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M easurement of the beam asymmetry X and thetarget asymmetry T in the photoproduction
of @ mesons off the proton using CLAS at Jefferson Laboratory
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The photoproduction ab mesons off the proton has been studied in the reagtion> p w using the CEBAF
Large Acceptance Spectrometer (CLAS) and the frozen-spin target in Hall B at the Thomas Jefferson National
Accelerator Facility. For the first time, the target asymmétrigas been measured in photoproduction from the
decayw — ntm 70 using a transversely polarized target with energies ranging from just above the reaction
threshold up to 2.8 GeV. Significant nonzero values are observed for these asymmetries, reaching about 30-40%
in the third-resonance region. New measurements for the photon-beam asyrEnagtralso presented, which
agree well with previous CLAS results and extend the world database up to 2.1 GeV. These data and additional
o photoproduction observables from CLAS were included in a partial-wave analysis within the Bonn-Gatchina
framework. Significant contributions fromchannel resonance production were found in additiorr¢cbannel
exchange processes.

DOI: 10.1103/PhysRevC.97.055202

I. INTRODUCTION symmetry [L]. Much of our knowledge on nucleon resonances

The internal structure of the nucleon gives rise to an. o extracted in pion-nucleon scattering experimesjisbit
e A 9 - . CQMs have suggested that many higher-mass states could de-
excitation spectrum, which is still poorly understood within

. S(iouple from ther N channel. For this reason, photoproduction

. . ) ; . haslong been considered animportant approach in studying the
the spectrum in terms O.f .the basic QCD constituents in IattlC%ystematics ofthe spectrum. A summary of the progress toward
QCD have made significant progress In recent yeafs [ derstanding the baryon spectrum is given in R&3] [
However, q_uark mOd?|S based on effectl\_/e quark degrees (')“Plt is essential to study nucleon resonances in all their
freedom still provide important guidance in our searches for ossible decay modes to firmly establish their existence and

baryon resonances. Known as the so-called missing bary extract their properties. The production of vector mesons

resonances, many more states have been predicted by phg'particularly interesting since these mesopsd, ¢) carry

nomenological models such as the constituent quark modelﬁe same quantum numbets’C = 1--, as the photon and

e e s b o S ereor, ey are expectd o ply an mportat 1l i
grang P Y- photoproduction. The Review of Particle Physiés ¢learly

situation is particularly puzzling in the center-of-mass region .
above 1.7 GeV and the recent lattice-QCD calculations arghows that the vector-meson decay modes have remained

. X ) underexplored in recent years. However, many hitherto un-
even consistentwith the level counting based 0i{6) ® O(3) observeg higher-magé* re)éonances might strongly coupleto

these decay modes. The studywsfmeson photoproduction is
. N I _ especially interesting. The reaction has an additional advantage
Present address: University of Michigan, Ann Arbor, Michigan ngr I —yl vector-n?eson production since it serves as ag
4?;09’ USA. ] . .. isospinfilter. Theo mesonis anisoscalar particle and therefore,
resent address: Korea Atomic Energy Research Institute T o
Gyeongju-si, 38180, South Korea. the_ reaction is sensitive on!y fo=1/2 (nuc_leor_1) resonances.
iCorrespor’lding au,thor' crede@fsu.edu This reduces the complexity of the contributing intermediate
spresent address: INFN, Sezione di Genova, 16146 Genova, Ita|y'states and facilitates the search for new resonances. Moreover,

I Present address: Imam Abdulrahman Bin Faisal University, Industh® reaction threshold a, = 11091 MeV lies in the third-
trial Jubail 31961, Saudi Arabia. resonance region arouril ~ 1700 MeV and thus, provides

TPresent address: University of Kentucky, Lexington, Kentucky@CCess to higher-mass resonances.

40506, USA. In photoproduction, the cross section forproduction is
“Present address: Idaho State University, Pocatello, Idaho 83209epresented by & 2 x 2 x 2 = 24 complex numbers, repre-
USA. senting the three spin states of thethe two spin states of
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the initial real photon, as well as the two spin states of thedescribed in SedV. Experimental results and a discussion
initial and the recoiling proton, respectively. By virtue of parity of observed resonance contributions are presented in 8ecs.
invariance, 12 relations among these amplitudes exist and coandVI, respectively. The paper ends with a brief summary and
sequently, only 12 independent complex helicity amplitudesan outlook.
or 24 real numbers remain at each energy and angle. In the
ideal case of no experimental uncertainties, this will require 23
independent measurements (allowing for an overall arbitrary
phase) at each energy and angle for a complete description. The frozen spin target (FROSTR(] experiment was
Identifying a set of 23 carefully chosen observables for vectoconducted at the Thomas Jefferson National Accelerator
mesons and measuring all of them in order to achieve &acility (Jefferson Lab) in Newport News, Virginia, using
complete experimeng] remains a challenging task. However, the CEBAF Large Acceptance Spectrometer (CLAZ)] [
it is possible to extract useful dynamical information fromin Hall B at Jefferson Lab. FROST covered a variety of
the experimentally accessible polarization observables. Theseadividual experiments with all possible combinations of linear
observables impose constraints on phenomenological modelsnd circular beam polarization, as well as longitudinal and
thereby aiding in reducing the ambiguity in the extraction oftransverse target polarization, thus providing access to single-
the resonance contributions to this reaction. and double-polarization observables in a large number of
The present database af photoproduction observables reactions 18,22,23]. For these measurements of thébeam
includes cross-section measurements from various collaborand target asymmetries, the target was transversely polarized
tions [9-12)], spin-density matrix elements (SDME)(11], and the beam was linearly as well as circularly polarized,
the beam asymmetr¥ [13-16], and the double-polarization respectively. Figurel shows a schematic that illustrates the
observables [17,18] (helicity asymmetry) and; [17] (cor-  more complex kinematic situation of linear-beam polarization
relation between linear-photon and longitudinal-target polarin combination with transverse-target polarization in the two
ization). The importance of polarization observables for ourcoordinate systems relevant for this analysis: the laboratory
understanding of this reaction has frequently been discussdthme and the event frame. Thexis was chosen to be along
in the literature, e.g., Refsg]7]. the direction of the incoming photon beam in both frames.
Since thew meson has the same quantum numbers as th€he y axis in the laboratory framejap, Was chosen along
incoming photon, a dominantchannel background contri- the vertical direction pointing away from the floor, afigy
bution is expected. The inclusion of polarized SDMEs and thevas given byXjap = Jiap X Ziab- The x and y axes in the
polarization observables, E, andG fromthe CBELSA/TAPS event frame were chosen as followssent Was perpendicu-
Collaboration played a crucial role in a recent BnGa partialdar to the center-of-mass production plane. Mathematically,
wave analysis 19] toward understanding the nature of the
t-channel amplitudes and disentangling them from the
channel resonance contributions. For example, a data de- .
scription with onlyz-channel amplitudes predicted the beam Ntarget pol
asymmetry to be close to zero, whereas experimentally this  §eyent
asymmetry was observed to be significantly bigger and to >
exceed values of 0.5 across the entire incident-photon energy Tevent
range below 2 GeV. Linear beam polarization allowed the I
study of the production process in more detail and helped o .
separate natural and unnatural parity-exchange contributions "\ O v
(e.g., pomeron ang exchange, respectively). A summary of
all published results im photoproduction can be found in our » R
preceding paperlf]. R OA lab: »ZTlab
In this paper, first-time measurements are presented for the ~ <lab, Zevent .~ b= — 71— o
targetasymmetry;, as well as results for the beam asymmetry, fab
3, in the photoproduction reaction:

Il1. FROST EXPERIMENTAL SETUP

Yiab
y A
Nbeam pol

o =T — uf:l,, + Qoffset

;"'ptTansvm'sc
D

yp — pow, where o - ntn 70 1)

. FIG. 1. The polarization directions of the linearly polarized
fromthe CLAS-FROST experiment. These new measuremengnoton beam and the transversely polarized butanol target in the

cover a broad range in photon energigs, € [1.1,2.1] GeV laboratory and event frames. See text for the definition of the axes.

for ¥ andE, € [1.2,2.8] GeVforT. The presented results on The beam polarization (shown as a green arrow) was inclined at an

% allow a comparison with previously published results and‘,jm(‘]”e(ﬁO — 0° with respect to the axis in the laboratory frame ()

serve as a validation for the new measurements of the targgi; the parallel setting and a = 90 for the perpendicular setting.

asymmetry. Moreover, theseresults also represent first-time The target polarization (shown as an orange arrow) was inclined at
measurements for the energy rargee [1.9,2.1] GeV. an anglegset. The picture also shows the azimuthal angléa)

This paper has the following structure. Sectibdescribes  of the beam (target) polarization in the event frame and its relation
the CLAS (FROST) experimental setup. The data reconwith the azimuthal anglg 2, of the recoiling proton in the laboratory
struction and event selection are discussed in 8ecand  frame. More details on how these angles were used in the analysis are
the technique for extracting the polarization observables igliscussed in SetV.

055202-3



P. ROYet al. PHYSICAL REVIEW C97, 055202 (2018)

Vevent= (Pp X Zevend/|Pp X Zevend, Wherep , is a unit vec-

tor along the momentum of the recoiling proton in the center-

of-mass frame. Theneyent Was given byx event= Yevent X

Z event 1.2
The beam of linearly polarized tagged photons was created

by employing a coherent bremsstrahlung technicqg&2p]

whereby unpolarized electrons were scattered from a0 1

thick diamond radiator. The electrons were initially accelerated

using the Continuous Electron Beam Accelerator Facility , 0.8

(CEBAF) at Jefferson Lab with energies reaching up toe

5.5 GeV. After passing the radiator, the electrons were deflecte®

into a tagging detector systen2d], which provided the © 06

information to tag the time and the energy of the corresponding

bremsstrahlung photons with a resolution &f ~ 100 ps 0.4

andAE/E ~ 0.1%, respectively. The orientation of the linear

polarization plane could be set to either parallel (denoted as

X
=
(@)

—— prtr~ data
[ Butanol Target
I Carbon Target

[ CH, Target
—— After v Selection & 3 Cut

“|I") or to perpendicular (denoted as.") relative to the floor 0.2

of the experimental hall by adjusting the azimuthal angle of the

crystal lattice of the diamond radiat&7]. The corresponding 0 Ll L

azimuthal angle of the beam polarization in the laboratory -5 0 5 10 15 20

frame was¢y = 0° or 90°, respectively (see Figl). The Z-vertex [cm]

angle between a selected diamond plane and the incident o ] ]
electron beam determined the leading edge of an enhancementFIG' 2. Thez-vertex distribution (axis along the beam line) of all
in the photon energy spectrum known as the coherent edgée_constructed particles. The CLAS center was chosen as +h®

The incident photons reached their maximum polarizatio coordinate. The p?ak on the left ?hows theosition .O.f the butanol
e . arget, the peak situated next to it shows the position of the carbon
within a roughly 200 MeV window below the coherent edge. . o
target, and the peak on the right shows the position of the polyethylene

In this experiment using linear bea_m polarization, coherent(CHZ) target. The red line denotes the data containingailr—
edge settings from 0.9-2.1 GeV in Int_erv_als of O'Z_Gevevents. The blue line denotes these events after applying photon
were used. The average degree of polarization of the IInearI¥election and particle-identification cuts (discussed in 8Ec.The

polarized beam was measured via a fit of the photon energy,o| peak between the carbon and the polyethylene target originated
spectrum using a coherent bremsstrahlung calcula®@@nd  from the end cap of the heat shield.

was found to vary between 40-60% depending on energy.
For the measurement of the target asymmetry, a circularly
polarized, tagged, bremsstrahlung photon beam was used, In addition to the butanol target, two unpolarized targets
which results from a polarization transfer when the incidentwere placed in the target cryostat, including carbon and
electron beam itself is longitudinally polarized. Since thepolyethylene (CH) targets for background subtraction and
electron beam helicity state flipped rapidly, integrating oversystematic studies. They were placed farther downstream than
the initial helicity states resulted effectively in an unpolarizedthe butanol target at approximatelyz =9 cm and 16 cm,
incident photon beam. respectively, and were well separated from each other, as is
The target nucleons were free protons iesid 5 cm  evident from thez-vertex distribution shown in Fig2. The
long frozen-spin butanol (E1oOH) target system20]. The  thickness of the additional targets was chosen such that the
target was transversely polarized using a dynamic nuclearadronic rate from each was about 10% the rate of butanol.
polarization (DNP) technique2P] outside the CLAS detector The charged final-state particles were detected using the
in a 5.0 T homogeneous magnetic field and at a temperatut@LAS spectrometerZ[l], which was based on a nonhomo-
of T = 200-300 mK. To maintain the transverse polarizationgeneous toroidal magnetic field, primarily pointing in e
of the target inside the detector system, the target was coolatirection, with a maximum magnitude of 1.8 T generated by
down to about 60 mK and a 0.5 T holding field was applieda six-coil torus magnet. The design of the magnet provided
using a dipole magnet. An average transverse polarizatioa field-free region around the polarized target. The CLAS
of about 81% was achieved. The polarization values wergetector system had many components, each with a sixfold
determined from regular NMR measurements taken for botisymmetry about the beam axis, covering a solid angle of
target polarizations: pointing away from the floor (denotedabout 80% of 4. For an event to be recorded, the trigger
as “4+") and pointing towards the floor (denoted as”). configuration required the detection of at least one charged
The target polarization was inclined at an anglgsset = track.
1161° 4+ 0.4° (referred to as the target offset angle) from
the x axis in the laboratory frame for the¢ setting and at

Pofiset = —63.9° + 0.4° for the— setting, as shown in Fig. I EVENT SELECTION

These offsets were necessary to prevent photoprodticed The » mesons were reconstructed from thaif 7~ z°
background from being directed into the CLAS acceptancalecay. This decay mode has the highest branching fraction
region by the target holding field. of (89.2+ 0.7)% [5]. Events were selected when exactly one
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final-state proton as well as ome™ and oner~ track were
detected. A one-constraint kinematic fit imposing a missing
79 was used to reconstruct the four-vector of the neutral pion.

Prior to kinematic fitting, the following cuts and event 10!
corrections were applied. Initial photon selection cuts were
required since the photons arrived at the target in 2 ns bunches.
To select the correct photon out of several potential candidates,
a cut of £1 ns on the coincidence time (time difference
between the event vertex time and the time the photon arrived r
at the vertex) was applied. This reduced the initial situation
from approximately five candidate photons per event to only
about 8-10% of all events having more than one candidate
photon. These events were discarded. To further minimize the
ambiguity in identifying the correct photon, only those events By s
were considered in which the vertex-timing cut identified the cL
same photon for all tracks.

For final-state particle identification, th® value of each
track was determined from two separate sources8f =
p/+v/ p? + m?was measured using the momentum informatio
from the drift chambers and the PDG maSkfpr the particle,
and (i) Bror = 7 used the velocity information from the time-
of-flight (TOF) system21,30]. Events were selected based on
AB = |Bpc — Btorl < 30, whereo was the width of the correct for factors such as variations in the magnetic field of
GaussianAg distributions, which were centered at zero for the torus magnet and/or misalignments of the drift chambers.
pions and protons. This led to a significant improvement inThe corrections of the* and proton four-vectors were initially
the identification of good final-state tracks and clear bandsletermined such that the mass distribution¥afi yp — p X
for protons and charged pions could be identified inghg:  andyp — p=* X did not have any azimuthal dependence.
versus momentum distributions (Fig). In addition, vertex By using kinematic fitting, these corrections were further fine
cuts ofx? 4+ y? < 9cn? and—3.0 < z < 3.0cmwere applied tuned and momentum-dependent corrections forthevere
to select events originating from the butanol target. also found.

The four-vectors of the selected charged final-state particles Inafinal step, a kinematic fit on these corrected four-vectors
were corrected for the energy loss due to the interaction witimposed energy and momentum conservation implying a miss-
materials while traveling through the CLAS volume. Smalling 7°. An example of our confidence-level (CL) distributions
momentum corrections of a few MeV were also required tois shown in Fig4. After applying energy-loss corrections, the

slope of the distribution improved significantly, approaching
the ideal value of zero toward Ck 1. The application of

%x10° momentum corrections led to a further improvement in the
. distribution. However, the improvement was small since the

momentum corrections were much smaller in magnitude than
the energy-loss corrections. A very small CL cupo$ 0.001
—120 was finally applied to simply require fit convergence. This
removed most of thep — p ™7~ background.

Counts

FIG. 4. Examples of confidence-level (CL) distributions for the
topologyyp — pn*m~ (x°) from the 1.5-GeV coherent-edge data
set for the butanol target. The black dotted line shows the distribution

Thefore energy-loss and momentum corrections, the red line before mo-
mentum corrections, and the blue line represents the final distribution.

BTOF

—15 Event-based signal-background separation

The remaining background, consisting of mogtly events
originating from bound nucleons of the butanol target as
—10 well as other norp w events resulting in @ 7+7~7° final

state, was separated from signal events using a probabilistic
event-based method. This multivariate analysis technique is
5 described in detail in Ref3[L] and its application in previous
CLAS analyses on the measurement ofdhghotoproduction
cross sections and thedouble-spin asymmetry is detailed in
I A Refs. [L0,18]. The method determines a weight for each event,
0 05 1 1.5 0 denoted as the eve? value, which denotes the probability
p[GeV] for the event being a signal event. The@evalues were
then used as event weights to provide any signal distribution,

FIG. 3. Typical example of #or versus particle momentum such as angular or mass distributions, and also facilitated the

distribution after the 8 cuts onAg. application of event-based likelihood fits (see S¥A ). For

proton
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azimuthal angle of the meson in the laboratory frame, and

T : _ _ .
g gt sy | A is a quantity that is proportional to tke— 77~ 70 decay

B 32 ). TTH

TE R il i amplitude [LQ]. It was calculated in terms of the pion momenta
) ) t in the rest frame of the:
e

! | D D |2

E W A7 mas ol the |\ A= M, with a maximum value of

Foc alnlpin gl i i Mrlwy || ||| A max
A " | T
}:,, | |I N B T2 T2 N mT N mZ (2)

) mx— 7 \108 " 9 3

; for a totally symmetric decay, whefle = 71 + T» + T3 is the
r T e ; sum of thexr* © kinetic energies angh is thex* mass. The
37 mass {MeY) parametek varies between 0 and 1 and shows a linear increase
as expected for a vector meson.

This method guaranteed the selection of the 300 nearest
neighbors in a very small region of the multidimensional
?hase space around the candidate event. Therefore, it was
assumed that the signal and background distributions did not
vary rapidly in the selected region and that the iBvariant
mass distribution of these 300 events determinedzhalue
of the event. Due to the small sample size of the selected near-
est neighbors, an event-based unbinned maximum likelihood
this method, the data were divided into data subsets based amethod was implemented to fit the mass distributions. The fit
their photon energy (binned in 100-MeV wide bins) and onfunction was defined as:
their beam and/or target polarization orientations. To determine
the Q value for each event in any given data subset, the 300 J&) = N[f; SCx) + 1 = £) BK)], 3)

kinemqtically nearest neighbors were seleqted usi_ng adistang@nere S(x) denoted the signal and&(x) the background
metric in the ph_ase space (_)f aII_reIevant kmemgtlc Va”ablesprobability density function (pdf)N' was a normalization
with the gxceptlon of thes8 invariant mass. In this analysis, ~gnstant and, was the signal fraction with a value between 0
these variables were and 1. TheQ value itself was then given by:

FIG. 5. Atypical example of af* 7 ~7 %) mass distribution of the
300 nearest neighbors for an event in the energyire [1.3, 1.4]
GeV. The blue solid line represents the total fit, the red solid line th
signal (Voigtian pdf), and the blue dotted line the background functio
(third-order Chebychev pdf). Th@ value of the event was given by
Q = §/T,whereS(T) was the height of the signal pdf (total pdf) at
the 3r mass of the candidate event.

CoSO ¢, COSOHEL, PHEL, Piap A s(x)

where co®“,. denotes the cosine of the polar angle oféhe $() + blx)
meson in the center-of-mass frame, égs. and¢ g, denote  wherex was the & invariant mass of the candidate event,
the two angles of the meson in the helicity framegj,, isthe  s(x) = f; - S(x) andb(x) = (1 — f;) - B(x).

(4)

x10° x10°
] I
14 — 18 |~
1.2 i 16 -
- 1.4
1 r
e r 0l2
S0 S . E
o C o 1[
o [ O L
0.6 - 08 [
0.4 - 08 F
- 04 F
0.2 02
OllllllllllllllJllll IJIll lllllllllllllllllx103 0¥IIIJ|IIJI|IJII|JJII I}Illlllll IllJIlIlIlIIX103
05 0.55 0.6 065 0.7 075 0.8 0.85 0.9 095 1 0.5 055 0.6 065 0.7 075 0.8 0.85 09 095 1
3r mass (MeV) 3n mass (MeV)

FIG. 6. Examples of invariant *r ~7° distributions forE, € [1100, 1200] MeV (left) andE, € [1500, 1600] MeV (right), summed over
all angles and all polarization states. The black solid line denotes the full mass distribution, the red line shows the signal mass distributior
obtained after weighting each event wiihand the blue line represents the background mass distribution obtained after weighting each event
with (1 — Q).
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A Voigtian function, which is a convolution of a Gaussian and thexe.ent axis in the event frame, as shown in Fig.
(to describe the resolution) and a Breit-Wigner (to describe thdlathematically,
natural line shape of the resonance), was chosen to describe the » »
signal pdf. A third-order Chebychev polynomial was selected ¢=Pp— 7T —Fo. =T —Pigpt bofiset.  (6)
to describe the background pdf. Since the unbinned maximumphich is also evident from the figure. Hergl, denotes the
likelihood fitting technique did not provide any gOOdneSS-Of-ﬁt|abora’[ory azimuthal ang|e of the recoi"ng proton apsl
measure to check the fit quality, the output of each likelihood(p .« refers to the orientation of the photon-beam (trans-
fit was used to perform a least-squares fit of therBass  versely polarized target) polarization with respect to thg
distribution of the same 300 events. The correspondifig axis in the laboratory frame. The definition of the angles and
value provided the goodness of fit. An example of such a leasthe polarization observables is analogous to the corresponding
squares fitis shownin Fi§. The figure also demonstrates how definition for the photoproduction of a single-pseudoscalar
the Q value was calculated for a candidate event. The choiceneson. When the beam polarization was séit for L), then
of a Voigtian for the signal pdf and a third-order Chebychevg, = 0 (or 7/2) rad. Similarly,¢ ofset = 2.025 [or (2025 —
for the background pdf gave the overall best distribution forn)] rad when the target po|arization was Seﬂ_t(x)r _)_ These
the reduced,?. For the energy bins close to tagproduction  values in radians correspond ¢Qse; = 1161° and —63.9°,
threshold, a product of an Argus function and a second-ordefespectively, as discussed in SHc.
Chebychev polynomial was used for the background pdf in  The total number of experimentally observed events is
order to better describe the edge of the phase space, which haglated tos as:
a fairly sharp cutoff on the right-hand side of theignal peak.

Figure 6 shows two examples of invariantranass distri- Ndata = PCeo, (7

butions for all linearly polarized events in the energy Bine  \hareq is the incident photon fluxg denotes the target cross-
[1.1,1.2] GeV (left) andE), < [1.5, 1.6] GeV (right), summed  ggtigng area, andrefers to the CLAS detector acceptance.

over all angles and polarization states. The figure demonstratgg,o parametek was observed to be independent of the

the quality of the applied background-subtraction procedur€;g|ative orientation of the beam polarization with respect to

the total-mass distribution (black line) was nicely separatedne getector. Furthermore, the acceptance for the two target-
into a Voigtian mass distribution fgr the signal (red line), polarization orientations was assumed to be very similar since
obtained by weighting each event with and a smooth poly- o magnetic field of the holding magnet was fairly small. Small

nomial background (blue line), obtained by weighting eachy,yections of about 0.5 degrees or less were applied to the
eventwith (1 Q). Atthreshold, the choice forthe background o thal and polar angles of the detected final-state particles

pdfdid notalways sufficiently constrain the likelihood fits. This e to the effects of the holding field. More details on these
occasionally manifested itself as small diplike structures in the. . -actions are available in Reg7).
background mass distribution. Such effects were taken into £, ihe extraction of asymmetries, the absolute value of
agcour_n in determining the systematic uncertainties associatqﬂe photon flux was not required. Rather, the ratios of fluxes
with this method (see Sev.C). ___between data sets with different beam-target polarizations were

After applying all selection cuts and the event-based signaly e ge to effectively unpolarize the targetin order to extract the
background separation mgthod, a total OT 98,910 events  peam asymmetrg.. The flux ratios were determined by using
were retained from the entire data set using the combinatiogye jnformation on the total number of reconstructed events
of linear-beam polarization and transverse-target polarization,,, the polyethylene target, which was directly proportional
over the full photon energy range of 1100-2100 MeV. Fromy, se photon flux. This target was chosen since the effects of
the corresponding data set using cwcular-begm_ polarizationy,q magnetic holding field were negligible atthe targetlocation.
122,679 events were retained over the full incident-photorgents were also counted irrespective of topology so that the
energy range of 1200-2800 MeV. ratios were independent of the physics dynamics involved in

the reaction specific to this analysis.
IV. DATA ANALYSIS

The total cross sectiom;, for » photoproduction using a A. Extraction of the photon-beam asymmetry, =

transversely polarized target can be expressed in terms of the Three independent kinematic variables were required to
unpolarized cross sectionp, and a number of polarization completely describe the event kinematicsuirphotoproduc-

observables as: tion, as shown in Figr. The following variables were chosen:
_ - the photon energyH,), the polar angle of thev meson
o =00[1—-6Xcos2 + ATsina in the center-of-mass fram®¢,, ), and the azimuthal angle

— 8 AtHcosa sin2p — 8 A;Psinecosa], (5) Of the recoil protong ) in the laboratory frame (not shown
in the figure). The observed modulation in g, distribution

where §; denotes the average degree of linear-beam polawas then used to extract the beam asymmetry at various
ization (which was observed to be the same forand — (E,, ©®¢,,) bins. An event-based maximum-likelihood fitting
target polarizations)\ denotes the average target polarizationtechnique was implemented to fit the angular modulations
(which was also observed to be the same foand L and extractX. This technique is considered more powerful
beam polarizations) and the azimuthal anglér) is defined than the conventional binning technique when the data suffer
as the angle between the photon beam (target) polarizatidinom low statistics since it uses information from every event,
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g The asymmetry betweefi and 1 data could then be
~ arget pol
Npeam pol expressed as:
Yerent Ny — N A+ AD
v Levent rav A= d = = ’ (12)
O ARY | w p N+ N 1+ AAD
Yo 2
v W;nt‘/é@ﬁm. - where
E, J A= (0" - UL) _ —5Zcosp,
Recoil P o+ oL 1-6 A(S]ECOSZbEib’
o — @]
FIG. 7. A diagram describing the kinematics of the reaction AD = > T o and
yp — p w. The plane represents the center-of-mass production plane I 1
defined by the initial photon and the recoil proton. The ar@jg, - 3_” +5, ‘S_H — 8,
denotes the polar angle of the meson in the event frame (or 8 = 5 1= m (13)
I 1

center-of-mass), defined in Séc Also shown are the beam and target
polarization orientations and the corresponding azimuthal angles,  The likelihood of obtaining the observed angular distribu-

anda (also in the center-of-mass frame). tion in ¢ 2, in any kinematic bin, using from Egs. (2)—(13),
was given by:

thereby preventing any loss of information due to binning. The Notal

method was based on the principles outlined in R, which —InL = — Z w; In (P (event)), (14)

showed its application in a previous CLAS measurement. In )

this analysis, the likelihood (or the joint probability density)

of obtaining the experimentally observed, angular distri-

bution was expressed in terms Bfas the only fit parameter

[see Egs.12)-(15)]. To extractX from the FROST data, the

target polarization had to be removed (as detailed below).

Maximizing the likelihood function then gave the most likely and N denotes the sum of events over all four beam-target

value forX. polarization settings used in that kinematic bin. The weight for
To nullify the effect of the target polarization to measure each event depended on @¥s.encand the normalization factor

¥, event samples with opposite target polarization but théor the corresponding data set. From the above discussion, the

same beam polarization were combined using appropriate scalgeight of theith event was given by:

(or normalization) factors. The number pevents,N,, after

combining data sets with beam polarization and different Qi, for (I, +) or (L, +) events

target polarizations{ or —), was given by:

(1 + A) for | events

whereP (event) =
( ) {%(1 — A) for L events

for (|| , —) events (15)

q>+
Il
w; = 3 0i e
®
)

I
I ; ———, for (L, —)events

At

A

Ny = N + NiN[ (8) 0, 2LA*
1 LAfa

where Ny was a normalization factor that depended on theysinimizing —In L yielded the value and the statistical uncer-

photon flux, " and ', and the average degrees of targety,inyy of the polarization observabie This was performed at

polarization,A andA ¢, of the two data sets: every (E,, ©¢,,) bin. TheMINUIT software package8§] was
used for the minimization.

o AT
Ny = L. (©)
q)H Ay B. Extraction of thetarget asymmetry, T
Substituting Eqs.5) and (7) into Eq. @) gave: The target asymmetrgr was extracted fror_n data.using
a transversely polarized target and an incident circularly
Ny = @ Ceoo(1+ Ag) {1- 5 Tcosdpy) polarized photon beam. The same likelihood technique de-
scribed in SeclVA was used to determine this polarization
= dﬁeou, (10)  observable. Since the incident photons were polarized, this
_ _ o beam polarization had to be nullified.
whereA, was defined ad g = A7 /A7. The number of events with target polarizatienN ™, after

Similarly, the number of_ events N, after combiningdata combining events with different helicity states, was given by:

sets withL beam polarization and different target polarizations N N -
was given by: N* = NI + CINZ, (16)

oy N Iy P where the normalization factor was" = 1 since the helicity
Ni= @] Ceoo(l+ Ag) {1+, TcosDpj} state flipped rapidly and the events were not separated into
=dlTeo,. (11) differentdatasets. By substituting the valu€gf into Eq. (L6)
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FIG. 8. Results for the beam asymmefgy, using a linearly polarized photon beam and an unpolarized target in the repgtien p w.
The data are shown for the energy rarigec [1.1, 2.1] GeV in 100-MeV wide bins. The energy given for each panel represents the energy
of the bin center. The FROST results (red cira@sre compared with previously published results from the GRAAL Collaboration in 2006
using ther*7~7° decay mode13] (magenta open circles) and in 2015 using a weighted average of results fromthe ~7° andz%y
decay modes in the energy rangig € [1.1, 1.4] GeV and from the radiative decay mode alone in thé,[1.5] GeV E,, bin [15] (blue inverted
trianglesy), the CBELSA/TAPS Collaboration in 2008 using the radiative decay chafdpldray square#), and the CLAS Collaboration
in 2017 [L6] (green stars<). The gray band at the bottom of each panel represents the absolute systematic uncertainties of our results due t
the background subtraction. The horizontal bars of the FROST data points indicate the angular range they cover. The black solid line denot
the BnGa-PWA solutior40].

and using Egs ) and (7), the numbev* was given by: The asymmetry between targetand— data could then be
_ expressed as:
Nt = 2®%eop {1+ AT Tsin(mr — ¢, +2.029)}

A+ AD
— oteo, (17) A= T a0 (19)
whered* was the flux for the data set with target polarization Where
+. , ot — o~
Similarly, the number of events with target polarizatien A = <m)
N~, after combining events with different helicity states, was _
given by: B A(Tsin(mr — ¢pp + 2.025)
_ T 14 A(AA(Tsin(z — ¢y, + 2,025
N~ = 2® eop {1— Ay Tsin(r — ¢l +2.025) AT SIN(T = G )
“co pp= 2= and
=® €0, (18) T ot 4+ d-
- i izat _ At +A; Af - A7
v_vherecb was the flux for the data set with target polarization A= sz COAA = Ai - Ai' (20)
. t t

055202-9



P. ROYet al. PHYSICAL REVIEW C97, 055202 (2018)
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FIG. 9. Results for the beam asymmefBy, using a linearly polarized photon beam and an unpolarized target in the repgtien p w.
The data are shown in bins 62, versus incident-photon energy for the rangeEpfe [1.1, 2.1] GeV. The gray band at the bottom of each
panel represents the absolute systematic uncertainties of our results due to the background subtraction. The horizontal bars of the FROST ¢
points indicate the angular range they cover. The black solid line denotes the BnGa-PWA sdlijtion [

The likelihood of obtaining the observed angular distribu-various experiments and excellent agreement is observed, in
tion in ¢, in any kinematic bin, usingt from Eq. (L9), was  particular with recent CLAS measurements using a liquid-
given by: hydrogen target. Since extracting single-spin observables from
double-polarization data is challenging, this good agreement

Niotal . . . . . .
_ for ¥ provides confidence in the quality of the first-time
—InL = - 21: wi I[P (event)], (1) measurements of the associated target asymmetries.
%(1 + A) for + events A. Beam asymmetry X

whereP (event) = Figure8 shows the results foE,, in the photoproduction

reactionyp — pw [Eg. (1)]including the statistical uncertain-
and Ny denotes the sum of events over the two targetties for each data point from FROST (shown as red circles) as
polarization settings used in that kinematic bin. The weight@ function of®¢,, . The data points are given for 10 energy
of theith event wagD; for all events. The observable was  bins in the incident-photon energy rangel[12.1] GeV; each
then extracted by minimizing In L. energy bin is 0.1-GeV wide. The numerical values for the
data presented in Fig.including the statistical and systematic
uncertainties are available in the Supplemental Mates&]! [
The very forward and backwatdl? . angles had low statistics

This section presents the experimental results for thewingto poor CLAS acceptance. Therefore, a variable binning
beam asymmetryx, and the target asymmetr{;, in the  scheme for this angle range was chosen such that the bins at
photoproduction of a single meson off the proton. The the very forward and backward regions are wider than the bins
> observable can be compared with published results fronm the central region.

3(1 — A) for — events

V. RESULTS
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FIG. 10. Results for the target asymmetny, using a transversely polarized target in the reactipn— p . The data are shown for
the energy rang€&, < [1.2,2.8] GeV in 100-MeV wide bins. The gray band at the bottom of each panel represents the absolute systematic
uncertainties of our results due to the background subtraction. The horizontal bars of the FROST data points indicate the angular range th
cover. The black solid line denotes the BnGa-PWA solutii. [

The FROST data points above 1.9 GeV in incident photorexcellent agreement with the new data from this analysis and
energy represent first-time measurements. Also shown in theerve as a validation for the first-time measurements ofsithe
figure are published results from other experiments: two setiarget asymmetry presented in the following section.
of results from the GRAAL Collaborationlp] (2006 data, The overall agreement of the angular distributions from
magenta open circles) antd] (2015 data, blue inverted trian- all experiments ranges from fair to good with some more
gles). The GRAAL 2006 data cover the energy range from theserious discrepancies in certa@{,, bins. For example, the
reaction threshold up to 1.5 GeV and were extracted from th€BELSA/TAPS data points tend to be biggerin magnitude than
w — ntr~ 7% decay mode. The GRAAL 2015 data cover the the GRAAL 2006 results, particularly for the center angles,
same energy range but represent a statistics-weighted avera@¢ ., < [80, 120F, of the first two energy bins. The GRAAL
of results obtained from thet 7~ 7% and the radiative°y de-  Collaboration aimed at resolving this issue with additional
cay modes, with the exception of the 1.45 GeV photon energyneasurements but the results published in 2015 exhibited even
bin where the results were obtained from the radiative decagreater inconsistencies with the previous measurements, es-
mode only. The CBELSA/TAPS Collaboration published re-pecially between the two GRAAL measurements themselves.
sults from thew — 7% decay mode in 2008 for energies up The more recent results appear to be significantly smaller in
to 1.7 GeV [14] (gray squares). Also shown are recent resultsmagnitude in the central region arouég,, = 90°.
from the CLAS Collaboration16] from a liquid-hydrogen In the lower-energy range below 1.5 GeV, the CLAS results
experiment (green stars). These latter data from CLAS are inan be compared with the previously published data. They
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are in very good agreement with the GRAAL 2006 and A major contribution came from the event-based
in fair agreement with the GRAAL 2015 results close to background-subtraction technique. To estimate this contribu-
the threshold. The CBELSA/TAPS data points suffer fromtion to the overall systematic uncertainty, tBevalue of each
significantly larger statistical uncertainties but the agreemengvent was increased by, and the beam asymmetry was
with the CLAS results is fair and mostly within uncertainties. reextracted. Here,, denotes the fit uncertainty in ti@value
All of this provides confidence in the new CLAS-FROST dataoftheith event. The change in the observable in each kinematic
and also resolves the inconsistency between the two GRAAbin provided an absolute uncertainty in the observable due to
measurements in favor of the 2006 results. this method. For the beam asymmetry, it was observed to be 8%
Figure 9 shows the beam asymmetry as a function ofonaverage above 1300 MeV inthe incident photon energy. This
the incident-photon energy for differeft?,, bins. The first procedure was based on the assumption that the chosen signal
angle bin®¢,, € [0, 30]°, suffered from low statistics at all and background pdf’s properly described the data. However,
energies. However, the results in the subsequent angle biss mentioned in Sedll, the description was not always
clearly show that the overall shape of the beam asymmetrgatisfactorily close to the photoproduction threshold. In such
with respect to energy changes noticeably upon moving fronsituations, a diplike structure in the background distribution
forward to backward angles. The asymmetry is small andinder thew peak was observed. To estimate the systematics
almost consistent with zero across the entire energy range fassociated with this effect, the background distribution was
[30, 50]°, whereas it grows bigger in the successive angle bindjtted with a second-order polynomial in the ranggax £+ 5o,
reaching a value of about 0.55 in the [A@O} angle bin. whereos was the width of the peak. The fractional difference
between the original background and the fit in the range
wpeak £ 20 was determined to be about 5-7% on average.
B. Target asymmetry T To quantify the effect of this fractional difference on the final
Figure 10 shows the results for the target asymmetry inobservables, the following strategy was employed: Since the
the photoproduction reactiopp — pw [Eq. (1)] including  background was underestimated in the regigRax + 20,
the statistical uncertainties for each data point from FROSTRquivalent to the signal being overestimated, thevalues
as a function of co® ¢, . The data points are given for 16 of the events belonging to this mass range were changed by
energy bins in the incident-photon energy range [12800] oo — 0.07 Q. The observable was then redetermined and the
MeV; Each energy bin is 100-MeV wide. The numerical valuesfractional difference between the original observable and the
for the data presented in Fig0 including the statistical and modified observable was quoted as the systematic uncertainty.
systematic uncertainties are available in the Supplementdl was determined to be.8% on average in the energy range
Material [35]. The observable exhibits rich structures andE, € [1.1,1.3] GeV.
acquires large values of about 0.3-0.4 around@¢s, =0 The systematic uncertainty in the linear-beam polarization
over a large energy range. was evaluated to be5%, a value that was also used in other
CLAS analyses33,36]. The systematic uncertainty associated
with the target polarization was determined tob2% [20].
C. Systematic uncertainties To estimate the systematic uncertainty in the observable due to
The individual contributions to the overall systematic un-the target-offset angle, this angle was varied by its uncertainty
certainty for each observable that were studied in this analysief £0.4° and the change in the reextracted observable was
are listed in Table. The absolute systematic uncertainty dueexamined. It was found to be 2% on average.
to the background subtraction is shown as an error band at For the measurement of the beam asymmetry, three factors
the bottom of each distribution in Fig8-10. The fractional ~Were required to normalize the four linearly polarized data sets,
uncertainties were added in quadrature and the totals are givé@$ can be seen from Eq9){(13) (Sec.IVA):
in Tablel.

o — ot — oF
, . o Ni= L Ag, No= LAz N3=-L. (22
TABLE I. List of systematic uncertainties. P, o o7
Source Systematic Uncertainty ~ The first two normalization factors were needed to unpolarize
: : the target in the| and L data sets, respectively. The third
Background subtraction given as gray band for eachnormg|ization factor was then required to normalize the cor-

distribution in Figs8, 9,10 ragponding| and L data sets (after the target was rendered

Beam polarization SZA’ unpolarized). The uncertainties in the normalization factors
I::gg:_g?f?;f:rtgg 220//(:) depended on the uncertainties in the flux ratios, which were
Normalization obtained from the ratios of the numbers of reconstructed events
beam asymmetry 506 originating frgm the po!yethylene target. One way to estimate
target asymmetry 20 the systematic uncertainty in these ratios was to compare them
Beam asymmetry with the ratios pbtamed from the carbon target. The results
owotal (fractional only) ~75% were found to differ by .2% or Ie.ss at all energies. Another way
Target asymmetry to check the systematics of this method was to use the direct
orotal (fractional only) ~3.5% information on the photon flux from the photon tagging system.

Although this information was not available for the FROST
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data used in this analysis, it was available for FROST-g9a dat@olarization asymmetries. The 3" partial wave is complex
which utilized a circularly polarized beam and a longitudinally and multiple 32" nucleon resonances likely contribute to our
polarized target. The results differed again by orB% from  data aroundv = 1.7-21 GeV. The importance of the/32*
those determined for the polyethylene target. The appliesvave was also discussed in an earlier event-based PWA based
uncertainties of 2% in the flux ratios as well as the uncertaintyon CLAS w cross-section data and unpolarized spin-density
in the target polarization were used to evaluate the overalnatrix elements alonetp]. The BnGa PWA finds indications
uncertainties in the normalization factors using standard errofor at least one more/2*+ resonance around& = 1.9 GeV.
propagation. Since each normalization factor could be varied Toward higher energies, thechannel contributions in-

by +o, all permutations were performed and the observablgrease in strength and in the caseXyfthe linear-beam po-
reextracted. The change in the beam asymmetry was observiization allows for the separation of natural- from unnatural-
to be 5% on average across all energies. parity exchange processes. The BnGa group has found that

For the measurement of the target asymmetry using circusomeron-exchange dominates over the smatlezxchange
larly polarized data, only one factor was required to normalizeacross the presented energy range. FurtNéfrresonance
data sets with opposite target polarization (S&B) and  contributions are required to describe the data at and above
thus, the systematic uncertainty in the overall normalizatiorcenter-of-mass energies Bf = 2 GeV. The ¥2-, 3/2-, and
was smaller than for the linearly-polarized data. Following the5/2* partial waves play a significant role in the PWA solution.
same procedure as for the beam asymmetry, the normalizatian addition to theV (1680) 52" close to the threshold, a further
factor was changed by 2% and the observable reextracted. Agtructure aroundv = 2 GeV is observed, which is identified
effect of <2% was observed in the target asymmetry due to thavith the N (2000) 52" state. The latter is listed as a one-star
normalization. state inthe RPP] and considered a missing baryon resonance.
A full discussion of the contributing resonances can be found
V1. PARTIAL-WAVE ANALYSS in a forthcoming paper on the details of the PWHA].

The data presented here were included in a partial-wave
analysis within the Bonn-Gatchina (BnGa) PWA framework.
The scattering amplitudes in the BnGa analysis for the pro- The photon-beam asymmetdy for the photoproduction
duction and the decay of baryon resonances are constructeelactionyp — p w has been measured at Jefferson Laboratory
in the framework of the spin-momentum operator expansiorusing the CLAS spectrometer and the frozen-spin FROST
method. The details of this approach are discussed in&&f.[ target, covering the energy range from 1.1-2.1 GeV. dhe
The approach is relativistically invariant and allows for themeson has been studied via its— 7*7~7° decay. The
combined analyses of different reactions imposing analyticityhigh-quality FROST results are in overall fair agreement
and unitarity directly. The BnGa database takes into accourwith previously published data (including CLAS) and help
almost all important data sets of photo- and pion-induced reacshed some light on earlier-observed discrepancies among the
tions, including three-body final state&q. A full description  known data sets. Moreover, first-time measurements of the
of the experimental databasg9] goes beyond the scope of target asymmetrny” have been presented covering a large
this paper. incident-photon energy range from 1.2—-2.8 GeV. These data

The BnGa group has recently reported on a PVI8] pf ~ are rich in structures. The angular distributions change from
 photoproduction data that was based on results from than almost linear behavior close to the reaction threshold to a
CBELSA/TAPS Collaboration alone. The data sets and thanore oscillatory behavior at higher energies. The asymmetries
relevant observables ¢dd2, SDMEs, X, E, andG), which  acquire significant values of up to 0.4, mostly around cos
were used in the PWA, are discussed in Refd,19]. The ©¢, =0.
new BnGa-PWA solution, which includes data from the CLAS
Collaboration, is shownin Fig8—10as a solid line. The CLAS
data include the polarization observab®eand7 (presented
here),F, P, H, andE. More details on the PWA framework The authors thank the technical staff at Jefferson Lab
and branching ratios fa¥* decays intaVe will be discussed and at all the participating institutions for their invaluable
in a subsequent publicatioA(). contributions to the success of the experiment. This material

In the FROSTyp — pw data presented here, large beamis based upon work supported by the US Department of
asymmetries, as well as smaller but significantly nonzerdenergy, Office of Science, Office of Nuclear Physics, under
target asymmetries are observed, which indicate significan€ontract No. DE-AC05-060R23177. The group at Florida
s-channel contributions, in agreement with the expectatiorState University acknowledges additional support from the US
from the BnGa PWA. Close to the reaction threshold, theDepartment of Energy, Office of Science, Office of Nuclear
leading partial waves are thg 3" and 52" waves, which  Physics, under Contract No. DE-FG02-92ER40735. This work
are identified with then(1720) 32+ and the subthreshold was also supported by the US National Science Foundation,
N(1680) 52" nucleon resonances. Recent calculations thathe State Committee of Science of Republic of Armenia,
used an effective chiral Lagrangian approa¢t] glso found the Chilean Comisidon Nacional de Investigacion Cientifica
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