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The era of studying particle resonance production in the mesonic and baryonic domain

was truly exciting and productive. As one looks back, the most important findings occurred

in a relatively short time period—roughly 1958-1964, with the preliminaries in the 1950's

and lots of details in the 70's and 80* s. This period of intense activity had many characteris-

tics among which are the following:

a) Accelerators came into their own. Previous productive work occurred in cosmic

rays but now came the Cosmotron, Bevatron, AGS, and PS, machines, all competing and

contributing important physics results.

b) There was a strong interplay between experiment and theory. Global symmetry,

Sakata Model, Pais-Piccioni conjecture, Trieman-Yang angle, Jackson angle, Lee Yang

inequalities (and of course, Gell-Mann Nishijima, Gell-Mann-Okubo mass formula), all

attest to this close relationship.

c) The early experimental results—even with low statistics—were usually correct. As

you will see, the discovery of the p, Kx, <p, % just popped out On the other hand, one had

to use some caution, for some of the early indications could be misleading, a case in point

being the % spin parity, where Oppenheimer cautioned Orear not to bet on horses.

d) As data accumulated, some incorrect results emerged—some of a major nature

which required large efforts in time and money to correct.

I begin by discussing the Barkas Table, the November 1957 version. It is worth not-

ing that this earliest of computations is very short—16 entries. This was she time of

emerging resonances with Fermi, who in some respect started it all with the A comment-
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ing, "Young man, if I could remember the names of these particles, I would have been a

botanist." And that was 1954! And indeed, this period was characterized by a plethora of

particles with a wide range of masses and properties.

The table contains three leptons (v, e, \i), two mesons (ft, K) and several baryons (p,

n, A, L, S). The spins of most of the particles were known, however no parities are rioted.

Most of the particles were found in cosmic rays, in contrast to the later discoveries, which

were essentially all found at accelerator facilities. Even in these early days the neutral

counterparts of some of the charged particles (SP, S°, rc°) were found at accelerators;/1*

The modern era of resonances can be attributed to the work of Fermi and

collaborators^ with their analysis of pi-nucleon phase shifts. The onset of this whole new

area of investigation, namely resonance production, is illustrated by the proton-proton

total cross section which changes abruptly from a rapidly decreasing behavior to flat and

then to increasing in the region of a few GeV. The two major methods of investigating

these structures were formation and production experiments. These are diagramatically

illustrated in Fig. 1, where a variety of projectiles and exchanges are utilized to produce

an assortment of resonances, mesonic and baryonic.

The relevant accelerators involved in these investigations were the Cosmotron,

Bevatron, AGS and PS. The formation experiments were mainly executed by the counter

techniques and the names associated with this activity are Cool-Piccioni, Kerth,

Lindenbaum-Yuan, Wenzel etc. The production experiments were mainly the provence of

the bubble chamber. Their sizes were first measured in inches, 12", IS", 20", 30", 40",

72", 80", as well as metric units 80 cm, 1 m, 2 m, and used a variety of liquids hydrogen,

deuterium, propane, and freon. Their size was dramatically increased with the advance of

wide angle optics and the 7,12', IS* Gargamelle and BEBC came into being. The pioneers

in the development of these chambers were Alvarez, Shutt, Palmer, Steinberger, Gregory,

Peyrou, Fowler, Ballam, and Lagarrigue. The masses, widths, and spin parities of a variety

of resonances were found via this powerful technique. The productivity of the formation
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technique is exemplified by the large number of N, A, A, £ resonances which are evident
• -

as bumps in the total cross section measurements. In particular the A(1238), N(1S1O),

N(1680) are unambiguous and prominent as well as the A(1900), Yj(1520) and Yo(1815)

(later called A(1520) etc.).

The second general technique of production experiments was equally fruitful in un-

covering mesonic as well as baryonic resonances. In this manner the p(780)®\ Yj(1385)w

[i.e., S(1385)] and k*(885)(5) were found in a short period in 1961. This is shown in Fig. 2,

where even with the limited data available at the time, the £ (1385) resonant state is

clearly evident. It is astonishing to realize how nearly all the early evidence for resonances

turned out to be correct. The discovery of the Q(785) ( 6 ) and T ^ S O ) ^ , shown in Fig. 3, are

interesting case studies. In the production experiment of Pevsner et al., not only is the r\

clearly evident, but the CD is even clearer. This is to be contrasted with the 0) discovery via

pp annihilation experiments: most mesons are produced in this reaction but the combinato-

rial problems reduce the signal.

A snapshot, as of AugVSept. 1961, of the resonant states is noted in Table 1. The

number of states has increased, their I spins are well established, however, their JPfC are

poorly known. In particular I vividly recall the heated debates (Adair and Tripp) on the

Y*(1385) spin whether it was 1/2 or 3/2.

It is astonishing to realize how much debate and how many heated discussions ensued

on issues that are not even appreciated today. A case in point is the AX relative parity.

There is a famous Phys. Rev. letter by Nambu and Sakuraim, April '61, where they say:

"We wish to point out, that although even AZ parity has been tacitly as-

sumed by many theoreticians, the available experimental data are sugges-

tions of odd rather than even AZ parity. We can see this is the following

eightfold way."

They then proceed to present 8 reasons—all of which turned out to be wrong!
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Possible resonances of strongly interacting particles (as of August 1961)

Decay properties
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The experimental activities to determine the parities of particles were extensive and var-

ied. In the particular case of the I? this involved possible cusp effects in the cross section

for associated strange particle production, details in the 1(1520) production and decay and

elegantly determined via the decay 1° -> A°eV. Note that the S parity has yet to be

experimentally measured!

This was the situation that existed when the Gell-Mann-Okubo mass formula was

introduced in 1962.9> Among the mesons, the members of the pseudoscalars (0") that were

known were the pion and the kaon, with the G-M-O formula predicting a singlet mass of

600 MeV (the T| was found at 550 MeV and the TV at 960 MeV). With respect to the vector

family, utilizing the <o and p, the G-M-O formula would place the Kx at a mass of 780

MeV, to be compared with the experimental value of 890 MeV—not too good. The <p had

yet to be found. Among the baryons, the 5 members were well known the N, A, Z, £

(with the previously mentioned parity controversy) and the G-M-O formula was reason-

ably satisfied. Other possible mnltiplets involving the A, and other Z's were too fragmen-

tary to be useful at this time. This information is summarized in the following Table.

Gell-Mann-Okubo Mass Formula.

M = a + bY + d-V - 1 ( 1 + 1 ) Y = S + N

Bosons: (m(k))2 « | (m(n))2 + \ (m(*))2

1 3 1Baryons: - (m(n) + m(S)) = - m(A) + - m(I)
2 4 4

0" * ic,K min)*. = 600 Mev. va{X\)a = 550 Mev.

1" " p.co ntfkJi,) « 780 Mev mOc*)- = 890 Mev.

n - n,A,£,S 1130 = 1135
2

I A(1238), Y*(1385)



By the summer of 1962 the <p and the E*(153O) were found. As before, the early

indications of these two resonances(I0) hold up. This is shown in Fig. 4, Not only were the

masses and widths reliably determined, but the anomalous low rate for (p -» ptt was noted

and reasonably mcasured.(10) This observation had a major influence on the systematics of

strong decay and, in particular, on suppression mechanisms such as the Zweig rule. The

discovery of the <p as an additional vector meson transformed this 1~ octet to a nonet with

perfect mixing. The pseudoscalar family required several years before the TV(11> was found

with this 0~ nonet having a rather complex mixing pattern.

The finding of the £(1530) and its announcement at the CERN '62 conference had an

enormous consequence. It was at this meeting that Murray Gell-Mann made the dramatic

pronouncement of the Eightfold Way(I2) and the expectation of a Jp = ^ decimet com-

prised of the A(1238), 1(1385), £(1530) and a predicted singlet, the £T, and with a mass

pattern of equal spacing so that the mass of the missing partner was predicted to be ap-

proximately 1675 MeV! This was the famous SU(3) symmetry which I first learned of as a

remark after a theoretical session at this Rochester conference/"1 In fact, I remember that

Gell-Mann and I had a very illuminating discussion immediately following his famous

remark where he ended by writing the preferred production reaction for Q", namely K~p

—> QTC^K0 on a paper napkin, the way this panicle was eventuality produced and found.

The CERN '62 conference provided an occasion for the presentation and discussion of a

large volume and variety of experimental data as well as theoretical models and conjectures.

The CERN PS and the Brookhaven AGS had come on in 1960 and their effect was dearly

visible. With these larger accelerator facilities there came newer and more sophisticated de-

tectors. Spark chambers, Cerenkov counters and larger bubble chambers were being built

and utilized. At BNL Ralph Shutt and his group (of which I was a member) was busy design-

ing and constructing the 80" hydrogen bubble chamber, with a useful volume of 1,000 liters.

Lively discussions were being conducted at BNL on the first physics to be attacked with
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such a device. It had not escaped our notice that the known catalogue of strange baryons was

asymmetrical, more negative than positive strange panicles. In our pursuit of finding and

measuring the properties of such particles it seemed evident that the K" mesons were the

beams of choice. As such we proposed and were in the process of designing a 5 GeV/c sepa-

rated K" beam for the 80 inch chamber. That this single conjecture would be true was rein-

forced by an examination of the Gell-Mann Nishijima formula

Q = I3 + (B + S)/2

where Q is the charge, I3 third component of isospin, B baryon number and S strangeness.

There was therefore room for particles with

S = - 2 Q = I3 - 1/2

and more important

S = -3 with Q = I3 - 1

in this latter case allowing for a triplet with 1 = 1 and Q = - 2 , - 1 and 0 and a singlet 1 = 0

with Q = - 1 !

Murray's scheme focused our effort and made running time more accessible. Howev-

er, it should be noted that there was not theoretical unanimity—there were many other

models being proposed—all having some validity. To illustrate this uncertainty I quote

from a paper by Oakes & Yang in 1963(M>

"We have emphasized above some problems encountered in assigning the

meson-baryon resonances to a pure multiplet in the octet symmetry scheme.

In particular, we pointed out that the application of the mass formula to N^,

Y*u Sjfl and omega minus, regarded as forming a pure tenfold multiplet, is

without theoretical justification. However, equally spaced energy levels are

always empirically worthy of attention, and the search for the omega minus

should certainly be continued. We only emphasize that if the omega minus

is found and if it does satisfy the equal-spacing rule, it can hardly be inter-
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preted as giving support to the octet symmetry model, at least not without

the introduction of drastically new physical principles."

After much hard work and difficulties, the first QT event was found in 1964(15) on

frame number 97025. The observed reaction was:

K~ p -» Q- K+ ( K° )

L A°7C°

L , L . ; : '
with all particles observed except the (K°). It was a very unusual event in the probability

of Y*S from the n° materializing in the liquid hydrogen was less than 10 "3. Another striking

feature of this event, not obvious to the non-expert, is that the line of flight of the A0 as

determined by a straight tine drawn between its vertex and crossover point of the A0 mis-

ses the vertex of the negatively decaying particle. This immediately flagged this event as

an QT candidate since a normal 3~ decay would not have this property. It is also true that

the Y conversions were not observed at the original finding of this event; the scanner, who

happened to be me, missed them. However, they were found the next day while the event

was being reexamined. The analysis was subsequently first done in a few hours with the

use of templates and rulers and resulted in the reconstruction of the correct x°, A0, 5°

masses and the first value of the QT mass 1682±12 MeV. The Q~ mass as tabulated in

1992 is 1672±0.3 MeV, a difference of 14±12 MeV—not bad for the first experir^nt on a

new detector in a new beam on such an important issue. With the precise mass value it is

now evident that the Eisenberg event(I6) is not an Q". This is because either interpretation

of the event X" -> AKT + 4 MeV or X" - • K"2? + 4 MeV yield mass values of 1613

MeV and 1690 MeV, respectively, inconsistent with the present mass value.

12
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A second Q" event, shown in Fig. 6, was found soon thereafter, again somewhat

unusual in that the K~ from the CT decay also decayed in the visible volume of the bubble

chamber. This should occur approximately 5% of the time. This reaction was

K-p

LAK"rpit

In late 1964 there were four Q~ events that had been uncovered. By 1988 an experiment at

Fermilab accumulated 143,000 events, a formidable feat, but the spin parity of this parti-

cle has yet to be measured.

In the following few years many of the low lying multiplets among the mesons and

baryons were uncovered.

Mesons: nonets Jrc 0 ' + , 1"", 2* *

Baryons: octets Jp 5 *• I • § *

decimets Jp \*>\*

Furthermore there were no higher multiplet than 1, 8, 10; that is, no members of a 10

or 27 representation were identified. In particular, searches for a K+K+ and E~xV reso-

nance were negative. Such a spectroscopy led Gell-Mann and Zweig(17> to the concept of

quarks, fractionally charged constituents. This in turn led to the non-relativistic quark

model in which all mesons were composed of a quark-antiquark pair M = (qq) and bary-

ons of three quarks B = (qqq). All observed states could be described in this manner. The

n° lifetime was also calculated utilizing this constituent quark model and agreement was

reached utilizing the factor of 3 coming from color.

But, spectroscopy has continued to this day filling a book with greater than 200

pages. The process has not been smooth, success alternating with failure. Among the mi-

nor mistakes we note the K(725) and the zeta. Among the major faux pas one must list the
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split A2 and the narrow R.S.T.U states. One of the A2 splits is shown in Fig. 7—not con-

firmed by later experiments. It is disappointing that we have yet to find a bona fide

glueball state or an exotic, expected on general grounds from QCD.

The revolution of 1974 altered the simplicity of just three quarks, u,d,s, with the

advent of a fourth, charm. The Glashow-Iliopolous-Maiani mechanisra(I8) had predicted

the existence of such a fourth quark to account for the low rate for certain K decays—in-

troducing a cancellation. The consequences for neutrino interactions for charm particle

production is illustrated in Fig. 8. Since charm is coupled to strangeness with c o s ^ and

to the down quark with sin26c (Cabbibo), one would expect a reduced rate for the produc-

tion of charmed baryons as well as a signature of opposite-sign di-leptons. For tho non-

leptonic mode the signature would be the production of single strange particles, and that is

precisely what was observed.

The first example of baryon charm(l9> as well as bare charm production is shown in

Fig. 9. All tracks were identified by a unique occurrence or by kinematics. Among the

positive tracks all three are n* mesons, one decays, one interacts and one has a 8 ray.

There are no missing neutrals and the event was initiated by a 13 GeV neutrino. The event

occurs in hydrogen, therefore this one event produces a doubly charged charm particle, the

T+ *, which in turn decays strongly into the lighter A£. In effect, in this one event we see

evidence for two charm baryons. The reaction is

The mass of the A£ was measured to be 2260±20 MeV and the mass difference between

the X* * and A£ measured to be I66±15 MeV. This was the published value in April 1975

with the new 7' chamber, its first experiment. Today's accepted value for the A* mass is

16



CM

mn

120

100

80

60

40

20

0

A 2 Split (Aguilar - Benitez et al.)

at 0.0-7,1-2 GeV/c

3217 Events (K° est. at 0-7 & 1-2)

1.70

1.70 2.30

M2(K°K*)GeV2

Fig.7

2.90 3.50

Samios 7a 3/93 Judy



Charm. GIM. Mechanism
(c,s) Coupled

vN—**\im£++ ...

u

Fig. 8

SomiosSa 3/93 judy



01

i



2285 MeV, yielding a difference for this first measurement of 25±20 MeV—not bad. A

rcexamination of this first event when the systematics of the 7* chamber were better under-

stood yielded a value of 2275±IO MeV—much better. The mass values derived from this

event were also in accord with the conjecture of De Rujula, Georgi and Glashow and

others<20) where the O~ charm mesons were expected to have masses in Uie 1800-1860

mass range and the charm \ * baryons in the 2200-2300 mass range. In fact, one can do

first-order numerology for the heavier quarks by noting that changing a strange constituent

quark by a charm quark should increase the mass by ~1 GeV. These simple considerations

gave us added confidence that indeed this was an example of baryon charm production. At

the same time, we had the pleasure of naming these particles, the A£ and 2£ *.(21) This is

the first instance of the use of this notation and we later*20 presented the rationale for ihis

particular naming of ths charm baryons, which is now the accepted nomenclature. In this

publication of the first charm baryon we concluded by noting "that the signature, rate and

decay mass patterns are all consistent with charmed baryon production. All dynamic vari-

ables are normal under this hypothesis. In contrast, other explanations involve extreme

fluctuations and this represents small probabilities, 3 x 10~s or less. With the obvious

caveat associated with one event, we find this observation to be strongly indicative of

charm baryon production."

One can ask, in retrospect, why this discovery of baryon charm was not immediately

embraced by the high energy community. An obvious answer is that it was only one event.

But the Cl discovery consisted of one event, why the difference? Unlike SU(3) the theoret-

ical underpinning for charm was less firm. There was no spectroscopy and the mass pre-

dictions for charm particles were not precise. Probably more important was the negative

experimental findings by the MARK II detector at SPEAR/SLAC. Essentially there was no

excess production of strange particles at high energies as would be expected if charm par-

ticles were being produced. This was subsequently rectified as pointed out in the talk by

Gerson Goldhaber at this meeting.
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This finding of baryon charm was followed by a detailed investigation of neutrino in-

teractions in neon, in particular, both leptonic and non-leptonic decays of charm

hadrons.(22) In this experiment it was verified that unlike signed leptons were indeed exam-

pies of charm hadron production and decay via the GIM mechanism by noting their asso-

ciation with strange particles and their detailed dynamics. A second charm event was also

found, produced in deuterium,(23) this time the A£ decaying into pK"rc*. A verification of

the existence of the I* * was supplied by the neon experiment (Fig. 10), where six events

were found with a Z j * - A j mass difference of 166±3 MeV.*22* In more recent experi-

ments in Argus and Cleo (1988, 1989) many more charm baryon events were collected, 92

Z* * events with a Am = 168±1.5 MeV and 1,000 A£ events in 1991.

Those years were a lot of fun, were exciting, productive and intellectually stimulat-

ing. How can one deny the pleasure of participating in the unraveling of a layer of na-

ture's secrets? How will it end? The unification mass scales are so large that one has little

hope or expectation of performing direct experiments on this issue. Theorists always can

theorize. If the future imitates the past, then something new will emerge, not presently

foreseen, to make our world exciting and stimulating. I would close by acknowledging

that whatever contributions that I have made were due to the very pleasant, fruitful collab-

oration with outstanding and brilliant physicists; namely, starting with the Columbia days,

Drs. J. Steinberger, M. Schwartz and J. Leitner, and the Brookhaven era of R. B. Palmer

and C. Baltay.

DISCLAIMER
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