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Università di Genova, 16146 Genova, Italy

16
The George Washington University, Washington, DC 20052, USA

17
University of Georgia, Athens, Georgia 30602, USA

18
Idaho State University, Pocatello, Idaho 83209, USA
19
INFN, Sezione di Ferrara, 44100 Ferrara, Italy

20
INFN, Laboratori Nazionali di Frascati, 00044 Frascati, Italy

21
INFN, Sezione di Genova, 16146 Genova, Italy

22
INFN, Sezione di Roma Tor Vergata, 00133 Rome, Italy

23
INFN, Sezione di Torino, 10125 Torino, Italy

24
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Universidad Técnica Federico Santa María, Casilla 110-V Valparaíso, Chile

42
University of Glasgow, Glasgow G12 8QQ, United Kingdom

43
University of York, York YO10, United Kingdom

44
Virginia Tech, Blacksburg, Virginia 24061-0435, USA

45
University of Virginia, Charlottesville, Virginia 22901, USA

46
College of William and Mary, Williamsburg, Virginia 23187-8795, USA

47
Yerevan Physics Institute, 375036 Yerevan, Armenia

48
Zhengzhou University, Zhengzhou, Henan 450001, China

49
NRC “Kurchatov Institute,” PNPI, 188300, Gatchina, Russia

50
School of Nuclear Science and Technology, University of Chinese Academy of Sciences, Beijing 100049, China

(Received 10 December 2018; revised manuscript received 12 March 2019; published 23 April 2019)

First measurements of double-polarization observables in ω photoproduction off the proton are

presented using transverse target polarization and data from the CEBAF Large Acceptance Spectrometer

(CLAS) FROST experiment at Jefferson Lab. The beam-target asymmetry F has been measured using

circularly polarized, tagged photons in the energy range 1200–2700 MeV, and the beam-target asymmetries

H and P have been measured using linearly polarized, tagged photons in the energy range 1200–2000MeV.

These measurements significantly increase the database on polarization observables. The results are

included in two partial-wave analyses and reveal significant contributions from several nucleon (N�)

resonances. In particular, contributions from new N� resonances listed in the Review of Particle Properties

are observed, which aid in reaching the goal of mapping out the nucleon resonance spectrum.

DOI: 10.1103/PhysRevLett.122.162301

Photoproduction of the isoscalar vector mesons ω and ϕ

off the proton plays an important role in our understanding
of many hadronic physics phenomena in the nonperturba-
tive regime. Photoproduction of an ω meson at lower
energies provides unique information on the mechanism of
nucleon resonance excitation and on the strength of the
ωNN� coupling, which aids in shedding light on the
structure of baryon resonances.
The study of ω-meson photoproduction is particularly

interesting in the search for new, hitherto unknown nucleon

resonances. The reaction threshold lies above the thresh-

olds for π and η photoproduction and therefore, ω photo-

production probes the higher-mass nucleon states above

W ¼ 1700 MeV. At these center-of-mass energies, the πN

and ηN photoproduction cross sections are significantly

smaller. Moreover, the ω meson is an isoscalar particle and

is sensitive only to I ¼ 1=2 (nucleon) resonances which

reduces the complexity of the contributing intermediate

states. A discussion of recent progress toward understand-

ing the nucleon resonance spectrum can be found in recent

reviews, e.g., Refs. [1,2].

In this Letter, we report on the first measurements of the
polarization observables F, P, and H for the reaction

γ⃗ p⃗ → pω where ω → πþπ−π0; ð1Þ

using linearly as well as circularly polarized tagged photons
and transversely polarized protons. Without measuring any
recoil polarization, the differential cross section for this
combination is given by [3–5]

dσ

dΩ
¼

dσ0
dΩ

fð1 − δlΣ cos 2βÞ

þ Λ cos αð−δlH sin 2β þ δ⊙FÞ

− Λ sin αð−T þ δlP cos 2βÞg; ð2Þ

where δl (δ⊙) denotes the degree of linear (circular) beam
polarization andΛ denotes the degree of target polarization.
For transverse target polarization, the available polarization
observables are the target asymmetry T, the beam-target
asymmetry F using a circularly polarized beam, and
the beam-target asymmetries H and P using a linearly
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polarized beam. The angle β (α) describes the inclination of
the linear-beam (transverse-target) polarization with respect
to the center-of-mass plane spanned by the beam axis and
the recoil proton.
The Frozen-Spin Target (FROST) experiment, conducted

at the Thomas Jefferson National Accelerator Facility, was
designed to perform measurements with polarized beams
and targets. The details of the experiment are discussed in
Refs. [6–8].
The CEBAF accelerator facility at Jefferson Lab deliv-

ered longitudinally polarized electrons with energies up to
2.4 GeV and a polarization of about 87% [9]. Circularly
polarized photons were then obtained by transferring the
polarization from the electrons to the photons in a brems-
strahlung process when the electrons scattered off an
amorphous gold radiator. The larger the fractional energy
carried by the photon with respect to the electron energy,
the greater the degree of polarization [6,10].
Linearly polarized photons were created via coherent

bremsstrahlung by scattering unpolarized electrons off a
diamond crystal. These polarizedphotons typically covered a
200-MeV-wide energy range below the sharp coherent edge.
Data were recorded with the position of the coherent edge
ranging from 700 MeV to 2100 MeV, in steps of 200 MeV.
The degree of linear polarization was determined by fitting
the energy distributions of the incident photons and was
observed to vary between 40%–60%. The polarized photons
were energy and time tagged with resolutions of 0.1% and
100 ps, respectively, using a photon tagging system [11].
A state-of-the-art component of the experiment was the

polarized target, described in detail in Ref. [8]. It was
placed at the center of the CLAS spectrometer, and
provided an average degree of polarization of 81%. The
direction of the polarization was reversed every five to
seven days. To study background originating from unpo-
larized protons of the carbon and oxygen atoms in the
butanol target, carbon and polyethylene disks were placed
at approximately 9 cm and 16 cm downstream of the
butanol target. The vertex distribution shows distinct peaks
from each target, allowing for a clean separation of events.
The CLAS detector, with its sixfold symmetry about the

beam line, was capable of detecting charged particles with a
laboratory polar-angle coverage of [8,142]° and almost 2π
coverage in the azimuthal angle. The final-state particles
traversed several layers of subdetectors, including drift
chambers (DCs) and time-of-flight (TOF) scintillators. A
start counter (SC) provided the initial time information of
the events. Full details of the CLAS detector are provided in
Ref. [12]. For an event to be recorded, the trigger conditions
required at least one charged particle in the final state.

In this analysis, the ω was reconstructed from its πþπ−π0

decay,which has thehighest branching ratio (89%) among all
ω decay modes. Events were selected to have exactly one
incident-photon candidate with a timing (using the photon
tagger) at the event vertex within 1 ns of the event time

provided by the SC. Only those events that had exactly one
proton, plus one positively charged and one negatively
charged pion track in the final state were retained. To further
improve the particle identification, each final-state particle’s
β valuewas calculated separately from its measuredmomen-
tum using theDC, βDC, and from its measured velocity using
theTOFsystemand theSC,βTOF. Eventswere selectedbased
on good agreement of βDC and βTOF [7,9]. The momenta of
the final-state particleswere corrected for energy losses using
standard CLAS techniques. Additional corrections of a few
MeV were required for the momentum magnitudes, which
are discussed in detail in Refs. [6,7,9].
A four-constraint kinematic fit to the exclusive γp →

pπþπ− reaction imposing energy and momentum conserva-
tion aided in tuning the full covariance matrix. The reaction

γp→ pπþπ−ðmissingπ0Þ was next kinematically fit, and
events with a confidence level below 0.001 were rejected,

removing most of the πþπ− background. The remaining
background consisted mostly of pω events originating from
unpolarized bound protons in the butanol (C4H9OH) target

and non-pω events resulting in a pπþπ−π0 final state. These
were accounted for using the Q-factor technique, which
determines the probability for an event to be a signal event (as
opposed to background) on the basis of a sample of its nearest
kinematic neighbors in a very small region of the multidi-

mensional πþπ−π0 phase space around the candidate event
[7,13]. The method assumes that the signal and background
distributions do not vary rapidly in the selected region. The

πþπ−π0 mass distribution of each event and its nearest
kinematic neighbors was fit using a Voigtian for the signal
probability function (PDF) and a third-order Chebychev
polynomial for the background PDF. The value ofQ is then
defined as the ratio of signal amplitude to total amplitude at
the mass of the candidate event. Figure 1 shows examples of

signal and background distributions in the invariant πþπ−π0

FIG. 1. Typical examples of signal and background mass
distributions from butanol data after applying all kinematic cuts

and corrections. The invariant πþπ−π0 masses are shown for two
energies at the same angle, 0.2 < cosΘω

c:m: < 0.4. The black line
shows the unweighted distribution from the butanol target, the
blue-shaded area shows the background mass distribution
(weighted by 1 −Q), and the red line shows the signal distri-
bution (weighted by Q).
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mass obtained by weighting each event with Q and 1 −Q,
respectively.
For each bin in incident-photon energy and meson

center-of-mass angle (Eγ; cosΘ
ω
c:m:), an event-based maxi-

mum-likelihood technique was applied to fit the azimuthal
angular distributions of the recoil proton in the lab frame to
extract the polarization observables [14]. The likelihood
function in each kinematic bin is

− lnL ¼ −

XNevents

i¼1

wi lnðPiÞ; Pi ¼
1� A

2
; ð3Þ

and A ¼ ðN1 − N2Þ=ðN1 þ N2Þ denotes the asymmetry in
the azimuthal angular distributions of events with different
orientations of the beam-target polarization. The sign of A
depends on the corresponding relative orientation of the
beam-target polarization in the ith event. The weights, wi,
depend on the Q factors and additional normalization
factors. More details and a complete list of definitions
are given in Refs. [7,9].
The asymmetry A depends on the differential cross

section [Eq. (2)] and hence, on the polarization observ-
ables. Maximizing the likelihood L gives the most likely
values for the observables. Owing to statistical limitations,
a simultaneous fit to all polarization observables did not
converge. Different datasets, corresponding to the different
orientations of the beam-target polarization, were com-
bined with appropriate normalization factors to reduce the
number of unknown parameters in the likelihood expres-
sion. The observable F was determined separately using
circular beam polarization, whereas the observables H and
P were determined from simultaneous fits using linear
beam polarization [see Eq. (2)].
A major contribution to the overall systematic uncer-

tainty came from the background subtraction. ThisQ factor
uncertainty was determined for all observables in each
(Eγ; cosΘ

ω
c:m:) bin by modifying each Q factor by its

corresponding fit uncertainty σQ, and reextracting the

observable. The absolute difference was taken as the
systematic uncertainty and averaged about 8% for inci-
dent-photon energies > 1.3 GeV. Other sources of uncer-
tainty included the degree of linear- (circular-)beam
polarization [5% (4%)], the degree of transverse-target
polarization (2%), the direction of the target polarization
(2%), and the flux normalization. The latter was 5% for
data with linear-beam polarization, and 2% for data with
circular-beam polarization since the beam helicity flipped
rapidly leading to the same photon flux for opposite beam
helicities. Gray bands in the figures show only absolute
systematic uncertainties due to the background subtraction;
scale-type uncertainties are not included.
The ω polarization observables presented here are first-

timemeasurements, representing a substantial increase in the
world database for ω photoproduction. Figure 2 shows the
beam-target asymmetry F and Fig. 3 shows the beam-target

asymmetries H and P for the incident-photon energy range
1200–2000 MeV in 100-MeV-wide bins and 10 and 5
cosΘω

c:m: bins in the center-of-mass frame, respectively.
The asymmetries are substantial and vary significantly with
energy, indicative of strong contributions from nucleon
resonances.
The role ofN� resonances inω photoproduction has long

been discussed in the literature, e.g., using effective
Lagrangian [17–19] and coupled-channel K-matrix
approaches [20,21]. Given the scarcity of data at the time,
most of these studies were based only on the differential
cross section data, and not surprisingly disagree on the
contribution of N� resonances.
The data presented here, and further ω data from the

FROST experiment on the helicity asymmetry E [6] and on
the single-polarization observables Σ [7,22] and T [7]
(beam and target asymmetries, respectively) were included
in two independent analyses: a partial-wave analysis
(PWA) within the Bonn-Gatchina (BnGa) coupled-channel

FIG. 2. First-time measurement of the beam-target asymmetry

F in γ⃗ p⃗ → pω. Shown are distributions in 100-MeV-wide
incident-photon energy bins (labeled as Eγ½W�) as a function

of cosΘω
c:m: in the center-of-mass frame. Each data point has been

assigned its statistical uncertainty, whereas the gray band at the
bottom of each panel represents the absolute systematic uncer-
tainties due to the background subtraction. The blue and red solid
curves show the BnGa PWA solution and fits by Wei et al. [15],
respectively. The blue dashed curve denotes an earlier BnGa
solution [16].
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framework [23] based on a large database of pion- and
photon-induced reactions [24], and a tree-level-based
effective Lagrangian approach [15], shown in Figs. 2
and 3 as the solid and dashed lines, respectively. In contrast
to the coupled, multichannel BnGa analysis, the effective
Lagrangian approach of Ref. [15] considers only the ωN
channel. The reaction amplitude consists of s-, t-, and u-
channel Feynman diagrams combined with a phenomeno-
logical contact current which accounts for effects not
explicitly included and is required for local gauge invari-
ance of the overall amplitude. More details are given in
Refs. [25,26].
TheBnGadescriptionof these newdata startedwith aPWA

solution of an earlier analysis that is discussed in Ref. [16].

This initial analysis was based on results in γp → pωðω →
π0γÞ obtained by the CBELSA-TAPS Collaboration on
differential cross sections [27], the double-polarization
observables G, Gπ [28], the beam asymmetry Σ [29], and

a variety of spin-density matrix elements (SDMEs): ρ1
00
, ρ1

11
,

ρ1
1−1

, ρ1
10
, ρ2

10
, ρ2

1−1
(using linear-beampolarization) aswell as

ρ0
00
, ρ0

10
, ρ0

1−1
(unpolarized beam) [27].

The earlier analysis revealed significant t-channel con-
tributions from the exchange of Pomerons, which increase
with energy and account for about 50% of the total cross
section at about W ¼ 2 GeV. Moreover, the polarization
observables and SDMEs revealed notable contributions from
as many as 12 nucleon resonances, and several branching
ratios were determined for the first time [16]. Evidence
was found for the poorly known states Nð1880Þ1=2þ,
Nð2000Þ5=2þ, Nð1895Þ1=2−, and Nð2120Þ3=2−. Small
contributions were also revealed from several weaker partial

waves. However, this solution provided a poor description of
the new CLAS polarization observables (see Figs. 2 and 3):
F,H, P, and T. Particularly, the predicted target asymmetry
appeared to have the wrong sign using the definitions for
these observables from Ref. [4].
The BnGa solution for the new CLAS data presented

here confirms the five dominant partial wave amplitudes

that were reported in Ref. [16]. The JP ¼ 3=2þ partial
wave exhibits a significant peak close to W ¼ 1800 MeV
that is identified with the Nð1720Þ3=2þ resonance. A
notable contribution from the 3=2− partial wave is observed
above 2 GeV and identified with the Nð2120Þ3=2−.
Compared with earlier findings, the coupling of the
Nð1875Þ3=2− to Nω has decreased by about 70%. The
intensity appears to have shifted to the 5=2þ partial wave
above W ¼ 1900 MeV, where the contribution of the
Nð2000Þ5=2þ state has been observed to increase by about
50%. The 1=2− partial wave exhibits a smoother behavior,
but the analysis found that the coupling to Nð1895Þ1=2−

has not significantly changed. This smoother behavior is a
result of a sign change in the contribution of the nonreso-
nant amplitudes. The dominant contributions, in particular

of the Nð2000Þ5=2þ state, are consistent with the results of
a single-channel PWA by the CLAS Collaboration [30].
The effective Lagrangian approach by Wei et al. [15] is

based on all published data from the CLAS Collaboration,
including the newdouble-polarization observables discussed
here.To achieve a gooddescriptionof the data, sevennucleon
resonances have been added in the analysis. A significant
peak in the3=2þwave aroundW ¼ 1800 MeV is confirmed,

which originates from the Nð1720Þ3=2þ. The 3=2− partial

FIG. 3. First-time measurements of the beam-target asymmetries H (top) and P (bottom) in ω photoproduction off the proton. Shown
are eight 100-MeV-wide energy bins (labeled as Eγ½W�) as a function of cosΘω

c:m: in the center-of-mass frame. Each data point has been

assigned its statistical uncertainty, whereas the gray band at the bottom of each panel represents the absolute systematic uncertainties due
to the background subtraction. The blue and red solid curves show the BnGa PWA solution and fits by Wei et al. [15], respectively. The
blue dashed curve denotes an earlier BnGa solution [16].
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wave shows important contributions, which mainly stem
from the Nð1520Þ3=2− and Nð1700Þ3=2− resonances
(W < 2 GeV), in agreement with the BnGa analysis. The
latter two resonances prove to be important in the description
of the newF andH observables. This analysis also identifies
significant contributions from the 5=2þ partial wave, again
consistent with the findings of the BnGa group.
In summary, the beam-target double-polarization

observables F, P, and H in the reaction γ⃗ p⃗ → pω have
been measured for the first time across the N� resonance
region. Convergence among different groups on the
leading N� resonance contributions appears imminent
based on these new measurements. Several poorly known
states have been identified in ω photoproduction.
Particularly noteworthy are contributions from the new
N� states that have been listed in the Review of Particle
Properties since 2014 based on photoproduction experi-
ments. In the 3=2− partial wave e.g., contributions from
the recently added Nð1875Þ3=2− and Nð2120Þ3=2− states
are observed. Also identified in ω photoproduction is the
new Nð1880Þ1=2þ state which, together with the
Nð1900Þ3=2þ and Nð1990Þ7=2þ states, and the poorly
established Nð2000Þ5=2þ state, is considered to form a

quartet of nucleon states in the ð70; 2þ
2
Þ supermultiplet

with quark spin S ¼ 3=2 and positive parity. Some open
questions remain, including the relative strength of t-
channel contributions close to the reaction threshold from
the exchange of either Pomerons or pions. A full dis-
cussion of the contributing N� resonances, their Nω

couplings, and the impact of particular observables will
be available in forthcoming papers [15,31].
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