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Pion photoproduction in the 77  — 7°p reaction has been measured in the FROzen Spin Target (FROST)
experiment at the Thomas Jefferson National Accelerator Facility. In this experiment, circularly polarized
photons with energies up to 3.082 GeV impinged on a transversely polarized frozen-spin target. Final-state
protons were detected in the Continuous Electron Beam Accelerator Facility (CEBAF) Large Acceptance
Spectrometer. The polarization observables T and F' have been extracted for W from 1445 to 2525 MeV, of which
the energy range is much broader, and the precision is better than the existing measurements in higher W ranges.
The data generally agree with predictions of present partial-wave analyses but also show marked differences
for higher W ranges. By incorporating the present data into the databases, the Scattering Analysis Interactive
Data (SAID) fits have been improved with relatively small x2 and significant changes in the parameters of the
A(1910)1/2% and N(2190)7/2~ have been found with the JiiBo model.

DOI: 10.1103/ml3y-pmb8

I. INTRODUCTION

Quantum Chromodynamics (QCD) describes the strong
interactions of quarks and gluons. Nonperturbative QCD
is appropriate in the low-energy regime, and the study of
baryons is ideal to understand the strong interaction in the
low-energy regime. The study of excited baryon resonances
reveals the strong interaction in the quark confinement and
provides complementary information on the structure of the
nucleon [1,2]. Resonances may not have been observed due
to a weak coupling of the missing states to the reaction
channel of the experiment, or may not exist because the de-
grees of freedom used in the quark model are incorrect. A
more complete knowledge of resonances will improve our
understanding of the underlying symmetries and quark-quark
interactions because resonances reflect the dynamics and rel-
evant degrees of freedom within hadrons.

To get better knowledge of quark wave functions inside
a nucleon, meson photoproduction experiments are useful

because they reveal the dynamics of the quarks and the
nucleon excited states. Meson photoproduction experiments
were summarized in Refs. [3,4]. In addition to the mass and
width values provided by elastic pion-nucleon scattering, the
single-pion photoproduction process provides confirmations
to the baryon excited states and determines the amplitudes.
Information about baryon resonances can be obtained from
the complex amplitudes of the single-pion photoproduction
process, which can be extracted from the observables. The
measurement of double-polarization observables with a
polarized target is needed in addition to the unpolarized
cross section and single-polarization observables, as they
carry additional information about the complex amplitudes
that does not exist in the unpolarized cross section and
single-polarization observables. A summary of the definition
of the polarization observables was available in Ref. [S]. Some
single-pion photoproduction observables were measured
previously with the Continuous Electron Beam Accelerator
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FIG. 1. Schematic of the yp — 7m°p reaction in the center-of-
momentum frame with a circularly polarized photon beam and a
transversely polarized target. The target-polarization direction is in-
dicated by the arrow with an open arrowhead.

Facility (CEBAF) Large Acceptance Spectrometer (CLAS)
at the Thomas Jefferson National Accelerator Facility (JLab),
such as the observable E [6] and X [7]. There were also
measurements worldwide, such as Refs. [8,9] from the
CBELSA/TAPS experiment and Ref. [10] from experiments
at MAML. In this analysis, the polarization observables T and
F in the yp — m%p reaction were extracted by using data
from a polarized target experiment with CLAS [11], of which
the energy range is much broader, and the precision is better
than the existing measurements in higher W ranges.

The polarized cross section in single pseudoscalar-meson
photoproduction with circularly polarized beam and trans-
versely polarized target is given by [5]

j—; = %{1 + PrT sin(p) + PrPoF cos(p)}, (1)
where doy/dS2 is the unpolarized cross section, Py is the
degree of circular polarization of the photon beam, Pr is the
degree of target polarization, and ¢ is the angle from the
reaction plane to the target polarization direction. All other
polarization observables, including the proton-recoil polariza-
tions, are fully integrated out even within a limited detector
acceptance. The schematic of the reaction is shown in Fig. 1.
The coordinate system is defined as

X=9yxz
. ﬁC.m. X p’CJTl
y= i, and
ﬁQm.
t= =
|pe™
where p)™ and p 3™ are the momenta of the incident pho-
ton and final-state 7° in the center-of-momentum frame. The
momentum of the proton is pS™ = —pS™.
P T

II. EXPERIMENTAL SETUP

This experiment E03-015, “Pion Photoproduction from a
Polarized Target” [12], was conducted at JLab [13]. Experi-
mental data were taken between March 2010 and August 2010
using the CLAS detector [14] in Experimental Hall B.

Longitudinally polarized electrons from the electron
source were accelerated to 67 MeV and injected into the accel-
erator. The electrons were accelerated up to 6 GeV after five

accelerating passes through pairs of antiparallel 600 MeV lin-
ear accelerators (LINACs) connected by recirculation arcs and
delivered to the experimental halls [13]. After receiving the
accelerated electrons from the CEBAF accelerator, a polar-
ized photon beam was produced by using the bremsstrahlung
technique. The circularly polarized tagged photons with ener-
gies up to 3.082 GeV were produced by the bremsstrahlung
radiator of the Hall-B Photon Tagger [15] from incident lon-
gitudinally polarized electrons.

The polarization of the photon beam depends on the ratio
between the photon energy E,, and the electron beam energy
Ey, x = E, /Ey. Specifically, the degree of the circular polar-
ization is expressed as [16]

4x — x2

e +3x2°

Mgller measurements [17] determined the electron-beam po-
larization. The average degree of electron-beam polarization
and its statistical uncertainty are P, = 0.873 £ 0.005, while
the systematic uncertainty of Mgller measurements in Hall
B was 3% [17]. The electron-beam helicity was pseudoran-
domly flipped at a rate of 240 Hz (30 Hz for the Mgller
measurements).

The FROzen Spin Target (FROST) [11] was used in the g9
experiment [12]. It was particularly designed for the experi-
mental study of baryon resonances with the large acceptance
CLAS detector, and particle detection over a large polar angle
range up to 135° was permitted by the FROST target. The
major components of FROST include the polarizing magnet,
the dilution refrigerator, target material, and the holding coils.

Butanol (C4H9OH) was selected as the target material.
Only the free protons were polarized by dynamic nuclear
polarization (DNP) while the protons in O and C were not
polarized and diluted the asymmetries as the bound-nucleon
background. The free protons polarized by DNP were kept
at low temperature [11], ~#30 mK for FROST, while small
holding fields were sufficient to maintain long spin-relaxation
times at this temperature. The holding field direction can be
aligned or anti-aligned with the proton polarization direction.
The polarization time for the positive polarization was about
3400 h, but the relaxation time for the negative spin state was
approximately half that of the positive [11]. The collimated
photon beam irradiated the FROST target. The butanol target
material was positioned at the center of CLAS, z =0, and
covered a range of 52.7 mm along the beamline. The nuclear
spin of free protons in the target was transversally polarized,
and the target polarization direction was changed periodically.
In the target region, the photon beam also passed through
the liquid helium coolant, the aluminum heat shield, as well
as (2,2,6,6-Tetramethylpiperidin-1-yl)oxyl (TEMPO), water,
and polychlorotrifluoroethylene (PCTFE) in the target and tar-
get insert. Additional 1.5-mm-thick carbon and 3.5-mm-thick
polyethylene disks were mounted approximately 9 and 16 cm
downstream of the butanol sample. These unpolarized targets
helped clarify the bound-nucleon background and were used
to study the instrumental asymmetries.

The target-polarization direction was oriented at an angle
@o with respect to the horizontal direction in the laboratory
frame (x'%?) for the nominally positive polarization direction.

P@Z
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yIab

Target-polarization
orientation

FIG. 2. Target polarization orientation in the laboratory and re-
action frames.

The angle ¢ between the reaction plane and the target-
polarization orientation, which enters in the polarized cross
section Eq. (1), was determined event by event from the mea-
sured azimuthal angle of the detected proton, golpab,

1 1
9 =—9 + 9y =7 — 0 + g0 ©)

All relevant angles are illustrated in Fig. 2. In this analysis,
a value of ¢y = (116.4 &= 1.4)° was used, which was deter-
mined in a moment-method analysis. A discussion of this is
given in Sec. IV B.

Nuclear Magnetic Resonance (NMR) measurements pro-
vided the degree of target polarization, and the values were
determined in Ref. [18]. The target polarization decreased
with time, and the target was routinely repolarized to the
opposite direction after several runs. In this analysis, it was
assumed that the magnitude of the target polarization was con-
stant within a given run. A 4% difference of measured FROST
target polarizations with two separate NMR coils was reported
in Ref. [11], and this difference was taken as an estimate of the
systematic uncertainty of the target-polarization values.

The CLAS detector [14] was based on a multigap mag-
net with six superconducting coils, symmetrically arranged
to generate an approximately toroidal field distribution. The
CLAS detector has been used for various experiments, in-
cluding the present pion photoproduction experiment. One
distinct aspect of the CLAS detector was the large-acceptance
detection with a polar-angle range from 8° to 142°, and it was
particularly suited for the study of reactions with low luminos-
ity (e.g., experiments using a tagged-bremsstrahlung photon
beam) or reactions with multiparticle final states. The CLAS
detector had several major components, including the torus
magnet, the time-of-flight counters, the Cherenkov counters,
and the drift chambers. The schematic view of the CLAS

Cerenkov
Counters

Superconducting
Toroidal Magnet

Drift Chambers
3 Regions

Time-of-Flight Scintillators .
Electromagnetic

Shower Counters

FIG. 3. Schematic view of the CLAS detector, including drift
chambers, Cherenkov counters, electromagnetic calorimeters, and
time-of-flight counters. These detectors cover almost the entire 47
solid angle except the very forward and backward angles along the
beamline. The detector measured about 9.14 m across.

detector is shown in Fig. 3. This design made it possible to
detect final-state particles in a wide angular range.

The run information for all five datasets (run-groups) used
in this analysis is summarized in Table I, which lists the run-
group number, the run-number range, the number of events,
the number of carbon-target events after applied analysis cuts,
the frequency of the helicity flip, the target polarization, and
the orientation of the target holding field [19]. The incident
electron-beam energy for all runs listed was 3.082 GeV.

III. EVENT SELECTION

A. Reaction vertex

The reconstructed reaction vertices were utilized to catego-
rize events from the butanol, carbon, and polyethylene targets
in the beamline. A distribution of the z coordinate of the
reconstructed reaction vertex is shown in Fig. 4. The selection
range for butanol-target events, z = —2.5 cm to 2.5 cm, cor-
responds to the size of the 5.27-cm-long target cup, centered
at z = 0, while the proton polarization of events reconstructed
just outside that region dropped quickly.The figure illustrates
the categorized targets in three colors based on the z coordi-
nate of the reconstructed reaction vertex. The z-range of the
butanol target was chosen to align with the highest average
raw asymmetry from z = —2.5 cm to z = 2.5 cm. The raw
asymmetry of the observables F starts to decrease beyond
z=12.5 cm because the fraction of events from polarized
protons starts to decrease as the reconstructed reaction vertex
approaches the end of the actual target at z & 2.5 cm. This cut
helps to maintain a large fraction of events from polarized pro-
tons. A wider cut would have increased the overall statistics of
the data but at the expense of a more diluted asymmetry signal.
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TABLE I. The g9b run information for runs with circularly polarized beam used in this analysis. Given are the run-group number, the range
of run numbers, the number of identified y p — pX events in the missing-mass range of a missing pion for the butanol target N® and for the
carbon target N€, the frequency of the helicity flip f, the target polarization and the sign of the target polarization, and the orientation of the

target holding field [19].

Group Run range NE(10%) N€ (10°) f (Hz) Target Pol. Field
1 62207-62289 0.943 0.726 240 0.83-0.80 (+) (+)
2 62298-62372 1.641 1.239 240 0.86-0.80 (—) +)
3 62374-62464 1.675 1.245 240 or 30 0.79-0.75 (+) (+)
4 62504-62604 2.743 2.056 240 0.81-0.76 (—) (=)
5 62609-62704 2.052 1.515 240 or 30 0.85-0.79 (+) (=)

The ranges of the applied z-vertex cuts for the three targets and
the corresponding thicknesses are listed in Table II.

A circular cut with a radius of 2 cm was applied on the
transverse vertex coordinates to suppress poorly reconstructed
proton tracks.

B. Particle identification and coincidence time

The yp — 7°p reaction was identified with the detection
of one proton in coincidence with a bremsstrahlung photon
and the reconstruction of a 7° as the one unobserved particle
in the final state. First, events with one positively charged par-
ticle and zero negatively charged particles were considered.
The momentum and the charge of a particle were determined
by the curvature of its track in the magnetic field of CLAS
with the drift chambers. Proton identification was then made
by time-of-flight (TOF) from the reaction vertex to the TOF

)

*0:)1600 LN B T T 1 ‘\ LN I L L L L B \A
514000 W = 1.955 GeV -
2 cos8 =0.15 ]

1200
1000
800

600

400

200

FIG. 4. The reconstructed z-vertex distribution of protons. The
main structures in the distribution are from the butanol (z ~ 0,
marked with blue), carbon (z~ 9cm, marked with red), and
polyethylene (z &~ 16 cm, marked with green) targets. According to
the implementation of the target geometry in Ref. [20], the structure
at z &~ 12.5 cm comes from the 1 K end cap.

paddles. CLAS has a lower limit of proton momenta for a
particle to be well reconstructed, so only proton candidates
with momenta p > 200 MeV/c were considered. The time-
of-flight difference of the positively charged particle in each
event, At,, was taken between the measured flight time, feyp,
and the flight time #.,., which was calculated from the mo-
mentum p and speed S of the particle under the assumption
that the particle was a proton with rest mass m,,:

Lse [ 1
At, = t, — 1 = —\| = -
P expt calc
c \B P

2,2
mpc

+ 1 )

where £g¢ is the path length from the reaction vertex to the
TOF paddles, and S is determined from the time of flight and
Lsc. Aty is used to distinguish a proton from other positively
charged particles.

The distribution of At, for positively charged particles
as a function of momentum is shown in Fig. 5. The central
maximum with At, ~ 0 corresponds to protons, and the band
at high momentum and negative values of Az, corresponds to
pions.

The photon that led to the reaction was selected from all
recorded photons. This selection requires the CLAS-tagger
coincidence time, At., which is defined as

Z Lst
At.=t,, —t _—<t+—)— t - =,
c v,y v,p 1% c <p,ST Be )

where 1, is the photon time measured by the tagger and
reported at the center of the CLAS detector, z is the reac-
tion vertex z coordinate, , s7 is the proton time of the Start
Counter (ST) subsystem, and €gr is the path length of the
proton from the reaction vertex to the hit position in the ST
subsystem.

TABLE II. Selection criteria for the three targets based on the
reconstructed z coordinate of the reaction vertex and the thicknesses
of the three targets.

Target Reaction Vertex (z) Thickness
Butanol —2.5t02.5cm 2.7 g/cm?

Carbon 8to 11 cm 0.33 g/cm?
Polyethylene 14t0 17 cm 0.33 g/cm?
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FIG. 5. The At, distribution for positively charged particles in
CLAS. The central band represents the protons, while the lower band
represents the pions. In this distribution, the black curves indicate the
cut limits used to select the protons used in the analysis.

Event selections were made in either case with momentum-
dependent cuts. To determine the cut ranges, the Af. and
At,, distributions were sliced in 0.2-GeV/c wide momentum
bins and fitted with Gaussian distributions. The cut limits
in the center of each momentum bin were chosen as 30
off the distribution’s maximum. The individual cut limits
were interpolated with a fourth-order polynomial to obtain
the upper and lower limits of the momentum-dependent cut
ranges. The cut on Az, was further restricted by |Af,| < 1 ns
to reduce the amount of random background. The loss of
statistics below p, ~ 0.83 GeV /c is minimal, but the amount
of accidental background is reduced by a factor of 3 with
this additional cut. For momenta p, > 2.3 GeV/c, a cut
|At,| < 0.5 ns was imposed to minimize any possible proton
misidentification with pions. The final momentum-dependent
event-selection regions are shown in Fig. 5. Figure 6 shows
the integrated At, distributions for various selection criteria:
for the raw data, after applying the momentum-dependent Az,
cuts, and after selecting events with missing-mass-squared in

the y p — pX reaction close to mjzro, —0.04 GeVZ/c4 < m,z( <

0.08 GeV?/c*. This missing-mass-squared range corresponds,
on average, to an approximately 3o cut around the pion peak.
After the reaction-channel selection with a missing-mass cut,
the background from random coincidences appears to be less
than 2% based on the yields in the true and random coinci-
dence peaks.

From Fig. 5, proton misidentification appears to be negligi-
ble. The central peak may have contamination up to 1% from
other peaks after cuts. The analysis accounts for potential
particle misidentifications with ~1% in the uncertainty budget
of the systematic uncertainties.

[7p] [TTTT TTTT TTTT TTTT TTTT TTTT TTTT TTTT TTTT TTTT]
c
=} - .
o
©10° =
105§
10
10°
raw data
10% — after At cut =
- — afterm? cut .
\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\

5 4 3 -2 1 0 1 2 3 4 5
At (ns)

FIG. 6. The CLAS-tagger coincidence time distribution for raw
data (blue) and after the Az, cut (green). The central peaks represent
the true coincidental events, while the other peaks represent the
random coincidental events. The red curve includes an additional cut
on the missing mass close to the pion mass, —0.04 GeV?/c* < mi <

0.08 GeV?/c*.

C. Energy-loss and momentum corrections

The standard ELOSS package [20] was utilized to deter-
mine the reconstructed momentum of the protons at the
reaction vertex in the target. The correction accounts for
energy losses in the target material, target wall, carbon cylin-
der, and start counter. Additionally, momentum corrections
were applied to the detected protons following the procedure
of CLAS Note 2013-011, “Momentum corrections for 7w+
and protons in g9b data” [21]. These corrections attempt to
correct errors in the momentum determination that may be
caused by drift-chamber misalignments and uncertainties in
the magnetic-field map.

D. Channel identification

The channel identification was based on individual kine-
matic bins. The data were sorted in 34 bins of W from 1.49
to 2.51 GeV with a bin size of 0.03 GeV and in 20 bins of
cos o™ from —1 to 1 with a bin size of 0.1. The missing-
mass-squared distributions in the yp — pX reaction from
both the butanol and carbon targets were accumulated for
each bin. Figure 7 shows four examples of the missing-mass
distributions for various energy and angular bins.

The black histograms show data from the butanol tar-
get, and the gray histograms, with much smaller statistics,
show data from the carbon target. The central peaks at
m} = m2, ~ 0.018 GeV?/c* above a broad background cor-

respond to events from the yp — m°p reaction off free
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FIG. 7. Examples of missing-mass-squared distributions from butanol- (black histograms) and carbon-target data (gray histograms). The
solid red and green curves are fits to the butanol and carbon data, respectively. The scaled carbon-data fits are shown as red dashed curves and
the scaled carbon distributions as green histograms. Also indicated are the dilution factors A.

protons in the butanol target. A function was fit to each dis-
tribution to determine the bound-nucleon background in the
missing-mass-squared distributions from the butanol target. A
well-separated 7 peak can also be seen around 0.3 GeV?/c*.

For each bin, the carbon-target distribution was described
with a cubic spline p3(x) [22] with four nodes. The butanol-
target distribution was described by the same spline function
multiplied by a scale factor « for the bound-nucleon back-
ground and a Gaussian function for the free-proton signal
events of the expected reaction channel. The fit functions
that describe the signal S(x), the carbon-target C(x), and the
butanol-target B(x) distributions are

_ 2)?
S(x) = Yo exp [—(sz'gO)} 3)
C) = ps(x), and @)
B(x) = kC(x) + S(x). (5)

The signal parameters Yp, mg, and oy, the parameters of
the spline function x;, y;, and the second derivative at the first
and last nodes, b, and e,, respectively, as well as the scale
factor k were determined by simultaneous fits to the carbon

and butanol distributions. The quantity

XI\Z/[LE = 2|: Z [B(mlz) — NiB lnB(miz)]

i

r2 [

was minimized in the fits. It is the sum of the negative
logarithm of the likelihood functions for Poisson-distributed
butanol and carbon data. The sums in each term are over
both helicity states, all run-groups, and all azimuthal angles,
effectively rendering the summed yields as unpolarized. Min-
imizing xmrg introduces the least bias in the estimation of
the parameters [23]. The first sum in Eq. (6) runs over all
bins in the butanol missing-mass-squared distribution within a
specified fit range, listed in Table III, and the second sum runs
similarly over bins in the carbon-data histograms. N and N,f:
are the number of events in the k™ bins of the butanol and car-
bon histograms at a missing-mass-squared m,f, respectively.
The minimization of Eq. (6) was coded with the MINUIT2 [24]
package from CERN.

—N{InC(m )]} (6)
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TABLE III. Initial value for the peak width Am? and missing-mass-squared ranges used for fits to the distributions from the butanol and
carbon targets at the given energies. The parameters for other values of W are interpolated or taken as the range of the lowest (for W < 1.5 GeV)

or highest (for W > 2.4 GeV) of the ranges given in the table.

W (GeV) Am? (GeV?/c*) Butanol range (GeV?/c*) Carbon range (GeV?/c*)
1.5 0.012 —0.05t0 0.10 —0.07 t0 0.12
1.8 0.016 —0.07 t0 0.12 —0.10t0 0.15
1.9 0.018 —0.10t0 0.12 —0.15t00.15
2.0 0.020 —0.15t0 0.15 —0.15t0 0.20
2.2 0.030 —0.22 t0 0.20 —0.30 t0 0.30
2.4 0.035 —0.30t0 0.20 —0.40 to0 0.40

The fit ranges for the butanol-target data were chosen to
ensure the coverage of the whole 7° peak in the missing-
mass-squared distribution and to keep away from structures
of other reaction channels. The carbon-target distribution is
more featureless, and a wider fit range was chosen to constrain
the fit with these low-statistics data better. As the width of
the 7° peak increases with W, the fit ranges also increase.
Examples of fit results are shown in Fig. 7. The gross fit
functions are shown as solid red curves, and the scaled spline
background functions are shown as dashed red curves. Only
those (W, cos 05™) bins were selected for further analysis for
which the 7 peak and the background were clearly identified.
Based on the histogram content and fit results, the following
criteria were chosen for this selection:

(1) number of events within £Am? from mio in the bu-

tanol missing-mass distribution N% > 300,

(2) scale factor: k + o, > 8.0and k — o, < 12.5,

(3) peak position: |mj — m2,| < 0.020 GeV?/c*,

(4) peak width: o > 0.006 (GeV? /c4) and, for W <

2 GeV, o < 0.030 (GeV?/ch),
(5) dilution factor: & + o, > 0.20, and
(6) fit quality: xg g/d.f. < 2.0.

After obtaining the butanol missing-mass-squared distribu-
tion and the polynomial background for each kinematic bin,
butanol-target events were selected that satisfy the yp — 7%
kinematics for further analysis. The selection was based on the
condition

m}Z( — mé < noy, (7)
where m(z) and oy were the fit parameters in Eq. (3), and
n = 2 was chosen for the final analysis. For those events, nor-
malized polarized yields and dilution factors were calculated.
The dilution factor is the ratio between the number of free
proton events and the total number of events. Experimentally,
the dilution factor was determined from the number N3 of
selected butanol-target events, and the integral of the carbon-
background function, Eq. (4), over the missing-mass-squared
range that satisfies the y p — 7%p kinematics in the specific
kinematic bin, Eq. (7),

h=1-— ]%/C(mz)dmz.

The dilution factor varies as the missing-mass-squared res-
olution and background contributions change with energy and

angle. For the selection of n in Eq. (7), a balance needs to be
found between the statistical uncertainty from the number of
events and the magnitude of the dilution factor. Figure 8 shows
the distribution of dilution factors for various data-range se-
lections, [m% — m}| < noy. The cases of n =1, 2, and 3 are
shown in three different colors. In all cases, the dilution factor
generally follows a smooth distribution. As expected, tighter
cuts on the free-proton signal lead to increased dilution fac-
tors. In this analysis, n = 2 has been used for the calculation
of the results because this value brings most (95%) events into
the analysis and retains a large fraction of the dilution factor
relative to the largest possible dilution factor of a given bin.

W =1.625 GeV
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FIG. 8. Examples of the dilution-factor distributions for various
data-range selections. The selections n = 1 are shown in red. The
selections of n =2 are shown in blue. The selections n = 3 are
shown in green. The dilution-factor distribution for each width of
selection is generally smooth. In this analysis, » = 2 has been used
for the calculation of the results.
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The further analysis is based on the extraction of the (di-
luted) polarization observables from the butanol-target data
and the correction of those with the dilution factor to obtain
the polarization observables for the free proton. This analysis
is only valid if the background is unpolarized and if the dilu-
tion factor has been extracted from unpolarized data. Both of
these conditions have been verified in the systematic studies
(Secs. VB and V D) of this analysis.

IV. DATA ANALYSIS

A. Extraction of observables

The polarization observables T and F for each
(W, cos 0™ ) bin were extracted from normalized moments of
the selected events, Eq. (7), of that bin. From the expression of
the polarized cross section, Eq. (1), the integrated normalized
polarized yield is

1 2
Y = E/O YunpolA((p)
X (1 + PrT sing + PrPoF cos¢)do,

where Yynpo1 is proportional to the unpolarized cross sec-
tion and A(g) is the average acceptance of the detector in
the bin of interest. Additionally, the sinm¢ and the cosmg
moments are defined as

1 [ .
Voo = 5= | Yo @)1 + PrT sing
0
+ PrPgF cosg)sinme dg, and
1 2 )
Ycosmqa = Z/ YunpolA(QD)(l + PrTsing
0
~+ PrPoF cos @) cosmo do.

Experimentally, the normalized moments are obtained for
each kinematic bin as

2D

v ==
-(sin ;
Ysinm(p = Ma and
> (cosmy;)
Yeosmp = T,

where the sums are taken over the butanol-target events that
satisfy the y p — 7°p kinematics, Eq. (7). A relative normal-
ization of the sums is given by the number of carbon-target
events N© from the respective setting, which is proportional
to the luminosity. An overall absolute normalization can-
cels in the final expressions for the observables and can be
neglected. Since there are four combinations of two target-
polarization directions and two photon-beam helicities, each
of the normalized yields or moments can be categorized into
four groups. In this analysis, 4+/— stands for the photon-
beam helicity and <—/— for the target-polarization direction.
With the dilution factor, the normalized yields or moments
of the free-proton data were obtained from those of the

butanol data:

Y? = hY, (8)

Yc[c)ys_)Zgo + Yc[:);q) = h( c;;2<p + cI;ng)' (9)

Equations (8) and (9) are only valid if the bound-nucleon
background from the butanol target is unpolarized.

The differences of the sin¢ and the cos¢ moments be-
tween different combinations of target or beam polarizations
come only from the free-proton events and are not diluted:

IAARAINT LA AN A A

sin ¢ sin ¢ sin ¢ sin ¢

= Yirg +Yarg = Yiny — Yin,» and
Yo Yooy — Yy +¥eory

= ch; - ch; - ché + Yc;;'

Limited detector acceptances can lead to instrumental
asymmetries. Instrumental asymmetries were measured and
corrected for with the moments method, assuming the accep-
tance was constant over the run time. The acceptance function
A(g) can be expanded in a Fourier series,

[o¢]
A(p) = ap + Z(an cosng + b, sinng). (10)

n=I

The differences of the normalized moments between dif-
ferent combinations of target or beam polarizations can be
expressed as

sﬁw - quw = %Yunpol(P? + P;)(GO —a)T,

and

—+ —— <«~+ <«~——
Ycosw - Ycosw - Ycosw +Ycos<p

= %YunpolPQ(PT_) + PF)(aO + ay)F.

The terms with Fourier coefficients Yynpoio and Yygpoiaz
can be obtained from

PTEYﬁ‘I'PTﬁY&: unpol(Py?‘l'PF)ao,
and
PFK?sz¢+P?K§z¢ = unpol(Pf +PF)02-

By utilizing different combinations of target or beam
polarizations, after determining the acceptance effect, the po-
larization observables T and F' can be obtained as

T — l 2(Ys$<p - Ysgw
hPr (Y™ =Y, + PP (Y= —Y5,,)
and
1 2(YC;;; - Yc?s; - Yc;?; + Yc;;)

 hPoPF (YT + Yoiop) + PoPr (Y < +Y.5,5,)

Both expressions for the observables have the form of
u/hv. The variance of u/hv can be expressed as

2 2 2 2
u u (ah o oy Cov(u, v))
9

V(1) = (6 o
hv 2oz \ W2 u2 + v? uv
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where o, o2, and o are the variances of h, u, and v, re-

spectively, and Cov(u, v) is the covariance between u and v;
the dilution factor / is uncorrelated. This relation was used
to calculate the statistical uncertainties of the polarization
observables T and F, respectively.

For the statistical uncertainty of the observable T, this
means

u=2Y;_ —Y: ), and

sin ¢ sin ¢
v=Pr ¥~ — ch;w) +P (YT — )’C<0_s2w).

It follows then that

2 2 — — 2 <« <~
o, = F(Y _Yc052¢)+N_<_(Y _YCUSZ(ﬁ)’

<2
o2 = PT—(3Y_’ —4YZ o 4+ Y, )
v IN— cos 2¢ cos 4y
Pt
+ IN< (3Y<_ - 4Yc((;2(p + Yc<(;4¢)’

and

<«

ov(u, e — — K
N~

PF <« <«
sing s1n3zp)_ F(?’Y -7, )-

sin ¢ sin 3¢
For the statistical uncertainty of the observable F', we find
+ - + -
u= Z(Yc:sw — YC:W — ch(p + ch(p), and

V= POPJ('_(Y_) + ch;2<p) + PG)PT_)(Y(_ + Yc((;Zgo)’

and consequently

2 — — 2 <~ <~
GL¢2 = F(Y + YcosZw) + F(Y + Ycos2go)7

POP<_ — - — ——
Cov(u, v) = _Z- (3Ycos; - 3Ycos<p + Ycos-SFgo — Yoo 3g0)
PoPr” - _ _
- N< (3YCOSJ<; - 3ch¢ + Yc;;o - Yc;&p)'

B. Target-polarization orientation

Using Eq. (2), the polarized cross section can be expressed
as

do do
dQ2 B dQunpol
+ PrPoF cos (g0 — ¢i°)].

[1+ PrT sin (po — ¢2°)

Butanol data were used to determine the target-polarization
orientation ¢y in the laboratory frame. To ensure that the
results are not affected by the acceptance changes among run-
groups, the helicity-dependent part of the polarized yield was
utilized to calculate ¢, based on the term PrPgF cos(¢g —
@!). The integrated normalized polarized yield can be ex-
pressed as

1 2 )
Y = - YunpolA ((pjlfb) [1 + Pr T( sin ¢ cos (pjlfb
0
— cos @y sin @) + Pr Py F (cos g cos o1
+ sin g sin ) [dp®, (11)
where A(¢!®) is the average acceptance in the laboratory

frame. Similarly to the extraction of the polarization observ-
able F, the moments method has been used to determine

o2 — é 72 GBY™ +4Y=, +Y7,) F sin ¢y, which enters in Eq. (11) through the helicity-
v 2N~ cos2¢ T Tcosdy dependent sin ¢!*® term, and F cos ¢y, which enters through
2 p—>2 the helicity-dependent cos ¢!® term. The ratio of these terms
+ ;N—T&GY& +4Y 50 + Yeosag)s give tan ¢ and is expressed in terms of the moments:
|
e~ “~—y— — <« <« —
tan ¢ (PT Ysin 2¢lab + PT Ysin 2<pll§‘b)r - PT (Ye + Ycos Zw}rﬂb)q - PT (Y + Yc;: 2w}§‘b)q (12)
0 = )
(PT_) YsirZ(p};‘b + PYf_Ys;)Zgoj]fb)q - PT_> (Y<— - Yc((;2<p};‘b)r - Pf_ (Yﬁ) - YC;Z(p};‘b)r
[
where the simplified expression,
_ - -+ _y—o— _ <~ “«——
q= YS;:+lab - Ys; lab Ys;ﬁz\b + Ysin w> and 4 sin glab Ysin plab Ysin plab + Ysin plab
Pr (25 P (25 tan Yo~ — = Y—>+ Y—>— Y<—+ Y<—— s
r= Yc;;;};‘b B Yc;;‘;‘b o YC((;;]?b + Yc;_s;};'b. d cosgi ~ Feosplt ~ Teos gl T Feos g

In the evaluation of the moments, butanol data were used
for all kinematic bins within the range of —0.02 (GeV/c?)* <
m% < 0.06 (GeV/c?)? in the missing-mass-squared distribu-
tion. Equation (12) has two solutions for ¢y between 0° and
360°: 116.4° & 1.4° and 296.3° £ 1.4°. Both values give in
the analysis the same magnitudes of the polarization observ-
ables T and F', but opposite signs. A comparison of the results
with the world dataset shows that ¢y = 116.4° £ 1.4° is the
correct solution. Equation (12) takes into account differences
in the target polarization, instrumental asymmetries, and ac-
ceptance effects, and has been used in the analysis. However,

makes the main idea more transparent.

The statistical uncertainty of ¢y, § = 1.4°, was determined
from the propagation of the statistical uncertainties of the mo-
ments in the expression (12). It contributes to the uncertainties
of the polarization observables T and F' through

Tsin(p £8) =T(singpcosd cospsind), and
F cos(p £68) = F(cos @ cos§ F singsin §).

The observable T enters as T sin ¢ in the polarized cross
section, and there is no helicity-independent observable con-
nected to cos ¢. Similarly, the observable F' enters as F cos ¢
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TABLE IV. Systematic uncertainties for 7 and F'.

Item o(T) o(F)
Beam-charge asymmetry 0.2%
Degree of beam polarization 3%
Degree of target polarization 4% 4%
Target-polarization orientation ¢, <0.001 <0.001
Accidental background 3.7% (a5 —1.32) 3.7%(ge — 1.32)
Proton misidentification <1% <1%
Polarized yield in the dilution factor extraction <0.2%

Background polarization ~0 ~(0
Background subtraction +0.006 +0.007
Run-group acceptance changes +0.007

Total (Avg.) 4.6% £ 0.009 5.5% + 0.007

in the polarized cross section, and there is no helicity-
dependent observable connected to sin ¢. The net effect of a
nonzero § is, therefore, in either case, a dilution of the true
value of the observables in the reconstruction by a factor of
cos§ > 0.999 that is negligible.

V. SYSTEMATIC UNCERTAINTIES

The systematic uncertainties are mainly from beam and tar-
get polarizations and the background. The average systematic
uncertainties (relative &+ absolute) are 4.6% =+ 0.009 for 7" and
5.5% = 0.007 for F'. Besides the systematic uncertainties from
the degree of beam polarization, the degree of target polariza-
tion, the proton misidentification, and the target-polarization
orientation mentioned previously, the systematic uncertainties
are also from the beam-charge asymmetry [17] and several
following studies in this chapter. A summary of the systematic
uncertainties is given in Table I'V.

A. Accidental background

In the presence of unsubtracted accidental background, the
extracted polarization observable, O*P', where O stands for
T or F, is the yield-weighted average of the polarization
observable of the true signal, O, and that of the accidental
background, O*¢:

Ntrueo +Nacc0acc
Ntrue + Nace

The signal-polarization observable of interest can be esti-
mated from the extracted one,

0 — <1 + Nacc )Oexpt _ Koacc

Oexpt _

true true
N N

and the fraction of accidental background, N*/N"™¢, if the
polarization observable of the background, O*°, is known.
The effect of this background on the extracted polarization
observable has two contributions: one is a dilution of the true
observable, and the other is a bias of the experimental value
that depends on the polarization of the background. The peaks
at multiples of approximately +2ns in the coincidence-time
distribution are from the detection of uncorrelated photon and
proton events. Assuming that a similar random background

exists also beneath the timing peak of the true coincidences at
~(0 ns, the fraction of accidental background can be estimated
as varying from about 1% to 4%. The W dependence is nearly
linear and can be expressed as

NaCC W
=3.7% —1.32).
Ntrue GeV

The statistics in this experiment are not sufficient to study
the value of O*° in detail. The worst but very unrealistic
case of 0*¢ = —O0*P'/|0%™'| would lead to uncertainties of
up to 4%0 + 0.04 at the highest values of W. The values
of the extracted polarization observables are T = 0.35 and
F = —0.21, respectively, when averaged over all energies and
angles. If 0*° ~ F, T, the effect is mostly a dilution of up
to 4%, which is on average compensated by the asymmetry
of the background—also for observables F' because photons
of neighboring beam buckets have almost always the same
helicity. Chances are, however, that the photon energy of
the random photon is biased toward the photon energy of
the true events due to the cut in the missing mass. If so,
0*¢ ~ 0%, the two effects of the accidental background
would approximately cancel in each kinematic bin. We as-
sume, conservatively, 0*“ &~ 0. The accidental background
then leads to a relative error that is equal to the W-dependent
dilution N*¢/N"*¢ We have included this effect of the acci-
dental background as W-dependent systematic uncertainty in
the error budget.

B. Dilution factor from unpolarized yields

To be viable for the analysis, the dilution factor has to be
extracted from unpolarized yields. As stated above, the sums
in Eq. (6) are over both helicity states, all run-groups, and
all azimuthal angles. The summation over the photon-helicity
states removes the effect of the polarization observable F
to the cross section entirely. The summation over all run-
groups does not fully remove the effect of 7 as the data
for the two target-polarization orientations were not taken
with the same statistics. The asymmetry in the statistics as
measured by carbon-target yields is Ay ~ 0.06 for the com-
bined run-groups one through five; see Table 1. Also, the
integration over all azimuthal angles does not completely
render an unpolarized yield due to angular-dependent detector
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inefficiencies. The relevant instrumental asymmetry is of the
order Ay ~ 0.08. The limited target polarization reduces the
polarized-yield asymmetry further: Ay =~ 0.80. Finally, the
polarization observable T is typically smaller than 0.5; T =~
0.5. Combined, these effects could cause a deviation of the
free-proton-signal yield, Eq. (3), from its unpolarized value
by a relative fraction of AyAsArT < 0.002. In the presence
of such an asymmetry, the dilution factor would be off by
the same relative value. This analysis has not attempted to
correct the missing-mass-squared distribution for the effect of
the residual asymmetry, as this effect is much smaller than
other contributions to the systematic uncertainties related to
the background correction with dilution factors.

C. Event selection

As expected and shown in Fig. 8, the dilution factor varies
with the missing-mass-squared range that is used in the anal-
ysis, Eq. (7). The final results of the extracted polarization
observables, however, need to be independent of the particular
choice of the range. To study possible systematic effects, com-
parisons of the differences between observables from ranges
of selection with n =1, 2, and 3 were made. The absolute
values of the mean of Gaussian fits to the distribution of
the differences between observables under two consecutive
data-range selections act as indicators of possible systematic
effects. For the observables T and F, the systematic uncer-
tainties are estimated based on the larger of the obtained
mean differences, 0.006 and 0.007, respectively. However, it
is likely that statistical uncertainties dominate these values,
and the systematic differences are smaller. In fact, the absolute
values of the mean values are closer to zero for the comparison
of the higher-statistics sets, £20y and +30y.

D. Background

There are two background contributions to the polarized
free-proton y p — 7 p reaction: background from other reac-
tion channels off the polarized free-protons, the most relevant
of which is the double-pion photoproduction, and background
from reactions off bound nucleons. Both of these background
contributions can be polarized or unpolarized.

Background from wunpolarized reactions off bound-
nucleons is accounted for in this analysis through the
correction of the extracted raw asymmetries with a dilution
factor. Except for the free protons, all nucleons in the target
material are unpolarized. There is no polarization asymme-
try in the cross section for the yp — m%p reaction with
a circularly polarized beam off unpolarized protons. Such
polarization asymmetries are possible for three-body final
states, like double-pion photoproduction. These asymmetries
cancel in the polarized-proton yield and moment asymme-
tries that take differences for opposite target-polarization
orientations.

Possible background from free-proton reactions was stud-
ied in detail. A polarized background would bias the extracted
results, and an unpolarized background would dilute the re-
sults in a way that is not corrected for by the dilution factor. In
one analysis, raw target (7') and beam-target (F') asymmetries

were determined for data in various ranges of the missing-
mass-squared distribution. Relative to the mio peak in the
distribution and in units of the peak’s width, these regions
are [—6, —3], [—2, 2], [3, 4], [4, 5], and [5, 6]. It appears un-
likely that tails from that polarized background leak under
the central peak. In a second study, the final results for the
observables T and F were compared for each kinematic bin
of this analysis for data from the regions [—2, 0] and [0,2],
respectively. Free-proton background for the final state pX
will have missing masses my > mo. If such a background is
present, it is expected to affect the results for the polarization
observables more strongly in the missing-mass-squared range
[0,2] compared with the range [—2, 0]. There is no indication
that the results for the high-missing-mass results are system-
atically different from the results at low missing mass.

E. Detector acceptance

The average detector acceptance changed over the run time
for the runs used in the analysis. As discussed before, the
average acceptance was assumed to remain constant between
run-groups in the moment-method analysis. In the case of
the observable F, this condition was automatically fulfilled as
the beam helicity flipped rapidly to ensure the same average
acceptance of events from both helicity states. In the case
of the observable T, since the target polarization was flipped
run-group by run-group, the acceptance was not guaranteed to
remain the same for all run groups. In fact, in a further study,
we have determined the Fourier coefficients of the acceptance,
Eqg. (10), using carbon-target events. As these events are un-
polarized, any nonzero value of b; indicates an instrumental
asymmetry due to a limited detector acceptance, which would
affect the extraction of the observable T. The instrumental
asymmetry could be due to changes in the average acceptance
caused by detector problems or by effects associated with the
different holding-field orientations. The study showed that the
coefficient b /ay changed significantly between run-groups
3 and 4, but remained approximately constant otherwise. To
account for that change in A(¢), the whole dataset was divided
into two parts, run-groups 1 to 3 and 4 to 5, respectively, to
ensure the constancy of the acceptance in each part. Results
of the observable T were extracted from these two parts sepa-
rately, while the two results were found to be consistent. The
final results were taken as the weighted average of the two.
For the remaining small differences in the acceptance within
each part, the Fourier coefficients indicate a 0.007 systematic
uncertainty for 7 estimated as the standard deviation of the
raw asymmetry b /ag in each of the two parts divided by the
average target polarization and dilution factors.

VI. RESULTS

The results of polarization observables are available in the
center-of-mass energy W and range from 1445 to 2525 MeV.
There are 488 data points in bins that are 30 MeV wide
in W and 0.1 wide in cos6;™. The results are compared
with solutions from SAID (KX23) (with the present result
included), JiiBo (2023) (with the present result included),
BnGa (2019) [25], and MAID (2007) [26]. The present SAID,
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TABLE V. Deviations of the result compared with solutions.

w Avg. x?/data (SM22) Avg. x?/data (KX23)
<2.1GeV (T) 3.94 3.25
>2.1 GeV (T) 10.06 2.79
<2.1 GeV (F) 1.97 1.48
>2.1 GeV (F) 5.72 2.46

JiiBo, BnGa, and MAID model predictions generally agree
with the data in the energy range overlapped with previous
measurements from MAMI [10] and CBELSA/TAPS [8] but
significant deviations are observed, mostly in the range of W
above 2100 MeV. Examples of the fits with the present data
included and predictions without the present data included are
shown in Fig. 9.

The results of this analysis agree with previous measure-
ments in the overlapping energy range. The major difference
between the results of this analysis and the results from pre-
vious measurements is in the coverage of the energy range.
In this analysis, the upper limit of W is much larger, up to
2525 MeV, compared with W up to 1895 MeV for the ob-
servable F from the recent measurements from MAMI [10]
and compared with W up to 2285 MeV for the observable T
from the recent measurements from CBELSA/TAPS [8]. The
precision of this analysis is better than the existing measure-
ments in the range of W above 2100 MeV. The SAID and JiiBo
groups have included the present result in the databases. The
full results of the polarization observables T and F are shown
in Figs. 10 and 11.

Exploratory fits have been made with partial-wave anal-
yses. The SAID partial-wave analysis is a data-driven PWA
solution and had previously updated the solution to the 2022
version (SM22) [27]. The predictions of both 7" and F agree
with the data quite well at a lower W below 2100 MeV. Small
deviations are observed at a higher W above 2100 MeV for
the observable F, but relatively large deviations are observed
starting from W at 2100 MeV for the observable T'. In this
energy range, there were previous measurements available
from CBELSA/TAPS, such as Ref. [8], and the results of this
analysis agree well with them in the overlapped energy range
up to about 2285 MeV in W. A new solution with the present
result included (KX23) has been made. This agrees with the
data quite well in both lower- and higher-W ranges. Table V
illustrates how the present data differs from either solution.
Since they were data-driven, large x2 would be possible. The
fit with the present data reduced that significantly.

The new data on T and F were also included in the
Jillich-Bonn analysis, and a full refit of the free model pa-
rameters was performed that improved the description of the
data at higher energies compared with the predictions of the
JiiBo (2022) solution [28], especially for W above 1900 MeV.
The JiiBo model [29,30] is a dynamical coupled-channel ap-
proach that preserves unitarity and analyticity and aims at
the extraction of the light baryon resonance spectrum from
a simultaneous analysis of the reactions 7N, yp — 7N, nN,
KA and K¥. A Lippmann-Schwinger equation formulated in

W = 2285 MeV
= FT ‘ ]
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I it
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FIG. 9. Examples of the observables 7" and F. The results of
this analysis are shown in black. The gray band indicates the size
of the systematic uncertainties. The SAID (KX23) (with the present
result included) and SAID (SM22) [27] solutions are shown in red
and purple, respectively. The JiiBo (2023) (with the present result
included) and JiiBo (2022) [28] solutions are shown in yellow and
teal, respectively. Data from MAMI [10] are shown as circles, and
data from CBELSA/TAPS [8] are shown as squares.
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FIG. 10. Polarization observable T in the ¥ p — 7°p reaction as a function of cos 65™ for all available bins of the center-of-mass energy
W. The results of this analysis are shown in black. The SAID (KX23), JiiBo (2023), BnGa (2019) [25], and MAID (2007) [26] solutions are

shown in red, gold, blue, and green, respectively.

time-ordered perturbation theory (TOPT) is solved, including
off-shell intermediate momenta, and the resonance poles W
are determined on the unphysical Riemann sheet of the T'-
matrix.

The new data have a noticeable impact on the extracted
resonance parameters. While the pole positions of most of
the lower lying well-established states are relatively stable,
we find significant changes in the mass and width of the
A(1910)1/2%. The new mass is 1748 MeV compared with
1802 MeV in JiiBo (2022). The state is also much narrower

in the refit: 353 MeV compared with a width of 550 MeV in
JiiBo (2022). It should be noted that this state has been rather
unstable in various JiiBo fits and also the range of the mass
and width listed by the Particle Data Group (PDG) is compar-
atively large (Re[Wy] = 1860 % 30 MeV, —2Im[W,] = 300 +
100 MeV). The situation is similar for the N(2190)7/2~ for
which a significant change in the imaginary part of the pole
position is observed in the refit: Wy = 1950 — i78 MeV com-
pared with Wy = 1965 — i144 MeV in JiiBo (2022). Also, this
state showed varying values of the resonance parameters in
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FIG. 11. Polarization observable F in the y p — 7°p reaction as a function of cos 5™ for all available bins of the center-of-mass energy

W. The results of this analysis are shown in black. The SAID (KX2
shown in red, gold, blue, and green, respectively.

different JiiBo analyses. New data, especially on polarization
observables as the present ones, are very helpful to fix the
parameters of the A(1910)1/2% and N(2190)7/2".

Besides the changes in the pole positions of the latter
two states, we find significant differences in the photocou-
plings at the pole for the A(1930)5/2~, A(2200)7/2~, and
N(2220)9/2%. For broad states in higher partial waves, those
quantities are difficult to determine in general. That applies
especially to the isospin I = 3/2 A states. New data from

3), JiiBo (2023), BnGa (2019) [25], and MAID (2007) [26] solutions are

mixed-isospin channels as y p — 7°p therefore provide valu-
able input to fix those quantities.

VII. SUMMARY

Polarization observables 7 and F in the p(y, 7°)p reac-
tion have been extracted for the center-of-mass energy from
1.445t0 2.525 GeV in the FROST experiment with the CLAS
detector at JLab. The results of observables 7 and F in this
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analysis agree with previous measurements in the overlap-
ping energy range but have a much larger coverage at higher
energies. The present SAID, BnGa, MAID, and JiiBo model
predictions generally agree with the data in the energy range
where previous measurements exist, but significant deviations
are observed at higher energies. The polarization observ-
ables, especially in the energy range that was not included in
previous measurements, become useful for the partial-wave
analysis to fulfill the completeness in the determination of
the pion-photoproduction reaction and to study this reaction
channel in a much larger energy range. The present data
have been incorporated into the databases of the partial-wave
analysis groups. The SAID fits have been improved with
relatively small x2. Significant changes in the parameters of
the A(1910)1/2% and N(2190)7/2~ have been found with the
JiiBo model.
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