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The double-polarization observable E was studied for the reaction γp → pω using the CEBAF Large

Acceptance Spectrometer (CLAS) in Hall B at the Thomas Jefferson National Accelerator Facility and the

longitudinally polarized frozen-spin target (FROST). The observable was measured from the charged decay

mode of the meson, ω → π+π−π 0, using a circularly polarized tagged-photon beam with energies ranging

from the ω threshold at 1.1 to 2.3 GeV. A partial-wave analysis within the Bonn-Gatchina framework found

dominant contributions from the 3/2+ partial wave near threshold, which is identified with the subthreshold

N (1720) 3/2+ nucleon resonance. To describe the entire data set, which consisted of ω differential cross sections

and a large variety of polarization observables, further contributions from other nucleon resonances were found

to be necessary. With respect to nonresonant mechanisms, π exchange in the t channel was found to remain small

across the analyzed energy range, while Pomeron t-channel exchange gradually grew from the reaction threshold

to dominate all other contributions above W ≈ 2 GeV.

DOI: 10.1103/PhysRevC.96.065209

I. INTRODUCTION

The production of light vector mesons (ρ0, ω, φ) in

electromagnetically induced reactions off the nucleon has

attracted interest recently due to the availability of high-quality

data sets from experiments that study baryon resonances,

e.g., at Jefferson Laboratory (JLab), the Electron Stretcher

Accelerator (ELSA), and the Mainz Microtron (MAMI). An

experimental program that focuses on the photoproduction

of vector mesons at 9 GeV is planned at JLab using the

GlueX detector [1]. The three lowest-mass vector mesons

have the same J PC = 1−− quantum numbers as the pho-

ton. For this reason, the photoproduction of these mesons

at very high energies, Eγ > 20 GeV, can successfully be

described as a diffractive process: The photon converts to

a vector meson, which then scatters off the proton by the

exchange of Pomerons. These virtual colorless objects carry

no charge and share the J PC = 0++ quantum numbers of the

vacuum [2].

At medium energies, 4 < Eγ < 20 GeV, Pomeron ex-

change is not sufficient to describe the existing data—e.g.,

from the Stanford Linear Accelerator Center (SLAC) [3],

Cornell [4], and Daresbury [5]—and the exchange of addi-

tional Regge families is needed; see, e.g., the discussion in

Ref. [6]. The comparison between ρ and ω data presented in

Ref. [7] indicated that meson-exchange contributions become

important in ω photoproduction. Pion exchange is generally

*Present address: University of Michigan, Ann Arbor, MI 48109.
†Present address: Korea Atomic Energy Research Institute,

Gyeongju-si, 38180, South Korea.
‡Corresponding author: crede@fsu.edu
§Present address: Faculty of Sciences of Gabes, Department of

Physics, 6072-Gabes, Tunisia.
‖Present address: University of Kentucky, Lexington, KY 40506.
¶Present address: Idaho State University, Pocatello, ID 83209.

expected to dominate over unnatural exchanges, whereas the

importance of tensor exchange, which is mediated by the f2

and a2 mesons, is a priori unknown. The authors of Ref. [7]

found that, in order to describe the data, a smooth transition

was required between the meson-exchange model at lower

energies, Eγ < 5 GeV, and Regge theory at high energies,

Eγ > 20 GeV. They suggested that the dominant contributions

come from π0 and f2-meson exchanges.

Close to the ω photoproduction threshold in the baryon

resonance regime, N∗ states strongly contribute to ω pro-

duction. The contributions of twelve N∗ resonances, along

with their N∗ → pω branching ratios, have been determined

within the Bonn-Gatchina (BnGa) coupled-channels partial-

wave analysis (PWA) using data from the CBELSA/TAPS

experiment [8]. The dominant contribution near threshold

was found to be the 3/2+ partial wave, which was primarily

identified with the sub-threshold N (1720) 3/2+ resonance.

The dominance of that partial wave near threshold is surprising

since such behavior implies that the decay into ωN proceeds

via orbital angular momentum L = 1. The contributions from

the 1/2− and 3/2− partial waves were notably smaller, in

spite of the fact that the ωN channel could couple to these

partial waves with L = 0. A significant 3/2+ amplitude at low

energies was also observed in a recent CLAS single-channel

PWA, but the authors did not claim any specific resonance

contributions owing to the complex structure of the 3/2+ wave

[9]. Notable contributions from the 5/2+ partial wave were

reported in both analyses [8,9]. A structure above W = 2 GeV

has been identified with the N (2000) 5/2+ state. An improved

quark model approach to ω-meson photoproduction with an

effective Lagrangian was presented in Ref. [10], where the two

resonances, N (1720) 3/2+ and N (1680) 5/2+, were observed

to dominate over other excited states.

The isoscalar nature of the ω meson (I = 0) facilitates the

search for nucleon resonances. The photoproduction of the ω

in s-channel processes can only proceed via N∗ states with
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I = 1
2
; no contributions from �∗ resonances with I = 3

2
are

allowed.

In this paper, we report data obtained for the double-

polarization observable known as the helicity asymmetry E

for the reaction γp → pω, where the ω was identified through

detection of its decay products π+π−π0. The data reported

here cover an incident photon energy range Eγ from 1.1

up to 2.3 GeV, and show (almost) the full angular coverage.

The observable E was measured using a circularly polarized

photon beam and a longitudinally polarized proton target. The

polarized cross section for this configuration is given by

σ = σ0(1 − 	zδ⊙E), (1)

where σ0 is the unpolarized cross section, δ⊙ denotes the

degree of circular photon-beam polarization, 	z is the degree

of longitudinal target-proton polarization, and E is defined as

	zδ⊙E =
σ1/2 − σ3/2

σ1/2 + σ3/2

=
σ1/2 − σ3/2

σ0

, (2)

where σ1/2 and σ3/2 are the helicity-dependent cross sections

with photon and nucleon spins antialigned and aligned,

respectively.

This paper has the following structure. A brief summary of

previous measurements in ω photoproduction is presented in

Sec. II. Section III gives an introduction to the CLAS-g9a

(FROST) experimental setup. The data reconstruction and

event selection is discussed in Sec. IV and the extraction of

the polarization observable is described in Sec. V. Finally,

the experimental results and a discussion of the observed

resonance contributions are presented in Secs. VI and VII.

II. PREVIOUS MEASUREMENTS

Cross section data for the reaction γp → pω were obtained

and studied at many different laboratories over a wide kine-

matic range [11–15]. A review of the main data sets published

before 2013 and a corresponding comparison of their coverage

in energy and solid angle can be found in Ref. [16]. The total

cross section for ω photoproduction reaches about 8.5 μb and

exhibits a pronounced peak structure at about Eγ = 1.3 GeV in

addition to a broader peak at about Eγ = 1.9 GeV [14], similar

in shape to that seen in ρ and φ production. The differential

cross sections, dσ/dt , show an exponential fall-off at small

values of the squared recoil momentum, t .

Few measurements exist for polarization observables in

ω photoproduction. The photon-beam asymmetry � was

first measured by the GRAAL Collaboration in 2006 from

the decay modes ω → π0γ and ω → π+π−π0, and was

presented in four energy bins that cover an energy range

from threshold up to a photon energy of 1.5 GeV [12].

A second measurement based on both decay modes was

published in 2015 and showed improved angular coverage

[17]. The photon-beam asymmetry � was also measured by

the CBELSA/TAPS Collaboration for a maximum energy of

Eγ = 1.5 GeV [18]. We refer to Refs. [19,20] prepared by the

CLAS Collaboration for a detailed discussion of �ω including

new high-statistics data from Jefferson Lab [20].

The first measurements of ω double-polarization observ-

ables were reported from the CBELSA/TAPS Collaboration

[21]. The publication provided five data points for the observ-

able G at a single energy interval of 1108 < Eγ < 1300 MeV

and the helicity asymmetry, E, for a photon energy range from

close to threshold at Eγ = 1108 MeV to Eγ = 2300 MeV.

Both measurements cover the full solid angle.

Decays of vector mesons give rise to additional spin observ-

ables beyond those accessed in pseudoscalar meson decays,

and vector-meson decays provide the opportunity to access

spin-density matrix elements (SDMEs). High-statistics results

on SDMEs, ρ0
00, ρ0

10, and ρ0
1−1, have already been measured

at CLAS [13] (for Eγ < 3.8 GeV) and CBELSA/TAPS [14]

(for Eγ < 2.5 GeV) using an unpolarized photon beam, and

CBELSA/TAPS [14] also reported the first measurements of

polarized SDMEs (ρ1
00, ρ1

11, Re ρ1
10, and Im ρ2

1−1), using a

linearly polarized photon beam for Eγ < 1.65 GeV.

III. EXPERIMENTAL SETUP

The experiment was performed at the Continuous Electron

Beam Accelerator Facility (CEBAF) at Jefferson Lab using the

CEBAF Large Acceptance Spectrometer (CLAS) [22] in Hall

B with a circularly polarized, tagged, bremsstrahlung photon

beam whose helicity state was changed pseudorandomly at a

rate of 29.560 Hz. The measurements were part of the “g9a”

running period, which were the first measurements using the

Jefferson Lab “frozen spin” target FROST [23] described

below. A circularly polarized photon beam results from a

polarization transfer when the incident electron beam itself

is longitudinally polarized. The electron beam polarization

was determined with the Hall B Møller polarimeter [24] that

measured the asymmetry in elastic electron-electron (Møller)

scattering. The data for the double-polarization observable E

were recorded in seven different groups of runs defined by

the target-proton polarization and two different accelerator

energies with electron-beam polarization degrees, δe− , of

84.8% and 83.0%, respectively; the uncertainty in the degree

of electron-beam polarization was about 1.4% [22].

The longitudinally polarized electron beam was extracted

from the CEBAF accelerator and was incident on the thin

radiator of the Hall B photon tagger [25]. The photon tagging

system included a focal plane incorporating a layer of 384

partially overlapping small scintillators that detected electrons

that had undergone bremsstrahlung; the small scintillators thus

provided the photon-beam energy definition and resolution

via energy conservation. A second layer of 61 larger scintil-

lators provided the timing resolution for an event through a

coincidence of an electron passing through one of the larger

scintillators with the detection of decay products following

meson photoproduction as described below.

In this experiment, the tagging system produced circularly-

polarized tagged photons in the energy range between Eγ =
0.35 and 2.37 GeV with an energy resolution of ∼10−3Ee− .

The degree of circular polarization of the bremsstrahlung

photons, δ⊙, was determined from the polarization transfer

of the longitudinally polarized electrons [26]:

δ⊙ = δe− ×
4x − x2

4 − 4x + 3x2
, (3)

065209-3
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FIG. 1. Degree of circular photon polarization as a function of

photon energy for the two CEBAF energies of 1.645 GeV (blue) and

2.478 GeV (green).

where x = Eγ /Ee− , and Eγ as well as Ee− are the energy

of the incoming photon and the energy of the electron

beam, respectively. Figure 1 shows that the degree of the

circular photon-beam polarization is roughly proportional to

the photon-beam energy.

The charged particles in the pπ+π−π0 final state were

detected in the CLAS spectrometer, which provided a large

coverage for charged particles in the polar-angle range 8◦ <

θlab < 135◦. The four-momentum vectors of the particles were

reconstructed from their tracks in the toroidal magnetic field of

the spectrometer by a set of three drift-chamber packages [27]

and by particle identification using time-of-flight information

from plastic scintillators located about 5 m from the target [28].

The CLAS spectrometer provided a momentum and angle

resolution of �p/p ≈ 1% and �θ ≈ 1◦–2◦, respectively. A

set of plastic scintillation counters close to the target provided

event start times [29]. For this experiment, coincident signals

from the photon tagger, start counters, and time-of-flight coun-

ters constituted the event trigger that required a coincidence

between a scattered-electron signal from the photon tagger

and at least one charged track in CLAS. More details on the

spectrometer can be found in Ref. [22].

Data from reactions using the frozen spin target (FROST)

[23] at the center of the CLAS spectrometer were accumulated.

The target material consisted of frozen beads of butanol

(C4H9OH) that were 1–2 mm in diameter. Approximately 5

g of these beads were loaded into a cylindrical target cup

with a diameter of 15 mm and a length of 50 mm. The target

was longitudinally polarized with microwaves via dynamic

nuclearpolarization (DNP) [30] in the bore of a 5 T polarizing

(solenoid) magnet outside CLAS at about 200–300 mK. The

polarization was maintained at a frozen-spin temperature of

about 30 mK inside the spectrometer by a weaker 0.56 T

holding field during data taking. The FROST target was

typically polarized with an average starting polarization of

84% in the positive-spin state and −86% in the negative.

Relaxation times ranged from about 2800 h with beam on

target to about 3600 h without beam. The target relaxed more

quickly in the negative spin state, about 1400 h with beam and

1900 h without. The maximum polarization was −94%. The

target was repolarized (and the polarization reversed) about

once a week. The design details and the target performance in

the FROST experiment are discussed in Ref. [23].

The DNP technique was realized by placing the target

material in a high magnetic field under conditions such that

the polarization of the free electron spins approached unity.

Spin flips of an electron and that of a nearby free proton were

induced by microwaves of frequency near the electron spin

resonance. Since the nucleon spins couple more weakly with

the lattice than the electron spins, their spin-relaxation rates

were much longer and the nucleons could accumulate into

either the positive or negative spin state without reversing the

magnetic field. This could be tuned by the proper microwave

frequency. As a result, the direction of the target-proton

polarization in this experiment was defined by two quantities:

the direction of the proton polarization with respect to the

holding magnetic field and the direction of the holding

magnetic field with respect to the incident photon-beam

polarization plane. The degree of the target-proton polarization

was measured during the run with the continuous wave nuclear

magnetic resonance (NMR) technique [23].

Data were also simultaneously obtained from two addi-

tional targets: a 1.5-mm-thick carbon disk and a 3.5-mm-thick

CH2 disk at approximately 6 and 16 cm downstream of the

butanol sample, respectively. Figure 2 shows the z-vertex

distribution in the FROST-g9a experiment based upon about

30% of the total statistics. The three dominant peaks for the

different targets are clearly visible. The carbon target was used

to study background from bound nucleons and to determine

dilution factors, whereas the CH2 target provided relevant

information on events off unpolarized nucleons. The thickness

of the additional targets was chosen such that the hadronic rate

from each was about 10% the rate of butanol.

IV. PREPARATION OF FINAL STATES

The data presented here were accumulated between

November 2007 and February 2008 in seven run periods with

CEBAF energies of 1.645 GeV (Periods 1–3) and 2.478 GeV

(Periods 4–7). These data were also used to extract the

helicity asymmetry for a variety of other final states; see,

e.g., Refs. [31,32]. The event reconstruction and selection

of the photoproduction channel γp → pω → pπ+π−π0 is

described below and resulted in the reconstruction of 62 300

ω events from the full data set obtained in this experiment.

A. Event reconstruction

The reaction γp → pπ+π−(π0) was identified in a first

step by requiring exactly one proton track and two charged-

pion tracks in the CLAS detector. Positively and negatively

charged pions were distinguished by their track curvatures in

065209-4
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FIG. 2. The z-vertex distribution (axis along the beamline) in the

FROST-g9a experiment based on about 30% of the total statistics for

the full photon energy range. The three peaks for the different targets

are clearly visible: butanol, carbon, and polyethylene (from left to

right). Also visible are the exit window of the vacuum chamber and

an enhancement to the left of the butanol peak where the target cup

was attached to a stainless steel tube, which was used to insert the

cup into the cryostat.

the toroidal magnetic field. The acceptance of π− mesons was

smaller than for π+ mesons since they were bent toward the

beamline and a large fraction escaped through the forward hole

of the CLAS spectrometer.

Particle identification was then improved by applying a cut

on �β:

�β = |βc − βm| =

∣

∣

∣

∣

∣

∣

√

p2

m2 + p2
− βm

∣

∣

∣

∣

∣

∣

< 3σ, (4)
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±π
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FIG. 4. The distribution of βm versus particle momentum after

the 3σ cuts on �β according to Eq. (4).

where βm = v/c was the empirically measured value for each

particle based on timing information from the time-of-flight

and start counter systems, and βc was determined from the

measured momentum using the CLAS drift chambers and the

PDG mass [33] for the particle. While the quantity �β depends

on particle momentum, the �β distribution is approximately

Gaussian when summed over all βm values, with width σ =
0.011 and 0.015 for the proton and pions, respectively. Figure 3

shows the �β distributions for protons (left) and charged pions

(middle). The tail on the left side of the �β peak for pions origi-

nates from misidentified electrons. Also shown in Fig. 3 (right)

is the distribution of βm versus particle momentum before the

3σ cuts. The final distribution of βm versus particle momentum

after the 3σ cuts on �β according to Eq. (4) is shown in Fig. 4.

Clear bands for the proton and the pions are visible.

All detected final-state particles were also corrected for

their energy loss along the path from the target to the

time-of-flight scintillator array. Moreover, the magnitude of the

particle momentum was corrected for small misalignments of

the CLAS drift chambers and fluctuations in the toroidal field.

These corrections were typically of the order of a few MeV.
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FIG. 3. Left and middle: �β = |βc − βm| distributions for protons and charged pions, respectively. The blue area indicates the 3σ cuts

according to Eq. (4). Right: The distribution of βm versus particle momentum before the 3σ cuts.
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FIG. 5. Confidence-level distribution for a one-constraint (1C) fit

testing events for a missing π 0. The blue dashed line is based on raw

events, whereas the black solid line is based on the final event sample

after all corrections.

All detected final-state particles exhibited small modula-

tions in the laboratory polar and azimuthal angular distri-

butions with amplitudes of <0.5◦. These modulations were

consistent with effects of the solenoidal holding field on

charged particles. The four-momentum for each detected

particle was corrected independently in both angles; given

the size of the effect, correlations between the two angles

were considered negligible. Since the E observable was

extracted separately from each of the seven groups of runs

without mixing data using different holding field directions,

any remaining effect would drop out when the asymmetries

were formed.

In a second step, all events were subject to kinematic fitting.

Events were tested for energy and momentum conservation

in a four-constraint (4C) fit for detected particles and in a

one-constraint (1C) fit for a missing π0. The exclusive reaction

γp → pπ+π− was used to tune the covariance matrix in order

to secure Gaussian pull distributions and a flat confidence-

level (CL) distribution, where the confidence level denotes the

goodness of fit to the data and is defined as the integral over

the χ2 probability density function in the range [χ2,∞] [34].

Figure 5 shows confidence-level distributions for the missing-

π0 hypothesis before (dashed blue line) and after (solid black

line) all corrections. Events in this analysis were retained with

a confidence-level cut of p > 0.001.

B. Background subtraction

Frozen beads of butanol (C4H9OH) were used for the target

material. When these butanol beads were polarized, only the

10 free hydrogen nucleons of the butanol could be polarized.

Meson photoproduction on bound nucleons in 12C and 16O

nuclei nonetheless generate a background beneath the signal

from the polarized free nucleons. Owing to Fermi motion

and final-state interactions, signals from reactions off 12C and
16O nucleons are broadened such that those signals do not

form discernible peaks in the mass distributions. Although this

background contribution drops out in the numerator of Eq. (2),

the contribution from bound nucleons still remains in the

denominator, requiring a procedure to remove any effects from

that bound-nucleon contribution. Commonly, a dilution factor

is calculated to account for the bound-nucleon contributions

to the normalization in Eq. (2), defined as the ratio of the

free-proton contribution to the full butanol cross section. The

energy- and angle-dependent effective dilution factors are

usually determined from mass distributions obtained from

measurements on additional targets (such as the carbon and

CH2 disk targets mentioned above in Sec. III). However, in

the measurements of the ω helicity asymmetry reported here,

nonsignal background events were removed in a probabilistic

event-based approach called the “Q-factor method,” described

briefly here and detailed more fully in Ref. [35]. That method

was used for subtracting the background from the bound

nucleons in the carbon and oxygen content of the butanol,

as well as the removal of other sources of background.

The method assigns a quality factor (or Q factor) to each

event. These factors effectively serve as event-based dilution

factors and describe the probability for an event to be a signal

event. The Q factors were then used to weight each event in

the analysis when the observable was extracted. The method

is a generalization of the traditional one-dimensional sideband

subtraction method to higher dimensions without binning the

data. Figure 6 shows examples of the resulting separation
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600 700 800

 < 0.0
c.m.

-0.25 < cos 

 ]2 [ MeV/c   m600 700  

 < 0.5
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FIG. 6. Examples of invariant π+π−π 0 mass distributions in the photon energy range Eγ ∈ [1.5,1.6] GeV for events that were subjected

to the Q-factor fitting (background subtraction). These events survived all kinematic cuts. The solid blue area indicates the background.
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of signal and background in the invariant π+π−π0 mass

distribution. Three angle bins are presented in the energy range

Eγ ∈ [1.5,1.6] GeV. The sum of the signal (white area) and

the background (blue area) is identical to the total unweighted

mass distribution, whereas the invariant 3π mass of each event

weighted by 1 − Q gives the background alone.

In this event-based method, the general set of coordinates

that describe the multidimensional phasespace of a reaction

is separated into reference and nonreference coordinates. In

this analysis, the invariant Mπ+π−π0 mass was chosen as the

reference coordinate. The Q-factor method proceeded with

the selection of the Nc kinematically nearest neighbors for

each event. A number of Nc = 300 was chosen by defining a

distance metric for the individual kinematic variables spanning

the phase space:

D2
ab =

5
∑

i=1

(

Ŵa
i − Ŵb

i

�i

)2

, (5)

where the Ŵi denote the set of kinematic variables for the two

events a and b, and �i is the full range for the kinematic

variable i. The following independent non-reference variables

were used:

cos θω
c.m., cos θHEL, φHEL, φω

lab, λ, (6)

where cos θω
c.m. denotes the cosine of the polar angle of the ω

in the center-of-mass frame, cos θHEL and φHEL are the two

angles of the ω in the helicity frame, and φω
lab is the azimuthal

angle of the ω in the laboratory frame. Defined in terms

of the pion momenta in the ω rest frame, the variable λ =
| �pπ+ × �pπ− |2/λmax is proportional to the ω → π+π−π0 decay

amplitude as a consequence of isospin conservation [13], with

λmax defined as [36]

λmax = Q2

(

Q2

108
+

mQ

9
+

m2

3

)

(7)

for a totally symmetric decay, where Q = T1 + T2 + T3 is the

sum of the π±,0 kinetic energies and m is the π mass. The

parameter λ varies between 0 and 1 and shows a linearly

increasing distribution as expected for a vector meson. Event-

based maximum likelihood fits were performed of the invariant

M3π distributions for every selected event and its Nc nearest

neighbor events according to

f (x) = N × [fs × S(x) + (1 − fs) × B(x)], (8)

where S(x) and B(x) denote the signal and the background

probability density functions, respectively, and x = M3π . A

Voigt profile was chosen for the signal and the background

shape was modeled with a second-order Chebychev polyno-

mial. The parameter N was a normalization constant and fs

was the signal fraction with a value between 0 and 1. The Q

factor is defined by

Q =
s(x)

s(x) + b(x)
, (9)

where x is again the invariant mass of the π+π−π0 system,

s(x) = fs × S(x), and b(x) = (1 − fs) × B(x).

V. EXTRACTION OF THE E OBSERVABLE

Data using an unpolarized or a circularly polarized photon

beam in combination with an unpolarized or a longitudinally

polarized target are isotropic in the laboratory azimuthal angle

since the orientation of any particle polarization is along the

z-axis in the laboratory frame. Any polarization asymmetry for

a kinematic bin is given by the difference in the event counts

for parallel and antiparallel polarization settings:

A⇒ =
N⇒

← − N⇒
→

N⇒
← + N⇒

→

= A⇐ =
N⇐

→ − N⇐
←

N⇐
→ + N⇐

←

, (10)

where → (←) and ⇒ (⇐) indicate if the photon and nucleon

spin points downstream (upstream), respectively.

The corresponding polarization observable can then be

extracted from this asymmetry and Eq. (2) reduces to

E =
1

	⇒
z δ⊙

A⇒ =
1

	⇐
z δ⊙

A⇐, (11)

where δ⊙ denotes the degree of circular photon-beam po-

larization and 	z is the degree of longitudinal target-proton

polarization

VI. EXPERIMENTAL RESULTS

The kinematics of ω photoproduction from the proton

can be completely described by two kinematic variables.

The incoming photon energy Eγ and cos θω
c.m. were chosen,

where θω
c.m. is the polar angle of the photoproduced ω in the

center-of-mass frame. The z axis was defined as the direction

of the incident photon beam.

A. The E observable for γ p → pω

Figure 7 shows the E observable for the photoproduction

of a single-ω meson off the proton from this analysis (red

circles •). The angular distributions are shown for 100-MeV-

wide bins in the incoming photon energy. Figure 8 shows

the energy dependence of the E observable for eight angle

bins in cos θω
c.m.. For comparison, earlier results from the

CBELSA/TAPS Collaboration [21] are also shown (blue boxes

�) in Figs. 7 and 8. Both data sets are consistent in their

asymmetry behavior (same sign for almost every data point).

However, larger discrepancies in the magnitude are visible, in

particular at low energies, Eγ < 1.5 GeV.

In an effort to resolve these discrepancies, we identified

three likely sources: (1) beam polarization, (2) target polariza-

tion, and (3) background subtraction [see also Eqs. (10) and

(11)]. The values for the accelerator-beam polarization and the

target polarization used in this analysis are the same as those

values applied in the extraction of the η helicity asymmetry

at CLAS described in Ref. [32]. This CLAS-η analysis was

based on the same FROST data set as the ω analysis presented

here. The η observable showed the expected flat behavior close

to the reaction threshold and a magnitude of almost 1 owing

to the dominance of the N (1535) 1/2− nucleon resonance.

Moreover, the mass distributions presented in Fig. 6, which

refer to the incident-photon energy range [1.5,1.6] GeV (see

Fig. 7), do not indicate that our background-subtraction tech-

nique is the major cause for the observed discrepancy between
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FIG. 7. Measurement of the helicity asymmetry E in the reaction γp → pω using a circularly polarized photon beam and a longitudinally

polarized target. The data are shown in 100-MeV-wide bins for the photon energy range Eγ ∈ [1.1,2.3] GeV. The CLAS-FROST results

(red circles •) are compared with results from the CBELSA/TAPS Collaboration [21], which used the radiative decay mode, ω → π 0γ (blue

squares �). The black solid line represents the BnGa PWA solution. The data points include statistical uncertainties only; the total systematic

uncertainty is given as bands at the bottom of each distribution.

the CLAS and the CBELSA/TAPS results in this energy range.

We note that a possible overestimation of the ω → π0γ yields

at ELSA may be the origin of the inconsistency between the

two data sets. For the radiative decay of the ω, the reactions

γp → pπ0π0 (with one low-energy photon undetected) and

γp → pπ0 (with an additional photon misrepresented) exhibit

“peaking” background close to the ω in the invariant π0γ mass

distribution, which is very challenging to account for. We refer

to Refs. [14,21] for more details on the techniques of analyzing

the reaction γp → pω → pπ0γ .

B. Systematic uncertainties

The statistical uncertainties were determined from the

number of events in each (Eγ , cos θω
c.m.) bin and are shown

for all data points in Figs. 7 and 8; systematic uncertainties are

given as bands at the bottom of each distribution.

The overall systematic uncertainty includes uncertainties

in the degree of photon-beam and target-proton polarization,

contributions from the electron-beam charge asymmetry, and

the background-subtraction method. The systematic uncer-

tainties in the degree of photon-beam and target-proton

polarization are applied as global factors of 2% and 3%, respec-

tively. Other sources of systematic uncertainty are described

below.

The electron-beam polarization was toggled between the h+

and the h− helicity states at a rate of 29.560 Hz. At these large

rates, the photon-beam flux for both helicity states should be

the same, on average. However, small beam-charge asymme-

tries of the electron beam can cause instrumental asymmetries

and lead to systematic deviations in the hadronic asymmetries.

The electron beam-charge asymmetry was calculated from the

luminosities of h+ and h− events:

Ŵ± = α±Ŵ = 1
2
(1 ± āc)Ŵ, (12)

where Ŵ was the total luminosity and α± denoted the fraction

of h+ and h− events. The parameter α± depended on the
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FIG. 8. Measurement of the helicity asymmetry E in the reaction γp → pω using a circularly polarized photon beam and a longitudinally

polarized target. The data are shown in 0.25-wide-bins in cos θω
c.m. and in 100-MeV-wide bins for the photon energy range Eγ ∈ [1.1,2.3] GeV.

The CLAS-FROST results (red circles •) are compared with results from the CBELSA/TAPS Collaboration [21], which used the radiative decay

mode, ω → π 0γ (blue squares �). The black solid line represents the BnGa PWA solution. The data points include statistical uncertainties

only; the total systematic uncertainty is given as bands at the bottom of each distribution.

mean value of the electron beam-charge asymmetry, āc, which

was typically less than 0.2%. Therefore, contributions from

this source of the systematic uncertainty were considered

negligible.

The Q-factor method will lead to a certain level of

correlation among events because events can share a significant

number of the same neighbors in the limit of very small

statistics. For this reason, the systematic uncertainty in the

ω yield in a kinematic bin due to the Q-factor method was

obtained from the covariance matrix of each fit and the

correlation factors between events i and j , which describe

the fraction of shared nearest neighbor events between two

events. The systematic variance is given by

σ 2
ω =

∑

i,j

σ i
Qρijσ

j

Q, (13)

where the sum i,j extends over all events in a kinematic

(Eγ , cos θω
c.m.) bin, σ i

Q and σ
j

Q are the fit uncertainties for events

i and j , and ρij is the correlation factor between events i and j .

The absolute uncertainties due to the Q-factor method range

from about 0.03 close to the reaction threshold to about 0.1 at

Eγ = 2 GeV.

An additional possible source of systematic uncertainty is

the presence of accidental photons. The fraction of accidental

photons was at most 2.5%. It was estimated from comparing

the central peak with the neighboring electron beam buckets

in the coincidence-time spectrum, which is defined per photon

as the difference between the tagger time and the start counter

time at the interaction point. Accidental photons lead to an

overestimation of the event numbers but drop out in the

asymmetry of event counts.

VII. PARTIAL-WAVE ANALYSIS

Baryon resonances are very short-lived and, as a result,

these states are broad and overlapping. Contributions from

resonances manifest themselves as enhancements or peak-like

structures in the cross sections. Owing to the broad nature

of baryon resonances however, peaks in the experimental

cross sections are typically based on contributions from many

resonances and can merely be addressed as resonance regions.

Extracting N∗ parameters from the data thus remains a

challenge. Amplitude analyses or PWAs need to be performed

in order to identify resonance contributions in a particular

reaction. The situation becomes more complicated at higher

resonance masses because many reaction channels need to be

considered. Any reliable extraction of resonance properties

must therefore be based on a coupled-channels approach.

In recent years, several groups have contributed signif-

icantly to our understanding of the baryon spectrum, but

a comprehensive analysis based on a large database of

observables has been performed only at a few institutions;

see, e.g., Refs. [16,37] and references therein. The precise
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photoproduction data resulting from recent experiments have

a great significance for the extraction of baryon resonance

parameters. In particular, the data on some polarization observ-

ables are decisive in avoiding ambiguities in the description of

resonance contributions.

This section describes the results of a PWA in the framework

of the BnGa coupled-channels approach that is based on

the new γp → pω data from CLAS on the polarization

observables E (presented here), T and � [19,20], and F ,

P , and H [38]. The CLAS data were added to the full

BnGa database, which includes a large set of data on pion-

and photo-induced meson-production reactions, with up to

two pseudoscalar mesons in the final state [39]. The BnGa

group has recently reported on a PWA [8] that, at the time,

was restricted to ω data from the CBELSA/TAPS experi-

ment alone: (1) Differential cross sections and spin-density

matrix elements (SDMEs) for unpolarized incident photons

(ρ0
00, ρ

0
10, ρ

0
1 −1) covering the energy range from threshold to

2500 MeV, as well as SDMEs for linearly polarized incident

photons (ρ1
00, ρ

1
11, ρ

1
1 −1, ρ

1
10, ρ

2
10, ρ

2
1 −1) covering the energy

range Eγ < 1650 MeV [14]; (2) data on the photon-beam

asymmetry � [18]; (3) results on the helicity asymmetry, E,

(Eγ < 2300 MeV) and the G observable for one bin in photon

energy (1108 < Eγ < 1300 MeV) [21].

The new BnGa-PWA solution, which is based on the

CLAS data, is shown in Figs. 7 and 8 as a solid line. More

details on the PWA and branching ratios for N∗ decays into

Nω will be discussed in a subsequent publication [40]. The

inclusion of SDMEs allowed the study of the ω production

process in more detail and helped separate the natural and

unnatural parity-exchange contributions. In the BnGa analysis,

π exchange in the t channel was found to remain small across

the analyzed energy range, while Pomeron t-channel exchange

gradually grew from the reaction threshold to dominate all

other contributions above W ≈ 2 GeV (Eγ > 1.66 GeV).

In the BnGa analysis, close to the reaction threshold,

J P = 3/2+ remains the leading resonant partial wave and

shows a strong peak with a maximum around W = 1.8

GeV. This wave is identified with the N (1720) 3/2+ state,

which is situated just below the reaction threshold. The 3/2+

partial wave has a more complex structure and indications

for at least one more resonance around W = 1.9 GeV have

been found. The contributions from the 1/2− and 3/2−

partial waves are notably smaller compared to the leading

3/2+ partial wave. The J P = 1/2− wave has a maximum

close to the reaction threshold, which can be identified with

the N (1895) 1/2− resonance, and smoothly declines toward

higher masses; no further structures are observed. The J P =
3/2− wave reaches a maximum just above 2 GeV, which can

be identified with contributions from the N (2100) 3/2− state.

The J P = 5/2+ wave exhibits a richer structure. This wave

has a local enhancement close to the threshold, identified with

N (1680) 5/2+, and a maximum around W = 2 GeV; the latter

is identified with the poorly-established N (2000) 5/2+ state.

The Nω coupling of this resonance has significantly increased

compared to the previous BnGa ω PWA. The contributions

from the 5/2−, 7/2+, and 7/2− partial waves remain smaller.

In all fits, they were found to be less than about 5%. The 7/2

partial waves play an important role in the description of the

density matrices at masses above 2.1 GeV.

VIII. SUMMARY

The double-polarization observable E for the reaction

γp → pω has been measured at CLAS using the frozen-

spin FROST target, covering the energy range from 1.1 to

2.3 GeV using the ω → π+π−π0 decay. Fairly large helicity

asymmetries are observed, indicating significant contributions

from s-channel N∗ resonances. The data have been partial-

wave analyzed within the BnGa coupled-channels framework

and contributions from N∗ resonances have been identified.

The leading partial waves at the reaction threshold are the 3/2+

and 5/2+ waves. Toward higher energies around W ≈ 2 GeV,

the t-channel contributions increase in strength and are defined

by a dominant Pomeron exchange and a smaller π exchange.

In addition, further contributions from nucleon resonances are

required to describe the data. The 1/2−, 3/2−, and 5/2+ partial

waves show considerable contributions to the PWA solution.
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