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12Università di Ferrara, 44121 Ferrara, Italy38

13Florida International University, Miami, Florida 33199, United States of America39

14Florida State University, Tallahassee, Florida 32306, United States of America40

15The George Washington University, Washington, District of Columbia 20052, United States of America41

16GSI Helmholtzzentrum fur Schwerionenforschung GmbH, D-64291 Darmstadt, Germany42

17INFN, Sezione di Ferrara, 44100 Ferrara, Italy43

18INFN, Sezione di Genova, 16146 Genova, Italy44

19INFN, Sezione di Roma Tor Vergata, 00133 Rome, Italy45

20INFN, Sezione di Torino, 10125 Torino, Italy46

21INFN, Sezione di Pavia, 27100 Pavia, Italy47

22Institut für Kernphysik, Johannes Gutenberg University of Mainz, D-55099 Mainz, Germany48

23Kyungpook National University, Daegu 41566, South Korea49

24Lamar University, Beaumont, Texas 77710, United States of America50

25Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, United States of America51

26Mississippi State University, Mississippi State, Mississippi 39762, United States of America52

27National Research Centre Kurchatov Institute - ITEP, Moscow, 117259, Russia53

28New Mexico State University, Las Cruces, New Mexico 88003, United States of America54

29Norfolk State University, Norfolk, Virginia 23504, United States of America55

30NRC Kurchatov Institute, PNPI, Gatchina 188300, Russia56

31Ohio University, Athens, Ohio 45701, United States of America57



2

32Old Dominion University, Norfolk, Virginia 23529, United States of America58

33II Physikalisches Institut, Justus Liebig University Giessen, 35392 Giessen, Germany59

34Skobeltsyn Institute of Nuclear Physics, Lomonosov Moscow State University, 119234 Moscow, Russia60

35Temple University, Philadelphia, Pennsylvania 19122, United States of America61

36Thomas Jefferson National Accelerator Facility, Newport News, Virginia 23606, United States of America62
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The double-spin-polarization observable E for γ⃗p⃗ → pπ0 has been measured with the CEBAF78

Large Acceptance Spectrometer (CLAS) at photon beam energies Eγ from 0.367 to 2.173 GeV79

(corresponding to center-of-mass energies from 1.240 to 2.200 GeV) for pion center-of-mass angles,80

cos θc.m.
π0 , between -0.86 and 0.82. These new CLAS measurements cover a broader energy range and81

have smaller uncertainties compared to previous CBELSA data and provide an important indepen-82

dent check on systematics. These measurements are compared to predictions as well as new global83

fits from The George Washington University, Mainz, and Bonn-Gatchina groups. Their inclusion in84

multipole analyses will refine our understanding of the single-pion production contribution to the85

Gerasimov-Drell-Hearn sum rule and improve the determination of resonance properties.86

I. INTRODUCTION87

The determination of resonance properties for all ac-88

cessible baryon states is a central objective in nuclear89

physics. The extracted resonance parameters provide a90

crucial body of information for understanding the nu-91

cleon excitation spectrum and for testing models of the92

nucleon inspired by quantum chromodynamics (QCD)93

and, more recently, lattice QCD calculations. The94

spectra of N∗ and ∆∗ baryon resonances have been95

extensively studied through meson-nucleon scattering96

and meson photoproduction experiments. Properties of97

the known resonances continue to become better deter-98

mined as experiments involving polarized beams, tar-99

gets, and recoil measurements are expanded and re-100

fined [1, 2]. Extracted quantities include resonance101

masses, widths, branching fractions, pole positions, and102

associated residues, as well as photon decay ampli-103

tudes [3]. The helicity 1/2 and 3/2 photon decay ampli-104

∗ Corresponding author: nick.zachariou@york.ac.uk
† Current address:Montgomery College, Germantown, Maryland
20876, United States of America

‡ Current address:Thomas Jefferson National Accelerator Facility,
Newport News, Virginia 23606, United States of America
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68198, United States of America
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tudes (N∗ → pγ) can be extracted from a combination of105

resonance contributions to meson-nucleon scattering and106

photoproduction analyses.107

New states have also been found, mainly through mul-108

tichannel analyses that are sensitive to states having a109

relatively weak coupling to the πN decay channel [4–110

6]. A comprehensive overview of the available data is111

presented in Ref. [7]. For the reaction of interest, exper-112

imental data on the differential cross section, beam-spin113

asymmetry, recoil polarization, beam-target polarization114

observables and others have been established for a wide115

range in energies and angles [7]. Data on the double po-116

larization observable G for the same reaction have also117

been recently published by the CLAS Collaboration [8].118

This analysis builds from previously published work (see119

Ref. [8] and Ref. [9]) using the same experiment and em-120

ploying similar analysis procedures. Similar approaches121

were also employed by the CLAS Collaboration for the122

determination of the beam helicity asymmetry measure-123

ments using polarized neutrons [1, 10, 11].124

Here, we have extracted the beam-target (E) observ-125

able for neutral pion photoproduction from data taken126

with the CLAS FROzen Spin Target (FROST) [12]. This127

observable is valuable both in multipole analysis and in128

providing a contribution to the Gerasimov-Drell-Hearn129

(GDH) and related sum rules [13]. Our extraction uses a130

different beam and polarized target apparatus as well as131

reaction identification methodology from the single pre-132

vious measurement (see Ref. [14]). Where the data over-133
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lap with the previous measurement it provides an impor-134

tant independent check on systematics in the extraction135

of double-polarization observable E, while improving the136

statistical quality of the world dataset. The new data also137

provide first information for energies W < 1.42 GeV.138

As described below, the observable E is measured using
a longitudinally polarized target and a circularly polar-
ized photon beam. The difference of cross sections for
helicity states 3/2 and 1/2, that is,

∆(dσ/dΩ) = (dσ3/2/dΩ− dσ1/2/dΩ) ,

for γ⃗N⃗ → Nπ, is given in terms of helicity amplitudes:139

dσ3/2

dΩ
=

q

k

(
|H1|2 + |H3|2

)
, (1)

140

dσ1/2

dΩ
=

q

k

(
|H2|2 + |H4|2

)
, (2)

where q and k are the pion and photon center-of-mass141

momenta, respectively. Helicity amplitudes are labeled142

following Ref. [15] with H1 and H3 having initial helicity143

3/2 and final helicities 1/2 and -1/2, respectively; H2144

and H4 have initial helicity 1/2 and final helicities 1/2145

and -1/2, respectively. An integral involving ∆(dσ/dΩ)146

gives the single-pion production part of the GDH sum147

rule [13]. The sum and difference of the helicity 1/2 and148

3/2 components can then be used to construct the beam-149

target polarization quantity E [16, 17] as150

E =
|H2|2 + |H4|2 − |H1|2 − |H3|2
|H2|2 + |H4|2 + |H1|2 + |H3|2

. (3)

In order to extract the four helicity amplitudes, given151

that they are complex quantities, we need more than152

the cross section and E. There are 16 possible experi-153

ments involving polarized beams, targets, and recoil par-154

ticles, not all of which are independent [16, 18]. How-155

ever, the moduli of the helicity amplitudes can be deter-156

mined with two additional double-polarization measure-157

ments (beam-recoil and target-recoil). A complete so-158

lution for these amplitudes is phrased as the “complete159

experiment” problem, a topic that continues to be stud-160

ied [19]. The helicity amplitudes are constructed from an161

infinite sum of multipoles, and these are quantities that162

provide information on the existence and properties of163

resonances. This leads to the search for an appropriately164

truncated set of multipoles—a problem different from165

pursuing a complete experiment [20–22]. In this discus-166

sion, it should be remembered that these rules for find-167

ing multipoles are only guiding principles, as they ignore168

the influence of experimental uncertainties. In practice,169

all new experiments that improve the quality of exist-170

ing measurements, or add information from new sources,171

are important to the program of multipole and resonance172

analysis. The advantage of the new CLAS FROST data173

presented here relative to previous CBELSA measure-174

ments [14] is the extended energy range covering lower175

energies with smaller uncertainties.176

The paper is organized in the following manner. We177

give a brief background of the experimental conditions for178

this study in Sec. II. An overview of the method used to179

extract the double-polarized asymmetry results is given180

in Sec. III and the uncertainty estimates for the data ob-181

tained are given in Sec. IV. The resulting data are sum-182

marized and compared to various predictions in Sec. V183

and a new partial wave analysis (PWA), where we com-184

pare multipoles obtained with and without including the185

present dataset is presented in Sec. VA. A summary and186

outlook are presented in Sec. VI.187

II. EXPERIMENT188

The CLAS E–03–105 experiment [23] (FROST or g9189

run period) ran from December 2007 to February 2008190

using the Continuous Electron Beam Accelerator Facil-191

ity (CEBAF) [24] at Jefferson Lab in Newport News,192

Virginia. Data were collected using the CEBAF Large193

Acceptance Spectrometer (CLAS) [25] housed in Hall B.194

This magnetic spectrometer allowed the efficient re-195

construction of charged particles with polar angles be-196

tween 8◦ and 140◦ over a large azimuthal acceptance197

(∼ 83%). The spectrometer was constructed around a198

toroidal magnetic field and was comprised of drift cham-199

bers [26] for charged particle momentum determination,200

time-of-flight scintillators [27] for particle identification,201

electromagnetic calorimeters [28] for neutral particle re-202

construction, and a start counter [29] that allowed the203

event start-time determination in photoproduction ex-204

periments. Hall B also housed the tagger spectrome-205

ter [30] that allowed the identification of the photon that206

initiated the reaction detected in CLAS, with energy res-207

olution of ∆E ∼ 0.2%.208

In this experiment, a circularly polarized tagged209

bremsstrahlung photon beam was incident on a longi-210

tudinally polarized proton target [12] located near the211

center of the CLAS detector [25]. The CEBAF electron212

beam was supplied at two different energies, 1.645 and213

2.478 GeV. The electrons were delivered at currents be-214

tween 33 and 45 nA in beam bunches separated by about215

2 ns. The electron beam helicity (and thus the photon he-216

licity) was flipped at a rate of 30 Hz. The electron beam217

was incident on a 10−4 radiation-length thick gold foil ra-218

diator to produce the bremsstrahlung photon beam. The219

dipole magnet of the Hall B photon tagger deflected the220

electron beam and post-bremsstrahlung electrons in or-221

der to tag photons produced with energies between ∼20%222

and ∼95% of the incident electron beam energy [30]. The223

degree of photon polarization varied between 20% and224

85% depending on the incident electron beam energy and225

the bremsstrahlung photon energy. This was determined226

on an event-by-event basis using the Olsen and Maximon227

formula [31]228

P⊙ = Pe
4x− x2

4− 4x+ 3x2
, (4)
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where x is the ratio of photon to electron energy x =
Eγ

Ee
229

and Pe is the electron polarization. The electron polar-230

ization was measured throughout the run period using231

the Hall B Møller polarimeter [32], and the average was232

established to be Pe = 0.835± 0.035.233

The experiment utilized a FROzen Spin Target234

(FROST), made up of frozen butanol beads (C4H9OH),235

in which the protons in the hydrogen atoms were dynam-236

ically polarized. Butanol’s covalently bonded protons in237

hydrogen atoms are polarizable using a technique called238

Dynamic Nuclear Polarization (DNP), in which spin po-239

larization is simply transferred from the electrons to the240

nucleons. Details of the target polarization procedure241

can be found in Ref. [12].242

The dynamically polarized target resulted in polariza-243

tion of the free protons within the butanol of over 90%,244

with the polarization degrading over time – typically245

about 1% per day. Because of this, the target was re-246

polarized periodically. The degree of polarization of the247

free protons was determined on a run-by-run basis using248

Nuclear Magnetic Resonance (NMR) measurements [33].249

The orientation of the spin of the free protons in the250

butanol target was also flipped regularly, enabling sys-251

tematic checks.252

Additional targets, carbon and polyethylene (CH2),253

were placed downstream of the butanol target, which al-254

lows a detailed study of contributions from bound and255

unpolarized nucleons to our reaction yields. In practice,256

however, a free-proton signal was evident from the car-257

bon target region, which was produced from hydrogen258

contamination (ice built up downstream of the target),259

and complicated this approach significantly. In this work,260

like in other FROST analyses [9, 34–38], we report a261

result based on an analysis of the butanol target data262

alone. The secondary targets were only used to estab-263

lish the systematic uncertainties related to contributions264

from unpolarized bound nucleons within the butanol tar-265

get, as discussed in Sec. III A.266

A. Double Polarization Observable E267

This analysis is focused on the determination of the268

E observable, which manifests itself in the differential269

cross section in polarized beam - target experiments. In270

general, the differential cross section of polarized beam-271

target experiments for meson photoproduction reactions272

is given by [7]273

dσ

dΩ
(Eγ , cos θ

c.m.
π0 , ϕ) = σ0[1− PLΣcos(2ϕ)

+Px(−PLH sin(2ϕ) + P⊙F)
−Py(−T+ PLP cos(2ϕ))

−Pz(−PLG sin(2ϕ) + P⊙E)] ,

where PL and P⊙ correspond to the photon’s degree of274

linear and circular polarization, and Px, Py, and Pz cor-275

respond to the degree of target polarization along the x,276

y, and z axes, respectively. Here, the z axis points along277

the photon direction, and the y axis is along the verti-278

cal direction in the lab frame. The azimuthal angle ϕ279

corresponds to the angle between the photon polariza-280

tion vector (when the photon beam is linearly polarized)281

and the reaction plane defined by the incident photon282

and the outgoing pion directions. The observables Σ, G,283

H, T, F, P, and E all depend on the kinematic variables284

Eγ (the laboratory frame photon energy) and cos θc.m.
π0285

(the center-of-mass, c.m., polar angle of the meson in286

the final state). For a circularly polarized beam (PL = 0287

and P⊙ ̸= 0) and target polarized along the z direction288

(Px = 0 and Py = 0), the cross section equation reduces289

to290

dσ

dΩ
(Eγ , cos θ

c.m.
π0 ) = σ0[1− PzP⊙E] . (5)

Therefore, the observable E can be extracted from the291

unpolarized differential cross section σ0 and the values292

of target and circular photon polarization Pz and P⊙,293

respectively. Alternatively, the observable E can be ex-294

tracted from asymmetries utilizing various orientations295

of the target-photon polarization. Collecting data with296

both photon helicities and target polarizations along the297

+z and −z directions allows the cancellation of the de-298

tector acceptance and efficiency needed for the determi-299

nation of the unpolarized cross section. Denoting the300

total helicity state (photon-target) with 1/2 for the case301

where the photon helicity is anti-parallel (also denoted as302

↑↓) to the target polarization and 3/2 for the case where303

the photon helicity is parallel to the target polarization304

(also denoted as ↑↑ 1), one can determine the observable305

E from306

E =
1

PzP⊙

σ1/2 − σ3/2

σ1/2 + σ3/2
, (6)

where σ denotes the cross section of events obtained with307

the corresponding photon-target helicity. Assuming the308

detector efficiency, acceptance, and luminosity are con-309

stant throughout the experiment 2, the observable E can310

be directly extracted from the event yields (N) for each311

photon-target helicity configuration (the cross section is312

directly proportional to the event yield):313

E =
1

PzP⊙

N↑↓ −N↑↑

N↑↓ +N↑↑ , (7)

where the detector and experimental effects listed above314

cancel out. It is evident from Eq. (7) that a detailed315

determination of the target polarization Pz and photon316

1 The notations ↑↓ and ↑↑ represent the orientation of the target
polarization relative to the photon helicity, with ↑↓ and ↓↑ being
equivalent (same for ↑↑ and ↓↓ ).

2 The effective acceptance for each configuration (i.e. ↑↓ and ↑↑)
is the same due to the high beam-helicity flip rate of 30 Hz.
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polarization P⊙ is needed for the precise determination317

of E (see Eq. (4)). It is worth noting here that Eq. (7) is318

valid when no contribution from unpolarized nucleons or319

background is present. We discuss the effect such contri-320

butions have on the determined observable and the need321

to determine a dilution factor in Sec. IIIA.322

III. REACTION RECONSTRUCTION323

Events with one positively charged track were retained324

for further analysis. We applied a set of selection cuts to325

the data to identify the γ⃗p⃗ → pπ0 reaction. The iden-326

tification of final state protons from the sample of pos-327

itively charged particles was performed by comparing a328

particle’s speed, determined from time-of-flight (βm =329

distance
time ) and start counter information, to the particle’s330

momentum, as determined from track curvature in the331

toroidal magnetic field. For a given momentum, p, the332

expected proton speed is given by βc =
p√

p2+m2
, wherem333

is the proton mass. Charged particles with ∆β = βm−βc334

around zero correspond to protons.335

The CLAS reconstruction algorithms also allow the de-336

termination of the reaction vertex by extrapolating the337

particle’s reconstructed track to the target region and338

evaluating the distance of closest approach with the inci-339

dent beam position. The determined distance and time340

between the reaction vertex and the hit on the time-of-341

flight system allowed us to determine the vertex time342

of the event. Timing information from the tagger ho-343

doscope also allowed us to determine the timing of each344

bremsstrahlung photon at the reaction vertex. Compar-345

ison between these two times allowed the unambiguous346

determination of the photon that initiated the reaction347

detected in CLAS.348

Proton four-vectors were corrected for the expected en-349

ergy loss sustained while exiting the target cell as well350

as for misalignments in the drift chambers and inac-351

curacies in the magnetic field maps (the latter correc-352

tions were established using the fully constrained reac-353

tion γ⃗p⃗ → pπ+π−).354

With this information, the reaction γ⃗p⃗ → pπ0 was fully355

reconstructed using the missing-mass technique. Figure 1356

shows the square of the missing mass of γp → pX (la-357

beled as M2
γp→pX) for four kinematic bins. The clear358

peak around the squared mass of the neutral pion cor-359

responds to the events of interest (photoproduction of360

π0 off polarized protons). This peak sits on top of a361

smooth background. This is primarily caused by contri-362

butions from the photoproduction of π0 off unpolarized363

and bound protons, which results in a wider missing-364

mass distribution due to the Fermi motion of the bound365

nucleon. Background from double pion photoproduction366

reactions was determined to have only a small contribu-367

tion (1-3%) using independent studies [39].368

NMR measurements [33] allowed us to accurately de-369

termine the degree of proton polarization on a run-by-370

run basis. This reflects the polarization of events that371

originated from the free protons within the butanol tar-372

get. The effective target polarization P eff
z allows us to ac-373

count for events that originate from unpolarized material374

within the target cell. The determination of the effec-375

tive target polarization was based on the relative yield376

between free- and bound-proton events. Contributions377

from bound nucleons dilute or reduce the effective target378

polarization, with the dilution factor, DF , determined379

from the missing-mass distribution, as described below.380

A. Contributions from Bound Protons381

The contributions from unpolarized bound protons382

within the target cell material (butanol) were accounted383

for in the analysis by the determination of the dilution384

factor. Considering the reaction γ⃗p⃗ → pπ0 originating385

from both free polarized and bound unpolarized protons,386

the yields obtained from these are given by:387

N↑↑
free = N0(1− PzP⊙E) ,

N↑↓
free = N0(1 + PzP⊙E) ,

N↑↑
bound = N ′

0 ,

N↑↓
bound = N ′

0 ,

where the experimental yield is given by

N↑↑
exp = N↑↑

free +N↑↑
bound ,

and

N↑↓
exp = N↑↓

free +N↑↓
bound .

From this, the experimental asymmetry results in the388

following:389

N↑↓
exp −N↑↑

exp

N↑↓
exp +N↑↑

exp

= DFPzP⊙E , (8)

where DF = N0

N0+N ′
0
is the dilution factor, and the prod-390

uct DFPz is the effective target polarization P eff
z .391

In this analysis, the dilution factor was determined ex-392

perimentally from the missing-mass distribution γp →393

pX, with N0 representing the total yield of events from a394

free-proton target, and N ′
0 the yield of events from bound395

protons. Specifically, we exploited the fact that reac-396397

tions originating from bound protons results in a wider398

missing-mass distribution due to the Fermi motion of the399

target nucleon, to determine the ratio between free pro-400

tons to our total yield. A carbon target upstream of the401

butanol target allowed us to establish the expected prob-402

ability distribution function (PDF) that describes the403

missing mass from bound-nucleon events. The bound-404

nucleon PDF and a Gaussian to describe the free-proton405

events were fitted to the missing-mass distribution of406

events originating from the butanol target. The dilution407

factor was then determined by integrating the bound-408

nucleon PDF in the µ ± 3σ range established from the409
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FIG. 1. Missing mass squared distribution of γp → pX for
four kinematic bins. Two PDFs where used to determine the
bound-nucleon contribution as shown with the blue dashed
and green dash-dotted lines (red solid line shows the full fit).
The vertical black dotted lines indicate the µ±3σ cuts applied
to calculate the dilution factor and the reaction yields.

Gaussian fit (where µ and σ are the mean and standard410

deviation of the free-proton peak). An example of such411

fits in four kinematic bins is shown in Fig. 1. Differ-412

ent bound-nucleon PDFs were utilized to systematically413

study the effect these have on the determination of the414

dilution factor, as described below.415

B. Yield Determination416

As mentioned before, the polarization observable E was417

determined using the asymmetry of yields from the two418

photon-target polarization configurations (parallel and419

anti-parallel), as shown in Eq. (8). The yields correspond420

to the total number of events with a z-vertex cut between421

−3 cm and 3 cm that enabled us to select events that orig-422

inated within the butanol target and within a missing-423

mass range that was dependent on the kinematic bin.424

The missing-mass range was the same as the range used425

in the dilution factor determination, established from fits426

to the missing-mass with a Gaussian to describe the free-427

proton contributions and a bound-nucleon PDF (either a428

second Gaussian or a polynomial). The range was then429

established to be at µ± 3σ for each kinematic bin.430

IV. UNCERTAINTIES431

The statistical uncertainties of E were determined us-432

ing error propagation from the two yields, and accounting433

for the statistical uncertainty associated with the dilution434

factor determination. The latter was determined using435

the covariance matrix of the bound-nucleon fit parame-436

ters, as well as the integral and its uncertainty of the fit437

to the butanol missing-mass distribution.438

Source σsys

Particle identification 0.002

Reaction reconstruction / mX cut 0.008

Photon selection 0.015

Vertex cuts 0.006

Fiducial cuts 0.002

Dilution factor 0.014

Point-to-point DF 0.0–0.3

Total Point-by-point (absolute) Syst. 0.023−0.301

Photon polarization 4%

Target polarization 6%

Global Scale (relative) Syst. 7.2%

TABLE I. Summary of systematic uncertainties related to the
determination of the double-polarization observable E.

A thorough assessment of systematic effects in the de-439

termined observable was carried out, including effects re-440

lated to particle identification and reaction reconstruc-441

tion. Uncertainties in the photon and target polarization442

were also evaluated and included as a global scale system-443

atic effect. Systematic uncertainties related to the dilu-444

tion factor determination were also evaluated in detail. A445

total dilution factor systematic uncertainty of ∼ 4% was446

established by studying the effect different PDFs had on447

describing the bound-nucleon contributions. The dilu-448

tion factor is expected to have a smooth dependence on449

the kinematic variables. A point-to-point dilution factor450

systematic uncertainty was also included to account for451

differences in the dilution factor from this smooth varia-452

tion. This point-to-point systematic uncertainty was es-453

tablished using interpolation of the dilution values from454

adjacent bins and the determined value of the bin in ques-455

tion.456

A summary of the systematic uncertainties is given in457

Table I. The uncertainties are split into a point-by-point458

(absolute) uncertainty that was applied to all points 3,459

and a relative uncertainty (associated with the target and460

photon polarizations) that was applied as a scale system-461

atic affecting all points in a correlated way.462

V. RESULTS AND DISCUSSION463

The current work enabled the determination of E be-464

tween center-of-mass (c.m.) energies W = 1.25 GeV and465

W = 2.23 GeV for a wide angular coverage of the π0.466

These results extend the kinematic reach of the world467

3 The point-by-point uncertainty was added to each point’s statis-
tical uncertainty in quadrature and it was treated independently
for each point.
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dataset for the E observable to lower energies, while sig-468

nificantly improving the statistical precision in all energy469

bins. The newly obtained values agree well with previ-470

ously published data from CBELSA [14], as shown in471

Fig. 2. Specifically, Fig. 2 shows the CLAS results on E472

(black open circles) for four c.m. energy bins and how473

they compare to CBELSA (red open squares) results.474

The figure also provides predictions (i.e. PWA solutions475

where the newly obtained data were not included in the476

fits) from the SAID (solid blue line), the MAID (ma-477

genta dashed-dotted line), and the Bonn-Gatchina (green478

dashed line) PWA solutions. It is evident that at lower479

energies, where a plethora of other data exist [7], the480

PWAs predict well the precise measurement of E from481

CLAS. At higher energies, significant deviations between482

the solutions and data are evident. Overall, the SAID483

and Bonn-Gatchina PWA solutions agree well, especially484

at larger π0 angles in the c.m. frame, whereas deviations485

in all angles are observed between the MAID PWA solu-486

tions and our data.487
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FIG. 2. Results from CLAS (black open circles) for E as
compared to published data from CBELSA [14] (red open
squares) for four kinematic bins. Statistical and point-to-
point systematic uncertainties are combined in quadrature.
Systematic uncertainties for CLAS results are indicated by
the shaded regions at the bottom of each plot. PWA pre-
dictions for Scattering Analysis Interactive Database (SAID)
SM22 [40], MAID PIONMAID-2021 [41], and Bonn-Gatchina
BnGa-2022-02 [42] are shown in solid blue, magenta dashed-
dotted, and green dashed curves, respectively. The CBELSA
data were included in the SAID, MAID, and Bonn-Gatchina
fits.488

489

The full kinematic coverage of the CLAS dataset is490

illustrated in Fig. 3 (CBELSA results are omitted in491

these plots). The new results were included in the world492

database and PWA fits were performed in all three frame-493

works. Specifically, the new PWA solutions for SAID494

(blue solid line), MAID (magenta dashed-dotted line),495

and Bonn-Gatchina (green dashed line) that account for496

the CLAS E results (in addition to the other world data),497

are shown in Fig. 3. These new fits describe well the E498

data, with the exception of the MAID solution at ener-499

gies W > 2.10 GeV. More details on the PWA fits and500

their findings are provided below.501

A. Multipole analysis502

In the SAID multipole analysis of these data, an503

energy-dependent parametrization, based on the Chew-504

Mandelstam K-matrix approach, has been used. The505

Chew-Mandelstam parametrization (CM) for a hadronic506

T matrix, described in Ref. [43], was used in a pre-507

vious coupled-channel fit of πN elastic scattering and508

πN → Nη reaction data. The parametrization form used509

in that fit was given as510

Tαβ =
∑
σ

[1− K̄C]−1
ασK̄σβ , (9)

where the notation K̄ was used to distinguish this from511

the HeitlerK-matrix [44] and α, β, and σ are indices that512

label the channels, πN , π∆, ρN , and ηN . The param-513

eter C corresponds to the Chew-Mandelstam function514

described in Ref. [45]. Given the success of this approach515

in the hadronic two-body sector, the fit formalism was516

extended to pion photoproduction [46].517

The Chew-Mandelstam form of Eq. (9) has been ex-518

tended to include the electromagnetic channel as:519

Tαγ =
∑
σ

[1− K̄C]−1
ασK̄σγ . (10)

Here, γ denotes the electromagnetic channel, γn, and
σ denotes the hadronic channels that appear in the
parametrization of the hadronic rescattering matrix,

[1− K̄C]−1 .

By sharing this common factor, which qualitatively en-520

codes the hadronic channel coupling (or rescattering) ef-521

fects, Eqs. (9) and (10) constitute a unified approach to522

the problem of parametrizing the hadronic scattering and523

photoproduction amplitudes.524

The existing hadronic elements of Eq. (9) were not var-525

ied in the fits of the photoproduction data. For this rea-526

son, the photoproduction fits have a resonance structure527

identical to that found in Ref. [43]. The electromagnetic528

CM K-matrix elements contain polynomials in energy529

with the correct threshold behavior. The order of these530

polynomials was increased until the fit’s χ2 value was not531

significantly improved. At this level, increasing the order532

no longer produced significant improvements to the fit.533

While the initial fit from SAID to the present set of data534

delivered a good overall description, some systematic de-535

viations were noticed at back angles and at the highest536

energies.537

PionMAID-2021 is an updated version of the unitarity538

isobar model MAID2007 [47]. It has been developed to539

analyze the world data of neutral- and charged-pion pho-540

toproduction. The model contains a resonance part, pa-541

rameterized by a Breit-Wigner shape, and a background542
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W = 1.25 GeV
<latexit sha1_base64="fpuUSI7GywhBPzb4Y3bKltUu0ME=">AAAB+nicbVDLSsNAFJ3UV62vVJdugkXoKiSlWDdCwYUuK9gHtKFMppN26DzCzEQtsf6JGxeKuPVL3Pk3TtsstPXAhcM593LvPWFMidKe923l1tY3Nrfy24Wd3b39A7t42FIikQg3kaBCdkKoMCUcNzXRFHdiiSELKW6H48uZ377DUhHBb/UkxgGDQ04igqA2Ut8uti98t1J76rFQPKRXuDXt2yXP9eZwVomfkRLI0OjbX72BQAnDXCMKler6XqyDFEpNEMXTQi9ROIZoDIe4ayiHDKsgnZ8+dU6NMnAiIU1x7czV3xMpZEpNWGg6GdQjtezNxP+8bqKj8yAlPE405mixKEqoo4Uzy8EZEImRphNDIJLE3OqgEZQQaZNWwYTgL7+8SloV1z9zqzfVUr2cxZEHx+AElIEPaqAOrkEDNAEC9+AZvII369F6sd6tj0VrzspmjsAfWJ8/DbGTKg==</latexit>

W = 1.27 GeV
<latexit sha1_base64="5EcwD5hfz0UNW1wYejOTNCidEAE=">AAAB+nicbVDLSgMxFM3UV62vqS7dBIvQ1TBTio+FUHChywr2Ae1QMmmmDc0kQ5JRy1j/xI0LRdz6Je78G9N2Ftp64MLhnHu5954gZlRp1/22ciura+sb+c3C1vbO7p5d3G8qkUhMGlgwIdsBUoRRThqaakbasSQoChhpBaPLqd+6I1JRwW/1OCZ+hAachhQjbaSeXWxdeE7l/KkbBeIhvSLNSc8uuY47A1wmXkZKIEO9Z391+wInEeEaM6RUx3Nj7adIaooZmRS6iSIxwiM0IB1DOYqI8tPZ6RN4bJQ+DIU0xTWcqb8nUhQpNY4C0xkhPVSL3lT8z+skOjzzU8rjRBOO54vChEEt4DQH2KeSYM3GhiAsqbkV4iGSCGuTVsGE4C2+vEyaFcc7cao31VKtnMWRB4fgCJSBB05BDVyDOmgADO7BM3gFb9aj9WK9Wx/z1pyVzRyAP7A+fwAQz5Ms</latexit>

W = 1.29 GeV
<latexit sha1_base64="w46ugn5znAyK3Dr7Q+Tkq2LPDns=">AAAB+nicbVDLSgNBEJz1GeNro0cvg0HIadnVoF6EgAc9RjAPSJYwO5kkQ+axzMyqYY1/4sWDIl79Em/+jZNkD5pY0FBUddPdFcWMauP7387S8srq2npuI7+5tb2z6xb26lomCpMalkyqZoQ0YVSQmqGGkWasCOIRI41oeDnxG3dEaSrFrRnFJOSoL2iPYmSs1HELjYvAOwme2jySD+kVqY87btH3/CngIgkyUgQZqh33q92VOOFEGMyQ1q3Aj02YImUoZmScbyeaxAgPUZ+0LBWIEx2m09PH8MgqXdiTypYwcKr+nkgR13rEI9vJkRnoeW8i/ue1EtM7D1Mq4sQQgWeLegmDRsJJDrBLFcGGjSxBWFF7K8QDpBA2Nq28DSGYf3mR1I+94NQr35SLlVIWRw4cgENQAgE4AxVwDaqgBjC4B8/gFbw5j86L8+58zFqXnGxmH/yB8/kDBeeTJQ==</latexit>

W = 1.31 GeV
<latexit sha1_base64="wh0PqCSAzcmnwkI9SeV+XIhwRlQ=">AAAB+nicbVDLSgMxFM3UV62vqS7dBIvQ1TBji7oRCi50WcE+oB1KJs20oZlkSDJqGeufuHGhiFu/xJ1/Y9rOQlsPXDiccy/33hPEjCrtut9WbmV1bX0jv1nY2t7Z3bOL+00lEolJAwsmZDtAijDKSUNTzUg7lgRFASOtYHQ59Vt3RCoq+K0ex8SP0IDTkGKkjdSzi60Lz6lUnrpRIB7SK9Kc9OyS67gzwGXiZaQEMtR79le3L3ASEa4xQ0p1PDfWfoqkppiRSaGbKBIjPEID0jGUo4goP52dPoHHRunDUEhTXMOZ+nsiRZFS4ygwnRHSQ7XoTcX/vE6iw3M/pTxONOF4vihMGNQCTnOAfSoJ1mxsCMKSmlshHiKJsDZpFUwI3uLLy6R54ninTvWmWqqVszjy4BAcgTLwwBmogWtQBw2AwT14Bq/gzXq0Xqx362PemrOymQPwB9bnDwkFkyc=</latexit>

W = 1.33 GeV
<latexit sha1_base64="O7NbItg4AeNsK74E4UkE7JjVzPo=">AAAB+nicbVDLSgMxFM3UV62vqS7dBIvQ1TCj9bERCi50WcE+oB1KJs20oUlmSDJqGeufuHGhiFu/xJ1/Y9rOQlsPXDiccy/33hPEjCrtut9Wbml5ZXUtv17Y2Nza3rGLuw0VJRKTOo5YJFsBUoRRQeqaakZasSSIB4w0g+HlxG/eEaloJG71KCY+R31BQ4qRNlLXLjYvPOf45KnDg+ghvSKNcdcuuY47BVwkXkZKIEOta391ehFOOBEaM6RU23Nj7adIaooZGRc6iSIxwkPUJ21DBeJE+en09DE8NEoPhpE0JTScqr8nUsSVGvHAdHKkB2rem4j/ee1Eh+d+SkWcaCLwbFGYMKgjOMkB9qgkWLORIQhLam6FeIAkwtqkVTAhePMvL5LGkeOdOpWbSqlazuLIg31wAMrAA2egCq5BDdQBBvfgGbyCN+vRerHerY9Za87KZvbAH1ifPwwjkyk=</latexit>

W = 1.35 GeV
<latexit sha1_base64="NTn0sHetImMwSh40V36aPe76OlA=">AAAB+nicbVDLSsNAFJ3UV62vVJdugkXoKiRarBuh4EKXFewD2lAm00k7dB5hZqKWWP/EjQtF3Pol7vwbp20W2nrgwuGce7n3njCmRGnP+7ZyK6tr6xv5zcLW9s7unl3cbyqRSIQbSFAh2yFUmBKOG5poituxxJCFFLfC0eXUb91hqYjgt3oc44DBAScRQVAbqWcXWxe+e1p96rJQPKRXuDnp2SXP9WZwlomfkRLIUO/ZX92+QAnDXCMKler4XqyDFEpNEMWTQjdROIZoBAe4YyiHDKsgnZ0+cY6N0nciIU1x7czU3xMpZEqNWWg6GdRDtehNxf+8TqKj8yAlPE405mi+KEqoo4UzzcHpE4mRpmNDIJLE3OqgIZQQaZNWwYTgL768TJonrn/mVm4qpVo5iyMPDsERKAMfVEENXIM6aAAE7sEzeAVv1qP1Yr1bH/PWnJXNHIA/sD5/AA9Bkys=</latexit>

W = 1.37 GeV

<latexit sha1_base64="9ewrBhV9cSzoMh9PUZAg/NcDzT8=">AAAB+nicbVDLSgMxFM3UV62vqS7dBIvQ1TCjxcdCKLjQZQX7gHYomTTThiaZIcmoZax/4saFIm79Enf+jWk7C209cOFwzr3ce08QM6q0635buaXlldW1/HphY3Nre8cu7jZUlEhM6jhikWwFSBFGBalrqhlpxZIgHjDSDIaXE795R6SikbjVo5j4HPUFDSlG2khdu9i88Jzj86cOD6KH9Io0xl275DruFHCReBkpgQy1rv3V6UU44URozJBSbc+NtZ8iqSlmZFzoJIrECA9Rn7QNFYgT5afT08fw0Cg9GEbSlNBwqv6eSBFXasQD08mRHqh5byL+57UTHZ75KRVxoonAs0VhwqCO4CQH2KOSYM1GhiAsqbkV4gGSCGuTVsGE4M2/vEgaR4534lRuKqVqOYsjD/bBASgDD5yCKrgGNVAHGNyDZ/AK3qxH68V6tz5mrTkrm9kDf2B9/gASX5Mt</latexit>

W = 1.39 GeV
<latexit sha1_base64="8Rc87IXzLCy6/sgMaW+0eFR2Ww0=">AAAB+nicbVDLSgNBEJyNrxhfGz16GQxCTsuuBPUiBDzoMYJ5QLKE2ckkGTKPZWZWDWv8Ey8eFPHql3jzb5wke9DEgoaiqpvurihmVBvf/3ZyK6tr6xv5zcLW9s7unlvcb2iZKEzqWDKpWhHShFFB6oYaRlqxIohHjDSj0eXUb94RpakUt2Yck5CjgaB9ipGxUtctNi8CrxI8dXgkH9Ir0ph03ZLv+TPAZRJkpAQy1LruV6cnccKJMJghrduBH5swRcpQzMik0Ek0iREeoQFpWyoQJzpMZ6dP4LFVerAvlS1h4Ez9PZEirvWYR7aTIzPUi95U/M9rJ6Z/HqZUxIkhAs8X9RMGjYTTHGCPKoING1uCsKL2VoiHSCFsbFoFG0Kw+PIyaZx4walXuamUquUsjjw4BEegDAJwBqrgGtRAHWBwD57BK3hzHp0X5935mLfmnGzmAPyB8/kDB3eTJg==</latexit>

W = 1.41 GeV
<latexit sha1_base64="64Zu4BpeWGg+indAMEugTdAZTXQ=">AAAB+nicbVDLSgNBEJz1GeNro0cvg0HIadnVoF6EgAc9RjAPSJYwO5kkQ+axzMyqYY1/4sWDIl79Em/+jZNkD5pY0FBUddPdFcWMauP7387S8srq2npuI7+5tb2z6xb26lomCpMalkyqZoQ0YVSQmqGGkWasCOIRI41oeDnxG3dEaSrFrRnFJOSoL2iPYmSs1HELjYvAK588tXkkH9IrUh933KLv+VPARRJkpAgyVDvuV7srccKJMJghrVuBH5swRcpQzMg43040iREeoj5pWSoQJzpMp6eP4ZFVurAnlS1h4FT9PZEirvWIR7aTIzPQ895E/M9rJaZ3HqZUxIkhAs8W9RIGjYSTHGCXKoING1mCsKL2VogHSCFsbFp5G0Iw//IiqR97walXvikXK6Usjhw4AIegBAJwBirgGlRBDWBwD57BK3hzHp0X5935mLUuOdnMPvgD5/MHCpWTKA==</latexit>

W = 1.43 GeV
<latexit sha1_base64="HrOvg/CnFLh59ixaMStof9Veslg=">AAAB+nicbVDJSgNBEO1xjXGb6NFLYxByGmYkLhch4EGPEcwCyRB6Op2kSS9Dd48axvgnXjwo4tUv8ebf2EnmoIkPCh7vVVFVL4oZ1cb3v52l5ZXVtfXcRn5za3tn1y3s1bVMFCY1LJlUzQhpwqggNUMNI81YEcQjRhrR8HLiN+6I0lSKWzOKSchRX9AexchYqeMWGheBVz55avNIPqRXpD7uuEXf86eAiyTISBFkqHbcr3ZX4oQTYTBDWrcCPzZhipShmJFxvp1oEiM8RH3SslQgTnSYTk8fwyOrdGFPKlvCwKn6eyJFXOsRj2wnR2ag572J+J/XSkzvPEypiBNDBJ4t6iUMGgknOcAuVQQbNrIEYUXtrRAPkELY2LTyNoRg/uVFUj/2glOvfFMuVkpZHDlwAA5BCQTgDFTANaiCGsDgHjyDV/DmPDovzrvzMWtdcrKZffAHzucPDbOTKg==</latexit>

W = 1.45 GeV
<latexit sha1_base64="BMqSvYRRIiS9TMVayMtG6lbtpn8=">AAAB+nicbVDLSgNBEJz1GeNro0cvg0HIadmVYLwIAQ96jGAekCxhdjJJhsxjmZlVwxr/xIsHRbz6Jd78GyfJHjSxoKGo6qa7K4oZ1cb3v52V1bX1jc3cVn57Z3dv3y0cNLRMFCZ1LJlUrQhpwqggdUMNI61YEcQjRprR6HLqN++I0lSKWzOOScjRQNA+xchYqesWmheBV648dXgkH9Ir0ph03aLv+TPAZRJkpAgy1LruV6cnccKJMJghrduBH5swRcpQzMgk30k0iREeoQFpWyoQJzpMZ6dP4IlVerAvlS1h4Ez9PZEirvWYR7aTIzPUi95U/M9rJ6Z/HqZUxIkhAs8X9RMGjYTTHGCPKoING1uCsKL2VoiHSCFsbFp5G0Kw+PIyaZx6wZlXvikXq6Usjhw4AsegBAJQAVVwDWqgDjC4B8/gFbw5j86L8+58zFtXnGzmEPyB8/kDENGTLA==</latexit>

W = 1.47 GeV
<latexit sha1_base64="59eCGeQBG8LNb4hdTYqsE3FQDZ0=">AAAB+nicbVDJSgNBEO1xjXGb6NFLYxByGmYkuByEgAc9RjALJEPo6XSSJr0M3T1qGOOfePGgiFe/xJt/YyeZgyY+KHi8V0VVvShmVBvf/3aWlldW19ZzG/nNre2dXbewV9cyUZjUsGRSNSOkCaOC1Aw1jDRjRRCPGGlEw8uJ37gjSlMpbs0oJiFHfUF7FCNjpY5baFwEXvn8qc0j+ZBekfq44xZ9z58CLpIgI0WQodpxv9pdiRNOhMEMad0K/NiEKVKGYkbG+XaiSYzwEPVJy1KBONFhOj19DI+s0oU9qWwJA6fq74kUca1HPLKdHJmBnvcm4n9eKzG9szClIk4MEXi2qJcwaCSc5AC7VBFs2MgShBW1t0I8QAphY9PK2xCC+ZcXSf3YC0688k25WCllceTAATgEJRCAU1AB16AKagCDe/AMXsGb8+i8OO/Ox6x1yclm9sEfOJ8/E++TLg==</latexit>

W = 1.49 GeV
<latexit sha1_base64="aTvdWFgEFwxQwLitqNYdH8uc7FA=">AAAB+nicbVDJSgNBEO2JW4zbRI9eGoOQ0zAjbhch4EGPEcwCyRB6Op2kSS9Dd48axvgnXjwo4tUv8ebf2EnmoIkPCh7vVVFVL4oZ1cb3v53c0vLK6lp+vbCxubW94xZ361omCpMalkyqZoQ0YVSQmqGGkWasCOIRI41oeDnxG3dEaSrFrRnFJOSoL2iPYmSs1HGLjYvAOwme2jySD+kVqY87bsn3/CngIgkyUgIZqh33q92VOOFEGMyQ1q3Aj02YImUoZmRcaCeaxAgPUZ+0LBWIEx2m09PH8NAqXdiTypYwcKr+nkgR13rEI9vJkRnoeW8i/ue1EtM7D1Mq4sQQgWeLegmDRsJJDrBLFcGGjSxBWFF7K8QDpBA2Nq2CDSGYf3mR1I+84NQ7vjkuVcpZHHmwDw5AGQTgDFTANaiCGsDgHjyDV/DmPDovzrvzMWvNOdnMHvgD5/MHCQeTJw==</latexit>

W = 1.51 GeV

<latexit sha1_base64="KdZ5mnThVj/qK2BDWbK6a7nSrVo=">AAAB+nicbVDLSgMxFM3UV62vqS7dBIvQ1TCj9bERCi50WcE+oB1KJs20oUlmSDJqGeufuHGhiFu/xJ1/Y9rOQlsPXDiccy/33hPEjCrtut9Wbml5ZXUtv17Y2Nza3rGLuw0VJRKTOo5YJFsBUoRRQeqaakZasSSIB4w0g+HlxG/eEaloJG71KCY+R31BQ4qRNlLXLjYvPOfk+KnDg+ghvSKNcdcuuY47BVwkXkZKIEOta391ehFOOBEaM6RU23Nj7adIaooZGRc6iSIxwkPUJ21DBeJE+en09DE8NEoPhpE0JTScqr8nUsSVGvHAdHKkB2rem4j/ee1Eh+d+SkWcaCLwbFGYMKgjOMkB9qgkWLORIQhLam6FeIAkwtqkVTAhePMvL5LGkeOdOpWbSqlazuLIg31wAMrAA2egCq5BDdQBBvfgGbyCN+vRerHerY9Za87KZvbAH1ifPwwlkyk=</latexit>

W = 1.53 GeV
<latexit sha1_base64="ddX5odHiSL4wtPOx8sUo8+UymvM=">AAAB+nicbVDLSgMxFM3UV62vqS7dBIvQ1TAjrboRCi50WcE+oB1KJs20oZlkSDJqGeufuHGhiFu/xJ1/Y9rOQlsPXDiccy/33hPEjCrtut9WbmV1bX0jv1nY2t7Z3bOL+00lEolJAwsmZDtAijDKSUNTzUg7lgRFASOtYHQ59Vt3RCoq+K0ex8SP0IDTkGKkjdSzi60Lz6lWn7pRIB7SK9Kc9OyS67gzwGXiZaQEMtR79le3L3ASEa4xQ0p1PDfWfoqkppiRSaGbKBIjPEID0jGUo4goP52dPoHHRunDUEhTXMOZ+nsiRZFS4ygwnRHSQ7XoTcX/vE6iw3M/pTxONOF4vihMGNQCTnOAfSoJ1mxsCMKSmlshHiKJsDZpFUwI3uLLy6R54ninTuWmUqqVszjy4BAcgTLwwBmogWtQBw2AwT14Bq/gzXq0Xqx362PemrOymQPwB9bnDw9Dkys=</latexit>

W = 1.55 GeV
<latexit sha1_base64="mAygzRqhElmDOjw9NF+RPEdY7jM=">AAAB+nicbVDLSgMxFM3UV62vqS7dBIvQ1TAj1boRCi50WcE+oB1KJs20oZlkSDJqGeufuHGhiFu/xJ1/Y9rOQlsPXDiccy/33hPEjCrtut9WbmV1bX0jv1nY2t7Z3bOL+00lEolJAwsmZDtAijDKSUNTzUg7lgRFASOtYHQ59Vt3RCoq+K0ex8SP0IDTkGKkjdSzi60LzzmtPnWjQDykV6Q56dkl13FngMvEy0gJZKj37K9uX+AkIlxjhpTqeG6s/RRJTTEjk0I3USRGeIQGpGMoRxFRfjo7fQKPjdKHoZCmuIYz9fdEiiKlxlFgOiOkh2rRm4r/eZ1Eh+d+SnmcaMLxfFGYMKgFnOYA+1QSrNnYEIQlNbdCPEQSYW3SKpgQvMWXl0nzxPHOnMpNpVQrZ3HkwSE4AmXggSqogWtQBw2AwT14Bq/gzXq0Xqx362PemrOymQPwB9bnDxJhky0=</latexit>

W = 1.57 GeV
<latexit sha1_base64="CtRc1jfzsa3xaMRhAialQWB95NQ=">AAAB+nicbVDLSsNAFJ3UV62vVJdugkXoKiRSXwuh4EKXFewD2lAm00k7dB5hZqKWWP/EjQtF3Pol7vwbp20W2nrgwuGce7n3njCmRGnP+7ZyS8srq2v59cLG5tb2jl3cbSiRSITrSFAhWyFUmBKO65poiluxxJCFFDfD4eXEb95hqYjgt3oU44DBPicRQVAbqWsXmxe+e3z+1GGheEivcGPctUue603hLBI/IyWQoda1vzo9gRKGuUYUKtX2vVgHKZSaIIrHhU6icAzREPZx21AOGVZBOj197BwapedEQpri2pmqvydSyJQasdB0MqgHat6biP957URHZ0FKeJxozNFsUZRQRwtnkoPTIxIjTUeGQCSJudVBAygh0iatggnBn395kTSOXP/ErdxUStVyFkce7IMDUAY+OAVVcA1qoA4QuAfP4BW8WY/Wi/Vufcxac1Y2swf+wPr8ARV/ky8=</latexit>

W = 1.59 GeV
<latexit sha1_base64="SFCg9avda5oInBEMhgMePOlNI+8=">AAAB+nicbVDLSgNBEJyNrxhfGz16GQxCTsuuSPQiBDzoMYJ5QLKE2ckkGTKPZWZWDWv8Ey8eFPHql3jzb5wke9DEgoaiqpvurihmVBvf/3ZyK6tr6xv5zcLW9s7unlvcb2iZKEzqWDKpWhHShFFB6oYaRlqxIohHjDSj0eXUb94RpakUt2Yck5CjgaB9ipGxUtctNi8CrxI8dXgkH9Ir0ph03ZLv+TPAZRJkpAQy1LruV6cnccKJMJghrduBH5swRcpQzMik0Ek0iREeoQFpWyoQJzpMZ6dP4LFVerAvlS1h4Ez9PZEirvWYR7aTIzPUi95U/M9rJ6Z/HqZUxIkhAs8X9RMGjYTTHGCPKoING1uCsKL2VoiHSCFsbFoFG0Kw+PIyaZx4QcU7vTktVctZHHlwCI5AGQTgDFTBNaiBOsDgHjyDV/DmPDovzrvzMW/NOdnMAfgD5/MHCpeTKA==</latexit>

W = 1.61 GeV
<latexit sha1_base64="2ryCplNKZFHVAnymC8V2eEELNEM=">AAAB+nicbVDLSsNAFJ3UV62vVJdugkXoKiRaqhuh4EKXFewD2lAm00k7dB5hZqKWWP/EjQtF3Pol7vwbp20W2nrgwuGce7n3njCmRGnP+7ZyK6tr6xv5zcLW9s7unl3cbyqRSIQbSFAh2yFUmBKOG5poituxxJCFFLfC0eXUb91hqYjgt3oc44DBAScRQVAbqWcXWxe+Wz196rJQPKRXuDnp2SXP9WZwlomfkRLIUO/ZX92+QAnDXCMKler4XqyDFEpNEMWTQjdROIZoBAe4YyiHDKsgnZ0+cY6N0nciIU1x7czU3xMpZEqNWWg6GdRDtehNxf+8TqKj8yAlPE405mi+KEqoo4UzzcHpE4mRpmNDIJLE3OqgIZQQaZNWwYTgL768TJonrl91KzeVUq2cxZEHh+AIlIEPzkANXIM6aAAE7sEzeAVv1qP1Yr1bH/PWnJXNHIA/sD5/AA21kyo=</latexit>

W = 1.63 GeV
<latexit sha1_base64="/iLeUGRbXCzeeOOX7aQ5mD2iWas=">AAAB+nicbVDLSgMxFM3UV62vqS7dBIvQ1TAjtboRCi50WcE+oB1KJs20oZlkSDJqGeufuHGhiFu/xJ1/Y9rOQlsPXDiccy/33hPEjCrtut9WbmV1bX0jv1nY2t7Z3bOL+00lEolJAwsmZDtAijDKSUNTzUg7lgRFASOtYHQ59Vt3RCoq+K0ex8SP0IDTkGKkjdSzi60Lz6mePnWjQDykV6Q56dkl13FngMvEy0gJZKj37K9uX+AkIlxjhpTqeG6s/RRJTTEjk0I3USRGeIQGpGMoRxFRfjo7fQKPjdKHoZCmuIYz9fdEiiKlxlFgOiOkh2rRm4r/eZ1Eh+d+SnmcaMLxfFGYMKgFnOYA+1QSrNnYEIQlNbdCPEQSYW3SKpgQvMWXl0nzxPGqTuWmUqqVszjy4BAcgTLwwBmogWtQBw2AwT14Bq/gzXq0Xqx362PemrOymQPwB9bnDxDTkyw=</latexit>

W = 1.65 GeV

<latexit sha1_base64="I41hESi9oi08axcModPbhpDORnw=">AAAB+nicbVDLSgMxFM3UV62vqS7dBIvQ1TAjpXUjFFzosoJ9QDuUTJppQ5PJkGTUMtY/ceNCEbd+iTv/xrSdhbYeuHA4517uvSeIGVXadb+t3Nr6xuZWfruws7u3f2AXD1tKJBKTJhZMyE6AFGE0Ik1NNSOdWBLEA0bawfhy5rfviFRURLd6EhOfo2FEQ4qRNlLfLrYvPKdae+rxQDykV6Q17dsl13HngKvEy0gJZGj07a/eQOCEk0hjhpTqem6s/RRJTTEj00IvUSRGeIyGpGtohDhRfjo/fQpPjTKAoZCmIg3n6u+JFHGlJjwwnRzpkVr2ZuJ/XjfR4bmf0ihONInwYlGYMKgFnOUAB1QSrNnEEIQlNbdCPEISYW3SKpgQvOWXV0nrzPGqTuWmUqqXszjy4BicgDLwQA3UwTVogCbA4B48g1fwZj1aL9a79bFozVnZzBH4A+vzBxPxky4=</latexit>

W = 1.67 GeV
<latexit sha1_base64="q2QWTv1U4L7YXqpCK6OxT+NpYOQ=">AAAB+nicbVDLSgMxFM3UV62vqS7dBIvQ1TAjpepCKLjQZQX7gHYomTTThmaSIcmoZax/4saFIm79Enf+jWk7C209cOFwzr3ce08QM6q0635buZXVtfWN/GZha3tnd88u7jeVSCQmDSyYkO0AKcIoJw1NNSPtWBIUBYy0gtHl1G/dEamo4Ld6HBM/QgNOQ4qRNlLPLrYuPKd6/tSNAvGQXpHmpGeXXMedAS4TLyMlkKHes7+6fYGTiHCNGVKq47mx9lMkNcWMTArdRJEY4REakI6hHEVE+ens9Ak8NkofhkKa4hrO1N8TKYqUGkeB6YyQHqpFbyr+53USHZ75KeVxognH80VhwqAWcJoD7FNJsGZjQxCW1NwK8RBJhLVJq2BC8BZfXibNE8erOpWbSqlWzuLIg0NwBMrAA6egBq5BHTQABvfgGbyCN+vRerHerY95a87KZg7AH1ifPxcPkzA=</latexit>

W = 1.69 GeV
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W = 1.73 GeV
<latexit sha1_base64="Q90MRnzst/CdToidc12g8+h4Z9Q=">AAAB+nicbVDLSgMxFM3UV62vqS7dBIvQ1TAjpXUjFFzosoJ9QDuUTJppQ5PJkGTUMtY/ceNCEbd+iTv/xrSdhbYeuHA4517uvSeIGVXadb+t3Nr6xuZWfruws7u3f2AXD1tKJBKTJhZMyE6AFGE0Ik1NNSOdWBLEA0bawfhy5rfviFRURLd6EhOfo2FEQ4qRNlLfLrYvPKdWferxQDykV6Q17dsl13HngKvEy0gJZGj07a/eQOCEk0hjhpTqem6s/RRJTTEj00IvUSRGeIyGpGtohDhRfjo/fQpPjTKAoZCmIg3n6u+JFHGlJjwwnRzpkVr2ZuJ/XjfR4bmf0ihONInwYlGYMKgFnOUAB1QSrNnEEIQlNbdCPEISYW3SKpgQvOWXV0nrzPGqTuWmUqqXszjy4BicgDLwQA3UwTVogCbA4B48g1fwZj1aL9a79bFozVnZzBH4A+vzBxPyky4=</latexit>

W = 1.76 GeV
<latexit sha1_base64="fo8vLujtQ3gADoA8zh1wNf5+DnI=">AAAB+nicbVDLSgNBEJyNrxhfGz16GQxCTsuuiOYiBDzoMYJ5QLKE2ckkGTKPZWZWDWv8Ey8eFPHql3jzb5wke9DEgoaiqpvurihmVBvf/3ZyK6tr6xv5zcLW9s7unlvcb2iZKEzqWDKpWhHShFFB6oYaRlqxIohHjDSj0eXUb94RpakUt2Yck5CjgaB9ipGxUtctNi8Cr+I/dXgkH9Ir0ph03ZLv+TPAZRJkpAQy1LruV6cnccKJMJghrduBH5swRcpQzMik0Ek0iREeoQFpWyoQJzpMZ6dP4LFVerAvlS1h4Ez9PZEirvWYR7aTIzPUi95U/M9rJ6ZfCVMq4sQQgeeL+gmDRsJpDrBHFcGGjS1BWFF7K8RDpBA2Nq2CDSFYfHmZNE684Mw7vTktVctZHHlwCI5AGQTgHFTBNaiBOsDgHjyDV/DmPDovzrvzMW/NOdnMAfgD5/MHDCiTKQ==</latexit>

W = 1.80 GeV
<latexit sha1_base64="Y5lc3v0yZTQqPQGi4fdeFVtISAk=">AAAB+nicbVDLSgNBEJz1GeNro0cvg0HIadmVoLkIAQ96jGAekCxhdjJJhsxjmZlVwxr/xIsHRbz6Jd78GyfJHjSxoKGo6qa7K4oZ1cb3v52V1bX1jc3cVn57Z3dv3y0cNLRMFCZ1LJlUrQhpwqggdUMNI61YEcQjRprR6HLqN++I0lSKWzOOScjRQNA+xchYqesWmheBVyk/dXgkH9Ir0ph03aLv+TPAZRJkpAgy1LruV6cnccKJMJghrduBH5swRcpQzMgk30k0iREeoQFpWyoQJzpMZ6dP4IlVerAvlS1h4Ez9PZEirvWYR7aTIzPUi95U/M9rJ6ZfCVMq4sQQgeeL+gmDRsJpDrBHFcGGjS1BWFF7K8RDpBA2Nq28DSFYfHmZNE694Mwr35SL1VIWRw4cgWNQAgE4B1VwDWqgDjC4B8/gFbw5j86L8+58zFtXnGzmEPyB8/kDEmSTLQ==</latexit>

W = 1.84 GeV
<latexit sha1_base64="0vs+7yQYM7t6HYXBEqXHIgQEzEw=">AAAB+nicbVDLSgNBEJyNrxhfGz16GQxCTsuuiOYiBDzoMYJ5QLKE2ckkGTKPZWZWDWv8Ey8eFPHql3jzb5wke9DEgoaiqpvurihmVBvf/3ZyK6tr6xv5zcLW9s7unlvcb2iZKEzqWDKpWhHShFFB6oYaRlqxIohHjDSj0eXUb94RpakUt2Yck5CjgaB9ipGxUtctNi8Cr1J56vBIPqRXpDHpuiXf82eAyyTISAlkqHXdr05P4oQTYTBDWrcDPzZhipShmJFJoZNoEiM8QgPStlQgTnSYzk6fwGOr9GBfKlvCwJn6eyJFXOsxj2wnR2aoF72p+J/XTky/EqZUxIkhAs8X9RMGjYTTHGCPKoING1uCsKL2VoiHSCFsbFoFG0Kw+PIyaZx4wZl3enNaqpazOPLgEByBMgjAOaiCa1ADdYDBPXgGr+DNeXRenHfnY96ac7KZA/AHzucPGKCTMQ==</latexit>

W = 1.88 GeV

<latexit sha1_base64="fy4Ya+vyhvSeTSSDc89Ji5b1vtc=">AAAB+nicbVDLSgMxFM3UV62vqS7dBIvQ1TBTio+FUHChywr2Ae1QMmmmDc0kQ5JRy1j/xI0LRdz6Je78G9N2Ftp64MLhnHu5954gZlRp1/22ciura+sb+c3C1vbO7p5d3G8qkUhMGlgwIdsBUoRRThqaakbasSQoChhpBaPLqd+6I1JRwW/1OCZ+hAachhQjbaSeXWxdeM555akbBeIhvSLNSc8uuY47A1wmXkZKIEO9Z391+wInEeEaM6RUx3Nj7adIaooZmRS6iSIxwiM0IB1DOYqI8tPZ6RN4bJQ+DIU0xTWcqb8nUhQpNY4C0xkhPVSL3lT8z+skOjzzU8rjRBOO54vChEEt4DQH2KeSYM3GhiAsqbkV4iGSCGuTVsGE4C2+vEyaFcc7cao31VKtnMWRB4fgCJSBB05BDVyDOmgADO7BM3gFb9aj9WK9Wx/z1pyVzRyAP7A+fwAQ1pMs</latexit>

W = 1.92 GeV
<latexit sha1_base64="u3qIauN16VuTg6ujqbkMqndYkCQ=">AAAB+nicbVDLSgMxFM3UV62vqS7dBIvQ1TAjpepCKLjQZQX7gHYomTTThmaSIcmoZax/4saFIm79Enf+jWk7C209cOFwzr3ce08QM6q0635buZXVtfWN/GZha3tnd88u7jeVSCQmDSyYkO0AKcIoJw1NNSPtWBIUBYy0gtHl1G/dEamo4Ld6HBM/QgNOQ4qRNlLPLrYuPOe8+tSNAvGQXpHmpGeXXMedAS4TLyMlkKHes7+6fYGTiHCNGVKq47mx9lMkNcWMTArdRJEY4REakI6hHEVE+ens9Ak8NkofhkKa4hrO1N8TKYqUGkeB6YyQHqpFbyr+53USHZ75KeVxognH80VhwqAWcJoD7FNJsGZjQxCW1NwK8RBJhLVJq2BC8BZfXibNE8erOpWbSqlWzuLIg0NwBMrAA6egBq5BHTQABvfgGbyCN+vRerHerY95a87KZg7AH1ifPxcSkzA=</latexit>

W = 1.96 GeV
<latexit sha1_base64="AUNjSSfRob3H8DjSNEtrTp0+YdU=">AAAB+nicbVDLSgNBEJz1GeNro0cvg0HIKeyGoF6EgAc9RjAPSJYwO5lNhsxjmZlVwxr/xIsHRbz6Jd78GyfJHjSxoKGo6qa7K4wZ1cbzvp2V1bX1jc3cVn57Z3dv3y0cNLVMFCYNLJlU7RBpwqggDUMNI+1YEcRDRlrh6HLqt+6I0lSKWzOOScDRQNCIYmSs1HMLrYtK2fOeujyUD+kVaU56btGzyhRwmfgZKYIM9Z771e1LnHAiDGZI647vxSZIkTIUMzLJdxNNYoRHaEA6lgrEiQ7S2ekTeGKVPoyksiUMnKm/J1LEtR7z0HZyZIZ60ZuK/3mdxETnQUpFnBgi8HxRlDBoJJzmAPtUEWzY2BKEFbW3QjxECmFj08rbEPzFl5dJs1L2T8vVm2qxVsriyIEjcAxKwAdnoAauQR00AAb34Bm8gjfn0Xlx3p2PeeuKk80cgj9wPn8AATqTIg==</latexit>

W = 2.00 GeV
<latexit sha1_base64="ipFvRAVJr+ARMBtyf4jlWGcZ3I8=">AAAB+nicbVDLSgMxFM3UV62vqS7dBIvQ1TBT6mMjFFzosoJ9QDuUTJppQzPJkGTUMtY/ceNCEbd+iTv/xrSdhbYeuHA4517uvSeIGVXadb+t3Mrq2vpGfrOwtb2zu2cX95tKJBKTBhZMyHaAFGGUk4ammpF2LAmKAkZawehy6rfuiFRU8Fs9jokfoQGnIcVIG6lnF1sXFcc9eepGgXhIr0hz0rNLruPOAJeJl5ESyFDv2V/dvsBJRLjGDCnV8dxY+ymSmmJGJoVuokiM8AgNSMdQjiKi/HR2+gQeG6UPQyFNcQ1n6u+JFEVKjaPAdEZID9WiNxX/8zqJDs/9lPI40YTj+aIwYVALOM0B9qkkWLOxIQhLam6FeIgkwtqkVTAheIsvL5NmxfFOnepNtVQrZ3HkwSE4AmXggTNQA9egDhoAg3vwDF7Bm/VovVjv1se8NWdlMwfgD6zPHwkFkyc=</latexit>

W = 2.05 GeV
<latexit sha1_base64="aO4oRdRLCR5ZJzNzjFNWwpxdRuE=">AAAB+nicbVDLSgNBEJyNrxhfGz16GQxCTmFXgnoRAh70GME8IFnC7GQ2GTKPZWZWDWv8Ey8eFPHql3jzb5wke9DEgoaiqpvurjBmVBvP+3ZyK6tr6xv5zcLW9s7unlvcb2qZKEwaWDKp2iHShFFBGoYaRtqxIoiHjLTC0eXUb90RpakUt2Yck4CjgaARxchYqecWWxcnFd9/6vJQPqRXpDnpuSWv4s0Al4mfkRLIUO+5X92+xAknwmCGtO74XmyCFClDMSOTQjfRJEZ4hAakY6lAnOggnZ0+gcdW6cNIKlvCwJn6eyJFXOsxD20nR2aoF72p+J/XSUx0HqRUxIkhAs8XRQmDRsJpDrBPFcGGjS1BWFF7K8RDpBA2Nq2CDcFffHmZNG10p5XqTbVUK2dx5MEhOAJl4IMzUAPXoA4aAIN78AxewZvz6Lw4787HvDXnZDMH4A+czx8EWZMk</latexit>

W = 2.11 GeV
<latexit sha1_base64="FMXfOQA/C/MlMC6Spw1v/Is21Yw=">AAAB+nicbVDLSgNBEJyNrxhfGz16GQxCTmFXxHgRAh70GME8IFnC7GQ2GTKPZWZWDWv8Ey8eFPHql3jzb5wke9DEgoaiqpvurjBmVBvP+3ZyK6tr6xv5zcLW9s7unlvcb2qZKEwaWDKp2iHShFFBGoYaRtqxIoiHjLTC0eXUb90RpakUt2Yck4CjgaARxchYqecWWxcnFb/61OWhfEivSHPSc0texZsBLhM/IyWQod5zv7p9iRNOhMEMad3xvdgEKVKGYkYmhW6iSYzwCA1Ix1KBONFBOjt9Ao+t0oeRVLaEgTP190SKuNZjHtpOjsxQL3pT8T+vk5joPEipiBNDBJ4vihIGjYTTHGCfKoING1uCsKL2VoiHSCFsbFoFG4K/+PIyadroziqnN6elWjmLIw8OwREoAx9UQQ1cgzpoAAzuwTN4BW/Oo/PivDsf89ack80cgD9wPn8ADbOTKg==</latexit>

W = 2.17 GeV
<latexit sha1_base64="ggY+/m1gTU+n9P9oeZi/xI4vpZM=">AAAB+nicbVDLSgMxFM3UV62vqS7dBIvQ1TBTi7oRCi50WcE+oB1KJs20oZlkSDJqGeufuHGhiFu/xJ1/Y9rOQlsPXDiccy/33hPEjCrtut9WbmV1bX0jv1nY2t7Z3bOL+00lEolJAwsmZDtAijDKSUNTzUg7lgRFASOtYHQ59Vt3RCoq+K0ex8SP0IDTkGKkjdSzi62LilM5eepGgXhIr0hz0rNLruPOAJeJl5ESyFDv2V/dvsBJRLjGDCnV8dxY+ymSmmJGJoVuokiM8AgNSMdQjiKi/HR2+gQeG6UPQyFNcQ1n6u+JFEVKjaPAdEZID9WiNxX/8zqJDs/9lPI40YTj+aIwYVALOM0B9qkkWLOxIQhLam6FeIgkwtqkVTAheIsvL5NmxfFOnepNtVQrZ3HkwSE4AmXggTNQA9egDhoAg3vwDF7Bm/VovVjv1se8NWdlMwfgD6zPHwkHkyc=</latexit>

W = 2.23 GeV
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FIG. 3. Double-polarization observable E (black open circles) from this work as a function of the pion angle in the c.m.
frame. The different panels denote bins in c.m. energy W . The new SAID KI22 (blue solid curves), the Bonn-Gatchina (green
dashed curves), and MAID (magenta dashed-dotted curves) solutions are also indicated in the panels. Statistical and point-
to-point systematic uncertainties are combined in quadrature. Systematic uncertainties are indicated in the shaded regions at
the bottom of each plot.

with Born terms in the resonance region. Regge phe-543

nomenology was applied at energies above the resonance544

region [41] for neutral and for charged pion photopro-545

duction [48, 49]. The model describes experimental data546

up to photon energies of 18 GeV and is well adapted for547

predictions at higher energies.548

The Bonn-Gatchina model was developed for the par-549

tial wave analysis of reactions with multi-particle final550

states. The particle interaction vertices are described551

in the framework of the covariant tensor formalism and552

the energy-dependent part of the partial wave amplitudes553

satisfies unitarity and analyticity conditions. The de-554

scription of the method can be found in Ref. [50]. The555

present solution describes 201 datasets, which includes556

the pion- and photon-induced reactions with one or two557

pseudoscalar mesons in the final state, as well as photon-558

induced reactions with production of the ω meson.559

In Table II, χ2 values are compared for fits in which the560

present data were included and those in which they were561

not. Figure 3 gives a more detailed view of the improved562

quality of the fits obtained with the SAID, MAID and563

Bonn-Gatchina approaches. While the overall fit is quite564

good, the largest discrepancies are seen at backward an-565

gles and higher energies, as illustrated in Fig. 4. Fig. 5566

similarly shows that the fit is not uniformly good, with567

the largest χ2 values occurring at higher energies, as one568

would expect.569

As for variations in multipole amplitudes due to the570

inclusion of the new data, the Bonn-Gatchina group571

found changes in the helicity 1/2 and 3/2 photon de-572

cay amplitudes associated with the N(2120)3/2− and573

changes of the helicity 1/2 amplitude associated with the574

∆(1940)3/2−. These states are not included in the SAID575

model and changes were seen only for amplitudes at the576

highest energies, which were small in magnitude. No sig-577

nificant resonance changes were reported in the MAID578

re-analysis.579

PWA No FROST With FROST

SAID SM22: 2.1 KI22: 1.5

MAID pionMAID-2021: 5.2 2.7

BnGa BnGa-2022-02: 2.7 1.8

TABLE II. Summary of χ2/data point for the new FROST
E data. PWA solutions are SAID: SM22 [40] and new KI22.
MAID: PIONMAID-2021 [51]. Bonn-Gatchina: BnGa-2022-
02 [42].
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W (GeV)

FIG. 4. Comparison of the present CLAS FROST data (black
open circles) and previous CBELSA measurements [14] (red
open squares) vs. present SAID KI22 (blue solid curve),
MAID (magenta dashed-dotted curve), and Bonn-Gatchina
(green dashed curve) solutions for the γ⃗p⃗ → pπ0 reaction and
for the double-polarization observable E at 120◦. The new
CLAS FROST E data are included in the fits. Statistical
and point-to-point systematic uncertainties are combined in
quadrature. The blue vertical arrow indicates the η produc-
tion threshold.
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FIG. 5. Comparison of the present SAID KI22 (blue open cir-
cles and solid line), MAID (magenta filled circles and dashed-
dotted line), and Bonn-Gatchina (green open triangles and
dashed line) fits for the γ⃗p⃗ → pπ0 reaction for the double-
polarization observable E. The lines connecting the points
are included only to guide the eye. Shown are the fit χ2-
per-data-point values averaged within each energy bin, where
the arrows (blue for SAID, magenta for MAID, and green for
Bonn-Gatchina) show the overall χ2 per data point values
from Table II.

While the inclusion of new and precise polarization580

measurements has led to better agreement between581

groups extracting multipole amplitudes [2], the predic-582

tion of new quantities, or existing quantities outside583

their ranges of measurement, is generally only qualita-584

tive, as can be seen in Figs. 2 and 4. The most exten-585

sive single- and double-polarization data above photon586

energies of 2 GeV, come from pre-1980 Daresbury exper-587

iments with limited angular coverage. More recent mea-588

surements at Jefferson Lab, MAMI, Bonn, and SPring-8589

have provided data with higher precision and broader an-590

gular range, but do not provide a database approaching591

a “complete experiment.” Each new measurement is par-592

ticularly valuable at these higher energies. More detailed593

analyses from SAID [40], MAID, and Bonn-Gatchina are594

expected and will include these and other recent data.595

VI. SUMMARY AND OUTLOOK596

The CLAS E–03–105 experiment (FROST), which uti-597

lized longitudinally polarized protons and circularly po-598

larized photons, allowed the precise determination of599

the beam-helicity asymmetry E for the γ⃗p⃗ → pπ0 reac-600

tion. The new results provide an important independent601

check on the extraction of the double-polarization ob-602

servable E with a precision improved over the past data603

from CBELSA, while extending the kinematical cover-604

age at lower energies. Specifically, the newly obtained605

data cover c.m. energies between W = 1.25 GeV and606

W = 2.23 GeV, whereas results from CBELSA pro-607

vided an energy coverage between W = 1.42 GeV and608

W = 2.58 GeV.609

PWA fits within the SAID, MAID, and Bonn-Gatchina610

frameworks were performed with the inclusion of this611

newly obtained dataset. The Bonn-Gatchina group612

found changes in the helicity 1/2 and 3/2 photon de-613

cay amplitudes associated with the N(2120)3/2− and614

changes of the helicity 1/2 amplitude associated with the615

∆(1940)3/2−, while the MAID solution did not show any616

significant changes. A detailed analysis from the SAID617

group is underway to establish the impact of this new618

dataset and their findings will be reported in a dedicated619

paper.620

Numerical CLAS FROST E data are available in the621

SAID [52], CLAS [53], and University of York Pure622

databases [54].623

VII. ACKNOWLEDGMENTS624

This work was supported in part by the U. S. De-625

partment of Energy, Office of Science, Office of Nu-626

clear Physics under Awards No. DE–SC0016583 and DE–627

SC0016582; by the U. K. Science and Technology Facili-628

ties Council grants, ST/P004385/2, ST/T002077/1, and629

ST/L00478X/2; by the EU Horizon 2020 research by in-630

novation program, STRONG-–2020 project (under grant631

agreement No. 824093), as well as by the Russian Science632

Foundation RSF22–22–00722 grant. We also acknowl-633

edge the outstanding efforts of the staff of the Acceler-634



10

ator and Physics Divisions at Jefferson Lab that made635

this experiment possible. The Southeastern Universi-636

ties Research Association (SURA) operated the Thomas637

Jefferson National Accelerator Facility for the United638

States Department of Energy under contract DE-–AC05-639

–06OR23177. Further support was provided by the Na-640

tional Science Foundation, the Italian Istituto Nazionale641

di Fisica Nucleare, the Chilean Comisión Nacional de642

Investigación Cient́ıfica y Tecnológica (CONICYT), the643

Chilean Agency of Research and Development (ANID),644

the French Centre National de la Recherche Scientifique,645
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