24], particularly in the hyperon chan-120

nels [25, 26], which is why the present measurement is of121

value. Furthermore, the hyperon photoproduction chan-122

nels γN → KΛ(Σ0) are attractive for analysis for two123

reasons. First, the threshold for two-body hyperon fi-124

nal states is at W ' 1.6 GeV, above which lie numer-125

ous poorly-known resonances. Two-body strange decay126

modes, rather than cascading non-strange many-body127

decays, may be easier to interpret. Second, the hy-128

peron channels give easy access to recoil polarization ob-129

servables on account of their self-analyzing weak decays.130

While the present work does not involve measurement131

of hyperon polarizations, previous work has shown the132

benefit of using such information to extract properties133

of higher-mass nucleon resonances [27–34]. Thus, pur-134

suing “complete” amplitude information in the hyperon135

photoproduction channels can be complimentary to the136

analogous quest in, say, pion photoproduction.137

In this article, we present first-time measurements of

the beam-target observable E on a longitudinally polar-

ized neutron bound in deuterium in the quasi-free re-

action γn(p) → K0Y (p). The helicity asymmetry E is

formally defined as the normalized difference in photo-

production yield between anti-parallel (σA) and parallel

(σP ) configurations, i.e., settings where the incident pho-

ton beam polarization is aligned or anti-aligned, respec-

tively, with the longitudinal polarization of the target.

We write for present purposes

E =
σA − σP

σA + σP
. (1)

In terms of the cross section, this observable is defined

as (
dσ

dΩ

)
=

(
dσ

dΩ

)
0

(1− PTP�E) , (2)

where (dσ/dΩ)0 is the differential cross section averaged138

over initial spin states and summed over the final states,139

and PT and P� are the target longitudinal and beam140

circular polarizations, respectively.141

We ignore the triple-spin terms that depend upon, in142

addition to the beam and target polarizations, projec-143

tions of the recoiling hyperon polarization vector. A full144

cross section expression is found, for example in Ref. [21],145

and it includes several other observables that may con-146

tribute if the acceptance for the recoiling hyperon decay147

products is not perfect. We assume based on previous148

experience that the CLAS acceptance is broad enough149

that such effects are diluted away.150

The asymmetry results obtained will be compared with151

several model predictions. The first is a single-channel ef-152

fective Lagrangian approach, KaonMAID [36, 37], with153

parameter constraints largely from SU(6). Without ex-154

perimental constraints on theN∗ΛK0 and γnN∗ vertices,155

the reaction of interest is difficult to model accurately.156

The second model giving predictions for the present re-157

sults is the data description given by SAID [38, 39]. In158

general, SAID is more up to date than KaonMAID; for159

the present reaction channels the SAID predictions are160

a polynomial fit to all available data from before about161

2008, assuming final state interactions for these polariza-162
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tion observables can be neglected [40]. The third com-163

parison is made to the multi-channel K-matrix formal-164

ism of the Bonn-Gatchina [41] group, which is most up165

to date, being constrained by recent first-time measure-166

ments [25] of the differential cross section for the reaction167

γn(p)→ K0Λ(p) (with (p) as the spectator proton).168

II. EXPERIMENTAL PROCEDURES169

The experiment was performed at the Thomas Jeffer-

son National Accelerator Facility (JLab) using the CE-

BAF Large Acceptance Spectrometer (CLAS) [42]. This

setup has been used for several studies of K+ photopro-

duction of hyperonic final states on a proton target [28–

30, 32, 33, 43–45] and on an effective neutron (deuteron)

target [25, 26]. The present results stem from the so-

called “g14” run period between December 2011 and May

2012, from which non-strange results have been previ-

ously reported [46]. The CEBAF accelerator provided

longitudinally polarized electron beams with energies of

Ee = 2.281 GeV, 2.257 GeV, and 2.541 GeV, and an av-

erage electron beam polarization for the present study of

Pe = 0.82 ± 0.04, which was measured routinely by the

Hall-B Möller polarimeter. The electron beam helicity

was pseudo-randomly flipped between +1 and −1 with a

960 Hz flip rate. The electron beam was incident on the

thin gold radiator of the Hall-B Tagger system [47] and

produced circularly polarized tagged photons. The po-

larization of the photons was determined using the Max-

imon and Olsen formula [48]

P� = Pe
4k − k2

4− 4k + 3k2
, (3)

where P� and Pe are the photon and electron polariza-170

tions, respectively, and k = Eγ/Ee is the ratio between171

the photon energy and the electron beam energy.172

A 5-cm-long solid target of hydrogen deuteride (HD)173

was used in the experiment [49, 50]. It achieved vec-174

tor polarizations of 25-30% for deuterons, i.e. for bound175

neutrons in the deuteron with relaxation times of about176

a year. The polarized target was held at the center of177

CLAS using an in-beam cryostat (IBC) that produced a178

0.9 T holding field and operated at 50 mK. The target179

polarization was monitored using nuclear magnetic reso-180

nance measurements [49]. The orientation of the target181

longitudinal polarization direction was inverted between182

periods of data taking, either parallel or anti-parallel to183

the direction of the incoming photon beam. Background184

events from the unpolarizable target wall material and185

aluminum cooling wires [50] were removed using empty-186

target data, as discussed in Sec. III A and III B.187

The specific reaction channel for this discussion came

from events of the type γd→ π+π−π−p(X) using a read-

out trigger requiring a minimum of two charged particles

in different CLAS sectors. After particle identification

we required the “spectator”, X, to be an undetected low-

momentum proton and possibly a photon, via the missing

mass technique, as explained in the next section. In order

to determine the E asymmetry experimentally, the event

yields in a given kinematic bin of W and kaon center-of-

mass angle were obtained by counting events with total

c.m. helicity h =3/2 (laboratory frame anti-parallel con-

figuration) called NA and 1/2 (laboratory frame parallel

configuration) called NP , respectively. The E observable

was then computed as

E =
1

PT · P�

(
NA −NP
NA +NP

)
, (4)

where PT and P� are the run-averaged target and beam188

polarizations, respectively.189

III. DATA ANALYSIS190

The performance of the system was extensively stud-191

ied for a reaction with much higher count-rates than the192

present one. The non-strange reaction γd → π−p(X)193

was investigated using many of the same analysis steps194

and methods discussed in this article to extract the E195

observable for γn → π−p [46]. The analysis steps out-196

lined below were all tested on that reaction. In particu-197

lar, the Boosted Decision Tree (BDT) selection procedure198

used below was validated against alternative “cut-based”199

and kinematic fit methods, with the result that the BDT200

procedure resulted in ∼ 30% larger yields of signal events201

and therefore gave better statistical precision on the final202

E asymmetry.203
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A. Particle identification204

For this particular analysis, we required that every205

selected event consists of at least two positive tracks206

and two negative tracks with associated photon tagger207

hits [47]. The CLAS detector system determined the208

path length, the charge type, the momentum and the209

flight time for each track [51–53]. For each track of mo-210

mentum −→p , we compared the measured time of flight,211

TOFm, to a hadron’s expected time of flight, TOFh,212

for a pion and proton of identical momentum and path213

length. CLAS-standard cuts were placed on the differ-214

ence between the measured and expected time of flight,215

4TOF = TOFm − TOFh. We selected events for which216

the two positively charged particles were the proton and217

π+, and the two negatively charged were both π−. Well-218

established CLAS fiducial cuts were applied to select219

events with good spatial reconstruction.220

Events originating from unpolarized target mate-221

rial—aluminum cooling wires and polychlorotrifluo-222

roethylene (pCTFE)— dilute E and must be taken into223

account. A period of data taking was dedicated to an224

empty target cell in which the HD material was not225

present. This set of data was used to study and remove226

the bulk of the target material background on the basis227

of a loose missing mass cut. Figure 1 shows the resulting228

reconstructed reaction vertex for 4-track data along the229

beam line for both a full target and for an empty target230

scaled to match the counts in several downstream target231

foils. The full-to-empty ratio of about 3.3:1 in the target232

region was important in selecting the optimal BDT cut233

discussed below.234

Figure 2 shows the resulting target-full missing mass235

distribution for spectator X in γd→ π−π+π−p(X), after236

these cuts. A clear peak corresponding to the spectator237

proton is seen. Then we applied a loose cut to reject238

events with missing mass higher than 1.4 GeV/c2 because239

of the presence of Σ0 → π−p(γ) events, which results in240

a tail on the high-mass side of the proton peak.241

B. K0Y event selection using BDT analysis242

Because of the small reaction cross section in this243

experiment, a method was needed to optimally isolate244
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FIG. 1. The reconstructed distribution of the reaction vertex

along the beam line for a full target as the open histogram.

The peaks at z > 0 are from target-independent foils in the

cryostat. The dark histogram is the target-empty measured

background, which consisted mostly of aluminum wires and

foils, scaled to match the downstream foils.
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X
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FIG. 2. The missing mass distribution, γd → π−π+π−pX

after PID cuts showing the dominant spectator proton peak.

The magenta line indicates a loose event rejection for mX >

1.4 GeV/c2. This rejects unambiguous background but keeps

Σ0 → π−p(γ) events in which both a proton and a photon

are missing.

the events of interest with minimal statistics loss. The245

multivariate analysis tool called the Boosted Decision246

Tree (BDT) approach was used to select the exclusive247

events of interest in this study. Three steps were needed248

to achieve this result. The first BDT was created to249
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select events from both the γd → π−π+π−p(pS) and250

γd→ π−π+π−p(pSγ) final states, consistent with quasi-251

free production from a deuteron. This was to reject252

target-material background and events with high miss-253

ing momentum of the undetected spectator nucleon, pS .254

The second BDT was created to remove the non-strange255

pionic background with the same final states, that is, to256

pick out events with Λ and Σ0 intermediate-state parti-257

cles. The third BDT was to separate the K0Λ and K0Σ0
258

events.259

This BDT algorithm is more efficient than a simple260

“cut” method in both rejecting background and keeping261

signal events [54]. The method builds a “forest” of dis-262

tinct decision trees that are linked together by a boosting263

mechanism. Each decision tree constitutes a disjunction264

of logical conjunctions (i.e., a graphical representation265

of a set of if-then-else rules). Thus, the entire reaction266

phase-space is considered by every decision tree. Before267

employing the BDT for signal and background classifi-268

cation, the BDT algorithm needs to be constructed (or269

trained) with training data—wherein the category of ev-270

ery event is definitively known. We used the ROOT im-271

plementation of the BDT algorithm [55]. Every event272

processed by the constructed BDT algorithm is assigned273

a value between −1 and +1 that quantifies how likely274

the processed event is a background event (closer to −1)275

or a signal event (closer to +1). An optimal cut on the276

BDT output is chosen to maximize the S/
√
S +B ratio,277

where S, B are the estimations, based on training data,278

of the initial number of signal and background events,279

respectively.280

The initial assignment of the π− particles to either K0
281

or Λ decay was studied with Monte Carlo simulation, and282

a loose selection based on invariant masses was made.283

Specific details of these cuts are found in Ref. [54].284

The first BDT was trained using real empty-target285

data for the background training. A signal Monte-Carlo286

simulating quasi-free hyperon production on the neutron287

was used for signal training data. The momentum distri-288

bution of the spectator proton, ps, followed the Hulthèn289

potential [56, 57] for the deuteron. Based on this train-290

ing, an optimal BDT cut that maximized the estimated291

initial S/
√
S +B ratio was selected. Figure 3 shows the292

total (blue histogram) and rejected (black histogram)293

events by the first BDT cut. When comparing Figs. 1294

and 3, two items should be noted. Firstly, the BDT295

was trained to remove target-material background events296

with missing momentum not consistent with a Hulthèn297

distribution. Secondly, the BDT background-rejection298

efficiency was not perfect, leaving some target-material299

background events that was removed in a subsequent step300

(Sec. III C). We then rejected events with z > −2 cm on301

the reaction vertex to remove remaining unambiguous302

background events due to various cryostat foils.303

FIG. 3. The reconstructed distribution of the reaction vertex

along the beam line showing target-full events in the top his-

togram (blue) after the loose K0Y 0 selection and the missing

mass cut shown in Fig. 2. Events selected by the first BDT

are the middle histogram (red), and the rejected events are

the bottom histogram (black). The magenta line indicates a

loose cut to reject unambiguous target-material background.

The second-step BDT was trained using a 4-body304

phase-space γd → π−π+π−p(pS) simulation as back-305

ground training data and the γd→ K0Λ(pS) simulation306

as signal training data. There were two negative pions307

in each event: one from the decay of the K0 and one308

from the decay of the hyperon. The goal of the BDT309

analysis was to use the available correlations among all310

particles to sort the pions correctly and to select events311

with decaying strange particles. The main training vari-312

ables at this stage of the analysis included the 3-momenta313

of all the particles and the detached decay vertices of the314

K0s and the hyperons. After the optimized BDT cut315

was placed, Fig. 4 shows the total (red histogram) and316

rejected (black histogram) events after this second BDT317
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analysis step. The efficiency of the second BDT was less318

than 100%, thus, there are remaining target background319

events in the selected data sample. The dips near the320

signal maxima in the background spectra show that the321

background is slightly undersubtracted. This issue is dis-322

cussed and corrected below. A fit with a Breit-Wigner323

line shape and a polynomial was used to estimate that324

the strange-to-non-strange ratio of events in the data set325

at this stage was about 2.3:1 in the peak regions.326

)2p Invariant Mass (GeV/cΛ
-π
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FIG. 4. The invariant π−Λ p mass (top) and invariant π−
K0π

+

mass (bottom) after target material background rejection by

the first BDT cut. The black histograms show events rejected

by the second BDT cut. A fit of a sum (red) of a Breit-Wigner

line-shape (blue) and a 3rd order polynomial (black) is shown.

For the final task, separating the K0Λ and K0Σ0 chan-327

nels, the third BDT was trained using γd → K0Σ0(pS)328

simulation as “background” training data and γd →329

K0Λ(pS) simulation as “signal” training data. Note that330

the term “background” used here is just for semantic331

convenience, since both channels were retained after ap-332

plying the third optimized BDT cut. Figure 5 shows in333

the left (right) histogram the classification success of the334

third BDT on γd→ K0Λ(pS) (γd→ K0Σ0(pS)) simula-335

tion data. The histograms reveal that a small number of336

K0Λ events would be misclassified as K0Σ0 events and337

vice-versa. In the next section, the correction for the338

contamination on both final data sets will be discussed.339

Figure 6 shows the separation result from the third BDT340

on real data.341

C. Corrections for remaining backgrounds and342

asymmetry calculation343

The E asymmetry values for both target-material and

non-strange background events were statistically consis-

tent with zero [54]; therefore, we implemented an ap-

proximation procedure to correct for the dilution effect

from the remaining background. We estimated two ra-

tios: one for the remaining fraction of target background

(TGT), RTGT , and one for the fraction of remaining

non-strange (NS) final-state events mixed with the hy-

peron events, RNS . We write RTGT = Nremain

NHD , and

RNS = Y remain

Y K0Y
. Nremain and NHD are the estimated

number of remaining target-material background events

and the true deuteron events after the first BDT and

z = −2 cm vertex cuts, respectively. Y remain and Y K
0Y

are the estimated number of remaining non-strange and

true K0Y events after the second BDT cut, respectively.

Next, let YBDT be the number of events that passed the

z-vertex cut and the first two BDT selections, then YBDT

can be partitioned into

YBDT =
(
1 +RNS

)
Y K

0Y

=
(
1 +RNS

) [
Y K

0Y
HD + Y K

0Y
TGT

]
, (5)

since Y K
0Y also comprises events from the remaining

target-material background and the bound signal events.

If we further allow
Y K0Y
TGT

Y K0Y
HD

= Nremain

NHD = RTGT , then YBDT

can finally be expressed as:

YBDT =
(
1 +RNS

) (
1 +RTGT

)
Y K

0Y
HD , (6)

or

Y K
0Y

HD =
(
1 +RNS

)−1 (
1 +RTGT

)−1
YBDT . (7)
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FIG. 5. The distributions of missing mass from the reconstructed K0, γn→ π−
K0π

+X for simulation data, assuming that the

target is an at-rest neutron. On the left, the magenta histogram represents events with correct K0Λ classification, while the

cyan histogram represents events with the wrong K0Σ0classification. On the right, the cyan histogram represents events with

the correct K0Σ0 classification, while the magenta histogram represents events with the wrong K0Λ classification.
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FIG. 6. The distribution of missing mass from the recon-

structed K0, γn → π−
K0π

+X for real data, assuming that

the target is an at-rest neutron, after rejecting non-hyperon

background by the second BDT cut. The magenta (cyan) his-

togram was classified as K0Λ (K0Σ0) using the third BDT

selection step.

These relations should remain valid for both Y K
0Λ

BDT and

Y K
0Σ0

BDT , which are the K0Λ and K0Σ0 signal events from

bound neutrons, respectively. The backgrounds that leak

through the BDT filters will be helicity independent and

will subtract in the numerator of Eq. 4. Using Eq. 7 to

correct the summed yields in the denominator gives the

corrected asymmetry as

EK
0Y

corrected =
(
1 +RNS

)
×
(
1 +RTGT

)
EK

0Y
BDT , (8)

where EK
0Y

BDT is obtained from Y K
0Y

BDT (or, more exactly,344

Y PBDT and Y ABDT of the K0Y parallel and anti-parallel345

subsets). From the simulations we found average values346

of RTGT and RNS of 0.09 and 0.17, respectively, with347

some dependence on the specific run period.348

Next we discuss a correction for the third BDT classi-349

fication result. Recall that the third BDT selection sep-350

arates the true signal K0Y events into two subsets: one351

is mostly K0Λ events, and the other is mostly K0Σ0. If352

we denote NBDT
Λ and NBDT

Σ0 as the number of events the353

third BDT identified as K0Λ and K0Σ0 events, respec-354

tively, then we have the expressions355

NBDT
Λ = ωΛN

true
Λ + (1− ωΣ0)N true

Σ0 , (9)

NBDT
Σ0 = (1− ωΛ)N true

Λ + ωΣ0N true
Σ0 , (10)

where ωΛ and ωΣ0 are the fractions of events correctly

identified—these values were estimated based on simula-

tion data. After rearrangement, we arrive at the expres-
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sions

N true
Λ =

[
ωΛ −

(1− ωΣ0)

ωΣ0

(1− ωΛ)

]−1

×
[
NBDT

Λ − (1− ωΣ0)

ωΣ0

NBDT
Σ0

]
, (11)

N true
Σ0 =

[
ωΣ0 − (1− ωΛ)

ωΛ
(1− ωΣ0)

]−1

×
[
NBDT

Σ0 − (1− ωΛ)

ωΛ
NBDT

Λ

]
. (12)

The corrected E asymmetry was obtained using the356

derived N true
Λ and N true

Σ0 by using Eq. 4. From the sim-357

ulations we found average values of ωY of 0.87 and 0.91358

for Λ and Σ0 events, respectively.359

The neutron polarization in the deuteron is smaller360

than the deuteron polarization because the deuteron361

wavefunction has, in addition to an S-wave component, a362

D-wave component in which the spin of the neutron need363

not be aligned with the deuteron spin. This was studied364

using data for the γn → π−p reaction and reported in365

our previous publication Ref. [46]. It was found that for366

spectator recoil momenta of less than 100 MeV/c the cor-367

rection was negligible. Had we cut on recoil momentum368

at 200 MeV/c rather than 100 MeV/c, a measured dilu-369

tion factor of (8.6± 0.1)% would have been necessary for370

the non-strange channel. But different reaction channels371

may exhibit different sensitivities to recoil momentum.372

For the reaction under discussion here we could not afford373

the statistical loss by cutting on recoil momentum, and374

we elected to make a conservative correction based on the375

general considerations of Ref. [58]. The neutron polariza-376

tion can be estimated as Pn = Pd(1 − 3
2PD), where Pn377

and Pd are neutron and deuteron polarizations, respec-378

tively, and PD denotes the deuteron D-state probability.379

The latter is not strictly an observable and needs only380

to be treated consistently within a given NN potential.381

Following Ref. [58], we take the D-state contribution av-382

eraged over a range of NN potentials as about 5%, which383

implies the neutron polarization is 92.5% of the deuteron384

polarization, or a 7.5% dilution factor.385

D. Systematic Uncertainties386

We implemented four systematic studies to quantify387

the robustness of the trained BDT algorithms and the388

sensitivity of our results on the correction procedures in-389

troduced in the previous section. Two tests studied the390

effect of loosening the first and the second BDT cuts,391

respectively. One test focused on the sensitivity of the392

E results on the third correction—the correction proce-393

dure that was implemented to “purify” the final selected394

K0Σ0(K0Λ) sample. Lastly we reduced the beam and395

target polarizations by one standard deviation of their396

respective total uncertainties (statistical and systematic)397

to study the changes on the E results.398

Finally, we note a complication that could occur when399

summing Λ yields to create the E asymmetries. The400

relative angular distribution between the π− and the p401

that are used to reconstruct a Λ carries information on402

the recoil polarization of the latter. When summed over403

azimuthal angles, this information is lost. However, lim-404

itations in detector acceptance could result in an incom-405

plete integration, which in principle could introduce into406

Eq. 2 a dependence on six additional observables [21].407

The gaps in CLAS acceptance are modest and, due to408

lower than expected production cross sections, the data409

below are presented in broad kinematic bins, which tends410

to dilute such effects. On the scale of our statistical un-411

certainties, such corrections are expected to be negligible412

and we have not attempted to correct for them.413

IV. RESULTS414

We present here the results for the E asymmetry in415

two W energy bins. The lower bin is from 1.70 GeV to416

2.02 GeV and denoted as W1, while the higher bin is417

from 2.02 GeV to 2.34 GeV and referred to as W2. Due418

to small cross sections for K0Y photoproduction, and to419

detector inefficiencies that are amplified by the required420

identification of four charged particles, our statistics are421

sufficient for only three bins in K0 center-of-mass pro-422

duction angle. The measurements for the γn → K0Λ423

reaction are plotted together with predictions from the424

KaonMAID, SAID, and Bonn-Gatchina (BnGa) models425

in Fig. 7. The data show that the K0Λ asymmetry is426

largely positive below 2 GeV and mostly negative above427

2 GeV, without more discernible trends. Values of E428

must approach +1 at cos θc.m.K0 → ±1 to conserve angu-429

lar momentum. Thus, the values for E in bin W2 must430
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change rather rapidly near the extreme angles.431

For comparison, PWA combine results from many ex-432

periments at different energies, and this results in varying433

degrees of sensitivity to energy and angle. This is illus-434

trated in Fig. 7 by the SAID and BnGa PWA predictions435

at the limits of the energy bins. None of the models were436

tuned to these results; that is, the models are all predic-437

tions based on fits to previously published data on other438

observables. First, one observes that the data are not sta-439

tistically strong enough to strongly discriminate among440

the models. In the lower W bin all three models can be441

said to agree with the data. In the higher W bin the442

SAID model may be slightly favored by the data among443

the three.444

FIG. 7. The helicity asymmetry E for the K0Λ final state

(with combined statistical and systematic uncertainties) vs.

cos θK0 The asymmetries are shown with the neutron-target

theoretical models KaonMaid [36] (red dashed) and SAID [38]

(blue dot-dashed) and Bonn-Gatchina [31, 41] (solid black).

Because of the 0.32 GeV-wide W bins, each model is repre-

sented by two curves, computed at the bin endpoint W values,

as labeled.

The results for the γn→ K0Σ0 channel are plotted in445

Fig. 8, together with model predictions from SAID and446

Kaon-MAID. In contrast to the K0Λ channel at lower447

W , here the data hint at less positive values for E. In448

the bin for W above 2 GeV, the data are also consistent449

with zero for K0Σ0, whereas the K0Λ data tended to be450

negative. In fact, the K0Σ0 asymmetry is consistent with451

zero in all available bins. The model comparisons show452

that the KaonMAID prediction for the K0Σ0 channel453

in the higher W bin are probably not consistent with454

the data, while the SAID result is consistent with the455

data. For the K0Σ0 case we do not have predictions456

from the Bonn-Gatchina model because the unpolarized457

differential cross section has not been measured yet, and458

without it the model does not have a prediction available.459

FIG. 8. The helicity asymmetry E for the K0Σ0 final state

(with combined statistical and systematic uncertainties) vs.

cos θK0 for two 0.32 GeV-wide energy bands in W , as labeled.

The model curves are as for the previous figure.

In order to show one other comparison between data460

and theory, we plot some of the present results for a neu-461

tron target together with the model predictions for the462

K+Λ reaction on a proton target in Fig. 9. This is in-463

tended to show the difference between the model predic-464

tions on the proton and the neutron. One sees how dif-465

ferent the three model predictions are for protons versus466

neutrons. One notes that the predictions for the proton467

target calculations all tend to be closer to the new data468

we are presenting for a neutron target. This suggests that469

calculations of the E observable for a neutron target can470

be improved. Thus, we may expect these present results471

to have some impact on the further development of these472

models.473

So-far unpublished CLAS results for the correspond-474

ing reaction γp → K+Λ have higher statistics and finer475
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FIG. 9. The helicity asymmetry E for the KΛ final state

vs. cos θK0 for energy band W2. On the left are the data

from Fig. 7 together with model predictions for a NEUTRON

target. On the right are model calculations for the K+Λ

reaction on a PROTON target, as computed using Kaon-

Maid [36] (red dashed), SAID [38] (blue dot-dashed) and

Bonn-Gatchina [31, 41] (black and black-dashed). The curves

on the right are closer to the (reaction mismatched) data

shown on the left.

energy bins than the present results (since the identifi-476

cation of this final state requires the detection of fewer477

particles). The present K0Λ results are, within our un-478

certainties, similar to the K+Λ asymmetries in Ref. [59].479

The numerical values of the measured K0Λ and K0Σ0 E480

asymmetries, together with their statistical and system-481

atic uncertainties, are reported in Table I.482

V. CONCLUSIONS483

We have reported the first set of the E asymmetry mea-484

surements for the reaction γd→ K0Y (ps) for 1.70 GeV≤485

W ≤ 2.34 GeV. In particular, we described the three-step486

BDT-based analysis method developed to select a clean487

sample of pπ+π−π− with intermediate hyperons. We488

have plotted the E asymmetry as a function of cos θCMK0 .489

Several systematic uncertainty tests led to the conclusion490

that statistical uncertainties dominated the final results.491

The numerical values of the measured E asymmetries and492

their statistical and systematic uncertainties are reported493

in Table I.494

Evidently, this analysis is limited by the small cross495

sections of the channels of interest, leading to large un-496

certainties on the measurements of the E asymmetry. At497

present, comparison with several models makes no deci-498

sive selections among the model approaches. Overall, the499

BnGa predictions are of similar quality to the SAID pre-500

dictions. The Kaon-MAID predictions for both channels501

seem less successful. Among all three model comparisons,502

the distinction between proton and neutron target pre-503

dictions are differentiated by the data: The proton-target504

predictions compare better than the neutron-target pre-505

dictions with the experimental results. In principle, this506

information is valuable since it hints at the necessary507

isospin decomposition of the hyperon photoproduction508

mechanism.509

At present, multipole analyses for the K0Y channels510

are severely limited by available data. Higher statistics511

data on these channels for a number of other polariza-512

tion observables, from a much longer (unpolarized) tar-513

get, have been collected during the g13 running period514

with CLAS and is under analysis. A greater number515

of different polarization observables is generally more ef-516

fective than precision at determining a photoproduction517

amplitude [21]. When these g13 results become avail-518

able, the present data on the beam-target E asymmetry519

are likely to have a larger impact.520
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cos θK0

−0.6 0.0 +0.6

K0Λ
W1 0.834±0.499±0.287 −0.144±0.436±0.098 1.066±0.419±0.231

W2 −0.533±0.752±0.345 −0.263±0.618±0.101 −0.648±0.464±0.136

K0Σ0
W1 −0.110±0.723±0.406 0.581±0.539±0.144 −0.319±0.541±0.460

W2 −0.471±0.446±0.391 0.0002±0.317±0.150 0.054±0.281±0.065

TABLE I. Numerical values of the E asymmetry measurements for the K0Λ/K0Σ0 channels. The uncertainties are statistical

and systematic, respectively. The center-of-mass energy ranges are 1.70 < W1 < 2.02 GeV and 2.02 < W2 < 2.34 GeV.
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