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Polarization measurements in neutral pion photoproduction
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We present measurements of the recoil proton polarization for 1lHe37,|5) 0 reaction for 67,
=60°-135° and for photon energies up to 4.1 GeV. These are the first data in this reaction for polarization
transfer with circularly polarized photons. Various theoretical models are compared with the results. No
evidence for hadron helicity conservation is observed. Models that employ factorization are not favored. It
appears from the strong angular dependence of the induced polarization at photon energies of 2.5 and 3.1 GeV
that a relatively high spin resonance or background amplitude might exist in this energy region.
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We present a survey of measurements of recoil proton 0
polarization in neutral pion photo-production from the pro-
ton, the yp—#°p reaction. At lower photon energiek,,
<2 GeV, corresponding t&W=\s=2.15 GeV, #° photo-
production is dominated by the production and decay of en

baryon resonances, indicated by the structure in the cross A A~ A A~ 0.
section[1]. Further evidence for this can be found in polar- >
i

ization observables, which have however largely been mea- Y/
sured only for photon energies below about 1.5 GeV and for
two observables, the induced recoil proton polarizatgn -
and the linearly polarized photon asymmetry P
Our data extend above the known resonance regién, X/ z/

>2 GeV, at large scattering angles and four momentum
transfers. In this kinematic regime, the cross sections are FIG. 1. Schematic diagram of the experiment, showing the co-
known to approximately follow the constituent counting ordinate system for the measured polarizations in the fixed lab
rules [2], which can be derived from perturbative QCD frame.
(pQCD). Scaling behavior of differential cross sections has
been observed for a number of exclusive reactions at high
transverse momen{8—8]. assumptions. Our polarization transfer data are independent
Another simple consequence of pQCD is the prediction offombinations of the rea_ction amplitu_des. Thus, they provide
hadron he||c|ty Conservatio(‘HHC) [9] HHC has been vir- @ check of the the_oretlcal aSSUmp“O”S.-AbOVe the known
tually untested in hadronic photoreactions until the recenfesonance region, if the quark models discussed are appro-
advent of high intensity electron beams and polarimetersPriate for understanding the reaction dynamics, one would
HHC requires quark helicity conservation, and neglect ofexpect the polarization observables to behave smoothly, pos-
orbital angular momenta. It is generally accepted that HHGSiIbly approaching limits imposed by hadronic helicity con-
does not hold for hadron-hadron interactiofi]. Here, servation. If instead the smooth cross sections result from an
long-distance phenomeiia1-13 are present, as opposed to averaging of many underlying resonances, one might expect
the case where a single photon can interact only with a singléhe polarization observables to have strong energy- and
quark in the targef14]. HHC predicts that the induced po- angle-dependent structures |nd|cat|v¢ of interference be-
larization p, and the transferred polarizatid@y ., vanish; ~tween resonant and background amplitudes.
the transferred polarization compone@t ., iS not con-
strained by HHC, but it should become nearly inde_pendent | EXPERIMENTAL METHOD
of beam energy. However, a very recent paper by Miller and
Frank [15], using a Poincare invariant wave function sug- The measurements were performed in the experimental
gests that helicity conservation is not satisfied for exclusiveHall A of the Thomas Jefferson National Accelerator Facility
processes involving protons. (JLab. A polarized electron beam source used a strained
From Ref.[16], we can expect to have large polarizationsGaAs crystal to produce a polarized electron beam of
for C,/cm., With the exact magnitude being a function of the ~30 uA. The beam helicity state was flipped pseudoran-
hadronic distribution amplitudes. Another evaluation ofdomly at 30 Hz. Charge asymmetries between the two helic-
C, ..m. comes by applying the formalism of R¢fL7] to ex- ity states were measured using two independent beam charge
clusive photo-production of neutral pions and using factor-monitors in Hall A and were found to be negligible. The
ization and pQCD arguments; this predic@s..,,=0.6 at beam polarizatiop, was measured every few days with the
0.m=90° in the scaling region. A high energyE( Hall A Mdller polarimeter, and averaged about 70%, with
=4 GeV) model for photo production is presented by Ref.typical uncertainties of- 0.3% (statistics and + 3.0% (sys-
[18]. At low-momentum transfer, by the use of Regge trajectematics.
tory exchanges, this model is able to give a qualitative de- Circularly polarized bremsstrahlung photons were gener-
scription of unpolarized and polarized data for both theated when the electron beam impinged on a copper radiator
charged and neutral pion photoproduction reactions. At highwith a thickness of 6% of a radiation length, positioned
momentum transfer, an extrapolation based on saturating:73 cm upstream of a 15-cm liquid hydrogen target. The
Regge trajectories was used. ratio of the photon polarizatiop,, to the beam polarization
In this paper we present measurementp,of along with  can be directly calculatef20]; for the near-end-point pho-
the polarization transfer€,, ,,, from circularly polarized tons of our experimental conditions,p,/pe is
photons to recoil protons. These are the first such polarize98.4% —99.8%.
tion transfer data inm® photoproduction; previously, these  Figure 1 shows the coordinate system in the laboratory
observables have only been measured in deuteron photodisame for the experimentNote that all c.m. quantities will
integration [19]. The few measured observables do notbe subscripted c.m. while lab quantities will not be sub-
uniquely determine the four complex amplitudesmf pho-  scripted) The convention for the axes for the polarization
toproduction. Thus, phase shift analysis requires theoreticalomponents is similar to that defined by Barletral. [21],
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FIG. 2. Schematic figure showing the hadron arm detector pack- 2 2
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age, polarimeter chambers, and the segmented analyzer.

FIG. 3. Mass spectrum &,=2.5 GeV as determined from
L ) . time-of-flight measurement and momentum reconstruction in
which is however defined in the center-of-mass frame. Th@rsH. The aerogel @enkov cut permits the separation of protons
c.m. coordinate system is defined by, =k, , z, =Ko, from positive pions.
and yc.m.:yé,m_: ZemX chz.m./|zc.m.>< Z(,:_m,|' The Xcm=Yem.
X Zem and X, =Y¢ X 2. ., vectors make the system right
handed. If the beam helicity and the observat@gs. Components of the proton polarization transverse to the
Pycm., andC,.cy are positive, the three proton polarization momentum at the analyzer led to azimuthal asymmetries in
components then point in the, ., Ycm, and—2z. . direc- the distribution qf protons scattered from. the carbon ana-
tions, due to an explicit minus sign in the definition of lyzer. An event trigger was formed by a coincidence of scin-
C,iem.. OUr lab conventions, shown in Fig. 1, include: tillators S1 and S2. The scintillators, as shown in I_:ig. 2,
(1) Y=Y.., since there are no boost effects on this com-\were Ioca.ted before the analyzer, t_o p_revent po_s,S|bI§ false
poneni; ' asymmetries, at the expense of reading in events in which the
protons were absorbed in the analyzer. The efficiency was
large because of the large rear chambers, which detected all
protons scattered at angles less than 15°, and had high geo-
metric acceptance for scatterings up to 30° in the analyzer.
The major source of background is protons fremelas-
tic scattering in the LH2 target. Soneg data were collected
with the radiator out, to measure the strength of étera-

) x’' positive to larger angle@Note that this convention is
opposite to that used by phase shift analysis coskes,
[22] and MAID [23].), so that in the low energy limit
X, m—x'; and

(3) 2’ =Kproton, because the proton antf are not collinear
in the lab as in c.m., and so that positi@ means the

polarization points in the" direction. _ diative tail and to subtract thep radiative tail events from
Note that this choice of axes reSUItS, hOWeVer, N a |eft‘the H(’}’,p)’ﬂ'o data. Another source of background arises
handed coordinate system. from 7*'s from the H(y,7")n reaction. Theser" events

Photoprotons emitted from the target were detected in there removed using the aerogekr@nkov detector. The

Hall A high resolution hadron spectrometéiRSH). The o yaround particles coming from Al end caps of the target
trajectories were measured with Vertical Drift Chamber ere measured using empty target runs

(VDCs) located in the focal plane of the spectrometer. The

scattering angles, momentum, and interaction position at the

target were calculated from the VDC tracks. Two planes of

plastic scintillators provided triggering and time-of-flight in- Il. DATAANALYSIS

formation for particle identification. An aerogele€nkov A. Determination of kinematic variables and cuts

counter was used to identify and reject pions, which consti- . L . .

tute a maximum of 30% background in certain kinematic Proton |dent|f_|cat|on was obtained by reconstructing the

settings of these measurements. mass from the time-of-flight measurement between the two
The final element in the detector stack was the protorPairS of scintillator planes in the spectrometer and from the

polarimeter(shown in Fig. 2, consisting of two front and reconstructed momentum of the particle. Figure 3 shows

two rear straw chambers that determined the scatteringuch a reconstructed mass spectrurk gt 2.5 GeV.

angles in a carbon analyzer. The analyzer consists of five sets The incident photon energy was reconstructed from the

of carbon plates. Each set is split at the middle into twoscattered proton energy and angle, using two-body pion

plates, which can be moved in and out as desired. The thickshoto-production kinematics. Only the events between the

nesses of the plates from the front to the rear are 22.9, 15.bremsstrahlung end point and the two-pion production

7.6, 3.8, and 1.9 cm. threshold were used in the analysis. Since the elastic proton
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TABLE |. Kinematics and polarimeter parameters.

Ey E, range w pr —t, 0, c.m. 6,lab P, lab Analyzer Ky Y

(GeVv) (GeV) (GeV) (GeVle) (GeVic)?> (deg (deg (GeVk) thickness(cm) (deg

0.823 0.803-0.848 1.557 0.344 0.855 135.0 199 1.012 26.7 0.37 116.6
0.818 0.795-0.848 1.554 0.423 0.751 120.1 26.8 0.938 15.2 0.40 114.4
0.813 0.780-0.848 1.551 0.469 0.631 105.4 33.6 0.847 11.4 0.46 109.5
0.807 0.750 - 0.848 1.547 0.482 0.501 91.3 40.4 0.744 7.6 0.52 103.8
0.807 0.750 - 0.848 1.547 0.475 0.372 76.2 48.4 0.635 3.8 0.49 97.4
0.773 0.730-0.848 1.526 0.448 0.365 74.9 48.5 0.598 3.8 0.43 95.3
0.806 0.740 - 0.848 1.547 0.427 0.251 61.1 56.1 0.514 3.8 0.25 91.6
1.098 1.060-1.140 1.715 0.595 0.746 90.1 39.9 0.928 22.9 0.42 112.8
1.050 0.994-1.100 1.688 0.506 0.370 60.7 55.3 0.616 7.6 0.41 95.9
1.227 1.200-1.250 1.784 0.619 1.071 105.1 32.2 1.161 26.7 0.29 127.3
1.217 1.185-1.250 1.778 0.637 0.848 89.9 395 1.001 22.9 0.37 116.2
1.205 1.160-1.250 1.772 0.612 0.628 75.0 47.1 0.835 11.4 0.46 106.6
1.639 1.620-1.660 1.989 0.537 2.059 135.1 17.6 1.777 49.5 0.17 170.8
1.638 1.615-1.660 1.988 0.662 1.810 119.9 24.0 1.628 49.5 0.19 160.0
1.633 1.610-1.660 1.986 0.739 1.519 104.9 30.6 1.451 49.5 0.25 147.8
1.629 1.590-1.660 1.984 0.756 1.205 90.6 374 1.244 34.3 0.26 129.0
1.613 1.560-1.660 1.976 0.734 0.893 74.8 454  1.031 22.9 0.34 117.0
1.603 1.520-1.660 1.972 0.654 0.601 59.6 53.7 0.811 114 0.48 104.3
1.921 1.900-1.940 2.117 0.598 2.490 1349 17.1 2.033 49.5 0.15 189.8
1.918 1.895-1.940 2.116 0.732 2.189 1199 232 1.858 49.5 0.19 176.9
1.913 1.885-1.940 2.114 0.817 1.838 104.8 29.7 1.649 49.5 0.19 162.2
1.905 1.870-1.940 2.110 0.842 1.459 89.7 36.7 1.409 41.9 0.24 144.2
1.891 1.840-1.930 2.104 0.812 1.081 74.8 44.3 1.162 34.3 0.29 126.6
1.876 1.790-1.930 2.097 0.722 0.728 59.6 52.6 0.909 15.2 0.41 110.4
2472 2.450 -2.490 2.349 0.691 3.347 1349 159 2522 49.5 0.10 227.8
2.469 2.450-2.490 2.348 0.848 2.941 119.9 217 2.293 49.5 0.12 210.0
2.466 2.446 - 2.490 2.346 0.950 2.468 104.7 28.0 2.023 49.5 0.15 190.0
2.460 2.400 - 2.490 2.344 0.980 1.959 89.6 34.8 1.717 49.5 0.18 166.0
2.453 2.400 - 2.490 2.341 0.944 1.451 74.6 42.2 1.405 41.9 0.24 143.2
2.436 2.350 - 2.490 2.334 0.842 0.977 59.5 50.5 1.091 26.7 0.32 122.3
3.080 3.000 - 3.095 2.580 1.081 3.168 104.7 26.4 2.432 49.5 0.12 221.7
3.075 3.000 - 3.095 2,578 1.121 2.517 89.2 33.1 2.052 49.5 0.15 193.1
3.062 3.000 - 3.095 2.574 1.084 1.867 74.0 40.6 1.665 49.5 0.19 164.9
3.045 2.960 - 3.095 2.567 0.962 1.261 59.2 48.7 1.281 41.9 0.26 135.6
4.028 3.960 - 4.070 2.905 1.129 1.728 59.1 45.9 1.572 49.5 0.22 158.8

peak is higher in energy than the bremsstrahlung end-poirdalculated the single photon emission corrections to the two
protons from theH(y,p)«° reaction, allep events, except polarization observables and shown that these corrections are
for the ones in the radiative tail, are removed by this softwaref the order of 1%. In this analysis;® electro- and photo-

cut. Other reactions such as heavier meson photoproductigeroduction polarizations were expected and measured to be
are also removed by this software cut. Real Compton scatqual and the data points reported are for the combined data
tering (RCS events are not removed, but since the RCSset of electro- and photoproduction. The backgrounds from
cross sections are small, these events are about a 1% badkrget cell walls were small, and were subtracted out.
ground. The kinematics of the data points are given in Table

l. C. Asymmetries at the focal plane

Polar and azimuthal angles for scattering in the C ana-
lyzer were measured by detecting the trajectory of the proton
For the subtraction of the radiative tail from the elastic =~ before and after the analyzer. Only the events within polar
peak we used a Monte Carlo simulation matched to data angle range of 5°-20° were uséske Fig. 5 for analysis.
the elastic peakshown in Fig. 4. The polarizations for the The analyzing power for this angle region 6fy, is well
ep elastic tail were assumed to be equal to the polarizationsalibrated over a wide range of energies. The minimum is
measured for thep elastic peak. Afanasest al. [24] have  chosen so that the Coulomb scattering in the analyzer is re-

B. Determination of the background
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FIG. 4. Radiator-in bremsstralung spectruntgt 1.95 GeV at = C
6. m=135° data with the Monte Carlo simulation for the elastic é 1 _
events. Only the electron scattering part is shown for the simulation. 0.98 [-
jected. The maximum is chosen to remove the large-angle 096 |
region where the analyzing power and the efficiency are C
dropping rapidly. o e

The azimuthal angular distribution of the secondary scat- 0.92 L Induced Polarization
tering off the analyzer is given by C

0.9 C 1 € L 1 1 L 1 L 1 L 1 L 1 L 1 L 1
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Np(Otpp s Pipp)
= Np( ‘9fpp){1+ [Ay( 0fpp) P;p+ ainst]cos¢fpp

_[Ay( efpp) P;p""binst]sm(ﬁfpp}a (1)

Op,,p (deg)

FIG. 6. Polarimeter azimuthal difference and sum distributions
for positive and negative beam helicity, for the 0.86 GéV,,
=135° data. The fits shown consist of a polynomial of énéand
where Ny(0s,,) is the number of protons scattered in the cos(p) terms.
polarimeterA,(6s,,,) is the analyzing power, ard,s;, binst
are the false asymmetries. The indudédnsferred polar-  tion transfer components, but the induced polarization indi-
ization can be determined by the suifference of the  cates other Fourier components, coming from the false asym-
azimuthal asymmetry distributions for the two beam helicity metries.
states. Typical distributions are shown in Fig. 6. Note that Determination of the proton polarization required a care-
Fig. 6 shows a clear sinusoidal distribution for the polariza-fuy| treatment of the polarimeter systematics. A description of
the polarimeter systematics is also given in R&€]. Carbon

w 1600 analyzing powers for the low-momentum points were ob-
= 1400 C tained from the McNaughton parametrizatif26]. For the
3
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FIG. 7. Comparison of the analyzing power, averaged over
FIG. 5. Polarimeter polar scattering anglg,, for the 2.5 GeV,  6;,,=5°-20°, for these data with the McNaughton parametriza-
0. m=90° data. tion, as a function of the proton kinetic energy.
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higher-momentum points analyzing powers were interpo- x'
lated from theep elastic data from previous measurements c.m.
using the same analyz¢26] with similar analyzer thick-

nesses. While our measuremelf&g,28g agree well with pre- X!

vious data for the form factor rati®6] and for the carbon
analyzing powel25,26,29, as shown in Fig. 7, our mea-

surements do not cover all of our kinematics. The event- S

averaged analyzing powers in each kinematic setting, for a

Otpp range of 5°-20°, is given in Table I. proton
False asymmetries are small, with magnitudes typically direction

<0.01 and a smooth variation across the acceptance. The 7! ;

data for the induced polarization are corrected for the mea- c.m. z

sured false asymmetries. For the polarization transfer data,

the false asymmetries largely cancel with the helicity differ- FIG. 8. Schematic showing the rotation angle in the transforma-
ence. tion from c.m. frame to lab frame.

D. Polarization observables at the target This procedure allows one to obtain both the induced and

The proton spin precesses through different magnetic elt_ransferred polarl_zatl_ons at_the targv_at. The_ stat_)mty of Fhe
ethod was studied in detail for all kinematic points. Varia-

ements of the HRSH. In the simple dipole approximation, thd" ¢ the T . ioned ab by thei
precession anglg is related to the bend anglé, .,q by tion of t e four target_ guantities mentlont_a above, by _t eir
systematic uncertainties, leads to only minor changes in the

g—2 extracted polarizations, less than the statistical uncertainties
X= 5 VObend- (2 of the data.
Analysis of the sensitivity te@p background subtraction,

As a result, the polarization components at the target aréo different false-asymmetry models, alignment or tracking
different from the values measured at the FPP. They are resrocedures, cuts, spin transport, and uncertainties in the car-
lated through a & 3 spin transport matrixg) that depends bon analyzing power, leads to an estimated systematic uncer-
on the trajectory’s target quantitieg, ¢, y, andp, resulting  tainty of about=0.046 for the induced polarizatiops . The
in S to be unique for each event. The differential algebra-argest contributions are-0.03 each from theep back-
based codeosy [30] was used to determine the matrix ele- ground subtraction systematics and false-asymmetry system-
mentss;; . atics. The polarization transfer observabzs andC,, have

A maximum likelihood method was used to obtain the systematic uncertainties of 0.036 and 0.048, respectively.
induced and transferred polarizations at the target. We reAgain the largest contribution arises from thp background
quire that any event in our data set passes a cone test. TBabtraction, leading to uncertainties of 0.03 and 0.04, respec-
test ensures that the event would be accepted fordagy  tively.
given its incident trajectory anés,,. This eliminates geo-
metrical inefficiencies and allows us to use a simple likeli-

hood functionL (P}? P} ,P\?), defined as E. Transformation from the c.m. frame to the lab frame
Np The polarimeter measures the transverse components of
L(P'9 pl9 pto)— 1+A(0 pto pto the prc_)ton’s spin in the Iaborato.ry,. but calculations are gen-
(P P2, Py) nﬂl{ y(01pp.0) (ScynPy ScaPy erally in the c.m. frame. Thus, it is necessary to transform

our lab results to the c.m. frame, or the calculations to the lab
+ S0P+ Qinst) COSPrppn— Ay(Otppn) frame. In this work, we will transform the calculations, for
t t t reasons we now explain. The conversion from c.m. to lab
x(syyvnPngr SYX'”PXQJF Syz,nng frame can be perfornged as a series of boosts and rotations of
+Dinsd)SiNBippnts (3)  the proton’s spin four:vecto[. The result of this transforma-
tion is a mixing of thex’ andz’ components of the proton’s
where the product runs over all eventg,. Here,a;,s; and  spin. Figure 8 schematically shows this rotation; calculated
binst are the false asymmetries for the polarime®® are  rotation angles are given below in Table II. While the spin
the polarizations at the target, aBg are the elements of the transfer observables are affected, the induced polarization, in
Spin transport matrix. o they’ direction, and the zeroth component of the spin are
The proton polarization at the target is given by unchanged. In some of our kinematics we have precise val-
ues forC,, in the lab frame, bu€C,, is undetermined due to
unfavorable spin transport. Mixing these components to
tg ; S . . compare to theory in the c.m. frame can give two compo-
where Py s th_edtotal target polarization in the direction  nents each of which have large uncertainties. Thus, the lab
and C2"*'¢(P91°%9 is the polarization transfeinduced  frame observables best constrain the theory, and we have
polarization component in thé direction. decided to convert the theories into the lab frame. We report

PLg:hCLransfer_’_ PLnduced’ (4)
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TABLE Il. Polarization data for neutral pion photoproduction from this work. For the @yepoints in
italics, the lack of knowledge o, prevents us from calculatinG,. andC,,. ,values. Note that since

our X’ is directed opposite to that afaip and maiD, our C,, values are related to theirs by a factor of

-1

Ey 0, c.m. py Cx’ Cz’ C><’c.m. Cz’c.m. Brot
(GeV) (deg (deg
0.823 135.0 —0.246-0.049 0.3490.031 0.4280.037 0.17&0.032 0.52%0.036 20.4
0.818 120.1 —0.250+0.031 0.33%0.018 0.159-0.021 0.226:0.019 0.2940.020 27.5
0.813 1054 —0.435-0.046 0.1250.023 0.01%20.025 0.09%30.024 0.0850.024 34.6
0.807 91.3 —0.198-0.044 —0.039-0.018 0.076:0.018 —0.080+0.018 0.03%#0.018 41.7
0.807 76.2 —0.337+0.110 —0.002-0.032 0.11%#0.033 —0.091+0.033 0.0740.032 50.0
0773 749 -0.142:0.142 0.03&0.027 0.146:0.027 —0.088:£0.027 0.122-0.027 50.4
0.806 61.1 0.0780.051 0.066:0.050 —0.014+-0.050 0.10%*0.051 57.6
1.098 90.1 —0.399-0.024 40.5
1.050 60.7 0.0120.088 56.2
1.227 1051 0.3050.027 —0.503+0.027 —0.144+0.034 —0.346-0.029 —0.392+0.032 32.6
1.217 89.9 —-0.332£0.031 —0.391+0.023 0.4920.027 —-0.616-0.025 0.126:0.025 40.0
1.205 75.0 —0.261+0.049 0.097%0.027 0.406:0.028 —0.230:0.028 0.3410.027 47.7
1.639 135.1 —0.489-0.023 —0.107+=0.029 —0.096:0.151 —0.073-0.054 —0.124+0.144 17.8
1.638 119.9 0.31%0.022 —0.248+0.027 —0.222£0.081 —0.135-0.041 —0.304:0.075 24.2
1.633 1049 0.3960.017 —0.644-0.019 0.136:0.037 —0.619-0.025 —0.219+0.033 30.9
1629 90.6 —0.295-0.091 —0.686-0.079 0.477%0.103 —0.834-0.089 —0.042+0.095 37.7
1.613 74.8 —0.492-0.040 —0.196+0.027 0.359-0.031 —0.394-0.029 0.116:0.029 45.7
1.603 59.6 0.0170.068 0.1640.029 0.03*+0.030 0.07%#0.030 0.15%0.029 54.0
1.921 134.9 —0.484+0.023 —0.200+0.032 —0.049-0.138 —0.177/0.051 —0.106+0.132 17.2
1918 1199 0.3280.025 -0.033+0.034 23.3
1913 104.8 0.54#0.021 —0.700+0.027 0.26%0.086 —0.741+0.049 —0.116-0.076 29.9
1905 89.7 —0.196:0.018 —0.615-0.021 0.20%0.036 —0.616-0.027 —0.204+0.031 36.9
1891 74.8 —0.473:0.036 —0.271+0.032 0.25%0.041 —0.373-0.037 —0.006=0.037 44.5
1876 59.6 —0.186-0.049 —0.173+0.029 —0.084+0.031 —0.038-0.030 —0.18%-0.030 52.8
2472 1349 1.0360.092 -0.020£0.102 0.396:0.134 —0.12%-0.105 0.375%0.132 16.0
2469 1199 0.04080.056 0.1380.081 0.6730.149 —0.122+0.093 0.676:0.142 21.8
2466 104.7 0.8580.046 —0.233+0.074 28.1
2460 89.6 —0.104+0.039 —0.331+0.064 34.9
2453 746 0.19830.048 —-0.177+0.065 0.01%0.114 —0.142+-0.091 —0.1070.095 42.4
2436 595 —0.1430.032 —0.214+0.030 0.0940.037 —0.208-0.034 —0.106+0.033 50.7
3.080 104.7 0.4660.081 -0.036-0.087 0.3940.127 —0.208-0.096 0.33%0.120 26.4
3.075 89.2 0.0150.068 —0.258+0.097 33.2
3.062 740 0.2780.031 -0.212-0.043 —0.044+0.150 —0.132£0.103 —0.171=0.117 40.6
3.045 59.2 -—-0.240:0.034 —0.449-0.036 0.0230.053 —0.313:0.046 —0.323-0.044 48.8
4.028 59.1 0.0460.114 -0.661+0.134 46.0

both lab and ¢.m. spin transfer components in Table Il. Quenergy partial wave analyses of single-pion photoproduction
frame transformation procedure is described in more detail ilata are performed. These analyses extend from threshold to
the Appendix. 2.0 GeV in laboratory photon energy. Photo-decay ampli-
tudes are extracted from Breit-Wigner fits for the baryon
resonances within this energy range. For the neutral pion
photo-production analysis, cross sectiaho(d(}), photon
asymmetry ), target asymmetryT), induced polarization
(py), and linear polarization transfer observabl€k(, and

Ill. RESULTS AND DISCUSSION

Existing theoretical predictions for thld(;/, 5) 0 reac-

tion include:saib [22], MmaID [23], a quark model calculation
by Afanasev, Carlson, and Wahlquj4f7], and a pQCD pre- 0,,) data are used. Fits to existing data are used for this
diction from Farrar, Huleihel, and Zhah6]. A first attempt  energy regime, and the resonance mass and width values
at including nuclear resonance effects on double polarizawere obtained from fits to a multipole analysis. Jenkins and
tions has been performed by Dutta, Gao, and [34. Strakovsky[32] discussed the possible approachsafd fits

In saD, both an energy-dependent and a set of singleo helicity conservation at high energies.
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FIG. 9. Top to bottom: Induced polarizatigs, in neutral pion FIG. 10. Top to bottom: Induced polarizatiq) in neutral pion

photo-production a¥. ,,=60°, 75°, and 90°. Only statistical un- photo-production a#.,,=105°, 120°, 135°. Only statistical un-
certainties are shown. The three curvesp [22], MAID [23], and  certainties are shown. The three cungsp [22], MAID [23], and
helicity conservation shown in the figures are described in the texthelicity conservation shown here are described in the text.
Corresponding/V range is also shown in the bottom plot.
where e, are the quark chargeg\q(x) are the polarized
ThemAaiD model contains Born terms, vector mesons, anddistribution functions andj(x) are the unpolarized distribu-
nucleon resonances up to the third resonance regiotion fuctions. When combined with pQCD constraints
[P33(1232), P44(1440), D15(1520), S;4(1535), F15(1680),
and D33(1700)]. This model is expected to be valid up to
1.25 GeV in photon energy. The resonance contributions are
included taking into account unitarity to provide the correct
phases of the pion photoproduction multipoles. this simplifies to
Afanasevet al. (see also Huang and Kro|33]) use a
pQCD approach for large transverse momepta where s2—y?
mesons are directly produced by short range processes. This Crem="% - (8)
approach is similar to the factorization approf88] used to s+u
describe Compton scattering from the proton. The calcula-

tion assumes helicity conservation, which leads to the van- This analysis predicts a value of 60% longitudinal polar-
ishing of p, and Cy.¢m.. In the lab,C,. does not generally ization,C,/. ., for the recoil proton in the scaling region at

vanish as It has contributions from bofyg . andC, . 0. m=90°. This model assumes that the polarization of the

This gives a simple result for exclusive photoproduction ofStrUCk quark is the same as the polarization of the outgoing
n eutrgl pions P P P proton; however, wave function effects can dilute this effect.

Farraret al. uses pQCD scaling argumenfs; andC, ¢,

A
Iim—q—>1, (7)

x—1

Py=Cyem=0, (5) are zero at high photon ener_gies aﬁgc_m__ is constant at
o fixed 6. . They use a dynamical model with explicit calcu-
2_42 e2Au (x)+e§Ad (X) lation of_ all _Iowest-order@) Feynman diagrarr_ls. A general
Crrom= o im— 5 v > L (6) conclusion is that one may expect large polarization transfer
ST+ U%—1 eju,(X)+egd,(X) in the pion photoproduction, with the exact magnitude being
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FIG. 11. Top to bottom: Polarization transf@g, in neutral pion o ) )
photo-production atg ,,=60°, 75°, 90°. Only statistical uncer- FIG. 12. qu to bottom: Polarization transfey, in neu_tre_ll pion
tainties are shown. The four curvesip [22], MAID [23], Afanasey ~ Photo-production a®., =105°, 120°, 135°. Only statistical un-
[17], and Farraf16] are described in the text. All data and calcu- Certainties are shown. The four curvesp [22], maiD [23], Afa-
lations are in the lab frame defined in Sec. I. nasev[17], and Farraf16] are described in the text. All data and

calculations are in the lab frame defined in Sec. I.

a function of hadronic distribution amplitudes. The calcula- The polarization observables, both in the lab frame as
tions shown here used the asymptotic distribution amplitude®ell as in the c.m. frame, are given in Table I1.
for both the proton and the pion. These pQCD approaches Figures 9 and 10 compare our data for the normal com-
predict much smaller cross sections than the data and thdyenent of the induced polarizatiop, at different pion
are not expected to work untitt of several Ge¥. center-of-mass angles to previous measurem¢BGNN
Dutta [31] use the resonance parameters predicted b 6], KHARKOV [37], FRASCATI[38], STANFORD[39],
Capstick and Robertg34,35. Their analysis suggests that OKYO [40], DNPL [41], CALTECH [42], YEREVAN
data for double polarizations on pion photo-production in the 43) and theoretical predictiong22,23. While our low-

region 1.6W=2.4 GeV can be more useful in searching energy data agree well with the world data, the highest-
' ) energy points seem to follow the trend predicted by the phase

for MISSING resonances than the cross section, due to tl‘é(?‘lift analysis codeAID, but notMAID (recall thatMAID has
large interference between the resonant and nonresonagéen fitted only to 1.25 GeV in photon energy, whilep

background amplit_ud_es. They connect resonant amplitudes, g gata fitted up to 2.0 GeV in photon enérgihere is no
directly to the predictions from the constituent quark mOdel-generaI indication of an approach to helicity conservation,
This model assumes that the total amplitudes can be calc%-y_,o_ While the highest-t achieved in this work is—t

lated from the multipole amplitudes generated by #aD —3.4 (GeV/c} at E, of 2.5 GeV and aty7,, =135°, the
. y . . ,

program. It also assumes that the energy dependence of tﬁ?ghestpT achieved ispr=1.1 (GeVk) atE, of 3.1 GeV
total decay width of mosi*’s is similar to the width of the 54 atg”, =90°. This value ofpr is somew?\at lower than

N* — o N decay within the oscillator quark model. A cutoff ¢ scaling threshold gi;=1.3 GeVk observed8] for the
parameterA of 650 MeV for all resonances and an average,q—.pn reaction. It is interesting that, is zero at 90°, at

decay width of 300 MeV for the knowN™ resonances and approximately the same value p§ (~1.1 GeVk) that Py

of 120 MeV for the considered* resonances are also as- for the yd— pn reaction vanisheglL9]. But, we cannot con-
sumed. To date predictions are not available from this apelude from p, alone whether the pQCD limit has been ob-
proach. served.

034614-9



K. WIJESOORIYAet al. PHYSICAL REVIEW C 66, 034614 (2002

0.80 — — 1.00
0.60 | 0 . 60 ] 0.80 f
0.60
040 FY 71—
0.40 f i
0.20 | 0.20 |
S
0.00 < 0.00
—0.20 | e k —020 | _’;I:I?onrk
6Un:ovlva°r:zed —-0.40 | :.___. '\Anf:Ir?asev
-0.40 ——sAID 1 - Farrar
——— MAID —-0.60 - 5
—==—- Afanasev
—=== Farrar -0.80 | e cm= 105
- .m.
O — o N
‘q—) 0.60 | cm.” 75 (;) 0.80 |
k7] D 60
% 0.40 | B 4
0.40
= 020} «©
= 5 = o020} Vs 1
S  0.00 s |/
o = 0.00 N e
o -o020 | 1 = W/
_o. = g ]
N g °p Y/ e . o
< = 040 7 0 ..=120"
o T on° o
o.80 | - B = 920 0O oso0f
0.60 0.60 |
0.40 | 0.40 -
0.20 | |
0.20 |
0.00 . . ,
-
—0.20 | 0.00 .
1 -0.20 | T o
—0.40 0. .=135
-0.60 —0.40
0.5 2.5 5 4.5 0.5 25 3.5 4.5
E, (GeV) E, (GeV)
v v
FIG. 13. Top to bottom: Polarization transfég, in neutral pion FIG. 14. Top to bottom: Polarization transfey, in neutral pion

photoproduction ab, ,=60°, 75°, 90°. Only statistical uncertain- photoproduction ad. ,=105°, 120°, 135°. Only statistical uncer-
ties are shown. The four curvesaip [22], MaD [23], Afanasev tainties are shown. The four curvesip [22], MAID [23], Afanasev
[17], and Farraf16] are described in the text. All data and calcu- [17], and Farraf16] are described in the text. All data and calcu-
lations are in the lab frame defined in Sec. . lations are in the lab frame defined in Sec. I.

The transverse in-plane polarization transty,c ., data  (Ref.[16]), however thep; values forC,. are well below the
shown in Table Il also show no clear trend toward beingscaling threshold of 1.3 Gew/ The phase shift analysis
small, positive, and only weakly dependent on energy andryes fromsaip andmAID tend to agree better with the data
angle, as would be expected from the two helicity- 5t |ower energies, and diverge with increasing energy, as was
conserving quark-model calculations shown. This confirmsisg the case fo€,/
the idea that a photon energy of 3.1 GeV orpa of No C, andC,, data are shown @&.,=1.1 GeV in Table
1.1 GeVk is still not sufficient for this reaction to exhibit || pecause an unpolarized electronybeam was used at this
HHC. Figures 11 and 12 show that, data not only tend to - energy. For certain other kinematic settingspyer C, data
agree reasonably with thead and MAID analyses at our  4re given, due to the unfavorable spin transport that makes
lowest beam energies, but also tend to increasingly dlvergfhe uncertainty=0.3. The data points recorded with an un-
from these analyses as the energy increases. Thus the ar_nFHbIarized beam &E.=1.1 GeV are consistent with zero, il-
tudes appear to be under good control at lower energieyysirating the qualityy of the data.
where there are numerous polarization data, even though figyres 15 and 16 show the angular distributions for the
there are not enough types of polarization data to uniquelyqyced polarization at several photon energies. Note that the
determine the amplitudelsi4]. The disagreement at higher (at4 in each figure were taken over a range of energies.
energies is not surprising given the fact that these are the first pg)|arization measurements provide a powerful method for

results for polarization transfer for this reaction; the phas%tudying nucleon structure. The vector polarizatignis re-
shift analysis is not sufficiently constrained by the existing|5ied to the differential cross sectiatwr/dQ and the differ-

dataset. o ential polarizatiord p/dQ by the expression
The longitudinal in-plane polarization transfé,,, as

shown in Figs. 13 and 14, does not show large polarizations
as predicted from Ref{17]. Also C,, does not appear to D :} dp/dQ 9)
reach a constant value at each angle, as predicted by pQCD Y j da/dQ’
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FIG. 15. Top to bottom: Angular distributions of induced polar- ~ FIG. 16. Top to bottom: Angular distributions of induced polar-
ization py in neutral pion photoproduction & ,=0.86 GeV, 1.3 ization p, in neutral pion photoproduction &,=1.9 GeV, 2.5
GeV, and 1.6 GeV. The cungip [22] shown here is described in  GeV, and 3.1 GeV. The cun&ib [22] shown here is described in
the text. Note that the JLab data were at energies of 0.8, 1.2, and 1tBe text. The sin(12) curve at 2.5 GeV is drawn merely to illustrate
GeV as given in Table II. the strong angular dependence. Note that the JLab data were at

energies of 1.9, 2.5, and 3.1 GeV as given in Table II.
wherej is the spin of the emitted particle. The differential
polarization can be written as nance contributions in detail. The strong angular dependence
appears to persist up to 3.1 GeV as shown by the lower panel
dp N in Fig. 15. This suggests that even &t=3.1 GeV W
IO ;1 B,P;(cos6), (100 =2.6 GeV), resonances are needed to explain the data, and
quark models that sum over the resonances will be unable to

. . . . reproduce the polarizations.
where theB, contain the reaction matrix elements as dis-

cussed in Ref.45]. Assuming two amplitudes; ranges from
1 to the sum of the angular momentum of the two amplitudes IV. CONCLUSIONS
that produce the interference effect giving rise to the polar-

ization. From the nature of the first associated Legendre Prese(?t induced polarization data extend the world data
polynomial, the angular distribution of the differential polar- SEt for 7 photoproduction from the proton to much higher

ization will behave essentially like sing). For example, if photon energies at large angle. In the overlap region, induced
an s wave in the outgoingmN system interferes with a polarization data agree well with existing data, and also with
wave, then a sin@ dependence would be expected. Thethe phase shift anfaly3|s mode@wo anq MAID . This work
angular dependence e, at 2.5 GeV suggests a strong os- also presents the first data set in polarization transfer observ-
cillatory behavior, the sin(1® curve indicates very high ablesC, andC,: for the *H(y,p)#° reaction. The nonzero
partial waves. This suggests that the background or resdiature of p, and the polarization transfer component,
nances contain relatively high partial waves. It is apparenfxcm.. Shows that hadron helicity is not conserved. There-
that much more finely binned polarization angular distribu-fore, PQCD cannot simply explain the data up to a photon
tions will be needed to understand these high-energy res@nergy of 3.1 GeV or g of 1.1 GeVk for *H(y,p)n°
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reaction. Furthermore, the strong angle-dependent nature of Sy y 0 0 —-By\ /S
the induced polarizatiop, might be an indication of inter- s, 0 10 0 s,
ference between resonances and the nonresonant back- " (A2)
ground. This confirms the importance of polarization observ- Sy 0 0 1 0 S, |’
ables as a powerful tool to look for resonance effects. Since S, ~By 0 0 y S,
the angular distributions gf, at 2.5 GeV and 3.1 GeV have
strong oscillations, a data set finely binned in angle would bgng rotations of the form
extremely useful in advancing the theoretical analysis.
The data do not agree with any of the existing quark Sy 1 0 0 0 So
model calculations; further there is no support in these data S, 0 cost 0 singll|s
for the general prediction that the polarizations should be- — . (A3)
come energy independent. Failure of the Afanasev prediction Sy 0 0 1 0 S
implies that the data do not favor factorization at relatively S, 0 —sing 0 cosd/ \S,

low values ofp;. While theoretical predictions for the po-

larization observables ifH(y,p)#° reaction are very lim- The proton kinematics in the lafzenter-of-massframe are

ited and highly desirable, this data set, rich in both angulagiven by the factorsy,.p, Biabs Glab (Yem.s Bems Oem),

and energy bins, will help develop a better understanding ofvith the usual definitions, while the lab to center-of-mass
photo-pion production in the GeV region. transformation involves a boost with. ,,; and B my. It is
possible to reduce these eight parameters to various choices
of three independent ones, such¥as,, 6, and ycm,.
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a rotation to the lab framéoriented along the incident pho-
APPENDIX: SPIN TRANSFORMATION ton direction
FROM THE LABORATORY FRAME

TO CENTER-OF-MASS COORDINATES 1 0 0 0
The transformation of the proton spin from lab to center- 0 cosay O siNGiap (A5)
of-mass frames is performed by conventional Lorentz boosts 0 0 1 0 '
and rotations. We detail our procedures here since the trans- .
. . . 0 -—sin 0|ab 0 C050|ab
formation appears to be unfamiliar to most readers; a more
advanced presentation can be found in Dmitr@gc [46]. a boost to the c.m. frame
The proton spin can be represented by a four-vector
Yeml 0 0 BemYeml
S,L:(Sosxsysz) (A1) 0 1 0 0
0 0 1 0 ' (A8)
The lab to center-of-mass conversion then involves boosts of
the form —BemYemi 0 0 Yeml
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a rotation to the scattered c.m. frame

1 0 0 0

0 cosb., O —sinb.n.

: (A7)
0 0 1 0
0 sinf., 0O cosb;n.

and a boost to the scattered c.m.-oriented rest frame.

Yem. 0 0 —BemYem.
0 1 0 0 A8
0 0 1 0 (A8)
—BemYem. 00 Yem.

PHYSICAL REVIEW @6, 034614 (2002

(A2) and (A3). The expressions that result in terms of the

eight kinematic parameters from multiplying together the

five components of the transformation are, without simplifi-

cation, not obviously in agreement with the result given here;
the equivalence is easily checked numerically. The diagonal
matrix elements are given by

COS0; 1= C0S0|4,COSOc m+ Vom.SiN O)apSiN O m,
(A10)

= Ye.mViabl SiN O3pSIN O m + ¥e m COSOc m,
X (Coselab_ﬂc.m.lﬂlab)

—BemYeml Biab— Bem€OSOiap) 1,

while the off-diagonal matrix elements are given by

(Al1)

The product of these five arrays leads to a transformation that

is purely a rotation that mixes the in-plane,and z, spin
components, as illustrated in Fig. 8,

S0 c.m. 1 0 0 0 S0 lab
Sx cm.| 0 COSb;ot 0 —sin Orot Sx lab
Sem| |0 0 1 0 Sy lab
Szc.m. 0 Sinerot 0 COSb)ot S, lab

(A9)

SiN 0r0t= Viapl — SiN63pC0SOc m,

+ Yem.SiN O m(COSO ap— Be.miBiab) (A12)

= Yem[ €COSO1apSIN O m = Ve.m. SIN 0)2pCOSO m,
—BemBemVemSiNOjap]- (A13)

The transformation described above, converts from the
lab to c.m. coordinate system. By changing the sign of the
sin 6,,; terms in Eq(A9), one can transform instead from the

We chooseB and @ always positive, which makes some of c.m. to the lab coordinate system, as was done in this
the signs opposite the usual convention given above in Eqanalysis.
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