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In this review, I will concentrate my discussion on the present status of
classical (s=0) nucleon spectroscopy studied with the low energy real and
virtual photons as follows:

I. Photocoupling of Nucleon Resonance (Q2=0)

1. New data on pion and eta photoproduction
proton target: yp - w*n, m%, n%p
neutron target: yn » 17p

2. Recent phenomenological analyses

3. Comparison with guark models

4. New data on Compton scattering

IOI. yy~Coupling of Nucleon Resonance (Q?>0)
1. New data on electroproduction
proton target: yyp =+ w¥n, 7m°p _
ed > er”p(p) N Y n > T p
+ - +
ed + ewm n(n) Y.p > T™n
2. Multipole analyses and comparison with quer models

neutron target: R =

I. Photocoupling of Nucleon Resonance (Q2=0)

In order to determine photocouplings of nucleon resonances, the pion photo-
production YN + 7N is the most suitable process because a larcge fraction of the
process occurs through the resonance formation and in addition the 7N partial
widths are well known for many resonances. However, the existence of appre-
ciable non-resonant (background) production still makes the separation of
indivivual resonance contributions a rather complicated matter comparino to the
7N elastic scattering where the background contribution is smaller and the
measurements are easier. To determine production amplitudes in model-indepen-
dent ways, we need 7 independent measurements for each process, and for isospin
decomposition we need at least 3 processes, e.g. yp > m+n, 7°p and yn -~ 7 p.
Obviously we need a cgreat deal of data for all the observables and an extensive
phenomenological analysis in which all known resonances are properly parametrized
using the knowledge obtained from the most recent 7N partial wave analysis. In
fact, as the blanks in data maps are filled with new data, the photocouplings
determined by subsequent analyses have become more and more accurate and in
addition agree better with each other. As the gquark model has also been improved
in recent years, a quantitative comparison between the experiment and the theory
can be made to determine theoretical parameters.

1. New data on pion and eta photoproduction

1-1. Observables and definitions

Throughout this chapter I will use the standard definition of observables
and the notations given by Barker-Donnachie- Storrow [1]. In the single polari-
zation measurement (S.P.M.), the following 4 observables are available;

- Differential cross section: do/dQ
- Recoil nucleon polarization: P
- Polarized beam asymmetry: I
- Polarized target asymmetry: T
The double polarization measurement (D.P.M.) supplies us with more observables;
- Beam and target polarization: G and H
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- Beam and recoil nucleon polarization: Ox and Oz ] )
The experimental conditions for these measurements are schematlgally illustrated
“in Fig. 1. With the D.P.M. technique, P, % and T are also obtained by a proper

choice of experimental conditions.

Pol.
Photon
T

Fig. 1. 1Illustration of the double polarization measure-
ments for the single pion photoproduction. ¥ represents the
direction of the photon polarization, and Px etc. the nucleon
polarization components. By the "beam-target" polarization
experiments, G and H observables are obtained by setting
¢=m/4 and -n/4 respectively. The S.P.M. observables I, T, P
are also available with ¢=0 or ©/2. 1In the “peam—re9oil
nucleon" polarization experiments, P=Py, Ox=Px, 0z=Pz obser-
vables are measured by ¢=n/4 and -n/4.

1-2. Quality of data

The recoil nucleon polarization P is measured with the double scattering
method in the S.P.M., where the second target serves as a polarization analyzer.
Different materials are chosen as the analyzer depending on the kinetic energy
(T) of recoil nucleon; e.g. the liquid helium for T<80 MeV, the carbon 80<T<300
MeV and the liquid hydrogen for T > 250 MeV, with the analyzinc efficiency of
about 0.5, 1-2 and 0.5 % respectively. Mainly due to this low efficiencies, the
error in the P measurement is typically +10 %.

The polarized beam asymmetry ¢ is measured with a quasimonochromatic beam,
a coherent bremsstrahlung, produced by electrons in a single crystal of silicon
or diamond. The beam polarization available with this method is 40-60 %, but the
useable photon energy is limited to 40 % or less of the primary energy. The
overall error of final results is about +3 %.

The target asymmetry T is measured with the butanol (C4H;,0) or deuterized
butanol (CyD100) doped with paramagnetic impurities as the proton or deuteron
target. The nucleon (deuteron) polarization is attained by the dynamical polari~
zation method at the temperature of 0.1-0.5 K in the magnetic field of 2.5 T.
The typical polarization is 65-70 % for protons and 17-35 % for neutrons. The
resulting accuracy in T is about #*5 % including systematic errors.

The measurements of the D.P.M. observables G and H use a combination of two
polarization techniques, and the typical errors in final result are about *10 %.
The extensive G and H measurements have been performed at Daresbury for the
proton target, providing a substantial amount of data in the high eneray region
up to 2.3 GeV.

1-3. Present status of data accumulation

After the 1977 International Symposium on Lepton and Photon Interactions
(DESY), the amount of data increased quite rapidly. I plotted all the available
data points in Figs. 2a, b and c¢ for yp m*n, m°p and yn + 7 p respectively,
The new data presented to this Symposium as well as those published since 1978
are listed in Tables 1a, b and c. Those data maps were first introduced by
H. Fischer[2] at the Bonn Svmposium in 1973 to illustrate apparent blank& in the
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data set, and, indeed, the amplitude apalyses have been canwiderably improved as

more blanks were filled in.

It seems to me,

however,

that there is no extremely

sensitive observable in the photocoupling determination.

11
12
13
14
15
16
17

W N AW N =

11
12
13
14
15

X NN s W N -

Table 1a.
Obs. EY (MeV)
do/4% 290 - 1940
P 280 - 420
P 520 - 1650
P 700 - 1100
p 1650 - 2250
z 280 - 420
z 400 - 943
z 520 - 1650
z 900 - 1650
I 1650 - 2250
T 280 - 420
T 300 - 420
T 520 - 1650
T 1650 - 2250
T 950 - 1100
G 700 - 1875
H 600 - 1775

Table 1b,
Obs. EY (MeV)
do/aq 290 - 360
do/daq 596 - 1800
dc/dQ 1400
P 480 - 800
P 450
P 400 -~ 1142
P 1300 - 2100
P 400 - 750
z 760 - 1300
L 1300 - 2100
T 1300 - 2100
G 1300 - 2300
H 1300 - 2300
Ox 450
Oz 450

ecm

45 - 130
30 - 150
30-120
103 - 106
30-115
30 - 150
114 - 125
30 -120
40

30 -115
30 - 150
30 - 150
30 -120
30 - 115
70 - 160
40 - 100
40 - 100

9Cm
10 ~ 90
170
60 - 175
100 - 140
105
100 - 134
30 - 112
150, 160
40 - 50
30 - 112
30 - 112
48 - 82
48 - 82
105
105

New data (yp ~ Tr+n) since 1978

No. of
data Institute
points
705  Bonn 80 [3]
54  Kharkov 80 [4]
130 Glasgow-Liv.-Sheff.79[5]
8  INS(Tokyo) 81[6]
54 Glasgow-Liv.-Shell. 79 [5]
56 Kharkov 80 [4]
48  Bonn 80[7]
130  Glasgow-Liv.-Sheff. 79 [5]
4 Yerevan 78[8]
54  Glasgow-Liv.-Sheff.79(5]
53  Kharkov 80 [4]
26  Kharkov 79([9]

130  Glasgow-Liv.-Sheff. 79 |5]
54 Glasgoe-Liv.-Sheff. 79 [5]
32 Nagoya-Osaka 81 [10]

77  Glasgow-Liv.-Sheff. 80[11]
77  Glasgow-Liv.-Sheff. 80[11]

New data (yp - Wop)

since 1978

No. of
data Institute
points
30 Lebedev 78[12]
107  Bonn 79 [13]
24 Bonn 79 [14]
47  Kharkov 78 [15]
1 Kharkov 79 [16]
34  INS(Tokyo) 80 [17]
81 Glasgow-Liv.-Sheff. 79 [18]
14  INS(Tokyo) 81[19]
15  Yerevan 79 [20]
81 Glasgow-Liv.-Sheff. 79 [18]
81 Glasgow-Liv.-Sheff. 79 [18]
59  Glasgow-Liv.-Sheff. 79 [21]
59 Glasgow-Liv.-Sheff. 79 [21]

1
1

Kharkov 79 [22]
Kharkov 79 [22]
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1-4. Proton target yp - U+n, nop

Data collection for the proton target is satisfactory and mearly completed
at low energies Ey<1 GeV. The 3rd_and the 4th resonance recions are covered by
new data from Daresbury[§,11,18,21], but in relatively large steps. In per-
forming analysis, the lack of enough do/dQ data on yp + ©tn process at energies
above 1.4 GeV is a very serious problem. I would like to ask Bonn and Yerevan
Institutes to supply these data in the near future. In addition, the role
played by the Daresbury data is so important in analyzing the 4th resonance
region that the data should be reconfirmed at the operating institutes.

1-5. Neutron target yn - n_p

This process is necessary for the isospin decomposition of resonance ampli-
tudes, but the experiment is extremely difficult due to the Fermi motion of
neutrons in the deuteron used as the target. New experimental data published
after the DESY Symposium are listed in Table 1c.

The systematic T data from Nagoya-Osaka group([26] well cover the second
resonance region. However as is clear from the data map in Fio. 2c¢, I-data are
scanty at Ey>0.85 GeV and P-data are even poorer at all energies. At high
energies, there is no systematic data for all the observables, and this makes
the errors in the neutron coupling determination worse than that for the proton
target.

Table 1c, New data (yn - © p) since 1978

No. of
Obs. E_ (MeV) 6 data Institute
Y cm :
points
1 do/dQ 231 - 446 90 16  Saclay 78[23]
2 do/dq 900 - 1650 30 - 60 12 Yerevan 79[24]
3 P 718 - 1086 60 - 100 19  INS(Tokyo) 80 [25]
4 b3 900 - 1650 30 - 60 12 Yerevan 79[24]
5 T 563 - 900 50 =122 60 Nagoya-Osaka 80 [26]

1-6. Eta photoproduction yp + np

New cross section data (15 data points) on yp + np measured with the tagged
photon technique is presented to this Symposium by Tokyo (INS) group[27]. The
data cover an energy range from 0.8 to 1.0 GeV at angles from 45° to 114°
(Fig. 3). They analyzed their data together with all existing n photoproduction
data (150 data points for d¢/dQ, 8 for P) adopting the Walker's model for 8
resonance contributions with smooth background. Resui}ing phot?cogpllngs ﬁofLﬂ
P11(1470) A,/ and S11(1535) Ay amplitudes are 3-10 and 146-10 {GeV/c
respectively, and they are consistent with the yN > 7N analysgs. Here, A
represents the helicity 1/2 amplitude. Fitted curves from this analysis are

also shown in Fig. 3.
2. Recent phenomenological analysis

Since Walker[28] presented his simple isobar model in 1969, a number of
similar analyses were performed adding new data. The original work was revised
in 1974 Metcalf-Walker (MW)[29], and the most recent analysis was carried out
in 1976 and 1977 by Nagoya group[30] for the proton target by including their
own data. This type of analysis is still useful in constructing the imaginary
part of partial wave amplitude as a starting solution for a dispersion analysis
in the 3rd and 4th resonance region.

Various analyses based on the fixed-t dispersion relation were reported by
Devenish-Lyth-Rankin (1974) [31], Moorhouse-Oberlack-Rosenfeld (MOR 13974) [32],
Knies-Moorhouse-Oberlack-Rittenberg-Rosenfeld (KMORR 1974) [33], Crawford
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t; 1975) [34], Barbour-Crawford (BC 1976) [35], Barbour-Crawford~Parsons {(BCP 1978)
36], Arai-Fujii (Tokyo 1979) [37] and most recently BCP revised their analysis
adding new data in 1980. Noelle (1977) [38] presented a coupled channel analysis
considering the multi-channel unitarity and called attention to the existence of
resonance-like structures in the background_ amplitudes. In this Symposium, a
3$Y£§gflysis adopting the Tokyo 79 model[37] is reported by Nagoya group (Nagoya
The number of data points used in various analyses are plotted in Fig. 4.
Apparently the number of useful data points increased linearly with time, and
consequently the experimental photocouplings become more and more accurate.

x1000 NO. OF DATA POINTS USED

10 .
F BCP 80
-]
)
NAGQOYA 81
L -
o
TOKYO 79 | . .
Fig. 4 The number of data points
used in various analyses against
| o ] the year.
©  BCP78
(-]
5| c y
MOR
° -
° )
W KMORR
J
| o
MW
o
NAGOYA (Proton target only) 1
- |
1

0% 75 “80 YEAR

2-1. Glasgow analysis (BCP 80)

The first BCP 78 analysis was revised in 1980 adding new data[40]. This
analysis uses Walker type amplitudes for the imaginary part of partial wave
amplitude, i.e. the resonances are parametrized in Breit-Wigner forms and smooth
backgrounds are added. The resonance masses are allowed to deviate from those
determined by the TN phase shift analysis. The analyticity is fulfilled through
the dispersion relation, and the real and imaginary amplitudes at low energies
are mutually related in terms of 7N elastic phase shifts by the Watson's theorem,
Different parametrizations are applied for the three energy regions, i.e.

(a) resonance region (E<2 GeV) (b) Regge region (E>2.5 GeV) and {c) intermediate
region(2<E<2.5 GeVv) where a special hybrid formula is used to link {a) and (b).
The analysis successfully fitted the data up to 16 GeV, obtaining a good yx?2/N
value. Errors in photocouplings are determined by considering estimated
systematic errors in the experimental data.

2-2. Nagoya 81 analysis

This analysis[39] revised Tokyo 79 by using a new set of resonance para-
meters given by CMU-LBL group[41] obtained from the nN phase-shift analysis and
by removing artificial background terms. Only the resonance mass of D13(1520)
is lowered by 20 MeV for a better fit to do/dl. The amplitudes are treated
differently depending on the energy, i.e. (a) resonance~rvaqien {Eg2.2.GeV),
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adopting K-matrix formalism with the couplings parametrized . in 3 channgls (YN,
7N and inelastic), (b) Regge region (E<2.2 GeV) using the dual absorptive model.
The background amplitudes are parametrized in the pseudo~resonance form: The
errors assigned to the resulting photocouplings include uncertainties in the 7N
resonance widths. The results of BCP 80 and Nagoya 81 are tabulated in Table 2a
and b for the proton and neutron respectively. The agreement between the two
analyses are generally good, except for D13(1700) As/z , P13(1800) A,s, for the
proton target, and S$11(1650) Ais, , D13(1700) A2 , A3z and P13(1800) A;/2 for
the neutron target.

2-3. Comparison with the new data

The results of Nagoya 81 analysis are compared with new data in Fig. 5.

For comparison, curves from Tokyo 79 analysis are also plotted. In Tokyo 79
analysis, 7mN phase shift data from Saclay 74[42] were refitted to determine the
strong decay parameters of the resonances.

The new analyses are better as seen, for example, in the comparison with
the latest do/dQ (yp - w*n) data[3] from Bonn (Fig. 5a). Improved fits are
particularly noted at large angles and at high energies (E>1 GeV). This clearly
shows the consideration of higher mass resonances with proper parametrizations
are essential for the accurate determination of couplings at the energies
higher than 1 GeV.

From BCP 80 and Nagoya 81 analyses, the photocouplings are determined up to
the 3rd resonance region {(M<1.7 GeV) for proton target and up to the 2nd
resonance (M<1.5 GeV) for neutron target, and the errors of neutron couplings
in the 3rd resonance region are appreciably reduced (exceptions: $11(1650) and
D13(1700)). Two resonances in the 4th resonance region, F35(1910) and F37(1950),
are also well determined by the new analyses.

3. Comparison with quark model

3~1. Quark models

Recently, QCD inspired guark models were presented by Ohta (1979)[43],
Barbour-Ponting (BP 1980)[44? and Koniuk-Isgur (KI 1980) [45], and they succeeded
to give correct signs to all the photocouplings including P11(1470) "Roper"
resonance. In these models, the spin-orbit force in the 3-body quark-quark
interaction are cancelled or neglected adopting the Isgur-Karl model[46|. The
true meaning of the cancellation of spin-orbit force was debated in the Baryon
Conference in 1980, however we have no conclusive agreement so far. More
studies of the quark model with a quantitative comparison with the experimental
evidences are therefore required. )

In this year, Forsyth (1981)[47] presented a tentative quark model in which
he tried to determine theoretical parameters in the model from the fit to
experimental data, i.e. resonance masses, strong decays and photocouplings. The
results are; (1) QCD motivated quark shell models are good, (2) the decoupling
of many resonances from the 7N channel predicted by IK 80 model[46] is confirmed,
and the same is true also for the odd-parity states, (3) non-spectator model
fits the data best,_(4) contact force (spin-spin) parameter varies from band to
band in [SU(6)*0(3)] super multiplets[5], no positive evidence has been found
for a tensor force, while conflicting evidence has been found for a three body
spin-orbit force. For further developments, more reliable data are required for
P~-waves in 1.4-1.7 GeV, and also 1.9-3.0 GeV data are highly desirable in order
to observe N=3 band structure.

In Table 2a and b, I listed the experimental photocouplings and the corres-
ponding quark model predictions given by KO, IK, BP and Forsyth for comparison.
The agreement between the theories are fair. Two models, IK and Forsyth, are
most successful when compared to BCP 80 and Nagoya 81. However, the qualifi-
cation of the theories is far from being excellent.

3-2. Summary of photocoupling determination

(1) Accuracy in photocoupling determination substantially increased as data
maps were filled more densely. The agreement between recent analyses is good
for resonance M<1.7 GeV.

(2) More accurate TN resonance parameters are necessary for the determination
of high-mass resonance couplings (M>2 GeV).

(3) More photoproduction data at higher energies are required;

particularly waited are
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Table 2a. Radiative Decay Matrix Elements off Proton (unit: 10~
Analysis
Multiplet Resonance Amplitude Glasgow _ Tokyo Nagoya 81
[56,0+]0 P33(1232) A1/2 -136 * 6 ~147 + 1 -138 - 4
A3/2 -247 ¢+ 10 -264 ¢+ 2 -259 *+ 6
{56,0+)2 P11(1470) Al/z -68 t 15 -69 + 4 -63 + 8
P33(1600) Al/z 5 + 20 -46 + 13
A3/2 -9 + 20 25 + 3
[70,1-]1 S11(1535) Al/z 65 + 16 83 = 7 77 + 21
S$11(1650) Al/z 31 + 17 65 + 5 50 * 10
D13(1520) A1/2 -19 + 7 -32 ¢+ 5 -7 - 4
A3/2 167 + 10 178 + 3 168 = 13
D13(1700) Al/z -24 + 19 -28 + 7 -2 + 13
A3/2 -17 ¢+ 14 -2 5 29 * 14
D15(1670) Al/2 23 + 15 6 + 5 34 - 5
A3/2 3+ 12 30 + 4 24 S
$31(1650) Al/z 21 + 20 =22 + 7 10 = 15
D33(1670) Al/Z 125 ¢+ 22 112 + 6 89 : 33
A3/2 102 + 15 47 + 17 60 * 15
[70,0+])2 P11(1710) A1/2 15 + 25 -9 + 6 28 - 9
[56,2+]2 F15(1690) A1/2 ~18 *+ 14 -28 ¢+ 9 -9 - 6
A3/2 141 + 14 115 + 8 115 + 8
P13(1800) A1/2 38 + 50 51 + 25 -4 + 7
A3/2 -14 + 40 -58 + 26 -40 * 16
P31(1900) A1/2 13 + 2 -12 ¢+ 12 25 - M
F35(1890) A1/2 24 + 14 22 + 26 43 - 20
A3/2 =72 + 35 -29 ¢+ 18 -25 + 23
F37(1950) Al/2 -67 + 14 -91 + 12 -68 = 7
A 82 *+ 17 -101 * 14 -94 - 16
P33(1920) Aiji 40 14
A 23 = 17

3

Gev 172
Quark Model
Forsyth KI BP
-127 -103 -94
-220 -179 ~162
-50 -20 -24
-50 ~-16
-87 -46
68 147 95
-9 88 95
-41 =23 -28
161 128 95
-3 -7 9
33 11 -12
9 12 0
12 16 [}
74 59 43
106 100 78
79 105 78
-37 -24
6 0 -7
154 91 47
36 46 74
-65 ~-133 -23
5 0 15
44 -33 -10
15 8 -41
-48 -69 =25
-61 -50 -32
-22
38

KO

-101
-176
-5

84
49

171
-1
-33

86
90
91
=7
24
106
42
~54
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Matrix Elements off Proton

(unit: 107>

1/2

Table 2a.{(continued) Radiative Decay Gev /%)
Analysis
Multiplet Resonance  Amplitude Glasgow Tokyo Nagoya 81 Forsyth
[70,2+])2 F17(1970) A1/2 1+ 40 30 + 29 -10
Ay, 4 + 25 86 + 60 -13
[56,1-]3 D13(1880) Al/z -20 + 8 -13
A3/2 17 ¢ 11 63
S31(1990) AI/Z -6 v -25 29 + 8 -3
D33(1940) A1/2 -36 * 58 15
A3/2 -31 ¢+ 12 4
D35(1940) “1/2 -38 ¢ 9 + 9 -17
A3/2 -28 ¢ -25 + 11 -24
Table 2b. Radiative Decay Matrix Elements off Neutron (unit: 1073 Gev-l/z)
Analysis
Multiplet Resonance Amplitude Glasgow Tokyo Nagoya 81 Forsyth
[56,0+]2 P11(1470) A2 56 + 15 23+ 9 37 * 10 38
[70,1-]11 $11(1535) A -98 + 26 -75 + 9 -35 t 14 -102
S11(1650) Al/Z ~68 + 40 10 =+ 20 -8 * 4 -6
D13(1520) A2 ~56 + 11 ~76 t 6 -66 * 13 -23
A3/2 -144 + 15 ~147 £ 8 -124 * 9 -124
D13(1700) Al/2 52 + 35 -52 + 30 6 * 24 23
) A3/; 41 + 30 -37 + 36 -33 t 17 -28
D15(1670) Ai/z ~59 + 15 -39 = 17 -57 t 24 =55
. A3 ~59 + 20 -66 *+ 26 -77 t 18 -8
(70,0+]2 P11(1710) Al/2 ~17 + 20 11 + 21 0 * 18 2%
[56,2+]2 P13(1800) Al/2 -3 + 34 -19 ¢ 87 25 12
Ay 18 + 28 ~139 + 105 -15 t 19 -61
F15(1690) A1/2 44 + 12 26 + 5 17 * 14 -32
Ay ~33 + 15 -24 ¢ 9 -33 * 13 2
{70,2+]2 F17(1970) Al/Z ~78 + 30 -1t 2 -19
A3/2 -116 * 45 -178 * 2« -25
{56,1~13 D13(1880) A2 7t 13 4
a3, -53 * 34 -34

KI

-8
10

KI

16
119
=35
-45
122
-15
-76
-37
-53
=21
-10

57

Quark Model

BP

Quark Model

BP

13
~-45
-45
-29

-102

-9
-42
-31
-44

-23

27

KO

KO

-89
-48
-48
-144
25
-38
-36
-51

13
12
19
-21
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- do/dQ (yp > 7'n) data,

- confirmation of Daresbury D.P.M. Qata,

- neutron target experiments for all observables. ] )
(4) Predictions by QCD inspired quark models agree fairly well with experiments,
(5) OQuantitative comparison with improved quark model will offer knowledges on
the quark 3-body force, i.e. the spin-orbit force and the band structure of
[sU(6)x0(3)] multiplets etc.
(6) The recommended photocoupling 1981 is as follows:

Proton Neutron
Resonance Amplitude target target
P33(1232) A1/2 -140 -
A3/2 -260 -
P11(1470) A1/2 -60 40
$11(1535) A2 70 poor
S$11(1650) A1/2 45 bad
D13(1520) A1/2 -20 -60
A3/2 160 -140
D13(1700) A1/2 0~ =20 bad
A3/2 poor bad
D15(1670) A1/2 20 -50
A3/2 10 poor
S$31(1650) A1/2 10 -
D33(1670) A1/2 100 -
A3/2 90 -
P11(1710) A1/2 20 poor
F15(1690) A1/2 -10 poor
A3/2 130 -20
P31(1900) A1/2 10 -
F35(1890) A1/2 20 -
A3/2 -70 -
F37(1950) A1/2 -80 -
A3/2 -90 -

4. New data on Compton scattering yp =+ yp

4-1. New data

New data contributed to this Symposium and those published since 1978 are
listed in Table 3. All the available data are mapped in Fig. 6 for do/dQ and
the recoil proton polarization P. A systematic set of data presented by Bonn
group (48] covers the 2nd resonance region, and hence an extensive analysis for

+ yp becomes possible. New results on P are presented by INS(Tokyo) group
TgO] to this Symposium. Though with relatively large statistical errors, these
data will play an important role in understanding the scattering mechanism.

Table 3, New data (yp * yp) since 1978

No. of
Obs. E. (MeV) 5} data Institute
Y cm X
points
do/dQ 692 -1002 35 ~ 132 80 Bonn 81/[48]
2 do/d2  375-1150 70, 100, 130 73  INS(Tokyo) 80 [49]
3 P 406 - 977 100, 134 11 INS(Tokyo) 81 [50]
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4-2, Dip in the angular distribution

The do/dt data from Bonn[hS] are shown in Fig. 7 for photon energies from
0.7 to 0.95 GeV. The most striking feature of the data is the existence of a
sharp dip around [t|[~0.6 Gev at all energies. The position of the dip shifts
linearly from |[t|=0.55 to 0.72 as the photon energy increases from 0.7 to 0.95
GeV .
The existence of the dip structure in the Compton scattering was first
predicted by Harari in 1971 by his dual absorptive model 51], and the prediction
is in accordance with the overall behaviour of the measured data. A tentative
comparison of the data is made with the averaged contribution of elastic 7N

scattering data,

(02/2) + [do/dt(n'p) + do/dt (P ] oy ast ic

(a: electromagnetic fine structure constant).

The gross features of the observed angular distribution are well reproduced by
the elastic data curve, i.e. a diffractive forward peak, a minimum at t"-0.6

GeV? and a re-rise toward backward angles, as is seen in the 0.8 GeV data

(Fig. 7). It is interesting to find a good absolute agreement between the

curves and the small angle data. The coupling strength, however, does not agree
with the simple p-dominance model, being a factor of 2 smaller than the generally
accepted value for the y-p coupling.

As suggested by a Legendre polynomial fit to the data, partial waves with j
up to 7/2 are required to reproduce such a rapid variation_ with angle. In order
to study the dip structure, Bonn group (K&lbel et al.,)[52] made a dynamical
analysis considering partial wave up to j=5/2 for nN, 3/2 for AN and 5/2 for
other resonances. Their results for the lower bound on the cross section
(unitary bound) are shown in Fig. 8 for energies 0.7 and 0.95 GeV together with
the do/dQ data. 1If real parts of scattering amplitudes are small, this bound
will reproduce the main features of the data. Theoretical curves are, however,
less structured than the observed dip
and only the aross parameter is
reproduced such as the magnitude of

1.0 — T - T T v forward-backward asymmetry. It is
oel  P(rp—ip) - apparent that we need to include
osk ©%=100" ] higher waves. A coupled-channel
odk analysis seems highly desirable.

: The dg/do data from INS (Tokyo
0.2 T Agig"~kg, T 7 [47] show no appreciable dip around
° + the c.m. angle of 100° at energies

~0.2f 1 4 about 0.8 GeV though the data are
ol ] only at 70, 90, 100 and 130° (Fig. 9),
ol ] The new P data presented by INS(Tokyo)
0.6 group [50] , at c.m. angles at 100 and
~0.8 130°, are compared in Fig. 10 with
~1.0 L L T b i the existing analysis by INS 78
o :? ?ogﬁfo 4?0 ?0 ?0 ‘?o (Toshioka et al.,) [53] which con-
sidered the unitarity and dispersion
o8 P(¥p—ip) 1 relations.
os © =130 e
0.4 .
o ' ; . -
-0.2+ y
-0.4f 1 Fig. 10 New recoil proton polari-
—osl J zation data for + Yp measured by
] INS (Tokyo) group[50]. The dotted
-o.8- L line represents the analysis by
-1.0 200 500 600 700 800 900 1000 INS (Tokyo) [53].
Ez(MeV)
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I. y,~Coupling of Nucleon Resonance (Q2>0)

The q? dependences of nucleon resonance form factors provide more detailed
informations about the electromagnetic structure of [}U(6)XO(3)] supermultiplets
than the real-photon couplings do. Experimentally, this new parameter is
controlled by varying the virtual photon mass in the meson electroproduction
process. The data thus obtained should be confronted with extension of the
quark models which were successful in describing the phenomena at Q2=0.

1. New data on electroproduction

In order to perform a reliable multipole analysis, required are a large
amount of data measured over wide ranges of the hadron mass W, and the meson
production angles 6 and ¢ at each Q? value. So far, the following processes
have been used to determine various multipole couplings,

Yy > np : 511(1535), D13(1520) for the proton target
YoP nop, 7n : P11(1470), D13(1520), F15(1688) for the proton target

Y, > T p

Ratio for the neutron target

Y,P > TN -

The forward and backward production experiments are most suitable to determine
helicity~-1/2 amplitudes since the helicity-3/2 amplitude cannot contribute due
to the helicity conservation at the meson c.m. angles 6,40 and 180°. The
electroproduction experiment at small Q? is interesting for a comparison with
the real (Q?=0) photoproduction data to see if there are significant diffe-
rences or not.

The recent exclusive electroproduction experiments are more reliable than
the old ones in the identification of particles and better in the momentum
resolutions, owing to the extensive use of modern track chambers and various
types of Cerenkov counters as well as advanced data handling techniques.

1-1. Kinematics of electroproduction experiment

In this section, I will use the standard notations for the electroproduction
kinematics;

W2= M2 + 2Mv - Q2 : squared invariant hadron mass in (YV+N) system
Q? = 4EE' sinz(ee/z): squared virtual photon mass
v =E - E' : energy transfer

where E, E' are the incident and the scattered electron energy in the laboratory,
8e the electron scattering angle and M the nucleon mass. The diagram for single
meson production process and the definition of meson angles 6* and ¢ are shown
schematically in Fig. 11.

Fig. 11 Meson electroproduction diagram and the definition
of meson production angles 6* and ¢.
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The cross section is given by

3
d o _ do
dE'dn_an* Tt gg= (6%, ¢)

where, Tt = ;_f T 57 T—¢ ° virtual photon flux factor
v? 2 8et-1
e = (1 + 2(1 + =) tan” - : polarization parameter of y
Q2 2 v
K = (W% -M?)/2m

Qe: solid angle of scattered electron in lab. system
Q*: so0lid angle of produced meson in (yvN) rest system

The virtual photoproduction cross section is expanded in terms of the
polarization parameter as

do

an*
where A and B correspond to the transverse and the logitudinal photon contri-
bution, C and D are the transverse-transverse and the transverse-longitudinal
interference term respectively. These 4 terms are usually decomposed into
multipole matrix elements and powers of cos6*.

I
= A + €B + €C sinze*cosz¢ + Dv2e(e + 1) sin6* cos¢

1-2. New data

The new data contributed to this symposium and those presented since 1978
are tabulated in Table 4. A substantial amount of data taken at Daresbury and
DESY have been analysed, and now their final results are available for 02=0.5,
1.0, 2.0 and 3.0 Gev?. As an example, the new data on YvP > 7°p measured at
Q%= 1.0 by Manchester-Lancaster group|[61] are shown in Fig. 12. 1In this figure,
the cross section is plotted against cos6* and ¢ for W ranging from 1.2 to 1.7
GevV.

Table 4. WNew data (electroproduction) since 1978

Institute QE(GeV/c)2 Channel W (GeV) Year Ref.
Bonn [ 0.01 - 0.1 ° backwara 1.4 - 1.75 1981 [54]
0.3 n* forward 1.4 - 1.6 1980, '81 [55]
backward 1.4 - 1.75
7° 30-100° 1.4 - 1.58 1979 (7]
| 0.4 - 0.7 7% backward 1.4 - 1.83 1981 [56]
Daresbury | 0.5 7° a1l 1.2 - 1.7 1980 [58]
n/nt a1l 1.3 - 1.7 1978 [59]
/b a1 1.3 = 1.7 1981 [60]
1.0 7° all 1.2 = 1.7 1980 [61]
L 7 /nt a1l 1.2 = 1.7 1979 [62]
DESY " 0.6 7° all 1.6 - 1.8 1980 [63)
n° 1.5 - 1.6 1980 [64]
1.0 7° al1 1.7 = 1.9 1980 (63]
n°® 1.5 - 1.6 1980 [64]
2.0 7° all 1.5 - 1.8 1980 [e3]
3.0 7° all 1.2 - 1.8 1980 l64]
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, At lower values of Q?(0.3, 0.5, 0.6 and 0.7 Gev?), the Bonn group measured

m _backward and forward production in an energy range of W=1.4-1.75 GeV[SS, 56,
57]. They also performed a very small ¢° experiment of 7° backward production
aiming for the comparison with the existing Q?=0 data[54]. These new data are
shown in Fig. 13 and Fig. 14. In the latter experiment, a drastic decrease is
found in the y_p -~ 79 cross section for such a small Q2 difference. Though the data
are in preliminary stage and the estimated systematic errors are rather 1a€ge
(v+30 8) as shown in Fig. 14, the energy dependence of the data seen at 0°=0.02,
0.04 and 0.07 is not likely to be changed in final analysis. The peak seen at
Q2=0 corresponding to the 2nd resonance completely disappears, while a re-rise

to the F15(1688) resonance still exists. At higher masses (W>1.7 GeV), however,
nothing is not that abnormal. At the present stage, I cannot say much about

the reason for this rather puzzling result, but this experimental finding will
stimulate interesting discussions about the structure of wave function or the
possible existence of strong interference effects in quark scattering inside

the nucleon.

2. Multipole analyses and comparison with quark models

2-1. Multipole analysis of new data

The Bonn group[SS] made a Walker type analysis for their ep = enn+ and epn®
data at 6*=0° and 180° for Q? =0.3 to derive A,/, amplitudes. In this fit,
they varied the A,/, amplitudes of D13(1520) and F15(1688) together with back-
grounds, while the S$11(1535) and S11(1700) amplitudes were taken from their
analysis of n production data. The Lancaster-Manchester group[58,59,60,61,62]
analyzed their data by the fixed-t dispersion model originally proposed by
Devenish and Lyth (DL 75)[65]. In this case, the electric, magnetic and scalar
multipoles are varied for P11(1470), D13(1520), D33(1650) and F15(1688), the
couplings to P33(1232) being obtained by a separate analysis and D11(1535),
S11(1700) fixed to the results of Wuppertal (1979) analysis[66]. The DL 75
results are used for the rest. They also made a dispersion analysis with their
neutron target data by varying amplitudes for P11(1470), S11{(1535), D13(1520),
$11(1700) and F15(1688) and by using the DL 75 results for others.

In the DESY analysis[74], only resonance couplings to S11(1535), D13(1520)
and F15(1688) are varied while others are fixed to the results of DL 75.

I have listed the results of these analyses in Table 5 for the proton
target at various 0? values, and in Table 6 for the neutron target at 0%=0.5.
The results are also graphically shown in Fig. 15 for S11(1535), D13(1520),
F15(1688), with the result of DL 75 analysis for comparison.

From these analyses, transition form factors for the prominent resonances
P33(1232), s11(1535), D13(1520) and F15(1688) are well determined, but the
coupling to P11(1470) is still ambiguous. An attempt was made by Foster 67
to determine M; contribution from the forward =% data at Q%=1.0. He gets the
best fit for W<1.41 GeV by forcing the sign of M; multipole to change from
that observed at Q?=0. However, this sacrifices the fit at higher masses and
thus the helicity-1/2 structures are not reproduced.

2-2, Comparison with the naive quark model
(1) Helicity switching in D13 and F15 amplitudes

This is the famous story about the success of the naive quark model, i.e.
leading to the conclusion that the non-relativistic guark model is good as long
as the recoil correction for nucleon is not appreciable. In the harmonic
oscillator quark model of Copley et al.[68], the D13(1520) and F15(1688)
couplings are given as

K2 2 2
helicity 1/2 = (1 - £5) r(k®) » 0 for 0?0,

helicity 3/2 » F(k2) ©

where k2 is the three-momentum of a photon in the Breit frame. If one defines
the helicity asymmetry as Aisy ,3/2 =(01s2 =~ 03/,)/(01/2 + 03/2), the asymmetry
should increase rapidly from -1 at 0?= 0 to ~ +1 at Q >1 GeV , i.e. the helicity
switching. The speed of switching is predicted by various models, hence it is
worth to illustrate the present status. In Fig. 16 I plotted the asymmetry
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Table 5.

Resonance Multi-~
pole P

P11(1470) M

Multipole couplings fitted to ﬂo, nt and n
electroproduction off proton target

Sq_

D13(1520) E,_  0.34:0.04
M,_ 0.53:0.05
Sy_

$11(1535) E,, 0.55
SO+

D33(1650) E,_
M,_
s,_

F15(1688) E;_ 0.13:0.02
Mj_ 0.30:0.03
S5_

S11(1700) E 0.44
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Ai1s2 , sy2 taken from various analyses together with theoretical curves obtained
from Ravendal 71[69], Korner et al. 75[70], ono 76[71] and DL 75[65]. All the
existing data exhibit a clear switching as seen in the figure. However, when
compared to the model calculations, the D13(1520) data follow the rapid switch-
ing curve of Ravendal 71 while the F15(1688) is in agreement with Korner et al.
75. For the interpretation of this difference, some%67] speculate that it is
attributed to a finite spin-~orbit term in the interaction Hamiltonian.

(2) Comparison with single guark transition model (SQTM)

From the determined Q? dependence of S$11(1535) and D13(1520) multipole
amplitudes both belonging to [70,1-] multiplet, one can derive SQTM transition
amplitudes between [70,1-] and [56, 0-] , as given by Hey-Weyers[72] in 1974.
Define the following three amplitudes;

A: quark orbital excitation (ALx=1)
B: quark spin-flig (ALz=0)
C: gquark simultaneous spin-orbit flip (ALZ=1).
Then one can write:
S11(1535)  (in units of ub'/?)
P _ 1 g -1 noo_ P 1
Ej, = 0.45 [gA + gB - £C] Ey, = 0.45 [-gA - 35B + 5C]
D13(1520)
P . 2p - /25, Y201 gR L 2,0 L 25, 72
Ey_ = 0.48 [ZFA - 35B + 33C] E,_ 0.48 [FA - 3TB + 3£C]
P 2y L Y2 no_ 2y, 2
Mb_ = 0.48 [75A + 135B] M,_ = - 0.48 [3ZA + 3ZB]

The quantity in square brankets gives the production amplitude of resonance and
the constant factors are determ}ned by the decay into meson-nucleon system.

The A, B and C amplitudes obtained by Foster[67] and Breuker et al.[55]
are tabulated in Table 7 for 02 from 0 to 3.0 GeV?’. To study the 0 dependence
of these amplitudes, the Bonn group tried to separate the variation due to the
form factor of the resonance by defining

A= a' Gy (k) etc.,

2

G (1 + x%70.71)"

D
where k is the 3-momentum in the Breit frame. They used the dipole form factor
in the Breit frame because the recoil corrections were thought to be minimum
in this system. Taking A, B and C amplitudes from Table 6, they obtained A', B
and C' as plotted against k2 in Fig. 17.

From the quark model calculation, it is expected A' ~ constant, and B'
Recently Hey et al. [73] have calculated the C amplitude using the MIT bag model
and their result shows a strong cancellations among various contributions to
C. Thiszresult agrees quite well with the observed C' as is seen in Fig. 17c
in the k“ range from 0 to 2 (GevV/c)2.

(3) Test of the SQTM

From the A, B, C amplitudes obtained from the data analysis of proton
target, we can calculate couplings to various resonances belonging to [70,1—]
multiplet. This is done by Foster[G?] in 1980 for I=1/2 neutron target multi-
poles and for other less well known proton target multipoles at 0?=0.5 and 1.0
GeV . A comparison between the prediction and the data affords a good test of
SQTM. In Table 8, the predictions for the neutron target multipoles and for
the proton target D33%(1650) calculated by using the DL 75 fit are listed with
the data. Experimental couplings are taken from the Lancaster-Manchester data
[60] listed in Table 6. The agreements between the theory and the experiment
are good for D13(1520), D33%(1650), but are poor for both S11{(1535) and
$11(1700).

v k2.

7

The rather qualitative success of the present quark models seems to require
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Table 6. Multipole couplings fitted to the neutron target data at

1/2

Q2= 0.5 GeV2 measured by Lancaster-Manchester[60] (unit;ub )

Multipole(ﬂ_)
Resonance gz Enng) Mnng} Snngl

P11(1470) 17 -0.19 0.6

$11(1535) o©OF -0.11 0.08
D13(1520) 2~ -0.55 -0.16 0.014
D13(1700) 2~ -0.034 0.016 0.00
s11(1700) oF 0.090 0.097
F15(1688) 3~ 0.039 0.00 -0.013

Proton target multipoles fixed to Devenish and Lyth[65] except
s117(1535) and 5117(1700) fixed to Gerhardt fit 3(66].

Table 7. SQTM amplitudes for [70,17] at various Qz[unit;ubllz)
gngeV)2 A B C Source and analysis

0 9.0 3.9 4.2 Litchfield et al.[77]

0.3 6.06 8.22 3.36 #Bonn data, H. Breuker et al.[55]
0.4 4.60 4,60 2.30 #Evangelides et al.[78]

0.5 4.76 6.15 3.21 #NINA '80, Lancaster-Manchester[75]
0.6 3.39  6.41 1.92 'DESY data, R. Haidan[63]

0.5 5.29 4.20 1.95 #Devenish and Lyth[65] fit to

1.0 3.24 3.18 0.95 pre 1975 data.

1.0 2.87 5.96 1.64 #NINA '80, Lancaster~Manchester[75]
1.0 2.28 5.75 0.4 'DESY data, R. Haidan[63]

2.0 1.29 3.77 -0.82 *DESY data, R, Haidan[63]

3.0 1.03  2.45 -1.35 DESY data, R. Haidan[63]

# Foster's calculation[67] of A, B and C from the quoted analyses.
* Caltulation of A, B, and C due to R. Haidan[63].
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q? = 0 e Litchtield a NINA 7¢ © DESY 79
A/ Gy o Devenishelyth & NINA B0 o BONN 80
(Gev-pb)2
‘ -4
m«‘-.——.fu v
03 1 2 3 2
(Gev/c?)
B/Gp |
(Gev-pb)'2
]
w-
40
® /a °
20 a9
1 [ )
0 ] 2 3 q
[Gev U

Fig. l7a,b,c. Bonn analysis of the excitation amplitudes A,/, and Aj/:
for [70,17] multiplet([55] ; orbit flip term A'=A/Gd, spin flip term
B'=B/G and spin-orbit simultaneous flip term C'=c/G,. The curves are
their fit to the data. q% is 3-momentum transfer squared in the Breit
frame.
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a more sophisticated theory capable to explain all the available virtual and
real photon couplings.

Table 8. Comparison between SQTM and Experiments

0% = 0.5 (Gev/c)?

Resonance Multipole Data SQTM Ref.
n

S11(1535) Eg, -0.11 -0.46 [60]
n

D13 (1520) E,_ -0.55 -0.43 [e0]
n
Mo_ -0.16 -0.07 [60]

D33(1650) ES_ 0.23 + 0.13 0.20 [75]
n
E,_ -0.13 -0.20 [60]
mE_ -0.17 * 0.03 -0.036  [75]
My_ 0.029 0.036 [60]

D13{1700) E,_ -0.034 -0.093 [60]
My -0.016 -0.037 60]

$11(1700) Eg, -0.09 -0.34 [60]

0% = 1.0 (Gev/c)?

+

D33(1650) EY_ 0.18 + 0.07 0.14 [75]

ME_ -0.06 + 0.02 -0.03 [75]
(4) The first resonance

A theoretical calculation on the N + A(1232) electromagnetic transition
form factor is presented to this Symposium by Jurewicz 76. From a pure dyna-
mical calculation assuming the direct (yyNA) coupling, he succeeded to reproduce
the experimentally determined M;?® and E;? amplitudes without a phenomeno-
logical fit to the data. A plausible interpretation is given as follows; the
M, excitation to A(1232) occurs promptly through a direct 7N + A transition,
then followed by a rescattering in the final 7N state, and the electric
quadrupole excitation E2 being a non-resonant process built up by wN interactions
in the final state. In Fig. 18 the calculated transition form factor G}*({g?)
divided by the dipole formula approximating the nucleon electromagnetic™ form
factor is given together with the available data. A new data point at Q2%=3.2

390



R. Kajikawa

GeV2 from DESY 79 kB] is also plotted. The dashed and dash-dotted curves
indicate the resonant and non-resonant components, respectively.

ML)
G0-6yla) o [8AR]
1.2 o [sTE]
v [o]
a [AsH)
o [Mis)
1.0 o [s10] e
4 {ant)
*
® Fits an eu" (s. Kap. 8.2) 2
0.8 :‘lhmru Q1) mit £, 5' ?‘::I:‘.:)_‘ h
0.6 .
S
T | L Fig. 18. A new data point from
1 DESY () [63] at Q%= 3.19 Gev? and
0.2 b 1 the all available data of the N 3
————, 2 2 A(1232) transition form factor Gwm
. ——-—  0%(Gev) divided by Gd (dipole form factor)
0 1 2 3 1 5 are plotted as a function of Q2.
Conclusions

I would like to concluded my review on the photoproduction experiments in
the resonance region as follows:

(1) Through extensive studies of the single meson photoproduction with real
photons, the nucleon resonance couplings are determined up to the 3rd resonance
region for the proton and, from an optimistic view, also for the neutron target.
To determine the 4th resonance couplings, need more data at hich energies.

(2) A quantitative comparison between the experiment and QOCD motivated quark
models has become possible. Existing quark models predict photocouplings
fairly well, however need more detailed study on the spin-orbit interaction,
non-spectator excitation etc.

(3) The electroproduction experiment yields more dynamical features of nucleon
resonances. From new data, the transition form factors for P33(1232), S11(1535),
D13(1520) and F15(1688) are well determined. P11(1470) is still bad.

(4) Only qualitative interpretations are done by the existing quark models.
The non-relativistic quark models are good when the correstion due to the
nucleon recoil is small, e.g. the helicity switching between A;, and Aj;/;
amplitudes in the D13(1520) and F15(1683). 1In general, need more sophisticated
model to explain all the available data.

(5) A new w° electroproduction data at backward suggests a possible existence
of an extraordinary effect of the longitudinal wave at extremely small Q2 (0.04
GeV?). Needs more experiment for confirmation.

(6) New quark model should consider all the existing data on the @N scatteirng,
the real photon couplings, and the transition form factors simultaneously. I
think this kind of effort will be profitable for the study of guark many body
interaction.
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Discussion

G. Karl, Guelph University: I wish to point out that the helicity switching in
electroproduction was first noted in the quark model by F. Close & F. Gilman

who showed that the cancellations in photoproduction in A1/2 could not persist
as 02 moved away from zero.
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