
Conf. on Bubble Chamber and its Contributions to Particle Physics, CEBN,
Geneva, Switz., July 14-16, 1993

f-4

Stable particles*
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I have been asked to review the subject of
stable particles, essentially the panicles that
eventually comprised the meson and baryon oc-
tets, with a few more additions—with an em-
phasis on the contributions made by experi-
ments utilizing the bubble chamber technique.
In this activity, much work had been done by
the photographic emulsion technique and cloud
chambers—exposed to cosmic rays as well as
accelerator based beams. In fact, many if not
most of the stable particles were found by these
latter two techniques, however, the forte' of the
bubble chamber (coupled with the newer and
more powerful accelerators) was to verify, and
reinforce with large statistics, the existence of
these states, to find some of the more difficult
ones, mainly neutrals and further to elucidate
their properties, i.e., spin, parity, lifetimes, de-
cay parameters, etc.

In Table I I have listed many of these parti-
cles with their source of production and method
of detection. One can see that these stable parti-
cles were indeed predominantly discovered by
utilizing cosmic rays and nuclear emulsions and
cloud chambers. The positron (e+) was found by
Anderson'" in 1932 and the muon (u) by two
groups. Street and Stevenson'2' as well as An-
derson and Neddermeyer.<3) There then emerged
the confusion as to the identification with the
Yukawa particle. This was cleared up in 1947
with two occurrences. First the pion (x) was
discovered by Lanes, Muirhead, Occhialini and

•Work performed under the auspices of (he U.S. DOE.

Powell/4* the emulsion event shown in Fig. I.
The second was recently pointed out to me by
T.D. Lee, namely the observation by Fermi,
Teller and Weiskopf<5) that the muon could not
be the strongly interacting Yukawa panicle as
deduced from its behavior in coming to rest in
matter. In fact, these authors also claim the dis-
tinction of naming these particles "mesotrons,"
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Figure 1

derived from the Greek "neoov," meaning "in
between" the electron and proton mass. The
first strange panicles were also observed from
cosmic rays in cloud chambers. What subse-
quently became known as the charged kaon (K)
was observed in 1944 by Leprince, Ringuet and
Lheritier.<6> The K particles were then seen by
Rochester and Butler°> in 1947 again in cloud
chambers, these being the charged and neutral
kaon. This was followed by the beautiful and
precise work of Thompson on the 9 ° and A0

panicles. Illustrative of this is the a parameter
plot for V particles, where individual events of
a particular kind (K°, A0) fall on ellipses. This
is shown in Fig. 2.

Figure 2

Then there ensued the finding of a large
number of particles, their names indicative of
their decay modes.

x -* 3it

K -» u + x°

x -» x + x°
S -> x/u + (stopping)

t1 -» x+ + x° + x° •

e -» e* + 2 metals

Etc.

It was during this period that Fermi com-
mented, "Young men, if I could remember the
names of these particles, I would have been a
botanist!" Year, 1954!

In fact, in some ways life became somewhat
simpler in that a large fraction of these particles
ultimately became the K meson. K*. K°. K°
with the added beauty of K,. KL systems.

With these few words one has covered a
large volume of work. Recall the x-6 puzzle,
the lifetime and mass measurements of all these
panicles which coalesced into one, the
kaon—with the accurate determination of the
parity of the t and 6 subsequently leading to
the concept of parity violation in weak de-
cays,<8> one of the great findings of panicle
physics.



Figure 3

The advent of accelerator based experiments
and visual techniques such as the cloud cham-
ber and the bubble chamber greatly advanced
our knowledge of these particles. The observa-
tion of the associated production of strange par-
ticles by Shutt et al.(9) was a milestone in this
activity. This experiment showed clear evidence
for the processes

H-p -» £-K+

(such a double V event is shown in Fig. 3) and
strongly suggested the existence of the reaction

irp -> 206°.

However, the total event was low -10 events.
The bubble chamber changed all that. It was

the technique that was used to find the more
difficult particles, either because of their nature

(neutrals, lifetimes) or small production rate,
heavier particles and anti-particles. But equally
if not of more importance was the determina-
tion of the properties of these particles (mass,
charge) earlier; lifetimes; (spin, parity).

The forte" of the bubble chamber was clearly
evident in establishing the existence of the Z°.
The Z* -» n+n, pit0; and I~ -» n~n decays had
been found and a neutral counterpart of this iso-
topic triplet was expected on the basis of the
Gell-Mann-Nishijima<10) scheme of elementary
particles. The expected mass and charge dicta-
ted that it should decay electromagnetically £°
-» A°y, and indeed this was observed by Piano
et al.('' > in a propane bubble chamber where the
A0 decayed and the y convened. An example of
such an event is shown in Fig. 4. In fact, in a
very short time, the same group reported ob-
serving the Dalitz decay of the y from £° decay
in a liquid hydrogen bubble chamber.

The Cascade panicle had also been observed
in Cloud Chambers, 1952, Ammenteros et
al.(l2) Its lifetime - I 0 ~ i 0 sec and characteristic
decay H~ -» A°n~-, thereby the name cascade,
made it a natural to be found in cosmic rays.
However, its neutral counterpart, the E°, which
again was expected from the Gell-Mann-
Nishijima scheme, was another matter. Some
indication for the 5 ° was presented by the Pic

Figure 4
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Midi Group (1959). However, the Alvarez
Group at Berkeley (1959) presented clear evi-
dence for the 5 ° on the basis of one event/ l3 )

shown in Fig. 5. The reaction was

K"p -> =°K°

L1

The main features of this event are that the A0

is not associated with the primary vertex and
the K° decay is also observed; both force the
hyperon to be a H°. One analysis yields a mass
value of 13264:20 MeV and the lifetime for this
event is 1.5x10-'° sec.

If one examines the Particle Data Table (Bar-
kas 1957-58; see Table 2) it contains the pho-
ton (y), leptons (v. e*. (i*>. mesons (K**0 , K*.
K° R°) and baryons (pn. A°, 2*2°. S~. E°). the
latter comprising the main components of what
emerged as the SU(3) octets. What is missing
from this table are some of the spins, and nearly
all parities of these entries.

I
V ft

«, Vts

Many techniques were used to determine the
spins of these fundamental particles. These in-
volved production and 'decay angular correla-
tions—methods known by the names of their
proposers: Adair analysis. Lee-Yang test func-
tions, Byers, Fenster and so on. The test func-
tions were particularly powerful and genera] but
required large decay asymmetry parameters to
be effective. In this manner, utilizing more than
one of the above techniques, the A, I , S spin
were determined to all bs half. Therefore, by
the early 1960's, she ground state baryon octet
was well established J = 1/2 (P. N. A°. 1*1°.
E-SO).

The meson area also made rapid progress.
The pion spin had been determined from de-
tailed balancing arguments from the reaction pp
-» x+d and its inverse to yield spin zero/14)
The kaon spin became known after resolution of
the T-6 puzzle, namely J = 0. By I9S8 one then
had the makings of the J = 0 multiple!, the
X*K°, K+K°. K°K-. with the n.n1 coming later.

As one looks back, one is amazed at the en-
ergy and effort that went into determining the



parities of these "stable" particles. By conven-
tion the proton and neutron are taken as plus, as
is the A0. The parity of the charged pion was
deduced from the occurrence of the reaction, at
rest, of x~d -> 2n. If the x~ is captured from a S
orbit, the spin parity of the initial state is I1,
depending on pion being 0*. The 2n*s must be
antisymmetric 3p1 with parity odd—therefore
0" for the pion. The arguments for capture at
rest and S capture were given by Wightman and
Day, Sucher and Snow.

The determination of the x° parity used an
argument of Yang"5' augmented by Knoll and

15°

Even parity "e*i ."ê  e's pol of v

Odd k ."e*| x"?i k mom in c-of-m.

The planes of the electron positron pairs of the
Double Dalitz decays are utiliized for the polar-
ization information. Planes parallel for scalar
and perpendicular for pseudo scalar: Answer:
0~ from 200 events in I million pictures.'l6)

The data and results are shown in Fig. 6.
The KA relative parity was determined in a

helium bubble chamber (by Block and collabo-
rators)."7* Dalitz and Downs suggested that the
reaction K"He4 - • AH4x° occurs if Jt is nega-
tive parity, the AH4 is spin zero and the KA rel-
ative parity is negative and indeed it was
observed. Detailed studies of hyperfragment in-
deed shown spin zero for AH4. The possible ex-
istence of an excited hyperfragme.it state with J
« I could obviate this conclusion. However,
calculations tend not to favor the existence of
such a state.

The determination of the £A parity was a
real drama—and not short in calendar length. I
remind you first of the possible cusp effect—an
expected rapid change of the cross section for
the reaction K~p -» A°K° at the XK threshold.
Major efforts mainly at Berkeley, but also at
BNL, all unsuccessful. A second analysis in-
volved the Yo*(IS20) resonance, which coupled
to KN. Eic and AKJC systems. A detailed analy-
sis of the XJI channel, and in particular the £
polarization as deduced from its decay, sug-
gested to Ferro-Luzzi. Tripp and Watson that
the Xx system wax a D 3/2 state and that the KX

10b

Figure 6

parity was odd. Since KA is odd, therefore, AX
is even. We all also recall the criticism of Adair
involving the presence of non-resonant back-
ground amplitudes in the resonance region, as
well as other amplitudes. These comments
threw some doubt on the conclusion of odd KX
parity.

This situation was further confused by a
comment in Physical Review Letters by Sakurai
and Nambu.c18) eight reasons why the XA parity
is odd. I mention this to illustrate the point that
prominent, distinguished individuals believed
in the old parity possibility.

Conclusive evidence for the £ parity was de-
rived from a suggestion by Feinberj*") to study
the mass distribution of the "Dalits pairs of £°
-* Aoe+e~ decay. The issue is whether the de-
cay is electric (odd parity) or magnetic (even
parity) dipole transition. For odd parity this
predicts more Dalitz pairs exhibiting large in-
variant mass than would be expected for even
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parity. The beautiful bubble chamber experi-
ments by Courant et al. and Alf et al. clearly
demonstrated even XA parity,'20* The experi-
mental results are shown in Figs. 7 and 8.

For completeness I note that although the
cascade particle (E) was found in cosmic rays
(1952) by Ammenteros et al., it took ten more
years until the anti-cascade (£) was found by
two groups simultaneously.42'*23) The beautiful
bubble chamber event from the 20" hydrogen
chamber is shown in Fig. 9. This clearly shows

* the power of the bubble chamber, where the ki-
nematics of production and decay are clearly
determined, thereby making the interpretation
of the event unambiguous.

Figure 8

Therefore, by 1962 we had progressed, as far
as the ground states were concerned, to have
determined not only the spin but spin parity, 0~
for mesons and 1/2* for baryons. There is, how-
ever, one qualifier, the £ parity. Although sev-
eral ideas and attempts were put forward for
establishing this parameter, it has yet to be
measured experimentally.

As previous guides we had the Gell-Mann,
Nishijima formula'23*

Q • I3 + (N + S)/2,

and the Gell-Mann Okubo mass formula'24*

M = a + b Y + c ( Y 2 / 4 - I « + I ) ) Y = S + N



Figure 9

Bosons (m(k))2 = 3/4(m(n))2 + l/4(m(Jt)2)

Baryons l/2(m(N) + m(E)) = 3/4 m(A)
+ 1/4 m(£).

This predicted an i] at a mass of 600 MeV; and
the J= 1/2+ stable baryons satisfied the above
equality by I i 30 = 1135 MeV.

Due to progress made in the JP * l~ meson
nonet and the JP = 3/2+ baryon decimet (as will
be reported by Stan Wojcicki later at this con-
ference) as well as the above, Gell-Mann re-
vealed his eightfold way at the CERN
Conference of I962.<25> This consisted of a re-
mark after a theoretical session in which he
pointed out that the equal mass spacing rule for
the decimet would predict an I = 0, S » - 3 parti-
cle, the Or at a mass of -1675 MeV. In fact, I
remember that Gell-Mann and I had a very illu-
minating discussion immediately following his
remark where he wrote the preferred production
reaction for the Q-, namely K~p -» Q"K+K° on
a paper napkin.

At this same time. Ralph Shutt snd his group
(of which I was a member) were busy designing
and constructing the 80" hydrogen bubble
chamber with a useful volume of 1,000 liters.
Lively discussions were being conducted at
BNL on what should be the first physics to be
attacked with this device. Building upon our
success of finding the $(1020) and H(1530) in a
2 GeV K~ beam in the 20* hydrogen bubble
chamber, we proposed, and were in the process
of designing, a 5 GeV K~ beam for the 80"
chamber. Murray's suggestion reinforced and
focussed our efforts. Since the final state was
expected to consist of an Cf, a K+ and a K°,
this required 2675 MeV in the center of mass
and, as such, a K~ beam momentum greater
than 3.2 GeV/c. This fit in nicely with our stag-
ing plans. A schematic of this complex beam is
shown in Fig. 10. This consisted of two stages
of electromagnetic separation, two mass slits,
and with the appropriate final shaping section.
With a mass of 1675 MeV, the Or cannot decay
strongly into 5K, it must decay weakly into
E~Jt°, s.°n~ or AK~. As we know now, this is
indeed the case with respective branching frac-
tions of 8%, 24% and 68%, respectively. In
preparation, however we believed the first mode
to be the most distinctive in appearance, a dou-
ble break topology, the last mode would look
similar to the plentiful Ax~ decays of the ordi-
nary S~, while the middle mode suffers from a
sequence of neutral decays. As it turned out, the
first event had a topology and a character that
was completely unexpected. The observed
event'26' corresponds to the sequence

K-p -» Q-K+(K°)

Y y

L e+e"

u pr-

and is shown in Fig. 11. The unusual character-
istics are: the A0 does not point to the decay
vertex (kinematically. it does not emerge from
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Schematic diagram of a 5-BeV A~-minus beam arrangement. The proton beam i« deflected after ac-
celeration into the tungsten target (left). Focusing magnets gather secondary p.irticlnfrniii (lit* target;
tlcllccting magnets select, on tlie basis of momentum, the particles to be passed WHO the electrostatic
beam wparalor Thin separator then deflects the particles according to their mass and CUCUK* them
on a slil (I X0.05 inch) that blocks most pi mesons and most aitliprotons. Before the slit the ratio or
K-m'mxa mesons to pi-minus mesons lo antiprotons is 10 to 800 to 10. As the beam enters the bubble
chamber, after another separation stage, the ratio is 10 to I to 0.

Figure 10
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the decay vertex but from a point further up-
stream); the transverse momentum of the decay
Jt~ exceeds that expected from a S~ decay, but
would be consistent for the decay of a heavier
particle (Or); the two y rays from the K° decay
materialize as electron proton pairs in the liquid
hydrogen (probably -I0"3). Indeed, it was, and
is. a very unusual event. The kinematics all
fit—the event being over constrained with an
f2- mass of 1686112 MeV and a lifetime of 0.7

x 10~10 sec. As the chamber systematics were
better determined—magnetic field, optical con-
stants, etc.—the mass value was adjusted to
I675.6±5.4 MeV, this in a period of four
months.

It would be misleading to end the discussion
of the discovery of the Q~ as though everything
went smoothly. In actuality, there were constant
obstacles and difficulties that had to be over-
come. Although in retrospect it may seem that
the SU(3) symmetry scheme was universally
embraced, this was aot the case—there were
many alternate schemes, and don't forget that
the symmetry was badly broken and therefore
not obvious. In those yean, running time at the
AGS was at a premium, and consequently it
was a battle to get adequate exposure time for
this experiment in the 80" chamber. Although
the beam was well designed and instrumented, a
major difficulty arose due to unauthorized
changing of a flange dimension close to the tar-
get. This created a secondary source tfcat im-
aged on the separated K peak—a bad piece of
luck that took a month of detective work,
mainly by Palmer and myself, to unravel and
correct. Another major difficulty arose from de-
fects in the optical retro-directive system. Since



Figure 12

the 80" chamber was designed with one win-
dow, a system had to be devised to illuminate
and photograph the bubbles with this constraint.
A series of 80 retrodireceive vertical coat hang-
ers, roughly one inch in width, held by pins,
was devised to accomplish this task. Unfortu-
nately, in the early part of the run, approxi-
mately 10-IS of these hangers became
dislodged, fell, and some struck the front glass
window before settling in their awkward posi-
tions. The whole chamber is shown in Fig. 12,
where one sees that (he first part of the chamber
is not visible. I clearly remember a cold Decem-
ber night, roughiy midnight, when Ralph Shutt
had to make tbe decision whether to continue
(and risk 1,000 liters of liquid hydrogen becom-
ing loose) or stop and fix things up. After care-
ful examination and discussion (Shutt, Palmer,
Fowler and myself), the decision was go, and
the rest is history.

In a short while, Sept. '64, a second event
was found/27' and (his is shown in Fig.
13—again, a very clean and clear example of
Or production and decay, and also somewhat
improbable. The reaction observed was

L Lirtr

I L.JTXTI+
L pK-

Figure 13

In this case every particle is visible—primaries
and secondaries. The K~ also decays in the
chamber into three pions—a 5% probabil-
ity—again, a little bit of luck. The ft- mass was
determined to be 1674*3 MeV, and the lifetime
1.4 x I0-'<> sec. By February 1968<28> we had
accumulated 8 events and determined tbe Qr
mass to be I673.3±1.O MeV. By the year 1991,
Fermilab experiment 756" bad accumulated
143,000 ft- events (see Fig. 14), and the mass
was measured to be I672.43±.32 MeV. In addi-
tion, the magnetic'29' moment was measured
with a value -1.94 uN for a spin of 3/2. This is
to be compared with a quark model prediction
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of -1.84 fin. Although there is some evidence
for the fl~ spin to be 3/2, it is not overwhelm-
ing, and it would be comforting to see a more
definitive result. For completeness, I include a
picture of the final resting place of the 80"
chamber in the Smithsonian Museum in Wash-
ington D.C. (Fig. 15).

The detailed study of the spectroscopy of
particles, capped by the discovery of the Q~,
led to the realization of the SU(3) symmetry/30'
the non-relativistic quark model, and in turn to
the now accepted standard model. An interest-
ing interlude along this road occurred when the
simplicity and incompleteness of the three
quarks u, d, s was shattered by the revolution in
1974 of the advent of the fourth quark, charm.
The possible existence of such a fourth quark
had been predicted by Glashow-Iliopoulos-
Maiani.l3l> The discovery of the J/y particle'32'
clearly indicated the existence of hidden charm.

Figure 15

namely a charm, anti-charm state (cc). The con-
sequences of the existence of charm for neu-
trino interactions is shown in Fig. 16, which
illustrates how charm particles (revealing bare
charm) can thereby be produced. In this particu-
lar case the virtual W+ interacts with a d quark
(in either the proton or neutron) to produce a |i~
and a charm quark. The charm particle would in
turn decay preferentially to a strange quark plus
a dilepton pair (f*v) or strange quark plus (u3)
pair. As such, one of the signatures of such pro-
duction would be opposite sign dilepton pairs
(|i~f4') with a strange particle. In this instance
there is a missing neutrino, so that the kinemat-
ics and mass values are imprecise. Alternately,
neutrino production of a single strange particle
would be a signature of bare charm production,
and would have the added advantage of yielding
mass values. This is precisely what occurred in
studying the interaction of neutrinos on hydro-
gen in the BNL 7' hydrogen bubble chamber.
This first example of baryon chirm'33' is shown
in Fig. 17. This event was initiated by neutrino
of 13 GeV/c momentum (at the high range of
energy spectrum at the AGS) interacting on a
proton yielding 5 charged tracks from the pri-
mary vertex, and one V particle, a A0, clearly
associated with this primary" vertex. Since the
neutrino incoming direction was precisely
known, the event is kinematically overly con-
strained—there are no missing neutrals. I al-
ready stated the V is a A°, and the three
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Figure 17

positive primary charged panicles are uniquely
identified: one stops and decays in the chamber
via the Jt-n-e sequence; the second etasticalty
scatters and the kinematics identify it as a pion;
and the third has a S ray whose energy rules it
out as a K+ and thus also identifies it as a posi-
tive pion. The large S ray is on the fast 10 GeV/
c n~ meson, and there are no missing neutrals
as determined by the kinematics. The observed
reaction is therefore

vp

A

L pJT

with the result that with this one event, one has
discovered two new particles: the X,+* (cuu)
and the Ac*+ (cud). The mass of the Ac* was
measured to 2260120 MeV and the mass differ-
ence between the Zc** - Ac+ was measured to
be 166±I5 MeV. The mass values derived from
this event were in accord with the conjectures
of DeRigula. Giorgi and Glishow/34' in partic-
ular with respect to the charm baryon mass dif-
ference of 166 MeV. This result was published
in April '75 with (he new 7' chamber, in its first
experiment. A reexamination of this event when
the systematics of the T chamber were better
understood yielded a value of 2275110
MeV—in good agreement with the presently ac-
cepted value of 2285 MeV. This event clearly
demonstrated the power of the bubble cham-
ber—good spatial resolution, good momentum
measurements—leading to particle identifica-
tion, precise kinematics, and thusly to a unique
interpretation of the event. In this publication
of the first charm baryon, we concluded by not-
ing "that the signature, rate and decay mass pat-
terns are all consistent with charmed baryon
production. AH dynamic variables are normal
under this hypothesis. In contrast, other expla-
nations involve extreme fluctuations, and this
represents small probability, 3 x IO~S or less.
With the obvious caveat associated with one
event, we find this observation to be strongly
indicative of charm baryon production." One
should also note that since we discovered these
particles, we had the opportunity to name them,
hence £ c and Ac. We later presented*35* the
scheme and notation for naming all the charm
baryons, which has since been adopted.

One can ask, in retrospect, why this discov-
ery of baryon charm was not immediately em-
braced by the high energy community. An
obvious answer is that it is difficult to accept
the discovery of two new particles on the basis
of one event. However, the discovery of the Q.
consisted of one event. Why the difference? In
the case of the Or there were a substantial num-
ber of resonances, both strange and non-strange,
baryonic and mesonic, where properties were
reasonably well known, a spectroscopy that ex-
isted. In the case of the charm area all we had
was the J/y and poorly defined mass predic-
tions for the charm mesons and baryons. Proba-
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Figure 18

bly of greater importance was the negative
experimental findings by the MARK II detector
at SPEAR/SLAC, i.e., no evidence of charm
mesons. Essentially, there was no excess of
strange particles at high energies, as would be
expected if charm particles were produced. This
was later rectified when charm mesons were
found at SLAC.(36> and the charm baryon Ac

+

was verified by our second event/37* this time
Ac+ - • pK° - • pKTt+ A verification of the ex-
istence of the Ec*"1" was supplied by the Fer-
milab neon bubble chamber experiment, where
the Z,.** - Ac+ mass difference was measured to
be 166+3 MeV.<3S) in more recent times. Argus
and Cleo have accumulated hundreds of such
events.

I close by illustrating how the bubble cham-
ber field grew from Glaser's original chamber
(Fig. 18). to Glaser himself (Fig. 19), to Glaser

Figure 19

standing inside a sketch of a 14' cryogenic
chamber (Fig. 20). Quite an expansion. During
this time, an assortment of chambers were built
and operated as user facilities at BNL. These
are also noted in Fig. 20. where five such cham-
bers yielded 40 million pictures and operated
for a total of 39 years! Quite a record.

There have been many pioneers in this activ-
ity, many of them in this audience; but I would
like to close by paying special homage to two
who are not, and who were very important in
this history of Brookhaven—Jack Steinberger
and Ralph Shutt.

DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for Ihe accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United S'ltes Government or any agencv thereof. The views
an-* opinions of authors expressed herein do not necessarily stafj or reflect (hose of Ihe
United States Government or any agency thereof.
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