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Abstract The double-spin-polarization observable E for
�γ �p → pπ0 has been measured with the CEBAF Large
Acceptance Spectrometer (CLAS) at photon beam energies
Eγ from 0.367 to 2.173 GeV (corresponding to center-of-
mass energies from 1.240 to 2.200 GeV) for pion center-of-
mass angles, cos θc.m.

π0 , between − 0.86 and 0.82. These new
CLAS measurements cover a broader energy range and have
smaller uncertainties compared to previous CBELSA data
and provide an important independent check on systematics.
These measurements are compared to predictions as well
as new global fits from The George Washington University,
Mainz, and Bonn-Gatchina groups. Their inclusion in multi-
pole analyses will allow us to refine our understanding of the
single-pion production contribution to the Gerasimov-Drell-
Hearn sum rule and improve the determination of resonance
properties, which will be presented in a future publication.

a e-mail: nick.zachariou@york.ac.uk (corresponding author)

1 Introduction

The determination of resonance properties for all accessi-
ble baryon states is a central objective in nuclear physics
[1,2]. The extracted resonance parameters provide a crucial
body of information for understanding the nucleon excitation
spectrum and for testing models of the nucleon inspired by
quantum chromodynamics (QCD) and, more recently, lat-
tice QCD calculations (see, for instance, Refs. [3,4]). The
spectra of N∗ and �∗ baryon resonances have been exten-
sively studied through meson-nucleon scattering and meson
photoproduction experiments. Properties of the known reso-
nances continue to become better determined as experiments
involving polarized beams, targets, and recoil measurements
are expanded and refined [5,6]. Extracted quantities include
resonance masses, widths, branching fractions, pole posi-
tions, and associated residues, as well as photon decay ampli-
tudes [7]. The helicity 1/2 and 3/2 photon decay amplitudes
(N∗ → pγ ) can be extracted from a combination of reso-
nance contributions to meson-nucleon scattering and photo-
production analyses.

123

mailto:nick.zachariou@york.ac.uk


Eur. Phys. J. A (2023) 59 :217 Page 3 of 12 217

New states have also been found, mainly through multi-
channel analyses that are sensitive to states having a relatively
weak coupling to the π N decay channel [8–11]. A compre-
hensive overview of the available data is presented in Ref.
[2]. For the γ p → pπ0 reaction discussed in this paper,
experimental data on the differential cross section, beam-
spin asymmetry, recoil polarization, beam-target polariza-
tion observables and others have been established for a wide
range in energies and angles [2]. Data on the double polar-
ization observable G (see Eq. (5) for cross section depen-
dence on polarization observables) for the same reaction have
also been recently published by the CLAS Collaboration
[12] and CBELSA/TAPS collaboration [13]. This analysis
builds from previously published work (see Ref. [12] and
Ref. [14]) using the same experiment and employing similar
analysis procedures. Similar approaches were also employed
by the CLAS Collaboration for the determination of the beam
helicity asymmetry measurements using polarized neutrons
[5,15,16].

Here, we have extracted the beam-target (E) observable
for neutral pion photoproduction from data taken with the
CLAS FROzen Spin Target (FROST) [17]. This observ-
able is valuable both in multipole analyses and in provid-
ing a contribution to the Gerasimov-Drell-Hearn (GDH) and
related sum rules [18]. Our extraction uses a different beam
and polarized target apparatus as well as reaction identifi-
cation methodology from the single previous measurement
(see Ref. [19,20]). Where the data overlap with the previous
measurement it provides an important independent check on
systematics in the extraction of double-polarization observ-
able E, while improving the statistical quality of the world
dataset. The new data also provide first information for ener-
gies W < 1.42 GeV.

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

�(dσ/d�) = (dσ3/2/d� − dσ1/2/d�) ,

for �γ �N → Nπ , is given in terms of helicity amplitudes:

dσ3/2

d�
= q

k

(

|H1|2 + |H3|2
)

, (1)

dσ1/2

d�
= q

k

(

|H2|2 + |H4|2
)

, (2)

where q and k are the pion and photon center-of-mass
momenta, respectively. Helicity amplitudes are labeled fol-
lowing Ref. [21] with H1 and H3 having initial helicity 3/2
and final helicities 1/2 and -1/2, respectively; H2 and H4 have
initial helicity 1/2 and final helicities 1/2 and -1/2, respec-
tively. An integral involving �(dσ/d�) gives the single-pion
production part of the GDH sum rule [18] (see Eq. (1) in Ref.
[18]). The sum and difference of the helicity 1/2 and 3/2

components can then be used to construct the beam-target
polarization quantity E [22,23] as

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, given that
they are complex quantities, we need more than the cross
section and E. There are 16 possible experiments involving
polarized beams, targets, and recoil particles, not all of which
are independent [22,24]. However, the moduli of the helicity
amplitudes can be determined with two additional double-
polarization measurements (beam-recoil and target-recoil).
A complete solution for these amplitudes is phrased as the
“complete experiment” problem, a topic that continues to be
studied [25]. The helicity amplitudes are decomposed from
an infinite sum of multipoles, and these are quantities that
provide information on the existence and properties of reso-
nances. The connection between helicity amplitudes, multi-
poles and resonance is explained in Refs. [26–28]. This leads
to the search for an appropriately truncated set of multipoles
– a problem different from pursuing a complete experiment
[26–28]. It should be noted that these rules for finding multi-
poles are only guiding principles, as they ignore the influence
of experimental uncertainties. In practice, all new experi-
ments that improve the quality of existing measurements, or
add information from new sources, are important to the pro-
gram of multipole and resonance analysis. The advantage of
the new CLAS FROST data presented here relative to previ-
ous CBELSA measurements [19,20] is the extended energy
range covering lower energies with smaller statistical uncer-
tainties.

The paper is organized in the following manner. We give
a brief background of the experimental conditions for this
study in Sect. 2. An overview of the method used to extract
the double-polarized asymmetry results is given in Sect. 3
and the uncertainty estimates for the data obtained are given
in Sect. 4. The resulting data are summarized and compared
to various predictions in Sect. 5 and a new partial wave anal-
ysis (PWA), where we compare multipoles obtained with and
without including the present dataset is presented in Sect. 5.1.
A summary and outlook are presented in Sect. 6.

2 Experiment

The CLAS E–03–105 experiment [29] (FROST or g9 run
period) ran from December 2007 to February 2008 using the
Continuous Electron Beam Accelerator Facility (CEBAF)
[30] at Jefferson Lab in Newport News, Virginia. Data were
collected using the CEBAF Large Acceptance Spectrome-
ter (CLAS) [31] housed in Hall B. This magnetic spectrom-
eter allowed the efficient reconstruction of charged parti-
cles with polar angles between 8◦ and 140◦ over a large
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azimuthal acceptance (∼ 83%). The spectrometer was con-
structed around a toroidal magnetic field and was comprised
of drift chambers [32] for charged particle momentum deter-
mination, time-of-flight scintillators [33] for particle identi-
fication, electromagnetic calorimeters [34] for neutral par-
ticle reconstruction, and a start counter [35] that allowed
the event start-time determination in photoproduction exper-
iments. Hall B also housed the tagger spectrometer [36]
that allowed the identification of the photon that initiated
the reaction detected in CLAS, with energy resolution of
�E ∼ 0.2%.

In this experiment, a circularly polarized tagged brems-
strahlung photon beam was incident on a longitudinally
polarized proton target [17] located near the center of the
CLAS detector [31]. The CEBAF electron beam was sup-
plied at two different energies, 1.645 and 2.478 GeV. The
electrons were delivered at currents between 33 and 45 nA
in beam bunches separated by about 2 ns. The electron beam
helicity (and thus the photon helicity) was flipped at a rate of
30 Hz. The electron beam was incident on a 10−4 radiation-
length thick gold foil radiator to produce the bremsstrahlung
photon beam. The dipole magnet of the Hall B photon tagger
deflected the electron beam and post-bremsstrahlung elec-
trons in order to tag photons produced with energies between
∼20% and ∼95% of the incident electron beam energy [36].
The degree of photon polarization varied between 20% and
85% depending on the incident electron beam energy and
the bremsstrahlung photon energy. This was determined on
an event-by-event basis using the Olsen and Maximon for-
mula [37]

P⊙ = Pe

4x − x2

4 − 4x + 3x2
, (4)

where x is the ratio of photon to electron energy x = Eγ

Ee

and Pe is the electron polarization. The electron polarization
was measured throughout the run period using the Hall B
Møller polarimeter [38], and the average was established to
be Pe = 0.835 ± 0.035.

The experiment utilized a FROzen Spin Target (FROST),
made up of frozen butanol beads (C4H9OH), in which the
protons in the hydrogen atoms were dynamically polarized.
Butanol’s covalently bonded protons in hydrogen atoms are
polarizable using a technique called Dynamic Nuclear Polar-
ization (DNP), in which spin polarization is transferred from
the electrons to the nucleons. Details of the target polariza-
tion procedure can be found in Ref. [17].

The dynamically polarized target resulted in polarization
of the free protons within the butanol of over 90%, with the
polarization degrading over time – typically about 1% per
day. Because of this, the target was re-polarized periodically.
The degree of polarization of the free protons was determined
on a run-by-run basis using Nuclear Magnetic Resonance

(NMR) measurements [39]. The orientation of the spin of the
free protons in the butanol target was also flipped regularly,
enabling systematic checks.

Additional targets, carbon and polyethylene (CH2), were
placed downstream of the butanol target, which allows a
detailed study of contributions from bound and unpolar-
ized nucleons to our reaction yields. In practice, however,
a free-proton signal was evident from the carbon target
region, which was produced from hydrogen contamination
(ice built up downstream of the target), and complicated this
approach significantly. In this work, like in other FROST
analyses [14,40–44], we report a result based on an analysis
of the butanol target data alone. The secondary targets were
only used to establish the systematic uncertainties related to
contributions from unpolarized bound nucleons within the
butanol target, as discussed in Sect. 3.1.

2.1 Double polarization observable E

This analysis is focused on the determination of the E observ-
able, which manifests itself in the differential cross section
in polarized beam - target experiments. In general, the dif-
ferential cross section of polarized beam-target experiments
for meson photoproduction reactions is given by [2]

dσ

d�
(Eγ , cos θc.m.

π0 , φ) = σ0[1 − PL	 cos(2φ)

+Px (−PLH sin(2φ) + P⊙F)

−Py(−T + PLP cos(2φ))

−Pz(−PLG sin(2φ) + P⊙E)] , (5)

where PL and P⊙ correspond to the photon’s degree of lin-
ear and circular polarization, and Px , Py , and Pz correspond
to the degree of target polarization along the x , y, and z

axes, respectively. Here, the z axis points along the photon
direction, and the y axis is along the vertical direction in the
lab frame. The azimuthal angle φ corresponds to the angle
between the photon polarization vector (when the photon
beam is linearly polarized) and the reaction plane defined by
the incident photon and the outgoing pion directions. The
observables 	, G, H, T, F, P, and E all depend on the kine-
matic variables Eγ (the laboratory frame photon energy) and
cos θc.m.

π0 (the center-of-mass, c.m., polar angle of the meson
in the final state). For a circularly polarized beam (PL = 0
and P⊙ �= 0) and target polarized along the z direction
(Px = 0 and Py = 0), the cross section equation reduces
to

dσ

d�
(Eγ , cos θc.m.

π0 ) = σ0[1 − Pz P⊙E] . (6)

Therefore, the observable E can be extracted from the unpo-
larized differential cross section σ0 and the values of target
and circular photon polarization Pz and P⊙, respectively.
Alternatively, the observable E can be extracted from asym-
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metries utilizing various orientations of the relative orienta-
tion of the target and photon polarizations. Collecting data
with both photon helicities and target polarizations along the
+z and −z directions allows the cancellation of the detec-
tor acceptance and efficiency needed for the determination
of the unpolarized cross section. Denoting the total helicity
state (photon-target) with 1/2 for the case where the pho-
ton helicity is anti-parallel (also denoted as ↑↓) to the target
polarization and 3/2 for the case where the photon helicity is
parallel to the target polarization (also denoted as ↑↑1), one
can determine the observable E from

E = 1

Pz P⊙

σ 1/2 − σ 3/2

σ 1/2 + σ 3/2
, (7)

where σ denotes the cross section of events obtained with the
corresponding photon-target helicity. Assuming the detector
efficiency, acceptance, and luminosity are constant through-
out the experimen2, the observable E can be directly extracted
from the event yields (N ) for each photon-target helicity con-
figuration (the cross section is directly proportional to the
event yield):

E = 1

Pz P⊙

N↑↓ − N↑↑

N↑↓ + N↑↑ , (8)

where the detector and experimental effects listed above can-
cel out. It is evident from Eq. (8) that a detailed determination
of the target polarization Pz and photon polarization P⊙ is
needed for the precise determination of E (see Eq. (4)). It
is worth noting here that Eq. (8) is valid when no contri-
bution from unpolarized nucleons or background is present.
We discuss the effect such contributions have on the deter-
mined observable and the need to determine a dilution factor
in Sect. 3.1.

3 Reaction reconstruction

Events with one positively charged track were retained for
further analysis. We applied a set of selection cuts to the
data to identify the �γ �p → pπ0 reaction. The identification
of final state protons from the sample of positively charged
particles was performed by comparing a particle’s speed,
determined from time-of-flight (βm = distance

time
) and start

counter information, to the particle’s momentum, as deter-
mined from track curvature in the toroidal magnetic field. For
a given momentum, p, the expected proton speed is given by

1 The notations ↑↓ and ↑↑ represent the orientation of the target polar-
ization 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. This high
beam-helicity flip rate also ensures that the yields are flux normalized
[14].

Fig. 1 Missing mass squared distribution of γ p → pX for four kine-
matic bins. Two PDFs where used to determine the bound-nucleon con-
tribution as shown with the blue dashed and green dash-dotted lines (red
solid line shows the full fit). The magenta histogram shows the scaled
missing mass squared distribution obtained from the Carbon target. The
vertical black dotted lines indicate the μ ± 3σ cuts applied to calculate
the dilution factor and the reaction yields

βc = p√
p2+m2

, where m is the proton mass. Charged parti-

cles with �β = βm − βc around zero correspond to protons.
The CLAS reconstruction algorithms also allow the deter-

mination of the reaction vertex by extrapolating the particle’s
reconstructed track to the target region and evaluating the
distance of closest approach with the incident beam posi-
tion. The determined distance and time between the reaction
vertex and the hit on the time-of-flight system allowed us to
determine the vertex time of the event. Timing information
from the tagger hodoscope also allowed us to determine the
timing of each bremsstrahlung photon at the reaction vertex.
Comparison between these two times allowed the unambigu-
ous determination of the photon that initiated the reaction
detected in CLAS.

Proton four-vectors were corrected for the expected
energy loss sustained while exiting the target cell as well
as for misalignments in the drift chambers and inaccuracies
in the magnetic field maps (the latter corrections were estab-
lished using the fully constrained reaction �γ �p → pπ+π−).

With this information, the reaction �γ �p → pπ0 was fully
reconstructed using the missing-mass technique. Figure 1
shows the square of the missing mass of γ p → pX (labeled
as M2

γ p→pX ) for four kinematic bins. The clear peak around
the squared mass of the neutral pion corresponds to the events
of interest (photoproduction of π0 off polarized protons).
This peak sits on top of a smooth background. This is pri-
marily caused by contributions from the photoproduction of
π0 off unpolarized and bound protons, which results in a
wider missing-mass distribution due to the Fermi motion of
the bound nucleon. Background from double pion photo-
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production reactions was determined to have only a small
contribution (1–3%) using independent studies [45].

NMR measurements [39] allowed us to accurately deter-
mine the degree of proton polarization on a run-by-run basis.
This reflects the polarization of events that originated from
the free protons within the butanol target. The effective target
polarization Peff

z allows us to account for events that originate
from unpolarized material within the target cell. The deter-
mination of the effective target polarization was based on the
relative yield between free- and bound-proton events. Con-
tributions from bound nucleons dilute or reduce the effective
target polarization, with the dilution factor, DF , determined
from the missing-mass distribution, as described below.

3.1 Contributions from bound protons

The contributions from unpolarized bound protons within
the target cell material (butanol) were accounted for in the
analysis by the determination of the dilution factor. Con-
sidering the reaction �γ �p → pπ0 originating from both free
polarized and bound unpolarized protons, the yields obtained
from these are given by:

N
↑↑
f ree = N0(1 − Pz P⊙E) ,

N
↑↓
f ree = N0(1 + Pz P⊙E) ,

N
↑↑
bound = N ′

0 ,

N
↑↓
bound = N ′

0 ,

where the experimental yield is given by

N↑↑
exp = N

↑↑
f ree + N

↑↑
bound ,

and

N↑↓
exp = N

↑↓
f ree + N

↑↓
bound .

From this, the experimental asymmetry results in the follow-
ing:

N
↑↓
exp − N

↑↑
exp

N
↑↓
exp + N

↑↑
exp

= DF Pz P⊙E , (9)

where DF = N0
N0+N ′

0
is the dilution factor, and the product

DF Pz is the effective target polarization Peff
z .

In this analysis, the dilution factor was determined experi-
mentally from the missing-mass distributionγ p → pX , with
N0 representing the total yield of events from a free-proton
target, and N ′

0 the yield of events from bound protons.
Specifically, we exploited the fact that reactions originat-

ing from bound protons results in a wider missing-mass dis-
tribution due to the Fermi motion of the target nucleon, to
determine the ratio between free protons to our total yield.

A carbon target upstream of the butanol target allowed us
to establish the expected probability distribution function
(PDF) that describes the missing mass from bound-nucleon
events. The bound-nucleon PDF and a Gaussian to describe
the free-proton events were fitted to the missing-mass dis-
tribution of events originating from the butanol target. The
dilution factor was then determined by integrating the bound-
nucleon PDF in the μ±3σ range established from the Gaus-
sian fit (where μ and σ are the mean and standard deviation
of the free-proton peak). An example of such fits in four kine-
matic bins is shown in Fig. 1. More details on the procedure
followed can be found in the supplemental documentation
of Ref. [12]. Different bound-nucleon PDFs were utilized to
systematically study the effect these have on the determina-
tion of the dilution factor, as described below.

3.2 Yield determination

As mentioned before, the polarization observable E was
determined using the asymmetry of yields from the two
photon-target polarization configurations (parallel and anti-
parallel), as shown in Eq. (9). The yields correspond to the
total number of events with a z-vertex cut between −3 cm
and 3 cm that enabled us to select events that originated
within the butanol target and within a missing-mass range
that was dependent on the kinematic bin. The missing-mass
range was the same as the range used in the dilution fac-
tor determination, established from fits to the missing-mass
with a Gaussian to describe the free-proton contributions and
a bound-nucleon PDF (either a second Gaussian or a poly-
nomial). The range was then established to be at μ ± 3σ for
each kinematic bin.

4 Uncertainties

The statistical uncertainties of E were determined using error
propagation from the two yields, and accounting for the sta-
tistical uncertainty associated with the dilution factor deter-
mination. The latter was determined using the covariance
matrix of the bound-nucleon fit parameters, as well as the
integral and its uncertainty of the fit to the butanol missing-
mass distribution.

A thorough assessment of systematic effects in the deter-
mined observable was carried out, including effects related
to particle identification and reaction reconstruction. Uncer-
tainties in the photon and target polarization were also eval-
uated and included as a global scale systematic effect. Sys-
tematic uncertainties related to the dilution factor determi-
nation were also evaluated in detail. A total dilution factor
systematic uncertainty of ∼ 4% was established by study-
ing the effect different PDFs had on describing the bound-
nucleon contributions. The dilution factor is expected to have
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Table 1 Summary of systematic uncertainties related to the determi-
nation of the double-polarization observable E

Source σ sys

Particle identification 0.002

Reaction reconstruction / m X 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%

a smooth dependence on the kinematic variables. A point-to-
point dilution factor systematic uncertainty was also included
to account for differences in the dilution factor from this
smooth variation. This point-to-point systematic uncertainty
was established using interpolation of the dilution values
from adjacent bins and the determined value of the bin in
question.

A summary of the systematic uncertainties is given in
Table 1. The uncertainties are split into a point-by-point
(absolute) uncertainty that was applied to all points,3 and
a relative uncertainty (associated with the target and photon
polarizations) that was applied as a scale systematic affecting
all points in a correlated way.

5 Results and discussion

The current work enabled the determination of E between
center-of-mass (c.m.) energies W = 1.25 GeV and W =
2.23 GeV for a wide angular coverage of the π0. These
results extend the kinematic reach of the world dataset for the
E observable to lower energies, while significantly improv-
ing the statistical precision in all energy bins. The newly
obtained values agree well with previously published data
from CBELSA [19,20], as shown in Fig. 2. Specifically,
Fig. 2 shows the CLAS results on E (black open circles) for
six c.m. energy bins and how they compare to CBELSA (red
open squares) results. We note here that the CLAS results
at backward angles for the energy bin W = 1.47 GeV are
somewhat smaller in magnitude than the CBELSA data, but
these don’t correspond to identical W bins. Some deviations
also are observed at higher energies and forward angles,

3 The point-by-point uncertainty was added to each point’s statistical
uncertainty in quadrature and it was treated independently for each
point.

Fig. 2 Results from CLAS (black open circles) for E as compared
to published data from CBELSA [19,20] (red open squares) for six
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
predictions for Scattering Analysis Interactive Database (SAID) SM22
[46], MAID PIONMAID-2021 [47], and Bonn-Gatchina BnGa-2022-
02 [48] 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

as seen for example in the energy bin W = 2.11 GeV
and cos θc.m

π0 ∼ 0.3. The figure also provides predictions,
(i.e., PWA solutions where the newly obtained data were
not included in the fits) from the SAID (solid blue line), the
MAID (magenta dashed-dotted line), and the Bonn-Gatchina
(green dashed line) PWA solutions. It is evident that at lower
energies, where a plethora of other data exist [2], the PWAs
predict well the precise measurement of E from CLAS. At
higher energies, significant deviations between the solutions
and data are evident. Overall, the SAID and Bonn-Gatchina
PWA solutions agree well, especially at larger π0 angles in
the c.m. frame, whereas deviations in all angles are observed
between the MAID PWA solutions and our data.

The full kinematic coverage of the CLAS dataset is illus-
trated in Fig. 3 (CBELSA results are omitted in these plots).
The new results were included in the world database and
PWA fits were performed in all three frameworks. Specif-
ically, the new PWA solutions for SAID (blue solid line),
MAID (magenta dashed-dotted line), and Bonn-Gatchina
(green dashed line) that account for the CLAS E results (in
addition to the other world data), are shown in Fig. 3. These
new fits describe well the E data, with the exception of the
MAID solution at energies W > 2.10 GeV. More details on
the PWA fits and their findings are provided below.
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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. Statisti-
cal and point-to-point systematic uncertainties are combined in quadra-
ture. Systematic uncertainties are indicated in the shaded regions at the
bottom of each plot

5.1 Multipole analysis

In the SAID multipole analysis of these data, an energy-
dependent parametrization, based on the Chew-Mandelstam
K -matrix approach, has been used. The Chew-Mandelstam
parametrization for a hadronic T matrix, described in Ref.
[49], was used in a previous coupled-channel fit of π N elastic
scattering and π N → Nη reaction data. The parametrization
form used in that fit was given as

Tαβ =
∑

σ

[1 − K̄ C]−1
ασ K̄σβ , (10)

where the notation K̄ was used to distinguish this from the
Heitler K -matrix [50] and α, β, and σ are indices that label
the channels, π N , π�, ρN , and ηN . The parameter C corre-
sponds to the Chew-Mandelstam function described in Ref.
[51]. Given the success of this approach in the hadronic two-
body sector, the fit formalism was extended to pion photo-
production [52].

The Chew-Mandelstam form of Eq. (10) has been extended
to include the electromagnetic channel as:

Tαγ =
∑

σ

[1 − K̄ C]−1
ασ K̄σγ . (11)

Here, γ denotes the electromagnetic channel, γ n, and σ

denotes the hadronic channels that appear in the parametriza-
tion of the hadronic rescattering matrix,

[1 − K̄ C]−1 .

By sharing this common factor, which qualitatively encodes
the hadronic channel coupling (or rescattering) effects,
Eqs. (10) and (11) constitute a unified approach to the prob-
lem of parametrizing the hadronic scattering and photopro-
duction amplitudes.

The existing hadronic elements of Eq. (10) were not var-
ied in the fits of the photoproduction data. For this rea-
son, the photoproduction fits have a resonance structure
identical to that found in Ref. [49]. The electromagnetic
Chew-Mandelstam K -matrix elements contain polynomials
in energy with the correct threshold behavior. The order of
these polynomials was increased until the fit’s χ2 value was
not significantly improved. While the initial fit from SAID to
the present set of data delivered a good overall description,
some systematic deviations were noticed at back angles and
at the highest energies.

PionMAID-2021 [53] is an updated version of the uni-
tarity isobar model MAID2007 [54]. It has been developed
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Table 2 Summary of χ2/data point for the new FROST E data

PWA No FROST With FROST

SAID SM22: 2.1 KI22: 1.5

MAID pionMAID-2021: 5.2 2.7

Bonn-Gatchina BnGa-2022-02: 2.7 1.8

PWA solutions are SAID: SM22 [46] and new KI22. MAID:
PIONMAID-2021 [47]. Bonn-Gatchina: BnGa-2022-02 [48]
Bold represents the fact that these values are the total uncertainties

Fig. 4 Comparison of the present CLAS FROST data (black open cir-
cles) and previous CBELSA measurements [19,20] (red open squares)
vs. present SAID KI22 (blue solid curve), MAID (magenta dashed-
dotted curve), and Bonn-Gatchina (green dashed curve) solutions for
the �γ �p → 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 production threshold

to analyze the world data of neutral- and charged-pion pho-
toproduction. The model contains a resonance part, param-
eterized by a Breit-Wigner shape, and a background with
Born terms in the resonance region. Regge phenomenology
was applied at energies above the resonance region [53] for
neutral and for charged pion photoproduction [55,56]. The
model describes experimental data up to photon energies of
18 GeV and is well adapted for predictions at higher energies.

The Bonn-Gatchina model was developed for the partial
wave analysis of reactions with multi-particle final states. The
particle interaction vertices are described in the framework of
the covariant tensor formalism and the energy-dependent part
of the partial wave amplitudes satisfies unitarity and analyt-
icity conditions. The description of the method can be found
in Ref. [57]. The present solution describes 201 datasets,
which includes the pion- and photon-induced reactions with
one or two pseudoscalar mesons in the final state, as well as
photon-induced reactions with production of the ω meson.

In Table 2, χ2 values are compared for fits in which the
present data were included and those in which they were

Fig. 5 Comparison of the present SAID KI22 (blue open circles and
solid line), MAID (magenta filled circles and dashed-dotted line), and
Bonn-Gatchina (green open triangles and dashed line) fits for the
�γ �p → 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
(energy bins vary between �W = 0.020 GeV and 0.060 GeV), where
the arrows on the left side of the plot show the average χ2 per data
from Table 2 (blue for SAID, magenta for MAID, and green for Bonn-
Gatchina)

not. Figure 3 gives a more detailed view of the improved
quality of the fits obtained with the SAID, MAID and Bonn-
Gatchina approaches. While the overall fit is quite good, the
largest discrepancies are seen at backward angles and higher
energies, as illustrated in Fig. 4. Figure 5 similarly shows
that the fit is not uniformly good, with the largest χ2 values
occurring at higher energies, as one would expect.

The fit of the present data allowed us to improve the
description of the CLAS data: the χ2 per data was changed
from 2.7 to 1.8. Specifically, the current analysis also resulted
in a slight improvement of the fits to the CBELSA data on
E observable. A small deterioration, however, was observed
in the description of the differential cross section data. The
only notable (although also quite small) changes were found
in the helicity amplitudes of the high mass 3/2− states.

As for variations in multipole amplitudes due to the inclu-
sion of the new data, the Bonn-Gatchina group found changes
in the helicity 1/2 and 3/2 photon decay amplitudes associ-
ated with the N (2120)3/2− and changes of the helicity 1/2
amplitude associated with the �(1940)3/2−. The amplitudes
associated with N (2120)3/2− and �(1940)3/2− shown in
Figs. 6 and 7. These states are not included in the SAID mo
del and changes were seen only for amplitudes at the high-
est energies, which were small in magnitude. No significant
resonance changes were reported in the MAID re-analysis.
The effect at W = 1740 MeV in I = 1/2 observed in the
MAID solution might be associated with the N (1700)3/2−

resonance, but more detailed theoretical studies are needed
(see Fig. 7).
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Fig. 6 Comparison of I = 3/2
multipole amplitudes (orbital
angular momentum l = 2) from
threshold to W = 2.2 GeV
associated with �(1700)3/2−

and �(1940)3/2−. For the
amplitudes on the vertical axes,
the subscript l± gives the value
of J = l ± 1/2, and the
superscript gives the isospin
index. The different panels show
the real and imaginary parts of
the electric and magnetic
multipoles. The current
solutions from SAID KI22 (blue
solid curves), MAID (magenta
dashed-dotted curves), and
Bonn-Gatchina (green dashed
curves) are shown with fits
including the new CLAS E data
from this analysis

Fig. 7 Comparison of I = 1/2
multipole amplitudes (orbital
angular momentum l = 2) for a
proton target from threshold to
W = 2.2 GeV associated with
N (1520)3/2− and
N (2120)3/2−. For the
amplitudes on the vertical axes,
the subscript l± gives the value
of J = l ± 1/2, and the
superscript gives the isospin
index. The different panels show
the real and imaginary parts of
the electric and magnetic
multipoles. The current
solutions from SAID KI22 (blue
solid curves), MAID (magenta
dashed-dotted curves), and
Bonn-Gatchina (green dashed
curves) are shown with fits
including the new CLAS E data
from this analysis

While the inclusion of new and precise polarization mea-
surements, in general, has led to better agreement between
groups extracting multipoles, the prediction of new quan-
tities, or existing quantities outside their ranges of mea-
surement, is generally only qualitative. The most extensive
single- and double-polarization data above photon energies
of 2 GeV, come from pre-1980 Daresbury experiments with
limited angular coverage. More recent measurements at Jef-
ferson Lab, MAMI, Bonn, and SPring-8 have provided data
with higher precision and broader angular range, but do not
provide a database approaching a “complete experiment.”
Each new measurement is particularly valuable at these

higher energies. More detailed analyses from SAID [46],
MAID, and Bonn-Gatchina are expected and will include
these and other recent data.

The Bonn-Gatchina solution currently includes more than
200 data sets. The new data confirm the E observable mea-
sured by the CBELSA Collaboration and improve the pre-
cision in some regions. Thus the total weight of the E-
observable data was increased in the combined analysis,
which led to an improved description of the E data (both
from CLAS and CBELSA). This also resulted in a small
deterioration in the description of the differential cross sec-
tion data.
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6 Summary and outlook

The CLAS E-03-105 experiment (FROST), which utilized
longitudinally polarized protons and circularly polarized
photons, allowed the precise determination of the beam-
helicity asymmetry E for the �γ �p → pπ0 reaction. The new
results provide an important independent check on the extrac-
tion of the double-polarization observable E with a statisti-
cal precision improved over the past data from CBELSA,
while extending the kinematical coverage at lower energies.
Specifically, the newly obtained data cover c.m. energies
between W = 1.25 GeV and W = 2.23 GeV, whereas
results from CBELSA provided an energy coverage between
W = 1.42 GeV and W = 2.58 GeV.

PWA fits within the SAID, MAID, and Bonn-Gatchina
frameworks were performed with the inclusion of this newly
obtained dataset. The Bonn-Gatchina group found changes
in the helicity 1/2 and 3/2 photon decay amplitudes asso-
ciated with the N (2120)3/2− and changes of the helicity
1/2 amplitude associated with the �(1940)3/2−, while the
MAID solution did not show any significant changes.

A detailed analysis from the SAID group is underway to
establish the impact of this new dataset and their findings
will be reported in a dedicated paper.
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