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The study of the tomographic structure of the nucleon through generalizedpar-
ton distributions and the handbag mechanism is a central part of the Je�erson Lab
research program. It is widely recognizedthat the formalism applies to, and needs
to be studied with, exclusive meson production reactions in addition to Compton
scattering. We proposeto measurespin observablesin neutral pion photoproduction
at high energies,E 
 � 5 GeV, and high momentum transfers, � t of a several GeV2,
with a primary goal of testing recent predictions that usegeneralizedparton distri-
butions, and determining if the handbagmechanism accounts for the data. If this is
the case,the measurements provide an insight into the large W , large � t structure of
the nucleon, by allowing extraction of generalizedform factors. The proposedmea-
surements also provide a point of comparisonfor the simple spin dynamics observed
in K + � 0 photo- and electro-production, and give constraints on the importance of
resonancesat high invariant mass. This Hall A experiment builds on the experience
developed in previous Hall A photo-polarization measurements.

The experimental technique is the sameas that usedin a previous Hall A neutral
pion photoproduction experiment, except for the addition of a photon calorimeter,
aswasdonein the Hall A RCS experiment. We plan to usethe BIGCAL calorimeter
being constructed by Halls A and C. The total beam time neededis 22 days.
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MOTIV ATION

There is a long record of pion photoproduction studies. Near threshold, the reaction is
interesting for studiesof e�ective �eld theories/ chiral perturbation theory. At energiesof
several hundredsof MeV, the reaction is a leadingsourceof information on the propertiesof
baryon resonances.But as energiesincreaseinto the multi-GeV range, the pion photopro-
duction reaction is little understood. Many suggesteddescriptionsof the underlying physics
have beenproposed,including perturbative quantum chromodynamics(pQCD), pQCD plus
an interfering non-perturbative amplitude, generalizedparton distributions (GPDs), Regge
theory, sometimes with an approach to pQCD, and hadronic theory.

The idea that is the focus of our interest in this proposal is that pion photoproduction
results from the handbagmechanism and can be described with GPDs, starting at energies
of about 5 GeV. A con�rmation of this would allow a study of the structure of the nucleon
at large values of W and � t, due to the large photoproduction crosssections. To date,
pseudoscalermesonphoto-production at energiesof a few GeV has proven to be a di�cult
problem, with no obvious simple underlying physics,aswe discussin the following sections.
Furthermore, the behaviours observed in pion photo-production are in sharp contrast to
those observed in K + � 0 photo-production. In the following sections,we �rst discussthe
existing data. We then turn to discussionof calculationsof pion photo-production using the
handbagmechanismand GPDs. We also,much morebrie
y , discussother theoretical ideas,
to show what might be learned from a new measurement of high energy and momentum
transfer pion photo-production.

Existing pion photopro duction data

There is a variety of older pion photoproduction data at high energies,including:

� cross sections, though only a few angular distributions at high energiesand large
scattering angles,

� singlepolarization observables,mostly around 1 GeV, and also

� a limited number of single polarization observables at several GeV, though only at
small angles,generallycorresponding to Mandelstam� t < 1 GeV.

Our �rst Hall A pion photoproduction experiment [1], E94-012,measuredrecoil polar-
izations for 
 p ! � 0p for large scattering anglesand for photon energiesup to 4 GeV. The
observablesincluded:

Cx 0: (also called K LS ) the transferred polarization component in the reaction plane, per-
pendicular to the outgoing c.m. momentum,

py : the induced polarization component, perpendicular to the reaction plane, and

Cz0: (alsocalledK LL ) the transferredpolarization component in the reactionplane,parallel
to the outgoing c.m. momentum.

Theseare the �rst data for the polarization transfer observablesever measured(in meson
photoproduction).
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FIG. 1: Comparison of data and calculations for Cz0 in the lab frame. The solid and short dash
curves at lower energiesare the SAID and MAID partial wave analyses. The long dash curves
at higher energiesuse polarization transfer to a quark, from Afanasev et al. [2]. The short dash
curvesat higher energiesare pQCD calculations from Farrar et al. [3].

FIG. 2: Comparison of data and calculations for Cx0 in the lab frame. The solid and short dash
curves at lower energiesare the SAID and MAID partial wave analyses. The long dash curves
at higher energiesuse polarization transfer to a quark, from Afanasev et al. [2]. The short dash
curvesat higher energiesare pQCD calculations from Farrar et al. [3].



4

FIG. 3: Comparison of data and calculations for py in the lab frame. The solid and short dash
curvesat lower energiesare the SAID and MAID partial wave analyses.

The recoil polarization data, in the lab frame, are shown in Figs. 1, 2, and 3. The choice
of the lab frame is motivated by the following consideration: transforming the data to the
usual c.m. frame mixes the x0 and z0 components. In somecase,we have large (small)
uncertainties on the lab z0 (x0) component; the boost can give two components with large
uncertainties on both, which is not helpful in making a comparisonwith theory. It is instead
better to transform the boost to the lab frame.

Our lower energydata, E 
 < 2 GeV, exhibit structuresthat weregenerallyconsistent with
the SAID [4] and MAID [5] phaseshift analyses,but su�cien tly di�erent to provide impor-
tant constraints on background amplitudes, and to help clear up someobserved anomalies
in outlier points in someother observables. At higher energies,up to E 
 = 4 GeV (W =
2.9 GeV), the recoil proton polarizations continue to exhibit interesting angle and energy
dependences;they do not approach a smooth or simple behavior, as we will discussfurther
below. In particular, the induced polarization is large, and even appears to be strongly
oscillating with anglenear 2.5 - 3 GeV beamenergy. Hadron helicity conservation, a simple
expectation from the vector coupling of photon to quarks, leadsto the inducedpolarization,
and Cx0, vanishing; it is not supported by the data. But as there are signi�cant problemsin
understanding the helicity non-conservingamplitudes, they are generaly left uncalculated
in most quark models.
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FIG. 4: K LL measurement for 
 p ! p� 0 background from the RCS experiment, compared to
calculation of polarization transfer to a quark. The data were obtained at 3.2 GeV beam energy
and a pion c.m. scattering angle of 120� .

Figure 4 shows another higher energy data point for � 0p photoproduction, taken as
background during the RCS experiment, E99-114[6]. Beam energywas 3.2 GeV. The data
point is closeto the calculation of polarization transfer to a quark, which smoothly increases
with the pion angle. Given the data shown in Figs. 1, 2, and 3, this result might at �rst
seeminconsistent and entirely fortuitous. But a closerlook at these�gures shows that the
RCS data point is consistent with the trends from the lower energy data, and that there
are indications of a trend of the larger energy, larger angle data to approach the helicity
transfer to a quark calculation as the energyincreases.Thus, the existing data set can be
optimistically interpreted asbeingfavorabletowards the applicability of the GPD formalism
at slightly higher energies.

GPDs

Understandingthe quark structure of the nucleonis oneof the prime goalsof modern in-
termediateenergyphysics. Therearemany aspectsto this problem,with numerousmethods
of investigation. The useof generalizedparton distributions (GPDs) is of particular inter-
est as it provides a uni�ed description of nucleonstructure, a commonframework that can
be applied to inclusive, semi-inclusive, and exclusive reactions. The useof GPDs requires
investigation of the nucleon at large momentum transfer, so that the reaction description
factorizes into two parts, a hard perturbative processand soft nucleon structure physics
parameterizedby the GPDs. The primary reactionsof interest to date has beenthe pure
photo-reactions,in particular deeplyvirtual Compton scattering(DVCS), sincethesearebe-
lieved to be describablewith GPDs over a wide, accessible,kinematic range. Measurements
of nucleonform factorsand real Compton scattering (RCS) are highly desirable,experimen-
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tally simple,and described by GPDs, but they only involve moments of the GPDs, and thus
do not have the capability to exhibit the kinematic dependences,as do DVCS or DDVCS.

Fully probing the GPDs requireshowever a more extensive set of measurements, going
beyond the pure photo-reactionsin particular to mesonproduction reactions. Factorization
has beentheoretically proven most notably for high-Q2, small-t, longitudinal � (and other
vector) mesonelectroproduction. While there are someindications from experiments that
longtidunal � electroproduction dominates over transverseelectroproduction [7], � L =� T is
only about 2 at JLab kinematics, soprecisemeasurements of the longitudinal responsewill
be di�cult.

Hereweproposeto study the photoproduction of � 0 mesons,at energiesof about 5 GeV. A
form of factorization appliesto the large� t, Q2 = 0, photoproduction, andallowsthe process
to be described using GPDs. Thus, the study of large momentum transfer photoproduction
is just as important asthe study of deepvirtual mesonproduction, for probing the handbag
mechanismandGPDs. In similar kinematics,oneexpectshandbagdominanceto besimilarly
valid for the two typesof reactions{ if deepvirtual mesonproduction is described by GPDs,
then the approach will alsodescribehard mesonphotoproduction. Hard � 0 photo-production
is a particularly attractiv e reaction in which to study GPDs, asits largecrosssectionallows
both crosssectionsand polarizations to be measuredover a wide kinematic range.

Measuringmesonphotoproduction is comparableto measuringthe form factors or RCS
in the caseof pure photo-reactions. The photoproduction observablesdepend on moments
of the GPDs. Pseudscalarmesonproduction probesthe hx � 1i moments of the GPDs. The
most thorough study of pion photoproduction using the handbagmechanism and GPDs is
by Huang, Jakob, Kroll, and K. Passek-Kumerîcki [8].

Mesonphotoproduction dependson three of the GPDs through form factors:

R a
V (t) =

Z 1

� 1

dx
x

sign(x) H a(x; 0; t) ;

R a
A (t) =

Z 1

� 1

dx
x

eH a(x; 0; t) ;

R a
T (t) =

Z 1

� 1

dx
x

sign(x) E a(x; 0; t) : (1)

There is no dependenceon the GPD eE. The tensor form factor R a
T is suppressedby a

factor of � =
p

� t comparedto the vector and axial vector form factors, R a
V and R a

A . The R
form factors conserve quark helicity (but not nucleonhelicity); there is an additional set of
corresponding quark helicity non-conservingform factors:

S a
T =

Z 1

� 1

dx
x

sign(x) H a
T (x; 0; t) ;

S a
S =

Z 1

� 1

dx
x

sign(x) eH a
T (x; 0; t) ;

S a
V =

Z 1

� 1

dx
x

sign(x) E a
T (x; 0; t) : (2)

Sa
V and Sa

S are suppressedcomparedto Sa
T , but there is no particular reasonwhy Sa

T is
suppressedcomparedto R a

V .
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FIG. 5: The ratio of the 
 n ! � � p crosssection to that of 
 p ! � + n, as a function of photon
energy. Data are from [9]. The calculation is from [8]; The shadedband indicates uncertainties
from target masscorrections.

For numerical calculations, the GPDs are modeled1 in a conventional form as

H a(x; 0; t) = exp
�
a2

N t
1 � x

2x

�
�
qa(x) � �qa(x)

�
;

eH a(x; 0; t) = exp
�
a2

N t
1 � x

2x

�
�
� qa(x) � � �qa(x)

�
; (3)

with aN = 0.8 GeV. Also, RT is modeledas being related to RV through

� P
T =

p
� t

2m
R P

T

R P
V

: (4)

The ratio of the two form factors at high � t falls similarly to the proton ratio of proton
elastic form factors, F2=F1.

One result of the GPD calculation is for the ratio of � + and � � photo-production cross
sections,shown in Fig. 5, taken from [8]. The crosssectionratio is given approximately by

d� (
 n ! � � p)
d� (
 p ! � + n)

=
�

eus + edu
euu + eds

� 2

; (5)

in good agreement with the observed data. This agreement is alsotakenasevidencethat the
quark helicity conseringmatrix elements dominate. In particular, the helicity amplitudescan
be expressedin terms of invariant functions, and the helicity conservingfuction Cp

2 appears
to dominate over the the helicity conservingfuction Cp

3 and the the helicity non-conserving
fuctions Cp

1 and Cp
4 .

Predictions are alsoavailable for someof the spin oberservablesin 
 p ! � 0p. Assuming
the dominanceof Cp

2 ,

AP
LL = K P

LL '
s2 � u2

s2 + u2

R P
A

R P
V

(1 + � � P
T ) ; (6)

1 An improved parameterization has beendetermined from the nucleon form factors [10].
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FIG. 6: Predictions for ALL in � 0p photoproduction as a function of cos� for two beam energies
and two valuesof � � 0
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FIG. 7: Predictions for ALL in � 0p photoproduction asa function of cos� at 5 GeV. The calculations
use� � 0

T = 0:37.

with the equality of AP
LL and K P

LL comingfrom helicity conservation. The kinematic factors
in front represent polarization transfer to a quark. For real Compton scattering, the single
measuredpoint for K LL indicates that the remaining kinematic factors are closeto unity
[11] { RA =RV = 0.81 � 0.11{ for s = 6.9 GeV2 (E 
 = 3.5 GeV) and � t = 4 GeV2.

Several predictions for the helicity correlation K LL = ALL are shown in Figs. 6 and 7,
again taken from [8]. Figure 6 shows that under the assumption of C2 dominance, the
resulting polarization transfer hasonly small dependenceson the parameter � � 0

T and on the
beamenergy. Figure 7 shows that a wide variety of smooth behaviours can be accomodated
by the handbagmechanism, if oneallows contributions from both C2 and C3, but generally
oneexpects the longitudinal polarization transfer to be positive, and to vary smoothly with
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FIG. 8: The longitudinal - transversespin observable A LS for � 0 photoproduction. Curvesare the
sameas for Fig. 6.

angle.
The longitudinal - transversepolarization transfer, ALS = � K LS is alsopredicted in [8].

If CP
2 � CP

3 , they �nd

AP
LS '

s2 � u2

s2 + u2

R P
A

R P
V

�
� P

T � �
�

; (7)

which depends in the di�erence of two small terms, rather than one plus a small term.
The calculations are shown in Fig. 8. Although the only calculations shown assumeC2

dominance,it appearsreasonableto concludethat the handbagmechanismcan accomodate
a variety of results showing a smooth behavior, with K LS small and of either sign.

An important result is that the ratio of the polarization transfer components, given by

K P
LS

K P
LL

= �
AP

LS

AP
LL

= �
� P

T � �
1 + � � P

T

; (8)

is the samefor both � 0p photoproduction and from real Compton scattering. This result is
independent of C2 and C3. The calculationsof [8] indicate that the ratio is small. The RCS
experiment [11] �nds it to be 0.17 � 0.12 in their kinematics, 3.2 GeV and 120� .

From Eqs.6 and7, onecanseethat if the GPD formalismapplies,in each of our kinematic
points we can extract the form factor ratios R P

A =RP
V and R P

A =RP
V from the polarization

transfer observables. By simultaneouslymeasuringthe crosssections,we can determinethe
absolutemagnitudesof theseform factors.

While the existing data are at too low of an energyto be described by GPDs, aswe have
indicated above, an examination of Figs. 1, 2, and 3 might be interpreted optimisitically as
promising for the applicability of the GPD formalism at slightly higher energies.Thue, we
expect at high energiesthat Cx0 and py aresmall, while Cz0 is large,similar to the calculated
polarization transfer to a quark. To concludethis discussionof the handbag mechanism
and GPDs, we quote from [8]: At JLAB the observablesK LL and K LS have recently been
measured for � 0 photoproduction [1] in a kinematical rangehoweverin which the handbag



10

approachcannot be applied. Measurementsof theseobservablesat higherenergiesare needed.
These measuremen ts are the goal of this prop osal.

Resonances and dualit y

Inclusive (e;e0) hasbeenusedto investigatenucleonresonancesand duality, the averaging
of resonancesto the corresponding deep-inelasticscattering result, for many years;duality
has been found to work very well for crosssections. In the recent past, electromagnetic
studieshave turned to whether duality alsoholds for the spin-dependent crosssections,and
neutrino studiesare planned to investigatewhether duality holds for the weak interaction.

Theseideascan alsobe applied to exclusive reactions. It haslong beenknown that high-
energy mesonphotoproduction reactions exhibit a more or lesssmooth power-law depen-
dence2 that approximately followsthe constituent counting rules. Wenow better understand
that this behaviour cannot besimply interpreted asevidencefor perturbativequantum chro-
modunamics,as the GPD picture providessimilar predictions, with small scalingviolations
unobservable in the early data. Theseobservation, combined with the non-smooth behav-
ior that we observed in the recoil polarizations, make it tempting to speculate that highly
excited baryon resonances,in the hadronic picture, are averagingto a quark model behav-
ior, but only for the crosssections. Thus, there is a duality in the exclusive reaction cross
sections,but not in the spin observables. That is, while we might not know what is the
apprpriate quark model picture, we expect that it leadsto somesmooth energyand angle
dependence,as it lacks the interfering mechanismsthat generatestructures.

pQCD and helicit y conserv ation

It was for many yearsbelieved that pQCD led directly to hadron helicity conservation.
A more modern view, championed for many years by Ralston and colleagues[12], is that
orbital angular momentum is always important and helicity conservation will generallynot
be observed in reactions with hadrons. Our measuredneutral pion photoproduction data
[1] go well above 2 GeV, the nominal limit of the resonanceregion, but continue to exhibit
strong energy and angle dependences. Helicity conservation has a clear prediction: the
observablesCx0 and py must vanish. Helicity conservation doesnot constrain Cz0. The data
shown in Figs. 1, 2, and 3 clearly indicate non-vanishing, even large, polarizations for Cx0

and py. Thus it is clear that helicity conservation was not seen.
If helicity conservation wereto hold, what is expectedfor Cz0? There is a cleanprediction

for polarization transfer to a quark:

Cz0 =
s2 � u2

s2 + u2
(9)

The several estimatesmadewhich respect helicity conservation are basically similar to this
simple expression,though wave function e�ects tend to dilute the polarization.

2 There are someindications of possibleoscillations in the high energycrosssections,leading to the sugges-

tion that, as for the caseof pp elastic scattering, there exists a nonperturbativ e QCD processof similar

sizebut di�eren t phaseinterfering with the pQCD amplitude.
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Regge Theory

A Reggetheory model hasbeenformulated and applied to the world data for pseudoscalar
mesonphotoproduction above the resonanceregion [13]. Large � t crosssection data are
sparseand not very precise,but are reasonablywell represented asa sum of t and u channel
exchangesin the model. There are a number of polarization measurments over a range of
energies,but all at low � t, below about 1 GeV2, and forward angles. Thesedata are also
qualitativ ely reproduced. Naively extrapolating the Reggetheory polarization calculations
to higher � t, oneexpects polarization e�ects to smoothly vanish.

K + � 0 pro duction

There is a sharp contrast between the p� 0 photo-production data from Hall A and the
K + � 0 production data from Hall B [14, 15]. Hall B data on recoil spin observables in
K + � 0 electro-production and photo-production have exhibited a very simple behavior, but
one that is unrelated to any of the simple behaviors generally mentioned for pseudoscalar
mesonproduction. The spin of the � 0 is oriented approximately in the direction of the
photon spin. This behavior was observed over the entire measuredkinematic range. We
have subsequently re-examinedthe ~
 p ! � 0~p data to seeif this simplebehavior is exhibited
in that reaction; it is not. The structures seenin the data persist when converting from lab
frame to the \photon frame" [16].3

The K + � 0 data have been interpreted as possibly indicating that the production of a
quark-antiquark pair from the vacuum, in this casean ss pair, happens in a state with
S = 0. Alternate production reactions, such as pion photoproduction, can illuminate the
underlying physics. The observations in K + � 0 production might result from constraints
of the simpler spin structure of the � 0 wave function, as comparedto the nucleon wave
function. If the complicated behavior of the lower energy � 0p photo-production re
ects
important resonancee�ects, then it is necessaryto measureat higher energies,both to see
if the data exhibit smaller, perhapsvanishing, resonancee�ects, and to seewhether they
approach the samesimple behavior exhibited by the K + � 0 data.

Motiv ation Summary

There is at present a lack of understandingof the underlying physicsof multi-GeV pion
photoproduction. Our goal is to provide a detailed data set to allow the underlying physics
mechanism to be identi�ed, and so that we can get insight into the structure of the nucleon
at large W and � t.

The ideasdiscussedlead to several quite distinct possibilities for the high energyrecoil
proton polarizations. Weareoptimistic, basedon the hints of trendsin the lower energydata,
that the polarization observables will approach the predictions from the GPD formalism:
Cx0 will be small, but not vanishing,indicating helicity non-conservation, and Cz0 will re
ect

3 Note that the transformation is not simply a rotation by the scattering angle. Relativistic boost e�ects

lead to an additional spin precession.The angle betweenthe photon and the recoil baryon momentum is

di�eren t in the lab, c.m., and baryon rest frames.
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CAL

FIG. 9: The planned experimental con�guration. Seetext for details.

the calculated polarization transfer to a quark, re
ecting the importance of the handbag
mechanism. The inducedpolarization will alsobe small. Oncethis behaviour is established,
the polarization observablesand the crosssectionscan be used to extract the generalized
\ R" form factors from the data.

We can not guarantee that this behaviour will actually be observed. We have mentioned
above other possiblilites. There might be a continuation of the strong energy and angle
variations of the polarization observables, as observed at lower energies,indicating a con-
tinuation of important resonancecontributions. Or thesemight be other behaviors, such as
the proton spin might point in the photon spin direction

Our nearestsimilar experienceto thesemeasurements is the Hall A RCS measurements.
For these, the fall of the cross sectionswith energy generally agreeswith Radyushkin's
handbagpredictions, while the single recoil polarization point at 3 GeV is consistent with
Huang and Kroll's handbag predictions. We propose to measure� 0 photoproduction at
larger W and � t so that the momenta carried by each quark are similar. Thus we are
optimistic that the sameunderlying physicspicture alsoholds.

EXPERIMENT

Ov erview of Technique

An overview of the experimental setup is shown in Fig. 9. We usea 6% radiator to gen-
erate a mixed photon plus electronbeamthat strikesthe target. Protons exiting the target
are detectedin the HRS spectrometer,with the focal plane polarimeter (FPP) determining
their polarization. The coincident � 0 decays essentially immediately, and the two decay
photons are detectedin the BIGCAL calorimeter.

Our previous Hall A 
 p ! p� 0 experiment [1] also used the CEBAF electron beam
incident on a 6% copper radiator to produce an untagged Bremsstrahlung photon beam.
We detected singles protons in the hadron HRS, and used the FPP to determine their
polarization. The measurements were performed in the kinematically clean region, within
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TABLE I: Helicity amplitudes for pseudoscalarmesonphotoproduction.

Spin 
ip Non spin 
ip
(h not conserved) (h conserving)
D = h� 1

2 0jT j11
2 i S1 = h1

20jT j11
2 i

N = h1
20jT j1� 1

2 i S2 = h� 1
2 0jT j1� 1

2 i

� 100MeV of the photon endpoint 4.
The problemwith thesesinglesmeasurements is that asenergyand proton angleincrease,

the ep! epelasticscatteringbackground increasesrelativeto the desiredsignalandbecomes
harder to separate.To improve the situation, we now proposeto make useof the technique
employed by the Hall A RCS experiment [6]: we usea calorimeter to detect the coincident
photons. The RCS experiment also useda sweepingmagnet { not shown in Fig. 9, as we
do not plan to useit { to de
ect outgoing electrons,so that the 
 p ! 
 p channel could be
separatedfrom ep ! ep background channel. In addition, becauseboth outgoing particles
weredetected,the experiment could be run cleanly with kinematics for photonsat energies
several hundred MeV below the photon end point.

With the calorimeter closeenoughto the target, we can detect both of the two outgoing
photons from the � 0 ! 
 
 decay (99.8 % branching ratio). Although the decay photons
cover 4� in the laboratory, the boost concentrates the phasespaceso that we can capture
both decay photons with about 50 % e�ciency . The bene�ts of using the calorimeter and
measuringaway from the bremsstrahlungendpoint include increasedphoton 
ux and rates,
reducedbackgrounds,improveduncertainties for �xed beamtime, and the abilit y to run with
a rangeof electronenergies.Removing the dominant ep and 
 p backgroundsallows a clean
measurement of the pion photoproduction recoil proton polarization, while simultaneously
allowing us to identify a clean sample of ep elastic events to use to calibrate the proton
polarimeterand the photon calorimeter. Brief testsdoneduring the RCSexperiment indicate
that cleanmeasurements of the type proposedherecan be doneover a wide rangeof photon
energies,down to perhapshalf the beamenergy.

Previousmeasurements of � 0p photo-production havegenerallyusedeither singlesprotons
or the proton in coincidencewith onedecay photon. By measuringboth decay photons,we
will have the cleanestmeasurements possibleat the highest momentum transfers. This will
allow us to measureabsolutecrosssectionswith small uncertainties. It is important to recall
that our statistics are determined by the needto measuregood polarizations. This means
that typically we will obtain of order 1 million pion photproduction events. Becausewe
use the calorimeter, we will also be able to derive crosssectionsbasedon the calorimeter
geometry, using only a small fraction of the acceptance,determinedpurely from geometry.
This reducessystematicuncertainties. Thus, we can subdivide our data set into numerous
small bins with < 1 % statistics, for precisestudies of the variation of the crosssection
within each spectrometersetting.

4 The number given is approximate; the exact limit varied by about a factor of two and depends on the

energyand angle.
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TABLE I I: Observablesof this proposal.

Observable Formula

d� =dt N 2 + S2
1 + S2

2 + D 2

pyd� =dt 2= (S2N � � S1D � )
Cx0d� =dt � 2< (S2N � + S1D � )
Cz0d� =dt S2

2 � S2
1 � N 2 + D 2

Observ ables and Helicit y Amplitudes

In this section,we review the pseudoscalarmesonphotoproduction observables,and give
the helicity amplitudes for them. We also show the implications of various assumptions
about the amplitudes on the observables. We follow the notation of [17].

Pion photoproduction is described by four complexhelicity amplitudes. With oneoverall
phase,there areseven independent parameters.The four helicity amplitudesare labelledN ,
D, S1, and S2, referring to non
ip, double 
ip, and single 
ip of the total helicity between
initial and �nal states. The amplitudesh� p0� � 0 jT j� 
 � pi aregiven in Table I. Expressionsfor
the observablesthat we proposeto measureare given in Table I I. Note that the observables
K LL and K LS in the GPD predictions of [8] are the sameas the observablesCz0 and Cx0 in
the notation of [17].

The coordinate is chosenwith x, y, and z alignedaccordingto the initial state momenta,
and x0, y0, and z0 aligned accordingto the �nal state momenta. The out-of-reaction plane
coordinate unit vector is ŷ = ŷ0. In the initial state, ẑ is along the photon momentum,
and x̂ is in-plane and transverse to the photon momentum, so that x̂ � ŷ = ẑ. In the
�nal state c.m., ẑ0 is chosento be in the mesondirection. This is unnatural from the recoil
proton polarization point of view, and requiresa negative sign in the de�nition of Cz0 sothat
one obtains the intuitiv e behavior: positive Cz0 indicates a proton polarized parallel to its
momentum direction. Then x̂0 = ŷ0 � ẑ0. This unnatural choiceof c.m. coordinate system
(from the recoil proton polarization perspective) leadsto a variety of de�nitions of the recoil
lab system,and corresponding consistent transformations betweenthe two frames.

Hadronic helicity conservation requires that � p0 = � p, leading to N = D = 0. Thus,
the observablespy and Cx0 vanish. The remaining two observablesare su�cien t to uniquely
determinethe magnitudes,but not the relative phase,of the amplitudes S1 and S2, with S2

1
= d� =dt � (1 + Cz0), and S2

2 = d� =dt � (1 � Cz0).
If the amplitudes are real, as would be expected in a GPD model without explicit gluon

lines, then py vanishes,and the four amplitudes are constrainedby the three non-vanishing
observablesthat we measure.

Chiang and Tabakin [18] provided the de�nitiv e solution to the problem of uniquely
determining the amplitudes from limited setsof observables;they found that eight properly
chosenobservablescanuniquelydeterminethe reactionamplitudes. An additional important
point is that there is no new information in triple spin observables, as these are entirely
redundant with simplerdoublespin measurements. This proposalcannotuniquely determine
the amplitudes. Note that there are existing Hall B experiments that attempt to uniquely
determine the amplitudes for low energy� 0p and K + � 0 photo-production, using polarized
beamsand targets. The recoil polarization observablesthat we proposeto measurehereare
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TABLE I I I: Proposedkinematics. E 
 = 5 GeV, s = 10.3 GeV2, and W = 3.2 GeV.

cos� �
cm -0.4 -0.2 0.0 0.2 0.4 0.6

� �
cm (deg) 113.58101.54 90.0 78.46 66.4253.13

� �
lab (deg) 47.98 39.31 32.5426.82 21.6516.62

p�
lab (GeV) 1.80 2.26 2.72 3.17 3.63 4.09

� p
lab (deg) 19.44 23.76 28.3333.43 39.4647.13

pp
lab (GeV) 4.02 3.55 3.07 2.60 2.11 1.59

t (GeV2) -5.99 -5.13 -4.28 -3.42 -2.57 -1.71
u (GeV2) -2.49 -3.35 -4.21 -5.06 -5.92 -6.77
pT (GeV) 1.34 1.43 1.46 1.43 1.34 1.17

not measuredin the Hall B � 0p experiment, nor do theseHall B experiments include the
high energy, large anglekinematics.

Choice of Kinematics

Our goal of measuringwell above the resonanceregion, so that the handbagmechanism
and GPDs likely describe the underlying physics, requiresbeam energiesnear 5 GeV (W
� 3.2 GeV). As twe operate o� the Bremsstrahlung end point, the most likely scenario
is that we would use a 5-pass5+ GeV electron beam, and center the acceptanceof our
measurements for about 5 GeV photons. Due to the fast fall o� of the crosssectionswith
energy, we would not operate much above 5 GeV.

The lower energydata [1], near 3 GeV, indicate that the observablesmight vary rapidly
with scattering angle. In particular, one seesthat py at 2.5 GeV goesfrom near 1 to near
0 in 15� . Thus, we needto measureseveral angles,over a wide range of scattering angles,
to be surethat there is no �ne structure to our data. Experiencefrom the RCS experiment
suggeststhat anglechangesof the calorimeter can be accomplishedin about 2 hours, which
is only slightly longer than it takes to simply move the HRS spectrometer and cycle the
magnets.

At 5 GeV photon energy, the experimentally accessiblerangeof cos� �
cm � -0.42 ! 0.64

approximately coincideswith the range calculated by [8], cos� �
cm = -0.6 ! 0.6. Thus, to

largely cover the calculatedrange,to test the GPD prediction but with �ne enoughspacing
to look for high-frequencybehavior, we requestsix measurements, evenly spacedat cos� �

cm
= -0.4, -0.2,0.0,0.2,0.4,and 0.6. The kinematicsareshown in Table I I I. It canbeseenthat
the momentum transfersare large, well above 1 GeV2 in magnitude, for Mandelstamt and
u. The transversemomentum alsoexceeds1 GeV. The acceptanceof the HRS spectrometer,
� 1:5� , combined with the anglesselected,givesus nearly continuouscoverageof the angular
range, particularly for backward pion angles. Thesesettings can also be binned into �ner
settings (although with reducedstatistical precision) to check for high frequencybehavior,
rapid variation of the polarization observableswith angle,which can result from interfering
amplitudes.
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FIG. 10: The acceptancelimits of the measurements as determined from the HRS arm detecting
the proton.

HRS Coverage

In taking data for the experiment, a singleproton setting coversa rangeof incident photon
energiesand scattering angles. Using Table I I I along with the � 3� horizontal acceptance
of the spectrometer, it can be determined that the angle coverageis nearly continuous for
backward � 0 angles,decreasingto about 40 % coveragefor the forward � 0 angles.

The coverage in photon energy is lessclear, but it is typically several hundred MeV.
Fig. 10 shows the rangeof coverageof E 
 asa function of cos� �

cm . It can be seenthat asthe
pion angle increases,one has better coveragein photon energy, but lesscoveragein angle.
Note that theseare the acceptancelimits { the solid angleacceptancesmoothly goesto 0 at
the limits of the displayed regions.Also, note that for the forward pion anglesin particular
the acceptanceextendsabove the bremsstrahlungend point.

Calorimeter

During this experiment we plan to useonly two-photonevents in a calorimeter to identify
the outgoing � 0. A drawing of the BIGCAL calorimeter is shown in Fig. 11. The calorimeter
is being built by Halls A and C for several already approved experiments. It will initially
be usedin the Hall C Gp

E -I I I experiment; it is also planned to use it in the Hall C SANE
experiments and the Hall A RCS-II experiment, E03-003. The calorimeter technique has
alreadybeenusedin Hall A during the Gp

E -I I experiment [19]andduring the RCSexperiment
[6], which operated more similarly to the conditions of this proposal.

A sample � 0 background event from the RCS experiment is shown in Fig. 12. The
identi�cation of this event is con�rmed by the positions and energiesof the two clusters.
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FIG. 11: A plan drawing of the BIGCAL calorimeter, asit is being implemented for the Hall C Gp
E -

I I I experiment. The calorimeter face is approximately 1.2 m wide by 2.2 m tall. The calorimeter
contains 1744lead-glasscrystals.

A 1-GeV � 0 with decay photons in the c.m. at anglesof 60� and 120� gives two photons
with energiesof 750MeV and 250MeV in the lab, and an opening angleof 18� in the lab.
This leadsto a 1.3 m separationin the calorimeter betweenthe two energyclusters. The
energiesand spacingin the event display are consistent with thesenumbers, so we seethat
this is a � 0 decay event.

It is evident that this technique allows a clean identi�cation of the outgoing � 0, since
background hits in the calorimeter tend to have small energy. In the � 600 blocks of the
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FIG. 12: An event from the RCS experiment, showing two photons from a � 1 GeV � 0 decay plus
random background. The beam energy was 3.5 GeV. The calorimeter was 4 m from the target,
at a lab angle of 31� . Current was 3 � A incident on a 6 % radiator and a 15-cm long hydrogen
cryotarget.

RCS calorimeter, there are, besidesthe two clusters,about a dozenother hits with energies
of a few tens of MeV. The probability of such a hit in any block is around 2 %. As the low
energybackground is relatively isotropic, and as we measure� 0 with energiesranging from
about 2 to 4 GeV, it is clear that we can run with much higher luminositiesand still cleanly
seethe two-photon � 0 decay signal.

Using the calorimeter requires that it be calibrated. The calibration comes\for free"
during the experiment, through the useof elastic ep data that is contained within the HRS
spectrometeracceptance.Thesedata allow us to calibrate both the calorimetercentral angle
and the energy.

The calorimeter settings for the experiment are shown in Table IV. The angle range
determination includesthe e�ects of the �nite acceptanceof the HRS spectrometer,which
leadsto a rangeof pion anglesin and out of the reaction plane,alongwith the anglesof the
� 0 ! 
 
 decay. The opening angle for two photons at 90� c.m. decay angle givesa rough
idea of the angle range that is neededto be covered. A better indication requiresthat we
considerthe c.m. decay anglesof 60� and 120� , sincethis correspondsto cos� = -0.5 ! 0.5,
which is half of the decay phasespace. The 120� c.m. photon is at a larger lab angle,and
is used to determine the nominal photon angle range. The vertical and horizontal ranges
changewith angleat di�erent rates due to kinematic e�ects.

The apparent anglerangesneededare crudely equal in the horizontal and vertical direc-
tions, but the calorimeter has about twice the vertical acceptance.Our plan is to position
the calorimeter at an intermediate distance,so that we have accessto large decay anglesin
the vertical direction, to make up for a lossof acceptancein the horizontal direction. The
lossis not as large as it might seem.The vertical acceptenceis determinedby the reaction
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TABLE IV: Calorimeter settings. The angle rangesare those neededto capture a � c:m: = 120�

decay photon from a pion corresponding to a proton in the HRS acceptancefrom a 5 GeV � 50
MeV incident photon.

cos� �
cm -0.4 -0.2 0.0 0.2 0.4 0.6

� �
lab (deg) 47.98 39.3132.5426.8221.65 16.62

p�
lab (GeV) 1.80 2.26 2.72 3.17 3.63 4.09

� lab
 
 90 (deg) 8.58 6.84 5.68 4.88 4.26 3.78

o or angle range (deg � ) 12.5 10.3 8.8 7.8 7.1 6.4
vertical angle range (deg � ) 15.5 11.5 8.9 7.0 5.7 4.6
Distance for horizontal match (m) 2.70 3.30 3.87 4.38 4.82 5.35
Distance for vertical match (m) 3.97 5.41 7.02 8.96 11.02 13.67
Planned calorimeter distance (m) 3 4 5 6 7 8

plane and angle between the � 0 and the backward going decay photon. The horizontal
acceptencein contrast re
ects the rangeof kinematics acceptedby the HRS spectrometer.
The spectrometershave a complicated acceptancefunction for extended targets, but the
crucial feature is that the acceptancesmoothly goesto 0, as opposedto having a sharp cut
o�, at the limits of the horizontal angular acceptance.Thus, the fraction of events lost is
much smaller than the fraction of the horizontal acceptancethat is lost.

For the decay � 0 ! 
 
 , the fraction of the pion energycarried by the photon depends
mainly on the photon angle in the rest frame { it is nearly independent of the pion energy.
For the decay at 90� , the fractional energiesare 0.5, while for the 60-120� decay, the energy
fractions are 0.75-0.25. Thus, the 120� photon will have energiesranging from 0.45 - 1.0
GeV in the kinematics of this experiment. The expected resolution of the calorimeter is
about 6%=

p
E, with the photon energyE in GeV. This corresponds to energyresolutions

from 40 MeV at 0.45GeV to 100MeV at 3 GeV.
We useW =

p
2E 
 1 E 
 2 (1 � cos� 
 
 ) to reconstruct the � 0 invariant massfrom the two

photons. The massresolution is about 15 MeV, and is insensitive to the kinematics. Thus,
there is good rejection of background events containing two photons that are either random
or from the decay of a heavier meson. The invariant massof two random photons ranges
from about 0, for two minimally separatedclusters or low energy photons, up to W �p

2 � 4 � 4(1 � cos45) = 3.1 GeV, for two high-energyphotons in opposite cornersof the
calorimeter, at a distanceof 3 m. Thus the acceptanceis about 200times the resolution.

FPP

Weproposeto usethe now-standarddual-analyzerFPP in Hall A, to improve e�ciencies.
We have adopted this technique previously for the Gp

E -I I, RCS, and deuteronphotodisinte-
gration experiments. A sampleof dual analyzerdata is shown in Fig. 13. It is clear that the
two analyzersgive the sameazimuthal asymmetry shape - they are independent measure-
ments of the samepolarization. The bene�t of the dual analyzer is that it nearly doubles
the statistics of the experiments, at the cost of a few day installation period.

The FPP calibration will be checked by ep elastic scattering data, which is in the HRS
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FIG. 13: Azimuthal scattering angle distributions from the measurement of recoil polarization in
the p� 0 background to the RCS experiment.

acceptance.The uncertainty estimatesare basedon the e�ciencies and analyzing powers
that wehave determinedin previousexperiments. While thesevary with proton momentum,
for the high momenta of this experiment the dual analyzere�ciency is nearly 50 % and the
analyzing power is about 0.1. Our uncertainty estimatesalso include the e�ects of spin
precession,using the leading order dipole spin transport.

Backgrounds

There are several potential backgrounds in the experiment. Most are elimated by the
requirement of a coincidencebetween a high-energyproton in the HRS spectrometer and
two photons,each with energyof order E � =2, in the calorimeter.

Elastic ep protons are the highest momentum protons at each angle. We plan to make
useof this background both to calibrate the FPP and the calorimeter. Singlesevents near
the endpoint are dominated by ep elastic scattering; using a one-photon and calorimeter
position cut allowed the Gp

E -I I experiment to select� 99 % pure ep elastic scattering. For
the p� 0 photoproduction data, the ep background is elimated as there is a single cluster
in the calorimeter, with energyabout E �

5. The elastic radiative tail doesnot changethis

5 Recall that for thesehigh energies,there is little di�erence betweenthe kinematics of ep ! ep, 
 p ! 
 p,

and 
 p ! � 0p.
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TABLE V: Time request. Numbersgiven are for a 100MeV bin in incident photon energy, centered
at 5 GeV, covering the full spectrometer colid angle.

cos� �
cm -0.4 -0.2 0.0 0.2 0.4 0.6

d� =dt (nb/GeV 2) 0.5 0.5 0.5 0.6 1.0 2.1
rate (Hz) 3.5 2.5 2.1 2.0 2.2 3.0
Time requested(days) 5 4 4 4 3 2
� plab

y 0.03 0.06 0.22 0.07 0.03 0.02
� C lab

x0 0.04 0.05 0.05 0.05 0.03 0.03
� C lab

z0 0.15 0.07 0.05 0.06 0.11 0.08
spin boost mixing (deg) 19.5 23.8 28.4 33.5 39.6 47.3

conclusion.
Real Compton scattering is similarly rejected from the � 0 photoproduction data by the

single,high-energycluster in the calorimeter;While RCSevents look likeepelasticscattering
events, RCS event rates are much smaller.

Potential real physicsbackgroundswith multiple clustersin the calorimeterincludemulti-
ple pion production, andproduction of heavier mesons,such asthe � , which havetwo-photon,
or multi-pion, decay channels. Thesebackgroundsare highly suppressed.The two photons
from � decay have a larger opening angle,are not usually both detectedin the calorimeter,
and will not reconstruct to the pion invariant mass. Production of two neutral pions, each
of which decays into one forward and one backward going photon, could lead to a similar
signalasthe decay of oneneutral pion. However, oneimmediately seesthat the phasespace
for this background is small, and there is no reasonto expect that the crosssectionfor this
channel is ordersof magnitude above the crosssectionfor singlepion production.

The aluminum target walls alsogeneratebackgrounds. Thesebackgroundsaresuppressed
by three factors. First, there are about 10 times as many hydrogen atoms in the target
as there are nucleonsin the aluminum walls. Second,the target reconstruction from the
HRS proton data allows simple cuts that reduce the end cap contributions by about an
order of magnitude. Third, nuclear e�ects reducethe crosssectionthrough absorption and
rescatteringe�ects, and through Fermi momentum which changesthe kinematicscorrelations
by of order a hundred MeV/c, typically a few degrees.

Time Estimates

The time requestis shown in Table V; the total requestedtime is for 22 days. Our count
rate estimatesfor p(~
 ; ~p)� 0 start from measuredcrosssectionsof [20]. Sincethere are only
a few measurements at 5 GeV, we use the more extensive 4 GeV data scaleddown by a
factor of 4, which re
ects the approximate s� 7 fall o� of the crosssections. Sincewe are
extrapolating from measureddata, the estimatesare likely good to about a factor of two.

The few hours neededto changekinematic settings are inconsequential comparedto the
entire experiment, and to the uncertainty in the time estimate, so we do not adjust the
estimateby the time for the anglechanges.Also, the kinematic coverageof the proton arm
is such that the epelasticscatteringpeakis within the acceptance,and the ratesof epelastic
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scattering are small comparedto the DAQ systemcapability of about 3 kHz. Thus, there is
no needfor additional calibration time for either the FPP or the calorimeter.

The electron beam has 80 % polarization and 30 � A current, and the photon 
ux is
calculatedfor a 6 % radiator, with the incident beamenergyat 5.5 GeV. If the beamenergy
is lower (higher), the photon 
ux will be somewhatreduced(increased). We note that the
RCS experiment ran at 5.75GeV with a 15 � A beamcurrent, for the calorimeter at � lab =
20� and a calorimeter distance from the target of 18 m. Our most forward angle setting,
� 17� , is closeto the RCS setting mentioned above, but with twice the beam current, and
about half the calorimeterdistance,sothe singlesbackground ratesarehigher. The pedestal
width (noise)waskept below 5 MeV for each of the RCS settings. This is moreconservative
than neededfor the current experiment; Weshouldbeableto operateat the higher proposed
luminosities of the current experiment with the widths below 20 MeV, so that the singles
background rates in the calorimeter will not be a problem.

We plan to usea standard 15 cm (1.05g/cm2) liquid hydrogentarget. With a spectrom-
eter y-target acceptanceof 10 cm, the end capsare always seenin the HRS, except for the
cos� �

cm = 0.6 point, For a point target, the solid angle is about 6 msr; for the extended
target, the solid angleaveragesto about 4 msr. The calorimeter distanceto the target and
the calorimeter thresholdsthat we will set lead to a capture fraction of 50 % { that is, half
of the two-gammaneutral pion decays will be detectedand acceptedby the data acquisition
system.

Previous experiments have demonstratedthat systematicuncertainties on the polariza-
tion components are typically around 0.03 or so, so we set as a goal for the statistical
uncertainties about 0.04 { 0.05. It is desirableto have similar sizeuncertainties for each of
the points in the angular distribution. This is the casefor Cx0, but spin transport in some
kinematics increasesthe uncertainty of either py or Cz0 by factors of up to 3 { 4. Table V
shows a run plan in which times have been slightly adjusted, leading to uncertainties on
the favored spin component (and Cx0) that are slightly better than average,and the un-
certainties on the unfavored component that are only slightly worsethan average.Another
considerationis that the GPD predictions are in the c.m. system,while we measurein the
lab system. The spin rotation is not the sameas the momentum rotation, so there is a spin
precessionbetween the frames. The precessionangle is given in Table V. The precession
gradually increasesas we go to forward pion angles,at which the predicted polarization
transfersare smaller, so there is no big di�erence in the angular distribution shapes in the
two frames. At the smaller anglesthe two components are evenly mixed in going to the
c.m. frame, so we do not need to further equalizethe uncertainties at the forward pion
angles.Except for the backward pion angle,the c.m. uncertainties for the two spin transfer
components are in the range0.05{ 0.08.

We expect that during the run we will \�ne tune" the spectrometer central momentum
setting at the largest pion angle, to further even out the uncertainties of the favored and
unfavored spin components. The spectrometer central spin precessionangle in this setting
is 354� for the 4 GeV/ c proton, leadingto the increaseduncertainty on Cz0. Simply shifting
the momentum setting of the spectrometer down by 1 % should signi�cantly reduce the
uncertainty in Cz0, while keepingthe ep elastic scattering within the acceptance.
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COLLABORA TION, CONFLICTING EXPERIMENTS, AND SCHEDULING

The coreof the current collaboration consistsof individuals whohavebeendeeplyinvolved
in previousHall A photon experiments, and who are FPP experts.

There are no con
icting experiments. While there are numerousmesonphotoproduction
experiments that have beenperformed,or are awaiting beam time, at Je�erson Lab, none
of theseexperiments attempts the high-energymeasurements proposedhere.

The experiment requiresa \ma jor installation", of the photon calorimeter, in Hall A. It
would be bene�cial if it were scheduledto run along with the RCS-II experiment, E03-003,
which requiresthe sameequipment and wasapproved for 7 days of beamtime. The experi-
ment doesnot require the development of any major new equipment. The two experiments
will require a modi�ed support structure basefor BIGCAL, that correspondsto the 10 foot
beamline height in Hall A, vs. the 13 foot height in Hall C. Such a change was already
envisioned in the designof BIGCAL, as it is intended to be usedin both Halls A and C.
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