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INTRODUCTION

The quest for understanding the structure and interaction of hadrons has been
the main motivation of strong interaction physics for decades. The adven: of Quantum
Chromodynamics (QCD) has led to a theoretical description of the strong interaction
in terms of the fundamental constituents, quarks and gluons. However, we are still
a long way from having the general theoretical framework in place to undersiand
the strong force as it is manifest in the structure of complex hadronic systems such
as barvons. At very high energies, perturbative methods have proven very effective.
At low energies, simulations on the QCD lattice have generated remarkable results
about the static properties of hadrons. Even calculations of electromagnetic form-
factors have been possible at low momentum transfers. However, for light quark
baryons such as nucleons, the small quark masses are difficult to implement, and
crude approximations have been necessary.

Chiral perturbation theory is an attempt to apply QCD at low energies. In a well
defined kinematical regime, for example close to the pion production threshold, it is
possible to perform model independent calculations. However, even there resonance
contributions give sizeable corrections, which at the present time cannot be calculated
reliably.

In the forseeable future, models of the hadron structure will likely continue to play
an important role and provide theoretical guidance to experimenters. The QCD in-
spired non-relativistic quark modell!} has been extended to include relativistic correc-
tions in a consistent wayi?l and applied successfully to the calculation of photoproduc-
tion arnplitudes(®. Other, conceptually completely different approaches are being pur-
sued such as algebraic models®*}. The Skyrme model applied to photoproductionl’! can
be used to calculate the complete partial wave amplitudes of the process yiV — 7.V .
However, in this description the electromagnetic vertex cannot be isolated from the
hadronic vertex and the power of the electromagnetic interaction as a probe of the



hadronic structure is lost, at least to some degree.

Today's challenge in strong interaction physics at intermediate energies is to ob-
tain a detailed understanding of the hadronic structure of matter. In other words,
given QCD, how are hadrons made up of fundamental constituents, quarks and glu-
ons?

Nucleons are probably the most common form of hadronic matter in the universe.
Understanding their internal structure will give us insight into how the real world
works. Nucleons can be probed in a number of ways which are sensitive to different

aspects of the nucleon substructure:

- electromagnetic and weak elastic formfactors describe the electromagnetic and
weak charge and current distributions of the ground state proton and neutron,
providing information about the ground state wavefunction.

- the nucleon excitation spectrum is another important source of information about
is internal structure. Existence or non-existence of certain states gives informa-
tion about the underlying symmetry properties of the nucleon. The excitation
spectrum may be probed with pion beams for those states that have an appre-
ciable coupling to the #N channel. Electromagnetic excitation of resonances
vields both overlapping and complementary information to pion scattering as
some states may couple only weakly to pions or to photons.

- electroproduction of resonances is a unique means of probing the quark wave-
function of the excited states, provided the wavefunction of the ground state is
known. In addition, photons (real or virtual) allow probing the spin structure
of the resonance transition. Electro-excitation allows us to map out the spatial
and spin structure at varying distances by choosing the four momentum transfer
to the resonance.

In these lectures, I will focus on the electromagnetic transition between non-
strange baryon states. This sector received much attention in the early 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 because of the lack of guidance by theoretical models that went beyond
the simplest quark models. It was also difficult for experiments to achieve the pre-
cision 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
in these studies had been shut down in the wake of the J/¢ discovery in 1974. With
the construction of continuous wave (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 103 cm~2sec™! appears feasible,
allowing measurement of several reaction channels simultaneously!®l, over a large kine-
matic range, and with statistical accuracy comparable to that achieved with hadronic
probes. Moreover, with 100% duty cycle, high statistics coincidence measurements
can be conducted for exclusive channels with small cross sections. To a large degree
the statistics will not be limited by the luminosity achievable in these measurements
but rather by the speed of the data acquisition sysiem and the data analysis process.
It is interesting to note that hadronic reactions will no longer enjoy their traditional
rate advantage over electromagnetic processes. This will bring to bear the full power
of the electromagnetic interaction as a probe of the internal structure of hadrons and
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Figure 1. Experimental status of the N = 2, Ly, =1, and N = 3, L, =2, quark
model states in the SU{6) @ O(3) basis.

the strong interaction.

The lectures are organized as follows. Before reviewing the experimental status of
electromagnetic transitions of baryons resonances, I will briefly discuss some aspects
of baryon spectroscopy and what we have learned about the baryon structure from
inclusive electron scattering in the nucleon resonance region. Then I will introduce
some basic formalism which is necessary for understanding the language and analysis
techniques. In the main part of this lecture I will discuss what we have learned in the
past from exclusive electroproduction of low mass nucleon resonances. Finally I will
discuss topics in nucleon resonance physics which are of current interest and which
need to be addressed in future experiments, and outline an experimental strategy for
how some of these problems may be tackled.

TOPICS IN LIGHT QUARK BARYON SPECTROSCOPY

In the course of the past decade. very little has happened in experimental light
quark baryon spectroscopy, especially when considering its importance for the under-
standing of the structure of baryons. The field appears to be still in its infancy. The
1992 edition of the Review of Particle Properties(’] lists 19 established N* or A states,
and 26 candidate states with insufficient experimental evidence. This is only a small
fraction of the states predicted by the mos: accepted QCD inspired non-relativistic
constituent quark models (NRCQM . Much of the information we have on baryons
states is the result of partial wave analv<es of elastic pion-nucleon scatiering mea-
surements TN — wN. The NRCQM a.. - ‘e association of all established states
with a level in the SU(6)® O(3) represes-as. .. where SU(6) describes the symmetry
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Figure 2. Widths (including experimental uncertainties) of non-strange baryon
states. Solid and dashed lines indicate isospin % and $ states, respectively.

properties of the spin-Savor wavefunction, and O(3) is the symmetry group for the
orbital angular momentum of the ¢* system. According to their symmetry proper-
ties, principal energy levels and orbital angular momentum, the 3-quark states can be
associated with supermultiplets. The ground states and all states associated with the
[70,17], super multiplet have been observed experimentally . However, several of the
N=2 states, and most of the N=3 and N=4 states have not been seen in 7N — 7.V
reactions. Figure 1 summarizes the experimental situation for the N=2 and N=3
super multiplets.

Experimental uncertainties in the widths of many states are large (Figure 2).
Even for well established states such as the P;;(1440), the uncertainty is nearly a
factor of 2. The significantly different values found for the widths of many of these
states in different analyses has impact on the accuracy of the helicity amplitudes
extracted in electroproduction experiments.

Missing Baryon States

It has been suggested(® that the problem of the “missing” states in the ¢° quark
model may be of experimental nature related to the lack of data in the inelastic
channels. Many of the missing states are predicted to couple weakly to the 7.V
channel due to QCD mixing effects. The tN — 7wV process becomes rather ineffective
in searching for these states. However, many of the N=2 and N=3 states are predicted
to couple strongly to 7A, pN, and w, and if the # N channel does not totally decouple
from the resonance, the process 7N — =#N may offer a better chance for detecting
these states. If they decouple completely from the 7N final state, the electromagnetic
transitions may be the only way to search for these states.



Table 1: Decay modes of some Baryon States (7]

State TN n.N Now
Pa(1710)| 10-20 | 20-40 ] 20-30
Pu(1720)| 10-20 | 2-6 > 33
Gy-(2190)] 10-20 | 1-3 | 20-40
Hig(2220)| 10-20 | 05-1 ?
Gre(2250)| 5-15 1.3 ?
I1,:(2600)y 5-10 ? ?
Py(1910) | 15-30 : 70 - 85
Pi3(1920)| 5-20 - ?
D35(1930)| 10-20 - not seen
Fy7(1950) | 35 - 40 . 15 - 40
H;11(2420) 5-15 - ?

Obviously, our picture of baryon structure could change dramatically if these
states clo not exist. An extensive search for at least some of these states is therefore
important and urgent. The quark cluster modell® and the algebraic modell*! can
accommodate the known baryon spectrum, but predict a fewer number of additional
states. In these models the quarks are not in a spherically symmetric configuration but
rather in a diguark-quark configuration with reduced number of degrees of freedom
(Figure 3). Electroproduction of nucleon resonances should be a very sensitive tool
to distinguish between these alternative configurations.

Figure 3. Spherically symmetric ¢°, and non-spherical ¢* — q baryon configuration.

Inelastic channels are not well determined experimentally, due to the lack of
sufficiently detailed data in the 7N — 77N, #N — anrN, and #N — nN channels
(table 1). The lack of knowledge of fundamental resonance properties has serious
consequences regarding systermatic uncertainties in the extraction of photocoupling
amplitudes, where properties of the hadronic vertex are used as input.

Arnother category of baryons about which we have no experimental information
is the gluonic excitations or hybrids ¢*G. These states have been discussed within the
framework of the bag model1%:{11], Low lying states such as P;,(1440), or Fs3(1600)
are possible candidates for gluonic excitations. The problem is how to distinguish
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Figure 4. The total photoabsorption cross section at various values of Q*. Data
compiled by P. Stoleri!3],

gluonic excitations from regular ¢* excitations. Some of the hybrid states, e.g. the
P§, or the P§ are not allowed in the ¢* model at these low masses, therefore their
mere existence would already signal that the standard ¢® model cannot be complete.
Experimental indications for these states are weak and have beer found in inelastic
channels only'?l. As we will discuss in lecture 3, measurements of the electromagnetic
transition form factors are a powerful tool in determining the nature of these states.

INCLUSIVE ELECTRON SCATTERING

Unpolarized Electron Scattering

The inclusive electron scattering cross section eN — eX reveals a few broad
bumps, clearly indicating the excitation of resonances in the mass region below 2
GeV (Figure 4). However, their broad widths and close spacing make it impossible
to separate them in inclusive production reactions. Nonetheless, one can obtain some
global information about the Q? dependence of the dominant states by subtracting
the non-resonant background contribution. This technique has been used by various
groups (14 most recently to study the photocoupling amplitudes of the prominent
states at very high momentum transfersl!3(13]  Even without such a subtraction
procedure Fig. 4 reveals that the various resonances may have very different Q2
dependences: the first excited state. the P;3{1232) (or A(1232)) falls off much more
rapidly with increasing Q2 than the dominant higher mass states. A closer look shows
that the position of the second and third peak are not fixed at the same mass value
with varying Q?, indicating that they are composed of several resonant states with
different Q? dependent formfactors.

The inclusive unpolarized electron scati=ring cross section can be written as:

—

do
S g 1
dQ.dE; o7ror (1)
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resonarnce peak.

oror = (01 +€9L) , (2)
where ['7 is the virtual photon flux

a (W?2-M2E 1

[+ =
T~ 47Q? ME 1—¢

(3)

and e describes the photon polarization. or and oy, are the transverse and longitudinal
total absorption cross sections, respectively. The transverse total absorption cross
section o can be expressed in terms of the total absorption for helicity % and helicity

-g- in the initial state photon-nucleon system:

1
5T:§("1T/2 '{"7:’{/2) . (4)

o1 contains only helicity % components, and is typically small. For example, in the
deep inelastic region oy /o7 2 0.15 due to the primordial transverse momentum of
the quarks inside the nucleon. ‘

In the resonance region, a significant o7 could be evidence for non-quark de-
grees of freedom, such as photon absorption on spin-0 objects like pions or diquark
configurations inside the nucleon. A sirong longitudinal coupling to the proton 1s
indeed observed in a kinematical regime where contributions from the pion cloud are
expected to dominate: near threshold and at small values of Q% (Figure 5).

Quark models predict small values of oy /o for the resonance couplings, with
possible exceptions for radial excitations, such as the P;1;{1440). Accurate separate
measurements of o7 and o7 can therefore give important global 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
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Figure 7. Ratio o1 /or in the resonance regionl!"l.

few kinematical points only. The most accurate separation of ¢ and or has been
done at small Q2 in the P33(1232) region (Figure 6), 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 vield similarly small values for oy /o7 (Figure 7).
In a simple analysis of the inclusive cross section one may assume an incoherent
superposition of resonances and non-resonant background. At fixed Q-

oror(W) = or(W) + oxr(W), (

[w]]

with a Breit-Wigner parameterization for the resonant part:

5e2 W2.T-T
W)= Agp - SE . T '
or(W) = Ar g2 (Wi— W22+ 2WE

and a polynomizal for the non-resonant contribution:

= VW = War - »_ai- (W= Warr)' . (1)
i=0

' and I, are the total width and the radiative width, respectively. Q* is the photon
momentum in the hadronic rest frame. This expression provides an s-wave energy
behaviour near threshold. The least-square fit to the data yields Ag. For the higher
mass resonances Ag 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 P33(1232), however, is an isolated resonance, and the
fit should yield information about the P;3(1232) resonance only. Since o is small
in the P33(1232) region, the resonant cross section can be expressed in terms of the
transverse transition form factors G5y and G4 only(®!:

dma N
o oh = T s (G4 + 3(GEP) &)

where Q 1 is the photon momentum vector in the lab system. If G2 is small, which,
as we shall see later is the case for moderate values of Q?, one can determme |G W]
compilation of the results from various groups is shown in Figure 8. The comparison
with quark models demonstrates a longstanding problem: at the photon point, quark
models underestimate the magnetic multipole transition amplitude by 20 to 30%.

Polarized Structure Functions in Inclusive Electron Scattering

If the target is polarized in the electron scattering plane the double polarized
inclusive electron scattering cross section may be written as:

dO’ _

00E =Tr{or+eop £ V1 —etcosporA; £+ /2¢(1 — €}sinpor Az} (9)

where 1 is the polar angle of the target polarization vector relative to the photon
3-momentum vector. or and oy are the transverse and longitudinal total photon
absorption cross section, and the sign = is related to the sign of the product of
beam and target polarization (assumed to be unity). A; and A; are the polarized
asymmetries:

T T
Tior 932
A-I = —_T—‘_;!— (10)

T2 T 932
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Figure 8. The magnetic transition formfactor G5y normalized to the dipole form-

factor. The curves are results of quark model calculations*®h{?],

oTL

Ay =
o’f}z + 03}2

, (11)

where a;f/?(Qz, v) and ag'/z(Qz, v) are the transverse total absorption cross sections
for total helicity Ayy = é- and Ayy = %, respectively. Ay is limited to:

-1< A £+1
Aj is a transverse-longitudinal interference term with an upper bound of:

ar
—_— D
= . (12)

Ay

I

Since oy /or is small throughout the resonance region, A; will remain relatively
small too. The two polarization structure funections can be separated by polarizing
the target in the scattering plane, and by varying the polarization angle ¥ for fixed
electron kinematics.

A1(W, Q%) contains global information about the helicity structure of the nu-
cleon resonances, and their @ dependences. Knowledge of A, is also needed as an
ingredient for determining the Q? evolution of the Gerasimov-Drell-Hearn sum rule.

An experiment at SLAC measured a combination of A, and A, (Figure 9). Al-
though the errors are large, an interesting @ dependence was revealed; the helicity
asymmetry in the region of W = 1.5-1.8 GeV/, showed a positive value corresponding
to helicity 3 dominanceat Q% = 0.5 GeV'?, whereas at the photon point the dominant
resonant states D13(1520) and Fy;(1680) are dominantly excited by helicity % This
“helicity switch” is discussed in more detail in lecture 2.

10
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Figure 9. Polarized inclusive structure function A, +nA, as measured at SLACPOL,
The bars around the horizontal axis are projected errors of an approved experiment

at CEBAF.

The asymmetry in the mass region of the P;3(1232) remains unchanged at
—0.5. For a magnetic dipole transition ,/3/03,2 = %, and therefore A; = —%, in
good agreement with the data.

SINGLE PION ELECTROPRODUCTION

Iniclusive measurements do not allow separation and identification of the various
excited states. The three or four enhancements in the inclusive cross section corre-
spond to about 20 excited states that may contribute for invariant masses below 2
GeV/c?. The situation is illustrated in Figure 10. Three states may contribute to the
second enhancement, and at least six states may contribute to the third bump, while
even more are hidden under the rather smooth and uninteresting looking mass region
around 2 GeV/c?. As we will see later, several of the so-called “missing resonances”
may be located in this mass region.

An unambiguous identification can only be accomplished by explicit measure-
ment of the decay products such as =N, nN, pN, tA. The v, NN* vertex for the
transition into a specific state is described by two (for J = § states) or three ( for
J > § states) amplitudes, A;/3(Q%), A3/2(Q%), and S1/2(Q?), where A and S refer
to the transverse and scalar coupling, respectively, and the subscripts refer to the
total helicity of the v,/N system (Figure 11}. Spin and isospin can be extracted by
measuring the angular distribution in different isospin channels. Many of the low
lying resonances decay primarily into the =V or nN channels. Experiments have
therefore concentrated on single = and n production. In the following section our cur-
rent knowledge of the resonance transition amplitudes resulting from these reactions
is reviewed. Very little is known about multiple pion production processes. Some
global information about the reactions p(e. ¢ pp). p(e,e'7A) has been obtained from

11
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Figure 11. Electroproduction of hadronic final states via s - channel resonance
decays. The +,NN* vertex is described by the photocoupling helicity amplitudes
Ayja, Asje, and Sy e, which are functions of @Q? only.
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Figure 12. Kinematics of single pion electroproduction off a nucleon.

a DESY streamer chamber experiment(??. However, the data are not sufficiently
detailed to allow the extraction of helicity amplitudes for specific resonances.

Multipoles and Partial Wave Helicity Element

Single pion production kinematics is shown in Figure 12. The differential cross
section in single meson production contains four response functions:

d
é =or + €0y + eorrcos2¢ + 1/2¢(l + elorp cos ¢ (13)

where ¢ is the azimuthal angle of the hadronic decay plane with respect to the elec-
tron scattering plane. The observables of the process v,N — «N, where v, de-
notes the virtual photon, can be expressed in term of six parity conserving helicity
amplitudes[gsl:

1
Hyi= < AsiAn|TlAi Ay > = < o;%m £1,05 > (14)

where A denotes the helicity of the respective particle. The H; are complex functions
of @?, W, 8%. The response functions in (13) are given by:

_ pRW 2 2 2 2
r= EE (H 4 B+ L+ )
P | W ,
or =BV (11, w15
KM -
5w (15)
orT = W 'RC(H]H:, - H]H,‘)
2alid .
fog = ———  Re(HI/H, - H)Y+ H;(H, + H ,
LS e(H{(Hy — Hy) + H{(H, + H3))
where p is the pion momentum in the hadronic cms system, and K is the equivalent
real photon lab energy for producing a stare with mass W:

WL A

R=—7



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

o=}

l . 9 3 ! i
-2-\/551n8cos 5 Z(Bz+ — By (P = PL))

T =1

,

§ = [ p
Hs ﬁcosé-Z(.-lH- — Ay )P = Piey)
{1=0

1 = .. 8¢ ' o
H; = 5\/5511'195111_5;(.51-5- - B(‘(-E-l')—)(P! "'Pifi-l)

)= {18)
Hy =+/2sin 5 Z(AH- + Ausry)-XFP + Ply)
=0
6 oo
Hs = V2 cos 5 Z(CH- — Carny-H Pl — Pliy)
=0
R s
Hg =+ 2sin 5 Z(C:+ T C’(z+1)—)(PlJ + Pt+1) !
=9
Arx and Bja are the transverse partial wave helicity elements for A,y = % and

AgN = %, respectively. Cix+ are the longitudinal partial wave helicity elements. In the
subscript I+, and [ + 1, — are the = (7) orbital angular momenta, and = is related
to the total angular momentum, J = I & % The partial wave helicity elements are
linear combinations of the electromagnetic multipoles:

1
A/IH" = 2(1 + l)(zAl'i- - (1 + 2)BH‘)
1
Ep = m(ZAH +(Bi+)
1
Mi,-= 2+ 1)(2Al+1,- +1Biy1,-)
1
Eip,-= 2(1_1_1)(—2AI+1,—+(I+2)51+1,—) (17)
1 /@
Siy = T\ o Ciy
1 (g
St41,- = T %2 Crt1,-

Q* is the photon 3-momentum in the hadronic rest frame. The partial wave helicity
elements contain both non-resonant and resonant contributions. An analysis must be
performed to separate the rescnant parts A, éli, and Cj1 of the amplitudes. In a
final step the known hadronic properties of a given resonance can be used to determine
the photocoupling helicity amplitudes which characterize the electromagnetic vertex:

Aig =FF - Cly - 4ip

- 16
Bix = +F,| — . CiyAss
= \f(zj—w(zj +3) TN (18)

Fo 1 K M Ty
“V(@i+ Urp WRI?
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where the C‘_{_\, are isospin coefficients. The total absorption cross section for the
transition intc a specific resonance is given by:

2
7r = (g ) (19)

The Ay,2 and 43/, are the quantities ofter used to connect theoretical calculations to
the experimental analysis. However. some models such as the Skyrme model. make
direct predictions for the partial wave helicity elements(®l,

Isospin Decomposition

\Iucleon resonances are eigenstates of the isospin, with quantum numbers [ =
:1,- . The final states in electromagnetic pion production are not eigenstates of the
1sosp1n In order to identify the 1sospin of the intermediate resonant state, measure-
ment of various channels with different isopin in the initial or final state is usually
necessary. The photon transfers Al = 0,1 resulting in three isospin amplitudes for
single pion production: T°, Ty, Ty, where T, is the isoscalar, T} the isovector ampli-
tude with 5 = 3, and T} the isovector amplitude with .y = }. Assuming isospin
symmetry, the decompositions for the various production channels are:

<wtaTlnp> = /3T -/ -1
<n%BlThnp > = 3Ty 4 /LT

< p|T|lyvn> = 3T} —\/E(Tf’ +7°)
< mn|Tlywn > = 2Ty +\/§(T1u +7°)

Note that because of the differences in the masses of charged and neutral pions and
aucleons, isospin symmetry is broken near pion threshold. Production of n and w
mesons selects directly I = contrxbutwns and allows isolation of the N* resonances.

The Transition v, p — P33(1232).

In SU(6) symmetric quark models, this transition is described by a simple quark
spin-flip in the L3g = 0 ground state, corresponding to a magnetic dipole transition
M;i... The electric and scalar quadrupole transitions are predicted to be:

Eiy =854+=0. (20)

In more elaborate QCD based models which include color magnetic interactions
arising from the one-gluon exchange at small distances, the P33(1232) acquires an
L3g = 2 component. This leads to small electric and scalar contributions. Dynami-
cal quark model calculations predict E;4 /M4 to remain small (£ 0.1) over a large
Q? range, and to have a weak dependence on Q%. At very high Q?, helicity con-
servation requires(*® E,. /M, — 1, and S14+/M;+ — 0. Precise measurements of
these contributions from Q% = 0 to very large Q? are obviously important for the
development of realistic models of the nucleon.

In the region of the P33(1232), one may expect that only s- and p- waves with
J<d 2 contribute. In this approximation, the partial wave expansion in the differential
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cross secrion leads to:

4o 1y + By + cosB( 4] —eB)) — cos” 8l 4y ~ eBs)

— =45 +¢€eBg+c (4 + —c ds ~¢Bs

o~ 0T S i ? (21

+eCysin® fcos 20 + /e[l +€)sinfcos§{ Dy + Dy cos ).

which contains nire measurable quantities 4g. Bg, 41, .... The unknown multipoles in
this approximation are: Eop, Mi—. Ei+, Mi-, So~. S1-, Si+. Since the multipoles
are complex quantities there are 14 unknown numbers, which cannot be determined
unambiguously from the partial wave expansion coefficient without further assump-
tions. In the region of the P;33(1232) the process v,p — 7%p is dominated by a
My~ magnetic dipole transition. Therefore retaining only terms containing the M.
may be a reasonabie approximation near the resonance peak. The cross section then
reduces to:

% JPT*;;? [21M14 " ~ 3Re(Mi Efy) + Re(Mos M7)

+ 2cos §Re( Eoe M)

+ cos® 8( — %le2 + QRe( M1+ E7.) — 3Re(My-M7.)) (22)
+ esin? fcos 24 ( — %|M’1+[2 — 3Re(My 4+ E7L))
— /2e1(e + 1) sin 8 cos ¢( Re(So+ M7, ) + Bcos Re(S14 M7L))]

where 4 is the pion ¢ms polar angle, and ef, = Qz/é"ze. The sensitivity to the electric
and scalar quadrupole transitions rests with the interference terms of E,4 and 51+
with J\/.[1+.

In this approximation the resonant terms
IMy4|, Re(Mi+EY.), Re(My:+S514)
and the non-resonant terms
Re(Egy M7,), Re(SosM7.), and Re(M1_M,)

can be determined unambiguously by measuring the ¢ and & dependence of the dif-
ferential cross section. Figure 13 shows the result of such an analysis.

Experimental data on Re(E;. M, )/|Mi+|* and Re(S1+M7,)/|M14]* at the
P33(1232) resonance mass are shown in Figure 14 and 15, respectively. The resuits
confirm that the ratio Ey. /M4 at the resonance mass is quite small, in qualita-
tive agreement with SU(6) and CQM predictions. However, the quality of the data
is clearly not sufficient to discriminate against any of the models. For the ratio
Re(Sy- M7, )/|M1+|? there seems to be a discrepancy with the quark model predic-
tions. However, a warning may be :n order here: The data in Figure 14 and 15
have not been analyzed to isolate th= resonant contributions. They may therefore
contain significant non-resonant con:r:5utions. whereas the model predictions are for
the resonant parts only.

Experiments are in preparation'-* ** to measure the quadrupole transitions over
a large Q7 range, using polarized elec:: n “»2:m: and/or recoil polarimeters. In these
experiments one obtains information n ¢ :... about the terms

!VIH' y RG(EL- .‘-!;‘_ R€(51+¢“/I1“+)
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Figure 13. Multipole analysis of v,p — 7°p in the P33(1232) region. Data from
g

Bonnl2:.

but also about the corresponding imaginary parts:
Im(E\+ ML), Im(S1+M7,).

The imaginary parts of the bilinear terms can be measured only by using polariza-
tion degrees of freedom. They are particularly sensitive to phase relations between
the multipoles. If the multipoles were strictly in phase, these terms would vanish
identically.

Phenomenological Analysis of Pion Production.

For the analysis of the resonance region at masses up to 1.8 GeV, the procedure:
described for the P33(1232) to directly extract the multipoles is not feasible any more
as one has to include partial waves up to at least I, = 3, and J £ 5/2, and unlike in
the A(1332) region there is not a single resonant amplitude that completely dominates
the differential cross section. Moreover, resonances become broader and overlap, and
interferences between resonant amplitudes and between resonant and non-resonant
amplitudes become increasingly important. Therefore, alternative analysis methods
have been developed that take into account all resonant amplitudes. In addition,
a theory or a phenomenological model for the non-resonant amplitudes is needed.
To cope with the limited volume of electroproduction data it has been necessary to
also make assumptions about the energy dependence of the resonant amplitudes. In
photoproduction where sufficient data are available energy-independent analyses have
been performed. Two different methods have been employed in electroproduction,
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the isobar analysis method, and the dispersion relation method at fixed momentum
transfer ¢.

Isobar analysis

In the isobar analysis(*®! it is assumed that (1) the resonance masses, spin, isospin,
and hadronic decay widths are known from n/V scattering analysis, (2) that the nature
of the energy dependence of the resonant part is known, and that it e.g. can be
described by relativistic Breit-Wigner amplitudes, (3) that pion production can be
described by resonant s-channel amplitudes, real Born amplitudes, and additional
real background amplitudes with reasonable threshold and high energy behaviour.
Obviously, this method will give results that to some degree depend on the specific
assumptions about the non-resonant amplitudes. The method works well if resonances
constitute the dominant part of the amplitudes, which is largely the case in single
pion photo- or electroproduction for masses up to about 1.7 GeV.

Fixed-t dispersion relation analysis

The application of dispersion relations!27128! is based on the observation that
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phenomenological analysis of pion photoproduction data yield good fits assuming
real background amplitudes. This suggests that resonances approximately saturate
the imaginary parts of the amplitudes. and the real and imaginary parts are related
by dispersion relations:

Redi{s,t) = Bi(s.t) + / ds' [

{(M+mg)?

Imd,(s',t)  Imdi(s',8)]

s - st—u

(23)

B, are the Born amplitudes, and ImA, are the imaginary parts of the resonant
amplitudes. The advantage of this method is that it implements all general principles
such as unitarity, analyticity, crossing symmetry. On the other hand, assumptions
about the high energy behavior of the imaginary parts of the invariant amplitudes
are necessary, and since integration is performed into the unphysical region questions
about the convergence of the multipole series at |cosf] > 1 remain. [n the analysis
of pion photoproduction data, this method has been used very successfully. In pion
electroproduction, good fits have been obtained for Q? < 2 GeV? (Figure 16).

A realistic analysis must also take into account effects resulting from the open-
ing up of channels other that single pion production. These so-called cusp effects
are the result of unitarity constraints on the amplitudes. That these effects can be
quite significant is illustrated in Figure 17, which clearly shows the influence of the
n threshold on the 7%p and 7 *n channels. The very different effect on the charged
and neutral pion channels is explained by the larger non-resonant contributions (real
part of amplitude) in the 7¥n channel while 7°p is dominated by resonant contribu-
tions (imaginary part of amplitude). Similar effects are expected to arise from other
channels such as A,

In the following section [ will discuss results of analyses of electroproduction data
in terms of resonance couplings.

Electromagnetic Transitions to the [70,17]; and [56,27},

Of the seven non-strange states associated with the [70, 17|, supermultiplet only
the Dy3{1520) and the $;,(1535) have been studied in electroproduction experiments
in some detail.

The S,,(1535) Resonance

The S;,(1535) is characterized by a large branching ratio into the n/V channel
(= 50%). Since the nearby D;3(1520) state has a very small decay width into N, the
511(1535) can be separated by measuring the differential cross section ep — ¢'pn. This
process is dominated by resonant s - wave contributions. The angular distribution is
isotropic, consistent with an s-wave behavior, and the energy dependence is dominated
by resonance behavior (Figure 18).

For s-wave dominance the differential cross section can be written as:

do
—— = A(W, Q%) + eB(W,Q?
dQ; A( !Q ) € ( !Q)
121l ,
== 4, 24
4 MK '.{J ( )
IRk 2
B=-—L1_—-=L(C
ME g2 o+
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Figure 17. Differential cross section vyp — n*n and vp — 7%p at then threshold(®9].

For Q? €1 GeV?, the transverse and the longitudinal contributions have been mea-
sured using Rosenbluth separation (Figure 19).

The transverse photocoupling amplitude can then be determined (Figure 20).
It shows an unusually slow falloff with @2 which cannot be explained in the simple
NRCQOM. However, recent extensions of the model to include relativistic effects have
been mmore successful in approximately reproducing this behavior. It is interesting to
note that within the framework of a specific model, the absolute normalization and
the Q7 dependence appear to be sensitive to the parameterization of the confinement
potential. This lends credibility to the idea that a great deal can be learned about
the properties of the confinement potential by carefully studying many resonance
transitions.
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Helicity structure of the D;3(1520) and the F;5(1680)

In photoproduction the D;3(1520) and the Fy5(1680) are both excited predom-
inantly by Ajs, transitions. This behavior can be accommodated in the harmonic

oscillator NRCQM. In this modell’"! only single quark spin-flip and single quark
orbit-flip amplitudes occur. The ratio of the helicity amplitudes in this model is:

A _ 1 (@, 23)
AD5 = T\ az ~ (25
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Figure 20. Transverse amplitude A, for the transition v,pS511(1533). Model cal-
culations by Close and Li3¥ (short dashes), Warns et all'® (solid line, double-dashed
line for different confinement potentials), Foster and Hughes!!®! (dots), Konen and
Weberit! (long dashes), Forsyth and Babcock 13 (dashed-dotted).

AFls 1 =)
(L) (26)
Agjy 2v2 \

where the (? dependent term comes from the spin-flip, and the constant term from
the orbit-Aip contribution. The ratios can be made to disappear by requiring a? ~ @*
for the D;3(1520) and a2 =~ Q?/2 for the F15(1680), which can be accommodated
simultaneously with a® = 0.17 GeV? for Q? in the lab frame. With increasing
Q®, Ay, is then predicted to become the dominant contribution in either casel38!,
Relativized versions of the NRCQM predict gqualitatively the same behavior. This
may be best demonstrated by displaying the helicity asymmetry

A?/'z - A§/2

Al + A3,

Ay =
I'2
A compilation of the datal*®ll4%] is presented in Figure 21 and Figure 24. 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 predictions. Calculations for
reutron targets show different sensitivity to ingredients of the model. Excitation of
neutron resonances provides independent information about the nucleon structure.

Test of the Single Quark Transition Model

To the degree resonance transitions can be described by a single quark transitions
in SU(6)yv symmetric models, radiative transitions between the {56,0%])p and the
[70,17], multiplet are completely determined by three amplitudes(t!!, usually called
A, B, and C, where A is related to the quark orbit flip current, B to the spin flip
current, and C to the combined spin-orbit flip current with AL, = 1. In the SQTM
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Figure 21. Helicity asymmetry of the v,pD;3(1520) transition. Quark-model! calcu-
lations by Capstick®l with different corrections to the NRCQM.

radiative transitions between all states belonging to these multiplets can be expressed
in terms of linear combinations of these amplitudes (table 2).

Using the known A4, /2, A3/, amplitudes for the 51,(1535) and the D;3(1520) the
A, B, C amplitudes can be determined (Figure 22). There is clear evidence for the
existenice of a non-zero spin-orbit flip amplitude C, which does not exist in the simple
NRCQM. The SQT amplitudes can be used to predict transition amplitudes for other
states in the same supermultiplet. Unfortunately, information from other states is
limited to proton targets and is of poor quality. Current experimental information
of the 51:(1650), S31(1620), and D33{1700) is summarized in Figure 23. With the
possible exception of the 53,(1620), the data are not in disagreement with the SQTM
predictions, however, they are not accurate enough to test deviations from the SQTM.
Whether the deviations seen for the S3;(1620) at small Q? are significant remains to
be seen when more accurate and more complete data will be available.

The most prominent state in {56,2%]> is the Fy5(1688), and it is the only one
that has been studied experimentally over an extended Q?® range. Similar to the
D7,(1520), the photoexcitation is dominantly helicity 3/2 and Afﬂ(ﬂs) ~ 0, at
Q? = 0. The data show a rapid change in the helicity structure with rising Q*
(Figure 24). The switch to helicity 1/2 dominance is qualitatively reproduced by
quark model calculations. However. much improved data are needed for a more
definite comparison with the theory.

In the SQTM the transition to the '36.2%]; can be described by four amplitudes
A’ B!, C'.and D'. D’ is a spin-orbit flip amplitude with AL, = 2. Without additional
assumptions the four contributing SQT)M amplitudes cannot presently be determined
from available data due to the lack of elec:r vproduction data for a second state in the
[56,2%],. The F37(1950) would be a gov candidate to obtain additional information
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Table 2: Single Quark Transition Amplitudes for v - (36,070 — 70,17 4

State Proton Target Neutron Target
511{1333): -1.: =i(4+B-Cjcosf | 4% = -3(4+1iB-3C)
=z . S | 4 _ — q0 — 1 _ -
Dlg(laZO) . .-1;;_ = 5—\/-72-(.:-1 23 C), . ”;" = m(3.-l 2.3 C)
A7 = (4 +0C) Ay = 2=(34-0)
5,1(1650) : | AT = 3(A+ B - C)sind A = 5(B-0C)
. -+ __ + _ o . 1 _
D1;3(1700) : A% = A% =0 A% = m(B 4C)
Ay = 7=(3B - 20)
. + — AT — o _ 1 .
Dy5(1670): A% = 4.% =0 4% = —m(B +C)
43 =-1,/1B+0)
D33(1670): A“g = 1—81:75(3A+ZB +C) same
Ag = ﬁ;(&é -C) same
S3:(1650) : AI =L(34~B+C) same

* (# = mixing angle between *(8];/; and ?[8];/; in {76,17}1)

A B ~ 500 C
Orbit Flip Spin Flip Spin-Orbit Flip
300 " e
L ]
® o
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Figure 22. Single quark transition amplitudes A, B, C in units 1073 GeV /2

as it has a large decay width into the =V channel and can be studied in single pion

production.

TOPICS IN NUCLEON RESONANCE PHYSICS

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
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Figure 23. Transverse photocoupling amplitudes for the the 51,(1650), S$3,(1620),
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D13(1520) data and the algebraic relations of Hey and Weyersl*!l. A mixing angle
between the [*8] and [*8] quark model states in [70,17] of § = 38° was used.

understanding of baryon structure. These issues have either not been addressed at
all, or have not been addressed adequately in previous experiments.

Electroquenching of the P;;(1440)

In the NRCQM the lowest mass Py)(1440) state is assigned to a radially excited
¢* state within the SU(6) ® O(3) super-multiplet {56,0%] (i.e. Lag =0, N3g = 2).
However, the observed low mass of the state, as well as the sign and magnitude of
the photocoupling amplitudes have traditionally been difficult to reproduce within
the framework of the NRCQM. Moreover, there is experimental evidence that the Q*
dependence of the photocoupling amplitude A4, /,(Q?) is quite different from what is
predicted in the framework of the NRCQM. The data indicate a rapid fall-off of the
absolute value of this amplitude with Q? whereas the NRCQM, as well as relativized
versions, predict a much weaker fall-off or even an initial rise with @%. Experimental
information about electroproduction amplitudes of the Pi;(1440) is rather limited,
largely due to the complete lack of polarization data, and definite conclusions about
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the nature of the P;;(1440) will have to wait for more accurate data. The non-
relativistic quark model predicts for the neutron/proton ratio: A’l"/z/.f-lf/,_, = —2/3.

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 should be diminished, and the quark composition is expected to dominate
the excitation of the P);{1440) at higher Q% Precise data on photo- and electro-
excitation of the P;;(1440) would help to reveal the true nature of this state. An
interesting consequence of the [56,07], assignment of the P;;{1440} is its predicted
dominance over the P;3(1232) at high Q?. The NRCQM predicts®™:

Ava(Pi(1440)
A1/2CP33(1232))

(27)

The data are shown in Figure 25. The value -2/3 is preferred for the neutron/proton
ratio, although a value closer to -1 is not ruled out. The Q? dependence is not
well determined, however it is rather obvious that none of the explicit quark models
comes even near to describing both the photon point and the Q? behaviour suggested
by the data. Relativistic corrections give uncomfortably large effects, casting some
doubts their convergence. The P;;(1440) is predicted to couple rather strongly to
longitudinal photons, a feature whick 1: not supported by the data. S, /; is consistent
with a small value, or even zero, al::ough significant values at small Q% cannot
be excluded. Clearly, more precise an: more complete data are needed to study the
apparently strong Q? dependence of 4 . at small @?, and to establish more accurate
values for the longitudinal coupling.

Gluonic Excitations of the Nucleon
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Figure 25. Transverse (left) and longitudinal (right) photocoupling amplitudes of
the Pi,(1440) for proton targets. The open symbols and the short dashed and dashed-
dotted lines represent resulés of a fixed-t dispersion relation fit by Gerhardti*¥l. Long
dashes represent calculations for protons within the NRQM with QCD mixingl33). The
dotted line includes higher order relativistic correctionsi*®l. The solid lines are the
result of a calculation assuming the Py;(1440) is the gluonic partner of the nucleon(*?.
Only calculations that approximately reproduce the photon point have been included.

region about 50% of the proton momentum is carried by gluons. This raises the ques-
tion of what impact gluons have on baryons spectroscopy. For example, can gluonic
degrees of freedom be excited explicitly and generate new spectroscopic states? For
some time there have been speculations about the existence of gluonic baryon states
¢*G consisting of three constituent quarks and one constituent gluonf!?{11, QCD
lattice simulations indicate that such configurations may exist for mesons, whereas no
such calculations have been performed for baryons. Estimates within the framework
of bag rmodels yield masses for the lowest P state around 1.5 GeV.

How can one search for these states? In hadronic production experiments gluonic
baryons cannot be distinguished from ordinary ¢® states because they are, unlike
gluonic mesons, characterized by quantum numbers which are also possible for the
normal ¢* baryon states. However, as their internal structure is quite different from
ordinary baryons, electroproduction experiments could be a powerful tool in these
studies.

The P;,(1440) has been suggested as a candidate for the gluonic partner of the
nucleon!*®!. The wave function for a nucleon with gluonic degrees of freedom may be
written as:

[N >= o [iNo > =6(|'N, > +°N; >)]

where |Vy > represents the wavefunction of the 3-quark system, which transforms as
a [56] under SU(6) for nucleons, |V, > and |*/N; > are the wave functions of the
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q*G svstem with the spin % and % respectively. The parameter § is determined by
the quark-gluon interaction. The corresponding state orthogonal to the nucleon in

4

spin-faver space is:
IN' T =4 >= /1 elive > +2(PN, >+, >)]

[t turns out that this description allows preservation of the successes of the
quark model. most notably the neutron/proton ratio A;‘/g/.‘-lf/z = —2/3. If the
P,1(1440) were indeed the gluonic partner of the nucleon, a long-standing problem in
baryon structure, the strong quenching of the transition formfactor v, p P11 (1440) with
Q% could be resolved. Obviously, the soiution of the puzzle concerning the correct
assignment of the Pp;(1440) could have enormous impact on our understanding of
baryon structure and the dynamics of the strong interaction in the non-perturbative
regime.

How can we experimentally discriminate between these alternatives? In a model
of the nucleon containing constituent quarks and gluon, a graph that is expected to
contribute to gluonic excitations is the QCD Comptor process v¢ — Gg (Figure 26)

Figure 26. QCD Compton process in gluonic excitation.

The inverse process gg — ¢, where g is an elementary gluon, has been studied
in detail in hard scattering processesi*3! and is well described in perturbative QCD. If
the Py;(1440) is a ¢*G state, then, because the gluon has only transverse excitation
modes the longitudinal coupling is absent, y.p /4 P, and

S:2(Q*) =0. (28)

This is consistent with the analysis of experimental data, although more accurate
data especially at small Q* are needed for a more definite comparison.

A. precise measurement of the Q° dependence of the -y,pP;;(1440) transverse
photocoupling amplitude discriminates between the interpretation of the Pp;(1440)
as a regular [56,0%]; ¢ state, or as a gluonic excitation where the 3-quark system
transforms like a [70] under SU(6). The discriminating power is a result of the fact
that the respective photocoupling amplitudes are associated with different spin flavor
factors for different spectroscopic assignments, so that in the first approximation (if
effects from the spatial wavefunction and relativistic corrections are neglected):
AP Q2

From (27), (28), and (29) one infers that a Pf state behaves like the P33(1232).
Accurate measurement of the Q2 dependence of the P;1(1440) photocoupling ampli-

tude can be used to discriminate between different spectroscopic assignments. The
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calculation based on the ¢*G interpretation is in better agreement with the data than
calculations using the non-relativistic or relativized versions of the consrituent quark
model (Figure 25).

If the P)1(1440) is the gluonic partner of the nucleon, then other gluonic states
such as P, . PS, PS must exist as well, with masses around 1.6 - 1.7 GeV. The firs:
two states have no place in the ¢° model at such low masses. whereas the latter one
is also expected as a ¢° state. There is weak evidence for P3(1540) and P3,(1330)
states. Another question is, what would the mass of the lowest ¢° P, be? The
P.;(1710) might be this state. Its mass is also more in accord with the NRCQM
estimate. If this were the case, then the photocoupling amplitudes should exhibit a
@Q? dependence characteristic of a radially excited ¢* state.

Missing q°® Baryon States

The QCD motivated extensions of conventional quark models predict many states
with masses above 1.8 GeV which have not been observed in =V — =V reactions.
Calculations!”] show that many of the “missing” states tend to decouple from the 7V
channel due to mixing, however, they may couple with significant strength to chan-
nels such as pV, wiN, or 7A. It is experimentally well established that single pion
production decreases with energy, while mulii-pion production and vector meson pro-
duction processes become more important (Figure 27). Electromagnetic production
of these channels may therefore be the only 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 F15(1953), and the F35{1975) should be excited almost
as strengly 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 modell®) that can
accommodate known baryon states, while predicting a fewer number of unobserved
states. Future experiments(*(#"] to study electroproduction and photoproduction
of vector mesons should provide a definite answer regarding the existence of at least
some of these staies. Figure 28 shows the predicted effect of one of the “missing” res-
onances on the differential cross section in ep — epw. At forward angles the process is
dominated by diffractive production and the pion exchange diagram, while resonance
contributions would dominate at backward angles. Similar behavior is expected for
ep — epp®, while ep — enpt has no diffractive contributions and is more sensitive to
resonant production.

Baryon Resonance Transitions at High Q?

At high energies, perturbative QCD makes simple predictions about the asymp-
totic (J* behavior of the helicity amplitudes for resonance excitation. Based on the
model of Brodsky and Lepagel*8], who factorize the process into a hard scattering
part and a ‘soft’ non-perturbative part described by quark distribution functions, it
is expected!!d! that

o (@ =g @ e (21)

if logarithmic terms are neglected. Inforination about the quark distribution functions
and the normalization constant C; may be cbtained from QCD sum rules.

Of course, the first question to address is: At what momentum transfer does
this description apply? Some interpretat:nons''® of the inclusive data have suggested

Al/z(Qz) =
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that the asymptotic behavior already is observed at @* = 4 to 5 GeV'?. However,
others!*®] have argued that asymptotic behavior will occur only at much higher Q.
Conclusive tests require exclusive data, where the resonances are uniquely identified,
and their respective helicity amplitudes have been separated. Separated data exist
for Q? < 3GeV? only, and only for a few states. In Figure 29 the 4,,, data are
shown, multiplied by @°. The onset 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.

Multiple quark transitions

It is well known!®% that ¢® baryon states belonging to the [20, 1*] super multiplet
with its antisymmetric wave function cannot be excited from the ground state in a
single quark transition. Search for direct electromagnetic excitation of these states
allows direct tests of the SQT hypothesis. Calculations within the framework of a
relativized quark modell'®) indicate that multi quark transition (MQT) amplitudes
may contribute at a level of 10 to 20% of those for SQT amplitudes of some of the
prominent states. Search for these transitions requires high statistics measurements
under conditions where interferences of the MQT amplitudes with other dominant
amplitudes are important.

Nucleon Resonances and Spin Structure Functions

The results of the EMC measurements!®! on the polarized proton structure func-
tions have prompted numerous speculations about whether or not in the deep-inelastic
region the spin of the proton is carried by the quarks. Recent results from the CERN
Spin Muon Collaboration (SMC)®% and SLAC experiment E1425% on the neutron
polarized structure functions added additional speculations including one interpre-
tation the neutron spin is not carried by quarks either. In another interpretation,
the (fundamental) Bj6érken sum rulel®% would be violated while leaving the (less fun-
damental) Ellis-Jaffe sum rule!®® for the neutron intact. The experiments on the
neutron use data sets with Q2 as low as 1 GeV?. While such low Q7 values have been
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ased in the analysis of unpolarized lepton scattering, there is a lack of convincing
evidence that polarized structure functions exhibis true scaling behavior at such low
Q. One should also keep in mind that the various spin sum rules are only defined
at fixed Q2 while the experiments integrate over large ranges in Q° . Moreover. the
W range used in these analyses (W > 2 GeV') may overlap part of the resonance
region. The general perception is that for V" > 2 GeV one probes the deep inelastic
and hence scaling regime. However, excited nucleon states with masses as high as
3.0 Gel/ have been observed, and many states are predicted to exist in the mass
region above 2.0 GeV, which raises the interesting question of how to correct for
contributions resulting from these states. As the conclusion about the spin of the
proton not being carried by quarks rests on relatively small differences between the-
oretical predictions and the data, it is imporsant to study such contributions before
far-reaching conclusions about the origin of the nucleon spir are drawn.

In some interpretations of the EMC results it is assumed that the missing quark
spin may be accounted for by the so-called axial anomaly(®8l. However, such contribu-
tions are rather controversial 571, Another possibility is that most of the proton spin
resides in orbital angular momentum contributions. Such contributions are necessar-
ily associated with extended objects and therefore cannot be probed in deep inelastic
scattering, however, they may be accessible at lower energies and momentum trans-
fers. The low Q2, and low energy loss v region may therefore contain significant
information about the spin structure of the nucleon. This is the kinematical regime
where contributions from excited N* and A* resonances are important.

Polarized Structure Functions of the Proton

The spin-structure of the proton is usually discussed in relation to the deep-
inelastic polarized structure functions gi(z) and the first moment [ = fai(z). In
the kinematical regime of resonances, and at low Q?, use of total helicity % and
photon-nucleon absorption cross sections is more convenient.

The sum rule by Gerasimov!®®¥], and independently by Drell and Hearn(®® relates
the difference in the total photoabsorption cross section on nucleons for Ayn = 1 and
Ayny = £ to the anomalous magnetic moment of the target nucleon.

[T

M2 T dv 1
L) =gk [ Foln) - odut) =35 (31
¥ehe

where  is the anomalous magnetic moment of the target nucleon. Assuming scaling
behavior the EMC results can be written as:

0.222 £0.018 £ 0.026
Q?

where QCD corrections have been neglected. I,(0) is large and negative, whereas
the EMC data yield a positive I,(Q?). In order to reconcile the GDH sum rule with
the EMC results, dramatic changes in the helicity structure must occur when going
from Q2 = 0 to finite values of @2. In an analysis of photoproduction datalt0l(61]
for energies up to E, = 1.7 GeV single pion production contributions were found
to nearly saturate the sum rule. An analysis of electroproduction datal®? including
known resonant channels as well as non-rescnant single pion Born terms showed that
contributions of the P33(1232) to [,{@?) are dominant at small @*. This analysis also

2
(@) = 25 = (32)
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Measurement of the single pion cross section allows the determination of four
response functions or, or. orr. orr in (13), which are functions of the helicizy
amplitudes H,. Measurement of polarization observables yields information on many
response functions (table 3). While measurement of the unpolarized response func-
tions allows determination of prominent resonance transitions, the weaker transitions
are difficult to determine in such a way.

Table 3: Response functions in pion electroproduction.

Experiment # Response Functions
eN — eN'n 4
EN — eN'n 1
eN — eN'r 8
EN — eN'r 3
eN — eN'r 8
EN — eN'r 5

Since polarization observables contain interference terms between amplitudes
they are sensitive to small amplitudes and to relative phases beiween amplitudes.
Even measurements of limited statistical accuracy will be extremely important in
determining absolute values and signs of small amplitudes which are otherwise not
accessible. Not all the response functions contain independent information. In par-
ticular, only four of the response functions measured with a polarized target are
different from the ones measured with recoil polarimeters. In many applications the
two methods can be quite competitive, which allows one to select the more convenient
technique.

Figure 31 shows the sensitivity of the unpolarized cross section for p(e, e’ p)=°
and the target asymmetry Tjon, to the excitation strength of the P1;(1440). As the
transition amplitudes of the P;;(1440) may be quite small, the sensitivity of polar-
ization experiments is essential in measuring these amplitudes. Similar sensitivities
to the P;;(1440) amplitudes have been found in measurements of the proton recoil
polarization(®¥ in p(e,e'F)x?.

The main objective is to disentangle the various 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 information can be obtained from a study of the reactions

7u+P—'P+1’TD

TwEp—ntat
Yo+ —pH+ T
In additicn, measurement of
Yo =P —p=N
selects isospin 1/2, and is a unique mear- ..{ tagging the S1,(1533) and the P;(1710)
resonances which both have a significan: c..pling to the Nn channel.
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Figure 30. The integral I,(Q?). The solid curve represents the results of the em-
pirical analysis by Burkert and Lil®%. The long dashed line is the result of the same
analysis excluding the P;3(1232) contribution. The short dashed lines represent the
extrapolated EMC results.

showed that contributions from other resonances become significant with increasing
Q?, in fact causing I,(Q?) to change its sign at Q* between 0.5 to 1.0 GeV?. Res-
onance contributions other than the P;3(1232) contribute as much as 50% or more
of the extrapolated EMC results at Q> = 1 GeV? {Fig. 30), which highlights the
importance of the nucleon resonance region for a full understanding of the nucleon
spin structure.

AN EXPERIMENTAL STRATEGY

In a discussion of the experimental aspects it is useful to distinguish baryon
resonance studies according to the complexity of the final state.

Single Pion and Eta Production

Most of the existing data consist of differential cross sections of single = or 7
production using unpolarized beams and targets. This channel is particular sensitive
to the lower mass resonances { W < 1.7 GeV') which decay dominantly into the 7V
channel, or in the case of the $§7;(15335) into n/N. Much of the theoretical formalism
required for data analysis has been worked out for these channels. In single pion
electroproduction from nucleons, 11 independent measurements are needed at 2 given
kinematical point {Q?, W, §,) to determine the amplitudes of the process =N —
N'7 in a mode! independent fashion. The complete determination of the transition
amplitudes in pion and eta production over a large kinematical range is the uliimate
goal of nucleon 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.
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Figure 31. Predicted cross section (lefi} for v,p — pr° at Q% = 0.25GeV?, ¢ =
0.8, 7 = 90°, ¢, = 30°. The AO codel®! amplitudes were used. Predicted target
asymmetry for target polarization along the incident electron beam Tiong for the same
kinematics (right). The sensitivity to the amplitudes of the Pj;(1440) resonance is
shown: solid line - with P, dashed line - without Py;.

The various experimental requirements call for an experimental setup which al-
lows measurement of complete angular distributions in different isospin channels si-
multzneously.

Multiple Pion Production.

For higher masses, muitiple pion production due to decay channels such as
7A, pN, and wN becomes the dominant process. For example, the S31(1650) and
D33(1700) decay about 70% and 85% of the time, respectively, into the Nz chan-
nel, with dominant contributions coming from the 7A decay. Obviously, a study
of baryon resonance production in this mass region requires measurement of these
chanrels. The information that can be extracted from the two-pion process is po-
tentially very rich since polarization observables can be measured in the final state.
For example, the measurement of the A — Nx decay allows a determination of the
A helicity in the process yp — Am. This should prove very powerfu! in determining
the resonant contributions to the process. Moreover, clarification of the existence of
states such as P§(1540) and P (1550) also appears more promising in the multi-pion
channel than in single pion production.

Experimental Equipment

A comprehensive and efficient experimental program to study electromagnetic
transitions of baryon resonances in a large kinematical region, requires experimental
equipment with large solid angle coverage, the capability to measure neutral par-
ticles, and compatibility with polarized proton and neutron targets. At CEBAF,
a large acceptance spectrometer (CLAS) based on a toroidal magnetic field is un-
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Figure 32. The CEBAF Large Acceptance Spectrometer (CLAS)®. Six symmetri-
cally arranged superconducting coils generate an approximate toroidal magnetic field.
Drift chambers, time-of-flight counters, gas Cerenkov counters, and an electromag-
netic 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.

der construcsionl®l. A significant portion of the scientific program for this detector is
aimed at studies of baryon resonance excitations using eleciron and photon beams(*',
Figure 32 shows an artists view of the CLAS spectrometer. As an example, Figure
33 shows a comparison of existing data in the P33(1232) region with projected data
expected from measurements with CLAS.

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 F33(1232) region, or eta production in the S1,(1535) region could be measured
with high precision. Small solid angle, high rate magnetic spectrometers may also
allow accurate measurements of proton recoil polarizations in reactions such as:

e+p—e+p+n

e+n—e+pHn
e~p—e+p+1.

Polarization experiments with such spectrometers are in preparation at CEBAF, at
MIT-Bates, and at MAMI-B. These are designed to make precise measurements of
single 7° production off protons in the A'1232) region, with the goal of extracting
more accurate information about the s:rall E. . and S)4 multipoles.
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Figure 33. Differential cross section for 7° and =+ production from protons (top),
and projected data from CLAS (bottom). A 1000 hour run at a lumunosity of
10%* em~2%sec™! has been assumed.

OUTLOOK

In the past, studies of the structure of baryons using electromagnetic excitation
of nucleon resonances have suffered from several shortcomings. Firstly, theoretical
guidance based on models which have some basis in the theory of strong interaction
was established only after the bulk of the experiments had been completed. Secondly,
all of the high statistic experiments are single pion production measurements. In
view of QCD based quark 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 #N channel, which makes this channel insensitive to resonance excitation in the
higher mass region. Thirdly, the notorious rate problem in electromagnetic production
experiments prevented high statistics measurements to be performed, even in the case
of single pion production.

The construction of continuous electron accelerators in the multi-GeV range, and
the utilization of large acceptance detectors has opened up the possibility of studying
the structure of the nucleon with unprecedented accuracy. The analysis of this data,
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and the comparison with theoretical descriptions of the nucleon in terms of quarks
and gluons will give us detailed insight into the dynamics of hadronic systems and
the underlying strong interaction force.

Several new CW electron accelerators in the GeV and multi-GeV range are now
under construction. Figure 34 shows the resonance mass range accessible with these
machines covering the entire nucleon resonance mass region and a large Q* range.
Clearly, with these machines, and with the use of modern experimental equipment, the
scientific community will have powerful new instruments which will allow for progress
on many of the outstanding problems in baryon structure and strong interaction
physics.
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