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Abstract

An experiment is proposedto measurethe components of the recoil proton
polarization in Real Compton Scattering (RCS) with longitudinally polarized in-
cident photons. Measurements are proposedat s= 9 (GeV/ c)2 for two valuesof
the � cm

p = 90� and 110� .
The recent JLab RCS experiment, E99-114, demonstrated the feasibility of

the experimental technique and produced a remarkable result. Namely, at s=
7 (GeV/ c)2 and � cm

p = 120� , the longitudinal polarization is in agreement with
the handbagdescription of the processin which the photons interact with a single
quark, but is completelyinconsistent with a pQCD mechanismwhich involvesthree
active quarks mediatedby two hard gluon exchanges.It is essential to have addi-
tional measuremen ts at higher photon energy over a broader kinematic
range in order to identify the factorization regimeand the reaction mechanism.

The experiment utilizes an untaggedbremsstrahlungphoton beamand the stan-
dard cryogenic target. The scattered photon is detected in the BigCal photon
spectrometer, recently constructed and used by the GEP-II I collaboration. The
coincident recoil proton is detectedin the Hall A magneticspectrometerHRS-L or
Hall C magneticspectrometerHMS, and its polarization components aremeasured
in the existing Focal Plane Polarimeters. With 508hours of beamtime in Hall A
and 70 hours of beam time in Hall C, each of the three polarization observables,
K LL , K LT , and PN , will be measuredto a statistical accuracy of � 0:1 at each
kinematic point.

Such a measurement would be of crucial importance for understanding of the
reactionmechanismfor this simplestprocessinvolving realphoton and it is essential
base for understanding of other photo-induced exclusive reactions in the JLab
energyrange.
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1 In tro duction

Compton scattering in the hard scattering limit is a powerful probe of the structure of
the nucleon. Compton scattering in WACS regimeprovides accessto the high t transverse
structure of the hadron while in DVCS regime it provides accessto the high Q2 low t
structure. It is a natural complement to other exclusive reactions, such as high Q2 elastic
electron scattering and high energymesonphoto-production. Two photon couplingsto the
hadron allows to accessthe structure information which is not available from DIS and elastic
electronscattering,at the sametime data on RCSprocesslikely moresuitablefor theoreticaly
analysisthen other photo reactions.

For RealCompton Scattering(RCS), the hard scaleis achievedwhens, � t, and � u areall
largecomparedto the proton mass,or equivalently, whenthe transversemomentum transfer
p? is large. Under such conditions one expects the transition amplitude to factorize into
the convolution of a perturbative hard scattering amplitude, which involves the coupling of
the external photons to the active quarks, with an overlap of initial and �nal soft (nonper-
turbativ e) wave functions, which describes the coupling of the active quarks to the proton.
Schematically this can be written

Tif (s; t) = 	 f 
 K (s; t) 
 	 i ; (1)

whereK (s; t) is the perturbative hard scattering amplitude, and the 	's are the soft wave
functions. Di�eren t factorization schemeshave been applied to RCS in recent years and
thesecan be distinguished by the number of active constituents participating in the hard
scatteringsubprocess.The handbagmechanism[1, 2, 3] involvesonly oneactive constituent,
while the perturbative QCD (pQCD) mechanism [4, 5, 6, 7, 8] involves three. In any given
kinematic regime,both mechanismswill contribute, in principle, to the scatteringamplitude.
At \su�cien tly high" energy, the pQCD mechanism is expected to dominate, but it is not
known how high is su�cien tly high or the manner in which the transition to the purely
pQCD mechanism emerges. Dualit y considerationswere applied to RCS process[9]. Di-
quark approach was alsosuccessfulin description of the WACS crosssection[10].

At relatively low energy(e.g., in the resonanceregion), RCSand other exclusive reactions
aredominatedby purely soft physics,and the amplitude doesnot factorizeinto hard and soft
processes.At high energybut small � t or � u, soft physics also dominatesthrough Regge
exchanges[11]. The nature of the transition from purely soft to the factorization regimeis
alsonot well known. Quite asidefrom the reaction mechanism, it is of interest to ask what
RCS can teach us about the nonperturbative structure of the proton and to relate it to that
revealedin other reactions.

With this backdrop, experiment E99-114[12] wasundertaken to study the RCS reaction.
The primary focus was the measurement of precisespin-averagedcrosssectionsover the
kinematic regime of 5 � s � 11 (GeV/ c)2 and 1:5 � � t � 6:5 (GeV/ c)2. In addition,
a measurement was made at a single kinematic point of the polarization transfer to the
recoil proton using longitudinally polarized incident photons. The latter measurement has
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produced a remarkable result [13], which is shown in Fig. 1 and which will be discussed
in more detail in the next section of this proposal. Namely, the longitudinal polarization
transfer is consistent with the handbag and Reggeexchange predictions and completely
inconsistent with predictions basedon pQCD. This givesvery strong credenceto the notion
that the photonsinteract with a singlequark. Indeed,the longitudinal polarization is nearly
as large as that expected for scattering from a free quark. However, we strongly emphasize
that this is a measurement at a single kinematic point, and that the factorization regime
might not have beenreached in this casesincethe corresponding value of u was only � 1:1
(GeV/ c)2. It is essential to verify and improve upon this result with measurements over
a broader kinematic range. It is also very important to perform measurements at higher
photon energy, so that the factorization condition that all kinematic Al variablesare much
larger than the proton massis unequivocally met.

It should be noted that the proposedmeasurement is part of a broader experimental
programinvolving RCSat JLab. Two further experiments havebeenapprovedfor beamtime
in Hall C, one of which is a complementary measurement of recoil polarization observables
at s = 9 (GeV/ c)2 and � cm

p = 70� using BigCal and the HMS [14], while the other involves
utilization of a polarized target in order to extract the beam-target double polarization
observablesALL and ALT [15] at a photon energyof E 
 = 4:3 GeV. Moreover, the 12 GeV
upgradewill open up an entirely new kinematic regimefor RCS crosssectionmeasurements,
a regime in which the contribution from factorization along pQCD lines should be much
more pronounced.

We proposenew measurements of polarization observablesin Compton scattering at an
incident energy of 4.3 GeV, or s=9 (GeV/c) 2, at scattering anglesof � cm

p = 90 and 110� .
The proposal is organizedas follows. In Section 2 we present our physics motivation and
summarize the physics goals of the proposed experiment. In Section 3 we describe the
experimental approach and both the standard and the specializedequipment. In subsequent
sections,we present our proposedmeasurements (Sec. 4), our expected results and beam
time request (Sec. 5), and the technical considerationsrelated to the equipment and the
experiment schedule(Sec.7). The proposal is summarizedin Section8.
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Figure 1: Longitudinal polarization transfer in the RCS processat an incident energy of 3.23 GeV [13]. The labels
on the curves are KN for the asymmetry in the hard subprocess; GPD, shown as a gray band, for the handbag
approach using GPD's [16]; CQM for the handbag approach using constituent quarks [17]; Reggefor a Reggeexchange
mechanism [18]; and COZ and ASY for pQCD calculations [7] using the asymptotic (ASY) or Chernyak-Ogloblin-
Zhitnitsky (COZ) distribution amplitudes.
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2 Ph ysics Motiv ation

2.1 Overview

In view of the remarksin the Introduction, we considerseveral interesting questionsthat
motivate us to explorefurther the measurement of polarization observablesin RCS at JLab:

1. Is it indeedtrue that the RCS reaction proceedsthrough the interaction of the photons
with a singlequark?

2. What information can be learnt about the structure of the proton from new measure-
ments of the polarization observablesand how is this structure related to that measured
in other exclusive reaction?

3. At what kinematic scaleis factorization into hard and soft processvalid?

In order to present a framework for addressingtheseissues,we next present discussions
of three reaction mechanisms: the handbag,pQCD, and Reggeexchangemechanisms.

2.2 Handbag Mec hanism in GPD-based Mo dels

The handbagmechanism o�ers new possibilities for the interpretation of hard exclusive
reactions. For example, it provides the framework for the interpretation of so-calleddeep
exclusive reactions,which are reactionsinitiated by a high-Q2 virtual photon. The applica-
tion of the formalism to RCS (seeFig. 2) was initially worked out to leadingorder (LO) by
Radyushkin [1] and subsequently by Diehl [2]. More recently next-to-leading-order(NLO)
contributions have beenworked out by Huang and Kroll [3]. The corresponding diagram for
elastic electron scattering is similar to Fig. 2, except that there is only oneexternal virtual
photon rather than two real photons. In the handbagapproach, the hard physicsis contained
in the scattering from a single active quark and is calculableusing pQCD and QED: it is
just Compton scattering from a structurelessspin-1/2 particle. The soft physicsis contained
in the wave function describinghow the active quark couplesto the proton. This coupling is
described in terms of GPD's. The GPD's have beenthe subject of intenseexperimental and
theoretical activit y in recent years[19, 20]. They represent \superstructures" of the proton,
from which are derived other measurablestructure functions, such as parton distribution
functions (PDF) and form factors. To NLO, only three of the four GPD's contribute to the
RCS process:H (x; � = 0; t), Ĥ (x; � = 0; t), and E(x; � = 0; t). Sincethe photons are both
real, the so-calledskewnessparameter� =0, re
ecting the fact that the momentum absorbed
by the struck quark is purely transverse. In the handbag formalism, the RCS observables
are new form factors of the proton that are x � 1-moments of the GPD's:

RV (t) =
X

a
e2

a

Z 1

� 1

dx
x

H a(x; 0; t);

RA (t) =
X

a
e2

a

Z 1

� 1

dx
x

sign(x) Ĥ a(x; 0; t);
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Figure 2: The handbag diagram for RCS.

RT (t) =
X

a
e2

a

Z 1

� 1

dx
x

E a(x; 0; t);

whereea is the charge of the active quark and the three form factors are, respectively, the
vector, axial vector, and tensor form factors. The corresponding form factors for elastic
electronor neutrino scattering are given by the x0-moments of the sameGPD's:

F1 (t) =
X

a
ea

Z 1

� 1
dx H a(x; 0; t);

GA (t) =
X

a

Z 1

� 1
dx sign(x) Ĥ a(x; 0; t);

F2 (t) =
X

a
ea

Z 1

� 1
dx E a(x; 0; t);

wherethe three quantities are, respectively, the Dirac, axial, and Pauli form factors. On the
other hand, the t = 0 limit of the GPD's producethe PDF's:

H a(x; 0; 0) = qa(x);

Ĥ a(x; 0; 0) = � qa(x)

E a(x; 0; 0) = 2
J a(x)

x
� qa(x); (2)

whereJ a is the total angular momentum of quark 
a vor a and is not directly measurablein
DIS.

In the handbagfactorization scheme,the RCS helicity amplitudes are related to the form
factors by
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M � 0+ ;� + (s; t) = 2� � em [T� 0+ ;� + (s; t)(RV (t) + RA (t)) + T� 0� ;� � (s; t)(RV (t) � RA (t))] ;

M � 0� ;� + (s; t) = 2� � em

p
� t
m

[T� 0+ ;� + (s; t) + T� 0� ;� � (s; t)] RT (t);

where�; � 0 denotethe helicity of the incomingand outgoingphotons,respectively. The signs
on M and T refer to the helicitiesof the proton and activequark, respectively. This structure
of the helicity amplitudes leadsto a simple interpretation of the RCS form factors: RV � RA

is the responseof the proton to the emissionand re-absorption of quarks with helicity in
the same/opposite direction of the proton helicity, and RT is directly related to the proton
helicity-
ip amplitude [3].

Theseequationsleadsto expressionsrelating RCS observablesto the form factors. The
most important of theseexperimentally are the spin-averagedcrosssection and the recoil
polarization observables. The spin-averagedcrosssectionfactorizesinto a simple product of
the Klein-Nishina (KN) crosssectiondescribingthe hard scattering from a singlequark and
a sum of form factors depending only on t [1, 2]:

d� =dt
d� KN =dt

= f V

�

R2
V

(t) +
� t

4m2
R2

T
(t)

�

+ (1 � f V )R2
A
(t) ; (3)

For the the interesting region of large p? , the kinematic factor f V is always close to 1.
Consequently the unpolarizedcrosssectionsare largely insensitive to RA , and the left-hand-
sideof Eq. 3 is nearly s-independent at �xed t. The recent calculationsto NLO, which take
into account both photon and proton helicity-
ip amplitudes, do not changethis prediction
in any appreciableway [3]. The polarization transfer observables,K LL and K LT , respectively,
are de�ned by

K LL

d�
dt

�
1
2

"
d� ("#)

dt
�

d� ("#)
dt

#

K LT

d�
dt

�
1
2

"
d� ("! )

dt
�

d� (#! )
dt

#

(4)

wherethe �rst arrow refersto the incident photon helicity and the secondto the recoil proton
helicity (" ) or transversepolarization (! ). The induced polarization of the recoil proton
normal to the scattering plane, PN , is de�ned by

PN

d�
dt

�
1
2

"
d� (" )

dt
�

d� (#)
dt

#

(5)

and is independent of the incident photon polarization. Here" and# denotethe component of
polarization up and down, respectively, with respect to the scatteringplane. With de�nitions
of two additional parameters

� =
2m
p

s

p
� t

p
s +

p
� u

� (t) =

p
� t

2m
RT (t)
RV (t)

; (6)
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the three polarization observables are approximately related to the form factors by the
expressions[2, 3]

K LL � K
KN

LL

RA (t)
RV (t)

1 � � � (t)
1 + � 2(t)

K LT

K LL

� � (t)
1 + � � � 1(t)
1 � � � (t)

PN � 0 ; (7)

whereK
KN

LL
is the longitudinal asymmetry for a structurelessDirac particle. Theseformulae

do not include small gluonic corrections,which are discussedin Ref. [3].
From the relationshipsconnectingRCS form factors to PDF's, Eq. 2, the ratio RA / RV is

related to � qa(x)=qs(x). For RCS, the e2
a-weighting of the quark 
a vors meansthat u quarks

will dominatethe reaction. Moreover, at moderate-to-high� t, the contributions to the form-
factor integral are concentrated at moderate-to-highx, wherethe valencequarks dominate.
Therefore,the K LL asymmetry hasdirect information on � u(x)=u(x) in the valenceregion.
Obtaining this kind of information is oneof the key justifying physicsgoalsfor a possible12
GeV upgradeof JLab.

From the correspondencebetween RCS and electron scattering form factors, there is
expectedto bea closerelationshipbetweenRT / RV and F2=F1 [3]. The JLab Gp

E experiments
[21, 22] have shown that F2=F1 falls as1=

p
� t rather than as1=t, the latter being predicted

by pQCD. It will be an important check on the theoretical interpretation of F2 =F1 to see
if RT / RV behaves in a similar way. In the current context, this meansthat the parameter
� (t), and thereforeK LT / K LL , would be nearly independent of t. We will investigate this in
the proposedexperiment, up to � t = 5 /(GeV/ c)2. The results from E99-114at � t = 4 are
consistent with RT / RV � (0.6� 0.3)F2=F1. Although the uncertainties are large, this result
suggeststhat RT / RV may fall more rapidly with � t than F2=F1. One of the goalsof the
proposedexperiment is to obtain better precisionon K LT .

Finally, we note that the quantit y PN is predicted to vanish to NLO, except for possible
gluonic contributions, which involve additional (unknown) soft form factors [3]. Thesecon-
tributions have beenestimated to contribute no more than about 0.03 to PN . An accurate
experimental determination of PN will behelpful in obtaining better estimatesof the gluonic
contributions to both K LL and K LT .

2.3 Handbag Mec hanism in a Relativistic Constituen t Quark Mo del

A di�erent formulation for RCS in the handbagapproach that varies signi�cantly from the
GPD formalism described above is that of Miller [17]. In his approach the handbag dia-
gram involves
 q scattering, asbefore,and proton wave functions obtained from relativistic
Constituent Quark Models (CQM). What distinguishes this approach from the both the
Leading Order GPD and pQCD models is the fact that theseproton wave functions explic-
itly include the in
uence of quark transversemomenta and con�gurations involving non-zero
quark orbital angular momentum. This naturally correspondsto violation of proton helicity
conservation. Indeed, non-conservation of proton helicity in this model has proved to be
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one of the key factors in its successfulaccount of electromagneticform factor data for the
proton [23, 24].

The calculationsfor RCS involve evaluating the handbagdiagramsof Fig. 2 in an impulse
approximation. The resultant reaction amplitude depends on proton wave functions ob-
tained from Poincar�e invariant calculationsinvolving constituent quark modelsin light-front
dynamics. Thesewave functions havepreviouslybeenconstrainedby proton electromagnetic
form factor data in the samekinematic regime [24]. Signi�cant contributions to the wave
functions from quark transversemomenta and orbital angularmomentum aredirect artifacts
of the relativistic nature of the calculations.

Reasonableagreement with RCS crosssectiondata hasbeenobtained with a slight mod-
i�cation of the constituent quark masses[17]. In the caseof the RCS spin observables, a
similar large value of K LL as for the GPD approach (seeFig.1), and a value for the trans-
versepolarization transfer of K LT = 0 have beenpredicted. Unlike in the GPD casegiven
above, wherePN is predictedto becloseto zero,the inducedproton polarization in the CQM
approach varies from a large positive value at forward scattering anglesto a large negative
value at backward angles.This is a direct consequenceof proton helicity 
ip, and therefore
of signi�cant contributions from stateswith non-zeroquark orbital angular momentum, and
is justi�cation for further measurements of PN in this kinematic regime.

2.4 pQCD Mec hanism

The traditional framework for the interpretation of hard exclusive reactions has been
perturbative QCD (pQCD) [25]. This is basedin part on the observation that the onset
of scaling in DeepInelastic Scattering (DIS) occursat the relatively low scaleof Q2 � 1{2
(GeV/c) 2, thereby giving rise to expectations that pQCD might also be applicable to the
exclusive processesin the rangeof a few(GeV/ c)2. The pQCD approach to RCS[4, 5, 6, 7, 8]
is shown in Fig. 3, where it is seenthat the three valencequarks are active participants in
the hard subprocess,which is mediatedby the exchangeof two hard gluons. The soft physics
is contained in the so-calledvalencequark distribution amplitudes. The pQCD mechanism
leadsnaturally to the so-calledconstituent counting rules for exclusive processes:

d�
dt

=
f (� cm)

sn
; (8)

wheren is related to the number of active constituents in the reaction [26, 27]. Indeed, the
observation that many exclusive reactions,such aselasticelectronscattering,pion photopro-
duction, and RCS, approximately obey Eq.8 hasled to the belief that the pQCD mechanism
dominates at experimentally accessibleenergies. There seemsto be little theoretical dis-
agreement that the pQCD mechanism dominatesat su�cien tly high energies[28]; however,
there is no consensuson how high is \su�cien tly high." Indeed,despitethe observed scaling,
absolutecrosssectionscalculated using the pQCD framework are very often low compared
to existing experimental data, sometimesby more than an order of magnitude. Moreover,
several recent JLab experiments that measurepolarization observables also disagreewith
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the predictions of pQCD. In the Gp
E experiment [21, 22] the slow fallo� of the Pauli form

factor F2(Q2) up to Q2 of 5.5 (GeV/ c)2 provides direct evidencethat hadron helicity is not
conserved, contrary to predictions of pQCD. Similar �ndings were made in the � 0 photo-
production experiment [29], whereboth the non-zerotransverseand normal components of
polarization of the recoil proton are indicative of hadron helicity-
ip, which is againcontrary
to the predictions of pQCD. Finally, in the recently completedRCS experiment, E99-114,
the preliminary analysisof the longitudinal polarization transfer K LL (which will be de�ned
preciselybelow) shows a value which is large and positive, contrary to the pQCD prediction
which is negative. Moreover, the E99-114data are consistent with a scaling factor n � 8
rather than the value n = 6, which is expected from pQCD and was consistent with earlier,
lessprecisedata [30] (seeFig. 4).

q

P

+    ...    +   ....  336  

q'

P'

Figure 3: Two gluon exchange pQCD diagram (plus 336 similar con�gurations) for RCS.

A recalculation of the pQCD mechanism and reassessment in light of the E99-114data
hasrecently beencompletedby Thompsonet al. [8]. It is arguedin this work that K LL should
be measuredin a regimewherethe kinematical variablesare all signi�cantly larger than the
proton massscale,which wasnot the casein E99-114.They further arguethat the observed
decreasein the scaledcrosssection as s increasesis consistent with a view that the onset
of an asymptotic regimewill soon be accessible.Moreover, somecommonality betweenthe
pQCD and handbagmechanismshas been indicated, with the suggestionthat inclusion of
higher twist e�ects will introducethe necessaryproton helicity 
ip contributions in order to
better account for available data.

2.5 Regge Exchange Mec hanism

When s, � t, and � u are not su�cien tly large, then the factorization into hard and
soft processmay not apply, in which caseneither the pQCD nor the handbag approach
is valid. An alternative approach has beenproposedby Laget [11] basedon Vector Meson
Dominance(VMD). In the VMD approach, the photon 
uctuates into a vector meson,which
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JLab
Cornell
Radyushkin(98)

n=6 two gluon exchange

)
cmq

n( pQCD

Figure 4: Scaling of the RCS crosssections at �xed � cm . The open and closedcircles are from E99-114. The squares
are from the Cornell experiment [30]. The data from E99-114 are consistent with an angle-independent value of
n = 8, which is inconsistent with the pQCD prediction and the constituent counting rule. The curve is a prediction
from Radyushkin basedon the handbag model [1].

then interacts with the target via t-channelexchangeof mesons(which dominatesat low t or
forward angles)or u-channel exchangeof baryons (which dominatesat low u or backward
angles). The open question is how high t or u must be in order that the VMD mechanism
becomessmall compared to the handbag mechanism. The VMD model has had recent
successeseven at moderately large t. For examplethe VMD model is able to �t the observed
low value of the Gp

E form factor [22] at -t = 5.6 (GeV/ c)2 [31].
Realand Virtual Compton Scatteringwerestudied in a model basedon Reggetra jectories

and two-gluon exchange by F. Cano and J.-M. Laget [11]. The parametersof the model
were \tuned" by �tting data from vector mesonphotoproduction [32, 33], giving rise to
predictions for the crosssection and spin observables in RCS involving only a single free
parameter, the radiative decay constant of the � meson. Given the closeagreement over
much of the kinematic range between the handbag and VMD predictions, they point out
that at presently accessiblemomentum transfer, the contribution to RCS from the hadronic
component of the photon is not negligible (seereview [34]). Predictions for K LL , K LT and
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Figure 5: Reggeexchange mechanism predictions for RCS polarization observables [11]. The red lines include con-
tributions from u-channel baryon exchange, the green lines do not. A LL = K LL and A LT = K LT for these predictions.

PN areshown in Fig. 5. The predicted longitudinal polarization transfer K LL is positive, close
to the prediction of the handbagapproach at � cm

p below 140� , and closeto the result from
E99-114. The dominant contribution to K LL in this angular rangecomesfrom interference
terms between� -exchangeand � -exchange. However, it strongly deviatesfrom the handbag
prediction at larger angles,where the u-channel exchange of baryons becomesdominant.
Both K LT and PN are predicted to be small but positive for both of the proposedkinematic
points.

2.6 Additional Remarks

It is important to realizethat the issuesposedat the start of this sectionare not limited
to the RCS reaction. Indeed, they are questionsthat need to be addressedby all studies
of the proton using exclusive reactionsin the hard scattering regime. The old paradigm for
addressingthesequestionswas the pQCD mechanism and the distribution amplitudes. It is
quite feasiblethat the new paradigm could be the handbagmechanism and GPD's. In any
case,the reaction mechanism needsto be tested, not only over a wide range of kinematic
variables but also over a wide range of di�erent reactions. Of these, RCS o�ers the best
possibility to test the mechanism free of complicationsfrom additional hadrons.

It is also important to realize that any evidencefor non-zeroK LT and PN is evidence
for hadron helicity 
ip. Such evidencehas already beenseenin the Gp

E / Gp
M experiment,

as discussedabove. Independent of whether the handbagformalism is the correct one, it is
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quite likely that there is a very closerelationship between K LT / K LL and F2=F1, and it is
important to learn more about the nature of that relationship.

2.7 Summary of Ph ysics Goals

Weproposemeasurements of the spin observablesK LL , K LT , andPN at an incident photon
energyof 4.3 GeV (s=8.95 (GeV/ c)2) at two di�erent scattering anglescorresponding to � t
valuesof 3.64and 4.88(GeV/ c)2. The speci�c physicsgoalsare as follows:

1. Provide a stringent test of the notion that the RCSreactionproceedsvia the interaction
of the photons with a singlequark.

2. Measurethe ratio K LT / K LL and comparewith the corresponding valuesof F2=F1 de-
termined from elastic electronscattering in order to identify the role of hadron helicity

ip in this reaction.

3. MeasurePN in order to aid in the further development of the theoretical framework.

The overall statistical precisionwith which we will addressthesephysics goalswill be dis-
cussedin Sec.5.
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3 Exp erimen tal Setup

The proposedexperiment will study the scattering of polarized photons from a liquid
hydrogen target, illustrated in Fig. 6. The scatteredphoton will be detectedin the BigCal
calorimeter installed at a distance to match the acceptanceof the HRS-left, which will be
usedto detect the recoiling proton.
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Figure 6: The experimental setup.

3.1 The CEBAF Polarized Beam

Basedon our experiencewith E99-114,we assumean incident electronbeamof intensity
up to 80 � A in Hall A and with 80% polarization. Such currents and polarizations have
already beendeliveredover long periods of time using the strained GaAs sourceat Je�erson
Lab. The beam polarization will be measuredto a systematic uncertainty of 3% with the
M�ller polarimeter. The large crosssectionand helicity asymmetry for � � photoproduction,
asdeterminedfrom E99-114,will allow for a continuouscheck of the product of the electron
beam polarization and FPP analysing power during data taking at �xed kinematic condi-
tions. Continuousmonitoring of the beampolarization can alsobe doneusing the Compton
polarimeter.

3.2 The Liquid Hydrogen Target and the Radiator

The experiment will utilize the standard Hall A liquid hydrogen (LH2) target with a
15-cm long machined cell, which was successfullyemployed in many experiments in JLab.
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The radiator will be mounted on the cell block about 4 inchesupstreamof the cell entrance
window. The short distance between the target and radiator helps to avoid background
producedfrom Al walls of the target.

3.3 The De
ection Magnet

It was shown in the E99-114experiment that the de
ection magnet provides su�cien t
separationof electronand photon elasticscatteringevents (seeFig. 7). The magnetobviates
the need for a veto detector, which in turn allows us to utilize at least ten times higher
photon intensity. The de
ection magnet for the proposedexperiment will be the BigBite
magnet which, becauseof a larger �eld integral, will o�er even better separationthan the
oneconstructedfor and usedin E99-114(seeFig. 8).

 X [cm]D
-80 -60 -40 -20 0 20 40 60 80
0

100

200

300

400

500

Delta X coordinate in calo.

Figure 7: Experimental data from E99-114at the kinematics E = 4:3GeV and � lab

 = 57o showing the event distribu-

tion in the horizontal plane. The peak at coordinate �X = 0 corresponds to the RCS events. The peak at �X = -18
cm corresponds to the elastic electron scattering, which is o�set from the RCS peak due to the de
ection magnet.

3.4 The Photon Calorimeter

We have participated in the construction and installation of the BigCal calorimeter for
the GEP-II I experiment in Hall C [35]. This calorimeter consistsof 1750lead glassblocks
of type TF-1. There are 32 columnsand 56 rows of blocks. Figure 20 shows the front and
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Target 

BigBite magnet

kin 1 (34.9 degree)

kin 2 (48.3 degree)

Beam line with shielding

Figure 8: Layout of the de
ection magnet (BigBite is shown at angle 30o as it will be usedduring experiment E06-010.
The red lines indicate orientations of the magnet midplane for proposedkinematics P2 and P3.

top view of the calorimeter and support structure and the front end electronics. It can be
moved into the hall without disconnectingthe calorimeter from the front end electronics.

The position of the photon arm will be adjusted for each kinematics to match the HRS.
As wassuccessfullyrealizedin E99-114,the movement of the calorimeterwill be achieved by
using the overheadcraneand manual pulling of the cabletrain. Lessthan two hours (beam
o� to beamon) was usedin a typical accessinto the hall for movement of the calorimeter.

3.5 The Data Analysis Pro cedure

We describe below the simpli�ed version of the analysisprocedure. The correlation be-
tweenexpectedand observed positions of the photon on the front faceof calorimeter is the
primary parameter usedin analysisof the RCS experiment. The expected photon position
is calculated from the measuredvalue of the proton momentum, its direction and position
at the target. An exampleof such kinematical correlation from E99-114is shown in Fig. 9.
Three typesof events are present: RCS events, which are concentrated at the center �X =
�Y = 0; the photopion events, which have wider distribution in both directions �X and
�Y; and the electron scattering events, which are peaked at �X = - 22 cm, �Y = 0. The
events in the region of � 2� around the Compton peak are called the correlatedevents. and
the number of events is Ncorr . The pion event samplecanbe madewith events locatedabove
� Y = 2� y and below the � Y = � 2� y or with events which have � X > 2� x . Figure 10shows
the � Y-distribution for events with � 2� x < � X < 2� x when the shape of pion sampleis
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Figure 9: Experimental data from E99-114 at the kinematics E = 3:23GeV and � cm
p =98 o showing the event distri-

bution in the � X � � Y plane.
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taken from � X > 2� x .
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pie
Nent = 13671  
Mean  = -1.228
RMS   =  21.06
Chi2 / ndf = 46.93 / 46

 1.605 ±p0       = 150.2 
     0 ±p1       = 0.4216 
     0 ±p2       = 0.0639 
 0.001726 ±p3       = -0.0798 

 1.414 ±p4       =     0 
 1.414 ±p5       =     0 

 58.35 ±p6       =  1250 
     0 ±p7       = -1.102 

 0.1349 ±p8       = 2.664 

RCS spectrum: DeltaX (-3:8) pie
Nent = 13671  
Mean  = -1.228
RMS   =  21.06
Chi2 / ndf = 46.93 / 46

 1.605 ±p0       = 150.2 
     0 ±p1       = 0.4216 
     0 ±p2       = 0.0639 
 0.001726 ±p3       = -0.0798 

 1.414 ±p4       =     0 
 1.414 ±p5       =     0 

 58.35 ±p6       =  1250 
     0 ±p7       = -1.102 

 0.1349 ±p8       = 2.664 

Figure 10: Experimental data from E99-114 at the kinematics E = 3:23GeV and � cm
p =98 o showing the event

distribution in � Y for the cut � 3 < � X < 8.

3.6 The Focal Plane Polarimeter

The polarization of the recoil proton is measuredin the focal plane polarimeter (FPP).
Figure 11 shows layout of the FPP with two analyzers, as used in E99-114. Figure 12
shows the notation of the components of the proton polarization at the target. They are Pl

(longitudinal), Pt (tranvserse,in the reaction plane), and Pn (normal to the reaction plane).
The �rst two are dependent on the beam helicity, whereasthe last is independent. The
polarization at the FPP can be found in �rst approximation (assumingthat the HRS is a
simple dipole) from expressions

P f pp
t = Pt ; P f pp

l = Pl � cos� � Pn � sin�
and P f pp

n = Pl � sin� + Pn � cos�

where� is the spin precessionanglerelative to the direction of the momentum given by
� = 86� � Ep (GeV) [� bend=45� ] . For example,for a proton with momentum 3.0GeV/ c the

averageprecessionangle in the HRS is 270� , so the longitudinal component of the proton
polarization alonede�nes the valueof the P f pp

n . The P f pp
n hasa helicity dependent part P f pp

n;h
related to Pl and a helicity independent onerelated to Pn .

Figure 13 demonstratesthe principles of operation of the FPP. The method is basedon
the scatteringof the proton from the analyzermaterial. The number of protonswhich scatter
from the analyzercan be expressedasa function of their polar and azimuthal angles,� and
� , respectively, as
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Figure 11: The structure of the detector package in the HRS with the focal plane polarimeter. The vertical drift
chamber (VDC), the front drift chambers and back drift chambers are used in FPP tracking analysis. The aerogel
Cherenkov counter is used for pion rejection.

N (�; � ) = Np(� )
h
1 + h � Ay(� ) � (P f pp

t � sin� � P f pp
n;h � cos� ) + Ay(� ) � (P f pp

n � P f pp
n;h ) cos�

i

where h = � is the sign of the beam helicity; Ay(� ) is the analyzing power, which is an
empirical function of � , the proton momentum, and structure of the analyzer material;
and the N h

p is the total number of protons incident on the polarimeter. The FPP allows
a determination of the two components of the polarization perpendicular to the proton
momentum in the focal plane - P f pp

t and P f pp
n . Sincethe normal component of the proton

polarization Pn is helicity-independent, all three polarization components at the target can
be determinedas

Pn = (P f pp
n � P f pp

n;h )=cos�; Pl = P f pp
n;h =sin�; Pt = P f pp

t

3.6.1 Figure-of-Merit of the Focal Plane Polarimeter

The statistical accuracyof the polarization measurement � P is expressedas

� P =
r

2=
h
�A 2

y � (N +
p + N �

p )
i

;

where� (the FPP e�ciency) is the fraction of incident protons with scatteringangle� in the
range of large analyzing power; Ay is the averageanalyzing power over the samerange of

22



Z

l

Target

Proton
momentum

P

Pn

XY

PtBeam 

Figure 12: The de�nition of the polarization components at the target.
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Figure 13: The operation of the Focal Plane Polarimeter.

23



scattering angles;and N �
p is the number of incident protons for each photon helicity. The

Figure-of-Merit (FOM), �A 2
y , as well as total events (N +

p + N �
p ), determine the statistical

accuracy of the asymmetry measurement. The analyzing power depends on the proton
momentum and polarimeter structure (seefor examplereference[36]). It is a function of the
transversecomponent of the proton momentum after the scattering ptr ans = pp sin� . The
two most commonmaterials usedas an analyzerare Carbon and Polyethylene (CH2). The
FOM for CH2 is 1.25 larger than that of Carbon [37]. Moreover the maximum Ay is always
located at ptr ans � 0:30 GeV/ c. For optimized thicknessof the analyzer, the value of the
maximum was described by Ay = 0:40=pp (GeV/ c) for CH2 analyzer [37].

According to the analysisof the double-analyzerFPP con�guration usedin E99-114,the
total FOM wasthe sumof 0.0013for the CH2 (thickness= 44cm) and 0.0006for the Carbon
analyzer(thickness= 60cm) at pp = 3.0GeV/ c. Theseconsiderationsleadto the total FOM
of 0.020/p2

p (GeV/ c)2 for two CH2 analyzers,which we useherefor estimatesof the required
statistics and beamtime.

3.6.2 Calibration of the Proton Polarization

Becausethe analyzingpower is quite sensitive to the polarimeter structure, the practical
way to determine the analyzing power is a calibration of the FPP using the recoil protons
from elastic scattering of the polarized electrons. Calibrations allow a measureof both
the analyzing power and the instrumental asymmetry. In elastic electron scattering the
polarization of the recoilproton at the target canbecalculatedfrom the following expressions
[38, 39]:

Pt;ep = �
2
p

� (1+ � ) tan �
2

g2 + � � � 1 � g and Pl ;ep =
2
p

� (1+ � ) tan �
2

g2 + � � � 1 � (E i + E f )tan �
2

2M p

where M p is the proton mass, E i (f ) is the initial (�nal) electron energy, g = Gp
E =Gp

M

is the ratio of the proton form factors, � = Q2=4M 2
p with � Q2 = 4E i E f sin2 �

2 , and
� � 1 = 1 + 2(1+ � ) tan2 �

2. The valuesof Pt;ep and Pl ;ep determine the P f pp
t;ep and P f pp

n;ep used
for the calibration process. The beamtime required for FPP calibration with 5% accuracy
was between2 and 10%of that RCS data-taking time.

3.6.3 Analysis of the Helicit y Asymmetry in E99-114

E99-114collecteddata with polarizedphotonsfor the averagephoton energyof 3.23GeV
and � cm

p =122� . Figure 14 shows the helicity asymmetry Ah observed in the distribution of
recoil protons vs. azimuthal anglein the FPP for elasticelectronscattering from the proton.
Ah was calculatedas

Ah(� ) = 1
2

�
N + (� )

N +
p

� N � (� )
N �

p

�

;

whereN � (� ) is an integral of N � (�; � ) over the range� = 3� � 20� . The observedasymmetries
for both analyzersare about 0.053. Theseresults were usedfor calibration of the FPP.
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Figure 14: Beam helicit y asymmetry for elastic electron scattering from proton.

Figure 15 shows the helicity asymmetry for the � � photoproduction. Figure 16 shows the
asymmetry for the kinematically correlated events, whereRCS and � � events are mixed in
ratio of 1:2. The asymmetriesobtained from the above analysisare Aep, A � � , and Acorr (we
droped helicity index h in expressionshereand below). Each of them has two components,
A t and An , denotedon the plots as P0 and P1, respectively.

The asymmetry for RCS events is determinedfrom the following:

ARC S = Acorr � D � A � � � (D � 1)

whereD is a dilution factor de�ned as (N 
 ;� � + N 
 ;
 )=N 
 ;
 for the kinematically correlated
photon-proton events. Becauseof the largenumber of � � events, A � � is very well determined
so that the accuracyof ARC S is determinedby the statistical precisionof Acorr :

� ARC S = D �
q

2=Ncorr

The Pt and Pn components of the proton polarization at the FPP for RCS are expressedas
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Figure 15: Beam helicit y asymmetry for the � � photoproduction from proton.

P f pp
t;RC S

= P f pp
t;ep � [P0corr � D � P0� � � (D � 1)]=P0ep

P f pp
n;RC S

= P f pp
t;ep � [P1corr � D � P1� � � (D � 1)]=P0ep :

In the last formula we used the P0 component of the asymmetry and P f pp
t;ep becauseit is

better determinedthan P1 for the kinematicsof our experiment. Theseformulas determine
the magnitude and direction of the proton spin at the FPP in the proton rest frame relative
to the direction of the proton momentum in the lab frame.

The preliminary resultsof E99-114(averagedfrom both analyzersandnormalizedto 100%
photon polarization) are

Pl ;RC S = 0:75� 0:11 Pt;RC S = � 0:10� 0:10

3.6.4 Transformation to the CM Frame

The FPP is calibrated basedon the polarization of the proton from elastic electronscat-
tering, whosecomponents werecalculatedrelative to the direction of the proton momentum
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Figure 16: Beam helicit y asymmetry for kinematically correlated photon-proton events.

in the lab frame. Thereforethe results for RCS are found alsorelative to the direction of the
the proton momentum in the lab frame. The calculations of RCS polarization observables
donein the photon-proton cm frame, sothe observed experimental proton polarization need
to be transferedalso to photon-proton cm frame.

The transformation from lab to cm frame can be represented as a rotation of the polar-
ization vector by angle � . The magnitude of the proton polarization is unchangedin the
transformation, but the valuesof the l and t components are changedas follows:

P cm
l ;RC S

= P lab
l ;RC S

� cos� � P lab
t;RC S

� sin�
P cm

t;RC S
= P lab

l ;RC S
� sin� + P lab

t;RC S
� cos�

For the kinematics of E99-114polarization measurements, � = 20� which leadsto polar-
ization transfer parametersK LL = 0:74� 0:11; K LT = 0:16� 0:11.
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4 Prop osed Measuremen ts

A longitudinally polarizedelectronbeamof energy4.8 GeV with current of 80 � A will be
usedfor both kinematic points. The Cu radiator with thicknessof 1.3 mm (10% radiation
length) will be installed 4 inchesupstreamof the 15cm-longliquid hydrogentarget. Photons
of averageenergy89% of the electron beam energywill be used. For such bremsstrahlung
photons, the circular polarization is almost equal polarization of the electrons. The recoil
proton will be detected in the HRS-left magnetic spectrometer. The scatteredphoton will
be detectedin the largecalorimeterBigCal. The components of the polarization of the recoil
proton will be measuredin the focal plane polarimeter (FPP).

All featuresof the experimental technique were usedin E99-114. The larger sizeof the
BigCal calorimeter will allow the experiment to be donewith a larger distancebetweenthe
target and the calorimeterand consequently a larger luminosity by a factor of 2.5 to be used
with the sameradiation load per lead-glassmodule. Analysis of the trigger rate and signal
amplitude 
uctuation due to high rate e�ect in E99-114data show that load per block could
be doubled with no lossof performancefor RCS events.

4.1 The Kinematics

The central momentum of the proton spectrometerwill correspond to the elasticscattering
of the photon (or electron) with initial energy4.3 GeV (about 11%below the beamenergy).
The overlap of the acceptancesof the photon and proton arms will be donethe sameway as
in E99-114,with the photon arm having the de�ning angular acceptance.Figure 17 shows
the simulation of the incident photon spectra folded with the combined acceptancesof the
two arms. The e�ective photon energyrange,which we are going to usein analysis,de�ned
alsoby the acceptanceoverlap, is approximately 0.4 GeV or 10%of incident photon energy.
The proposedmeasurements are presented in Table 1, where� is the spin rotation anglefor
transformation from the laboratory to cm frame.

kin. t, u, � lab

 , � cm

p , � lab
p , E lab


 , pp precession sin� � ,
P# (GeV/ c)2 (GeV/ c)2 degree degree degree GeV GeV/ c � , degree degree
P1 -3.64 3.55 34.9 90 30 2.36 2.72 247 -0.92 29.7
P2 -4.88 2.31 48.3 110 22 1.70 3.41 304 -0.83 21.9

Table 1: The kinematics parameters of the proposedmeasurements at s = 8.95 (GeV/ c)2 .

4.2 Exp ected Rates

In E99-114unpolarizeddata werecollectedfor the averagephoton energyof 4.3 GeV and
� cm

p in range70� � 110� . Table 3 presents the crosssectionof RCS processat photon energy
of 4.3 GeV. The event rates are the products of the luminosity, the crosssection, and the
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Figure 17: The simulated photon spectra for the proposed kinematics P1, P2 (from the top to the bottom). The
photon spectra in coincidencewith the proton are shown by dashed area.

acceptancesof the detectors,as well all other factors such as DAQ dead time, e�ciency of
the trigger and the detectors,e�ciency of the reconstruction analysis. The rate, NRC S was
calculatedas:

NRC S = d�
dt RC S

(E f

 )2

� �
 
 f 
 p( � E f



E f



t r ad
X o

)L ep

where d�
dt RC S

is the RCS crosssection(seeTable 2); the factor (E f

 )2

� �
 
 is the rangeof � t
for the given kinematics,expressedthrough the energyof the scatteredphoton and the solid
angle of the photon detector; f 
 p = 0:4 � 0:7 is the fraction of events detected for given

rangeof photon energyE f

 ; ( � E f




E f



t r ad
X o

) = 0:4=4:3� 0:13 is the number of photonsper incident

electron, including the photonsproducedin the target and virtual photons;L ep = 2:9 � 1038

cm� 2sec� 1 is the electron-protonluminosity for 80 � A beam. The simulated photon spectra
for the proposedkinematics is shown in Figure 17.

The Table 2 also shows the dilution factor D de�ned as (N 
 ;� � + N 
 ;
 )=N 
 ;
 for the
kinematically correlated photon-proton events and the f 
 p, the phasespacefactor for the
proton arm. The observed calorimeter rate was usedto chooseexperiment luminosity. The
observed crosssectionwasusedfor an estimateof the rates in the proposedexperiment. We
extrapolate the crosssection linearly betweendata points inside the angular region of E99-
114. Table 3 presents main parametersof kinematicsand the expectedRCS events rates for
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kin. � lab

 -t, � cm

p , D Ftr ig ger d� =dt
4# degree (GeV/ c)2 degree kHz/msr/ � A pb/(GeV/ c)2

4A 22 2.03 63.8 2.13 0.80 456
4B 26 2.57 72.8 1.54 0.53 146
4C 30 3.09 81.1 1.67 0.56 78
4D 35 3.68 90.4 2.75 0.40 40
4E 42 4.39 101.5 2.80 0.51 30
4F 50 5.04 112.1 2.42 0.62 36
4G 57 5.48 119.9 2.83 0.42 54
4H 66 5.93 128.4 3.89 0.30 65

Table 2: The cross section of RCS for 4.3 GeV photon energy. Here D is dilution factor. F tr ig ger is the calorimeter
trigger rate at the threshold of 55% of the RCS photon signal.

a rangeof kinematics around the proposedmeasurements. The distancebetweenthe target
and the calorimeterwasoptimized to match the acceptanceof the proton spectrometer. The
resulting solid angle of the photon arm �
 lab


 and acceptancefactor f 
 p are shown in the
sametable.

kin. � lab

 , �
 lab


 , t, � cm
p , Dist, f 
 p � RC S

P# degree msr (GeV/ c)2 degree m Hz
P1 34.9 9.8 3.64 90 15 0.62 2.
P2 48.3 21.8 4.88 110 10 0.71 2.2

Table 3: The expected rates of RCS events in the proposedexperiment.

4.3 Required Statistics

As wasshown in Sec.3, the Figure-of-Merit of the FPP is approximately � 0:020=p2
p (GeV/ c) � 2.

The statistics required for obtaining accuracyof � P f pp
n;h with 80%photon beampolarization

(which is included in determination of the FOM) can be calculated:

N
RC S ;r equir ed = 100� p2

p � D=sin2�= (� P f pp
n;h )2 :

Table 4 presents required statistics for each kinematics. The larger uncertainty in PN is
related to lessfavourable spin transport through the HRS-left.

4.4 Systematic Uncertain ties

The overwhelming contribution to the overall systematic uncertainty associated with the
proposedrecoil polarization measurements comesfrom how preciselyoneknows the dilution
factor for the background photopion events. In the caseof the polarization analysisin E99-
114,this factor wasobtained from a �t to the background continium, asin Fig. 10. However,
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kinematic P1 P2
NRC S , events 0.98M 1.7M

� K LL 0.05 0.06
� PN 0.13 0.09

� K LT 0.05 0.05

Table 4: The statistics and expected statistical accuracy in the proposedexperiment. The valuesof the uncertainties
were not adjusted for spin rotation in the transformation between the laboratory and cm systems.

during the E99-114crosssectionanalysisa dedicatedMonte Carlo calculation wasdeveloped
in order to provide a better account of the background shape. This sameMonte Carlo will
be employed during analysisof the proposedmeasurement. Basedon a comparisonof these
two techniquesan improvement by a factor of 1.5 to 2 in the overall systematicuncertainty
is expected.
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5 Exp ected Results and Beam Time Request

5.1 Exp ected Results

The purposeof this experiment is to measurethe polarization transferparametersK LL , K LT ,
and PN with accuracysu�cien t to obtain conclusive evidenceon the dominanceof the spe-
ci�c reaction mechanism for the RCS processin the several GeV energyrange. Figure 18
shows the expectedresultsand di�erent predictions for the longitudinal polarization transfer
K LL .
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Figure 18: Polarization transfer observable K LL in the RCS processwith expectedstatistical accuracy of the proposed
measurements shown as black circles. The labels on the curves are KN for the asymmetry in the hard sub process;
the pQCD calculations [7] with AS for asymptotic distribution amplitudes, with CZ for Chernyak-Zhitnitsky [41],
with COZ for Chernyak-Ogloblin-Zhitnitsky [42], with KS for King-Sachrajda [43]; hand-bag for calculations in Soft
overlap approach [3], JML for calculation in Reggeapproach [11].

Other experimental observables(K LT and PN ) alsocould be directly comparedwith pre-
dictions of GPD-basedtheory (seeSec.2.2 and Ref. [3]) and with predictions of non-GPD
models [17],[18] (seee.g. Fig. 19). We proposeto obtain the statistical accuraciesshown
in Table 4, which will lead to the expected results for K LL that are shown in Fig. 18.
Systematicuncertainties are expected to be around half of the statistical uncertainties.
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5.2 Beam Time Request

The proposedexperiment will be done at one beam energyof 4.8 GeV with current up to
80 � A. In order to achieve the resultsdiscussedabove, we request beam time of 21 days
in Hall A as it is summarizedin Table 5.

kin. beam, time, charge
P# procedure � A hours Coulomb
P1a Beam pol. measurement 1 8
P1b FPP calibration 80 8 2
P1c BigCal angle change 4
P1d RSC data taking 80 170 49
P2a BigCal angle change 4
P2b FPP calibration 80 30 9
P2c BigCal angle change 4
P2d RCS data taking 80 280 81
total 508 141

Table 5: The beam time request for this experiment.
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6 TA Cs Commen ts, PA Cs Questions, and PA C29 Review Rep ort

6.1 Commen t from TA C23 and our Reply

Running up to 100 � A on a 6% radiator will cause a high radiation dose at the
site boundary .

The �rst RCS experiment E99-114useda beam current up to 40 � A on a 6% radiator.
The beam energy was exactly the sameas in the proposedmeasurement. This provides
exact information on the expected radiation doseintegral. Below is the recommendation
from P. Degterenko of RADCON group regarding the radiation level.

\The max neutron doserate at RBM-2 position in the endof February wasapproximately
of the order and lessthan double AverageDoseRate DesignGoal which meansthat if run
continuously through the year the accumulated boundary dosewould be twice the adminis-
trativ e limit of 10 mrem. Running with 3 times larger current would correspond three times
larger doserate. In a continuous two-month run you would exceedthe budget. I do not
know yet what other experiments are plannedand what run time do you request,but looks
like running for 15-30days like that would be OK from the point of view of boundary dose.
You will probably have signi�cant in-hall Be-7 contamination problem if you run such high
beam,too. It's not a catastrophe,but a point to think about in advance."

The maxima during the referenceperiod wereabove the \Av eragedoserate designgoal"
by factor of 1.5. The integration period for this plot is about 1 hour, so the dosemaxima
correspond to the running at averagecurrent closeto the requestedlevel of 40 � A.

The proposedexperiment plans to use100 � A beamon a 6% radiator during 130 hours
for kinematics P4.
This will lead to the dosewhich will be higher then the \Av eragedoserate designgoal' by
a factor of 4. Becauseof the relatively short duration of the run - 5.5 days - it corresponds
to only 6% of the \Av eragedoserate designgoal" for the twelve month period. Three other
kinematics together lead to an additional 4% of the \Av eragedoserate designgoal' for the
twelve month period. Becauseduring thesetwo running conditions will be the installation
or/and removal of the septum magnet, which expected to take at least one week, and the
total running time has in average60%e�ciency the \Av eragedoserate designgoal" can be
satis�ed even in a period of this experiment (pending of the Hall C schedule).

The kinematic P4 was canceled in the present prop osal.

34



6.2 Reply to PA C23 Questions on Prop osal P03-003

Q1: Figure 1 shows the sensitivity in K LL to di�erent modelsof the reaction mechanism.
The proposaloutlines a signi�cant e�ort to measurethree quantities (K LL , K LT , PN ). What
is the model sensitivity in the latter two observables?

A1: We appreciatethe questionand provide the following information in response:

� In the asymptotic pQCD mechanism,hadron helicity conservation implies both observ-
ablesK LT and PN are zero. In the handbagmodel K LL is related to the tensor form
factor and PN to the gluonic NLO contributions. Sensitivity to the handbagpredictions
for K LL and K LT are shown in the proposal in Fig. 17.

� The predictions in the Reggemodel developed by F. Cano and J. M. Laget are shown
in Figure 19. They indicate large valuesof ALT (which is related to K LT ) and PN (up
to 0.2{0.4) at � cm � 120� 140� .
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Figure 19: The longitudinal (left), transversepolarization transfer (center) and induced polarization (righ t) in Comp-
ton Scattering at E 
 = 4 GeV. Solid lines are the �nal results, which include u-channel exchanges.

Q2: Are there similar sensitivities in other polarization observables? In particular, if
similar model sensitivities occurred in beam-target double-polarization asymmetries,these
could be measuredwith much higher e�ciency than onesrequiring recoil polarization de-
termination. Projected error bars such as those in �gure 16 are not bad, but could shrink
signi�cantly if one were not �gh ting the low e�ciency of a proton polarimeter, and that
would be very appealing.
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A2: There are beam-target double-polarization asymmetriesA LL and ALT . They are
related to K LL , K LT in pQCD as well in the handbag and the Reggemodels as ALL =
K LL and ALT = - K LT . The experiment using a polarized target has several advantages.
However, when the experiment usesa mixed photon-electronbeamand the value of proton
momentum is of 3-4 GeV/ c, as it is in the present proposal, the Figure-of-Merit for the
polarized target is smaller than that of the polarimeter by a factor of 10-20. Moreover, a
polarizedtarget would requirea cleanphoton beamline with the electronsdumpedupstream
of the polarized target. This would require large scaleconstruction and installation e�orts.
The proposedFPP technique is simply an extensionof the techniqueusedin E99-114,which
has been shown to work. It is useful to point out, however, that we have consideredthe
polarized target technique in association with the JLab 12 GeV upgrade.

Q3: You propose to use untagged bremsstrahlung from a radiator 4" in front of the
target. Someof the detectedevents should comefrom p(e,
 p)e', or VCS. They will not be
ascorrelated,but sinceyou intend using only the top of the brem spectrum, many could be
in the region of interest. How many? Have you simulated this?

A3: There are VCS events expected in our data sample. The fraction of such events
were simulated and directly measuredduring last year E99-114experiment. It was done
during calibration runs without a radiator in front of the hydrogentarget. The yield of VCS
events is about quarter of the total RCSrate in production run, corresponding to an e�ective
\virtual photon radiator" of 0.02 radiation lengths. It is certainly important to take these
events into account for the measurement of the crosssection,ashasalreadybeensuccessfully
donefor the deuteronphotodisintegration experiments at JLab.

For the proposed polarization experiment, there will also be VCS events in the data
sample. We can usethe kinematics of the experiment to place reliable upper limits on the
virtualit y of the incident photon. The photon energyis about 10%below the endpoint, sothe
electronenergyis about 330MeV. The cut on the kinematical correlation betweenthe recoil
proton and the scatteredphoton is about 5 mrad for both the out-of-planeand the in-plane
angles. The energyresolution for the photon is about 3-5%. Thesenumbers lead to upper
limits on the electron scattering angle, leading to an upper limit on the four momentum
transfer of 0.2 (GeV/ c)2 (accordingto the data from E99-114).Therefore,thesephotonsare
\almost real" so that the Compton scattering of thesephotons is expected to be governed
by the samephysicsasRCS. For quantitativ e evaluation of the di�erence betweenVCS and
RCS observablesfor low Q2, we plan to usethe calculation developed by M. Vanderhaeghen
et al..

Q4: In section 3.6.2 you reserve 10% of the running for calibration from p(e,e'p). Why
aren't theseevents in the data stream, as in �gure 5?

A4: There are ep events in the data stream. They correspond to electronswith energy
below the beam energy by 10%. For these kinematic points, the rate of ep events in the
data stream is not su�cien t for the desiredstatistical precisionon the calibration. Cleaner
and faster calibration will be doneby usinga pure electronbeam(without the radiator) and
appropriately adjusting the kinematics to get the samerecoil momentum. This was exactly
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the technique usein E99-114.
Q5: You describe your analysisprocedurefor separatingout � events in terms of sub-

tracting spectra with and without the � dilution. If the spectra are as cleanas in �gure 5,
why not just �t out the RCS?

A5: It is not possibleto obtain data freeof pion events. However, it is possibleto obtain
data free of RCS events, by selectinga di�erent region of the \Delta X - Delta Y" phase
space(seeproposalFig. 7), so that accuratenumberscan be obtained for the asymmetry of
pion events. So,we measurethe asymmetry for pure pion events, the asymmetry for mixed
RCS-pion events, and the fraction of the latter events that are RCS. The latter number is
just the inverseof the so-calleddilution factor D and is obtained by �tting spectra such as
Fig. 5 in the proposal.

Q6: You plan to usean extendedtarget of 15 cm. This will a�ect your anglereconstruc-
tion? Was the data of �gure 5 collectedwith a target of similar thickness?

A6: The data of �gure 5 were collected in the E99-114experiment with a target of 15
cm and the samewall thickness. The position of the event vertex in the target a�ects the
angle reconstruction. The position was determined for each event by using proton track
information in the HRS spectrometerwith an accuracyof better than 5 mm.

Q7: In section 6.2 you discussthe radiation damageaccumulated in E99-114after 30
Coulombs. Is it clear that the blocks will last the 87 Coulombs of the current proposal?You
discusscuring the damagewith UV radiation and estimated that would take 8 shifts. How
many such cyclesdo you estimatewill be required? (This is a function of how the degraded
resolution hampers the RCS/(e,e') separation.) This doesn't seemto be in your run plan;
is it your intention to request that the allocated running time to be broken up into well
separatedsections?If so, do you needaccessto the target during thesetimes?

A7: The proposedexperiment plans to use a calorimeter with a surfacearea 2.5 times
larger than that of E99-114. It will allow us to increasethe distance between the target
and the calorimeter, and the intensity of electron beam,by the samefactor without lossof
acceptance.As result the total radiation damageof the leadglassin the proposedexperiment
will be about the sameas it was in experiment E99-114. We plan to do the UV curing
procedureonly one time, beforeor after data taking for the kinematics P4. The run plan
requirestwo di�erent con�gurations of the HRS spectrometer: with and without the septum
magnet. The time neededfor recon�guration of the HRS will be several times longer than
time neededfor the UV curing procedure. That is the reasonwhy the time for UV curing
was not discussedin the run plan.

We assumethat experiment will be broken into two sections: kinematics P1-P3 and
kinematics P4, the latter requiring the septum magnet.

Q8: I'm afraid �nd the discussionregardingthe polarimeter on p.17 a bit confusing. The
function N h(�; � ) describes the responseof the FPP but dependson the beam helicity (h)
??? The responseof a proton polarimeter ought not to depend on how the protons were
generated.

A8: We focusedthe discussionin the proposal on extraction of the helicity-dependent
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polarization observables. Use of helicity information allows one to avoid a measurement
of the instrumental asymmetry. It is the reasonwhy helicity is so important for the func-
tion N h(�; � ). However, it is true that extraction of PN , which is not helicity dependent,
does require knowledgeof the instrumental asymmetry. This will be obtained from the ep
calibration.

Q9: In the discussionprecedingeqn.(4)you describe � K N asKlein-Nishina scatteringfrom
a quark. Although not explicitly evident in eqn.(4), I presumethis is summedover all three
quarks?

A9: In � K N , a unit chargewasassumed.The coherent sum over all quark con�gurations,
properly weighted by the squareof the quark charge, is absorbed into the form factors (see
the formulas on page8 of the proposal).

6.3 Commen ts from TA C29 and our Reply

Q1: Running up to 100 A on a 10% radiator will causea high radiation doseat the site
boundary.
R1: The analysisof radiation at the site boundary wasaddressedin our reply to the TAC23,
seeSec.6.1.

Q2: This proposal requires a large installation e�ort, both for BigCal the new HMS
polarimeter and for BigBite.
R2: The experiment installation time will be minimized by optimization of the schedule.
Recent successfulinstallation of the GEN E02-013experiment, which installation volume
was about three times larger than expected in this proposal, allow us to plan one mon th
for installation of the BigCal (including DAQ) and BigBite magnet in Hall A.
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6.4 Reply to PA C31 on Prop osal P07-002

PAC31 report tell the following: Prop osal: PR-07-002

Scienti�c Rating: N/A for the Hall A part, B for the Hall C part

Title: Polarization transfer in Wide Angle Compton Scattering

Spokespersons: B. Wojtsekho wski, A. M. Nathan, R. Gilman

Issues: There is consensus in the PA C that the previously published polar-
ization measuremen ts have clearly shown a contradiction with the pQCD pre-
dictions. Although this looks quite eviden t also from measuremen ts of other
reactions and observables (e.g. the ratio of the electric to magnetic elastic pro-
ton form factors), having some more evidence from the RCS polarization ob-
servables may be bene�cial. On the other hand, the PA C felt that, giv en the
absence of a rigorous pro of of a factorization theorem, the assumption that the
reaction pro ceeds via a handbag diagram involving a curren t quark seems only
weakly justi�ed. The agreement of the data with this particular approac h does
not seem to be su�cien t to conclude that the physics is indeed driv en by the
GPDs. For instance, an alternativ e approac h based on constituen t quarks may
equally explain the data. Although in the latter case there would be also an
in teresting insigh t in to the reaction mechanism, the connection with the GPDs
would be lost and so would be much of the exciting physics presented in the
prop osal. Therefore, giv en the large e�ort involv ed in measuring the polariza-
tion observables in RCS at all the prop osed angles, but considering the in terest
in having some additional information on the behavior of these observables in
a fundamen tal exclusiv e reaction, to be compared with model predictions, the
PA C decided to appro ve only the Hall C measuremen t, as it has the minim um
overhead and beam time impact. For the Hall A part of the prop osal instead,
the PA C decides for deferral.

Recommendation: Defer in Hall A, Appro ve for 3 days in Hall C

In response, we like to agree that previous exp erimen t clearly demonstrated
disagreemen t with pQCD in s-scaling, however K LL measuremen t was done at
relativ ely low u, wherepredictions for K LL madein pQCD mechanism aswell as in other
approaches may not work. Measurement of K LL looks as a most promising way to learn
about reaction mechanism, its value largely independent of theoretical development of the
handbagmodel calculation and proof of handbagfactorization. It is important to check the
shape of K LL angular dependenceat kinematic parameterswherepredictionsare applicable.
Test will show to what extent experimental shape is closeto calculatedonefor real Compton
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scattering on spin 1/2 point like particle.
The results of experiment would stimulate further theoretical e�orts in re�ning the QCD

and quark model approachesfor understandingthe physicsof wide-angleRCSon the proton.
The proposedmeasurements are in a kinematic regimewheres is larger than previously, and
� t and � u areboth signi�cantly larger than the proton massscale.We alsoagreethat more
theoretical work is neededin the handbagapproach.

Whether through GPD's, proton wave functions basedupon CQM, distribution ampli-
tudes or indeedsomeother parameterizationof nucleonstructure, we know that RCS is one
of the very few uniqueand fundamental reactions,involving asit doesonly onehadron, from
which morecanbe learn. Moreover, thesetheoretical approachesare not mutually exclusive,
as we have seenin dualities betweenCQM and pQCD basedmodels in DVCS and elastic
form factor calculations.

The simultaneousmeasurement of three independent polarization observableswill further
enhanceour understanding of the reaction mechanism and the role of soft physics in this
energyregime, primarily, although not exclusively, through the recoil polarization transfer
K LL . This observable will continue to be one of the key indicators of the RCS reaction
mechanism and the underlying physicsas a new kinematic domain opensup beforeus.

We would also like to add that installation of BigCal was recently completedin Hall C,
the time-frame and e�orts for which was consistent with our estimate of required time in
Hall A of four weeks.
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7 Technical Considerations

7.1 The Cry otarget and Radiator

The standard Hall A cryotarget with the machined cellsof 15 cm length will be used. This
cell type was usedwith beamcurrent up to 100� A during recent experiment E99-115.The
radiator will be mounted on the cell block as it was doneduring experiment E99-114.

7.2 The Calorimeter

We plan to usea calorimeter which is currently being usedin the experiment E01-109[35].
Figure 20 shows the layout of the detector. It consistsof 1750blocks in 32 columns and
56 rows. The PMT FEU-83-4 will be used for light detection. This Figure also shows
con�guration of the calorimeter and front end electronics. The stand, which supports the
calorimeterand electronics,canbe moved into the hall without disassembling, soinstallation
time is neededonly for connecting about two thousand 100 m long cables between the
detector and DAQ. Such work will require about 70 man-shifts.

The energyresolution for the calorimeter, obtained at the beginning of the experiment
E99-114,was5.5%(for 1 GeV photon energy). It became10%at the endof the run asresult
of radiation e�ects on lead glasstransparency(seeFig. 21). Total accumulated beamcharge
in the experiment E99-114was 30 Coulomb. In E99-114the front faceof the lead glasswas
protected by plastic material with e�ective thicknessof 10 g/cm2. Becauseit is found that
the experiment canbe donewithout veto counters for proposedmeasurement we plan to use
an Al protection sheetof 5 cm thicknessto mitigate the radiation damageof the lead glass.

We had developed and tested on the E99-114calorimeter the technique of curing of the
radiation e�ects. Irradiation by UV light will be done in situ without disassembling of the
lead glassstock. However, it is required to remove all PMTs, becauselarge intensity light
candamagethe photocathode. The wholeprocessof the calorimeter resolution recovery will
take about 8 shifts.

7.3 The Proton Spectrometer

The HRS-left will be usedin the proposedexperiment. The trigger will be doneby using S0
and S1 counters. No modi�cation is neededin the double analyzer polarimeter which will
be usedwith two CH2 analyzers.

7.4 The DA Q for the Calorimeter

The DAQ of the calorimeter, constructedfor experiment E04-108,will have almost all com-
ponents required in the proposedexperiment. The coincidencelogic between proton and
photon arms alsowill be assembled. In experiment E99-114the DAQ and HV cratesof the
calorimeter were located in Hall A near the outer wall at angle of 60� and shieldedby 10
inches of the concretewalls from the target and beam dump sides. The trip rate of the
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Figure 20: The structure of the BigCal calorimeter and layout of the support stand [35].
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Figure 21: Transparency of lead glass blocks used in E99-114 before (red) and after UV annealing (blue).

CPU was about 1-2 per shift. To mitigate the trip problem we will increasethicknessof
shieldingby an additional 8 inchesof concreteor move the DAQ to the 105� position, where
the radiation is about 15 times less,accordingto our calculation and measurements.

43



8 Conclusions

Werequest508hoursof beamtime to measurethe longitudinal and transversecomponents of
the polarization transfer in RCS at s= 9 (GeV/ c)2 for � cm

p = 90 and 110� . This experiment
will take place in Hall A for 508 hours, utilizing the polarized electron beam and HRS-left
spectrometerwith the focal plane polarimeter to detect protons, and BigCal calorimeter to
detect scatteredphotons.

Knowledgeof the polarization transfer in RCS at thesekinematics will allow a rigirous
test of the reaction mechanism for exclusive reactionsat high t, which is crucial for the un-
derstandingof nucleonstructure. We proposeto measurepolarization transfer K LL in each
kinematical point to a statistical accuracyof � 0:06. Simultaneouslythe polarization observ-
able PN will be measuredto a statistical accuracyof � (0:10 � 0:15), and the polarization
observable K LT will be measuredto a statistical accuracyof � 0:05.
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