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_ Abstract. ‘
The status of electromagnetic excitation of Light quark (u, d) baryon states is re-
viewed and coafronted with results of calculations within the framework of micro-
scopic models of the baryon structure and the photoa - baryon coupling. Prospects
for 2 qualitative improvement of our knowledge in this sector using photon and
eleciron beams at the new, intermediate energy continuous wave (CW) electron

machines are discussed.

1. INTRODUCTION

Understanding the structure of hadrons in terms of the fundamental interaction
of the constituent quarks and gluons is one of the challenges in strong interaction
~ physics. The study of hadron spectroscopy using hadronic probes has tzught us a
great deal about the excitation spectra and the hadronic properiies of some of the
excited baryon states. However, & complete understanding of the internal siructure
of baryons can only be eccomplished using the electromagnetic interaciion as a
probe. In this talk, I will focus on the electromagnetic transition between noo-
strange baryon states. This sector received much atteation in the eacly 1970's
after the development of the first dynamical quark models. However, experimental
progress was slow, partly because of the low rates associated with electromagnetic
interactions, and partly beceuse of the lack of guidance by theoretical models that
went beyond the simplest quark models. It was difficult for experiments to achieve
the precision needed for a detailed analysis of the entire resonance region in terms
of the fundamental photocoupling amplitudes over a large range in momentum
transfer.

More realistic models were developed after the major electron accelerators used
‘0 bhese studies had been shut down in the wake of the J/y discovery in 1974,



With the construction of CW electron accelerators in the GeV and multi-GeV
region, this situation is changing in a significant way. For example, use of large
acceptance detectors at high luminosities of up to 10**em~3sec™?! will become fea-
sible, allowing measurement of several reaction channels simultaneously’, over a
large kinematic range, and with statistical accuracy comparable to that achieved
with hadronic probes. Moreover, with 100% duty cycle, intense electron beams,
high statistics coincidence measurements can be conducted for exclusive channels
with sma!l cross sections. In fact, to & large degree the statistics will not be lim-
ited by the luminosity achievable in these measurements but rather by the speed
of the data acquisition system and the data analysis process. It Is interesting to
note that hadronic reactions will no longer enjoy their traditional rate adventage
over electromagnetic processes. This will bring to bear the full power of the electro-

megnetic interaction as a probe of the internal siructure of hadrons and the strong

interaction.

The interaction of the baryon conStituents, quarks and gluoms, is geaerally
perceived to be described by QCD, the theory of strong interactions. However,
solutions of this theory in the non-perturbative domain are extremely difficult to
achieve. The lattice gauge theory offers the best hope for exact calculations, but
results seem to be far in the future. Thus, models will continue to play an important
role. Microscopic models that utilize QCD relate the internal baryon structure to the
strong interaction of the confined constituents, quacks 2nd gluons. Probing baryons
with photons and elecirons will give us insight into this fundamental interaction.
This is the main thrust of experiments using the electromagnetic probe. As we
are entering into a new era of experiments exploiting the electromagnetic probe, it
may be appropriate to review, in some detail, the status of the field. This article is
organized as follows. Before reviewing the experimental status of electromagnetic
transitions of baryons resonacces, I briefly summarize the status of light quark
baryon spectroscopy in section 2, and point to some of the problems, that need
to be addressed experimentally. In section 3, I discuss some aspects of what we
have learned about the baryon structure from inclusive electron scatiering in the
nucleon resonance region, and what we may learn by fully exploiting the power of
spin polarized beams and polarized nucleon targets. In section 4 I discuss what has
been learned from exclusive eleciroproduction of low mass nucleon resonances. In

section 5, some new and old physics topics that need to be resolved are discussed.

In section 6, some experimental aspects are addressed.



2. SUMMARY OF LIGHT QUARK BARYON SPECTROSCOPY

In the course of the past decade, very little has happened in experimental light
quark baryon spectroscopy, and, considering its importance for the understanding of
the structure of baryons, it appears to be still in its infancy. The 1990 edition of the
Review of Particle Properties? (RPP) lists 23 established N* or A states, and about
es many candidate states with insufficient experimental evidence. However, this is
only a small frection of the states predicted by the most accepted QCD inspired
quack models. Most of the information we bave on baryons states is the result of
partial wave analyses of elastic pion-nucleon scattering measurements 7V — 7.

The methods used, the results of the analyses, and remaining problems have been

discussed in a recent review?.

The non-relativistic, QCD inspired quark model* and its relativized version®

allow the association of all established states with a level in the SU(6)xO(3) rep-
resentation. The ground states and all states associated with the [70,17]; super
multiplet have beea observed experimentally . However, several of the N=2 states,
and most of the N=3 and N=4 states have not been seen in #[N — 7/ reactions.
Figure 2.1 summarizes the experimental situation for the N=2 and N=3 super mul-
tiplets. After overall adjustments of the center-of-mass excitation energies, the pre-
dicted levels for most of the states are in fair agreement with the measured masses.
There are a few exceptions, where the discrepancies are significactly beyond the
experimental errors. The D;35(1930) is such a case. The experimental mass is 1890
to 1960 MeV. The model of Forsyth and Cutkosky” predicts a D35 state at 2131
MeV, and the model of Capstick and Isgur® at 2030 MeV. The fact that there is
only fair agreement between experimental resonance masses and masses predicted
in quark model calculations is not necessarily alarming. Dynamic effects, such as
pion re-scatiering may contribute to shifting the resonance masses. These effects
have not been taken into accouat in current quark model calculations. Aa intngu-
ing observation is the apparent clustering of resonance masses. Many states appear
to cluster in certain mass regions. For example, six N* states and two A states
cluster in a mass range from 1620 to 1720 MeV. There are another six A states with
masses from 1900 to 1950 MeV. Is this clustering accidental, or is there 2 mechanism
at work that pulls these states together? At present we don't know. There have
been speculations that the effect might be due to phase locking in strongly inelastic

resonance decays®.
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Figure 2.1 Ezperimental status of the N=2 and N=3 ¢* model states. The graph is
from Ref.[6] (slightly modified).

Experimental uncertainties in the widths of many states are large (Figure 2.2).
Ia the case of the P;;(1440), the uncertainty is pearly & factor of 3. The P;;(1440)
is listed by the PDG as e single well established resonance. This conclusion is based
upon the Karlsruhe-Helsinki® and the CMU-LBL?? partial wave analyses. The
significantly different values found for the width of this state in the two analyses
is disturbing. Clearly, the analysis of this energy region is complicated due to the
opening up of the 7A(1232) channel and the large branching ratio of the P;(1440)
into this channel. In a more recent analysis by the VPI group'! which included
new 7N data in the energy region of the Pj;{1440), two poles were found in the
complex energy plane. This result let to speculations about a possible splitting of
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Figure 2.2 Widths (including experimental uncertainties) of non-sirange baryon

states.

the Roper into two states. However, arguments have been presented!? that such a
double pole might just be what is expected from single resopances in the presence
of open inelastic channels. While there is no conclusive evidence towards either one
of these interpretations, receat N — =N data from LAMPF and Leningrad'® in
the energy regime of the Pi; may justify a new analysis of the K-H or CMU-LBL

type to shed more light on this problem.

2.1 Missing Baryon States

Koniuk and Isgur' have suggested that the problem of the missing states in
the ¢° quark model may be an experimental problem and related to the lack of
data in the ipelastic channels. They predict most of the missing states to largely
decouple from the v channel. The 7N — m N process becomes rather ineffective
in searching for these states. Many of the N=2 and N=3 states are predicted to
couple strongly to Aw, pN, and w. If the xV channel does ot totally decouple from
the resonance, the process xlV — rx N may offer a better chance for detecting these

states. Analyzing this channel in bubble chamber data, Manley*s found evidence



Table 2.1 Decay modes of Baryon States [%]
State N | 7N Nr=
Py (1710) | 10-20] ~ 25 < 50
Py3(1720) | 10-20|~ 3.5 <175
G17(2180) | ~ 14} ~ 3 7
H19(2220) { ~18 [~ 05 ?
G19(2250) [ ~10] ~2 ?
I, .(2600) ] 5 | ~2 ?
P; (1910) f15-25( - © <75
Py;(1920) |15-20| - 7
D;s(1950) | 8-15 | - not seen ) i
Fi7(1710) [35-45] - < 40
Hy11(2420)f 5-15 | - ?

for one of the predicted states, a F35 with a mass around 2000 MeV. In case the
decoupling from the mN' channel is nearly complete, electromagnetic transitions
may be the only way to search for these states. Obviously, our picture of baryon
structure could change dramatically if these states do not exist. An extensive search
for at least some of these states is therefore important and urgent. The quark cluster
model'® end the algebraic mode! of Iachello!” can accomodate the known baryon
spectrum, but predict a fewer number of states. In these models the quarks are not
iu a spherically symmetric coafiguration but rather in 2 diguark-quark configuration
(Figure 2.3). Electroproduction of nucleon resonances should be a very sensitive tool

to distinguish between these alternative configurations.

Inelastic channels are not well determined experimentally, due to the lack of
sufficiently detailed data in the N ~+ 7N, * N —» mrxN, and *lV — 7V channels

(table 2.1). The lack of knowledge of fundamental resonance properties has serious



Figure 2.3 Sphercally symmetric ¢*, end non-spherical q% — g baryon configuration.
g P g

consequences regarding systematic uncertainties in the extraction of photocoupling

amplitudes, where properties of the hadronic vertex are needed es input.

Another category of baryons about which we have no experimental information
are the gluonic excitations or hybrds ¢'G. These states have been discussed within
the framework of the bag model'* %, Low lying states like Py, (1440), P13(1540),
P;,{1530), P;;{1600), P,:(1700) are possible candidates for gluonic excitations. The
problem is how to distinguish gluonic excitation from regulas g} excitations. Some
of the hybrid states, e.g. the P;3(1540), or the P3;(1530) are not allowed in the
g® model, therefore their mere existence would already signel that the standard
quack model cannot be complete. Experimental indications for these states are
weak and have been found in inelastic channels only??. As we will discuss in section
5, measurements of the electromagnetic transition form factors are 2 powerful tool

in determining the nature of these siates.

3. INCLUSIVE ELECTRON SCATTERING

3.1 Unpolarized inclusive cross section

The inclusive electron scatiering cross section eN — eX reveals a few broad
bumps, clearly indicating the excitation of resonances in the mass region below 2
GeV (Figure 3.1). However, their broad widths and close spacing make it impossi-
ble to separate them in inclusive production reactions. Nonetheless, one can obtain
some global information about the Q? dependence of the dominaat states, by sub-
tracting some smooth non-resonant background contribution. This technique has
been used by various groups 2%, most recently to study the photocoupling ampli-

tudes of the prominent states at very high momentum transfers®h?s,
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Figure 3.1 The nucleon resonances with masses below 2 GeV (left) and the shape
of the inclusive cross section at Q* = 0.6GeV? (right).

The inclusive unpolarized electron scattering cross section can be written as:

do
amaz =1 @
cror = (o7 + €aL) (2)

where I'7 is the virtual photon flux, and ¢ describes the photon polarization. or and
o are the transverse and longitudinal total absorption cross sections, respectively.
The transverse total absorption cross section o7 can be expressed in terms of the
total absorption for helicity 1/2 and helicity 3/2, in the initial state photon-nucleon

system.
or =1/2(c¥? + a3?) (3)

oL is typically small. For example, in the deep inelastic region oy = 0.15 due to the
primordial transverse momentum of the quarks inside the nucleon. In the resonance
region, a significant o could be evidence for non-quark degrees of freedom, such

as photon absorption on spir-0 objects like pions or diguarks inside the nucleon.



Quark models predict small values of o /or for the resonance couplings, with pos-
sible exceptions for radial excitations, like the Roper Pi;(1440). Accurate separate
measurements of o aod or can therefore give important information about the

internal structure of baryons.

The longitudinal part can be separated from the transverse part by measuring
the ¢ dependence of the total absorption cross section. This has been done for a
few kinematical points only.” ¢ wes found to be relatively small throughout the
resonance region, typically oz /o7 ~ 0.1 —0.2. However, in some kinematic regions,
considerably larger values cannot be excluded. The most accurate separation of
ot and o7 has been done at small Q* in the A{1232) region (Figure 3.2), with
the result that no resonant longitudinal coupling was found. Of course, the total
absorption cross section is not very sensitive to relatively small amplitudes since
they enter in quadrature. Therefore, small resonant longitudinal contributions are
not excluded, and measurements which are more sensitive to these terms should be
carried out. Results of measurements at higher masses yield similarly small values

(Figure 3.3).
In a2 simple ansatz one may assume an incoherent superposition of resonances
and non-resonant background. At fixed @Q?
oror(W) = ca(W)+onr(W), (4)
with a Breit-Wigner parameterization for the resonant part:

cr(W) = Ag - Q—g ' Wa LIy (5)
5 (VI - WeE 4w}

and 2 polynomial for the non-resonant contribution:
o(W)= /W = Wi+ > ai- (W = W) . (6)
i=0

This expression provides an s-wave energy behaviour near threshold. 0" is the
photon momentum in the kadronic rest frame. The least-square fit to the data
yields Ar. For the higher mass resonances Ay is a superposition of different states
with different widths, and different masses. The results are therefore ambiguous,
and can give only indications of the global behaviour. The A(1232}, however, is an
isolated resonance, and the fit should yield information about the A(1232) resonance
only. Since oy, is small in the A region, the resonant cross section can be expressed

in terms of the transverse transition form factors G4y and G3 only*®:
dre 0L

~ T _ Az a
R=IR= T e ) (Om +316z1%) (7}
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Figure 3.2 Transverse and longitudinal cross section in the A(1232) region. Mea-

surement from Bonn?®.
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Figure 3.3 Ratio o1 Jor in the resonance region®'.
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Figure 3.4 The magnetic transition formfactor Ggy normalized to the dipole form-
factor. The curves are results of quark model calculations®®*2,

where Cj;, is the photon momentum vector in the lab system. If G4 is small, which,
as we shall see later is the case for moderate values of Q?, one can determine
|G& 1. A compilation of the results from various groups is shown in Figure 3.4. The
comparison with quark models demonstrates a longstanding problem: at the photon
point, quark models underestimate the magnetic multipole traasition amplitude by

20 to 30%.
A detailed discussion of the high Q2 results, in particular for the higher mass

resonaances, was presented during the lecture series by C. Carlson?®. I will therefore

not discuss this aspect here.

3.2 Polarized Structure Functions in Inclusive Electron Scattering

The differential cross section for inclusive scattering of polarized electrons from

polarized protons p{€,e'}X can be expressed in the following way:
do
dQ.dE!
I'r-[or+eor +P.-Pycosp-(V1— et cosy-Ay-or+/e(l — ¢)-sing-4z-07)] (8)

where 1 is the polar angle of the target polarization vector relative to the direction

of the virtual photon, ¢ is the corresponding azimuthal angle, P, and P, ere the



electron and proton polarization, and

T T
Tyt2 — 932 (9)

A] = .
7+ 3

A, is a transverse-longitudinal interference term with aa upper bouad of

4; < \/UT/-G.’? | (10)

Since oz /or is small throughout the resonance region, 4; will remain relatively
smell too. The two polerization structure functions can be separated by polarizing
the target in the scattering plane (¢ = 0), and by varying the polarization angle ¢

for fixed electron kinematics.

A, (W, Q%) contains global information about the kelicity structure of the nu-
cleon resouances, and their dependences on Q2. Comparisons with the behaviour
of A; in the deep inelastic regime should prove interesting. It is also needed as
an ingredient for determining the Q* evolution of the Gerasimov-Drell-Hearn sum
rule (section 5). An experiment ai SLAC measured a combination of 4; and A,
(Figure 3.5). Although the errors are large, an interesting Q? dependence of the
resonance was revealed; the helicity asymmetry in the region of W = 1.5 - 1.8G¢V,
showed = rapid change from helicity 3/2 dominence in photoproduction (@* = 0),
to helicity 1/2 dominance at Q* = 0.5GeV?2, This “helicity switch” is in quali-
tative agreement with expections from quark models for the prominent D;3(1520)
and Fy5{1680) resonances (see sections 4.3 and 4.4). The asymmetry in the mass
region of the A(1232) remained uachazged at ~ —0.5, as expected from a dominant
magnetic dipole transition. For pure M;. transition oze has ¢y/3/05/, = 1/2. In
the following section we illusirate the seasitivity of a measurement of 4; to the

excitation strength of the Roper resonance Pi;(1440).

3.2.1 Sensitivity of 4; to Roper Excitation

Since the Roper resonance Pj;(1440), has spin 1/2, it can only be excited
by helicity 1/2 amplitudes (A4;); or 5y73). Ap is sensitive to the strength of the
resonance transition. For a strong Py excitation the asymmetiry A; tends to be
more positive than for a weak Pj; excitation. Since for an isolated A(1232) or
P,,(1440), the asymmetry is A; = —0.5 or 41, respectively, and independent of
@2, the relative strength of the Roper will strongly affect the actual asymmelry in
the overlap region of the two states. Expected statistical error bars of an experiment

proposed for CEBAF are shown in Figure 3.6.
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Figure 3.6 Polarized siructure function A; in the resonance region at fixed Q7.
The short dashed curves represent calculations based on the NRQM of Close and
Lit3, with different assumptions about the transition emplitudes of the Roper. The
other curves are the result of a semi-empirical calculation™ that fits the single pion
production data. Same assumptions about the Roper amplitudes are used. The
short error bars are expectations for an approved CEBAF experiment’! that will

cover 0.25 < QF < 2.0GeV? and 1.1 < W < 2.0GeV.



4. EXCLUSIVE ELECTROPRODUCTION EXPERIMENTS

Inclusive measurements do not allow identification of the excited states. This
can only be accomplished by explicit measurement of the decay products such as
*N,qN, pN, nA. The 7,NN* vertex for the transition into a specific state is de-
scribed by two (for J=1/2 states) or three ( for J> 3/2 states) amplitudes, Al/z(Qz),
As3/2(Q%), and §y45(Q%), where A and S refer to the transverse and scalar coupling,
respectively, and the subscripts refer to the total helicity of the 7,V system (Figure
4.1). Spia and isospin can be extracted by measuring the angular distribution in
different isospin channels. Many of the low lying resonances decay primanly into
the Nr or N7 channels. Experiments have therefore concentrated on single x and
n production. In the following section our curreat knowledge of the resonance tran-
sition amplitudes resulting from these reactions is reviewed. Detailed information
and an exhaustive list of references are given in an excellent review article by Foster
and Hughes®™.

Very little is known about multiple pion production processes. Some global
information about the reactions p(e, e'pp), p(e, e'vA{1232)) have been obtained from
a DESY streamer chamber experiment®3. EHowever, the data are not sufficiently

detailed to allow the exiraction of helicity amplitudes for specific resonances.

4.1 Multipoles and Partial Wave Helicity Elements.

The differential cross section in single meson production contains four response

d
Ti_g =or +eor + earrcos 2@ + /2¢(1 + e}org cos (11)

where ¢ is the azimuthal angle of the hadronic decay plane with respect to the
electron scattering plane. The observables of the process v,V — mN, where 7,
denotes the virtual photon, can be expressed in term of parity coaserving helicity

functious:

amplititudes®4:
1 1
Hii= < AgdnlTy, 8 > = < OGE5[TI£1,0,£5 > (12)
where A denotes the helicity of the respective particle. The H; are complex functions
of @*, W, 7. The response functions are given by:

_ W

or = e ([ + L + (B + | H]?) (13)

Y g
or = LI (| + {ES)
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IIT = “paf

crp = |o=lW
V2kM

where 7 is the pion momertum in the hadronic cms system, and k is the equivalent

. Re(H:H; - HlH:)

Re(H;(H, — H,) + H;(H2 + H;))

real photon energy for producing a state with mass W:

W? — M?

k=—u

The H; can be expanded in terms of Legendre polynomials:

(==

1 . 9 1
H = Eﬁsznﬁcos E Z(Bz+ - B(t+1)—)(P£” - PH—I

=1

6 .
H; = \/ECOS 5 Z(AH. - A(5+1)—)(Pl, - PI'-l-I)

=0

LR N R =Y

1 . . 0< < o
H; = -2—\/55111851:1 }_‘_J(Ba-;--}-1‘5’(14-1}—)(}3:r + PlLy)
=1

R
H; = \/'...;sm 5 Z(.4-t+ + A(HI)—)(Pfr + PI’-:-I)
[=0

o

g
Hy = v/2cos 3 > (Crs = Cipeny )P = Pliy)

=0

R
Hy = \/ESIHEZ(CH.+C(;+])_)(PI’+P{+1) (14)

i=0
A+ and Bys are the transverse partial wave helicity elements for Ay = -21- and
X, = %, respectively. Ciz are the longitudinal partial wave helicity elements. Iz

the subscript {+, [ is the  (n) orbital angular momentum, and & is related to the
total angular momentum, J = [ + 1. The partial wave helicity elements are linear
combinations of the electromagnetic multipoles My, Erx, Six:

pu

My = (ZAH_ - (l + Z)BH.)

2(l+1)
2

B = I+ 1)

(24,4 + 1B14)

—



1

1‘-’.{1+1'_ = [_4-_1(2A‘+1'- + IB;.H,_)
2
Brir,- = oy (-2400,- + (04 2) B,
1 {Q-?
Sty = ey 'E?—Z-CH—
1 a2
Stvi-=-1T7 %2 Cry1,- (15)

Q" is the photon 3-momenturm in the hadronic rest frame. The partial wave helicity
elements contain both non-resonant and resonant contributions. An analysis must
‘be performed to separate off the resonant paris A, Bix, and iy of the ampli-
tudes. A detailed discussion of analysis methods is given in an excellent article by
Moorkouse™. In a final step the known hadronic properties of &2 given resonance
can be used to determine the photocoupling helicity amplitudes which characterize

the electromagnetic vertex:

Aie =FK -Ciy - Aip (16)
B = +K 10 Cly A (17)
R ECER T R

1 k M Iy
K= : —_——
(2 + 1) pr Wg T2

where the CI,, are isospin coefficients. The total absorption cross section for the
transition into a specific resonance is given by:

2M

oT = W(Asz + A:/Z) (18)

The Ay, and A3/, 2re the quantities usually used to connect theoretical calculations
to the experimental analysis. However, some models suck as the Skyrme model,

make direct predictions for the partial wave helicity elemeuts?s.

4.2 Radiative Transitions with AL;g =0
4.2.1 The Transition y,p — A1{1232).

In SU(6) symmetric quark models, this transition is explained by a simple

quark spin-flip in the L3o = 0 ground state, corresponding to a magnetic dipole



Figure 4.1 Electroproduction of hadronic final states via s - channel resonance de-
cays. The v,NN" vertex is described by the photocoupling helicity amplitudes
Aia, Az, and Syyp, which are functions of Q? only.

transition M,,. The eleciric and scalar quadrupole transitions are predicted to
be B;. = S1+ = 0. In more elaborate QCD based models which include color
magnetic interactions arising from the one-gluon exchange at smali distances, the
A(1232) acquires aa L3g = 2 component which leads to small electric and scalar
contributions. Dynamical quark model calculations predict B4 /M), to remain
small (< 0.1) in a large Q7 range. Eji/M;y is predicted to have a weak depen-
dence on Q2. At very high Q?, helicity conservation requires®® E; /M), — 1,
and S;; /M, — 0. Precise measurements of these contributions from Q% =0to
very large Q? are obviously important for the development of realistic models of the
nucleon.

In the region of the A(1232), one may expect that only s- and p- waves with J <
3/2 contribute. If one further assumes dominance of the magnetic dipole transition

and retains only terms in the cross section that comtain the M), multipole, the

cross section reduces to:



de o 1Bl (310, * ~ SRe(My4 E7,) + Re(Myy M;_)
+2cos Re(Eoy M7 ,)
+ cos? 5( — 2| M4+ |* + 9Re(M; L BT, ) — 3Re(ﬁvf1_ﬂ/f1'+))
tesin? fcos 2( — 3|My4|? — 3Re(Mi1 Ef,))

—y/2¢{¢ +1)sind cos.gﬁ(Re(So.;.Ml‘*_) +6cosRe(S1: My )] (19)

where 8 is the pion cms polar angle, and ¢ = Q"’/(Q-.')ze. The sensitivity to the
electric and scalar quadrupole transitions lies in the interference terms of Ey4 and

51+ with _'Hr’fi_‘;..

In this approximation the resonant terms
|Mi4|, Re(MipE7), Re(M,.57,)
and the non-resonant terms |
Re(Eqs M;,), Re(SorM;.), and Re(M;_ M) |

can be determined uniquely by measuring the ¢ and # dependence of the differential
cross section.

Present experimental information about Re(E;p M7, )/|M14]? at the A(1232)
resonance mass is shown in Figure 4.2. The quality of the data is clearly not

sufficient to discriminate against any of the models.

Experiments at MIT-Bates®” and CEBAF?? are in preparation to measure the
electric and scalar quadrupole transition over a large Q? range, using polarized
electron beams and/or recoil polarimeters. In these experiments one obtains infor-

maticn not only about the terms
Mi: , Re(E .M. ), Re(51:+M],)
Lut also about the corresponding imaginary parts:
Im(Ey i Mi,) ) Im(Sug i, )

The imaginary parts of the bilinear terms can be measured only by using polariza-

tion degrees of freedom. They are particular sensitive to phase reletions between
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Figure 4.2 Ratio Ey4 /M from electroproduction experiments®®

the multipoles. If the multipoles were strictly in phase, these terms would vanisht
identically.
4.2.2 The Transition 7,p ~ F,(1440).

The Roper resonance is often characterized as & “breathing” mode or & ra-
dial excitation of the nucleon. Electromagnetic excitation of the Roper resonance
P;1(1440) is of particular interest as one can test the spectroscopic assignment of
this state by measuring the transition form factors. Difficulties in describing its
radiative decay width with quark models have prompted speculations®® about the
pature of the P;;(1440). The SU(6) classification of the P11{1440) 1s that of a
[56,0%]z state. The non-relativistic quark model predicis for the neutron/proton
ratio: A;‘/Z/Af/z = —2/3, whereas a relativized quark model®® gives 2 much smaller
value. In chiral bag model calculations*® contributions from the pion cloud of the
proton bring this ratio closer to -1 at Q* = 0. With increasing @Q*, however, the
role of the pion cloud sﬁoulc;l be dirninished, and the quark composition is expected
to dominate the excitation of the Roper at kigher Q?. Precise data on photo- and
eleciroexcitation of the Roper can help reveal the true nature of this state. An
interesting consequence of the N = 2 assignment of the Py;(1440) withia the frame-
work of the NRQM is its predicted dominance over the A{1232) at high Q*. The

NRQM predicts®!:
A;/Q(P“(lfi‘i-o)) -,

.41/2(P33(1232))
The data are shown in Figure 4.3. The value -2/3 is clearly preferred for the neu-

(20)




tron/proton ratio, although a value closer to -1 is not ruled out. The Q7 dependence
is not known very well 2nd non of the explicit quark models comes even near to
describing both the photon point and the Q2 behaviour suggested by the data.
Relativistic corrections give uncomfortably large effects, casting some doubt on the
reliability of the calculations. Predictions for the longitudinal (scalar) coupling ap-
pear to be less sensitive to relativistic corrections. The transition to the Py;{1440} is
predicted to exhibit an exceptionally strong longitudinal coupling, a feature which
is not supported by the data. Sy, is consistent with a small value, or even zero,
although significant values at smell Q* cannot be excluded. Clearly, more precise
end more complete data are needed to study the apparently strong Q2 dependence

at small Q2.
4.3 Radiative Transitions between the [56,07]y and the [70,1~]; Multiplets

Of the seven non-strange states associated with the [70,17}; multiplet only the
D,3(1520) acd the 5;;{1535) kave been studied in electroproduction experiments

in some detail.

4.3.1 The 7,p — 511(1335) Transition

The 5;1(1535) is characterized by a large branching ratio into the r;N channe!
(= 50%). Since the nearby I}3(1520) state has a very small decay width into
1V the 511(1535) can be seperated off in 2 rather siraight forward manner®"%%,
Electroproduction results indicate a very slow falloff with @? (Figure 4.4). Up
until recently, this behavior could not be explained withia the framework of quark
models. However, recent extensions of the model to include relativistic effects have
been quite successful in reproducing this particular behavior. It is interesting to
note that within the framework of a specific model, the absolute normalization and
the Q° dependence appear to be sensitive to the parameterization of the confinement
potential. This lends confidence to the idea that a great deal can be learned aboui
the properties of the confinement potential by carefully studying many resonance

transitions.

4.3.2 The v,p — D;3(1520) Transition
At Q* =0, the D;3(1520) is predominantly excited by Az, transitions. With
increasing Q%, A;/; becomes the dominant contribution. This is demonstrated by

displaying the helicity asymmetry

A - A
3= Ai/ i (21)

Ay
1/2 3/2
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Figure 4.3 Transverse (left) and scalar (right) photocoupling amplitudes of the
Roper P;;(1440) for proton {open symbols) and peutron (full squares) targets. The
opent diamond symbols and the short dashed and dashed-dotted lines represent
results of a fixed-t disperion relation fit by Gerhardi®®. Long dashes represent cal-
culations for protons within the NROM with QCD mixing of Close and Li*?. The
solid lines are the result of a calculation assuming the Roper is a gluonic excitation
of the nucleon {See section (5.1). Only calculations that approximately reproduce

the photon point have been included.

A summary of the daiz is presented in Figure 4.5. It is worth noting that effects
due to the spatial wave function tend to cancel out in this quantity. The helicity
asymmetry is therefore sensitive to the spin-flavor wavefunction. The helicity switch
agrees qualitatively with quark model predic,tions“, as well as with expectations
from helicity conservation in perturbative QCD at high Q2. However, the details,

of how, and at what Q? this transition occurs will provide us with more insight into

the internal dynamics of the nucleon?.

4.3.3. Test of the Single Quark Transition Model

Within the framework of single quark transitions in SU(6)w symmetric models,
radiative transitions between the {56,0%]q and the {70,1~}; multiplet are described
by 3 aemplitudes?”, often called A, B, and C, where A is related to the quark ocbit
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Figure 4.4 Transverse amplitude A,;; for the transition v,pS11(1533). Modcl cal-
culations by Close and Li*? (short dashes), Warns et al*? (solid line, double-dashed
line for different confinernent potentials), Foster and Hughes*? (dots), Konen and
Weber** (long dashes), Forsyth and Babcock *° (dashed-dotted).

flip current, B to the quark spin flip current, and C to the combined spin fiip and
orbit flip current with AL, = 1, respectively. In the framework of the single quark
transition mode! (SQTM) radiative transitions between all states belonging to these

multiplets can be expressed in terms of linear combinations of these amplitudes

(ta.ble 4.1},

Knowledge of the 4,5, A3/, amplitudes for the 51,(1535) and the D;3(1520)
states allows one to determine the A, B, C single quark transition amplitudes.
These can then be used to predict transition amplitudes for other states. Recoil
effects may generate deviations from the SQTM at the 20% level®®. Unfortunately,
information from other states is limtted to proton targets and is of poor quality.
Current experimental information of the S;,(1630), 53;(1620), and D;3(1700) is
sumrmarized in Figure 4.6. The data are not in disagreement with the SQTM
predictions, but they are not accurate enough to test deviations from the SQTM at

the predicted level.



T 1 T
1.0 "EL:

> 0.8 ]
£
| p -
T, B i
£ n .
£ 0.0
> S -
g b | :
o - / Dm(ISZO) ]
e} [
§ -0.5 _—"1 / —“:
E". -/ / ]
= % :

~1.0 I S S I N I B l T N _k

0 1 2 3

Q% (GeV?)
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4.3.4 Quark Multipoles for 7, + [56,0% g — (70,17 ];

The single quark transition amplitudes can be expressed in terms of quark
electric and quack magnetic multipoles'®, ef% miL, mi"LH, which arew related to
the quark orbit flip, the quark spin flip, and the quark spin-orbit flip amplitudes,
respectively. For the transition [56,0+]s — [70,17]; one obtains®* (in uaits of
[bGeV]1): '

A = 8.88¢}’

1/2(B - C) = —6.31m]"
1/2(B +C) = +6.31m;’ (22)

More direct information about the photon quark dynamics can be obtained by

factoring out an explicit dipole form factor dependence

1
1+ Q2,07

F(é:vf)



Table 4.1 Single Quark Transition Amplitudes for 7+ [56,0%]p — [70,17 |1

State Proton Target Neutron Target
51:{1535): A‘; =§(A+B-Cleosf * | 4} = -i(4+1iB-1C)
D;3(1520) : ;:4.;r =1-(4-28-0), A = ~5(34-28-C)

A} = ;7(4+0C) A3 = 7734 -0C)
5,:1(1650) : A;’:%(A-I—B——C)sinf? A = (B - C)

Dy3(1700) : A;{ =.41%‘ =0+ A% = 2(B - 4C)
— 1 _
A3 = J=(3B - 20)
D;s{1670): AT = A7 =0+* A =2 (B +C)
43 =14/1B+0)
D33(1670): A:{ = sz(?:.fi +2B +C) same
A; = ﬁ(&ﬁl -C) same
53,(1630) : Ai =1(34-B+C) same

+ (f = mixing angle between *[8],/; and ?[8];,; in {70,17}1)

++ unless mixed with states in other supermultiplets

where the 3-momentum is evaluated in the equal velocity frame (- = —ip)
to minimize relativistic effects. The only justification for such a choice is that it
describes the Q® dependeuce of the elastic formfactor (rote that ézvf = Q? for

elastic scattering). Using this expression one can define reduced quark multipoles:

el — il p ~2 ); m”zﬁz“F A2 :
1 1 evf 1 1 evf
mlz = ThizF( iuf)
efz = Efzchule(inf); m‘fz = TﬁFIQCVf'F(QE"f)

mi® = mP Q.. F(QL. )

(23)

The results for the [70,17|; multiplet are displayed in Figure 4¢.7. The reduced

multipoles €;!, and 1! exhibit & very simple C}.Evf dependence. €]

I

is independent



100 [T T T T 100 T
vs L 5,(1650) s [ S.(1620)
50 6=38" ] so [ -
9 ; ;
of — % ]
sl 3 o -
_ : llr([lLLL'llLLI!ll(- -i;zo[[J_LLilllLLllll!%
05 0.5 118 z g 05 t 1.5 2
Q% (GeV/e) : Q% (GeV/e)?
150_1—" ""[“"i"r‘_ LEO-TiIII'IIII{Tf‘IrTrrr-
Dy4(1670) 1 - D.,(1670) ]
125 — - 125 — —
% X, =1/2 ] - : A, = 3/2
18Q T "_: ﬁ"
2 ; :
g 1o
C - il
“F ig
2 [ ] -
:ElllLl.J_‘lLllll'lll ’ :lLLIIII!LL!lLLLIPIII-
0 Q 0.5 L 1.5 2 ° [s] 0.5 1 1.5 2
bed
Q% (GeV/e)? Q® (GeV/c)®
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Figure 4.7 Reduced quark muliipoles in units of [GeV] for the transition v, +

_ [56,0%]p — {70,17], (left), and 7, + [56,0%]¢ — [56,2%]; (right}. For the tran-

N sition to [56,2%]; the orbit fip term has been assumed constant with the value & g3’
. determined at the photon point. The lines indicate the low Ogvr behavior.

of éfuf, and m1! rises linearly with Q2, s At small C:).iuf, m1? has nearly the same
slope as 7}t This indicates that the reduced spin ocrbit term C is approximately
constant at Q o < 1.5GeV?. The sinplicity of the O uf dependence calls for a
simple explanation. The simple non relativistic quark model (NRQM) provides an

explanation of the reduced quark electric multipole being constant, and predicts



a linear rise of the reduced spin flip amplitude B, but since € = 0, the NRQM
predicts ml! = m]?, in contrast to the experimental findings. The conclusion from
these studies is that the electromagnetic current operator in the simple NRQM is

not complete and has to be modified to include the spin-orbit transition term C.

4.4 The Transition v, + {56,0%]y — [56,27],

The most prominent state of the [56,2%], super multiplet is the F15(1688), and
it is the only one that has been studied experimentally over an extended Q? range.
Similar to the D};(1520), the photoexcitation is dominantly helicity 3/2 and hence
A:'/Z(FIS) =~ 0, at Q* = 0. The data show a rapid change in the helicity structure
with rising Q2 (Figure 4.8). The switch to helicity 1/2 dominance is qualitatively
reproduced by quark model calculations. However, muck improved data are nesded

for a more definite companson with the theory.

Without additional assumptions the four contributing SQTM amplitudes A’,
B’, C',and D’ (note that there is also 2 spin-orbit flip amplitude D’ with AL, = 2)
presently can not be determined due to the lack of electroproduction data for =
second state in the [56,2%], super multiplet. However, if we assume that the orbit
flip term &37 for this transition is independent of Q% as it is for the [70,17]y, we
can use the photoproduction value for €2 and determine the reduced magnetic
quark multipoles m3? and m}’. The results are shown ia Figure 4.7. m}* shows an
approximately linear dependence on Q?, similar to !, The shift between —725-rhfz
and m?® indicates that there are significaut contributions from C’ and/or D', This
confirms the conclusion from the previous section that the simple electromagnetic
current operator which acts only on the quark orbit and the spin is not complete.

In fact, the discrepancy appears to increase with increasing Q2.

5. NEW AND OLD PHYSICS TOPICS.

In this section I want to discuss some problems that have generated a great deal
of interest in recent years. Their resolution may have a significant impact on our
understanding of the baryon structure. These issues have either not been addressed,

or have not been sufficiently addressed in previous experimental effocts.

5.1 Gluonic Excitations of Baryons States

Recently, there have been speculations about the existence of hyheid baryon

states!®1? consisting of 3 valence quarks and one valence gluon. The valence gluon
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Figure 4.8 Helicity asymmetry for the 7,,-pF15(1688). Same models as in Figure 4.5.

may give rise to additional baryonic states (gluonic excitations or hybrid states)
that are denoted ¢3G. In hadronic production experiments these states cannot
be distinguished from ordinary ¢ states because they are, unlike hybrid mesons,
characterized by quantum numbers which are also possible for the normal baryon
states. The electromagnetic probe will be a powerful tool in these studies as 1t

allows us to probe the different internal structure for ¢* and ¢°G states.
5.1.1 The Q* Quenching of the Roper P;;(1440)

The Roper has been discussed as a candidate for the lightest hybrid baryon®!+?,
If this were indeed the case, a long-standing problem in baryon structure, the strong
quenching of the transition formfactor 7,pP;1(1440) with Q? could be resclved. In

the following section I will discuss this aspect in some detail.

In the NRQM the lowest mass Py;{1440) state is assigned to a radially excited
g® state within the SU(6)xO(3) super-multiplet [56,07]; (i.e. Lig = 0, N3g = 2).
However, the observed low mass of the siate, as well as the sign and magnitude of
the photocoupling amplitudes have traditionally been difficult to reproduce within

the framework of the NRQM. Moreover, as we have seen in section (4.2.2) there



is experimental evidence that the Q* dependence of the photocoupling amplitude
Ay/2(Q%) is quite different from what is predicted in the framework of the NRQM.
The data indicate a rapid fall-off of this amplitude with Q? whereas the NRQM, as
well as the relativized versions, predict 2 much weaker fall-off or even a rise with Q2.
However, the experimental information about electroproduction amplitudes of the
" Roper is rather limited, largely due to the complete lack of polarization data, and
definite conclusions about the nature of the Roper cannot be drawn from existing
data.

If the Roi:ver is a ¢’ G state, then, because the gluon carries spin the longitudinal

coupling is absent in lowest order.

Obviously, the solution of the puzzle concerning the correct assigment of the
P;1(144D) could have enormous impact on our understanding of baryon structurs
end the dynamics of the strong interaction in the non-perturbative regime. How

can we experimentally discriminate between these alternatives?

In a constituent quark and gluon picture a graph that is expected to contrnibute

to gluonic excitations is the QCD Compton process yg — Gg (Figure 5.1)

’
> ”gﬁ gg? |{G>
N N+

Figure 5.1 QCD Compton process in gluonic excitation

The inverse process Gg — g has been studied in detail in hard scatiering
processes®! and is well described in perturbative QCD.

A precise measurement of the Q* dependence of the 7,pP;1(1440) transition
form factor discriminates between the interpretation of the Roper as a regular
[56,0%]2 ¢* state, or as a hybrid [70,0%]y ¢°G state?’. The discriminating power
is a result of the fact that the respective photocoupling amplitudes are associated
with different spin flavor factors, so that in the first approximation (if effects from

the spatial wavefunction and relativistic corrections are neglected):

App2{P1i(1440))(70,0%]e 1.

A, 2(P1:(1440))36,07:  § (24)

Ta



Moreover, & composite system with four constituents will spatially be more extended
than one with only three constituents, causing the form factor to drop even more
quickly witk Q2. Therefore, accurate measurement of the @? dependence of the
Roper photocoupling amplitude can be used to discriminate between these spectro-
scopic assigments. The calculation based on the hybrid interpretation is in better
agreement with the data than calculations using the non-relativistic or relativized
versions of the constitueat quark model (Figure 4.3). However, it is possible that ¢
models with strong mixing between the Roper and the ground state nucleon may

be able to reproduce this fast drop with Q2.

Very swruﬁca.nt improvements in the quantity and statistical accuracy of the
data base are expected from the experiments of the V* collaboration at CEBAF3S,

5.2 Missing ¢® Baryon States

The QCD motivated extensions of conveational quark models predict many
states, with masses above 1.8, which have not been observed in #¥ — 7N reac-
tions. Theoretical calculations!? indicate that many of the “missing” states tend to
decouple from the IV channel due to mixing, however, they may couple strongly
to channels like pN, w®N, or Aw. It is experimentally well established that sin-
gle pion production decreases with energy, while multi-pion production and vector
meson production processes become more important (Figure 5.2). Electromagnetic
production of these channels may therefore be the oaly way to study the “missing”
states. In fact, several of those in the [56,27], super multiplet are predicted to
couple strongly to photons. For example, the Fi5(1955}, and the F;5(1975) should
be excited almost as strongly as some of the prominent states at lower masses.
Search for these states is important and urgent. There are models, such as the
quark cluster model!® that can accommodate known baryon states, while predict-
ing a fewer number of unobserved states. Experiments at CEBAF? and ELSA®?
to study electroproduction and photoproduction of vector mesons are expected to

provide a definite answer for the existence of at least some of these states.

5.3 Baryon Resonance Transitions at High Q?

At high energies, perturbative QCD makes simple predictions about the asymptotic
? behavior of the helicity amplitudes for resonance excitation. Based on the model
of Brodsky and Lepage®®, who factorize the process into a hard scattering part

and a ‘soft’ non-perturbative part described by quark distribution functions, it is
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expected?? that
4,2(Q%) = C1/Q°, 432(Q%) =C2/Q°, @ —~ 0 (25)

if logarithmic terms are neglected. Information about the quark distribution func-

tions and the normalization constant Cy can be obtained from QCD sum rules.

Of course, the first question to address is: At what momentum transfer does
this description apply? Some interpretations?*?3 of the inclusive data have induced
thet the esymptotic behavior already is observed at @* ~ 4 to 5 GeV?, However,
othersS® have argued that asymptotic behavior will occur only et much higher Q2.
Conclusive tests require exclusive data, where the resonances are uniquely identified,
and their respeciive helicity amplitudes have been separated. Separated data exst
for Q? < 3GeV? only, and only for & few states. In Figure 5.3 the 4,y data are
shown, multiplied by Q. The onsei of the asymptotic regime would be indicated
by the Q° independence of this quantity. This is obviously not the case for this
Limited Q? regime. However, it is interesting to note that at the highest Q7 the
data are in the ballpark of the asymptotic predictions. It is also interesting to note
that for the $1:(1535), the calculations within the framework of relativized quark
models, yield values for the highest @2 point which are in the same ballpark as the
asymptotic predictions. The non-relativistic version clearly fails for Q% > 0.6GeV2,

5.4 Multiple Quark Transitions

It is well known®® that ¢° baryon states belongicg to the [20, 17| super multiplet
with its antisymmetric wave function cannot be excited from the ground state in
a single quark transition. The search for direct electromagnetic excitation of these
states would allow a test of the SQT hypothesis. Calculations within the frame-
work of a relativized quark model?? indicate that multi quark tramsition (MQT)
amplitudes may contribute at a level of 10 to 20% of those for SQT amplitudes of
some of the prominent states. Clearly, the observation of these transitions requires
high statistics measurements under conditions where interferences of the MQT am-

plitudes with other dominant amplitudes are important.

5.5 Q? Evolution of the Gerasimov-Drell-Hearn Sum Rule

The results of the polarized proton structure function measurement of the EMC
collaboration have prompted numerous speculations aboul whether or not in the

deep inelastic region the spin of the proton is carried by the quarks®”. This has
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led to repmewed interest in experimental tests of the sum rule of Gerasimov®® and
Drell, and Hearn®®, and in measurements of its @? evolution. The sum rule relates
the difference in the total photo-absorption cross section on nucleons for photon-
nucleon helicity A;x = 1/2 and Ayx = 3/2 to the anomalous magnetic moment of

the target nucleon:

T dv 2rla
./ —V—[JI/Z(V,D) h U3/2(V,0)l = - AIZ KI (26)

where v 1s the photon eﬁ:ergy, 7172 ead o3/, are the absorption cross sections for
total helicity 1/2 and 3/2, and & is the anomalous magnetic moment of the targel
nucleon. The GDH sum rule hes been derived oc rather general grounds but has
never been tested experimentally. There is however evidence from the analysis of

single pion production that the sum rule cannot be grossly violated®’.

The interpretation of the EMC results on the polarized protoa structure func-

tions in terms of the Bjorken sum rule®! suggests the following behavior?®:

Ty 0.134 :
| S0, @) = ol @ = (21)
Vehr

The latter sum rule should be valid in the deep inelastic region. A comparson of (26)
and (27) suggests that satisfaction of the GDH sum rule requires dramatic changes
in the helicity structure of the vp coupling between the deep inelastic region aad
2% = 0. This is illustrated in Figure 5.4. A calculation by Anselmino et al.®?, which
is based on the vector meson dominance analogy shows a strong Q? dependence and
predicts significant uncertainty resulting from the assumed effective vector meson
mass. In this calculation, the GDH Limit -0.524 GeV ™2 at Q% = 0 has been used for
normalization. Calculations based on the more fundamental QCD sum rules should
give a better understanding of the relation between the deep inelastic (asymptotic
freedom) and the resonance (confinement) regimes. Such a calculation is now under
way®?, Iu addition, semi-empirical calculations based on a parametrization of the
resonance photocoupling emplitudes and single quark transition model predictions
are shown. Qualitatively, the change in helicily structure expected from the GDH
surn rule limit and the deep inelastic EMC results is reproduced, with significant
differences between the various calculations.

Figure 5.4 also shows the expected statistical error bars of the proposed CEBAF
experiment to measure the GDH integral Igpp(Q?) for 2 mass cut-off at W <
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Figure 5.4 The GDH integral versus Q* for various model calculations. The error
bars indicate the expected statistical accuracy of the CEBAF experiment. The
two lines around -0.58 at Q?=0., were obtained with the AO code™: the solid line
obtained with the Roper treated as e ¢° G state, and the dashed line with it treated
as a ¢° object. The dash-dot-dot line and the dotted Line use the form of Anselmino
et al.8? with the vector meson mass scale equal to m? and to 1.0 GeV, respectively.
The short dashed line represents eqn. (27)

1.8GeV. Obviously, this experiment will make very significant contributions in the
study of the Q% evolution of the sum-rule, and to our understanding of the structure

of the Roper resonance.
6. EXPERIMENTAL PROSPECTS

6.1 Single v and 7 Production

It is useful to distinguish baryon resonance studies accordiag to the complexity
of the final state. Most of the exdsting data consist of single  or 7 production. This
channel is particular sensitive to the lower mass resonances ( W < 1.7GeV) which
decay dominantly into the /¥ channel, or in the case of the 5;,(1533) into 7N
Much of the theoretical formalism required for date analysis has been worked out



for these channels. A thorough study of the lower mass region requires precise ex-
perimental studies of the single pseudoscalar meson chaanel. In single pion electro-
production from nucleons 11 independent measurements are needed at a given kine-
matical point @2, W, 6., to determine the amplitudes of the process 7,V — N'w
in a mode! independent fashion. The complete determination of the transition am-
plitudes in pion and eta production is a long term goal of cucleon resonance physics
with electromagnetic probes. This program requires high statistics measurements of
unpolarized cross sections, and detailed measurements of polarization observables

using polarized beams, polarized nucleon targets, and the measurement of nucleon

recoil polarization.
Measurement of the single pion cross section allosws determination of the four
response functions oy, o, orr, o7 in (11}, which are functions of the helicity

‘emplitudes H;. Measurement of polarization observables yield information on many

response functions (table 6.1).

Table 6.1 Response Functions in Electron Scattering
Experiment # Response Functions

unpol. cross section 4
polarized e beam 1
polarized target 8
pol. beam/pol. target 5
recoil polarization 8
pol. beam/recoil pol. 5

Since polarization observables contain interference terms between amplitudes they
are sensitive to small amplitudes and to relative phases between amplitudes. Infor-
mation of limited statistical accuracy will prove extremely sensitive for determining
absolute values and signs of small amplitudes which are otherwise not, or only with
great difficulty, accessible.

Not &ll the response functions contain independent information. In particular,

only four of the response functions measured with a polarized target are different
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Figure 6.1 Predicted cross section (left} for v,p — pr’ at QF = 0.25CeV?, € =
0.8, §2 = 90°, ¢. = 30°. The AO code’® amplitudes were used. Predicted targe!
asymmetry for target polarization along the incident electron beam Tiong for the
same kinematics (right). The sensitivity to the amplitudes of the Roper resonance
is shown: solid line - with Roper, dashed Iine - without Raoper.

from the ones measured with recoil polarimeters. In mary applications the two
methods can be quite competitive, which allows one {o select the more convenient
technique.

Figure 6.1 shows the sensitivity of the unpolarized cross section for p(e, ¢'p)w®
and the polarized target asymmetry Tiony to the excitation strength of the Roper
resonance Pp;(1440). As the tramsition amplitudes of the Roper may be quite
small, the sensitivity of polarization experiments is essential in measuring these
emplitudes. Similar sensitivities to the Roper amplitudes have been found for mea-
surement of the protoa recoil polarization®? in p(e,e'p)n".

The main objective is to disentangle the vatious resonant partial waves. This
requires measurement of complete angular distributions with respect to the direction
of the virtual photon. Also, measurements in different isospin channels are needed to
separate resonant and non-resonant amplitudes with different isospin assignments.
Complete isospin informetion can be obtained from a study of the reactions

Yo tp—ptn’

Yotp—ont+at

Yo+ —pt+w



In addition, measurement of
Yo+t P—pP+7

selects isospin 1/2, and is = unique means of tagging the §;,(1535) and the P1;(1710)

resonances.

The various experimental requirements call for an experimental setup which

ellows measurement of complete angular distributions in different isospin channels

simultaneously.

6.2 Multiple Pion Production.

For higher masses, multiple pion production due to decey chaanels like Aw, piV,
and wN becomes the dominant process. For example, the S3;(1650) or D33(1700)
are known to decay to about 70% or 85%, respectively into the Nww channel, with
dominant contributions coming from the wA({1232) decay. Obviously, = study of
baryon resonance production in this mass region requires measuremeat of these
channels. ‘

The information that can be exiracted from the two-pion processis much rcher
than in the single pion case since polarization observables can be measured in the
final state. For example, the measurement of the A — N decay allows a de-
termination of the A polarization in the process yp — Aw. This should prove
very powerful in determining the resonant contributions to the process. Moreover,
the search for the higher gluonic state candidates P;3(1540) and P;;(1550), and,
if found, the measurement of their photocoupling amplitudes also appears more

promising in the multi-pion channel than in single pion production.

6.3 Experimental Equipment

A comprehensive and efficient experimental program to study electromagnetic tran-
sitions of baryon resonances in a large kinematical region, calls for experimental
equipment with large solid angle coverage, capable of measuring neutral particles,
and compatible with polarized proton and neutron targets. At CEBAF, a large
acceptance spectrometer (CLAS) based on a toroidal magaetic field is being built!.
A large portion of the scientific program for this detector is aimed at studies of
baryon resonance excitations using electron beams'®. Figure 6.2 shows an artists

view of the CLAS spectrometer.

Many details of baryon resonance excitations, in particular at lower masses,

may be addressed with magnetic spectrometers, which have small solid angles, but



are able to operate at very high luminosities. Single pion production near pion
threshold and in the A(1232) region, or eta production in the 5;,(1535) region
could be measured with high precision. Small solid angle, high rate magnetic spec-
trometers may also allow accurate measurements of proton recoil polarizations in

reactions such as:
etp—oetp+n

e+n—-etp+n”
e+p—oe+p+7:

Polarization experiments with such spectrometers are in preparation at CEBAF, at
MIT-Bates®T, and at MAMI-B®%. These are designed to meke precise measurements
of single #° production oft protons in the A(1232) region, with the goal of extracting

more accurate information about the small F;; end S;; multipoles.

7. OUTLOOK

In spite of the enormous effort that has already gone into the study of hadronic
properties of matter using hadron beams, the field of light quark baryor spec-
troscopy appears to be still in its infancy. This is due to several factors. First,
theoretical guidance based on models which have some relationship to the theory
of strong interaction QCD was established only after the bulk of the experiments
had been completed. Second, all of the high statistic experiments are single pion
production measurements. In view of QCD based quack models, this allows the
study of lower mass states with a large elasticity. However, single pion production
measurements are not suited for the study of most of the higher mass states. These
are predicted to largely decouple from the IV channel, which makes this chennel
less and less sensitive to resonance excitation in the higher mass region. Third,
with the exception of low energy machines such as LAMPF, there are presently no
hadron machines available where these experiments could be done in an efficient
way. Fortunately, the propects for the construction of the hadron machine KAON
in Canada have improved recently, and one may hope that adequate equipment for

multi-meson production experiments will be implemented.

The electromagnetic measurements suffered from the same shortcomings. Iu addi-
tion, the notorious rate problem in electroproduction experiments prevented high
statistics experiments from being carried out, even for single pion production. For-

tunately, the prospects in this sector are indeed excellent. Several new CW electron
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Figure 6.2 The CEBAF Large Acceptance Specirometer (CLAS). Six symmet-
rically arranged superconducting coils generate an approximate toroidal magnetic
field. Drift chambers, time-of-Aight counters, gas Cerenkov counters, and an eleciro-
magnetic calorimeter provide particle identification, charged particle tracking, and
energy measurements for electromagnetic particles. The field free region around the
target allows use of polarized solid state targets.

accelerators in the GeV and multi-GeV range are now under construction. Figure
7.1 shows the resonance mass range accessible with these machines. Clearly, with
these machines, and with the use of modern experimental equipment, the scien-
tific community will have powerful new instruments, which will allow an onslaught

on many of the outstanding problems in baryon structure and strong interaction

physics.
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