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From the Neutron to Three Light Neutrino Species: Some Highlights from 

Sixty Years of Particle Physics 

Introduction 

Gerson Goldhaber 
Physics Department 

University of California at Berkeley 
and 

Lawrence Berkeley Laboratory 

I would like to dedicate this survey to Dick Dalitz with my admiration. 
We are about the same age, so it is true that the entire development of 
modern particle physics - as we know it today - occurred during the course of 
our lives. 

I consider the beginning of modern particle physics to be in 1932-33, when 
James Chadwick discovered the neutron at Cambridge, England, and Carl 
Anderson discovered the positron in Pasadena, California. (See Figures 1 - 3.) 
I leave out the discoveries of the electron by J. J. Thomson, the nucleus and 
the proton by Ernest Rutherford, as well as.the photon introduced by Albert 
Einstein and the neutrino as hypothesized by Wolfgang Pauli, as having 
occurred "before my time." 

I was thus able to follow - and sometimes participate in - all the 
developments of modern particle physics. 

The story I will tell is as the unfolding of the field looked, to me - an 
experimental particle physicists. As with Rashomon, this· is as I see it. To get 
a different point of view, and no doubt there are many, you need a different 
observer. 

One might ask, what did I know about physics in the 1930s, anyway? It so 
happens that I did hear about Chadwick's discovery at the time, mainly 
because my brother Maurice was working with him in 1934 on the photo­
disintegration of the deuteron, and on the first good measurement of the 
neutron mass. 

I will concentrate on the thirty years, 1930 to 1960 which include Dick 
Dalitz' ·important early contributions. I will then skip most of the next thirty 
years for lack of time, and end up with the study of the zo in e+e­
annihilation. For more details, and explicit references to published papers, I 
will refer the reader to a recent book by Robert Cahn and myself. (1) · 
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Experimental Results. 
The first indication for the neutron was observed by Bothe who observed 

penetrating radiation from the a + Be reaction. Madame Curie-Joliot and 
M. Joliot followed this up by observing that the ionization produced by this 
radiation was greatly enhanced when material containing hydrogen was 
introduced. They ascribed this effect to the ejection of protons by energetic y­
rays. It was Chadwick who showed by experiment and logic that fifty MeV y­
rays could not be responsible for the protons observed, but rather that a 
neutron giving rise to elastic np scattering was responsible. (See Figure 2.) 

During the 1940s, while I was studying physics at the Hebrew University in 
Jerusalem, and later, as a graduate student at the University of Wisconsin in 
Madison, Wisconsin, I became aW(are of Heideki Yukawa's prediction in 1935 
that the nuclear force was transmitted by a particle of mass .. 200 me, the 
mesotron. Furthermore, a particle of such a mass, now known as the Jl, was 
observed in a Cosmic Ray cloud chamber experiment by Seth Neddermeyer 
and Carl Anderson in 1936 (see Figure 4, 5), and confirmed by J. C. Street and 

. E. C. Stevenson shortly thereafter. (See Figure 6.) It took another decade to 
show that the Jl did not fit the picture of a strongly interacting particle. (See 
Figure 7.) 

The 1940s were, of course, overshadowed by World War II. All the same, 
Le Prince-Ringuet and L'Heritier managed to observe a positive particle that 
gave a d-ray in a cloud chamber experiment in the Haute-Alps. From their 
measurements, they concluded a mass of 990 me to an accuracy of 12%, 
presumably a K+! Unfortunately, the particle was positive which left the 
lingering doubt that it could have been a mismeasured proton. (See Figure 8.) 

The year 1947 brought a veritable explosion of data! M. Conversi, E. 
Pancini, and 0. Piccioni published their remarkable experiment - carried out 
under very difficult conditions in Italy during the War. The experiment 

·consisted of a measurement of Cosmic Ray Jl decay rates for positive and 
negative muons at rest which had been separated with suitable magnets 
designed by B. Rossi. Tomanaga and Araki had calculated that negative 
"mesotrons" stopping in Carbon would interact rather than decay. The 
experiment showed, however, that the Cosmic Ray particles- now known as 
muons - did decay. They could not be Yukawa's Mesotron! (See Figure 9.) 

That same year, Don Perkins - then at Imperial College in London -
observed an example of a 1C which gave a a-star in photographic emulsion, 
and hence behaved as Tomanaga and Araki had predicted for the mesotron. 
(See Figure 10.) Soon thereafter, Powell's group at Bristol discovered a 
number of examples of the x+ ~ Jl+ decay in photographic emulsions, 
showing clearly that two different "mesons" were involved. (See Figure 11.) 
H. Bethe and R. Marshak in the U.S., as well as S. Sakata, T. Inoue, and Y. 
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Tanikawa in Japan had actually come up with the suggestion that two kinds 
of mesons might be the origin of the mesotron puzzle. 

To top off the year, G. D. Rochester and C. C. Butler discovered two 
examples of "forked tracks" in a cosmic ray cloud chamber experiment at the 
University of Manchester. This was clearly the beginning of strange particles. 
(See Figure 12.) Two years later, the t meson - which is central to our 
discussion today - was discovered in photographic emulsions as well. See 
Figure 13. 

Cosmic Ray discoveries followed fast and furious, well into the 1950s. 

An important technical development was the discovery by Ed McMillan 
and independently by V. I. Veksler: the principle of Phase Stability. This 
allowed the construction of the Synchrotron and Synchrocyclotron, and 
eventually led to the Cosmotron at Brookhaven, the Bevatron at Berkeley 
and the Phasotron at Dubna. 

The 1950s saw the application of these devices to the study of pions. See 
Figure 14. Jack Steinberger, W.K.H. Panofsky, and J. Stellar, as well as Burton 
Moyer and coworkers at Berkeley contributed to the discovery of the n°, 
simultaneously with the Cosmic Ray emulsion experiment of A. G. Carlson 
(now known as A. G. Ekspong), J. E. Hooper, and D. T. King which gave a 
lifetime limit. Furthermore, Panofsky and coworkers measured the spin and 
parity of the pion: JP = Q-. 

Dalitz pairs. 
This brings me to Dick Dalitz. I first became aware of Dalitz' contribution 

to Particle Physics in connection with Dalitz pairs; that is, a form of internal 
conversion in 1t0 decay where one of the gammas converts into an e+e- pair. 
This has a probability of 1/80. The possibility also exists for both photons to 
convert into Dalitz pairs which has then a probability of (1/160)2, or about 4 x 
1 o-s. These Dalitz pairs were observed in photographic emulsion 
experiments, as pairs essentially coming from the origin of a 7t or K interac­
tion or decay. An important application of the double Dalitz-pair decay 
occurred in 1959, in an experiment by Plano and coworkers, that measured 
the parity of the x 0 ; Figure 15 shows the angular distribution which they 
observed. For a scalar 1t0 particle, an angular distribution proportional to 

e1 •e2 which results in cos2cp or 1 +cos2cp is expected. For a pseudoscalar p 0 

particle, we have the triple scalar product: etx-~·1<, etc. which gives rise to a 
sin2cp distribution, or 
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1-cos2cp. Here e,. and e2 are the polarization vectors of the two photons, 

and I< is one of their momenta. As you can see in the figure, the data is a good 
fit to the latter distribution. 

Next came the discovery - again in photographic emulsions - of a 
hyperfragment by M. Danysz and J. Pniewski of Poland. (See Figure 16.) This 
subject has occupied Dick Dalitz until this day, and will be discussed by A. Gal 
at this conference. A. Pais, as well as R. Nambu, K. Nishijima, and Y. 
Yamaguchi, proposed associated production of the new particles, and _M. Cell­
Mann and independently K. Nishijima proposed the more specific scheme of 
the strangeness quantum number. W. Fowler, R. Shutt and coworkers 
indeed discovered associated production 7t-p ~ A 0 9° in a diffusion cloud 
chamber at the Brookhaven Cosmotron. (See Figure 17.) 

The Cosmic Ray results became clearer and more quantitative at the 1953 

Bagneres-de-Big ore (France) Conference. The hyperons A 0 and ~± and .:::.-, 
and the mesons 9° ~ 7t+7t-, t+ ~ 7t+ 7t+7t-, K+ ~ J.1+v etc. were clearly 
and distinctly identified. 

At that same conference also, Dalitz introduced his plot to determine the 
spin and parity of the t+ . In Figure 18, I show Dalitz' paper where he had 
collected the available world's data on t decay. 

The 1950 Pisa Conference. 
All this came to fruition at the 1955 Pisa Conference. (See Figure 19.) 

Neither Dick nor I actually came to that conference - but our data was 
presented, and played an important part. This was the first conference at 
which results from the newly operational Bevatron were presented. 

Edoardo Amaldi presented a very considerable compilation of t meson 
events displayed on a Dalitz plot. (See Figure 20.) It became clear, as was 
already suspected earlier, that the t mesons corresponded to a uniform 
distribution on the Dalitz plot. For a three body decay, the feature of the 
Dalitz plot is that dr .:: I M 12dE1 dE2. Thus, if I M 12 the square of the ma­
trix element is constant, then the distribution on the plot is uniform. See 
Figure 21. The decay of thee+~ 7t+7to where the pions are pseudoscalars can 

have the spin parity values Jp = o+, r, 2+... The question was, can the t­
meson which decays to three pions have any of these quantum numbers? 

We can immediately rule out o+ as being forbidden for three 
pseudoscalars. Dalitz thus examined whether t decay could correspond to JP = 

1-, 2+ ... As shown in Figure 21, these decays require the vanishing of I M 12 
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for T1t--+ o, and were thus ruled out by the uniformity of the Dalitz plot 
observed experimentally. Furthermore, all experimental evidence pointed to 
the 't and 9 having nearly equal masses and lifetimes. This evidence came 
from Cosmic ray experiments (the G stack) (Fig. 22), but in particular from the 
Bevatron experiments then in progress. (Birg~, et al., Fig. 23, Chupp, et al., 
Fig. 24, Iloff, et al., and L. Alvarez and S. Goldhaber, Fig. 25). 

The t - e puzzle and parity violation. 
This established the t- e puzzle: How could two particles have nearly 

the same masses and lifetimes, and yet, have different quantum numbers? 
One possibility- as discussed by M. Gell-Mann at the same conference (Figure 
26) was a close mass doublet. The puzzle persisted for nearly two years. Then, 
T. D. Lee and C. N. Yang came up with the correct suggestion, namely parity 
nonconservation in weak interactions. Not only did they offer this 
suggestion, but they also showed various ways in which it could be tested 
experimentally. This set off a flurry of activity, and Mme. C. S. Wu and E. 
Ambler, et al. were the first to demonstrate parity violation in the weak decay· 
of aligned Co60 nuclei. This was followed in short order by two experiments 
which demonstrated parity violation in 1t - J.L- e decay. R. L. Garwin, L. 
M. Lederman, and M. Weinrich converted, practically overnight, a running 
experiment on m decay at the Columbia University Nevis Cyclotron into an 
elegant experiment using the precession of muons which were brought to rest 
in carbon to demonstrate parity violation. J. I. Friedman ·and V. L. Telegdi 
had started a m decay experiment in emulsions at the Chicago cyclotron 
considerably earlier. However, it is the nature of emulsion experiments (or, 
for that matter, any experiment that needs scanning and measurements) that 
it takes time to analyze the data and collect statistics. They observed an 
asymmetry in the decay process in emulsions. 

Thus, by this circuitous route, the Dalitz Plot analysis led to the discovery 
of the decade- parity and charge conjugation violation! 

A new application of the Dalitz Plot. 
Just at the end of the decade of the fifties, a new and exciting development 

occurred at Berkeley - in a Hydrogen Bubble chamber experiment at the 
Bevatron. Shortly after Don Glaser invented the Bubble chamber in 1953, 
Luis Alvarez and the group he assembled started to demonstrate that 
Hydrogen was feasible as a Bubble Chamber liquid. They went from a two­
inch to a seventy-two-inch chamber with a series of intermediate steps. 

The first resonance 1t+p -+ a++ was observed in 1953 by E. Fermi and 
coworkers at the Chicago Cyclotron. Alvarez and coworkers at LBL 
discovered a series of new resonances. The first was the ~(1385), now called 
~ < 13 8 5 ) • See Figure 27. The reaction was 

K-p -+ A 1t+1t- • 
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Displaying the three final state particles on a Dalitz Plot played an 
important role in recognizing the y* -+ Ax± resonances. 

More on Dalitz Plots. 
With the discovery of the co-+ x+x-xo, by B. Maglic' et al., in a hydrogen 

bubble chamber at the Berkeley Bevatron, a new three pion decay could be 
analyzed. Here the spin parity value JP = 1- gave rise to a more interesting 
shape. M. Gell-Mann had supplied the equations for various JP values- see 
Table I and Lynn Stevenson developed some aesthetic-looking plots (Figure 
28). C. Zemach extended the list of matrix elements (Figure 29) which 
inspired me to construct contour plots for a series of these matrix elements 
(Figure 30). · 

This led to a method I developed for analyzing mass plots by cutting the 
data at contours on the .Dalitz plot corresponding to specific JP values. This is 
illustrated for the ro0 in Figure 31 for contours increasing by twenty percent 
steps for JP = 1-. The lowest contour A(l-) < 0.2 shows essentially no co 
signal, while a very large signal is noted for A. ( 1- ) > 0 . 8 . A n 
alternative analysis was carried out by Alff, et al. (Fig. 32), where the data for 
the various pp masses in the co peak is shown normalized by the matrix ele­
ment. 

A few highlights from the intervening years. 
To do justice to the fantastic developments in particle physics from the 

sixties to the present, I would need an entire lecture series. I will thus 
mention just a few points related to my interactions with Dick. 

Figure 33 shows the cover page of the 1963 Athens, Ohio Conference that 
both Dick and I attended. Here, side by side, we see a Dalitz plot and a triangle 
plot I introduced for four particle decays. This enabled us to observe double 
resonance production 

K+p -+ K* 0 + .£\ ++ 
K+x- p+x-

A "pion exchange process" which allowed us (W. Chinowsky, et al.) to 
measure the K .. spin. 

In 1967, Dick and I both lectured at the Hawai~ Summer School (Figure 34 
shows San Fu Tuan, the director, Val Fitch, myself, T. D. Lee and Dick, the 
lecturers, and Mrs. Carolyn Chung, the conference secretary, in the front row. 
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In 1977, I had to again call on the Dalitz plot to perform a measurement. 
After we discovered charmed mesons with the SLAC-LBL Mark I detector at 
SPEAR, we had the task of measuring their properties. In particular, the 
problem was to show that these new particles which decayed to K-7t+ and 
K-7t+7t+, respectively, were indeed the charmed particles predicted by Shelly 
Glashow, J. lliopoulos, and L. Maiani, as opposed to another K*. Here we had 
the 't-9 puzzle all over again. Ben Lee, Chris Quigg, and Jon Rosner had 
computed the shapes on the Dalitz plot for various Jp values (Figure 35). The 
experimental distribution for o+ _. K- . x+x+ (exotic) and the non-exotic 
(and nonresonant) distribution x+ _. K+ x+7t- are shown in Figure 36. 
Here again, as for the 9, oo _. K-7t+ can only have JP = o+, r, 2+ ... By 
utilizing the contour method, I illustrated for the ro0 earlier, we obtain for 
the three body o+ decay the result given in Figure 37a,b which shows the test 
for JP = 1-. Here the contour was chosen with nearly equal areas on the Dalitz 
plot to give a ratio of 1:8·2 for JP = r. Experiment gave = 1:1. Figure 37c,d 
shows the contour for JP = 2+ where 1:6·5 was expected, and again= 1:1 was 
observed. Thus we demonstrated parity violation in D decay- hence we are 
dealing with a charmed meson, and NOT a r resonance! 

This brings me to the present (1990). Here I reluctantly skip the decades of 
the sixties, seventies, and in particular the eighties with the exciting 
developments at CERN of W and Z discovery and come to: 

The study of the zo from e+g,- _. zo annihilation. 
We have now been studying the properties of the Z0 at e+e- colliders for 

just over one year. The first such event was observed in the Mark II detector 
at the SLC on April 11, 1989. The four LEP experiments started a few months 
later. The primary lessons we have learned are that the people who 
introduced the electro-weak theory, or what is now called the Standard 
Model, are to be congratulated. We have tried as hard as we could to find 
deviation from this model- so far, there are none. To mention a few names: 
Shelly Glashow, Abdus Salam, Gerard t'Hooft, and Steve Weinberg, as well as 
many others, were responsible for this magnificent theoretical development. 

The first im_portant result to ·emerge from these studies is the fact that 
there appear to be only three species of light neutrinos. Of course, our 
colleagues in Astrophysics and Cosmology have expected this for a long time! 
They are also to be congratulated. 

A new trend in particle physics. 
With the advent of large electronic detectors, a new phenomenon has 

entered particle physics. Large collaborations are needed! The attack on the 
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zo properties required electronic detectors attached to their own computers. 
-To design, build, test, write the on-line programs, and analyze the river of 
data produced by these new detectors requires an entirely new approach to 
experimental particle physics. Figures 38 to 42 give the authors in our Mark II 
experiment at the SLC, where we have - 1 I a physicists, as well as those for 
the four LEP experiments where each experiment has nearly 100 x 7t and 
more physicists! This is a far cry from the one-to-five-people teams of the 
1930s and 40s! · 

Comments on precision Z mass measurements. 
Figure 43 shows a recent compilation by the particle data group of our data, 

together with the results from the four LEP experiments- their points are the 
ones with the smaller error bars! As we noted, the number of neutrino 
species which is related to the total width r of the zo resonance (where each 
v species contributes 177 MeV to r)is most accurately determined from the 
value of the peak cross-section. 

Since the Z mass is one of the three fundamental constants of the electro­
weak theory, viz, GF, a, and Mz, one wants to measure it as precisely as 
possible. With high statistics, the final limitation of such a measurement is 
the systematic error. At the SLC, the absolute energy in the center of mass is 
obtained by a precise momentum measurement for both the electron and 
positron beams for each pulse. 

Figure 44 is a sketch of one of the spectrometers which act on the beam 
after the collision and before the beam reaches the beam dump. 

The momentum measurement is carried out with a vertical bend. The 
direction of the beam before and after this bend is determined in a novel 
fashion by two small horizontal bends. These give rise to synchrotron 
radiation which is then observed on a fluorescent screen. The measurement 
consists of measuring the displacement of the vertically deflected beam on the 
screen with a television camera. The systematic error for each beam 
measurement is 20 MeV. Combining these quadratically, and including an 
allowance for beam offsets with finite dispersion, we get an overall systematic 
error on Mz of± 35 MeV. 

Figure 45 shows the predicted error in Mz as a function of the integrated 
luminosity or, equivalently, the observed number of zo events. With our 
current data, based on five hundred events, the predicted error is in 
agreement with our measured error of 120 MeV. 

The four LEP experiments have smaller statistical errors, but finally came 
up against the common systematic error of ± 30 MeV, based on sending a 
proton beam through the LEP accelerator. 
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When the statistical errors become negligible, the residual systematic 
errors for the SLC and LEP experiments, which at present are comparable, will 
determine the accuracy to which Mz is known. At that time, it will be 
important to have two totally independent sources of systematic errors. 

Measurements of the number of light y species. 
I will illustrate the measurement of the zo decay parameters for the Mark 

IT at the SLC. The procedures for the four LEP experiment were similar and 
with higher statistics achieved higher accuracy. Figures 46-52 present the 
steps taken in a self-explanatory form. I will also show examples of the 
results from LEP experiments. Figures 53-55 gives ALEPH results and Figure 
56, 57 those of the L3 experiment. Figure 58 summarizes all the data on the 
number of v species. 

The search for new particles. 
In zo decay, any new particle that couples to the neutral_weak current, and 

for pair production, with a mass <Mz/2 can be produced. At the SLC, and 
with greater statistical accuracy in the four LEP experiments, one has looked 
hard for many such possible decay modes, and ninety- to ninety-five percent 
CL limits have been placed on the masses, and other properties of such 
particles. To date, no evidence for such possible particles have been found. I 
will, however, not give a detailed discussion of these searches here. 

References 
See "The Experimental Foundations of Particle Physics," Robert N. Cahn 

and Gerson Goldhaber. Cambridge University Press, 1989, for references to 
results quoted in this paper. 
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1930s 
Developt?ents in Accelerators, Nuclear Physics, 

and Cosmic Rays 

1930 *P. A. M. Dirac suggests antiparticles. 

*Wolfgang Pauli 
Suggests Neutrino. 

1932 James Chadwick's discovery of the neutron. 

*Werner Heisenberg introduction of 
Isospin. 

1934 *Enrico Fermi 
Theory of J3 decay 

1935 *Heideki Yukawa Suggests mesotron 
M ., 200me to account for 
nuclear force. 

1936 Seth Neddermeyer and Carl Anderson 
Discovery of the J..L M ., 200me. 

Accelerators: 

J. D. Cockroft, E; T. S. Walton - Voltage doublers 
R. J. Van de Graaf - Electrostatic Gener~tors 
E. 0. Lawrence - Cyclotrons 

Figure 1 
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312 :KATURE [FEBRUARY 27, 1932 

Letters to the Editor 
[The Editor does not hold himself responsible for 

opiJ~ions uprtsstd by hia eorreapondenta. ]t,'eitller 
eon he t.mdtrtuL-t to return, nor to correspo11d u•ith 
the u·ritera of, rejected mauuscripts iutmdtd for th'ia 
or aJIY other part of NATL"RE. No notice ia taken 
of anonymous communication&.] 

Poulble Existence of a Neutron 
IT has been shown by Bothe and others that 

berylliwn when bombarded by a-particles of polonium 
emits a radiation of great penetratin~ power, which 
has an absorption eoefficien t m lead of about 0· 3 (em.)~ 1 . 
Recently Mme. Curie.Joliot and M. Joliot found, 
when measurin~ the ionisation produced by this 
beryllium radiation in a vessel with a thin wmdow, 
that the ionisation increased when matter containing 
hydrop:en was plat'ed in front of the window. The 
effect appeared to be due to the ejection of protons 
with velocities up to a maximum of nearly 3 x lOt em. 
per sec. They suggested that the transference of 
enef!ZY to thf' proton 111·as by a process similar to the 
Compton effect, and estimated that the beryllium radia­
tion had a quantum energy of 50 "101 electron volts. 

I have made some experiments using the valve 
eountt'r to examine the properties of this radiation 
excitE'd in beryllium. The valve counter consists of 
a amall ionisation chamber connecttd to an amplifier, 
and the sudden production of ions by the entry of a 
particle, such as a proton or a-particle, is recorded 
by the deflexion of an oscillograph. These experi· 
ments have sho111T1 that the radiation ejects particles 
from hydrogen, helium, lithiwn, beryllium, carbon, 
air, and argon. The particles ejected from hydro~en 
behave, as regards range and ionising power, like 
protons with speeds up to about 3·2 x 10' em. per sec. 
'!h~ Jlllrticles from the other ele~ents have a ]argo 
Jorusmg power, and appear to be m each case recoil 
atoms of the elements. 

If we ascribe the ejection of the proton to a Compton 
Jeeoil from a quantwn of 52 x lOt electron volts, 
then the. nitrogen recoil atom arising by a similar 
pi"'CeBB spould have an energy not greater than about 
400,000 volts, should produce not more than about 
10,000 ions, and have a range in air at N.T.P. of 
about 1·3 mm. Actually, some of the recoil atoms 
in nit"?gen tJroduce at ]east 30,000 ions. In col­
laboration wtth Dr. Feather, I have observed the 
recoil atoms in an expansion chamber and their 
n.DJle, estimated '\"isually, was aometim~ as much 
as 3 mm. at N.T.P. 

These results, and others I have obtained in the 
coune of th~ "·ork, are very difficult. to explain on 
the aasumpt1on that the radiAtion from berylliwn 
is a quantum rsdia.tion, if energy and momentwn 
are to be conser\'ed m the collisions. The difficulties 
diaappear, however, if it be assumed that the radia• 
tion consists _of particles of mass 1 and charge 0, or 
neutrons. The capture of the •·particle by the 
Be' n~cl.,us may be supposed to result in the 
format1on of a C11 nucleus and the emis.~ion of the 
neutron. . From the energy relations of this process. 
the veloc1ty of the neutron emitted in the forward 
directio~ _may wel.l be about 3 x lOt em. per sec. 
Th~ co!liBIOns of ~hiS l?eutron 111·ith the atoms through 
wh1ch 1t Jl888ell .fl1Ve_ nse to the recoil atoms, and the 
obtierved enerp:1es of the recoil atoms are in fair 
agreement with thi11 view. Moreover, I have ob­
.en:ecl. that t~e PfC?tOnA ejected from hydrogen by the 
rad1at1~n. em1tted ~n the oppo11ite direction to that of 
the esc1tmg •·part1cle appear to have a much smaller 
nnge than those ejected by the forward radiation. 

No. 3252, VoL. 129] 

ThiA af%ain receiYf'S a simple expltmat-ion on the 
neutron hypotheais. 

If it be suppost'll that the radiation conili;;t,. of 
qmmta, then the capture of the •·particle by the 
Be• nucleus 111'ill form a C11 nuclf'us. ThE' m11ss 
defect of C1' is known with suffic-ient arrurar\" to 
show that the enerf%y of the quantum emitted iri this 
process cannot be greater than about 14 x 104 Yolts. 
It is diffic-ult to make such a quantum respon .. ible 
for the effects observed. 

It is to be expected that many of the effects of a 
neutron in passmg throu,:th matter should resemble 
those of a quantum of high energy, and it is not easy 
to reach the final decision between the two hypo­
theses. Up to the present, all the evidence is in 
favour of the neutron, 111·hile the quantum hypothesis 
can only be upheld if the conservation of energy and 
momentum be relinquished at some point. 

Cavendish Laboratory, 
Cambridge, Feb. 17. 

Figure 2 

J. CHADWICK. 
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• A 6J million volt positron (Hp • 2.1 X 100 puss-em) passing .through :1 6 m.m l~d pl:~ote 
and emerging as a 23 million volt positroo~ (llp•7.5 X 10' g:auss-cn1). The l«:ngth o{ thiS latter path 
ia at least ten times gre:1ter than the poss1ble length of a proton path of thiS CUI"'ature. 

Tracks of electron-positron 

pairs produced by 300-MeV 

synchrotron x rays. (Courtesy of 

L11wrence Radiation Laboratory, 

University of California, 

Berkeley.) 
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Note on the Nature of Cosmic-Ray Particles 

SF.TH H. NEDDER~IEYER AND CARL D. ANDERSON 

California Institult of Technology, Pasadena, California 

· (Received March 30, 1937) 

M EASUREMENTS1 of the energy loss of 
particles occurring in the cosmic-ray 

showers have shown that this loss is proportional 
to the incident energy and within the range of 
the measurements, up to about 400 Mev, is in 
approximate agreement with values calculated 
theoretically for electrons by Bethe and Heider. 
These measurements wer~ taken using a thin 
plate of lead (0.35 em), and the observed indi­
vidual losses were found to vary from an amount 
below experimental detection up to the whole 
initial energy of the particle, with a mean frac­
tional loss of about 0.5. If these measurements 
are correct it is evident that in a much thicker 
layer of heavy material multiple losses should 
become much more important, and the probability 
of observing a particle loss less than a large 
fraction of its initial energy should be very small. 
For the purpose of testing. this inference and also 
for checking our previous measurements2 which 
had shown the presence of some particles less 

(•} ,s;,9/~ pt~,.ficl•s 
(o) Sho"''" ptVficlt>s 

sao (,.} Produce siKJWf!rs / 
II ..... 

440 § 
' ~' \ lo. 
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1110 q 0 
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0 . . . 
tl :4>: ·-·-..--

/()() . • .500 • soo .. 
• £, fM1111) ' 

-ltHJ 
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FIG. 1. Energy loes in 1 em of platinum. ----
1 Andenon and Neddermeyer, Phys. Rev. 50, 26.1 (1936). 
I Ander80n and Neddermeyer, Report or London Con­

ference, Vol. 1 (1934), p. 179. 

massive than protons but more penetrating than 
electrons obeying the Bethe-Heitler theory, we 
have taken about 6000 c,ounter-tripped photo­
graphs with a 1 em plate of platinum placed 
across the center of the cloud chamber. This plate 
is equivalent in electron thickness to 1.96 em of 
lead, and to 1.86 em of lead for a Z2 absorption. 
The results ofl 55 measurements on particles in 
the range below 500 Mev are given in Fig. 1, 
and in Fig. 2 the distribution of particles is 
shown as a function of the fraction of energy lost. 
The shaded part of the diagram represents parti­
cles which either enter the chamber accompanied 
by other particles or else themselves produce 
showers in the bar of platinum. It is clear that the 
particles separate themselves into two rather 
well-defined groups, the one consisting largely of 
shower particles and exhibiting a high absorb­
ability, the other consisting of particles entering 
singly which in general lose a relatively small 
fraction of their initial energy, although there 
are four cases in which the loss is more than 60 
percent. A considerable part of the spread on the 
negative abscissa can be accounted for by errors; 
it seems likely, however, that the case plotted 
at the extreme left represents a particle moving 
upward. Particles of bo.th signs are distributed 
over the whole diagram, and moreover, the initial 
energies of the particles of each group are dis­
tributed over the whole measured range. 

16 

I.D .. .4 . .f • .t o .2 A .6. .8 U 
+~£1£ -~EI£ 

FIG. 2. Distribution or fractional losses in 1 em of platinum. 
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Figure 4 
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A muon enters the cloud chamber from above with a momentum of 52 
MeV/ c. It passes through a Geiger counter and comes to rest. From the measured 
range the mass was determined to be 220 ± 35 electron masses. S. H. Neddermeyer 
and C. D. Anderson, Phys. Rev. 54, 88 (1938). 

Figure 5 



j. C. STREET 

R.~search Laboratory o( Physics 
Ha~vard Univ~rsity, ' 

C•mbndge, lllassacbu..,tu 
October 6, 1937. ' 

E. C. STEYENSON 

New Evidence for the Existence of a Particle of Masa 
Intermediate Between the Proton and Electron 
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FIG. 1. Geometrkal arrangement of apparatus. 
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1944 

1940s 
The Decade of Cosmic Ray Studies 

Le Prince Ringuet K+ Observation in cloud 
chamber Cosmic Rays. 

1947 Convers~ Pancini, and Piccioni: 
The J1 is not Yukawa's mesotron. 

Don Perkins: 
n- observation in emulsions. 

Lattes, Muirhead, Occhialin~ and Powell 

Observation of W --+ Jl + decay in emulsions. 

Rochester and Butler: 
Observation of a charged and a neutral strange particle 
in cloud chamber. 

1948 E. McMillan and V.I. Veksler- Synchrotron and 
Synchrocyclotron. 

1949 R. Brown, et al. discovery of the 't meson 

Figure 7 



6r8 ACADEMIE DES SCIENCES. 

SEANCE DU r3 DECEMBRE 1944. 

PHYSIQUE NUCLEAIRE. - Existence probable d'une parti'cule de masse ggo m~ 
dans le rayonnem~nl cosmique. Not~ C) de MM. Lours LEPRINCB-RINGUET 

et l\lacnsL LutRITIER. 

Nous avons pris, au cours de l'annee 1!)43, dans le laboratoire de Largentiere 
(Hautes-Alpes) situe a Iooom d'altitude, une serie de 10000 cliches de trajec­
toires cosmiques commandees par compteurs. Les rayons, filtres par 1oc"' de 
plomb, traversaient une chambre de \Vilson de -;5•"' .de haut~ur, placec dans 
un.champ magnetique H de 25oo gauss environ. Nous nous sommes places dans 
les conditions experimental~s les plus favorables [ discutees precedemment (2 ), 
(3), e)] pour profiter au niieux des cliches de collision entre particules penc­
trantes et electrons du gaz de la chambre, dans le but de determiner la masse 
au repos de la pa;ticule incidente. 

Nous avons obtenu urie dizaine de cliches interessants. Le plus remarquable 
represente une collision dans le gaz pour laquelle d'excellentes conditions sont 
realisees : le secondaire fait avec le plan median de la chambre un angle ~tel 
que tang~= o,32 et son rayon de courbure projete (1 ... ,6), ainsi que la fleche 
dont il s'ecartc du primaire sont mesurables avec precision. Le (H p) du pri- . 
maire =I,") X 10° gauss x em. La formule de collision elastique donne pour le 
primaire, -qui est positif, la masse au repos · 

iJ-o=ggo±I:l% (limites extremes de l'erreur) ('). 

La masse ainsi obtenue peut surprendre. Les indications suivantes, qui 
donnent des garanties de la validite de la mesure, nous ont pousses a publier ce 

. resuhat. 

.. 

Figure 8 
Dessin stereoscopique de Ia collision. 
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Letters to· the Editor 

PUBLICATION of brief reports of imporl4711 dis­
ccm~ries in physics may be secured by addressing them 

kJ this department. The closing dille for this tkpartme711 is, 
for the issue of the 1st of the month, the 8th of the preceding 
r~~onth and for the issru: of the JSth, the ZJrd of the preceding 
month. No proof will be se711 kJ the authors. The Board of 
Editors does not Jzold itself responsible for the opinions a­
pressed by the correspondents. CommunicatiorJS should not 
ucud 600 words in length. 

On the Disintegration of Negative Mesons 
M. COl>'VEitSI, E. PANCINI, AND 0. PICCIOifl• 

C6nlro di Fisi&a 'Nt~<kcr' d6l C. N. R. lsliiW.. di 
Fisir.o .UU'Unira6U4 di Rtnn4, llolill 

December 21, 1H6 

I N a previous Letter to the Editor,1 wegavea first account 
of an investigation of the difference in behavior between 

positive and negative mesons stopped in dense materials. 
Tomonaga and Araki2 showed that, becuase of the Coulomb 
field of the nucleus, the capture probability for negative 
me5ons at rest would be much greater tl\an their decay 
probability, while for positive mesons the opposite should 
be the case. If this is true, then practically aU the decay 
processes which one observes should be owing to positive 
mesons. 

Several workers• have measured the ratio" between the 
number of the disintegration electrons and the number of 
mc:sons stopped in dense materials. Using aluminum; brass, 
and iron, these workers found values of " close to 0.5 
which, if one assumes that the primary radiation consists 
of approximately equal numbers of positive and negative 
mesons, support the above ·theoretical prediction. Auger, 
:\laze, and Chaminade,4 on the contrary, found ., to be 
close to 1.0, using aluminum as absorber. 

Last year we succeeded in obtaining evidence of different 
behavior of positi\'e and negative mesons stopped in 3 em 
of iron as an absorber by using magnetized iron plates to 
concentrate mesons of the same sign while keeping away 
mesons of the opposite sign (at least for mesons of such 
energy that would be stopped in 3 em of iron). We obtained 
re~ults in agreement with the prediction of Tomonaga and 
.~raki. After some improvements intended to increase the 
counting rate and improve our discrimination against the 
"mesons of the opposite sign," we continued the measure-

SiiD 

Ia) + 
lbl-
fcl-
•dl+ 
lel-
(I) -

T .UL& I. R ... uJu o( measurements oa 6-decay rats 
(or positive and ne-ptive mesonL 

Absorber Ill tv Houn M/IOObours 

5 em Fe 213 106 155.00' 67::1::6..5 
5cmFe 172 158 206.00' J 

none 71 69 107.45' -I 
4cm C 170 101 179.20' 36:4..5 

4cm C+5 ""'Fe 218 146 243.00' 27±3..5 
6.2 c:m Fe I~ llO 240.00' 0 

F1c:. 1. DisposiUoa of COUDten. absorber. and maraetized iroa plates. 
• All counters H D" an coaaected ill paralleL 

ments using, successively, iron and carbon as absorbers. 
The recording equipment was one which two of us had 
pre\"iously used in a measurement of the meson's mean 
life.• It gave threefold (III) and fourfold (IV) delayed 
coincidences. The difference (Ill)- (IV) (after applying a 
slight correction for the laclc of efficiency of the fourfold 
coincidences) \\-as owing to mesons stopped in the absorber 
and ejecting a disintegration electron which produced a 
delayed coincidence. The minimum detected · delay was 
about I psec. and the ma.'timum about 4.5 psec. Our calcu­
lations of the focu·sing properties of the magnetized plates 
(20 em high; fJ-15,000 gauss) and including roughly the 
effects of scattering, showed that we should expect almost 
complete cut-off for the "mesons of the opposite sign." 
This is confirmed by our results, since otherwise it would 
be \'ery hard to explain the almost complete dependence 
on the sign of the meson observed in the Case of iron. 

The results of our last measurements with two different 
absorbers are given in ·Table I. In this table "Sign" refers 
to the sign of the meson concentrated by the magnetic 
field. M-(111)-(IV)-P(IV), the number of decay elec­
trons, is corrected !or the laclc of efficiency (p) in our 
fourfold coincidences (-.().046). 

The value M- (5 em Fe) is but slightly greater than the 
correction for the laclc of efficiency in our counting, so 
that we can say that perhaps no negative mesons and, at 
most, only a few (-S) percent undergo {J-decay with the 
accepted half-life. 

The results with carbon as absorber tum out to be quite 
inconsistent with Tomonaga and Araki's prediction. We 
used cylindrical graphite rods having a mean effective 
thiclcness of 4 em because we were unable to procure a 
graphite plate. In addition, when concentrating negative 
mesons, we placed abo\"e the graphite a S-cm thick plate 
of iron to guard against the scattering of very low energy 
mesons 'll·hich might destroy the concentrating effect of 
our magnets. \\'e alternated the following three measure­
ments: 

A. Xegati\'e mesons ";th 4 em C and 5 em Fe, 
B. Xegati,·e mesol15 'llo;th 6.2 em Fe (6.2 em Fe is a~ 

proximate!)' equh·alent to 4 em C+5 em Fe as far as 
energy loss is concerned. 

C. Positive mesons "·ith 4 em C. 

209 Figure 9 
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Nuclear Disintegration by Meson Capture 
RECENTLY, multiple nuclear disintE'gration 'stars', 

producod by co!lmic radiation, ha\·e boon investigated 
by the photographic emulsion techniqu€'. Plates 
co1ued with 50 ;.t Ilfnrd B. I emulsions• were exposed 
in aircr1lft. for several houn~ at 30,000 ft. One of these 
disint<"gr·.,t ions wAA of particular interest, for whereas 
all 11tars prcviousl:r ob~rved had been initiated by 
radi.,tion not producing ionizing tracks in the 
emuL01ion, tho nne in question appear,; to be due to 
nuclear Mpturc of a charged particle, preswnably a 
slow nw~nn. 

. , . .. •. 

.. • '\ • I • ' . .. .. .. 
• ·-· . . . . ·';' .. 

,. .. 
, 

.. . . .. 

• 

• • 

• 

. /._- .. ~~· 
• /". -*"" . 

~ .:·· . 

-·· 
. ; . . , ··;--. 

·o .;-• I • .. -~~· .... .,_ ... 

·' .:··.. . . 
. . "'. ·. . .. . 

• •. ,o • I . .. ·.~,./ ·~ _· ... 
;' . . . . . ... --/: · . 
. ,. • t 

• 

• •.I •. · • 
/ ;. 

·;/'. I ... 

. ;-.. : . ; .I 
.. •J :' i.-t··· v . ' . 
~'- .} ~-. . .. ' ... 

. : ~~~:. ... J 
. Jl/ - ..• 
_,. 

: /. 
"-~·. . .. -·;··· -~~ . 

··.~~. ~ . 
-~ 

Figure 10 

I ain indt>bted to tht> XO.C., Ro\·al Air Force, 
Bt•u><un, Oxun., for kiru.ll~- exposing thE' pl•lfE's. 

. D. H. l'ERit[NS 
lmpt•ri.,) Coll<'g«' of Sci<"nr•• nnd Technology, 

Lundun, S. \\". i. 
Jan. 8. 
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OBSERVATIONS .ON THE TRACKS 
OF SLOW MESONS IN PHOTO­

GRAPHIC EMULSIONs· 

By C. H. G. LATTES. CA. G. P. S. OCCHIALINI 
ar.d Da. C. F. POWELL 

H. H. Willa Physical Laboratory, UniYerslcy ol Bristol 

1.\*TRODUCTJOS. In recent experiments, it has 
been ahown that charged mesons, brought to rest 

in photographic emulsions. aometimea lead to the 
production of .eeondary meeons. We have now 
extended t.heae obeervations by examining plate& 
ezpoeed in the Bolivian Andes at a height of 5,500 m., 
and have found, in all, forty examples of the process 
leading to the production of eecondary mesons. In 
eleven of these, the Aeeondary particle is brought to 
r.t in the emulsion 80 that ita range can be de· 
tennined. In Part 1 of this article, the measurements 
made on these tracks are described, and it is shown 
that they provide evidence for the existence of mesons 
of different maM. In Part 2, we present further 
e\idanre on the production of mesons, which allow~t 
"" to show that many of the observed mesons are 
locall~· ~nerated in the 'explosive' disintegration of 
nuclei, and to discuss the relationship of the different 
types of mesons obeerved in photographic plat.M to 
the penetrating component of the cosmic radiation 
invtwttigated in experiments with 'Wilson chambers 
And NltmferR. 

Figure 11 

Discovery of the •Decay 1r - p.v 
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EVIDENCE FOR THE EXISTENCE 
OF NEW UNSTABLE ELEMENTARY 

. PARTICLES 
By o... G. 0. ROCHESTER 

AND 

Oa. C. C. BUTLER 
Phyalc:al Laboratories, University, Hanchmcr 

A. KONG eome fifty counter-controlled cloud. 
chamber photographs of penetrating ahowera 

which we have obtained during the past year as part 
or an investigation of the nature of penetrating 
particles occurring in cosmic ray ahowera under Jea.d, 
there are two photographs containing forked tracks 
of a :very lrt.riking character. 

Figure 12 6 • 
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OBSERVATIONS WITH ELECTRON-SENSITIVE PLATES EXPOSED TO 
COSMIC RADIATION• 

By MISS R. BROWN, U. CAMERINI, P. H. FOWLER. H. MUIRHE..AD 
and P~oP. C. F. POWELL 

H. H. Wills Physical l.alloracory, University of 8riRol 

and D. M. RITSON 
Clarendon j.aboracory, Oxford 

PART 2. FURTHER EVIDENCE FOR THE EXIST­
ENCE OF UNSTABLE CHARGED PARTICLES, 
OF MASS- 1,000 m~, AND OBSERVATIONS ON 

THEIR MODE OF DECAY 
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1950s 

FROM COSMIC RAYS TO HIGH ENERGY 
ACCELERATORS 

• Pion spin parity 
• 1t0 observations 

W. Panofsky, et al. 
Bjorklund, et aL 
Steinberger, et al. 
Carlson, et al. 

Synchrocyclotron 
Synchrotron 
Cosmic Rays. 

• A. Pais and Y. Nambu, et al. suggestion of associate production 
• M. Gell-Mann - K. Nishijima - Strangeness 

• E. Fermi, et al. 4 ++ resonance 
• Hyperfragments 
• Hyperons 
• R. Dalitz 
• W. B. Fowler, et al. 
• Don Glaser 

~- 9 puzzle 
Observation of associate production 
Bubble chamber 

• Antiprotons, Antineutrons at Bevatron 
• T. D. Lee and C. N. Yang -Parity violation 

Experiments: P and C violation observed: 
C. S. Wu, E. Ambler, et al. 

via Polarization in fi decay. 

R. L. Garwin, L. M. Lederman, 
M.Weinrich 

in J1 decay. 

J. I. Friedman and V. L. Telegdi 
in J1 decay. 

• Observation of v- interactions by F. Reines - C. L. Cowan 

1960 Resonances in Hydrogen Bubble Chamber 
Luis Alvarez group, a new application of the Dalitz plot 

Figure 14 



DALITZ PAIRS 

7to --+ 'Y'Y 
7to --+ "( e+e- - 1tso 
7to --+ e+e- e+e- - (1/160)2 

Utilized in 1959 by Plano and 
Steinberger, et al., to measure the 
parity of the 7to. 

4> 
• Plot of weighted frequency distribution of 

angle oetween planes of polarization: 

Figure 15 

R. Plano, et al. PRL 3, 525 (1959) 
based on theory by C. N. Yang and 
N. Kroll, and W. Wada. 
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PROUl'CTIOX OF HEAVY l'XSTABLE J>.-\RTICLES 

F 0 W I. E K , S H I' T T • T H 0 K !'\ I> I 10.: , .\ :\ D \\" H I T T 1-: M 0 K E 

2b 

~2o 

?.bt I It) t Ia \20 12::> 

F11;. 2. Case 1>. l'hoto)!raph of a l.:'i·lll'\' " procludng two 
lll'Utral I" particflos in a colli~ion with a prutnn. Tracks Ia and 2a. 
llt·lit·\'l'd In he proton and.,.-. rl'Sf><"Ctin·ly. :trl' thl' dl'cay pruolurt~ 
of a .\0 • A ll" is prohahl~· Sl'l'n to <kcay into r • t llol and ,..- (lito. 
llccausc of the rathl·r "fnJ!I!Y" quality of this picture tr:acks lb, 
la, and 2b have bt'en retouched for better reprocluction. 

Figure 17 

FJ(;, I. Case C. I>itTusion 
cloud-chamber photogral•h 
of two neutral 1-' panic es 
(a) an<f (hl, whose lines of 
flight are almost colinear. 
(a) is believed to he a .\1 

decaying into a r•mton llal 
and a negath·e ,.. ml$0n 
(2a). Tracks Ia an<f 211 war· 
tically coincidl' in the ri~:ht 
view. (b) is prohahh· a .,. 
decaying into ,..+ (li.l and 
.. - (2bl. 

Examples 
of 

Associate 
Production 
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VOLtiMK 94. NUMBER 4 

Decay of ~Mesons of Known Charge*t 

R. H. DAuTZt 
I..ab(lratory of Nttelear Sttulies, Cornell University, Ithaca, Nt:W York 

(Received February 9, 1954) ' 
\ 

MAY 15, 195 

The experimental data on the 3r decay of r mesons is summarized on a convenient two-dimensional plot, 
both (a) when the r-meson charges are known and (b) when they are not. Some events may be included in 
plot (a) only if the parent r meson is assumed p.ositive and arguments supporting this identification for 
r mesons decaying in an emulsion are discussed. The dependence of this plot on the r-mcson spin (j) and 
parity (u•) is discussed in general terms and those features depending particularly on wand on its relation 
with j are emphasized-for example, if the density of events does not vanish at the bottom of the plot, 
the r meson must have odd parity and even spin. Simple estimates of the distribution, using only the lowe!\t 
allowable angulnr momenta and a "short range•• approximation, may be modified by final-state meson­
meson attractions, whose effects are discussed qualitatively. The available data are insufficient for any 
strong conclusion to be drawn but rather suggest even spin and odd parity for the r meson; the need for 
careful assessment of geometrical bias in the selection of experimental material is stressed. 

Figure 18 
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0BR7 

ee2 
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•cTI. 

e- Completely identified emulsion events 

chamb~r events 

0- Events identifiable if assume 
T+decay 

X- Events ambiguous even if 
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:WII E. AMALDI 

The cxperi•nental data. collected in Table I 1m~ still rather s•·nrce: one •~:w 
however try to compare them with the theoretic.al results in the 5 sirnpl(• ••ast•s 
mentioned above. 

A general view of the available experimental data can be obtained by plut­

Fig. 3. - Repre,;eutation of •-me~<on decays 
obs!'rved in emulsions. 

ting them in the triangular dia~'l·am 
of Fig. 3. Fig. 4, similar to Fig. 3, 
refers to 16 -r-mesons observed 
in cloud chambers; it was pt·e­
pared and kindly sent to 111~ 

by Dr. DALJTZ shortly befor~ the 
C-onference. In such a represt'n t­
ation the height of the triangle is 
taken equal to theQ-valuc (75MeV) 
of the -.-meson, so that the three 
distances of a point P internal to 
the tliangle (whose sum is alwa~~s 
equal to its height) correspond ·to 
the kinetic energies of the 3 emitted 
pions [29]. :Momentum conselTation 
imposes a further restriction to the 
points representing -r-meson-decays = 

in the non-relativistic approxima­
tion they can fall only inside the 
inscribed circle whose diameter is 
(2/3) (/ (50 ~leV). The relativi:>tie 
cmTections restrict somewhat more 
the permitted region whose boun­

dary remains tangential to the sides, while the dista.nce from the centet· is 
reduced by 8% in correspondence to its intersections with the heights of 
the triangle [30]. In such a rep1·esentation the statistical factor, relatin• to 
a given elementary energy interval of the 
emitted pions (i.e. to a given element of sur­
face inside the permitted regic:t), is constant 
(31) and the relativistic corrections never exceed 
2% (30). In Fig-. 3 the kinetic energy E_ of 
t·he negative pion is represented by the distanee 
from the side AB, while the distance from the 
side OB corresponds to tlte kineti•· energy E': 

}'ig. 4. - Representation of •-meson decays obst"rved 
in cloud chamber (DALITZ, private communication). 
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DALITZ PLOT 
dr-::- I M 12 dE1 dE2 . 

uniform if I M 12 = constant 

Spin and parity of the pion was known: JP = o- for 1t 

1t 

Thus e+ decay (or K+ decay) 
e+ ~n+~ 

JP = o+, 1-, 2+, ... 

From the Dalitz plot we can ask the question: 

Can the 't+ have these quantum numbers? 

Here L = even (Bose 
statistics) 

j = L + D, atT1t-~O 

D,=o 

or Jp = o-, 2-,. .. 

Thus we expect a zero in the Matrix elements when 
Jp ('t) = 1-, 2+,. .. 

Here o+ is ruled out for 3 Pseudoscalars. 

Result: No vanishing of I M 12 was experimentally 
observed. 

Conclusion: 't- 8 puzzle 

Figure 21 
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COSMIC RAY RESULTS 

Observations on Heavy Mesons Secondaries. 
(G-Stack Colla boratlon) 

J. H. DAvms, D. EvANs, P. H. FoWLER, P. E. FRAN~oxs, M. W. FRIEDLANDER, 

R. HILLIER, P. lREDALE, D. KEEFE, M. G. K. MENO!Ii, D. H. PERKI!'\S 

and C. F. PoWELL 

H. H. Wills Physical Laboratory • Bristol (Br) 

L. CRANE, R. H. W. JOHNSON and C. O'CEALLAIGH 

Institute for .Advanced Studies · Dubli11 (DuA8) 

F. ANDERSON, G. LAWLOR and T. E. NEVI!'i 

Unit•ersity College • Dubli11 (Dul"C) 

G. ALYIAL, A. BoNETTI, !II. DI CoRATO, C. Dn.woRTn, R. LEn:·SETTI, 

. A. Mn.oNE, G. Oc~I, L. ScARSI and G. TomrASINI 

Istituto di Fisica dell'Universita di Genova 
lstituto di Fisica dell'Universit4 di Milano 

Seziouedi Milano dell'Jstituto Naziol~,<ll~ di Fisico Nucleore 

)1. CECCARELLI, 1\I. Gru1.u, M. MERI.IN, G. 8ALANDI:'\ and B. SEem 

lstituto di Fisico dell' Unit•ersiM · Pad.ova 
Sezione d·i Padot•a dell'Istitut.o Nazionale di Fisico Nucleare 

(Pd) 

(l'na pili parti<·olare,!!,!!iata e comp)(•t.a rt'laziolll' di questo lavoro e 
!'lata puhhlieata Jwl ·''um·o Ci111P.1!1o, 2, 1063 (1!!55). N.d. R.] . 

. CoNTEST>'. - 1. Introduction (C. F. ]'owEJ.L). - 2. The K~~.·dN·a~· (reported hy 
:!11. :.\h;RLI:S ). - 3. The z-decay (reported h~· c. O'CEALJ.AWJI). - 3n. l"nusual der.ay of 
a. z-Inel!on (reportPd by D. KEEFE, on behalf of the l'nivensity College, DulJiin group). 
- Sb. A det~rmiuatiou of the mass of a. z-meson hr thr. analysiK of a r.olli~ion of it~ 
secondary with a proton (~1. m ConATO and L. 1-\cARSJ, reportPd by ..\1. m ConATO). 

- 4. Tlw x- and K 13-particlel' (re}Jorted b,\' l\1. W. FRIEDLA!\DER). - 5. Ou the compo­
sition of the K -particle deca.'· spt•ctrum (reporh•d h~· A. BOJo:TTI). 
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Positive Heavy Mesons Produced at the Bevatron. 

R. w. BIRGE, R. P. HADDOCK, L. T. KERTH, J. R. PETERSO:'\. 

J. SANDWEISS, D. H. STORK, and )I. N. WmTEHEAD 

RtJdiation LaboratOT!J • Bnkeley, California 

(Presented by D. H. StoRX.) 

--
:!\uC'lear emulsions haYe been exposed to ll.J, 135, .and 1i0 )leY positive 

heaTy mesons produced at 90° by 5 · 7 GeY protons striking a copper tar,!et. 
The exposures 'W"ere made using the strong-focusing speetromet~r [1]. 

1. - The ':!oJ:focus;: Setr!§e:./ :!:- lf • 1-) ~ ~ 
The Jnincipal features of this apparatus consist. of a strong-focusing quadru­

pole-magnet lens system followed by a conventional momentum-analyzing 
maf!net. The arrangement is shown in Fig. 1. It can be shown that the flux 
of l1<•aTy me~;ons at the staek position is 

(1) 

wlu•r<· d]'l A/dA is the number of heavy mesons per unit. area, .Yp is the t.()tal 
number of protons traversing the target, K, is the number of target nuclei 
per c:n1 in the proton beam direction, d 2a/dildE is the <·t-oss-section in em 2 • 

ster-1 ::\leV-1, (Jc is the velo· 
e.ity of the heavy inesons, 
dP/rlJ· is the momentum dis­
persion of the analvzinL!' 

't 

• 

0 

M, 
Fig. J. 
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Fi!!. 3. Figure 23 
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K-Meson Mass from a K-Hydrogen Scattering Event [1). 

w. w. CHuPP, G. GOLDHABER, s. GoLDHABER, 

W. R.. JOH);SON and J. E. LAN:-.lJTTI 

Radiation Laborat()ry, Departme11t of Physics 
Unit,ersity of OaUfornia - Berl·eley, California 

A K·Hydrogen scattering event obserYed in a. stack of nuclear emulsions 
exposed to tbe focused K+ beam [2] enabled us to get a mass measurement 

-­IOJL 

. .. 

Fig. I.- A pbotomicrograph of a K-bydrogeu l'4:•att.<'riug event Ex= 102 MeV. Both 
outcomin~ particles come to rest (endin~s arc sketched in) in the emulsion. Rx· = 
= 32.21 mm. It»= 2.427 rum. (Observer: S. LIVISGSTOS, Photomicrograph: 

R. P. MJCIIA.t:Ll"). 

Figure 24 
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B.EV ATRON RESULTS 
Interactions and Decay of Positive K-Particles in Flight. 

''"· ''"· CHrPP, G. GOLDHABER, S. GoLDHABER, E. L. lLOFF and J. E. L.!"!'i:Xt'TTI 

Radiation IJOhoratory, Department of Physics 
U11it'trBily of Oalifonzia · Berkeley, California 

A. PEVSNER and D. RITBO:X 

Department of Physics, Massachusetts blstitute of Technology • Cambridge, .. V.assaclwsetts 

-- (I • I ± 0 · 3) X I 0-
8 

Sec. 

To JEa.in further information on the nature of K-particles, W(' ha>e embarked 
on a program of study of K·particle interactions. Tl1e ideas on the nature 
and behavior of K·particles and hyperons as expressed by GELL·lL-\N:X and 
"AIS [1) and those of l\1. GoJ,DHABER [2) and R. G. SACHS (3) make rather de-

44! predictions about t.h,. : ..• --~nt.ions of K-particles. 
· ·les that 

The Lifetime of the T-Meson. 

''"· AL\'AREZ and S. GoLDBABER 

Rculialiou Laboralnry, Department of Pl•!t~if"s, 
Fnit!ersily of California, Berkele.11 

(R~>portE>d b~- D. H. STORK.) 

: 11 tt'~to <'Ompleto di questu laYoro e F.otato gia publtli<·atu (.'Ollll' IE>t1<•ra 
alia RE>dazione nel ll'uot•o Cime11to, 2, 344 (l9.5!i). Qui ue puh1Jli­
e1Jiamo un hr<'Ye ria~~unto. .\'.d. R.]. 

- ··t 

) 

_R 
+ o.o=t X (0 ~ 
- o.oJ --

Summary. - Stack11 of nuclear emulsions were exposed to the positiYe K-me;;osn 
hcam at two difft>rent dil>tances from the t.arg<'.t of the BerkE-lE-y BeYatron (proper time 
of flight + t>lowing-down time: 1.8 · IO-• s and 1.3 · 10 -• s re~pecth·ely). The mean life­
time of -:-meson dE-termined from these exposure!\ is ( I.o:tgil ·lo-ss. 

Figure 25 
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The Interpretation of the New Particles 
as Displaced Charge Multiplets. 

li. GELL·lHA~N (*) 

l11stitllte for Adm11ced Struly, Pri1U:eto11, li. J. 

1. - Introduction. 

N. 2, 1956 
2° Semestre 

The ptupose of this communication is to present a coherent summary of 
the author's theoretical proposals [1] concerning the new unstable particles. 

Section 2 is devoted to some background material on elementary particles; 
the objec-t there is to introduce the point of vie\V adopted in the work that 
follows. In Section 3 the fundamental ideas about displaced multiplets are 
gi>en, and in the succeeding seetion these are applied to the interp1·etation of 
known particles. ..:\. scheme is thus set up, which is used in Section 5 to predict 
certain rt>sults of experiments involving the new particles. 

The work of DALITZ on the -.-meson decay spectrum indi­
cates that the 6 and -r have different parity and/or spin and thus cannot. be 
merely two dE'cay modes of the same particle. 

Thus we E'Xpect a second pair of doublets, -.+, -.(ol, -:-(0), and-:-, with strange­
ness ± 1 like the e. The neutral partners, if they are as long-lived as the 
charged ones, could easily have escaped definite identification. 

The reason for the similarity in mass of the -r and e is of course completely 
unknown, but there is a further puzzle. The masses are presumably not 
exacUy equal, and there is the possibility of electromagnetic decay of the 
heavier into the lighter, fully allowed by conservation of strangeness. Since 
both the -: and a are metastable, something must inhibit. such electromagnetic 
decay so that it takes at least 10-• s to occur. It may be that the mass diffe· 
renee is very small, considerably smaller than 1 MeV, say; or it may be that 
the ":" and a are both spinless (the .. pseudoscalar and the e scalar), in which 
case we are dealing with a 0 - 0 transition. 

Figure 26 
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A NEW APPLICATION FOR 
THE DALITZ PLOT 

RESONANCE IN THE tuz SYSTEM• 

Margaret Alston, Luis W. Alvarez, Phlllppe Eberhard,1' Myron L. Good,~ 
WUllam Graziano, Harold K. Tlcho, II and stanley G. Wojcicki 

Lawrence Rad.tation Laboratory a.nd Department of Physics, University of California. Berkeley, California 
(Received October 31, 1980) 

We report a study of the reaction 

K- +P-A0 +-••••- (1) 

. produced by 1.15-Bev/c K- mesons and observed 
1n the Lawrence Radiation Laboratory's 15-ln. 
hydrogen bubble chamber. A preliminary report 
of these results was presented at the 1980 Roch­
ester Conference.' 

i 
2 

J'IO. 1. EDeraY di.atribution of the C 
two piou from the reaction g· +,­
A+••••-. Each event 1a plotted only 
once on the Dalitz plot, which ahould 
be uniformly populated if pbue apace 
dominated the reaction. The two en-
•I'IY hiatocrama are merely ODe­

dimeutonal project1ou of the two­
dimenatonal plot, and each ev1111t 1a 
repreeented once on each hiato(ram. 
The 110l1d linea aupertmpoeed over 
the hiatograma are the pbue-apace 
curves. 

Figure 27 
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TABLE I 
The Square of the Matrix Elements for the Angular Momentum-Parity 

States/= O,J" = o-, 1-, 1•,2-,2• 

;\(O-) =· [(£:~ - £3)(£3 - £1)(£1 - £:~)]2 

;\(1-) = (P1 X p2 + p2 X p3 + p3 X P1)2 = q2 

,\(1 +) = [P1(£2 - £3) + P2(£3 - £1) + P3(£1 - £2)]2 

;\(2-) = L [%(£, - E~c)2Pc4 + 2(£, - E~c)(£" - £,)(P,·PJ)2 - %P,2Pl1 
(IJk) . 

,\(2•) = q2(£1P1 + £2P2 + £3P3)2 



688 S T E \'EX S 0 X, A LV:\ R E Z, MAG L I C, A:-\ D R 0 SEN FE L D 

t• MelOn 

(a) 

o- Meeon 

(b) 

(c) 

____ .L ____ _ 
~~~- ~,, 

/ ' el 'c 

/ 
Sector A 

.2 .I 
X 

Peak Recion 
. d 

/ 

I 
I 

I 

l 
I 
I 
I 
I 

I 
I 

I 
I 
b 

------------
. /""' e; 

........ 

I 
.( 
I 
I 
I 
\ 
\ 
\ 
\ 

\ 
\ 

f \ 

Figure 28 

\ 
\ 
\ 

' ' ' ', A2 

' ..... ~, 
P·O~·o~~~~----.~2 

Q. 

x­
<e> 

Sector 8 

A 

FIG. 1. (a), (b), and (c): Isometric drawings of the square of 
matrix elements for the I+, o-, and I- mesons expressed in terms 
of the normaliud Daliu variables """(L-T.)/V3Q, and 
y•Te/Q (Q•T.+L+To•Af,-3). (d) and (e): Dalitz plots. 
folded six times. (d) displays 24I triplets in the control regidD and 
(e) displays 270 triplets in the peak region. The contour:Jines 
represent the projection of the contours of (c) (I- meson). 
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Spin I=O I=l 1=2 I=l 

(except 3.,.0 ) .,. + .,. _ .,.0 other modes 
(3.,.o only) 

and I= 3 

o- * 0 CD 8 0 
1+ 8 0 0 0 8 
2- 8 0 0 0 0 
3+ 0 0 0 0 0 
1- 0 Q) 8 (J) G9 

2+ 0 0 0 0 0 
3- 0 0 0 0 Q 

Figure 29 
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Figure 30 

Location of the SO% ·contours in the Dalitz plot for the preceding 
matrill elements. For any given JP value 50'7. of the events for the corresponding 
resonance lie inside the contours indicated. 
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PHYSICAL REVIEW LETTERS • 

DECAYS OF THE w AND 1J MESONs• 

, C. Alff, D. Berley, D. Colley, N. Gelfand, U. Nauenberg, 
D. Miller, .J. Schultz, J. Steinberger, and T. H. Tan 

Columbia University, New York, New York 

and 

H. Brugger, P. Kramer, and R. Plano:· 
Rutgers University, New Brunswick, New Jersey 

. (Received September 7, 1962) 

OcToBER 1, l962 

The experiment described· in the previous Let­
ter1 also yields information on the decay products 

·of thew and 11 mesons. We present here studies 
on correlations among the decay products, and 
branching ratios of competing decay modes. 

the Dalitz plot of Fig. 1. They divide the plot 
into regions of equal area along lines of equal 
matrix elements under the assumption of spin 
one, parity minus following the model outlined 

(A) Energy correlations in the 1r+1r -1To decay 
.~·-The Dalitz plot. (kinetic 'energies of the 
three pions in the center of mass of the decay on 
a triangular plot) for the w is given in Fig. 1. 
This represents 1100 events, of which an esti­
mated 34% are nonresonant background (see 
Fig. 1 of reference 1.) As was shown already in 
the original contribution2 on the w, this distribu­
tion can determine the· spin and parity of thew. 
For this purpose the d~hed lines are drawn in 

. ' 

(0) 

in reference 1. The distribution in this "radius" 
(also Fig. 1) is in agreement with the 1- assign­
ment. This only confirms the now well-estab­
lished 1-- quantum numbers of the T=O w0 • Fig­
ure 1 also includes a plot of the distribution in 
the combined masses of all pairs of pions in the 
Dalitz plot (3 pairs per event). In this plot the 
background has been subtracted with the assump­
tion that it follows the phase-space distribution 
and the matrix element, IP; xpjl 2

, has been di­
vided out. The remaining distribution should 

a: 

"' ;• (b) :::> z 

~ 2.0 I 2 
0 
N 

400 ~00 600 

Tl' Tl' MASS IN MEV 
(C) 

FIG. 1. (a) The Dalitz plot for 1100 omegas (including a background. of 375 
nonresonant triplets). (b) The density of points on the Dalitz plot compared to 

Figure 32 

. the eXpected density for a 1- w plus a uniformly distributed background. (c) The 
dependence of the 1111 interac~on in the T., 1 J., 1 state as a function of energy. 

t This was obtained by summing the 11+11-, w+111, and 11-wo mass. spectra for pion 
pairs from thew decays, subtracting a background, and dividing by the distribu­
Uon expected for 1- decay into w+w-~. Since two of the three mass combinations 
are independent, an error corresponding to (jN) 112• where N is the number of 
pairs per interval before background subtracUon, was assigned to each piont. 
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e+e- Annihilation Cross Section in Vicinity of Mz 
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Data from the Mark II, ALEPH, DELPHI, L3, and OPAL Collaborations (Refs. 1-5) for the cross section in e+e- annihilation into hadronic 
final states as a function of c.m. energy near the Z. The curves show the predictions of the Standard Model with three species (solid curve) 
and four species (dashed curve) of light neutrinos. The mass of the Z was fixed by the data to be 91.157 GeV, and there were no other free 
parameters. The resulting widths are respectively 2.488 GeV and 2.653 GeV, which include QCD corrections for the hadronic channels and 
assume no t-quark contribution. The asymmetry of the curves is produced by initial-state radiation. 

1. Mark 11-G.S. Abrams d al., Phys. Rev. Lett. 63, 2173 (1989). 
2. ALEPH-D. Decamp et al., to be published in Phys. Lett. B (1990). 
3. DELPHI-P. Aarnio et al., Phys. Lett. B231, 539 (1989). 
4. L3-B. Adeva et al., submitted to Phys. Lett. B (1990). 
5. OPAL-M.Z. Akrawy et al., to be published in Phys. Lett. B (1990). 
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Energy Spectrometer 

Precise measurements are made of the energy of both 
e- and e+ bunches every crossing. The bend angle of 
the beam through a precision magnet is determined 
using synchrotron radiation. 

Spectrometer 
Magnet 
Vertical 

Figure 44 
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Measuring the Z Resonance 

For each scan point (SLC energy setting), measure: 

• SLC energy 

• Luminosity 

• Number of Z's produced 

Determine the Z cross section (az} using: 

Number of events = Luminosity x az 

Then derive resonaf1ce parameters by fitting 
expected shape to data . 

Figure 46 
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Luminosity Measurement 

Count Bhabha events (e+e-----.e+e-) in two different 
detector components. (Rate doesn't depend on 
creating a Z) . 

Number of events = Luminosity x cra 
t t 

count calculate for each energy 

Figure 47 



Selecting Events 

Z events are almost background-free. 

It is sufficient to require: 

• three charged tracks. from the interaction point 
(average is 20 per event). 

• 5°/o of the center-of-mass energy in both the forward 
and backward hemispheres. 

(Background events tend to give energy in only one 
hemisphere). 

Figure 48 



.. Z Resonance Shape 
Three· parameters of the resonance shape: 

Nl 
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Energy-

• Width increases with the number of different types of 
particles to which the Z decays. 

• Height is interpreted in terms of the number of species 
of neutrinos. 

Figure 49 
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We perform a maximun-likelihood fit using 
Poisson statistics to a rerativistic Breit­
Wigner line shape: 

a(E) = 127r sr ee(r- r mJ . [1 + b(E)] 
m2 (s -nf2)2 + s2f2/m2 

5 = E'l- r,Nv = w~ .eult~ 
+o"~"'c;;~'· ~s. 

Radiative effects, [1 + ~(tJJ., are calcu­
lated using an analytic form by Cahn. 

A Breit-Wigner shape has 3 parameters: 
position, width, and height. We fit for these 
as m, r, and r 1nv or N v· 

f&AK ~) AJ'~:; n~ (r- r,,.,V) • (r+d~c~ 
0 (l\\1e : -f r' ~ 

-~ ~ ~~·~~ -k Jl/-v' 

Figure 50 
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Results SLC 

mass= 91.14 +1- 0.12 GeV 

width = 2.4 +1- 0.4 GeV (Expect 2.45 GeV if no new particles) 

N = 2.8 +1- 0.6 ==== N < 3.9, 95°/o CL 
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EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH 

CERN-EP/89-169 
December 19th, 1989 

A Precise Determination 
of the Number of Families with Light Neutrinos 

and of the Z Boson Partial Widths. 

19 December 1989 

The ALEPH Collaboration 
Abstract 

More extensive and precise results are reported on the parameters of Z decay. On the basis 

of 20 000 Z decays collected with the ALEPH detector at LEP we find: 

Mz = 91.182 ± 0.026 (exp) ± 0.030 (beam) GeV 

fz = 2.541 ± 0.056 GeV 

and · OO)w = 41.4 ± 0.8 nb. 

The partial widths for the hadronic and leptonic channels are: 

rhad = 1804 ± 44 MeV 

fe+e- = 82.1 ± 3.4 MeV 

r JJ.+JJ.- = 87.9 ± 6.0 MeV 

and ft+t- = 86.1 ± 5.6 MeV, 

in good agreement with the standard model. On the basis of the average leptonic 

width fJ+r = 83.9 ± 2.2 MeV, the effective weak mixing angle is found to be 

sin29w(Mz) = 0.231 ± 0.008. 

Using the partial widths calculated in the standard model, the number of light neutrino 

families is Nv = 3.01 ± 0.15(exp) ± 0.05 (theo). 
Figure 53 
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Contours of constant x2 in the a<>had- rz plane, and the Standard Model predictions for 
Nv = 2, 3 and 4. 
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Measurement of Z 0 Decays to Hadrons, and a Precise Determination 

of the Number of Neutrino Species 

The L3 Collaboration · 

ABSTRACT 

We have made a precise measurement of the cross section for 

e+ e- --+ Z 0 --+ hadrons with the 13 detector at LEP, covering the 

.JS range from 88.28 to 95.04 GeV. From a fit to the Z 0 peak, we 

determined the Z 0 mass, total width, and the hadronic cross sec­

tion to be Mzo = 91.160 ± 0.024( experiment) ± 0.030(LEP) Ge V, 

fzo = 2.539 ± 0.054 GeV, and uh(Mzo) = 29.5 ± 0.7 nb. We also 

used the fit to the Z 0 peak cross section and the width to determine 

finvisibte = 0.548±0.029 GeV, which corresponds to 3.29±0.17 species 

of light neutrinos. The possibility of four or more neutrino flavors js 

thus ruled out at the 4u confidence level. 

L3 Preprint #004 

December 24, 1989 Figure 56· 
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Ecm (GeV) 
The measured cross section for e+ e- -+ hadrons as a function of Js, for the 
Run 2 data as described in the text. Data are shown with statistical errors 
only. The solid .curve is a fit to the formula of Borelli et al. [17] in which Afzo 
and rinviaible were left free. The partial widths fee, r"'"'' rTT, and rhadrons 

were taken from the standard model. The dotted and dashed curves are the 
standard model curves corresponding to N11 = 2 and 4 respectively. The curve 
for N11 = 3 is nearly indistinguishable from the fitted curve in the figure. 



LA TEST MEASUREMENTS OF 
NUMBER OF LIGHT 1> SPECIES 

N = 2.8 ± 0.6 (MARK II) 

N = 3.01 ± 0.16 (ALEPH) 

N = 2.97 + 0.26 (DELPHI) 

N = 3.32 ± 0.17 (L3) 

N = 3.09 ± 0.19 (OPAL) 

Figure 58 
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