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- EXPERIMENTAL DATA ON NEW RESONANCES
| By G. R. LYNCH
Lawrence Radiation Laboratory
University of California
Berkeley, California

April 18, 1962

Abstré.ct. Thé present state 'of the experimental evidence for elementary
’ particle resonances, other than the pion-nucleon resonances, is presented.
The properties of the four pion~hyperon resonances, . as well as those of
the ls*. -pj. w, and 7 mesons, are discussed. Empﬁasié is placed on the

;ggyicpé‘é{imental determination _of the spin, parity and G parity of the w and ~

-n particles.
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- EXPERIMENTAL DATA ON NEW RESONANCES!
By G. R. LYNCH ~

Lawrence Radiation Laboratory
University of California
Berkeley, California

April 18, 1962

1. Introduction

If 1 had been asked a year and a half ago to name the élerhentary particles
known at that time, I would have presented a list that had not changed for many

yéars. In addition to the photon, there were three leptons, the electron, the

" muon and neutrino; two mesons, the pion and kaon; and four baryons, the |

nucleon, the lambda. the sigma, and the xi. Since that time the number of

"‘leptons has not changed. However, the number of objects listed with the

strohgly inferacting' particles has increased greatly, as can be seen in figure 1,
and it w@il. undoubtedly continue to grow.

\..'I
..~‘Q«=, ey

' T iy . . # :
Actually, most of the objecta labeled N , the pion-nucleon resonances,

Y

and es_pe_ciaily the J = 3/2, 1 = 3/2 resonance, were well known eighteen months '
ago. The fact that they appear here along with the longer-lived particles reflects
more.: : a' changg in outlook by high-energy physicists than an increase in ex~
perimental knowledge. I remember ihat many years ago R. R. Wilson referred
to the 3/2-3/2 resonance as a particle, but for a number of reasons this was

not fashionalble at the time. . In the first place, theorists didn't want to consider

‘a particle that has a spin of 3/2 because a field theory of a spin 3/2 particle is not

re~-normalizable. Second, to admit that the 3/Z~3/2 regsonance is a particle
would allow the exiastence of doubly charged el'emefxtary particles, a devel-
opment strongly resisted Ly physicists, who always hope for simplicity in

nature. Finally, the 3/2-3/2 resonance was not thought of as a particle because -

5
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of its very short lifetime, which is evidenced by its broad width of about 90

Mev. Lifetime alone cannot be the criterion upon which'we deéide whether

Vi

or not a particle is elementary. for we certainly cannot say that because the
7t lives 10 times as long-as the 2% it 1s more elementa.x_'y. Nevertheless,
one wquld hesiﬁte to call one of théﬁe objects an elehxentary partiéle ey wo
the distance that it travels before it breaks up is small compared with the

rangeri nuclear forces. In this reépect it is useful to express *c asg 197

MeV fermi, which implies, by the uncertainty principle, that if there is a

"particle' having a width of 200 MeV, and traveling with a momentum equal

to its mass (i.e., pc = m), it decays in a distance of about one fermi. Thus a

resonance that has a width of much legs than 200 MeV can be thozught of as a

free particle, in the gense that its breakup (or decay) is indépendént of its

pr’oduction proceas. For a x"esovna.nce with a width of the order of 200 MeV
one can expect interference effects between the decay particles and other

particles involved in the production process. Fartly because field theory has

~ failed to describe strong interaction phyaicé. and partly because of the dis-

covery of many new resonances with lifetimes spanning the gap between the

" broad resonances and the previously known particles,; the prejuchce against

'S

grouping all of theee objeets together has Largely disappeared. 1 therefore use i

the words resonance and particle interchangeably to suit my fancy, taking the

- position that without a.: gsuccessful theory of strong interactions, we cannot

distmguieh one from the other.

Reaonances have been discovered in two distinct experimental situations.
In the first case, thé two particles in the initial state of a reaction are at the
resonant energy. With one notable exception the resonances of this type,
which includes all the pion-nucleon resonances, were found by using counter

techniques. The pion-nucleon 'resona.ncea~S(étrangeness)= 0, B(baryon
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number) = l=-form a topic unto themselves and I shall not discuss them here.

In the second case, two or more of the particles in a many-~-body final state are

at the resonant energy These resonances were found prima.nly in experiments

using bubble cha.mbera. and it is upon these that this discussion is concentrated.
In the bubble chamber experiments the procedure in looking for resonances

is generally as follows. From' measurements made on stereoscopic pairs of

bub&)ie chamber phbto'gx;a.phs a cgmpufer calculates the momentum, azimuth,

and dip for each track associated with an interaction. A subsequeht kinematic

~analysis identifies the interaction and finally, a phenomenologi;a.l analysis is

‘made of all the events that have been identified as being a particular interaction.

In looking for resonances between N particles, one calculates the invariant

mass
N\ /N 22
My=({Z E | -lZ B | :
=1 7/ Y=l / i
/ 4
and investigates the frequency of occurrence of these mass values.

Let us consider the evidence for these resonances. An excellent dis-
cussion of this topic was presented in a lecture serie-s by Dalitz (1961).
First I shall digscuss the only %fx@ eing S=1and B =0 némeiy. the
K*. Thia wag found by Alston et al. (196 la) in an experi.ment usihg a K~ beam
of 1.15 BeN/c_in the Berkeley 15«inch hydrogen bu‘b}-sle chamber. T.he reactions
K +p—=p+ ° + K™
-~ p+u 4+ Ko

were found to be frequently .

- L
K +p*p+K- ,

with the K decaying ipto KO +7, or K + ﬂ‘o. in the ratio

*-
K ""Ko—i—n

[
K~--K" +1T'0

= 1.4%20.4
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e ' .
The K has a mags of 885 MeV. This and other values that are quoted here
are not reliable to an accuracy of gfeater than #5 MeV. Experimental re-
prcduci_bility ig often better tha.n this. Hovfrever. unknown systematic erross

can very well exigt, producing errora of 5 MeV or more in some bubble

[y ) ° - *
. chamebter determinations of resonance masses. The K has been obgerved

“and reéorted (Walker, Rogozinski 1961) in the reaction

0+
T +p=Z + K + a0,

and in aﬁtip:oton annihilations (Morrison, Kalbfleisch 1962). The branching
.xﬁtio of 1.420.4 for the K*' is more consistent with the valu_e of 2 predicted

forl= 1/ than it is with the I = 3/2 prediction of 0.5. Beévause of this, and

also because no K‘el with charge 2 has been observed, the K* quite probably
has an isot'opic sipin of 12. The most impressive evidence so far for the K’el
is to be seen in data from the recent 1.22-BeV/c K~ run in the 72 inch hydrogen
chamber (Alston et al. 1962, private communication) as shown in figure Z -
These data infiié,ate that the width of the K" is about 45 MeV, a value consid-
erably larger tl_;an the 16 MeV @epﬁuéﬁﬁml&br oﬁ the basis of limited statistics

by Alston et al. (1961a). When I speak of a width of a resox’mﬁce I always méa‘n

its full width at half-raximum. The angular distribution of the decay of the

K in this experiment is nearly isotropic, but it has a small amount of a

coazﬂ term in it, such as one would expect from a epin 1 particle. However,

the evidence for spin 'l is not strong, the probability being about 0.1 that the

‘data would look this much like spin 1, even if the spin were in fact zero. -
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*
2. The Y 's
: ' #
The pion-hyperon resonances (B = 1, S = -1) have all been labelled Y
with a subscript indicating their isotopic spin. The first of these to be dis-

. & .
covered was the Yl , mass 1385 MeV. It too was found in the 1.15-BeV/c
+

K data reported by Alston et al. (1960) in the reaction K" +p—= A+ w + 7 .

at

e

These events were found to be almost entirely either K +p— Y*“' +7 or
- Y_a:"' +v, with Y,M: - A+ ut.'." The Y- has since been o‘.o.served' in other
expe_rinﬁents (Berge ot al., Block et al. 1961).

A large number of Yx* have baen observed in an experiment with
1.11-BeV/e K~ in the Berkeley 30-inch propane chamber. Figure 3 shows the

effective mass distribution fox; these events reported by Ely et al. (i961).

Their analysis of the up-down distribution of the A from the decay of the -

# - “ %
Y, relative to the plane of production of the Y, indicates strongly that the

1 1
] : . ) p
Yl has a spin of 3/2., In the data from the newer 1.22-BeV/c K~ run therg’ﬂ
) . {
%
are more tha.n 1000 Y ‘(Berge et al 19§Za). The Y1 width determined from -

these data is 55 MeV. Whereas the data from the propane chamber experiment

. : . P . .
suggested that the widths of the Y * and the Y may bLe different, no such effect iz

- _ .
is observed in the 1.22-BeV/c data. The Y1 decays rarely, if at all,
& 4% ef the time) into Zttr {Bastien, Ferro-lLuzzi, and Rosenfeld 1962)

Evidence for a Y “at 140‘ MeV has aleo been reported by Alston et al

0

(l%lb) It decays into st a.nd poaszbly mto Antn” &né%ateﬁ Until -

very recently the evidence for this has been rather weak. However, it has

shown up in the 1.22-BeV/c K~ interactions in the £%# * decay modea

(Berge et al. 1962, private communication). It has a width of about 50 MeV.
Anofher YO* with a masgs of 1520 MeV has been reported by Ferro-Luzzai,

Tripp, and Watson (1962}, who have investigated K p cross sections for K~

with momenta around 400 MeV/c. This is the only resonance between particles
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in the initial state of a reaction which has heen discovered in a Bubble chamber

experiment. The data are from the 15-inch hydrogen chamber. Figure 4

shows the behavior of ‘t}_xe charge-exchange and Aﬂ+1r' cross sections in this
i energy range. The resonance shows up also in all three of the Zw channels,

including the 230 0 aiate. a configuration that must have zero isotopic spin. It
& ‘ is not seen in the AO“O state, which has unit isotopic spin. Therefore this
N resonance is assigned a zero isotopic spin.

The low-energy K p scaftering has been studied and shown to be dominated

by 8 wave up to the region of this resonance (Humphrey, Ross 1961).  Figure 5
shows that in the energy region just below the reéonance the elastic scattering
is very nearly isotropic, in agreement with s-wave scattering. In the resonance
region it has a strong coSZG term that largely goes away at higher energies. The
only angular-momentum staté that can be added toithe s-wave scattering to prod\;f:e
a strong cosZGAterr.n. and not producing large contributions from other powers
of cos 0, is the D 3/2 state. By adding the s-wave scattering amplitude extraé- '
olation from the lower~energy data to a d-wave amplitude of the Breit-Wigner
form with a central value (395 MeV/c) and a width (8 MeV) determined by the
total cross section data, Ferro-Luzzi, Tripp, and Watson (1962) predict the
angular distribution of the elastic and charge-exchange interactions. Figure 6

shows that ihis prediction is in godd agreement with the data. The agreement

o

is poorest at the high energies, presumably because one cannot neglect the

, ' p-wave amplitude at these .energies- Thué at 1520 MeV there is a resonance
with a spin of 3/2 and an even parity with respect tothe KN system. By ana-

;g; vlyzing the Zm states in these data, Tripp, Watson, and Ferro-Luzzi (1962)

demonstrate that the Kp Z relative parity is odd, indicating that the ZA relative

parity is even.

3a
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Finally, there is a bump with a width of about 120 MeV/c in the total -
K p cross section at a K~ rnomentum?¢f 1050 MeV/c reported by Chamberlain

et al. (1962). The properties of this region are being investigated.

3. Nonstrange Mesons

The last system to be discussed here is that having S = 0, B = 0. The
ﬁrg{ of these resonances to be observed was the p meson, which had been
sought for some time in order to explain the observed charge distribution of -

the nucleon. ! The first convincing evidence for the p was reported by

}Erwin et al. (1961), who analyzed 1.9-BeV/c n~ interaction in the Adair l4-inch

hydrégen bubble chamber, and also by Stonehill et al. (1961), who analyzed -
1090-MeV and 1260~MeV 7' interactions in the 20-inch Shutt hydrogen bubble

chamber. Strong evidence that a pion-pion resonance exists had been presented

| earlier by Anderson et al. (1961) who analyzed 1.05-BeV/ n” intexjaciions in

+

the 72-inch chamber. The p has been observed to decay into 7 0 and 7 W

but not n*nt. and therefore h;s 1=1.

The p has since been observed in other experiments, as by Pickup,
Robertson, and Salant (1961), Alliti et al., Button et al., Carmony and B
Van de Walle, and M. Derrick (1962). The central value of the resonance, as
well as its .width. seems to vary from one experiment tc another, the central
value ranging from 7‘20 tfxrough 770 MeV. A-ce‘ntra.l value of 750 MeV and a
width of 110 MeV seem to descr'ib_e the data best.

"If one looksl at the reactions
_w# +p-°n* +p+1r°
in which the proton has a very small mome;atum'in the laboratory system, one

obtainse a'sa.mple enriched in p mesons. One can visualize this process as

cne in which the incident pion interacts with a 11‘0 in the pion cloud of the proton
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and the proton is essentially a spectator particle. Figure 7 shows the data of
Alliti et al. {1961), who looked at events of Qery low momentum transfer from
1.6-BeV/c m interactions in the Saclay 50-cm Hydrogen bﬁbble chamber. It

can be seen that these data are dominated by the p mesgon. From them one
can calculate by means of the Chew and Low (1959) method a lpion-pion cross
section. Figure 8 shows data represented in thié way. The resonance is nearly
as high as 12 ukz. which is the -value expected for a J = 1 resonance. Stronger
evidence for the J == 1 assignment of the p comes from the distributibn of the

breakup angle of the products of the p. Figure 9 shows these angular distri-

butions from the data of Carmony and Van de Walle (1962), demonstrating how

the c0329 term predicted by the J =1 assignment dominates the reéonance region. |

In the data of Button et al (1962), in which the p was observed among |
4-prong annihilations of 1.61-BeV/c antiprotons, there was a suggestion that the
p resonance does have structure and is double peaked. 'Thi.s effect has not
been reported in othexr experiments. In particular, the groups at Oxford and
Padua (Derrick 1962) who are analyzing annihilations of stopping antiprotons in
the Saclay 80-¢m hydrogen bubble chamber, find fhat ail three charge states of
the p show up very prominently in the three-body annihilations,

- + 4

ptpe W TR

and that no evidence for any double peak is obgerved. It therefore seems likely
that this apparent structure was a statistical fluctuation.

The next meson to be discovered was the w meson having a mass of about
780 MeV. It was first seen and reported by Maglic¢ et al. (1961), inthe 1.61-BeV/c
antiproton annihilation in the Berkeley 'éz-inch hydrogen chanﬁber. in the reaction

§+p-w++w'+n++n'+n°,

as a particle that decays into 1:+1r"n0.4 Tese:data are shown in Figure 10. It was
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'.a.lsb seen in the 6-prong annihilations, by Xuong and Lynch (1961). Probably |

the purest sample of mesons yet found is the sample of Pevener et al. (1961),
who looked at the reaction nt + 4 = ptip# i+ n‘o for incident pions of 1.23 BeV/c.
These data are shown in figure 11. The w has Leen seen only in the neutral

charge state and therefore is assigned an I = 0. Masses of the w r‘anging

from 765 .thr'c‘mgh 787 MeV have been reported (Maglic et al., Xuong and Lynch, .

Pevsner et al.. 1961, and Hart et al. 1962). In these experiments the width of
the w resonance was about equal to the experimental resolution of the exﬁeriment. |
Thus all we can say about the width of the w i that it is less than 25 MeV.
lnformg.tion about the spin and pafity of the w is obtained by making a
Dalitz plot for the three pions from the w decay. Such a ﬁalitz plot for the
data of Pevsner et al. (1961) is shown in figure 12. A particle which has I=0

“and decays into 1r'+w'_'1r0 by strong interactions can have three spin parity assign-

ments 17, 0%, or 17, As was pointed out by Stevenson et al. (1962), the distri-
bution of events in the Dalitz plot predicted by the of and thé 1t assignments is
very different from thé observed distributibn. Both agsignments predict a de-
population at the center of the Dalitz plot @d also predict that the most densely
populated regions are néar the edges. The sinriplest matrix element, corre-~
sponding to 17, predicts a maximum density at the center of the plof and a
vanishing density all around the edges, in agreement with the data. Thus if the
w decays by strong interactions, it is a 1~ particle.

The data of Pevsner et al. (1961) shown on figure 12 is now also the first
evidence for the 1 meson. The first detailed study of this 1r+1r'170 resonance
at 550 MeV came from the data of Bastien et al. (l%Z).l who analyzed the re-

actions

+ 0

K+p=A+w +a 4+

for 750-MeV K~ in the Berkeley 15-inch chamber. They also looked at the
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events K~ + p = A + (other neutrals), and observed that in the effective-mass

spectrum of the neutrals there was also a peak, and that the n decays more

+

copiously into some all-neutral decay mode than into the = 'n-fro mode.

Figure 13 shows these data. Figure 14 shows the evidence for the n in the
1.22-BeV/c K~ run (Berge et al. 1962). The n has also been seen at Brookhaven

by Pickup, Robinson. and Salant (1962), in the reaction p+p-p+p+ @ 4+ + 10,

and at Berkeley by Carmony et al. (1962) in the reaction ™ +p 7% +p+ AP
Searches have been made in vain to find a charged n. Carmony,,Rosenfeld and

Van de Walle (1962) locked for, and did not detect, the reaction at +p=*p+ 'q+.

- for n"+ of the same momentum as had been used in the experiment of Pevsner

et al. (196 1). These authors used triangular inequalities to prove that the
isotopic svpin of the n i_s zero. Just as in the case with the w, the w haga. ¢
narrow width and. experimentally only. an upper limit of 10 MeV for the width
i.s known. | |

Figure 15 shows the Dalitz plot for the ﬂ+1r'1r0 decays of .the n. Itis a
compilation of the data from five eicpefiments- 2 In none of these experimenté
is the background negligile. However, there doesn't séem to be any evide-nce
that the background shows the effect observed in the resénanée iegion; namely,
that the Dalitz plot is more densely poﬁula.ted at the bottom (i.e., for uo'a with.

low énergy) than at the top. It seems very unlikely, though not out of the question,

‘that this effect is due to systematic errors. Any wave function for an I =0,

- 3-pion system has the property that the Dalitz plot associated with it must

have what A. H. Rosenfeld calls "sextant symmetry," that is, ‘all six sectors

should be populated identically. Thus the indication is that the décay of the n

violates isotopic spin conservation, and the decay is presumably electromagnetic.
Before I discuss these electromagnetic decays some other possible meson

resconancesg should be mentioned.
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A peak was observed by Abashian, Booth, and Crowe (19'60) in the mo-
mentum spectrun of tﬁe H33 in the reactionp + 4 =~ He3 + other particles pre~
sumably pions. The peak could be due to a particle with a mass of about 300
MeV. This so-called ABC particle occurs in the"l = 0 gtate and seeins to have
zero spin. It has not been observed to be produced in otl-aer experiments. There-
fore it is yet to be determined whether or not this phenomenon represents a
resonance.

Recently evidence waa found for an I = ] dipion resonance at about 575

MeV by Barloutaud et al. (1962), who called it a §{ mason. Other experimentors

{(Peck, Jones, and Perl 1962) have reported supporting evidence for this particle.

This evidence is as yet unconvincing, particﬁlatly since the Yale group {(Stonehill
and Kraybin 1962) does not seé this resonance in an experiment almoet identical
to the one in which Barloutaud et al. (1962) see their largest effect.

Shortly after discovery of the w, rneson and the assignment of 17 to it,
Duerr and Heiseﬁ‘berg (1962} pointed out that since the width of the w is snﬁan.
and éoulc_i be very small, possibly the w may decay electromagnetically, in.
which case other gpin parity assignments must be considered. If we confine
ourselves to spins less than 2, there are eight possible states to consider.
These states, as well as the selection rules for the modes of decay of an iso-
scalar particle with these assignments are shown in table I. The second
superscript on the spin ‘stgnds for the G parity. The Ge-parity operator is
defined in termse of the chafge-conjugation operator C and the isotopic spinl
by .

G =Ceiﬂy.

It has the convenient property that pion systeins are eigenfunctions of G parity,

an odd number of pions having G = -1, and an even numier of pions having

G = +1. In this notation the pionis 0", the p is 1™ andthe w is 17".
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G parity is consgrvedi‘in strong interactions but not in electromagnetic inter-
actions. For neutral particles, G =C (.1)1. Cne of the positive G-parity states
(,OH‘) is strictly forbidden to decay into three pions. A second one (l'+).' can
pe ruled out because for fhis agsignment the density of events at the center of

the Dalitz plot should go to zero. The other two asgsignments (0'+ and 1++§

predict Dalitz plot distribution which could be uniform and cannot be ruled out

by the data (Stevenson et al. 1962).

'An w with these ct assignments would decay strongly into four pions and
would also have all-neutral decay medes. It is therefore important to look for
all possible decay modés of the w as Qell as for the n and the p mesons.
I‘ablés II and I shows some experimental values and upper limits for various
decay modes of these mesons. This type of information is difficult to accumulate
because much of it has not yet been publi‘efxed. and for this reasonlam sure that
in gome casges better valués already exist in.preliminary form. The table shows
that the w. does not decay very often into four pions. fois eliminates the 177
assignment and argues strongly against the 1+ assignment for the w. Alsgo
the w decays infrequently to an all-neutral decay mode, which argues strongly
against the 0" assignment. Therefore the original assignment of 17~ for the
w is very proSably the correct one.

The arguments of Duerr and Heisenberg (1962) are even more applicable
to the n meson, for w¢ have evidence from the Dalitz bl‘ot that the 1 decays
electromagnetically, and also there is a frequently occurring all-neutral decay
mode. Furthermore if the 1 has negative G parity one would expect the decay
p = M+ ¥ to occur frequently, which it does not. Therefore it seems most
likely that the 1 has positive G parity. However, the 1 assignment cannot
be ruled out completelir by this argument, Awhich is merely a phase-space

argument. The n has a mass of just four pion masses and is therefore nearly,
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if not exactly, forbidden to decay into four piona.z. Theréfore. if the n has
.0°+-. 1** or 177 ¢t 15 effectively forbidden to decay at all by strong interactions
and raust decay elnectmmgneticauy- The fact that the n <decays frequently into
an all-neutral decay mode ia'a.etrong argument againat 1** and1”t. Ani1=o0
particle with these st'a.tas_%: is forbidden to decay into yy or (u no) Y leaving

%% as the only reascnable decay mode. From isotopic spin considerations

we can say that the ratie
600

neuwww
' n- ate"w

muset be less than 3/2, whereas'experimentauy it ie more than 2. ¢ 'Ifhis leaves

the 0°F assignment ag the one most consigtent with the experimental data. The

difficulty one qmountérs in trying to assign 0”7, ox #ny positive G-pé,rity assign-

ment, to the n is the difficulty in explaining why the q+tr'n° decay mode is s0

*rr'tro rate to be on

" much latgér than the w+n"y mode. One would expect the w
the order of a smaller than the w+w'y _réte because one needs to emit and re-
absorb a virtual y ray to get \Té'ﬂ’-ﬂ'o. whereae only a single y~-ray emisgsion
is involved in the w*ﬂ'y decay. One possible explanation for this is éhat there
is a OH. 1=0 dipion final-state interaction or resonance with an energy of at

0 and nowowo

least 400 MeV. This would enhance the decay rate of the wtaw
modes aé well as enhance the population of the lower part of the Dalitz plot.
8o far very little evidence is available a.béut what neutral decay modes

are pregent. This information is important becau‘sé if the 2y decay mode of
the 1 were found, it would prove that it is 0°%, and if the uoy decay mode
were found, it would disprove 0”' and indicate 1”7

 Itis interesting to note thaf all three of the mesons for which spin and
parity aséigmnants have béen made are those having odd parity and also ones

which can dissociate into the nucleon-antinuclecn system. 1If the n is either

1”7 or 077, it too falls into this category.
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The question arises, why had thesé» resonances not been discovered earliér?
Though part of the anewer is that up until recently most of the interest in high-
energy physics was with the weak interactions, the answer is moatly a tech-
nological one. Of course high-energy accelerators are needed for these ex-
periments. But such accelerators have been available for five yieats. More

importantly.’ the discovery of resonances had to await the development 65 -

_bubble chambers, partiéularly hydrogen bubble chambers. However, the tech-

nological development that precipitated this breakthrough wag the development

of data-analysis :.ssyétems with high-speed computer programs with which to do

" the stereoscopic reconstruction and kinematic analysis of bubble chamber events.

Without thése programs it is virtually impossible to do an adequate anaiyeis of
the large nu'mbe'rsl‘of. mgltiperticle bubble chamber events which had to be ana-
lyz.ed. in order to discover most of these resonances. .With the now available

data--axialysis systerﬁs these discoveries are relatively easy, and I expect that

before this paper has been published, the list of new regonances will have

grown.
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FOCTNOTES

t A lecture delivered at a Symposium on Highc-Energy Nuclear Physics,

at Imperial College of Science and Technology. March 26, 1562, London.

For a comprehensive bibhography of both the theoretical and experi-
mental papers on this subject, see Stevenson, M. L., 1961, Bibhography
on Pion-Pibn Intera.c'tior-x. Lawrence R-adiation Laboratory Report
UCRL.-9999, 'i\lov. 1961 (unpublished).

The sources of these data are:

Authors ' Reaction ‘ Momentum Number of Estimated No.
: ' {BeV/c) events  of background
‘ events
Pevsner etal. (1961) w++d"' ptptn 1.23 18 | 4
Bastienetal. (1962) K +p~A+nq = 0.76 19 . 3
Pickupetal. (1962) ptp=piptn  2.81 42 8
Bergeetal. (1962) K +p=A+n 1.22 47 13

Carmonyetal. (1962) # -p=u"4+ptn  2.04 13 3



Table 1

Selection Rules for the Decay of I = 0 Particles

PP ate” .' 30“0 stau® 'nonotro ata a0 uowowouo k" a‘+u'y nauouoy YY aoy
ate ats" : RO%° : 'ﬂouoy

o*t A S c 3.C
ot” cip B B,C IP JP.C G S c | ¢ 3
o™t JP,B JP,B G G P c - 1.cC
0" CJP JP IP,C c G c JP c 3
1+t JP Ip G G . IP c I c
1t JP, B IP.B.C c G c L JP c
1"t cip B B G G c J ¢
17" G c c G c | c

B = Bose statistics. C = charge conjugation. G = G parity. J = anéular momentum. P = parity.
Cl, for instance, means that the decay in question is forbidden by charge-conjugation invariance.
Multiplé symbols such as CJP indicate that the simultaneous invocation of these three conservation
rules forbids the deéay in question. More than one criterion for ruling out a decay mode may be givgn.
. although no systemétic attempt has been made to do thie. The redundant ones are separated by commas.
It should be remembered that whereas B.C.JI, and P .give as far as we know, aﬁéolute selection rules,
G conservation is only as good as isotopic spin conservation, and ia not conserved for electrohxagnetic

decays.

-»LI -
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Table 2

Measured Branching Fractions and Upper Liinits for Several Possible

Decay Modes of Neutral Megon Resonances

Decay o w ' P 0

modes Yo B %

All-neutral 68E . <10P <20 P
ate” | <1008 <10 BU - 100
ama® ' 27E " 100 .-
wtay 5 <3M -
1;*17‘1#11' ' " ee < 5% <2X

+ 0.0

woww Caw ‘ <12X .-

For the p 0 and , the only known decay modes are lieted as 100%;

all upper limits are listed relative to this. To differentiate, we have assumed.

‘a 100-MeV width for.the p. whereas the w width §s much narrower. An

éntry of 100% means that that decay mode is less frequent than the sum of the
known decay modeﬁ. |

For the 1r+ﬁ'y decay of n, Bastieﬁ et al. (1962) quote an upper limit
of 5%, and Berge et alt (1§62) ‘a. tentative lower limit of approx 5%. |

B = Berge et al. (1962, private communication). BU = Button et al.
(1362). E = nurr-xbez.'e obtained from the list of authors {(Pevsner, etc., in the
footnoted table. M = Magiié. Rosenfeld, and Stevenson (‘1962.' private communica-

tion). P = Pevsner (1962, private communication). X = Xuong and Lynch (1962).



-19- UCRL-10167 -

Upper Limite of the Branching Fraction for the Charged p Decay

Decay modes o
7Ea? 100 .
wtﬁ <0.6 R
arate” e
“:kﬂO“O ' . ' <4 A
Cy | _
w Y . - -
a*ulste” ' <5 X
#.000

T TN <4 A

R = Rosenfeld, Carmony, and Van de Walle (1962). A = Alliti et ali (1962).

X = Xuong and Lynch (1962).
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FIGURE CAPTIONS

Fig. 1. A list of the known particles and possible resonances. Broad
resonances have been given flags to denote their width. Antiparticles of
vosons are shown, but antifei'miqns are not, They would be plotted on

‘the left side of the figure and be mirror images of the fermions.

Fig. 2. Mass spectrum of the Rov* system from the reactions
: K'+p~*Ro+w‘ +pfor K™ of 1.22 BeV/c (Berge et al. 1962). The
solid curve is a phase-space curve normaliged to the events 'having

mass <850 MeV.

Fig. 3. Weighted histograms of the distribution in the invariant mass for
(a) M(A,77) and (b) M(A, '), from interactions of 1.11-BeV/c K~
(Ely et al. 1961). The solid lines are fits to & curve of the form
LM - Mg)? + (/2)%) 71

dashed curves represent the expected distribution of M(A , 7) when the - 7. -

of the data near the resonance energy. The

kY

other pion resonates with the A.

; Fig. 4. Momentum dependence of the cross section for the reactions
(a) K" +p~A+ u++w"». and (b) K~ +.p‘° KO + n (Ferro~Luzzi, Tripp, and
Watson 1962). The lower curves in (a) and (b} represent the presumed
nonregonant background; the upper curves conta.in in addition the super-~

posed resonance.

Fig. 5. Angular distributions for the reaction K~ +p = K +p for three
momentum inter_vals. one below the 1520<MeV resonance, one in the
resonance region, and one above the resonance. The points at zero-
deg scattering angle represeat the optical-theorem lower limit obtained
from the total cross section. The dashed curves are leaét—bquarés fits

to the data.
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Fig. 6. Experimental points and calculated curves showing the momentum
dependence of the coefficients of the angular distributions for the reactions
(@) K +p=XK +p, and (D) K +p K% n (Ferro-Luzzi, Tripp, and
Watson 1962). The coefficients are dimensionless constants defined by

do/dR = (A + B cos 6 +C cos>8) (r A/a7) mb/sr.

Fig. 7. Histogram of the distribution in the équare of the effective mass of
the 1 w0 pair from the reaction 7 +p =% + p+tr0 for 1.6 BeV/c (Alliti et al.
1962) incident pions. The effective vmasa ié measured in units of u, the
charged pion mass. The solid curve is the phase-space distribution

normalized to the total number of events. _

Fig. 8. The w710 elastic scattering cross section, calculated by using the
Chew-Low method with the data from the reaction & +p = ¥ +p+ wo for

1.6 BeV/c (Alliti et al. 1962) incident pions.

Fig. 9. Histogramé showing the differential w*n’o cross sections (a) below
the resonance, (b) in the resonance region, and (c) above the resonance,
taken from interactiona of 1.23-BeV/c at (Carmony and Van de Walle

1962). The smooth curves are least-squares fits to the data.

Fig. 10. Hiétograms of the numter of pion triplets vs the effective mass
of the triplets for the reaction p+ p = 2nt 420" 4 1:0 with 1.61-BeV/c
antiprotons (Magli€ et al. 1961). (A) is the distribution for the
QI = 1 combinations, (B) is for the | Q| = 2 combinations, and (C)
for the C = 0 combination. Full width of one inte?val is 20 MeV. In
(D), the combined distribution (A) and (B) (shaded area) are contrasted
with distribution (C) (heavy line).

Fig. 11. Histogram of the effective mass of the three-pion system for

+

233 events of the reaction at+d - ptp+m 4w + uo for incident

piong of 1.23 BeV/c (Pevsner et al. 1961) .
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Fig. 12. Dalitz plot of the (n+n°wo) triplets with effective masses

+ 0

between 740 and 800 MeV in the reaction w'+d= ptpt T +m 4w,

for the data shown on figure 11.
Fig. 13. 'Histograrhs at (top) the invariant mass distribution of the
w10 from the reaction K™ + pA aT a7 for K~ for incident
K~ of 760 MeV/c, and (bottom) the upper part of the distribution
of thg invariant»mass of the unseen neutrals in the .reaction
K™ +p= A + neutrals at the same energy. The solid curve on
top is Lorentz~invariant phase-space calculations normalizea

to the 27 A rr*'n'rro events. The dashed curve is phase spacé normal-

iZzed to the 4 events to the left of 530 MeV..

Fig. 14. A histogram of the distribution of the effective mass of the

0 with 1.22-BeV/c

(w+n'wo) from the reaction K +tp=A+ et in 4w
incident K~ (Berge et al. 1962). The solid curve represents the

phase gpace normalized to the total number of events.

fig. 15. A composite Dalitz plot of 139 s triplets from five
experiments. The histograme at top left sh§w the reflections
of their distribution onto the y and x axes. The solid curves '
associated with these histograms represent the phase space

normalized to the data.
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