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ABSTRACT

Recent experimental and theoretical developments in the
field of hadronic resonances are reviewed.

INTRODUCTION

This review will deal with new developments in the mesons (Section II),
the baryons (Section III), and in resonance theory (Section IV). In past years,
these subjects were generally covered by three different rapporteurs. Con-
sequently, I must apologize for being brief on some subjects, referring the
readers to some excellent "mini-reports' that cover certain topics in more
detail. -

The field of hadron spectroscopy no longer consists of '""bump-hunting'.
The pattern of resonances is largely filled in and hasn't changed much re-
cently. The emphasis has shifted instead to more detailed questions regard-
ing the structure of pionic decays and electromagnetic transitions. These
problems are of considerable interest, just as atomic spectral line intensi-
ties and selection rules played a role in the development of quantum mech-
anics.

Experimental and theoretical developments in this new area of reso-
nance physics have kept pace with one another. The study of the decays of
the B meson, and of the reactions 7N —7A and ¥y N — 7N in the resonance
region, have been matched by renewed interest in symmetries beyond SU(3)
which can explain the new data.

Older questions of resonance physics continue to receive attention.

The successful classification of states according to the quark model is by
now a compelling regularity of the lowest-lying mesons (below ~1.7 GeV)
and baryons (below ~2 GeV). The gaps in this scheme are continuing to be
filled, while studies of "exotic" states — ones that do not fit the scheme —
are proceeding, and within the next year perhaps one will finally have evi-
dence for one or two exotic baryon isomultiplets. In contrast, nearly thirty
meson isomultiplets and fifty baryon isomultiplets have been conclusively
observed which can be regarded as levgls of a quark and an antiquark (qq)
or three quarks (qqq), respectively. 1,

MESONS

Some new developments in meson resonances are shown in Table I.
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Table I New meson data

L(qq) 3PC values Remarks
+-
1 1 New B— w T analyses; predictions
. Predictions for A1 decay !
O'H' nm, K1 scattering

6 —nm observed again

2 | 3 Firmer evidence for g, KN
-+ Question of resonant nature of A,
1 p'? [Could also be kinematic effect or
qq (L=0) state.]
Other effects, J PC Narrow bump in aT(Ep), m ~ 1930 GeV
uncertain + - 4 _
5 Newpp— 7 7 , K K differential cross
sections, 0.8 to 2.4 GeV/c
Possible > 4 KN(2100)
1. Analyses of B decays .

The B(1235) is a resonance whose JP is almost certainly 1+, and which
decays to w354 The helicity structure of the w's is of interest in many
models and higher symmetries.

We may define normalized helicity amplitudes F

2

A such that

IF.12 + 2IF1I2 = 1. ()

0

A purely S-wave decay corresponds to |F 12 =1/3. SU(6)yw, by

virtue of its selection rule demanding that the th1r(} component of quark spm
be conserved [AS, = 0], implies IFOI = 1. In various new theories, IFOI
need not be 1 but is constrained by other data. If we call the orbital angular
momentum of quarks in a hadron L, |Fgl“ turns out to be sensitive to AL,=
0 and IFll2 to ALy = %1 transitions. The latter are forbidden in SU(6),,
but are certainly im%ortant, as we can gauge from B— wr data.

As of last year,? most analyses agreed that |F,|“ was less than 1/3,
implying a detectable amount of D wave in B decay. One analysis (of 7 GeV/c
7' p data) seemed to imply no D wave at all.

Recently tge 7 GeV/c wtp data have been re-analyzed, leading to two
values of 1Fgl“ in substant1al accord with one another: depending on the
method of analys1s

2

IR %= 0.16+0.0¢4 (2)



or

|F0|2= 0.12 % 0,04 3)

The former result allows for coherently produced 1~ and 0~ ww background,
while the latter allows for all J¥ in the background but without interference.
We have used the result (2) below for the sake of definiteness.

A new contribution from the Weizmann Institute® has studied 7'p — B*p
at 5 GeV/c and finds

2

IF,1°= 0.01%0.07 | (4)

0
The two values, Egs. (2) and (4), are shown in Fig. 1.
Previous world data are com-
pared with the new results in Table
B—ww IT (compiled from Ref. 3). The B
decay involves roughly 6% D-wave

_ i errors are scaled because of the
(Welzmonn)
L/

03 “wm, with [Fgl%=0.13£0.05. (The
r 1973 discrepancy between Ref. (5) and (6).
22 5o The width is slightly above that of
r ) Ref. (7).
BNL /LBL A recent study of 7™Tn—B pn is
0.1 \\\ ( '97/:2 ) . consistent with IFOI5 =0, but no de-
7 : tailed analysis has been performed.8
WY o Figure 1 and Table II show that
0 1 i — the transversely polarized w's cer-
0 0.l 0.2 0.3 tainly dominate in B— wn., The
2 world average for |F,|“ is now four
|Fol - standard deviations away from pure

S wave; moreover, the Weizmann

Institute group has yet to analyze all
FIG. 1--Values of |F(|2 obtained  of their data. There has also been
in analyses of B— wr. LBL: Ref.  a high-statistics study of 7*p inter-
5; Weizmann: Ref. 6. The curve actions at 13 GeV/c presented to this
shows the fraction of D-wave ({=2) conference, Y whose B signal is ap-

in the decay for each value of preciable. We may expect some
IFgl2. additions to Table II in the next year
or two.

2. Predictions for A1 and B decays

The ingredients for these predictions (whose theoretical basis will be
discussed in Section IV) are: (i) SU(6)y, X 0(3) for the initial and final states,
and (ii) single-quark selection rules for pion emission. The second is
weaker than the assumption of an SU(6),-invariant decay. In addition we
- must fix parameters of the theory via one D -wave decay (e.g., fg —7r or
Ag— p7) and one S-wave decay. The best source of the latter is the
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Table I World B decay’data

3 2 (W) ) (W)
Reference Events FB | IFOI s /T
TNlinois, 686 144 .184 3%
1970 +35 21 +,051
BDNPT 226 120 .06 13%
1970 £20 220 .10 0
DGHMS 130 125 .09 9%
1972 +14  +30 +,07
BNL/LBL  _ 150 .16 (or .12)
19735 1200 150 +.04 4%
Weizmann, > 156 .01
19736 =500 iop  i.07 25%
Total or 1412 .13
average 2750 +14 +.05 6%
2 Reference (7) quotes an average of 118+8 MeV.
estimate
T, (B—wm =130 MeV, . (5)
based on Table II.
The output involves all partial widths for the decays
2™ 1707, 070"
17 =170 (6)
07 —~070"

as well as the helicity structure for 1™ —~170".

There are different theories giving such predictions. They have the
same algebraic structure but different kinematic factors. In the covariant
approach of Ref. (10), based on a quark-pair-creation model suggested
earlier, 11 the partial widths Ty for decays into final states with orbital an-
gular momentum £ behave as

20+1

r,~ /m% (Ref. 10) , )

on
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where p is the magnitude of the CM 3-momentum and A is the decaying reso-
nance. In the more recent approach12-14 based on the work of Meloshl®
and PCAC, these partial widths all behave as16

2 2.2 2
Ty~ p(m), - mp) /mA (8)
for any decay A — Bm, no matter what the £ of the Br system.
Both theories have in common the addition of a new term describing pion

emission:

AL, = 1 o

which allows for the transverse motion of quarks in an L-excited hadron.
The old, SU(6)y -invariant term with

AL =0 (10)

is also retained.
The resulting predictions are shown in Table III.

Table III Predictions for A1 and B decays2

A1(1100) - pT  B(1235)— wm

p2itl 46070

r,=0  PCAC  175%25 130+(~20)
input
Expt. ?
p2tt+l =2 14 ) from
Ag — pTm, or

T, PCAC =8 ) ¢

Expt. ? =8

pa+1 .40 .08
IF,1?  Pcac .54 .04

Expt. ? .13+.05

Phase constraint (Ref. 10):

F Al—»pTr F B— wr '

0 1

20+1

(Exact in PCAC approach;lz -14 approximate in p approach. 10)
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Table III indicates a rather prominent and well-defined A, especially
in the PCAC approach (which has some other advantages). The D-wave ad-
mixture in A;—p7 should be clearly visible. The input (5) may have been
an overestimate, as it would seem difficult to hide so broad an Ay under
diffractive background (Such background is almost certainly present in

Tp— p°77p. ) The "resonant" A still has not shown up, and if it goes
undetected a while longer we should begin to worry.

One further test of these predictions involves decays of 07 mesons, to
which we now turn.

3. Predictions for §(970)— nr and Ky(0")— K

Table IV shows the status of some predictions similar to those of Table
III but for 0* decays.

Table IV

I(5(970)— nm)  [(Ky(1100)— K)

~ (MeV) (MeV)
p2+l 185 + 30 450 % 70
PCAC 90 + 15 485 + 75
: a
s + 50~
Expt. 60 _ 30 ?

2 Ref. 18.

The experimental width for 6 (assuming 100% 7« decay), is based on a new
experimen’c18 which studies

Tp —~ 6P

nw

L—“Y'Y (11)

at 4.5 GeV/c, resulting in a cross section of only about 2ub for 6~ produc-
tion. Reference 7 quotes I' 5 = 5030 MeV.

It thus appears that unless the B is much narrower than in Eq. (5), the '
pzf“'1 factor is unreliable for S-wave decays, and should be replaced by the
PCAC factor of Eq. (8).

The prediction of a relatively wide Kyy— Kr is common to both ap-
proaches, and should be testable in the near future when precise stud1es of
K scattering become available. At present, all we know of the 07 Kr sys-
tem is that it has no resonances hiding under the K*(890), 15 and the Knr phase
shift stays areound 70° from 1100 to 1300 MeV. 7 This behavior is remini-
scent of that of the 0% I=0 =« phase shift around and above the € (700).



4., =w scattering

Recent high-statistics samples of data have been analyzed in20

and? "
Tp— 71 n (13)

These give rise to three I=Y=0 candidates for 0** mesons, as shown in
Table V.

Table V 0++ I=Y=0 candidates

Name (mass) Width (MeV) Decay mode(s)
€ (700) >350 an
S*(997) 10 to 50 KK (77 weak)
€'(1240) ~ 200 71 (KK weak)

The Argand circle for the I=Y=0 S-wave amplitude is shown near the mass
of the €'(1240) in Fig. 2 (from Ref. 21).

The existence of the S-wave state
under the f, has been noted?2 and dis- -
116 cussed theoretically23 before. Three
I=Y=0 0% states are an embarrassment
to the quark model, which predicts only
two. The additional state can be a
"dilaton', i.e., a Goldstone boson of
spontaneously broken scale invariance 24
A hypothetical 0+ "decimet'" (nonet
plus singlet) is shown in Fig. 3. Itis
interesting that the masses of the nine
states at the top of the figure are con- -
sistent with those of an "ideal" nonet.
On the other hand, as Table V shows,
’ their couplings are quite substantially
FIG. 2--Argand circle for different from what we would expect
I=Y=0 S-wave wr amplitude from such a nonet. This can be as-
near the mass of €'(1240).21  ¢ribed to mixing with the additional
"dilaton'. Quantitatively, the coupling
of the dilaton to pairs of pseudoscalar
mesons must be quite strong in order

240144
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for this scheme to work, leading to an €(700) which is more broad than it
is massive. (See Ref. 2.)

Quark model
states: €I(I24o)

Kn(~1100)

s*(997)
8(975)
(mixing to give
4 observed couplings)
Dilaton: € (700) 240148

FIG. 3--Hypothetical 0** nonet plus singlet.

5. Even-G I=1 mesons, 1.6-1.8 GeV

The Purdue group has presented a study of mesonic states in the "R"
mass region, based on a 750, 000-picture 13 GeV/c #'p bubble chamber
exposure.d The final states they discuss are shown in Table IV.

The masses and widths of the three latter final states are compatible
with one another (m = 1680 MeV, I' =100 MeV), but the 77 effect seems
somewhat lighter (m =~ 1630 MeV) and narrower (I' =40 MeV) than the others.
In Table IV we have indicated the possible orbital angular momenta between
the two final particles for various states expected in the quark model. Quite
a few questions are left unanswered by the Purdue data.

(a). mmfinal state. Partial-wave analyses favor a 3~ state, confirmed
here. The CERN-Munich experiment, reaction (13), also may see some
evidence for a 1~ state near this mass. 29,26 What are the bounds on the
existence of such a state here?

(b). wm final state. The angular distributions are compatible with
being due entirely to 37, but bounds on 1~ and 27 states are needed.
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Table VI Study of the R region, 1G=1* (Ref. 9)

Possible qf, L=2 JFC

Final State 1 27 3
e =1 No #=3: g meson
wm ‘ =1 £=1,3 =3: g meson
p%* Two £=1; £=1,3 £=1;
=3 ' Two =3
(A,m)" | =2 2=0,2,4 2=2,4

(c). pOt final state. This is-a difficult state to study, involving two
broad resonances. The Purdue group sees only a 10 signal.

(d). (Agm? final state. It is difficult to distinguish (Ag — 3m)a from pp.
Purdue sees a 1 1/2 & signal.

These results fall short of sorting out the R region, but they give us an
idea of the scale of effort that will be needed to study this region in counter
experiments, as has been proposed.

6. Study of the Ag

A new analysis has been performed of the reaction
+ - +
TP —~ 1r+1r TP (14)

at 13 GeV/e. 27 1t is concluded that the A3(1640) may be a resonant (rather
than a Deck-type) effect, and that it may have a pmr mode. Both these con-
clusi%rés are in disagreement with those of the Illinois group based on 77p
data.

The cuts against At in reaction (14) have more of an effect than in the
corresponding 7™p reaction. We suspect these may be the reason for the
discrepancy.
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7. Heavy K*'s

A study of 9 GeV/c K+d interactions2? confirms the existence of a
JP=3-K N(1760) decaying to K7 and possibly other final states, and a possible
K (2100) with JP > 4. This last state is in the right place to be the Regge
recurrence of the K**(1420), and bears watching.

8. The p' (~1500)

There are no new data here; only a polemic.zg' The point is well taken:
one must be on guard against kinematic enhancements, which are hard to
eliminate in multi-body final states. The present status of various p' experi-
ments has been reviewed in Ref. 26; we would prefer to wait for more col-
liding e*e™ data.

9. Low-energy pp interactions

The recent measurement of low-energy total cross sections at Brook-
haven30 has turned up a number of interesting effects. One of them is a
bump whose width is comparable to experimental resolution in o(pp) and
o(pd) at the mass of the "$(1929)" meson first reported in missing-mass
studies.3! This comes at a time when missing-mass experiments seem to
have abandoned the very narrow S.

At higher masses, there have been new measurements of differential
cross sections for pp— n*71”, 33 and pp — KK~ 34 petween 0.8 and 2.4 GeV/e..
Structure is seen in do/dRQ, but it does not change rapidly with increasing
laboratory momentum. Partial-wave analyses await polarized target asym-
metry data, forthcoming in the next year or two. Meanwhile one can make
no statements about resonances in these channels.

Some other aspects of heavy mesons have been reviewed here, notably
in the "T" (~ 2200 MeV) and "U" (~2385 MeV) regions.35

BARYONS
Table VII shows some new aspects of baryon resonance physics.

1. A residue calculation

The phases of residues will be of some interest when we come to discuss
inelastic processes like 7N — 7A, where these phases are sometimes ex-
tracted from K-matrix fits. An example based on the first resonant particle
ever discovered, the A(1236), shows that 6phases of pole residues can be
misleading unless interpreted properly.

One_can use accurate 1r+p scattering data to find the pole of the A, ob-
taining

M = 1211 -501i (15)

R = 53¢ 0-811 (16)
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Table VII New baryon data

1.(qaqq) J P values Remarks
0 3/2* A residue calculation
/2t Eventual g5 5, value
1 All (also L=2) Magnitudes and phases
in 7N —7A, YN — 7N;
SU(6) fits to decays
5/2°, others N7 studies
1/27 Zn near threshold
2 All (also L=1) 7N charge exchange:

new forward dispersion
relation calculation;
new polarization

“All (also 1=1) New KN phase shift
analysis
Other effects, JF uncertain ~ No diffractive I — An
resonances
o (K n): bump at 1580
o (KN): Zo* (~ 1800) ?

K*P: Z1* (~1900)
uncertain

One's initial expectation might be that the residue R should be real. This &s
not the case. When one includes the effects of unitarity, analyticity, the p
(p-wave) threshold factor, the correct kinematics at zero total energy, and
some other reasonable dynamical assumptions, one obtains a residue which
is almost exactly Eq. (16).

The threshold factor itself provides more than enough deviation from a
real residue. This factor would be present if we interpreted the A as an
"elementary" spin-3/2 particle (with complex mass) coupled to the 7N sys-
tem. In such a case the coupling constant of this particle would be consid-
erably more real than one would suppose from Eq. (16).

2. Resonant 7N — 1A amplitudes

A massive analysis of 1N —7A in the range 1.3 GeV < Eqy <2 GeV is
now nearing completion. 38,39 Many resonances are seen quite clearly de-~
caying into #A. The magnitudes and phases of resonant amplitudes can be
compared with Opredictions of the single-quark selection rule models men-
tioned above.10-14,40-42 Bagically, this works because the N and A are in
the same SU(6)y, multiplet. Hence, the phases of resonant amplitudes in
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TN —7A are related in a known way to those in elastic 7N scattering whose
imaginary parts must be positive, by the optical theorem. The process
7N —7A is an example of an "SU(3)- inelastic'' reaction, #° since it is not
related to elastic scattering via SU(3). ,

Some resulting Argand circles are shown in Fig. 4, along with magni-
tudes of resonant amplitudes. In a combination like "PP11", the first letter
refers to the incident (nN) orbital angular momentum, the second to the 7A

orbital angular momentum, the first number to 21, and the second to 2J.

0z
£ 8
:01 ‘”{ Il““* : H |
b<d r 3 ™ 0.1 4
o & ¥
ot T
E L Lo, !
" i " L N N M 0 [1 X1 LT " " n i
o.om 14 1516 1.7 18 1.9 20 Ar S031 131415161718 1.9 20
0.2 0.3
e » ]
g g 02f *
E 0.1 * § *
0.1
" + * ’ ‘ " ’
Eoo"' "m ' | (X% EOO et Ve
1314151617 181920 ar oD15 A TATE 1617 18 10 20
0.2 e : 02
o e
a8 B |
«
go1 Bo1 \ “
" " " “ ]
Eoo R WAL Eoo I . .“
131415161718 1.9 20 1314 16161718 1.9 20
02 0.2 i
o ~
4 E
go1 go1
- .“ . “H.
Eoo s taetst o0 !
ar Ds33 1314161817 18 1.8 20 Ax FF37 131416161718 1.9 20
VS (GeY)  man Vs (Gev) pravery
(a) (b)

[d
19

' FIG. 4--(a,b) 7N — 1A amplitudes, Ref. 38.

One notices that the imaginary parts of resonant amplitudes seem to
have well-defined phases: positive or negative. One also notes (on the right-
hand side of the figures) rather well-defined bumps, except in the region of
a gap between 1540 and 1650 MeV.

The authors of Ref. 38 bridge the gap by demanding continuity of the
PP11 wave (the first in Fig. 4). Two resonances appear in this wave: one
above and one below the gap. The relative phase of amplitudes below and
above the gap thus hangs on this rather slender thread.
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It would of course be better to use data in the gap. These data exist,
but are the subject of private smaller-scale analyses whose results should
be available within the next year.

Figure 5 shows the phases of the 1972 solution38 along with symmetry
predictions. The arrows denote predicted phases in the Argand diagram,
referred to a baryon-first isospin convention. [The phases in Fig. 4 refer
to the isospin convention 7N — Am, and thus have reversed relative I= 1/2

-1=3/2 phase.]
first convention.

The crosses are the experimental phases in the baryon-

1

Partial wave !
Associated NQ470) N (1520) !
resonance |
Assignment 56 70 :
suié), L L=0 =1,
(su(3),su(2)) (8,2) (8,2) |
- X X :
anti -SU (6)%, |
solg}ion |
X |

Class of !
prediction 3 2 2|
(see text) :

r

: SD31 DS33 DDO®B FP1B5 DS1I3 PPN FF3% PP3Y FF37

:A(1650) A0670) N(1670) N(1690) N(1730) N(1750) A(1890) A(1910) A(1950)

VI3

N —

(1

(=

)

m——— ——— — -

2 2
} (0,2) (8,4) (8,2) (8,4) (8,2) (10,4) (10,4) (0,4)

DOOOOOOOD

70 0 56 70 0 % %6 56
L=1 L=1 L= L=1 L=0 L=2 L=2 L=

1 1 2 2 3 2 3 1

FIG.

2396432

5--Comparison of predicted resonant phases in

7N —7A (arrows, from Ref. 42) with experiment
crosses, from Ref. 30). Baryon-first isospin con-

vention used here.

A double-headed arrow in Fig. 5 indicates a phase which is sensitive to
which value of AL; dominates: AL, = 0 (the ""SU(6)y,'' solution), or AL,= 1
(the "anti-SU(6)y'' solution). For definiteness, we have shown the "anti-
SU(6)'' solution. The names stem from the relative phases of D/S and F/P
waves: those of SU(6),, when AL,=0 dominates, and opposite to those of
SU(6)w when ALz= =1 dominates. 40, 41

The figure is cut in two at the gap.
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The phases are defined with respect to the prominent FF37 reso-
nance. 38,44 One then sees that, above the gap, all of the "first-class pre-
dictions' hold that would be expected if AL, =+1 dominated for 70, L=1
decays. (A "first-class prediction" is one that cannot be affected by mixing.
A second-class prediction is one for which mixing can occur but is thought
to be understood and does not change the predictions for unmixed states.

A third-class prediction is one where the assignment is based on an educated
guess.)

In fact, AL, = *1 is expected to dominate in certain "realistic-quark"
models based on harmonic oscillator wavefunctions, 47,48 both for 70, 1L=1
and for 56, L=2 decays. In the case of the latter, however, we see that
ALz = 0 seems to dominate.

The disagreements above the gap in PP11 and PP31 are both for states
to whose assignments we are not committed flrmlg at present. Apparently
our estimate of the experimental DS13 situation4Z2 was incorrect, and the
data actually agree with our prediction.39 (This is one case in which the
phase is not too well defined, since there are two overlapping DS13 reso-
nances.) Hence one can be rather pleased with the overall pattern above the

gap.

Below the gap, however, the disagreement is complete, leading one to
suspect the continuation. At the urging of D. Faiman after the Purdue Con-
ference in May, a new continuation was sought, and seems to have been ob-
tained, in which the relative phase across the gap has changed and is now in
accord with theory.%0 The situation has changed often enough that a little
patience is probably in order untill things settle down. (At one point, Faiman
and I had our isospin conventions wrong!) Nonetheless, the situation looks
very encouraging at present.

Analyses of TN —pN and 7N —€ N are also contained in Ref. 38. There
may be some disagreement with the quark model in 7N —pN;48 this should
also apply, in principle, to the approach of Refs. 42 and 51, through the gre—
dictions still have not been worked out in full. The Melosh approach -
makes no predictions for this reaction without additional assumptions. A
different analysis of 7Tp — N, #* sees very little evidence for resonant o]
production, in contrast to Ref. 38, and ascribes the large p signal to one-
pion exchange. Hence results of this channel should be treated with some
caution.

3. Resonances in yN —aN

" A large-scale analysis of single—glon photoproduction in the resonance
region has recently been carried out. This analysis leads to resonant
phases éand approximate magnitudes) which agree with quark model predic-
tions. 4

A less predictive (and more general) discussion of resonant phases in
YN — 7N may be founded on the Melosh transformation.%4,55 Here one
needs the transformation properties of the dipole operator D, which induces
electromagnetic transitions.
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The analysis of Gilman and Karliner54 assumes the dipole operator to
transform as a sum of

35,8, 3),, _ 4q0 ALz =0
Z
+385,(8,1), _o» AL, =21 b
. .
+ 35, (8,8),, _ . AL, =42

z
A term also seems to be present which transforms as99

§_§’ (8’ 3)wz _ 0’ ALZ =&£1., (18)

This term is required in the model of Ref. 51 as well.

) By neglecting the term (18) and the last term in (17), one obtains ver-
tices for electromagnetic transitions which have the same algebraic struc-
ture as the quark model.4753 There seems to be no compelling phenomeno-
logical need for the other terms at present. Based on the first two terms in
Eq. (17), one can predict the signs of the resonant amplitudes in YN — 7N.
The results are shown in Fig. 6.

From Fig. 6 one sees that all the significant signs are in agreement with
the theoretical expectations of Ref. 54. Moreover, the sign of the contribu-
tion of the S-wave N resonance A(1610, 1/2") is that expected if ALy= %1
dominates in 70, L~=1 pionic decays, as suggested by the TN —7A case. Oc-
casional discrepancies can almost certainly be traced to oversimplified (un-
mixed) assignments. Now, one will have to await quantitative comparisons, -
which are forthcoming. Since the algebraic structure is the same as the
quark model, which does not fare too badly, one can expect reasonable agree-
ment; the question is whether the agreement will be significantly better.

4, SU(6) fits to decays

In the past couple of 5years there have been several fits to baryonic
decays, 13, 14,40,41, 45,56 based on the algebraic structure suggested by
the Melosh transformation. 1° (Some of these fits guessed the structure
ahead of time.) The most recent of these®% attempts to fit the decays of
70, L=1 members whose intramultiplet mixing is specified by diagonalizing -
mass matrices.

The agreement is not spectacular, indicating that the process of decay
or mixing (or both) is not understood. We would tend to suspect the mixing
assumptions. Quark model states with the same JF are likely to mix via
shared physical intermediate states. These have different effects in every
case (since even their masses break SU(3)), and it may be risky to expect a
few well-chosen mass operators (essentially quark spin-spin and spin-orbit
terms, quark masses, etc.) to describe the mixing fully.

One point on which all the analyses agree is the likely existence of low-
spin hyperon resonances coupling weakly to KN and much more strongly to
Zm and Am. Perhaps studies of Zr scattering in hyperon beams will help.
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(a) Estimated from real part. (b) Causes trouble for the quark
model. (See Refs. 52, 53.)

5. N7 studies

Careful measurements of the differential cross section for 71N —n N
have been made in the region of the N(1670, 5/27)°7 and at lower energy. 58
There may be some evidence for the decay of a high-spin resonance around
1670 MeV (5/2~ or 5/2%) into Nn. Polarization data are needed (and will be
forthcoming from the Rutherford Laboratory) before a phase shift analysis
can be undertaken.

6. 2n near threshold

In a study of the reaction K~p— Zn near threshold, 59 based on a
Chicago-Berkeley bubble chamber exposure, it was found that the (1750, 1/27)
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had an appreciable Z7 branching ratio:

‘/XNKxEn_ = £(0.23 % 0.01) (19)

This number will be an important constraint on models for mixing the three
Z (1/27) states expected in the quark model. However, partly as a result of
indeterminacy in the KN channel, the 3(1/27) states remain somewhat of a
mystery.

7. =N charge exchange

(a). Forward dispersion relations. At Batavia it was mentioned®0 that
a new measurement of the differential cross section for 77 p — 7°n disagreed
with forward dispersion relations.61, 62

Recent}”y a new calculation of the real part of forward =N amplitudes has
appeared. 63 The real part is substantially lower, improving the agreement
with the new measurements. The calculation is performed using two sub-
tractions, which emphasizes the contribution of the low-energy regime in
contrast to the approach of Ref. 62.

(b). Polarization measurements. A Berkeley group64 has measured
N polarization at 1030, 1245, 1440, 1590 and 1790 MeV/c. Preliminar
values agree well with phase shift solutions of both CERN®5 and Saclay®
the lowest three energies. This is reassuring since the polarization pre-
dictions of the two solutions agree with each other in this range. At higher
energies some deviation sets in, especially from the CERN solution at 1790
MeV where the disagreement is quite severe. (Problems with the CERN
analysis at thig energy were already shown by the new differential cross
section data.)

On the basis of the new charge-exchange measurements, we can certain-
ly expect some refinement of nonstrange baryon resonance parameters a-
round m = 2 GeV in the next year or two.

8. New KN phase shift analysis

Preliminary results of an analysis by the UC-LBL group of KN — (KN,
TZ, mA) were quoted at Batavia. 60" At this conference more recent results
were presented in the range 1.7 GeV < Egyp < 1.9 GeV.57 The standard
resonances’ were well-fit, as well as some less well-established effects
which have appeared before from time to time.? These are shown in Table
VIOI. The A(1890, 3/2%) could conceivably be an SU(3) partner of the
N(1890, 3/2%), though the quark model suggests other A(3/27) states as well
in this mass range. There is some question whether one or two Z(1/27)
states exist around 1720 MeV. The parameters of the A(1750, 1/2%) vary
considerably among different analyses.

9, X — Arn dissociation

A group working with a 20 GeV/c =~ beam at BNL®® has studied

27 + (nucleus) — A7~ + (nucleus) (20)
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- Table VIII "New'" hyperon resonances (Ref. 67)

A(1890, 3/2™ X\E = ,23% ,05 I'=80=+10
MeV
v XNRE s < .04
Z(1720, 1750, XN < .1 T = 65 MeV
1/2°)
A(1750, 1/2h J XREpr =1L I =50 MeV
XNI? small

and finds no evidence for diffractively produced resonances up to 1.6 GeV
in mass.

On the other hand, if the process (20) is described by a Deck-type mech-
anism, in which the Z first dissociates into Aw and the pion then scatters the
nucleus, one has a source of the ZAw coupling constant, to compare with the
NNw, NAK, and NZK constants via SU(3). Analyses are in progress to deter-
mine the £ Aw coupling.

10. KN and KN total cross sections; K'p analysis

The BNL group3O finds evidence for a bump in oT(K‘n), m = 1580 MeV,
X =.1, width narrower than experimental resolution (30 MeV). Phase shift
analyses in this region are very spotty, 69 so the effect could indeed be a new
resonance. Its narrowness is puzzling. However, if it were the SU(3) part--
ner of the Roper resonance N(1470, 1/2%), belonging to a 56, L=0 muitiplet
(so that £/d = 2/3), one predicts its dominant decay modes to be 7 and Aw
(not KN), and its total width to be only about 25 MeV.

The KN total cross sections also have been remeasured.30 In the inter-
esting60 I=0 channel, they display a broad, elastic bump around 1800 MeV,
with I'=600 MeV, probably corresponding to a Py/9 or S;/9 resonance.
Final interpretation of this effect as a genuine Z * resonance will have to
await KN charge-exchange polarization measurements at the energy in ques-
tion.

In the I=1 KN channel, a new measurement has been made?0 of backward -
K*p scattering between 1 and 1.5 GeV/c, and a new partial-wave analysis
performed. 1 No partial wave need be resonant in this new analysis; the
behavior of the Pg /o partial wave is explicable purely in terms of the opening
of the (nonresonant) KA channel.

11. Resonances that need attention

We conclude this section in a theoretical vein by noting those resonances
not discussed here which might have been, since they are important.

(a). N(1730, 3/27). This state is the last (of 7) nonstrange baryons to
be discovered in the 70, L=1 multiplet. It was seen weakly in elastic 7N
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scattering, 66 strongly in 7N —7A, 38 and also in one of two 7N —KZ solu-
tions. 72 Its substantial inelasticity was expected on the basis of SU(6);41,45
this was what made it so hard to find.

(b). N(~2000, 7/2%). This state has been on the verge of being estab-
lished for several years. Both recent 7N phase shift analyses see it, 65, 66
but we have seen that some adjustments around 2 GeV are necessary. The
resonance would belong to a 70, L=2 multiplet, whose existence is important
for the quark model?3 and duality.46, 74, 75

(). A(~2200, 9/27). This is a resonance important for the quark
model and duality (a 56, L=3 candidate).46,73-75 We should start seeing it
soon.

THEORY

. The selection rules and intensities characterizing hadronic transitions
are being mapped out in an encouraging way. We have various languages in
“which to interpret these rules. The most recent is that suggested by the
work of Melosh, 12 but other approaches — notably the quark model47,48
and the so-called 3P0 quark-pair-creation picturel0, 11,40 _ gerve as use-
ful complements and guides to the intuition. The theories are different, and
it is useful to see how.76

The "relativistic" quark model47,48 describes pion or photon emission
in terms of a transition operator evaluated between specific wavefunctions,
which are usually taken to be those of a harmonic oscillator.?3 These wave-
functions specify the problem completely: one thus obtains relations among
decays involving different SU(6) multiplets, and relations between AL,=0
and AL, = +1 pionic transitions.

The quark-pair-creation picture bears some relation to duality
graphs. 71, 78 The apparent connectedness of quark graphs in SU(3)1» 79
encourages us to draw similar graphs in which the quarks carry spin. When
a hadron decays, some of its quarks end up in one hadron and some in the
other. To conserve triality, an additional qf pair must be produced, each
member of which ends up in one of the final hadrons.1l One can imagine
such a picture following from certain dual models, in which the "string" of
which hadrons are assumed to be made is really an infinite number of virtual
qq pairs. The ""breaking' of the string between one such pair would then
correspond to this model for decays.

The SP picture has sometimes been referred to as '"¢-broken SU(6)y",
though it is now clear that it is somewhat more general.80 In this picture,
the amplitudes corresponding to Ly =*1 and Ly, = 0 of the qq pair are left
free with respect to one another, so that the term ”3PO" is somewhat of a
misnomer. A covariant formulation of the picture exists.10 The relative
freedom of L, =1 and L, = 0 amplitudes is the source of "-breaking. "40

The "current-quark" approach is based on the observation81 that the
quarks by which one realizes current algebra82 and those composing a hadron
(qq for a meson, qqq for a baryon) are not necessarily the same.83 The
two types of quarks lead to inequivalent algebrae of SU(G)W.84 In one alge-
bra, that of "current" quarks, the currents and charges have simple trans-
formation properties, and the states are complicated mixtures of represen-
tations.85 In the other, it is the states which are pure representations.
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A transformation V connects the two languages; it is the study of the pro-
perties and effects of V in the free guark modell® that has led to numerous
successful applications. 12-14, 54,55, 80

As an example, let us consider the evaluation of a pionic decay. The
decay amplitude for A — Br is related via PCAC86 to the matrix element of
the axial charge Qj5:

M(A — Bm) ~ (mi - m%) <B IQSIA> . (21)

The evaluation of <B[Qg|A> was difficult until recently. In the "current-
quark' representation, Qs transforms simply, i.e.,

Q ~ 35, (8,3)WZ=0 , L =0, (22)

in SU(6)y. (Here and in Egs. (17) and (18), the numbers in parentheses
refer to SU(3) and SU(2)y, dimensions, respectively.) On the other hand, as
mentioned, A and B are mixed states. It was fashionable at one time to con-
" struct models for the mixing.85 Now, however, by assuming that there is

a transformation V converting the states A and B to pure current-quark
representations: ’

[A> (pure) = VIA}(mixed) , (23)
one can cast the complexity onto the operators:
<BIQ;la> = <BIvq, vA>
= <§|§5|K> (24)
where it remains to find the properties of the transformed operator
Q.= vq.v! (25)
5 5

In the free quark model, the properties of 55 are remarkably simple:15

—~

Q5 ~§_5_$ (8,3)WZ=0’ LZ=0
(26)

=F1’ Lz =1

+ 35, (8,9),
z

One sees in Eq. (26) the AL, = 0 and AL, = *1 pieces to which we have re-
ferred earlier. Their matrix elements between any pair of multiplets are
free parameters. The second piece may be thought of as an effect of trans-
verse motion of quarks.

It has been shown®0 that the 3P0 picture leads to precisely the same
rules as Eq. (26) for pionic transitions. An important difference is that,
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while the kinematic factor in the 3P0 picture is indeterminate, and is thus
usually taken to be Eq. (7), the PCAC hypothesis (21) leads to the unique
factor in Eq. (8). (Equation (21) ar1ses when Qg is evaluated between
infinite-momentum states, so one's intuition regardmg the need for conven-
tional centrifugal barriers such as (7) may fail.)

Numerically, there is not much basis for distinction between Egs. (7)
and (8) as yet: We have mentioned that S-wave meson decays fare better
with Eq. (8), as does the relation between f( — 77 and Ag — pw, 13 On the
other hand, certain baryon decays become better with Eq (7).13,40,41

Some further comparisons among the various models are discussed by
Kugler. 76 Whatever the language, it is clear that we now have a whole new
set of symmetry predictions for hadronic three-point functions which are
worthy of experimental tests. This is because recent efforts have striven
toward symmetries lower than SU(6)y, (which would, for example, keep only
the first term in Eq. (26)). As we have seen from the B — wr example,
SU(6),, does not work.

If the symmetries discussed here are ever ruled out by the data, there
is a ""rear-guard" set of SU(3) X SU(3) symmetries to which one can re-
treat12s 87 pefore being beaten back to SU(3). At the moment, such a retreat
seems unnecessary, but we invite our colleagues to try to force us back!
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