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Abstract

In Hall C experiment 94-014 the excitation of the A(1232) and the S;(1535) resonances
were observed via their decay into the ° and 7 respectively at Q° near 2.8 and 4 GeV2/c?, It is
proposed to extend these measurements to 0 = 5.7 and 7.5 GeV2/c? utilizing a 5 and 6 GeV elec-
tron beam encrgioes respectively. The experiment will measure the kinematically complete reac-
tions p(e, e'p)T , M . Since at high 0? the protons emerge in a narrow cone around the § vector,
a large fraction of the in-plane and out-of-plane c.m. decay spectrum can be reconstructed using
the HMS and SOS spectrometers. The objective of the experiment is to measure these exclusive
reaction transition amplitudes between low Q7 physics, where soft non-perturbative QCD pro-
cesses characterized by constituent quarks dominate, to the high O regime where hard processes
characterized by current quarks are expected to play an increasingly important role ,and eventu-
ally to where pQCD becomes important. Such measurements at these 0° were not possible
before the existence of Jefferson Lab.

. 0
Reaction: ple,e'p)t ,m @ Q? ~35.7,1.5 GeV?/c?

£, I . proton electron
beam max Target | beam time detector | detector

5 GeV 100 nA | 4cm LH, 15 days HMS SOS

6 GeV 90 pA 4cm LH, 25 days HMS SOS




1. Introduction

In experiment 94-014 the inelastic nucleon transition amplitudes to the A(1232) and
S11(1535) baryon resonances were measured via the reactions p(e, e'p)n® and ple, €'p)n re-
spectively in the previously inaccessible momentum transfer range Q% = 2.8 and 4 GeV? /et
The quality of the data is excellent, enabling us to extract resonance amplitudes in a pre-
viously unexplored physical regime with very high statistical precision. Already in the case
of the A(1232), the extracted amplitude My, and the ratios Ey, /M, and Si. /My, show
we are not yet in the region of PQCD dominance, but beyond the range of the simple
constituent quark model (CQM). Similar precision amplitudes have been extracted for the
S11(1535). The excellent quality of the data, and the new physics they make accessible en-
courage us to propose to push the Q? frontier to 5.7 and 7.5 GeV?/c? in two stages, utilizing
electron beam energies of 5 and 6 GeV respectively when these energies become available.
The body of data thus obtained will place tight constraints on quark/QCD based models in
this Q? region.

The physics issues pertaining to this proposal relate to the non-perturbative structure
of the hadron and the controversy about the relevant degrees of freedom of the reaction
mechanisims as the selected size and substructure of the hadron varies with Q2. At low Q?
near the real photon limit where the full complexity of the hadron is assessed, the CQM
is currently the most useful starting point. At the high Q? extreme, the smallest size and
simplest Fock components of the hadron structure are selected, corresponding to valence
current quarks. Furthermore, at large Q® hard mechanisms involving perturbative QCD,
with all their attendent simplifications, become increasingly important. Currently no one
knows at what Q? these hard perturbative mechanisms become important. At intermediate
Q? (~ few GeV*/c? ), the accessed structure is probably different enough from that at low
Q? (~ 0 GeV?/c? ) to render the constituent quark model inappropriate, yet complex enough
so that pQCD techniques are also not appropriate. In particular the reaction may contain,
in addition to hard pQCD processes, a significant, or maybe even dominant contribution
from soft processes. Many experiments (for example TINAF 89-012 D(v,p)n) appear to
obey constituent counting rules, which are characteristic signatures of pQCD, at momentum
transfers far lower than expected, whereas color transparency, which is also a characteristic
of hard processes, is not observed in the few GeV?/c? range. The physics of the various high
Q? experiments is totally related.

There have been numerous theoretical attempts to describe the physics of exclusive reac-
tions of baryons in this range of Q?, ranging from models which evolve the CQM up in Q2
employing relativity and quark form factors, evolving pQCD down in Q? employing valence
quarks with form factors, and/or allowing for quark clusters, and QCD sum rule techniques
which rely on duality between quark and hadron degrees of freedom, and finally using valence

PQCD techniques. It is the purpose of this experiment to try to constrain the applicabilities
of these various approaches.

2. Specific Physics Issues for the Proposed Experiment.

For the A(1232) the important specific issues which we would like to access are the magni-
tude and the Q? dependence of the dominant M 1+, and the relative contributions of E;, and



Si+ amplitudes. For the §1;(1535), the dominant Eq, and smalier Sy, in the 5 production
channel are the quantities of interest.

Exclusive experiments at lower Q? suggest that the Q? dependence of the A(1232) form
factor may be falling at a rate greater than the nucleon elastic and other resonance form
factors. Inclusive single arm electron cross sections at higher Q? indicate that this trend
may be continuing. This contradicts the Bloom-Gilman duality (Bl-71), which states that
the resonances should fall off with Q? at a rate equal to the underlying non-resonant pro-
cesses. However, interpretation of inclusive data is highly ambiguous due to large inclusive
backgrounds and the impossibility of extracting the relative resonant to non resonant con-
tributions, and of course we get no information about the contributing multipoles.

An exclusive experiment allows us to extract information about the relative contributions
of the M,,, Fi, and S, amplitudes. The relationship between these is directly sensitive to
the reaction mechanism, even more so than constituent scaling or color transparency.

At low Q? in a pure SU(6) non-relativistic CQM, the N — A transition is purely M;,
in character, involving a single-quark spin-flip with AL = 0. An E,, contribution is not
permitted, since the A and N are both in L = 0 states, which cannot be connected by
an operator involving L > (. The addition of a residual quark-quark color magnetic
interaction adds higher L components to the A wave function, and thus introduces a small
E\, component, of perhaps a few percent. At Q? = 0 the experimental data supports the
CQM prediction of M, dominance extremely well. The most recent data (Be-97) from
Mainz bears this out. A theoretical fit by two of us (Da-97) find a ratio for the A to be
By /My, = —.029 4 .0023. For Q> 0, earlier data indicates this ratio remains small up
to Q% ~ 1 GeV?/c? Interestingly, the CQM which predicts M;, dominance so well, fails to
reproduce the magnitude of the M;, amplitude to within 70 % of its measured value at Q?
= 0, and has the wrong Q? shape as seen in the curve of Capstick and Keister (Ca-95) in
Figure 1, whereas the addition of a phenomenological quark form factor by Carderelli et al.
appears to improve the situation in the few GeV?/¢? region. Although the QCD sum rule
calculations of Balyaev and Radyushkin (Ba-96) are in the right range, it is claimed (Ra-97)
that improvement with respect to data should occur as Q? increases.

Figures la,b and c show the status of My, F; /M, and S /M,.

At high Q?, according to valence pQCD only helicity-conserving amplitudes should con-
tribute, leading to the prediction Ey, /My =1 and Sy /M4 = 0. There exist some earlier
data (Ha-79) of limited statistical accuracy at Q2= 3 GeV?2/c? which have been evaluated by
Bu-95 and by Da-97, suggesting that £y, /M), rather small, but with a large error, as seen
in Figure 1. It appears, we are not near the pQCD limit.

At Q? of several GeV?/c? there are models which have beed put forth as alternatives to
pQCD which attempt to bridge the extremes of the CQM and valence pQCD.

The QCD sum rule based local duality procedure was developed to account for the ad-
mixture of soft and hard processes with increasing Q*. Recently, local duality was applied
to the A(1232) form factor (Ba-96), and it was found to account for the form factor in the
few GeV?/c? region, but then falls significantly below the experimental values at higher Q?,
which might be evidence that hard processes are playing an increasing role. Their predic-
tion of Ei4 /My, ~ —0.15 (see Figure 1.) is very different than the CQM prediction and
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Figure la. The status of the form factor ), for the M;; amplitude as a function of Q2. The data below
Q2= 1.5 are extractions from various earlier data sets. The point at 3.2 GeV?/c? is the result of a theoretical
fit by Da-97a to the earlier DESY data (Ha-79). The points at Q* = 2.8 and 4.0 GeV?/¢? are the preliminary
results of the TINAF experiment 94-014. The error bars shown reflect only the statistical precision, and do
not include systematics. The curve denoted CQM(Cap) is the result of a relativistic quark model of Capstick
and Keister (Ca-95). The curve denoted Car-qFF is the result of a relativistic quark model with the addition
of a phenomenological quark form factor of Cardarelli et al. (Ca-96). The curve denoted QCD sum rule is
due to Balayev and Radyushkin (Ba-96). ‘

the pQCD value of +1. However, exclusive data in the multi-GeV?2/c? range is necessary to
constrain the inputs of the model.

Another approach is the diquark model of Kroll et al.(Kr-92), which projects the for-
malisms of valence pQCD to the Q? range of interest here by allowing the virtual photons
to be obsorbed by pairs of corellated valence quarks, which themselves have Q2 dependent
form factors. Again, calculations are presented for the three A(1232) amplitudes, and the
511(1535) amplitudes in the several GeV?/c? region, with a number of model quark distribu-
tion functions. However, no previous data exist to test these hypothoses.

Clearly, measurements with increasing Q? should be able to distinguish between these
very different physical ideas.

The situation for the 5;;(1535) is that the form factor for the S;;(1535) decays much more
slowly than those for the proton or other resonances at lower Q2. Although the D;3({1520)
is dominant at Q? = 0, exclusive data taken up to 3 GeV?/c? suggests a crossover in which
the Sy;(1535) appears to dominate the D;3(1520) at Q2 ~ few GeV?/c? (Ha-79). Single arm
inclusive cross section data at higher Q? suggests that the peak near the $;,(1535) falls at
the same rate as the underlying background, and indéed approaches the Q—* dependence
predicted by valence pQCD and duality. However, exclusive data does not extend past Q%=
3 GeV?/c?, so all this is conjecture.

There is also a great deal of controversy about the width of the S1;(1535). Recent analysis
at Q* = 0 by Mainz and RPI groups give widths near 200 MeV. On the other hand, analyses
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of higher Q? data (Brasse, Stoler) appear to be consistent with a width ~ 100 MeV. The
initial analysis of 94-014 appears to be consistent with the lower value, and gives a cross
section which is consistent with the earlier DESY data (Brasse) as shown in Figure 2.

A unique feature of the Si;(1535) is that it is the only excited state with a large 7
decay branching ratio (~ 50%), so that experimentally it is easily isolated. There is also an
S11(1650) state. But it has a small 5 branching ratio, so that there is little interference from
any other resonances in 1 channel. The valence current quark wave function is predicted to
be similar to the proton’s (Ca-88), and since the spin is 1/2 the reaction is purely helicity
conserving, so that this should be a good test case for any evidence of transition from the
the dominance of soft to hard processes.

Quark models, primarily based on the Isgur-Karl nonrelativistic quark model, predict
values for 4,/ and S}/, for this process. Due to the inherently nonrelativistic nature of these
models, the applicability of these models at such high values of Q? is not known. These
models will be strongly tested by higher Q? data. Certainly, at some value of Q?, these
models break down. Determining this point is one of the goals of this program.

The study of the 5,;(1535) has historically been done by measuring the cross section for
the process p(e, €'p)n, and assuming that the |nN) state must come from the decay of the
511(1535). Recent results from Mainz indicate the possibility of a measurable contribution
from the D13(1520), and the latest Particle Data Booklet reports a branching ratio of ap-
proximately 10% from the S,1(1650). These recent results underscore the necessity of having
a precise data set in order to extract the relevant amplitudes, particularly at high Q2, since,
as mentioned above, the D13(1520) form factor may be falling faster than the S;(1535). Al-
ready at @? = 3 (GeV/c)?, the S;;(1535) appears to dominate the cross section. Above this
point, the cross section is assumed to continue to be dominated by the S;;(1535). Exclusive
data is necessary to confirm this assumption. Jefferson Lab experiment 94-014, currently in
analysis, measured  production at Q? values of 2.4 and 3.6 (GeV/c)®. A measurement at
5.7 and 7.5 GeV?/c* would help clarify the dominance of the S;;(1535) in this Q? regime.

Unpolarized single meson electroproduction, including 7, on the nucleon can be expressed
in terms of six complex parity—conserving helicity amplitudes, H;, which are functions of Q?,
W, and 8;, which in turn can be expanded in terms of Legendre polynomials. The expansion
coefficients A+ and Byy are the transverse partial wave helicity elements for AN = % and
g, respectively, and Cyy are the longitudinal partial wave helicity elements. The differential
cross section is directly related to these helicity amplitudes, and thus by measuring the
angular distribution for the process p(e, e'p)n, we can determine the response functions, and
therefore the helicity transition amplitudes 4, /2 and S s.

3. Analysis of Experiment 94-014

Experiment 94-014 measured the reactions p(e, €'p)n® from the A(1232) at Q2 = 2.8 and 4
GeV?/c?, p(e, €'p)n’ from the Sy,(1535) at Q® = 2.4 and 3.6 GeV2/c?, with electron energies
3.2 and 4.0 GeV respectively. The experiment utilized about 200 hrs of beam at a current
of about 100 pA, producing about 50,000 events each for the A and Sy; at each Q? setting.
For each beam energy the electrons were detected by the SOS spectrometer, which was fixed
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in angle and momentum to cover the entire W range from elastic through about 1600 MeV.
Protons were detected by the HMS spectrometer. At high momentum transfer the protons
emerge in a rather narrow cone around § corresponding to 47 in the c.m., as shown in Figure
3.

At 4 GeV about 5 angular and 5 momentum settings of the HMS were sufficient to cover
a large part of 4w with 50% overlap between adjacent settings. Since the experiment was
kinematically complete, the identification of 7%’s and #’s was accomplished by missing mass
reconstruction on an event by event basis, as were the kinematic variables Q?, W, and the
resonance c.m. decay angles 8.,,. This is shown in Figure 4 for one run as an example.

The reconstructed c.m. decay angles are typically about d¢ ~ 3° and § (cos#) ~ .04, For
the A the 2 pion background is totally eliminated, whereas for the S, only a small multipion
background remains. As an example, a subset of the total obtained angular distributions at
Q? ~ 2.8 GeV?/c? for several intervals of W and ¢ — out — o f — plane is shown in Figures 5.

Global fits to the data have been carried out by Davidson and Mukhopadhyay (theoretical
collaborators on this experiment), using a fully unitarized effective Lagrangian approach to

extract Gy (ie. {Miy|), Re(B} Myy)/|Mi1|?, and Re( 1M1}/ IMy|?, and the results are
displayed in Figures 1a, 1b and 1c. -

4. Proposed Experiment
The excellent quality of the data encourages us to propose to push the Q? frontier to

Q? = 5.7 GeV?/c?, and then 7.5 GeVZ/c? utilizing electron beam energies of 5 and 6 GeV
respectively in two separated run periods. The experiment, as in 94-014, will measure the
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Figure 3. The kinematics of the experiment,

reactions p(e, ¢'p)7n® from the A(1232), and pe, e'p)n from the Sy; (1535).
' As in 94-014 the scattered electrons will be detected by SOS in coincidence with recoil
protons detected by HMS. The SOS central momentum and angle will be fixed throughout
the experiment for each run interval, while the HMS momentum and angle will be varied
to cover the resonance decay cone and outgoing proton momentum range. The proposed
kinematic settings are listed in Table 1.

The Hall C nominal point to point spectrometer optics tunes will be used for both SOS
and HMS. The Hall C data acquisition system and standard trigger setup are adequate for
this experiment’s needs.

The increase in Q? from 4 to 5.5 and 7.5 GeV?/c? results in a successively narrower decay
cone of the resonance, which makes the total number of settings smaller, and yields greater
acceptance at larger out-of-plane center of mass angles. Acceptances as a function of cos(f,y)
for different out-of-plane center of mass angles ¢, at intervals of W near the A(1232} are
shown in Figures 6. .

The price one has to pay for increasing the Q? is the degradation of the center of mass
angular and energy resolutions and missing mass resolution, all by about ~ 20-30.% for each
step in Q2, which makes it more difficult to apply missing mass cut to separate the radiative
elastic process from the pion production in case of the A(1232) and to suppress the multipion
background under the eta peak in case of the S1(1535). Therefore the careful modelling of
the radiative and multipion backgrounds, which are in progress in connection with E94-014,
become more important. Since the SOS angular resolution is the biggest contributor to
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the reconstruction resolutions in E94-014, for the Q* = 7.5 GeV%/c? run we will consider
decreasing the quadrupole field and thereby improve angular resolution at the expense of
some acceptance.

At Q® = 5.7 GeV, using a current of 100 pA incident on the Hall C 4 ¢m liquid hydrogen
target, we expect to collect about 25,000 events for each resonance simultaneousely in 15
days of running.

The expected ratio of true to accidental rates is on the order of a few percent per beam
bunch for the settings at the lowest angle and momentum, and is much smaller for the rest
of the settings. ‘

For the entire 5 GeV portion (Q? ~ 5.7 GeV2/c?) of the experiment the SOS momentum
and angle will be fixed at Py = 1.6 GeV/c, 8y = 50°.

For the 6 GeV phase of the experiment (Q? ~ 7.6 GeV?/c%) the SOS momentum and

angle will be fixed at Fy = 1.6 GeV/c, 6y = 53°. Table 1 shows the proposed HMS angular
and momentum settings.

Electrons (SOS) Protons (HMS)
Q° Eyveam Ey A Prox Prin Og | P — 0 settings’
5.7 GeV?/c® | 5 GeV | 1.6 GeV [ 50° [ 4.0 GeV/c | 2.4 GeV/e | 17° 18
7.6 GeV?/c* | 6 GeV [ 1.6 GeV | 53° [ 5.1 GeV/c | 3.1 GeV/c | 14° 10
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Abstract

In Hall C experiment 94-014 the excitation of the A(1232) and the S;{(1535) resonances
were observed via their decay into the z° and 7 respectively at 0 near 2.8 and 4 GeVZ/cZ. Tt is
proposed to extend these mieasurements to 0 = 5.7 and 7.5 GeV%/c? utilizing a 5 and 6 GeV elec-
tron beam energies respectively. The experiment will measure the kinematically complete reac-
tions p(e,e'p)n , n. Since at high Q? the protons emerge in a narrow cone around the & vector,
a large fraction of the in-plane and out-of-plane ¢.m. decay spectrum can be reconstructed using
the HMS and SOS spectrometers. The objective of the experiment is to measure these exclusive
reaction transition amplitudes between low 0? physics, where soft non-perturbative QCD pro-
cesses characterized by constituent quarks dominate, to the high O“ regime where hard processes
characterized by current quarks are expected to play an increasingly important role ,and eventu-
ally to where pQCD becomes important. Such measurements at these Q? were not possible
before the existence of Jefferson Lab.

0
Reaction: ple,e'p)t ,n @ Q?~5.7,7.5 GeV%/c?

E I . proton electron
beam max Target | beam time detector | detector

5GeV | 100pA | 4cmLH, | 15days HMS SOS

6 GeV 90 nA 4cm LH, | 25days HMS SOS




1. Introduction

In experiment 94-014 the inelastic nucleon transition amplitudes to the A(1232) and
S11(1535) baryon resonances were measured via the reactions p(e, e'p)w® and p(e, e'p)n re-
spectively in the previously inaccessible momentum transfer range Q* = 2.8 and 4 GeV?/c2.
The quality of the data is excellent, enabling us to extract resonance amplitudes in a pre-
viously unexplored physical regime with very high statistical precision. Already in the case
of the A(1232}), the extracted amplitude M, and the ratios £y /My, and S\, /M, show
we are not yet in the region of PQCD dominance, but beyond the range of the simple
constituent quark model (CQM). Similar precision amplitudes have been extracted for the
S511(1535). The excellent quality of the data, and the new physics they make accessible en-
courage us to propose to push the Q? frontier to 5.7 and 7.5 GeV?/c? in two stages, utilizing
electron beam energies of 5 and 6 GeV respectively when these energies become available.
The body of data thus obtained will place tight constraints on quark/QCD based models in
this Q? region.

The physics issues pertaining to this proposal relate to the non-perturbative structure
of the hadron and the controversy about the relevant degrees of freedom of the reaction
mechanisims as the selected size and substructure of the hadron varies with Q2. At low Q2
near the real photon limit where the full complexity of the hadron is assessed, the CQM
is currently the most useful starting point. At the high Q? extreme, the smallest size and
simplest Fock components of the hadron structure are selected, corresponding to valence
current quarks. Furthermore, at large Q2 hard mechanisms involving perturbative QCD,
with all their attendent simplifications, become increasingly important. Currently no one
knows at what Q? these hard perturbative mechanisms become important. At intermediate
Q? (~ few GeV?/c? ), the accessed structure is probably different enough from that at low
Q? (~ 0 GeV?/c? ) to render the constituent quark model inappropriate, yet complex enough
so that pQCD techniques are also not appropriate. In particular the reaction may contain,
in addition to hard pQCD processes, a significant, or maybe even dominant contribution
from soft processes. Many experiments (for example TINAF 89-012 D(v,p)n) appear to
obey constituent counting rules, which are characteristic signatures of pQCD, at momentum
transfers far lower than expected, whereas color transparency, which is also a characteristic
of hard processes, is not observed in the few GeV?/¢? range. The physics of the various high
Q? experiments is totally related.

There have been numerous theoretical attempts to describe the physics of exclusive reac-
tions of baryons in this range of Q?, ranging from models which evolve the CQM up in Q2
employing relativity and quark form factors, evolving pQCD down in Q? employing valence
quarks with form factors, and/or allowing for quark clusters, and QCD sum rule techniques
which rely on duality between quark and hadron degrees of freedom, and finally using valence
pQCD techniques. It is the purpose of this experiment to try to constrain the applicabilities
of these various approaches.

2. Specific Physics Issues for the Proposed Experiment.

For the A(1232) the important specific issues which we would like to access are the magni-
tude and the Q? dependence of the dominant M., and the relative contributions of ;. and



Sy+ amplitudes. For the S1;(1535), the dominant Fp, and smaller Sy, in the % production
channel are the quantities of interest.

Exclusive experiments at lower Q? suggest that the Q? dependence of the A(1232) form
factor may be falling at a rate greater than the nucleon elastic and other resonance form
factors. Inclusive single arm electron cross sections at higher Q? indicate that this trend
may be continuing. This contradicts the Bloom-Gilman duality (Bl-71)}, which states that
the resonances should fail off with Q? at a rate equal to the underlying non-resonant pro-
cesses. However, interpretation of inclusive data is highly ambiguous due to large inclusive
backgrounds and the impossibility of extracting the relative resonant to non resonant con-
tributions, and of course we get no information about the contributing multipoles.

An exclusive experiment allows us to extract information about the relative contributions
of the My, Ey, and 54 amplitudes. The relationship between these is directly sensitive to
the reaction mechanism, even more so than constituent scaling or color transparency.

At low Q? in a pure SU(6) non-relativistic CQM, the N — A transition is purely M,
in character, involving a single-quark spin-flip with AL = 0. An E), contribution is not
permitted, since the A and N are both in L = @ states, which cannot be connected by
an operator involving L > 0. The addition of a residual quark-quark color magnetic
interaction adds higher L components to the A wave function, and thus introduces a small
Ey4+ component, of perhaps a few percent. At Q% = 0 the experimental data supports the
CQM prediction of M;, dominance extremely well. The most recent data (Be-97) from
Mainz bears this out. A theoretical fit by two of us (Da-97) find a ratio for the A to be
Eyy /My = —.029 &+ .0023. For Q®> 0, earlier data indicates this ratio remains small up
to @* ~ 1 GeV?/c?. Interestingly, the CQM which predicts M;, dominance so well, fails to
reproduce the magnitude of the M, amplitude to within 70 % of its measured value at Q2
= 0, and has the wrong Q? shape as seen in the curve of Capstick and Keister (Ca-95) in
Figure 1, whereas the addition of a phenomenological quark form factor by Carderelli et al.
appears to improve the situation in the few GeV?/c? region. Although the QCD sum rule
calculations of Balyaev and Radyushkin (Ba-96) are in the right range, it is claimed (Ra-97)
that improvement with respect to data should occur as Q? increases.

Figures la,b and c¢ show the status of My, FE;, /M, and S, /M.

At high Q?, according to valence pQCD only helicity-conserving amplitudes should con-
tribute, leading to the prediction E;; /My, =1 and S;; /M, = 0. There exist some earlier
data (Ha-79) of limited statistical accuracy at Q*= 3 GeV?/c? which have been evaluated by
Bu-95 and by Da-97, suggesting that Fi/M;, rather small, but with a large error, as seen
in Figure 1. It appears, we are not near the pQCD limit.

At Q? of several GeV2/c? there are models which have beed put forth as alternatives to
pQCD which attempt to bridge the extremes of the CQM and valence pQCD.

The QCD sum rule based local duality procedure was developed to account for the ad-
mixture of soft and hard processes with increasing Q*. Recently, local duality was applied
to the A(1232) form factor (Ba-96), and it was found to account for the form factor in the
few GeV?/c? region, but then falls significantly below the experimental values at higher Q2,
which might be evidence that hard processes are playing an increasing role. Their predic-
tion of By /My ~ —0.15 (see Figure 1.) is very different than the CQM prediction and
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Figure la. The status of the form factor G}, for the My amplitude as a functlon of Q%. The data below
Q2= 1.5 are extractions from various earlier dat.a. sets. The point at 3.2 GeV2/c? is the result of a theoretical
fit by Da-97a to the earlier DESY data (Ha-79). The points at Q2 = 2.8 and 4.0 GeV?%/c¢? are the preliminary
results of the TINAF experiment 94-014. The error bars shown reflect only the statistical precision, and do
not include gystematics. The curve denoted CQM(Cap) is the result of a relativistic quark model of Capstick
and Keister (Ca-95). The curve denoted Car-gFF is the result of a relativistic quark model with the addition
of a phenomenological quark form factor of Cardarelli et al. (Ca-96). The curve denoted GCD sum rule is
due to Balayev and Radyushkin (Ba-96). :

the pQCD value of +1. However, exclusive data in the multi-GeV?/c? range is necessary to
constrain the inputs of the model.

Another approach is the diquark model of Kroll et al.(Kr-92), which projects the for-
malisms of valence pQCD to the Q? range of interest here by allowing the virtual photons
to be obsorbed by pairs of corellated valence quarks, which themselves have Q? dependent
form factors. Again, calculations are presented for the three A(1232) amplitudes, and the
511(1535) amplitudes in the several GeV2/c? region, with a number of model quark distribu-
tion functions. However, no previous data exist to test these hypothoses.

Clearly, measurements with increasing Q? should be able to d1st1ngulsh between these
very different physical ideas.

The situation for the S3;(1535) is that the form factor for the S;,(1535) decays much more
slowly than those for the proton or other resonances at lower Q?%. Although the D13(1520)
is dominant at Q? = 0, exclusive data taken up to 3 GeV?/c? suggests a crossover in which
the S11(1535) appears to dominate the Dy3(1520) at Q? ~ few GeVZ/c? (Ha-79). Single arm
inclusive cross section data at higher Q? suggests that the peak near the S;,(1535) falls at
the same rate as the underlying background, and indeed approaches the Q~* dependence
predicted by valence pQCD and duality. However, exclusive data does not extend past Q*=
3 GeV?/c?, so all this is conjecture.

There is also a great deal of controversy about the width of the S;;(1535). Recent analysis
at Q?> = 0 by Mainz and RPI groups give widths near 200 MeV. On the other hand, analyses



o
o

- pacD (=1.0)

02 —
o - ]

: L -
= [ —]
SN 0.11 ESY {BE) -
3 DT (DI..) s ]

-y - cq -
= 0.0 X ' '

- & "‘(DL) data I DESY (Du) ™ e 7
E :\ Mainz, Proposed
é_o.l "4 only (HDT)

hm

QCD sum rule (BR)

llll]lllllllll

|
{ e

A
1|||I||||

(]
N
K
o]
@

Q? (GeV®)

Figure 1b. The ratio E14+/M;; (or E2/M1) as a function of Q2. The data at Q?=0, labelled Mainz, is from

Be-97, and that labelled LEGS is from B1-20. The data near Q*=0.5 and 1 GeV?/c? as well as that labelled
BE at 3.2 GeV?/c? are due to an analysis by Bu-95 of earlier data from DESY (Ha-79). The data point
denoted DM at 3.2 GeV*/c?is due to a recent analysis of the same DESY data by Da-97. The curve labelled
QCD sum rule is due to Be-96, and the curve near E; /M), = 0 is due to a quark model calculation from
Ca-92. The predicted pQCD result is off scale at Eyy/M;4. = 1. The two data points at Q%= 2.8 and 4
GeV? /c?, correspond to an analysis of the recent Hall C experiment 94-014. The error are statistical. Also
shown are the Q? points of the current proposal, at Q* = 5.7 and 7.5 GeV?/¢2

0- 1 1 1 ] 1 ] 1 L] 1 | 1 1 L 1 | ]

2r | | | T
" I I\ DESY (BE) TINAP I
;I po J

é 0.0 £ M\'
< [ S (DL)-DT .
> B fDL;-dnt.n ~ QCD sum rule (BR) pRCD 7
=2t \T /& l
05—0.2 |— TINAF|(DM) -
5 R ]
253 B i
04— ¢ DESY (DM) o —
[ A B I ' B | I "I T T | I L1 1 1 7
0 e 4 6 8

Q® (GeV?)

Figure 1c.The ratio S, /M, {or S)/M,) as a function of Q2.



of higher Q? data (Brasse, Stoler) appear to be consistent with a width ~ 100 MeV. The
initial analysis of 94-014 appears to be consistent with the lower value, and gives a cross
section which is consistent with the earlier DESY data (Brasse) as shown in Figure 2.

A unique feature of the S5;;(1535) is that it is the only excited state with a large g
decay branching ratio (~ 50%}, so that experimentally it is easily isolated. There is also an
S11(1650) state. But it has a small n branching ratio, so that there is little interference from
any other resonances in n channel. The valence current quark wave function is predicted to
be similar to the proton’s (Ca-88), and since the spin is 1/2 the reaction is purely helicity
conserving, so that this should be a good test case for any evidence of transition from the
the dominance of soft to hard processes.

Quark models, primarily based on the Isgur-Karl nonrelativistic quark model, predict
values for A,/ and S/, for this process. Due to the inherently nonrelativistic nature of these
models, the applicability of these models at such high values of Q? is not known. These
models will be strongly tested by higher Q* data. Certainly, at some value of Q?, these
models break down. Determining this point is one of the goals of this program.

The study of the S;,(1535) has historically been done by measuring the cross section for
the process p(e, €'p)n, and assuming that the |pN) state must come from the decay of the
S11(1535). Recent results from Mainz indicate the possibility of a measurable contribution
from the D;3(1520), and the latest Particle Data Booklet reports a branching ratio of ap-
proximately 10% from the S, (1650). These recent results underscore the necessity of having
a precise data set in order to extract the relevant amplitudes, particularly at high Q2, since,
as mentioned above, the D,3(1520) form factor may be falling faster than the Sy;(1535). Al-
ready at Q% = 3{GeV/c)?, the S;,(1535) appears to dominate the cross section. Above this
point, the cross section is assumed to continue to be dominated by the S;;(1535). Exclusive
data is necessary to confirm this assumption. Jefferson Lab experiment 94-014, currently in
analysis, measured 7 production at Q2 values of 2.4 and 3.6 (GeV/c)?. A measurement at
5.7 and 7.5 GeV?/c? would help clarify the dominance of the S;;(1535) in this Q? regime.

Unpolarized single meson electroproduction, including 1, on the nucleon can be expressed
in terms of six complex parity—conserving helicity amplitudes, H;, which are functions of Q?,
W, and 6y, which in turn can be expanded in terms of Legendre polynomials. The expansion
coefﬁc1ents A+ and By are the transverse partial wave helicity elements for A,y = l and
2, respectively, and Cj+ are the longitudinal partial wave helicity elements. The dlfferentlal
cross section is directly related to these helicity amplitudes, and thus by measuring the
angular distribution for the process p{e, e'p)n, we can determine the response functions, and
therefore the helicity transition amplitudes A,/ and Sy ,.

3. Analysis of Experiment 94-014

Experiment 94-014 measured the reactions p(e, 'p)7® from the A(1232) at Q?> = 2.8 and 4
GeV?/c?, ple, e'p)n° from the S1;(1535) at Q% = 2.4 and 3.6 GeV?/c?, with electron energies
3.2 and 4.0 GeV respectively. The experiment utilized about 200 hrs of beam at a current
of about 100 A, producing about 50,000 events each for the A and S}, at each Q2 setting.
For each beam energy the electrons were detected by the SOS spectrometer, which was fixed
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in angle and momentum to cover the entire W range from elastic through about 1600 MeV.
Protons were detected by the HMS spectrometer. At high momentum transfer the protons
emerge in a rather narrow cone around ¢ corresponding to 4 in the c.m., as shown in Figure
3.

At 4 GeV about 5 angular and 5 momentum settings of the HMS were sufficient to cover
a large part of 47 with 50% overlap between adjacent settings. Since the experiment was
kinematically complete, the identification of #%’s and 7’s was accomplished by missing mass
reconstruction on an event by event basis, as were the kinematic variables Q?, W, and the
resonance c.m. decay angles .. This is shown in Figure 4 for one run as an example.

The reconstructed c.m. decay angles are typically about §¢ ~ 3° and 6(cosf) ~ .04. For
the A the 2 pion background is totally eliminated, whereas for the Sy, only a small multipion
background remains. As an example, a subset of the total obtained angular distri'butions at
Q? ~ 2.8 GeV?/c? for several intervals of W and ¢ — out — of — plane is shown in Figures 5.

Global fits to the data have been carried out by Davidson and Mukhopadhyay (theoretical
collaborators on this experiment), using a fully unitarized effective Lagrangian approach to

extract Gy (ie. |Myy|), Re(Ef, My1,)/|Mi4[|?, and Re( 'f+M_1+)/|M1+|2, and the results are
displayed in Figures la, 1b and 1lc. .

4. Proposed Experiment
The excellent quality of the data encourages us to propose to push the Q? frontier to

Q® = 5.7 GeV?/c?, and then 7.5 GeV?/¢? utilizing electron beam energies of 5 and 6 GeV
respectively in two separated run periods. The experiment, as in 94-014, will measure the
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Figure 3. The kinematics of the experiment,

reactions p(e, €'p)n® from the A(1232), and p(e, e'p)n from the Sy, (1535).

As in 94-014 the scattered electrons will be detected by SOS in coincidence with recoil
protons detected by HMS. The SOS central momentum and angle will be fixed throughout
the experiment for each run interval, while the HMS momentum and angle will be varied
to cover the resonance decay cone and outgoing proton momentum range. The proposed
kinematic settings are listed in Table 1.

The Hall C nominal point to point spectrometer optics tunes will be used for both SOS
and HMS. The Hall C data acquisition system and standard trigger setup are adequate for
this experiment’s needs.

The increase in Q? from 4 to 5.5 and 7.5 GeV?/c? results in a successively narrower decay
cone of the resonance, which makes the total number of settings smaller, and yields greater
acceptance at larger out-of-plane center of mass angles. Acceptances as a function of cos(f.m)
for different out-of-plane center of mass angles ¢, at intervals of W near the A(1232) are
shown in Figures 6. .

The price one has to pay for increasing the Q? is the degradation of the center of mass
angular and energy resolutions and missing mass resolution, all by about ~ 20-30.% for each
step in Q?, which makes it more difficult to apply missing mass cut to separate the radiative
elastic process from the pion production in case of the A(1232) and to suppress the multipion
background under the eta peak in case of the Sy;(1535). Therefore the careful modelling of
the radiative and multipion backgrounds, which are in progress in connection with E94-014,
become more important. Since the SOS angular resolution is the biggest contributor to
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Figure 6. The calculated acceptance function for the reaction p(e, e'p)n° at three values of out of plane angle
¢ =0°,90°, and 180° at three values of W for Q* = 5.7 and 7.5 GeV?/c? respectively.
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the reconstruction resolutions in E94-014, for the Q2 = 7.5 GeV?2/c? run we will consider
decreasing the quadrupole field and thereby improve angular resolution at the expense of
some acceptance,

At Q% = 5.7 GeV, using a current of 100 pA incident on the Hall C 4 ¢cm liquid hydrogen
target, we expect to collect about 25,000 events for each resonance simultaneousely in 15
days of running.

The expected ratio of true to accidental rates is on the order of a few percent per beam
bunch for the settings at the lowest angle and momentum, and is much smaller for the rest
of the settings.

For the entire 5 GeV portion (Q? ~ 5.7 GeV?/c?) of the experiment the SOS momentum
and angle will be fixed at Fy = 1.6 GeV/c, 6, = 50°.

For the 6 GeV phase of the experiment (Q* ~ 7.6 GeV?/c¢®) the SOS momentum and

angle will be fixed at Fy = 1.6 GeV /¢, p = §3°. Table 1 shows the proposed HMS angular
and momentum settings. ‘

Electrons (SOS) Protons (HMS)
R Fream | Ey [ O | Pom Poim | 0o | P — 0 sottings
5.7 GeV*/c® [ 5 GeV | 1.6 GeV | 50° | 4.0 GeV/c | 2.4 GeV/c | 17° 18
7.6 GeV*/c* | 6 GeV | 1.6 GeV | 53° [| 5.1 GeV/c | 3.1 GeV/c | 14° 10

6. References

Ba-96 Belyaev VM, Radyushkin AV. Phys. Rev. D53:6509 (1996)

Be-97 R. Beck et al., Phys. Rev. Lett., 78, 606 (1995)

Bl-92 G. S. Blanpied et al., Phys. Rev. Lett., 69, 1880 (1992).

Br-84 F.W. Brasse et al., Z. Phys. C22, 33 (1984).

Bu-95 V. Burkert and L. Elouadrhiri, Phys. Rev. Lett., 75, 3614 (1995)

Ca-95 S. Capstick and B. Keister, Phys. Rev. D51, 3598 (1995).

Ca-96 F. Cardielli et al., Physics Letters B371, 7 (1996)

Da-97 R. Davidson and N. Mukhopadhyay, Phys. Rev. Lett. 79, 4509 (1997}
Da-97a R. Davidson, private communication. _

Ha-79 R. Haiden, DESY Report No. F21-79-03, unpublished,'(1I979)

Da-97 R. Davidson and N. C. Mukhopadhyay, private communication.

Kr-92 P. Kroll, M. Schurman, and W. Schweiger, Z. Phys. A 342, 429 (1992)

11



