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Abstract

We propose to begin a systematic exploration of the p(¢, ¢')r* and p(¢, e'7)n°
reactions using the HARP detector by measuring selected in-plane and out-
of-plane response functions for W = 1.232 and W = 1.44 GeV, corresponding
to the peaks of the delta and Roper resonances. The measurements will be
performed with ¢ = 0.9 so that HARP can be placed at large enough angles
to take advantage of its large converter. At Q% = 0.5 (GeV/c)? the large
angular acceptance of HARP allows the entire angular distribution for pion
electroproduction of the A to be sampled. The Roper measurements will
be performed at Q% = 0.23 (GeV/c)? to complement some of the p(¢,e's)r°
measurements planned in proposal 91-11 and will cover an angular range of
+40° in the center of mass. With HARP centered on q, angular distributions
for Rrr, Rfr, and Ri, will be obtained from measurements made with the
HARP converter in the vertical plane and angular distributions for Ry, Rir,
and R%y will be obtained using the HARP converter in the horizontal plane.
Additional measurements with HARP in the vertical plane but centered on
floor angles greater that 8, will provide slices through the opening-angle cone
that can be used to determine other response functions through the azimuthal
dependence of the reaction. These measurements also provide valuable inter-
nal consistency checks. In the A region many of the interference response
functions are sensitive to the quadrupole deformation of the N — A transi-
tion. In the Roper region, many of the response functions are quite sensitive
to possible longitudinal excitation of the Roper resonance.

Requirements
Beam energy : 2.33 GeV
Beam current : 100 A
Beam polarization : >60%
Duty factor .~ 80%
Target : LH;, 1.0 g/cm?
Detectors : HRS1 and HARP
Beam time » 984 hours
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1 INTRODUCTION

Given that coupling to the pion dominates the low-lying excitations of the nucleon,
high-quality pion electroproduction data are crucial to testing models of baryon
structure. However, the presence of many overlapping resonances makes the analysis
of such data quite complicated and the extraction of specific multipole amplitudes
difficult. Fortunately, interference between resonant and nonresonant amplitudes
tends to amplify small contributions to the reaction mechanism, thereby enhancing
the sensitivity to interesting aspects of baryon structure. For example, Lourie has
shown that recoil polarization observables in the p(€, e'p)7? reaction provide good
sensitivity to the E2/M1 ratio in the N — A transition [1] and to the longitudi-
nal excitation of the Roper resonance [2]. Observation of interference amplitudes
requires either target polarization, recoil polarization, out-of-plane (OOP) measure-
ments, or some combination of these elements {3]. Since no single type of experiment
suffices to permit complete multipole decomposition of the reaction amplitude to be
performed, it will be necessary to perform experiments with at least two of the three
elements listed above. Furthermore, each of the available charge states should be
measured in order to decompose the isospin structure.

The quadrupele deformation of the A, due to the color hyperfine interaction,
is sensitive to the underlying quark wave function. However, the available data
do not even determine the sign of this crucial quantity unambiguously. (See Refs.
[4, 5] for a survey of those data.) Furthermore, current models also vary widely
in their predictions. Hence, it is important to obtain a definitive measurement of
the quadrupole deformation of the N — A transition and many proposals have
been submitted to several laboratories for that purpose. Unfortunately, a method
free of substantial model dependence does not appear to exist. Therefore, it will
be necessary to acquire high-quality data for several reactions and to attempt to
describe all of the data consistently using sophisticated reaction models.

Similarly, although the Py;(1434) (Roper) resonance has been clearly established
in pion photoproduction, its contribution to electroproduction is much less certain.
The Roper resonance is usually interpreted as a radial 1s — 2s quark excitation,
which would yield a substantial longitudinal response. There is some evidence for
longitudinal enhancement of inclusive electron scattering near W ~ 1.44 GeV, but
the data are sparse. Alternatively, there has been speculation that the Roper reso-
nance could be a hybrid baryon of the form (1s)%g in which a valence gluon is present
while all three quarks remain in the lowest orbital {6]. In that case the longitudinal
response would be absent or highly suppressed, a possibility which is not excluded
by the data presently available,

Lourie has demonstrated that recoil polarization measurements for p(¢, e'p)n°
would be sensitive to longitudinal excitation of the Roper resonance and could dis-
tinguish between these models, but no polarization data exist in that region. In-
vestigation of these issues using H RS? in Hall A is the subject of CEBAF proposal
91-11. However, measurement of the out-of-plane (OOP) response functions is dif-



ficult for spectrometer experiments, perhaps even prohibitively so, yet the OQOP
response functions also provide good sensitivity to differences between various mod-
els of the electromagnetic structure of baryons. In fact, we find that many of the
OOP response functions for both the p(€, ¢'’p)x? and p(€, ¢'fi)n* reactions are even
more sensitive to differences between various models of the Roper resonance than are
the response functions accessible to spectrometer experiments. Analogous quantities
can also be obtained using large-acceptance devices, such as CLAS, with polarized
targets. However, such devices are usually limited to relatively low luminosities.
Since different combinations of multipole amplitudes enter many of the response
functions for target versus recoil polarization, a consistent analysis of both exper-
iments should, in principle, permit separation of some of the contributions. The
greater the number of independent response functions which are available, the more
completely the multipole amplitudes can be untangled and the more stringently
models can be tested.

We propose to begin a systematic exploration of the p(€, ¢'7)x+ and p(&, ¢'5)x°
reactions using the HARP detector by measuring selected in-plane and out-of-plane
response functions for W = 1.232 and W = 1.44 GeV, corresponding to the peaks.
of the delta and Roper resonances. The HARP detector uses the asymmetry of the
p(N,p)N reaction to determine the polarization of the incident nucleon, where N
represents either a proton or a neutron. A charged-particle tagger differentiates be-
tween protons and neutrons so that, in principle, both experiments can be performed
simultaneously. For nucleon angles large enough to permit HARP to be placed close
to the target, the 40 cm converter dimensions provide considerable out-of-plane
range. The measurements will be performed with ¢ = 0.9 so that HARP can be
placed at large enough angles to take advantage of its large converter. At Q% = 0.5
(GeV/c)? the large angular acceptance of HARP allows the entire angular distribu-
- tion for pion electroproduction of the A to be sampled. The Roper measurements
will be performed at Q* = 0.23 (GeV/c)® to complement some of the p(&, ¢'p)x®
measurements planned in proposal 91-11 and will cover an angular range of +40° in
the center of mass. With HARP centered on q, angular distributions for Rry, R .,
and Rjp will be obtained from measurements made with the HARP converter in
the vertical plane and angular distributions for Rpr, Ry, and R%; will be obtained
using the HARP converter in the horizontal plane. Additional measurements with
HARP in the vertical plane but centered on floor angles greater that 8, will provide
slices through the opening-angle cone that can be used to determine other response
functions through the azimuthal dependence of the reaction. These measurements
also provide tests of the internal consistency of the measurents and of the systematic
errors. The proposed measurements cover a larger angular range and include several
response functions not available to proposal 91-11; the measurements in common
to both experiments will provide valuable tests of the consistency between the two
experiments.

We are also investigating the possibilities for rotation and/or lifting of HARP
to further enhance its capabilities for out-of-plane measurements. Although we



anticipate embarking upon a systematic program of measurements which would
include many of the possible OOP response functions over a wider kinematic range,
this initial proposal focuses primarily upon the simpler response functions which
can be obtained directly from measurements of the transverse components of the
polarization of the recoil nucleon using both vertical and horizontal orientations of
the converter with its central axis within the scattering plane.

In Sec. 2 we present calculations for several representative models which indicate
the degree of sensitivity, to interesting aspects of the physics expected for the various
observables. In Sec. 3 we discuss the proposed measurements in detail. The kine-
matics, observables, and response functions for pion electroproduction are reviewed
in an appendix, which also serves to establish our notation.



2 Models of Pion Electroproduction

In this section we use several of the available models of pion electroproduction to
compare the sensitivities of the p(é, ¢'f)r+ and p(é, e'p)n° reactions to several inter-
esting aspects of baryon structure. Although each of these models can be criticized
theoretically, they nevertheless can help to survey the experimental possibilities.
Calculations directly applicable to the proposed measurements are presented in the
following section. :

A description of the kinematics, observables, and response functions for electro-
production experiments can be found in the appendix, which also serves to define
our (almost standard) notation. Regrettably, no accepted standard for the signs
and normalizations of the response functions has gained wide acceptance. The cal-
culations shown here were performed using the program EPIPROD, which is based
in part upon an earlier program by Lourie. However, Lourie’s program contained
several serious errors which are corrected in EPIPROD. Those errors affect the cal-
culations in his p(&, e'5)x® proposal and in Refs. [1, 2], but are more serious for the
p(€, e'RA)x* reaction. Therefore, we often compare results for both reactions herein.
Complete documentation for EPIPROD, which includes many options not described
here, can be found in Ref. 7].

Selected Feynman diagrams for pion production by a virtual photon are illus-
trated in Fig. 1 for generic meson+baryon models. Resonances in the s-channel are
portrayed by Fig. la, where the heavy horizontal line indicates an excited state with
isospin 1 (N*) or 3 (A). The remaining diagrams represent various non-resonant
contributions, which are often called “Born terms”. Diagrams b, ¢, and d of Fig. 1
contribute in both pseudoscalar and pseudovector coupling of the #NN system. Di-
agram e is the point contact or “seagull” term and is present only in the case of
pseudovector coupling, where it is needed to restore gauge invariance. Diagram f
depicts the exchange of an w® or a p°, which does not contribute to charged pion
production but may prove to be significant in the neutral pion production amplitude.

Excitation functions for the cross section and induced polarization of the p(e, ¢'’)x+
and p(e, e'p)7° reactions in parallel kinematics with Q2 = 0.25 (GeV/c)? and fixed ¢
are shown in the nucleon-resonance region in Fig. 2. These calculations employ the
Devenish and Lyth parametrization of the resonances 8, 9, 10] and the von Gehlen
representation of the nonresonant amplitudes {11], and are designated DLvG. The
Devenish and Lyth model uses fixed-t dispersion relations to parametrize the am-
phtudes for the P33(1232) (A), P11(1434) (Roper), D13(1520), 511(1535), 531(1630),
$11(1700), Dy5(1675), F15(1680), F37(1950), and G17(2190) resonances. The von
Gehlen parametrization uses pseudoscalar coupling to describe the nonresonant am-
plitudes for the T VN system. The dominance of the A resonance is clearly evident,
whereas the Roper resonance is particularly notable for its obscurity. Higher reso-
nances give the excitation function structure, but no single resonance stands out for
W > 1.4 GeV.
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Figure 1: Feynman diagrams for pion production. (a) is the resonant diagram(s-
channel), (b) and (c) nucleon s-pole and u-pole terms, (d) is the pion u-pole term,
(e) is the point-contact(“seagull”) term, and (f) is the heavy meson u-pole term,
including w°, p% etc.

2.1 Delta Excitation

The sensitivity of the nucleon polarization to the £2 /M1 ratio is illustrated in Fig.
3, which compares calculations for parallel kinematics using the nominal values of
E2/M1 = 2% and C2/M1 = 5% with calculations which either omit or invert the
sign of the quadrupole deformation. Interference endows polarization with much
more sensitivity to the quadrupole contribution than the cross section. We find that
the neutron (proton) polarization is substantially enhanced (reduced) by inversion of
the quadrupole deformation. The fact that variations of the quadrupole amplitude
have opposite effects on the neutron and proton polarizations can be exploited as a
sensitive test of the internal consistency of any model used to extract the quadrupole
amplitude from the polarization data. Furthermore, possible observation of a small
value for the polarization would still convey much information.

To illustrate the sensitivity to the quadrupole deformation the A expected for
- angular distributions of the response functions we propose to measure , we compare
in Fig. 4 selected LT response functions and in Fig. 5 selected TT response functions
for W = 1.232 GeV and Q% = 0.5 (GeV/c)? for both reactions. Dotted curves use
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Figure 2: Excitation functions for the cross section and induced polarization in
parallel kinematics for the p(e,e'i)r* and p(e,e’p)n? reactions using Q? = 0.25
(GeV/c)? and € = 0.9. The calculations are based upon the DLvG model.

the DLvG parameters, dot-dashed curves omit the quadrupole deformation, and the
solid curves invert the sign of the quadrupole deformation. Both reactions show good
sensitivity to this quantity, with the effects in each response function being signifi-
cantly different for the two reactions. The sensitivity of the longitudinal-transverse
interference response functions to the quadrupole amplitude is particularly impres-
sive. The proposed measurements will obtain angular distributions for all three LT
response functions displayed in Fig. 4.

On the other hand, the predicted value of P, depends upon the model cho-
sen. The inevitability of this model dependence can be justified by the following
argument. The induced polarization depends upon the imaginary part of £} Mo,
According to the Fermi-Watson theorem [12], the scattering amplitudes for a res-
onance are characterized by a common phase, such that the imaginary part of an
interference amplitude of this type vanishes for an isolated resonance. Therefore,
a nonvanishing polarization requires interference between resonant amplitudes and
either nonresonant amplitudes or underlying tails of other resonances. The latter
cannot be specified unambiguously.

In Fig. 6 we show calculations for the A region using the model of Mehrotra and
Wright (MW) {13], which is a generalization of the Blomqvist-Laget model (BL)
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Figure 3: Sensitivity to the quadrupole deformation of the A. Dotted curves use
the DLvG parameters, whereas dot-dashed curves omit and solid curves invert the
sign of the quadrupole deformation. Parallel kinematics with Q? = 0.5 (GeV/c)?
and € = 0.9 were employed.

[14] to electriproduction. Unlike the DLvG model, the MW model employs pseu-
dovector coupling and includes w exchange and the A u-pole, but is nonrelativistic.
Fortunately, the MW polarizations are relatively insensitive to differences among
several fits to the pion form factor. However, the MW model does not include the
quadrupole amplitude for the N — A transition nor the effects of higher resonances.
We find that with the MW model a large neutron polarization is predicted, consid-
erably larger than found with the DLvG model, and that the proton polarization is
much smaller than with the DLvG model.

One important difference between the DLvG and MW models appears to be the
absence of quadrupole deformation in the MW model. However, the dotted and
dash-dotted curves in Fig. 6 demonstrate that appreciable differences between the
MW and DLvG models remain even after the quadrupole amplitude and the contri-
butions of higher resonances are omitted from the DLvG model. Similarly, although
P, for p(e, e'ft)r* with 6% ~ 0° is sensitive to the neutron electric form factor and to
the pion form factor, whereas the p(e, ¢'5)x° reaction is not, the differences between
those form factors are not sufficient to explain the differences between calculations
based on these models. The large difference which remains for the proton polar-



ization, in particular, may be due to the w u-pole, which is included in the MW
model but not in the DLvG model. Hence, the requirement that a model must
reproduce both polarizations simultaneously provides a stringent consistency check
for the extraction of the £2/M1 ratio from polarization data.

Further differences between these models can be seen in the response functions
shown in Figs. 7 and 8. Although both of these models were calibrated against data,
several lacunae probably permit appreciable differences to remain. F irst, most of
the data used to calibrate these models were obtained by observing the pion near
the direction of the momentum transfer, corresponding to 83 ~ 180°. Second, most
of the data were for photoproduction rather than electroproduction and hence are
insensitive to the LT response functions. Third, very few polarization data are
available for electroproduction reactions.

The most complete model of pion electroproduction in the delta region presently
available is the hamiltonian model of Nozawa, Blankleider, and Lee (15, 16, 17].
The electromagnetic matrix elements are deduced from Feynman amplitudes based
upon a lagrangian that includes v, 7, p, w, N, and A fields. The 7N final-state
interactions are based upon a separable potential which fits the pion scattering data
below 500 MeV well. The model has been shown to be unitary and gauge invariant.
We hope to be able to compare our experimental results with their calculations, but
the DLvG model should suffice for estimates of count rates.

Therefore, the proposed experiment will supply some of the data needed to deter-
mine the inelastic response functions in the 85 ~ 0° region where little information
currently exists, especially for polarization quantities. These data will be sensitive to
differences between various models of pion electroproduction and to the parameters
of the A resonance.

10



Figure 4: Angular distributions for selected LT response functions for W = 1.232
GeV and Q? = 0.5 (GeV/c)? are compared for the p(¢, en)r* and p(¢, ¢'p)r° reac-
tions. Dotted curves use the DLvG parameters, whereas dot-dashed (solid) curves
omit (invert) the quadrupole deformation. The calculations are based on the DLvG

model.
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2.2 Roper Excitation

For the present purposes it suffices to examine the sensitivity of the varioyg response
functions to three assumptions for the structure of the Roper resonance, Ip Fig. 9
we compare helicity amplitudes for the radjal excitation model with those for a
bybrid baryon model in which the scalar amplitude vanishes [6]. For the third

of the proposed measurements to the differences between these models, angular
distributions for selected response functions for both the p(€, e'R)r+ and p(g, e'p)n®
reactions at W = 1.44 GeV and Q% = 0.23 (GeV/c)? are compared in Figs, 10
and 1] using these three models. Dotted curves omit the Roper, dot-dashed curves
employ the hybrid baryon model, and solid curves assume radjal excitation. The
sensitivity to differences between these models appears to be generally greater for
the p(€, ¢'f)r* than for the p(¢€, ¢'p)x° reaction.’
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Figure 9: Helicity amplitudes for the Roper resonance. Dashed curves are based
upon the hybrid baryon and the solid curve upon the radial excitation model.

Most of the response functions are similar when we assume either no Roper is
present or that the Roper resonance is a hybrid baryon. Apparently, the transverse
response is fairly small compared with other transverse contributions so that rel-
atively precise measurements would be required to detect a dominantly transverse
Roper excitation. However, the RY; response function for the p(é, e'f)r* reaction

16



appears to differentiate clearly between transverse and no Roper excitation. Separa-
tion of that response function requires examination of the azimuthal dependence of
the reaction, as provided by the proposed vertical slices through the opening-angle
distribution. Conversely, the radial excitation model predicts strong effects upon the
R}t response functions and should be relatively easy to confirm or refute. Signifi-
cant sensitivity for the p(€, ¢'fi)x* reaction is also predicted in R}r, which in parallel
kinematics is directly proportional to IT; and hence can be obtained in-plane. The
most sensitive quantity for the p(€, e’p)n° reaction appears to be R}y, which can be
obtained in-plane but requires a left-right asymmetry and is not shown. Some of the
response functions show greater relative differences at larger Q3, but since the cross
section is smaller measurements at higher Q? will be deferred to future proposals.
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and p(¢€, e'p)7° reactions. Dotted curves omit the Roper resonance, dashed curves
use the hybrid model, and solid curves assume radial excitation.
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3 Experimental Program

3.1 The HARP Detector

A conceptual diagram of the HARP detector is given in Fig. 12. An incident nucleon
scatters from protons in the liquid hydrogen converter and a recoil proton is detected.
The energy of the recoil proton is determined by thick E-scintillators and its angle
by wire chambers. The relationship between the recoil kinetic energy T at angle 8
to the incident energy T is given by

_ 2m,Thcos?d
"~ 2m, + Tosin?é’

Thin AE-detectors are used for particle identification. The polarization of the inci-
dent nucleon is determined from the asymmetry of the conversion reaction.

e’ p/ E
— AE
a Z [0 MwPC 3
L < 1] MwPC 2
Ll ~ 1] MwPC 1
n [ ,I/
1 I LH,
T —
[ RS
O [
e e
n"
Fe—" o

Figure 12: Conceptual diagram of HARP.

Recoil polarimetry has several advantages over time-of-flight (TOF) detectors.
First, by employing an elementary analyzing reaction, calibration of the effective
analyzing power for a complex material is not necessary. The dependence of the
latter upon operating conditions makes reliable calibration difficult. Second, use
of a passive converter in place of 2 TOF detector endows recoil polarimetry with
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greater rate capability and better background suppression. Therefore, the figure-
of-merit (FOM) is typically an order of magnitude better for HARP than for TOF
polarimeters. On the other, the energy resolution of recoil polarimetry is limited
by the intrinsic properties of the detector and cannot be significantly improved
by simply increasing the flight path as for TOF detection. Therefore, the energy
resolution for HARP is limited to about 10%. This limitation is not too serious
for the present application, but does restrict the apparatus to experiments upon
few-body systems.

For high energies the requirement that the recoil proton be stopped by the E-bars
restricts the recoil angle to large values. Fortunately, the analyzing power also tends
to be greatest at large angles. Simulations demonstrate that both the efficiency and
figure of merit for neutron detection are approximately constant for energies above
200 MeV, where the efficiency is about 1% when the recoil angle is restricted to
ensure that protons are stopped. The efficiency for proton detection is similar, but
the figure of merit increases significantly with energy.

A segmented charged-particle detector before the converter will allow the scatter-
ing angle to be determined more accurately for protons than for neutrons. The indi-
vidual tagger elements will be approximately 3 x 3 cm? and thus define a solid angle
which can be compared for protons with the track reconstruction within HARP. Sup-
pose that HARP is oriented with its converter vertical. Since the converter has a
length of £ 40 cm, considerable out-of-plane (OOP) acceptance is available for scat-
tering angles sufficiently large to permit HARP to be placed close to the target. For
central scattering angles larger than 40°, the dimensions of the shielding enclosure
permit HARP to placed at a converter distance of 80 cm from the target, such that
angles as large as +26° out of plane can be reached. With an in-plane acceptance
of 3 cm and with a nearly symmetrical acceptance for parallel kinematics being de-
fined by the electron spectrometer, the natural solid angle bin matches the tagger
dimensions of 3 x 3 ¢cm?, corresponding to about 1.4 msr per bin at a distance of
80 cm.

Let 8 represent the laboratory opening angle for a cone centered upon q and
let ¢ represent the azimuthal angle. The center of mass opening angle 8* is larger,
such that for given W and large enough Q* the entire #* distribution fits within
the 4 acceptance. Let ,, represent the floor angle between the-converter and q
where, by convention, positive 8,, and ¢ = 180° corresponds to ejectile angles larger
than 8,. Increasing 8., makes available larger @ valies and varies ¢ according to the
intersection of the # cone with the converter. However, if the converter is maintained
in the vertical orientation, the polarization it measures is a mixtureof [I, and II;. Let
the & axis be parallel to the floor, the Z axis coincide with the nucleon momentum,
and the § axis be within a vertical plane and given by § = 2® . The { and A axes
are then related to the # and § axes by a rotation around the [ = # axis through an
angle x, where

tan y = cos 4 tan ¢.

When the converter is vertical, the left-right asymmetry in HARP is proportional
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to II,; with converter horizontal, the up-down asymmetry gives I1.

The relationships between the polarization observables that HARP measures in
its intrinsic coordinate system and the response functions specified in the Appendix
are given below.

ooP: = vpr(Rirsindcosx — R}r cos ¢sin y) (1)
+ vrr(Rypsin2¢ cos x — Rpq cos 24 sin ) (2)
- (vLR} +vrRy)siny (3)
ooPy = vir(Rirsinésin x + R}y cos ¢cos x) (4)
+ vrr(Rprsin24sin x + R}y cos 24 cos x) (5)
+ (veRE + vrRY)cos x (6)
ooFP; = vir(Rircosdcosx — Ry sindsiny) + vrr Ry cos (1)
ooPy; = vir(Rfrcosgsiny + Ryysingcosy)+ vy Bfr sin x (8)

For the special case of ¢ = y = +90°, we obtain

oo = v Ry +vrRr — vrrRer (9)
oof; = *(vrrRpr — viR} - vrR}) (10)
ooP, = virRip {11)
ooP; = -virRy (12)
ooF; = ZvirRir, (13)

which permits the angular dependencies of R.; and Rf; to be isolated using the
converter in the vertical orientation and 8,,, = 0. In conjunction with measurements
in the horizontal configuration, the azimuthal dependence of the cross section can be
used to separate Ryt from the combination (vLRL + vr Rr); of course, Rosenbluth
separation of the latter requires variation of € also. In principle, this configuration
also permits R}, to be extracted from the beam analyzing power, but most model
calculations predict unpromisingly small values for that quantity.
Similarly,‘ for the special case of ¢ = 0 or 180°, we obtain

oo = viRy+vrRr +vrrRrr £ virRer (14)
O‘QP_-, = 0 (15)
oP, = 0 (16)
goPy, = v TRir+ (vrr R+ + vL R} + vrRY) (17)
ooP; = virRiy + virRiq, (18)

which permits the angular dependencies of R;r, Ry, and R%1 to be obtained using
the converter in the horizontal orientation and exploiting the left-right asymmetry
of the cross section and of P,. The fact that Ry can be obtained from polariza-
tion measurements at 0ne = 0 using the converter in either horizontal or vertical
configurations provides an important test of the internal consistency and systematic
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errors for polarization measurements. Furthermore, with the converter in the verti-
cal configuration, measurements of P, in the scattering plane with fnq O Opposite
sides of q can be used to isolate R};. However, this technique can only be applied
when 8, is sufficiently large to allow HARP to be placed forward of q and will not
be attempted in the present experiment. .

For parallel kinematics (8 = 0) it is useful to observe that azimuthal symmetry
requires Ry r = R}y, Ry = —Rfr, and R¥; = 0, such that

g0 = v Ry +vrRy (19)
0Py = 0 (20)
O'QP; = 0 (21)
9P, = virRir =virRiz (22)
of; = virRir = -v rRir. (23)

Finally, if the converter is oriented vertically and placed at an angle Bn; with
respect to q, each @ bin is obtained with a different ¢. If the nucleon passes through
the converter at a height y, the opening and azimuthal angles are determined by _

Y2 . 1/2
tanf = [(Z) + tan? 6, e
d ~1/2
sing = =+ [1 -\‘-(;)2 tanzﬂm,] (25)
tan? @, 1

Hence, in conjunction with the information obtained from the measurements de-
scribed above, the ¢ dependence of P, and P! can be used to at least partially
separate Rir, Ry, Ryr, 1ffp, and (v R} + vrR}). Thus, several vertical slices
through the opening angle cone provide considerable sensitivity to the azimuthal
dependence of the reaction. Also note that increasing 0., increases the angular
range accessible to R{; and R%,.

Therefore, cross section measurements at 8,, = 0 with both horizontal and
vertical configurations provide angular distributions for the Ry and Rpr response
functions. Simultaneous polarization measurments provide angular distributions for
the Rjr, Rfr, and R}y response functions, for which no previous data presently
exist. Additional measurements in the vertical configuration at several angles 4,,
with respect to q extend the angular range for R%; and R%y and provide information
on ¢ dependences which can be used to disentangle several other response functions.
Furthermore, with HARP both charged channels can be obtained simultaneously.

3.2 Proposed Measureménts

Systematic exploration of the many polarized and OOP response functions for pion
electroproduction of nucleon resonances obviously requires an extensive experimen-
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tal program. However, to begin such an enterprise using a new detector at a new
facility, it behooves us to focus upon an initial set of measurements which promise
to yield interesting physics by exploiting the unique capabilities of the instrument
while placing relatively modest demands upon the new facilities. More ambitious
proposals exploiting the full QOP capabilities of the polarimeter will be submitted
upon successful commissioning of the apparatus. We are also exploring the possi-
bilities for rotation of the converter plane and/or lifting the entire detector out of
plane. The former has the advantage of simplifying the relationships between detec-
tor coordinates and the reaction plane. The latter has the advantage of extending
the OOP range, particularly when small 8, requires large converter distances.

Therefore, we propose to measure the vertical and horizontal polarizations in
the p(&,e'A)r* and p(é,e'F)x° reactions using both parallel and nonparallel kine-
matics. Initially we plan to perform measurements at W = 1.232 and 1.44 GeV,
corresponding to the peaks of the A and Roper resonances, but expect to perform
measurements at other invariant masses later. Some of the data for the p(¢, e'p)n®
reaction can be compared with the similar results anticipated for proposal 91-11.
Since large OOP coverage requires small converter distances and hence large 0,, we
have chosen to perform the measurements at € = 0.9, but may consider additional
measurements at small ¢ later for the purposes of Rosenbluth analysis. For the A
resonance we have chosen a value of Q* = 0.5 (GeV/c)?, which is sufficiently large to
compress the entire 8* angular distribution onto the HARP converter. The smaller
cross sections at the Roper resonance favor small @? but the larger invariant mass
favors large Q2. For the Roper resonance we have chosen Q? = 0.23 (GeV/c)? to
match the first Q? for proposal 91-11. Details of the kinematics may be found in
Table 1. Some transverse kinematics with ¢ = 0.5 are given for future reference but
measurements are not proposed for those kinematics at this time. The maximum
laboratory opening angle for each reaction is given as .

Table 1: Kinematics for p(¢,e'R)x* at the A and Roper Reso-

nances
w Q* € E; E; a. 8, T, Bmaz
(GeV) | (GeV/c)? (GeV) | (GeV) [ (deg) | (deg) | (GeV) | (deg)
1.232 | 0.5 0.9 12333 |[1.727 |20.29 | 40.01 | 0.443 [ 18.3
0.5]1.110 | 0.504 | 56.46 | 26.78
1.44 0.23 0.9 ] 2.335 1.577 | 14.36 | 25.83 | 0.509 | 42.5
0.511.156 |[0.398 {41.40|17.05

Since HARP subtends the entire reaction cone for the chosen delta kinematics,
we plan to cover the azimuthal distribution in 5 steps within the range 0 < One < 18°.
However, at a laboratory angle of 26°, HARP cannot be placed closer to the target
than about 1.6 m, where it subtends a laboratory angle of about £15°, corresponding
to a cone of £40° in the center of mass for the chosen Roper kinematics. Although
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larger values of #3 can be reached using 8., > 15°, the ¢ distribution is then limited.
Therefore, in order to maximize the azimuthal completeness of the measurements,
we have decided to cover the 83y < £40° cone in 5 slices for the Roper kinematics
also and to forego larger opening angles.

To illustrate the sensitivity of the proposed measurements to the quadrupole
deformation the A, we compare calculations of center of mass cross sections and
laboratory polarization components using the converter in the vertical and hori-
zontal orientations in Figs. 13 and Figs. 14, respectively, where W = 1.232 GeV,
@* = 0.5 (GeV/c)?, and ¢ = 0.9. Dotted curves used the DLvG parameters, dot-
dashed curves omit the quadrupole deformation, and the solid curves invert the
sign of the quadrupole deformation. In the vertical orientation, the transverse po-
larization observables for both reactions show good sensitivity to the quadrupole
amplitude, as was also evident in P, for parallel kinematics. In the horizontal orien-
tation, the substantial left-right asymmetry is sensitive to the Ry response function
and through that to the quadrupole amplitude. Also note that the proposed non-
central slices through the reaction cone will provide sensitivity to Rrr and give the
transverse polarization components additional degrees of freedom and variability,
but the corresponding angular distributions are too numerous to display here.

To illustrate the sensitivity of the proposed measurements to longitudinal ex-
citation of the Roper resonance, we compare calculations of center of mass cross
sections and laboratory polarization components using the converter in the vertical
and horizontal orientations in Figs. 15 and Figs. 16, respectively, where W = 1.44
GeV, Q* = 0.23 (GeV/c)?, and € = 0.9. Dotted curves omit the Roper, dot-dashed
curves employ the hybrid baryon model, and solid curves assume radial excitation.
Measurement of the transverse polarization observables for the p(€, 'fi)7* reaction
could easily distinguish radial excitation of the Roper resonance in either configu-
ration and in the vertical configuration can also detect a hybrid Roper. Additional
information and sensitivity to the differences between various models will also be
provided by noncentral slices through the reaction cone.

25



b

Figure 13: Observables for W = 1.232 GeV, @ = 0.5 (GeV/c)?, and ¢ = 0.9 are
compared for the p(, e'f)x* and p(€, ¢'p)7° reactions at the delta resonance. Center
of mass cross sections and laboratory polatizations are plotted against center of mass
angle. The converter is oriented in the vertical orientation (¢ = £90°) with 6,, = 0.

Dotted curves use the DLvG parameters, whereas dot-dashed (solid) curves omit
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‘Figure 14: Observables for W = 1.232 GeV, @Q? = 0.5 (GeV/c)?, and ¢ = 0.9 are
compared for the p(€, e'fi)r+ and p(€, e’p)x° reactions at the delta resonance. Center
of mass cross sections and laboratory polarizations are plotted against center of mass
angle. The converter is oriented in the horizontal orientation (¢ = 0 or 180°) with
8ng = 0. Dotted curves use the DLvG parameters, whereas dot-dashed (solid) curves
omit (invert) the quadrupole deformation.
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Figure 15: Observables for W = 1.44 GeV, Q% = 0.23 (GeV/c)?, and ¢ = 0.9
are compared for the p(Z, e'fi)r+ and p(€, ’p)x° reactions at the Roper resonance.
Center of mass cross sections and laboratory polarizations are plotted against center
of mass angle. The converter is oriented in the vertical orientation (¢ = +90°) with
8y = 0. Dotted curves omit the Roper resonance, whereas dot-dashed (solid) curves
use the hybrid (radial) models.
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3.3 Count Rate Estimates

Count rate estimates for this experiment were based upon the parameters for the
detectors that are listed in Table 2. In particular, we assume that a 13 ¢m liquid
hydrogen target, with a thickness of about 1.0 g/cm? will be available. Furthermore,
we assume that beam currents up to 100 uA will be available with greater than 60%
polarization. Standard HRS1 parameters are employed.

The solid angle for HARP is determined by the converter dimensions and the
distance. The minimum distance is constrained at small angles by the size of the
HARP shielding enclosure. We plan to sort the data into square 3 x 3 cm? bins at
the converter. For the A kinematics the converter distance of 0.8 m corresponds
to solid angle bins of about 1.4 msr per bin, whereas at a distance of 1.6 m for
the Roper distance the same bins correspond to about 0.35 msr per bin. Although
these distances could be reduced slightly for larger 8,,, we plan to maintain fixed
distances for each series of measurements to minimize variations of acceptance and
efficiency. Approximately 25 bins per #,, setting will then span +180° for the A or
+40° for the Roper resonance.

We used the DLvG model to estimate the laboratory cross sections for the pro-
posed kirternatics. These estimates are listed in Table 3. Since the cross sections are
generally larger for p(&,e'p)x® than for p(€,e'R)r*, the latter dictate the running
times. Each laboratory opening angle § corresponds to two center of mass angles
0%, where the forward branch has much higher kinetic energy than the backward
branch. For the A kinematics, kinetic energies are in the ramge of about 300 - 440
MeV for the forward branch and 100 - 130 MeV for the backward branch. The two
branches can be easily distinguished, but the cm — lab Jacobian strongly favors
the forward branch (by about a factor of 5). At Q% = 0.23 (GeV/c)?, the kinetic
energies for the backward branch of the Roper distribution fall below the HARP de-
tection threshold. In both cases, the laboratory cross sections for the two branches
do not vary rapidly with angle (except near the turning point or rainbow), and are
smallest for parallel kinematics. Therefore, we base the beam time request on the
cross section for parallel kinematics and accept reduced statistics for very large 8%.

AN

3.4 Beam Time Request

Ifa=(Ny—~N.)/(Ny+ N_)is the asymmetry within the polarimeter, the number
of counts needed to reach a statistical precision of §R/R in a generic polarized
response function of the form R « o[l requires a total of

R 2
v~ (5z)
adR
counts. If IT is the incident polarization and A is the effective analyzing power of
the polarimeter, the asymmetry becomes a = [14. Assuming that 4 ~ 0.25 and

IT ~ 0.1, a 10% measurement of R would require N ~ 1.6 x 10° counts. Therefore,
a reasonable goal would be approximately 10° counts per bin.
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Table 2: Ezperimental Paramelers

beam current 100 A
target thickness 1.0 g/cm?
beam polarization 0.6
HRS1 acceptance 8 msr
HRS1 momentum bite 10%
HARP efliciency 0.01
HARP converter dimensions | 3 cm x 80 cm
HARP bin size Jemx 3 cm
HARP distance 0.8 m 1.6 m
HARP solid angle 1.40 msr 0.35 msr

Table 3: Count Rate Estimates for Parallel Kinematics

W Q° € a(e,en)rt | rate hours/
| GeV_| (GeV/c)? nb/GeV/sr? | hr-! (10° counts)
[1.232]0.5 0.9 2245 [5.9 x 10° 17

1.44 | 0.23 0.9 143.7 | 9.0 x 10? 111

Estimated times for reaching 10° counts for various kinematic conditions are
listed in Tables 3. Approximately 24 hours of beam time are needed to attain the
desired statistics in each angular bin for each of the six HARP settings at the A
resonance, for a total of 144 hours. Similarly, approximately 112 hours per setting at
the Roper resonance requires 672 hours. We assume that approximately 24 hours will
be requirea for each of two transitions between horizontal and vertical configurations
and that about 4 hours will be needed for each change of the HARP angle, for a
total overhead of 96 hours. Finally, we ask for three days-of set-up and calibration
time. Therefore, we request a total of 984 hours of beam time. Details of the request
are given in.Table 4. '
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Table 4: Beam Time Request

W Q* ‘ fng | mode hours
(GeV) | (GeV/c)? (deg)

1.232 [ 0.5 0 | horizontal 24

0 [ vertical 24

4 | vertical 24

8 | vertical 24

12 | vertical 24

16 | vertical 24

subtotal 144

1.44 0.23 0 | horizontal 112

. 0 | vertical 112

3.6 | vertical 112

. 7.2 { vertical 112

10.8 | vertical 112

14.4 | vertical 112

subtotal 672

data 816

overhead 96

set-up 72

total 984




Appendix A Observables and Response Func-
tions

The kinematics for pion electroproduction are illustrated in Fig. 17. The angle
between the leptonic scattering plane (containing the initial and final electron 3-
vectors) and the hadronic reaction plane (containing the 3-momentum transfer q
and the final nucleon 3-momentum py,) is denoted by ¢y = ¢, ~ 180°. The angles
between the 3-momentum transfer and the laboratory momenta of final nucleon
momentum and the pion are denoted by &y and 8,, respectively. Note that for
én = 0° and Oy > 0°, the nucleon recoils at a more forward angle than the 3-
momentum transfer. The hadronic center of momentum frame is defined by the
condition q* + py, = py, +p; = 0. The response functions can be considered
functions of the invariant quantities

Qz = —q2 = —(k,' - ]cf)z = Qk,'kf sin2(03/2)

W =5 = /(¢ +p%) = /(o +75,)7 = E; + Ey,

and the c. m. recoil nucleon angle 8} = 180° — 4.
The recqil polarization is usually measured with respect to the helicity frame
defined by the basis vectors

PN
Ip¥|
q° X i
qQ* x i]
x 1.

|t d

n =

~

t =

=13

This basis is well defined when 8} is not equal to 0° or 180°, but difficulties arise
when q" and pj; are either parallel or antiparallel and ¢n loses physical meaning.
These cases are conventionally handled by first rotating the reaction plane to dn
as it would be in non-parallel kinematics, and then taking the limit 83 — 0° or
8% — 180° as required.

The electroproduction cross section can be expressed in the form

do

. 1 = B! =
m—ad‘o 1+P0’+h(A+PO’)] (A.l)

where oq = K&p is the unpolarized cross section, P is the induced-polarization
coefficient, A is the beam analyzing power, P’ is the polarization-transfer coefficient,
h is the electron helicity, and & is the nucleon polarization vector. Thus, the net
polarization of the recoil nucleon I has two contributions of the form

fl=F+hP. (A.2)
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Figure 17: Kinematics for pion production. k, k' represent initial and final electron
4-vectors, ¢ the 4-momentum transfer, p, the pion and py the nucleon 4-momenta.

It is customary to express the differential cross section in terms of laboratory
quantities for the electron and center-of-mass quantities for the hadrons, such that

0g = [{&o = K’-&ojgN
N
where
._pW
K® = Fomy T,

is a phase-space factor,
o 2Rk 1
T 2tk Q21 — ¢

is the virtual photon flux,

b] ~1
€= (1 +2lg—[2t.a.n2 %’-)

is the virtual photon polarization, and

(A3)
(A.4)

(A.5)

(A.T)



is the virtual photon longitudinal polarization. The quantity
Wt — m;‘;

2my

ky =

can be interpreted as the energy a real photon would need to excite the same tran-
sitiom.

Regrettably, no accepted standard for the signs and normalizations of the re-
sponse functions has gained wide acceptance. We have chosen a convention for
which all of the response functions enter the formulas with positive signs and all of
the kinematical factors are also positive. Finally, we have evaluated the longitudinal
polarization of the virtual photon in the c.m. frame.

The unpolarized cross section can be expressed in terms of four response functions

(A.8)

&o= vy Ry + vrRr + virRir cos ¢ + vrr Rrr cos 2 (A.9)

where Ry is the longitudinal, Ay the transverse, Ryt the longitudinal-transverse
interference, and Rpr the transverse-transverse interference response function and
where

v = 2¢ , (A.10)
vp = 1 (A.11)
vir = fe{l+¢) (A.12)
vrr = € ] (A13)

are kinematic coupling factors which depend only upon the lepton variables. Simi-
larly, the induced polarization can be expressed in terms of response functions which
depend upon the orientation of the polarization of the recoil nucleon as follows:

0P, = wvyrRlpcos¢ + vrrRipcos2¢ + vy R} + vr R (A.14)
&P = virRipsing + vrrRppsin2é (A.15)
g, = VLTR:'_,T sin ¢ + VTTR"TT sin 2¢. (A.16)

Finally, the observables which depend upon the electron helicity are expressed in
terms of response functiens whose dependence upon helicity is indicated by primes
as follows:

GoA = virRirsing (A.17)
&P, = virR[rsing (A.18)
GoP = virR{rcosé+ vprRir (A.19)
GoP] = vipRjrcosd+ virRir (A.20)
where
vir = le(1-¢)} (A.21)
vhr = |1 —ez]%. (A.22)
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Considerable simplification of the spin structure of the reaction is obtained for
parallel kinematics because only two of the six possible helicity amplitudes survive,
Hence, only four independent response functions can contribute in parallel kinemat-
ics to pion electroproduction upon the nucleon. The expressions relating observables
to response functions then reduce to

6o = 2¢,RL+ Ry : (A.23)
Golla = wvirR}r (A.24)
Golle = hujpRYr (A.25)
&olli = hvlpp R (A.26)

where the symmetries of one-photon exchange require R{; = Rr in parallel kine-
matics. Azimuthal symmetry around q also requires Rir = Rjr and Ry, = -R},
in parallel kinematics. Thus, polarization measurements permit certain individual
response functions to be isolated. Measurement of the induced polarization P, for
parallel kinematics yields R} (W, Q?, %) at 8 = 0° or 180° directly, whereas mea-
surement of FY yields R}y. Furthermore, for parallel kinematics it is not necessary
to determine the longitudinal polarization since Rir = Rr. Therefore, measure-
ments of the transverse polarization combined with Rosenbluth separation of the
cross section suffice to completely determine the-two relevant helicity amplitudes.
Also note that different helicity amplitudes are obtained for 8y = 0° and 85 = 180°.
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