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As a contribution to the study of high-multiplicity phenomena, we have analyzed 3502 six-charged-
prong =¥ interactions observed in a hydrogen bubble chamber; the incident 7+ momentum was 5 GeV/c.
The total cross section for this multiplicity is ¢ = 1.3320.05 mb, mostly contributed by the following reac-
tions: (A) 7tp — p37 27~ (0.404-0.03 mb), (B) #+p — p37+ 27~ x? (0.612£0.04 mb), and (C) 7+p — ndat2x~
(0.1140.02 mb). Individual particle momentum distributions, when compared with Lorentz-invariant
statistical phase space, display deviations which are rather weak but still quite significant. The p® meson is
abundantly produced in the first reaction (0.2620.05 mb). In the second reaction the w meson is seen with
a comparable cross section (0.264=0.03 mb); x° and 7 are also observed (504=20 ub and 100420 b, re-
spectively, after correction for neutral decays). For both p° and w resonances there is indication of spin
alignment. N*++(1236) production is quite strong; the rate estimate is made difficult by the presence of
distortions of the mass spectrum that are shown to be mostly concerned with the #*p combinations of low
c.m. velocity. It is suggested that the short lifetime of the N*(1236) resonance has some bearing on this
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effect, which indeed seems to affect also the p? and not the longer-lived w.

I. INTRODUCTION

N =p interactions the interest is focused mostly on

low-multiplicity phenomena (two or four charged
secondary tracks). Recently investigations on high-
multiplicity interactions have been made between 4
and 10 GeV/c¢.'~5 Here we report on reactions with six
charged secondary tracks in collisions of 5 GeV/¢c =+
with protons. Preliminary results have already been
presented.®
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In this paper we describe, firstly, some experimental
details and the procedures which lead to the classifica-
tion of the events into channels according to the kine-
matical fits and the determination of the corresponding
partial cross sections. Secondly, the distributions of
individual final-state particles are considered and com-
pared with the predictions of relativistic statistical
phase space. This is followed by an examination of
resonance production in the two most populated chan-
nels, namely channel 4 (7+p — p+57) and channel B
(ztp— p+67). The angular decay distributions of the
three abundantly produced resonances N*, p° and w
are studied next. (Hereafter N* means NV y/s,3/2*++(1236)
unless otherwise specified.) In particular, evidence is
sought for possible spin alignments. A significant dis-
tortion of the N* peak was found to be related to the
center-of-mass (c.m.) velocity of the N*; a similar
examination was effected for the p? and w mesons and
some speculations are presented on the physical mean-
ing of this velocity dependence. Finally there is a brief
description of the less populated channels.

in Proceedings of the Oxford International Conference on Elementary
Particles (Rutherford High Energy Laboratory, Harwell, England,
1966), Abstract A, p. 72.
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II. METHODS AND RESULTS
1. Experimental Procedure and Cross Sections

The experiment has been carried out at the CERN
proton synchrotron using an electrostatically separated
beam of 7+ mesons whose momentum was 5.0 GeV/¢
with a spread of £0.5%. During the exposure of the
150-cm British National hydrogen bubble chamber
(BNHBC), 125000 good pictures were taken with an
average flux of 12 tracks per picture. For event selection,
a fiducial region with a length of 70.4 cm was chosen
in order to obtain a minimum track length of 40 cm for
forward secondary tracks.

Among the approximately 3800 six-prong events
scanned, about 109, could not be analyzed because of
measuring difficulties. The scanning loss was estimated
to be less than 197, by scanning each roll twice. Analysis
was carried out using the geometrical reconstruction
program THRESH and the kinematical fitting program
GRIND. Pions and protons were distinguished by ioniza-
tion up to a momentum of 1.5 GeV/c in favorable
cases. A X2 cutoff of X2< 24 was applied to four constraint
(4C) fits whereas for the one constraint (1C) fits the
limit was X?=6. In the case of an ambiguity between a
4C and a 1C fit the 4C fit was always preferred, as
suggested by FAKE’ calculations, provided it was con-
sistent with ionization. In all other remaining ambiguous
cases (~59%) the hypothesis with the lowest X? was
chosen. Those events without an acceptable fit to any
hypothesis were assumed to have more than one neutral
secondary particle, and were classified further by ioniza-
tion when possible.

In Table I, the total number of events for each re-
action and the corresponding cross sections are given.
The latter were obtained from the number of events
and beam tracks inside the fiducial volume using a
hydrogen density of 0.0608 and correcting for beam
attenuation and 39, muon contamination. For the
cross sections of Table I events remaining ambiguous
between the channels D and E were counted half in
each channel.

Figure 1 displays the variation of the total and par-
tial cross sections for channels 4, B, and C as a function
of incident pion momentum.

2. Final-State Particles

2.1 Center-of-Mass Distributions and
Statistical-Model Predictions

The distributions of the components P, and P, of
the center-of-mass momenta® for the particles in the

7G. Lynch, University of California Lawrence Radiation
Laboratory Report No. UCRL 10335, 1962 (unpublished).

8The P., P, (rather than Pr, Pr) representation is chosen
because it displays more readily the symmetry (or asymmetry) of
the c.m. distribution of particles since P, and P, are equivalent
in statistical predictions.
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F16. 1. Variation with energy of the total and partial cross
sections (channels 4, B, and C) for six-charged-prong events. This
figure has already been presented by Bardadin-Otwinowska et al.
(Ref. 5). (a) F. James and H. Kraybill, Phys. Rev. 142, 896 (1966) ;
(b) D. D. Carmony, D. N. Hoa, R. L. Lander, C. Rindfleisch, and
Wg. H. Young, in Proceedings of the International Conference on
High Energy Physics, Dubna, 1964 (Atomizdat, Moscow, 1965),
Abstract No. VII, p. 67; (c) L. Bondar e al. (Ref. 4); (d) this
(g{x;rigx;ent; (e) P. Slattery et al. (Ref. 3); (f) Bardadin e al.

ef. 5).

six-prong reaction
atp— p3nt2n~ (channel 4)

are shown in Fig. 2(a). Here P, is the component of
momentum (longitudinal momentum) of a given par-
ticle along the direction of the incoming primary in the
center-of-mass and P, is the component along a fixed,
but arbitrary axis, orthogonal to it. Relative to the
corresponding distributions at lower multiplicity in this
experiment (i.e., 7tp — p2r*7~) shown in Fig. 2(b), the
distributions for the six-prong events are much closer
to the statistical-model predictions. For the other chan-
nels B, C, D, and E, a similar conclusion may be drawn.

In contrast to observations at lower multiplicity,
there is no strong evidence from the nucleon and pion
distributions for peripheralism® in the six-prong events;
that is, there is no obvious concentration of events in
the region of small P, and large | P,|. However, there

TaBiE I. Cross sections for the various six-charged-
prong reactions.

No. of Cross section

Channel Reaction events (mb)
A prtrtate T~ 1055 0.414-0.02
B prtatatr g0 1597 0.614-0.03
C natrtntr e 279 0.114-0.01
D prtrtatar im0, 1 >1 378 0.154-0.01
E nrtrtrtr e+ mad, m>1 140 0.0540.01
Total 3502 1.33+0.05

9 The concept of peripheralism is quite clear in quasi-two-body
reactions. It is characterized by a strong forward/backward
structure in the ¢.m. system or by the related low-A2 concentration
in do/dA? plots and is generally interpreted by meson exchange.
For interactions resulting in high multiplicity the above defini-
tions are not synonymous implying that in the present context it
is necessary to define “peripheralism’ every time that it is used.
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TasLe II. Parametrizations of the distributions of single particles observed in this experiment.
(Pz) Oz gy (PT} <P*> (P1an)
Channel (MeV) (MeV) (MeV) @z by by (MeV) (MeV) (GeV) A,
Nucleon

A —1834+19 403+13 318410 —0.504-0.05 1.08-£0.04 0.8740.03 396410 590416 1.48+4-0.04 —0.34+0.03

B —168+13 356410 298+ 8 —0.524-0.04 1.11+0.03 0.934-0.03 372+ 8 545413 1.47+0.04 —0.34+0.02

o —162435 343£25 222420 —0.514-0.11 1.07+0.08 0.9140.06 353420 512432 1.4540.09 —0.4240.07

D —192425 311418 245415 cee e cee 320418 474422 1.354+0.06 —0.4940.04
Positive pions

A 344 7 2704+ 5 2344 4 0.11:£0.03 1.0940.02 0.94-+0.02 2864 4 382+ 6 0.794-0.01 0.054-0.02

B 144- 5 2144 3 200+ 3 0.07+£0.02 1.024+0.01 0.95+0.01 2654 3 318+ 4 0.65+0.01 0.06+0.01

C 39410 2244+ 7 190+ 6 0.194£0.05 1.10£0.04 1.04+40.03 2564 6 335+ 9 0.71240.02 0.07-£0.04

D 144+ 8 164+ 6 161+ 5 202+ 5 262+ 8 0.55+40.02 0.054-0.03

E 23410 168+ 7 171+ 8 207+ 6 273+ 9 0.58+0.02 0.0740.04
Negative pions

A 504+ 9 2824 6 2344 5 0.204-0.04 1.13+0.02 0.94+0.02 2864 5 391+ 8 0.8440.02 0.114-0.02

B 39+ 6 214+ 4 193+ 4 0.194-0.03 1.0240.02 0.924-0.02 2374+ 4 313 6 0.69+0.01 0.154-0.02

C 3+£12 1874 8 1554 7 0.024:0.06 0.914-0.04 0.8840.03 2194 7 284411 0.5740.02 0.044-0.05

D 24+ 9 1654 7 1554 6 1924 6 27510 0.564-0.02 0.124-0.04

E 10+12 163+ 8 153+ 8 195+ 7 250412 0.53+0.02 0.14+0.06
Neutral pions

B 47+ 8 221+ 6 193+ 5 0.2340.04 1.0540.03 0.9240.02 232+ 5 314+ 8 0.7040.02 0.194-0.03

is some asymmetry in the plots of P, and P, most
apparent for the nucleon, in that whereas the y projec-
tions of momenta are very similar to the predictions of

E'pp RUIURC

F1e. 2. (a) At left, P, versus P, distributions for the outgoing
particles in c.m. system for channel 4 (z%p — prtatata—r);
(b) at right, the same for the four-body reaction 7+p — patats—.
P, is the projected momentum along the incident direction, P, is
orthogonal to it. Each point represents approximately 1/200 of
the available statistics.

the statistical model, the x projections have their center
of gravity displaced in the backward direction for the
nucleons and in the forward one for the pions.

The forward displacement for positive pions is sig-
nificantly smaller than that for negative pions in chan-
nels A and B whereas the opposite is the case for
channel C (Table II). This could be accounted for by
the abundant production in the backward directions of
N*t+in channels 4 and B and N* in channel C. (See
Secs. 3, 4, and 7.)

Plotted in Figs. 3(a) and 3(b) are c.m. distributions
of P,* and cosfy* for protons in channels 4 and B.
The angular distributions show considerable backward
peaking. As an estimate of the contributions from
peripheral collisions to these distributions, it has been
proposed to use the asymmetry parameter 4, [ where
A,= (F—B)/(F+B)], whose values are given in Table
II. It should be noted that in the corresponding A2
distribution [Fig. 3(c)] there is a deviation towards the
small A? values, but there is no clear-cut division into
a region of peripheral collisions and a region of central
collisions. In any case the backward peaking is related
firstly, to the over-all shift along P, and secondly, to
the elongation of the distribution in the % direction. At
this stage, we prefer to describe the distributions of P,
and P, in terms of the following parameters:

(a) displacement a,={(P,)/Cstat
and
bz = O'Pz/astat

= ((P2A)—(P2))"*/0stat,

where ggtqt 1s the rms deviation of the P, distribution
predicted by the statistical model which also predicts
a,=0and b,=1.

(b) elongation
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FiG. 3. Center-of-mass distributions of the protons in channels 4 and B: (a) momentum P*; (b) scattering angle cos6*; (c) four-
momentum transfer A? from the incident proton. The curves give the predictions of the Lorentz-invariant phase space.
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1.} 1.k F1G. 4. (a) Variation with en-
ergy and multiplicity of the dis-
placement parameter @ of the nu-
cleon; (b) and (c), variation with
energy and multiplicity of the elon-
gation parameters b, and b, of the
nucleon. (For the definition of
these parameters, see Sec. II 3.)
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X _pamn 4Gev/c data : L.Bondar et al.
_o _pa2mmn® 5Gev/c data: This experiment
0 p3m*tam '7Gev/c data :  PSlattery etal.
A p3amtamwe 8Gevk data :  Bardadin etal.

A similar definition of the elongation parameter b,
may be made for the P, distribution. b, is much closer
to unity than at higher energies for this multiplicity
[Fig. 4(c)]. This is probably because the well-known
limit (~300 MeV/c) on the transverse momentum is
felt only slightly, since the statistical-model distribution
of Py at 5 GeV/c is comparable to that actually ob-
served at higher energies.

Some authors? have investigated the variation of the
average values of the transverse momentum (Pr) as a
function of the longitudinal momentum P (=P,) of
the outgoing particles. Such plots for the six-prong
events are shown in Fig. 5: There is a slight depression
of (Pr) for low values of Py, for pions and an almost
constant value of (Pr) for protons. These relationships
of (Pr) with Py, are expected from the Lorentz-invariant
statistical model.

Table II also includes the observed values of the
previously defined parameters (P,) or (PL), oz, oy, Gs,
b,, and b, for all channels besides the more usual
parameters (Pr), (P*), (Pip), and 4. The C channel is
restricted to 1C events with 0.76<MM?<1.00 GeV? in
order to lower contamination.

2.2 Angular Correlations between Particles

It was pointed out originally by Goldhaber et al.2
for pp annihilations, and recently by Bartke et al.** for
w+p interactions at 8 GeV/c, that the distributions of
the c.m. angles between pairs of pions depend on

10 G. Goldhaber, S. Goldhaber, W. Lee, and A. Pais, Phys. Rev.
120, 300 (1960).

1], Bartke, O. Czyzewski, J. A. Danysz, A. Eskreys, J. Los-
kiewicz, P. Malecki, J. Zaorska, K. Eskreys, K. Juszczak, D.
Kisielewska, W. Zielinski, M. Szeptycka, K. Zalewski, G. Pichon,
and M. Rumpf, Phys. Letters 24B, 163 (1967).

whether the pions have like or unlike charges.”? From
the data available in channels 4 and B, the distribu-
tions of the relative angle between pions in the over-all
c.m. system are plotted in Fig. 6. In terms of y=B/F,
one obtains the results given in Table III.

Whereas the v values tend to differ from +gat in the
sense predicted in Ref. 10, the observed values of y*+
and vy~ differ from each other, and y*% and v~ are less
than vgas. These deviations may be due to the abundant
production of resonances in both channels.

2.3 Models of Interaction

The shifts of central values of longitudinal momenta
P, could be accounted for by a model implying two
centers of emission (the fire-ball model).”®* Then, in
their respective channels A and B, most =~ and =°
mesons would contribute to the forward center, since
they have the larger forward shift; protons would con-
tribute mostly to the backward center and the #*
mesons to both. This suggestion is supported by very
abundant production of the N* isobar, which is ob-
served predominantly in the backward direction. How-
ever, an analysis along these lines meets with some
fundamental difficulties. In particular the shifts of the
P, central values are less than the widths of the dis-
tributions, that is, the average relative velocity of the
centers would be smaller than the velocity of the emitted
particles. Consequently the physical meaning of the

12 Because of Bose-Einstein statistics, like pions tend toward
each other; unlike pions tend away from each other more than
predicted by statistical phase space.

18 J. Gierula, Fortsch. Physik 11, 109 (1963); G. Cocconi, in
Proceedings of 1962 Annual International Conference on High
Energy Nuclear Physics at CERN, edited by J. Prentke (CERN,
Geneva, 1962), p. 883. )
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(b)

two-center model becomes questionable in this context. model with a single excitation volume. In this model
Another description might be the Landau dynamical the formation of shock waves is expected in the forward

TasLE IIL Angular correlation parameter (B/F ratio) for pairs of pions observed in channels 4 and B.

. Channel v Y vy v y0 y T8 Ystat
A 1.194-0.04 0.994-0.07 1.714-0.04 oo oo 1.4540.03 1.404-0.02
B 1.2340.04 1.054-0.06 1.474-0.03 1.264-0.04 1.164-0.05 1.304-0.02 1.314+0.05

a Irrespective of charge.

1#Z. Koba, Progr. Theoret. Phys. (Kyoto) 17, 288 (1957).
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F1G6. 6. (a) Distributions of the c.m. angle between pairs of pions
in channel 4 ; (b) same for channel B.

and backward directions, but this model does not
predict the observed fact that the baryons belong pre-
dominantly to the backward shock wave.

3. Resonance Production in the
Reaction =tp — p3w+2x—

This channel is dominated by strong N* and p° pro-
duction, which will be discussed in detail below. No
other known resonances show up significantly in the
effective-mass plots, except for a possible f0— 4 signal
which will be discussed in conjunction with its observa-
tion in the #t7— mode (four-prong events) in a later
publication.

3.1 N* Production

In Figs. 7(a) and 7(b) the effective-mass distributions
for the pnt and pr— systems are given. Very good
agreement between the observed and phase-space dis-
tribution is seen for the case of the p=— system with X2
probability of 539,. However in the prt combinations,
there is considerable enhancement above phase-space
predictions in the region of the N* mass. The proportion
of N* production has been estimated by fitting the pn+
mass distribution by a sum of two phase-space dis-
tributions do; and do. for the final states p3=+2x— and
N*2x*t2n—. The N* distribution was represented by a
modified Breit-Wigner function proposed by Jackson!®:

m T'(m)
dogx— doy.
g (m2—me?)2+me*T2(m)

Where m is the effective prt mass, mo=1236 MeV, ¢ is

15 . D. Jackson, Nuovo Cimento 34, 1644 (1964).
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200
b
\
100] channel A
12 3 k3 ) Mass,GeV
(a)
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300
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\
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100|
12 1% 16 18 Mass,GeV
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2004
ghannel B
100}
10 12 14 16 18 mass GV
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F1c. 7. (a) prt effective-mass distribution in channel 4. Curve
I is the purely statistical phase-space prediction; curve II is the
best fit obtained, using phase-space and modified Breit-Wigner
(Ref. 15) for the N*(1236); curve III (dashed) gives the best
fit obtained when multiplying the latter Breit-Wigner function
by a polynomial expansion [ 1+Z;_3a; (m—mq)*]. (b) pn~ effective-
mass distributions in channel 4. Curve shows the pure phase-space
prediction. (c) and (d) are the similar plots and curves for the
channel B.
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the 7 momentum in the pa* c.m. system, go is the same
at m=m,, and

T (m)=T (mo)(g/q0)* (am2+¢*)/ (am*+qe*)

where T' (mo) =120 MeV, m, is the pion mass, and ¢ was
taken as 0.15, i.e., the average of the two Jackson
values. The result of the fit leads to a proportion for
N* production of 0.514-0.10.1

The X2 probability for this fit is very low (~107%),
and this partly results from the fact that it is not pos-
sible to account for the shift of the peak of the N* mass
from 1223, as predicted by the above formula, to about
1210 MeV. A good fit can be obtained by multiplying
the Breit-Wigner term by a factor 14> a:;(m—my)?
with <3 and where the a; parameters are determined
in the fitting. This expansion of the Breit-Wigner term
is equivalent to allowing for some unknown contribu-
tion to the pr+ mass plot and results in a X? probability
of 67%. Interpreting the zero-order term of the ex-
pansion as the N* isobar leads to a new estimate of the
proportion of N* produced. This is 0.604-0.10, corre-
sponding to a cross section of 0.25+0.05 mb.

3.2 p® Production

In Figs. 8(a), 8(b), 8(c) the effective-mass distribu-
tions of the dipion systems (77—, mtrt, and 7~7~) are
shown. Since six combinations of =z~ enter into the
histogram for each event, the p° meson shows up only
as a relatively weak enhancement. The proportion of
p° production was estimated by fitting a sum of the two-
phase space distributions for the final states p3x+2z—
and p2rtr o’ Again a modified Breit-Wigner distribu-
tion for the p° decay was used.!® The fit results in a
proportion of p® of (0.634-0.12), corresponding to a
cross section of (0.264-0.05) mb. The probability of the
X2 fit is ~107%. The low-mass excess in the 7+t and
«~m~ mass distributions is compatible with the above
mentioned angular correlation between like pions (Sec.
2.2).

3.3 Simultaneous Production of N* and o

The determination of the fraction of events in which
the N* and p° are produced simultaneously is made
difficult by the many combinations involved and the
peaking of phase space in the N* region.

By fitting the two-dimensional plot of M (Pmt)
versus M (me,st7~), the simultaneous production of N*
and p° is estimated to take place in 0.503-0.11 of the
events. This result is consistent either with statistical
overlap (~409%,) or with full correlation (~60%,).

3.4 C.m. Angular Dependencies of Resonance Production

By observing the angular distributions of the in-
dividual particles in the c.m. system, it has been esti-

16 The errors on quantities determined by minimum x? are
estimated from the width of the x? curve in the region of the
minimum.
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400]
50
0
3 5 3 9 “ Moss,GeV

(b)

F1c. 8. (a) w*r effective-mass distribution in channel 4.
Curve I represents pure phase space and curve II gives the best
fit obtained summing the two-phase-space distribution for the
final states p3n*27x~ and p2x*7p [the p? decay function includes
centrifugal barrier (Ref. 15); the p® reflection is taken into ac-
count]. (b) ™7™, (c) #*nt effective-mass distributions in channel
A. The curves give pure phase-space predictions.

mated in Sec. 2.1 that the main part of the reactions
proceed via central collisions, despite forward and back-
ward peaking. However, it is interesting to examine
how this peaking is related to the abundant N* and p°
production.

200 (2] b)
channel A 200} channel B
100
100
N N S ) TS Agaat

F1G. 9. (a) AN/9A? spectrum for #*p combinations in the N*
band (1.12<M="p<1.30 GeV) in channel 4. The curve repre-
sents the phase-space predictions. (b) same for channel B.
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Fic. 10. #tn~z® effective-mass spec-
trum. The curve shows the best fit ob-
tained with phase-space and Gaussian
distributions for the «® and 7° signals. In
inset are shown the details of the »° re-
gion. Shaded combinations arise from X°
decays (0.93 <M (5,°<0.99 GeV).
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The c.m. angular distributions for the prt and pr—
systems in the N* band (1.12 to 1.30 GeV) have been
examined. The distributions do not show significant
differences and the backward peaking is very similar
to that of the proton distribution [Fig. 3(b)]. In par-
ticular, the values of the corresponding asymmetry
ratios 45 of —0.374-0.03 for prt and —0.324-0.03 for
pm— are, within the errors, identical with the value
—0.344-0.03 for the proton.

For the dipion systems wtz—, atrt, and =~7~, the
c.m. angular distributions for mass combinations in the
0° band (0.67 to 0.85 GeV) were examined. There is
forward peaking in each distribution, but there is no
significant difference between the z*r— angular dis-
tribution, which should reveal the effect of the presence
of the p® meson, and the 7t and #—7— distributions.
The respective asymmetry ratios are 0.194-0.03, 0.17
#+0.04, and 0.184-0.07.

These features indicate that a considerable propor-
tion of the V* isobars and the p° mesons are produced
through central collisions. Of course this does not ex-
clude some peripheralism as defined by a A% dependence,
as will be discussed in the next section. However it is
clear that the angular distributions offer no possibility
of separating a peripheral contribution by comparing
the distributions of resonant and nonresonant systems.

3.5 Four-Momentum Transfer Dependence

In low-multiplicity events the peripheral nature of
the reactions is most clearly manifested in the four-
momentum transfer distributions. In Fig. 9(a) the
differential cross section do/dA? for the pz*+ combina-
tions in the N* band is given, where A? is the four-
momentum transfer squared to the incoming proton.
There is evidence for an excess above the predictions
of the statistical model in the low four-momentum
transfer region for N* events. No such excess is seen

when examining the A? distribution of the #*z— com-
binations in the p? band, where now A? is the four-
momentum transfer squared to the incoming pion.

4. Resonance Production in the
Reaction =tp — p3nt2n =’

This reaction is dominated by strong N* and o
production. The X° and 5 mesons are also observed.
No other resonances appear.

4.1 N* Production

In Fig. 7(d) the distribution of the pr— mass com-
binations is shown. It can be seen that it is fitted very
well by phase space without any resonance production.
The same is true for the pn® mass distribution. The X2
probabilities are 18 and 69, respectively.

Contrasting with these distributions, the spectrum of
pnt mass combinations [Fig. 7(c)] shows a strong
deviation from phase space in the N* region. If the dis-
tribution is fitted by use of the modified Breit-Wigner
expression,® it leads to the result that the N* isobar is
produced in 0.324-0.10 of the interactions. As in the 4
channel this fit corresponds to a very low X2 probability
(~10™%) and this is again partly connected with the
shift of the peak by about 20 MeV below its expected
value. If the Breit-Wigner expression is modified as in
Sec. 2, the resulting X2 is then about 209,. Again
interpreting the zero-order term of the expansion as
being due to NV* leads to an estimate of its production
in 0.5740.08 of the events. The corresponding cross
section is 0.35+0.05 mb.

4.2 w Production and the Dalitz Plot

~ The distribution of the ztr 7 mass combinations
shows an enhancement in the w region (Fig. 10). It has
been checked that the distribution of the other three-
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pion charged states (+— —, 44—, etc.) are described
reasonably well by pure phase-space calculations. The
width of the enhancement in the w region arises pre-
dominantly from the experimental resolution. Fitting
in the standard way but representing the w by a
Gaussian distribution, (20 MeV rms), rather than by a
Breit-Wigner distribution leads to a value for the pro-
portion of the w meson of (40+5)9.

As an independent estimate of the proportion of
events leading to w production, the radial density dis-
tribution was examined on the Dalitz plot for events in
the w mass region and in the nearby control regions
(Fig. 11). For the w contribution we used the Dalitz
plot density'?

d’n
dride

integrated over the ¢ interval kinematically allowed for
each 7 value, the background being represented by a
constant as expected from the statistical model (and
checked on control regions). Fits were made to deter-
mine the proportion of w mesons in each given mass
band. The results are collected in Table IV,

The production of the w meson is large between the
mass limits 753 to 813 MeV. Normalizing to a total
number of 1597 events, the proportion of » mesons is
0.44£0.04. An apparent production of w mesons is
present between 813 and 833 MeV, but whether this
is due to a dynamical effect or to measurement and
identification errors is not clear. Combining the results
of the fit on the #*nx—n% mass spectrum and the results
on radial density of the Dalitz plot, we estimate the w
rate of production as 0.4240.04, corresponding to a
cross section of 0.262-0.03 mb.

« 1—A7r*— Br® cos3¢

4.3 The Simultaneous Production of N* and w

From the fraction of pr+ mass combinations in an N*
band as a function of the (ztn—x?) effective mass we
found a weak constructive correlation between w and
N* production. The excess above statistical overlap
corresponds to (4.642.4)9, of the events, while com-
plete correlation would give (18+6)9%.

TasiE IV. Proportions of w mesons in different mass bands as
deduced from the Dalitz plot of the »*#~#% combinations.

Mass  Number of
interval  combina- Proportion of x? Number of
(MeV) tions Y mesons (9 degrees) «® mesons
733-753 318 0.00+0.27 11.85 0486
753-773 429 0.50+0.11 7.47 215451
773-793 570 0.47+0.07 8.82 268442
793-813 452 0.51+0.12 7.77 230451
813-833 374 0.35+0.10 11.20 131437
833-853 347 0.09+0.11 9.27 31438
753-813 1451 10.90 70169

0.48+0.05
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Fic. 11. Radial density of the Dalitz plot for #*z~7° combina-
tions in four mass ranges around the w® mass; R2=4{}— (T\T:
+T1Ts+T2T5)/Q%} with Q=T1+4T3+T3. The curves correspond
to the best fit obtained, assuming «? plus statistical background.

4.4 Cm. Angular Dependence of Resonance Production

The angular dependence of resonance production in
channel B is very similar to that in channel 4. Particle
combinations involving a baryon tend to be emitted
backwards whereas pion combinations tend to be
emitted forwards.

The c.m. angular distributions of pr+, pz~ combina-
tions in the N* region are similar, with asymmetry
ratios of —0.344-0.02 and —0.284-0.03, respectively.
They are seen to be very close to the corresponding
value for the proton alone of —0.344-0.02.

In Fig. 12 the asymmetry ratio for the (ztr—=?)
combinations is shown for different mass intervals. A
significant deviation of this ratio is seen at the w mass,
where the value is 0.32+0.02. For comparison, the
average ratio for the charged 3= combinations in the w
band is shown to be 0.234:0.02, in good agreement
with the value expected by interpolating the neighbor-
ing wtr~w? regions. From the over-all percentage for w
production of 0.42+0.04 the asymmetry ratio for w
mesons only is 0.4340.05.1%

1,,

4¢§.++++ ++
o el

o
-6 8 10

Fi1c. 12. Asymmetry ratio (F— B)/(F+B) for the =*r~x° com-
binations as a function of their effective mass. The dotted cross
is concerned with the 37 combinations of nonzero charge in the «°
mass band.

17 G. Killen, Elementary Particle Physics (Addison—Wésley,
Inc., Reading, Massachusetts, 1964), Chap. 7, p. 202.

18 However, this enhancement in the asymmetry ratio is not
pronounced enough to be used as a technique for purifying the
sample of w mesons.
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F16. 13. N /dA? spectrum for ztz—#° combinations lying in
the w? band (0.753 <M (35)°<0.813 GeV), and for 3« systems of
other charges in the same mass interval. The curves are hand
drawn.

The tendency for the w to be emitted more in the
forward direction than the background combinations is
manifest as a larger forward shift of the central value
of the longitudinal momentum for the combinations in
the w band (16014 MeV/c) than for neighboring
mass bands (110410 MeV/c). However, the narrow
concentration of the longitudinal momenta that would
be expected for production by glancing collisions is
not observed.

4.5 Four-Momentum Transfer Dependence

The four-momentum transfer dependence for prt
events in the N* region is very similar to that in
channel 4 in that again there is evidence for an excess
of low A? values above the predictions of phase space

[Fig. 9(b)].
For z*tr—n° combinations in the w mass band, the
distribution of A? is shown in Fig. 13 and is compared

200
150,
100}

501

!

1 15

é Mass, GeV

F1c. 14, ntrtn~n~x0 effective-mass spectrum. The curve
. PE
gives phase-space prediction.
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with other charge combinations in the same mass band.
For the neutral three-pion system it is seen that low A?
values are somewhat more frequent. This tendency of
A? is confirmed by the analysis of the radial density in
the (rtz—=°) Dalitz plot.

4.6 X° Production

In the effective-mass distribution of the ¥z tr—a—x°
combinations which is shown in Fig. 14, X° production
is visible against the low phase-space background. Of
the 17 events which contribute to the signal at the X°
mass (0.93 to 0.99 GeV), 15 are compatible with the
decay X°— otz y.

From the distribution of these events on the plot of
Py, versus Pr (Fig. 15), it is seen that a sizeable fraction
of the X° events are produced through a peripheral
mechanism in association with the N* isobar.

The cross section for the reaction n*p— prt X0 is
50420 ub after correction for other decays of the X°.1°

3

Zharacteristic radius
TorTip-»N* Xtwobody
process

2

G'vﬁ“_ql

Fic. 15. Py, versus Pr plot for the 17 #¥r+z~7~7® combinations
lying in the X° band (0.93<Mn°<0.99 GeV). The numbers
(from O to 4) indicate how many =7~7° combinations lie in the
7% mass band (5.33 <M (35)°<0.563 GeV).

4.7 1 Production

In estimating the amount of 5 production in the
mtr—x® mass distribution, events with a 5-pion mass in
the X° band were first excluded. The effective-mass
distribution of the neutral tripion system for the re-
maining events is shown in the inset of Fig. 10. There is
an excess of ~70 combinations in the 5 region. The total
cross section for the reaction #tp — p2rtr—y exclusive
of those produced through the X° mesons and corrected
for neutral decays,? is 100420 ub.

The separation of 7 mesons from the background in
this region is improved if it is demanded that the three
contributing pions should each be emitted in a forward
cone with a 2X60° opening angle (Fig. 16), implying
that a large fraction of #’s are produced forward.

19 G. R. Kalbfleisch et al., Phys. Rev. Letters 13, 349a (1964);
Badier ¢t al., Phys. Letters 17, 337 (1965); G. W. London et al.,
Phys. Rev. 143, 1034 (1966). We used the value 0.12:4:0.02 for
the ratio X° — rtr—wtr—x® (or v)/all X°,

20 We took the value 0.27 for the ratio n — z77~#® (or v)/all 9.
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5. Angular Distributions of the Decays of Resonances

In this section the angular distributions involved in
the decay of the N*, p% and w in their own rest frames
are examined.

5.1 N* Isobar

As a direct test of whether the N* isobar is produced
through one-pion exchange, the distribution of the
angle 8§ between the ingoing proton and the outgoing
proton as seen in the N* rest system was studied. For
one-pion exchange the differential cross section is pro-
portional to 143 cos? and should lead to an anisotropy
ratio® of 0.375. This angular distribution for the N*
band is shown in Fig. 17 where there is no evidence for
a cos? dependence; moreover the anisotropy ratio is
0.062-0.03 for channel 4 and 0.08--0.02 for channel B
which does not support one-pion exchange.

It was noted that in the N* region the asymmetry
offthis angular distribution is smaller for the pa+ than

30

10 mass,GeV

F16. 16. 77~ n0 effective-mass spectrum where each contribut-
ing 7 is requested to be emitted in a forward cone of 2X60°
opening angle. Shaded combinations belong to X° candidates.

for the pm— combinations. Assuming that the back-
ground pr— and pmrt combinations have identical
asymmetries and that resonant combinations decay
symmetrically, an independent estimate of resonance
production can thus be made. In this way the propor-
tions of resonance production are 0.81+0.26 and 0.94
+0.21 in channels 4 and B, respectively. Figure 18
indicates that the fraction of the #*p combinations
determined by the symmetric decay criterion extends to
higher mass than expected for the N*(1236).

5.2 p® Meson

The usual distribution in cosf of the scattering angle
of the 7=+ was investigated, where 8 is defined as the
angle between the incident and the outgoing 7=+ meson

2 The anisotropy ratio is defined by (0—M)/(0O+M) where M
is the number of combinations lying within —0.5<c0s8<0.5 and
O is the number of events outside this region.
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Fic. 18. By comparing the distributions of the decay angle for
7+p and 7~p combinations, the excess of symmetrically decaying
=+p combinations has been estimated for several mass intervals
(dotted crosses). The full crosses correspond to the observed
excess of 7tp combinations above phase space, as defined in Sec. 6.

in the p° rest system. No deviation from isotropy was
observed.

If one plots the helicity angular distribution cosfy
(where 6y is the angle between the outgoing 7+ in the
p® frame and the p° line of flight in the over-all c.m.
system), again no significant deviation from isotropy
appears. The situation changes, if one selects only those
wtr~ combinations in the p° band for which #>3.0
GeV? [« being defined as the four-momentum transfer
squared (P’— Pinc)? between the four-momentum P’ of
the resonant pion combination and Pijy. of the incoming
proton].22 The result of this selection is given in Fig. 19.

200, 200,

chan channel
mwmﬂfﬁ N
P 4] cos®  + - 0 COS®

. Fie. 17. Decay angle distribution for =+p combinations lying
in dtge N* band (1.12<M,+,<1.30 GeV) for channels A
and B.

%1t is known that the # parameter might provide a more
efficient separation of peripheral contributions than the more
usual ¢ parameter. :
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PTG G
[6]
30
20 ¥16. 19. (a) Decay angle 6y distribu-

tion of the ==~ combinations lying in
the p® band (0.67 <M ,*,~<0.85 GeV).
0 0y is the angle, evaluated in the ="z~
rest frame, between the outgoing =* and
the c.m. line of flight of the =*z~ sys-
. tem. In (b), the same angle has been
investigated for =¥z~ combinations ly-
ing in neighboring mass regions: 0.49
<M +,~<0.67 GeV and 0.85<M*:~
<1.03 GeV. All 77 combinations are
restricted to |#|>3.0 GeV2. The curves
are best fits to (1—a)+3a cos®r (see
Sec. IT 5.2).

4 0 cosBy

30 [a]

20)

10

-4 0 cos6y

In terms of a fit of the form (1—a)+43a cos®y, the
value of a is 0.314=0.06 with a X2 probability of 81%,.

From Fig. 20 it can be seen that the isobar N* is
produced strongly in association with those events in
the p° band which fulfill the above % condition. So in the
second step only those 77~ combinations in the p° band
with #>3.0 GeV? were selected for which at least one
of the remaining 7=+ mesons forms a prt combination in
the N* band. Then, a=0.3120.06 with a X2 probability
of 909,. This effect, if real, means that about 209, of
the p° mesons are produced with their spin aligned
with respect to the line of flight; the production of the
N* seems to be associated with this alignment.

To investigate whether the effect observed could be
from some reflection of the N* production, we present
in Fig. 21(a) the prt mass distribution for those com-
binations where the same 7t is forming a =+#~ combina-

75|

0]
4

2 % 18 18 MassGeV

F16. 20. prt effective-mass spectrum in channel 4 restricted
to events including a =z~ combination in the p° band (0.67
<M +-<0.85 GeV) with a % value >3.0 GeV2 Those prt are
excluded for which the =t fulfill these above peripheral p°
conditions.
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tion in the p° band with #>3.0 GeV2. For comparison
the p7— mass distribution is given in Fig. 21(b) under
the same conditions. No significant differences show up
and no appreciable amount of N* seems to be present
in the pa* distribution.

It has been checked that for the two neighboring
7t~ mass bands of width equal to that chosen for the
p° meson, the decay angular distribution in cosfy is
consistent with isotropy. Figure 19(b) shows the result
after having added the two distributions.

5.3 w Meson

Concerning the w, all relevant angular distributions
have been examined. No deviations from isotropy have
been observed except for a slight cos? dependence of
the angle between the incident pion and the perpendicu-
lar to the w decay plane. Fitting with an angular
distribution of (1—a)+3a cos? yields a=0.0940.03
with a X2 probability of 49. (See Fig. 22.) This would
correspond to 209, alignment of the w mesons. The
alignment could be evidence for peripheralism; how-
ever, the cos? effect is not improved when selecting
combinations of low-A? or high-» values.

6. 3* Dependence of Resonance Observations; Short-
lived Resonances as a Possible Means to
Investigate High-Multiplicity Phenomena

It has been seen in Sec. I1.3 and I1.4 that the pro-
duction of resonances, particularly N*, o° and w, con-
tribute largely to channels 4 and B. In the following,
the behavior of these resonances is examined as a func-
tion of their c.m. velocity. An attempt is made to
demonstrate that, irrespective of any discrepancy of
the velocity spectrum of the above resonances with
phase-space predictions (a discrepancy possibly con-
nected with a A? dependence), the observation of these
resonances is correlated with their c.m. velocity. In
other words, the shape of their effective-mass distribu-
tions depends on this velocity (Fig. 24). This effect is
first shown with N* production in channels 4 and B.
Later on, the assumption that there is some connection
with the very short lifetime of the N* is supported by
a comparative study of the p° and w mesons which have
very different lifetimes.

0.1 The Distortion of the w*p Specira

The mass spectra of the pr=— combinations in channels
A and B [Figs. 7(b) and 7(d)] and the pn® combina-
tions in channel B all agree well with the predictions
of phase space. In contrasting with this good agreement,
the fits to the pz* mass spectra in both channels by the
standard method (using Jackson’s modifications to the
Breit-Wigner formula) are found with very low X2
probability (see Sec. II.3.1 and IL.4.1). This arises
partly from the discrepancy (of about 20 MeV) be-
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Fic. 21. (a) prnt effective-mass spectrum in channel 4; only
7+ which form a 77— combination in the p° band (0.67 <Mz~
<0.85 GeV) with a % value >3.0 GeV? are considered. The curve
gives the statistical expectation. (b) pn~ effective-mass spectrum
with similar restrictions.

tween the observed and expected peaks in the mass
spectra and partly from distortions at high masses.
The existence of the higher isobar?® N*(1670) could
possibly account for the broadening of the mass spectra
at higher mass values, as slightly suggested by the 7%
distribution of channel 4 (Fig. 18). Fits to the prt
mass spectra have been made by including both the
N*(1236) and the N*(1670); apart from introducing a
questionable contribution of 20% from the higher
isobar, the fits do not lead to a change in the proportions

6-PRONGED =*p INTERACTIONS AT 5 GeV/c¢

F16. 22. Folded decay distribution for the
7tr~7% combinations lying in the «® band
(0.753 <M (5:)°<0.813 GeV) of the angle be- 49
tween the normal to the decay plane and the

incident pion (evaluated in the #%7~7° rest

frame). The curve gives the best fit obtained. _11;
80
of
e

of the N*(1236); also the X2 probabilities for the fits
remain low.

We shall now demonstrate that most of the deviation
from expectation is located in the sample of 7+ com-
binations that have a low c.m. velocity, and that this
deviation is certainly not due to experimental biases.

6.2 The c.m. Velocity of the N*; the Determination of a
Suitable Velocity Cut

If the statistics allowed it, an examination of the pn+
mass spectrum as a function of c.m. velocity would be
the best way of examining the problem. Instead it is
necessary to divide the combinations into two samples
for which the px+ combinations have a high or a low
c.m. velocity. The velocity chosen is that which would
divide the number of N* isobars equally between the
two velocity samples. However, the method which is

arbitrary
scal )
o orRinery
channel A - channel B
120 120 "
Bt
100 100 )
L
. I 80 80 f'
FiG. 23. Center-of-mass velocity distribu- i
tion for 7*p (full lines) and 7~p (dashed lines)
combinations in channels A and B. Curves .
give statistical predictions. 60 60
40 40] .
R -
20 20,
0 .2 4 6 8 p' 0 2 4 6 8 ,B.

ZT. J. Devlin et al., Phys. Rev. Letters 14, 1031 (1965).
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described below will result in the equal division of the
“excess over statistical phase space”—hereafter referred
to as excess over background-rather than N* itself.
The c.m. velocity spectrum P+(8*) of the pzt mass
combinations, which can be measured, comprises the

100 channel A
;5'>o.44
50|
12 % 16 18 MassGev
channel A
Pr<o4s
50]
()
12 14 16 18 20 Mass,GeV
(2)
200y
150)
100
50,
0|
.3 7 14 Mass,Gev
50
4]
3 7 11 MassGeV

(©

velocity P(B*) of the excess above background, which
is to be determined, and that of the remaining back-
ground prt combinations. Very likely this latter ve-
locity spectrum is the same as that of the pr— mass
combinations P~(8*). Taking the excess above back-

200!
channel B
p*®> 042
100
0
12 14 15 Mass,GeV
channel B
B* < 042
100 o
0|
12 14 16 18  Moss,GeV
(b)
300
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p*>054
100,
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pe<054
100}
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F16. 24. (a) 7*p effective-mass distributions for two intervals of the c.m. velocity 8*. In the upper diagram, the full line gives the best
fit obtained, using phase space and modified Breit-Wigner (Ref. 15); the dashed line gives the level of background as deduced from the
same fit. The curves on the low-velocity diagram are deduced from the high-velocity fit, assuming statistical division of the background
according to velocity. (b) same for #p combinations in channel B. (c) =*r~ effective-mass distribution for two ranges of the c.m. ve-
locity g*. The full curve gives pure phase-space prediction, normalized to nonresonant combinations. (d) #+=—x° effective-mass distribu-
tion for two ranges of the c.m. velocity 8*. The full line gives the statistical background, normalized to nonresonant combinations.
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ground as & and considering that there are three pnt
combinations in an event, one obtains
P(E*)="3P*(")—B—0)P-(8]. (6.1)

In Fig. 23 the distributions P+(8*) and P—(8*) for
each of the channels 4 and B are shown. The distribu-
tions are almost identical and close to the statistical
predictions even though P+(8*) includes the N* con-
tribution. Hence P (8*) will also be very similar to these
and its determination will be insensitive to the value of
d; in the following we set §=0.7520.20 which value is
at this stage rather arbitrary but which will be later
justified. Let us mention that P(8%) is quite insensitive
to a weak A? dependence in these high-multiplicity
events.

According to the definition of P(8*), the velocity
which leads to the equal division of the excess above
background is given by

8
| p@as=s.
0

Substituting Eq. (6.1), one obtains the following values
of B: ’
(a) for channel 4, ($=0.444-0.02;

(b) for channel B, ($=0.42+0.02,

where the errors are related to the statistical fluctua-
tions on P*+(8*) and P—(8*) and to the uncertainties on
the values of 8. Using these values of velocity to divide
the mass spectra should lead to an equal division (to
about 59%,) of the excess above background.

The division of the pa* mass combinations into the
higher- and lower-velocity subsamples is shown in Fig.
24(a) and 24(b). In each, the phase-space background
is drawn. For both channels 4 and B, it can be seen
that the excess above background in the high-velocity
sample is about equal to the excess in the low-velocity
sample. What is surprising is the large concentration
in the N* region for the higher-velocity samples and the
very broad excess for the lower-velocity sample.

If the pr+ mass distribution of the higher-velocity
sample is now fitted in the standard way using Jackson’s
modified Breit-Wigner shapes then the proportions a
of statistical background in the higher-velocity samples
are

(a) channel 4:
(b) channel B:

2= (0.70+0.03) with a P (X2)~50%;
a=(0.730.03) with a P (X2)~20%.

The X2 probabilities are now much larger than in the
corresponding fits to the mass spectrum of all events. In

2 A certain A? dependence causing a forward depopula,ﬁon as
well as a backward over population of protons does not, modify
significantly the velocity spectrum [see Fig. 3(a)].
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particular, this is because the predicted peak of the
mass spectrum corresponds more closely to the observed
one (since phase space peaks now at a lower value).
Hence, by selecting events in the higher-velocity in-
terval, the excess above background concentrates al-
most exactly in the region where the N* is expected to
appear. For the lower-velocity samples, the fitting
remains poor. Even if the fitting is restricted to the N*
region, the X? probabilities are still very low.

Suppose that the N* isobars have been divided
equally by the velocity sampling. If so, most of the
excess above background in the lower-velocity sample
would arise from the production of N* isobars that
have undergone some further physical process which
distorts the mass spectrum. Then, from the above ¢
and assuming statistical repartition of the pnt back-
ground, the proportions of initial N* isobars in the
whole sample are 0.784-0.11 and 0.70-£0.08 for chan-
nels A and B, respectively. These values are similar
to those obtained by the excess above background
fitting with the expanded Breit-Wigner shape described
in Sec. I1.3.1 and with the results of angular decay
analysis in Sec. I1.5.1.

There exists a correlation, although a rather weak
one, between the low c.m. velocities and high velocities
in the laboratory system. This suggests that the effect
here discussed might be due to misclassification of the
proton, which is likely to affect events with fast protons.
We checked that the sample of events with proton
momentum larger than 1.5 GeV/c¢ do show a clear N*
signal, implying that the strong distortion in the low-
velocity subsample cannot be explained in this way.

By examining the production of N* isobars with
velocity, it has been possible to associate the distortion
of the mass spectra with low velocities. Indeed the X2
probability of fitting has increased considerably in the
higher-velocity sample where the discrepancy between
the calculated and observed position of the mass peaks
has been almost completely removed.

Of course the problem of the distortion of the over-all
mass spectrum remains, but it is now seen to be a char-
acteristic of low velocities. A tentative interpretation
based on similar analysis of the neutral dipion and
tripion systems is discussed below.

0.3 The p° and w Mesons

A detailed study of the shape of the p’-meson peak
as a function of its c.m. velocity is difficult because of
the position of the p® peak in the #*#~ mass spectrum,
the high number of #t7— combinations (6) which enter
the plots for each event, and an appreciable distortion
arising from the reflection of the p° on the plot, which is
itself related to prtpdrta— and N*o°rtr— events.

For the samples of (zt7~) and (r+7—n°) mass com-
binations, a velocity of 3=0.54 was chosen which
according to the statistical model would divide the p°
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Fic. 25. na* and nn~ effective-mass distributions in channel
C. The curves give phase-space predictions normalized to all
events.

and w mesons about equally (neglecting the velocity
dependence of production of these resonances).

In the higher-velocity samples shown in Figs. 24(c)
and 24(d) the p° and w peaks, respectively, are clearly
seen. The 7tr~ and »*r~=° pure phase-space background
(full curves) is normalized on the basis of 639, p® and
429, w production. The w signal is as clearly resolved
in the lowest-velocity sample as in the high-velocity
sample, while this is not true for the p%.2

0.4 Possible Implications

The dependence on velocity of the three resonances
which are produced most abundantly in six-prong
events has been examined. For the N* and possibly
for the p% it has been seen that the distortions of the
prt and 7tr~ mass spectra are associated with low
velocities.?® For the w no such effect is observed.

For the N* and p° at an average velocity of ~0.5,
the mean decay length is ~1F which is typical of
the range of nuclear forces; the decay length of the w is
some 10 times larger. Perhaps it is not surprising that
the velocity of these resonances is a relevant parameter
in the dynamical description of the six- or seven-bodied
systems. Velocity is a frame-dependent quantity and
the effect, being sensitive in the c.m. system, implies

2% It may be noticed that the p° signal for high-velocity sample
is somewhat narrower than the currently reported width (120
MeV).

26 This effect might have some relation with the transfer de-
pendence of the p? width suggested by Ross ef al. and investigated
by James ef al. in #*p — pp* at 2.0 GeV/c; M. Ross and G. Shaw,
Phys. Rev. Letters 12, 627 (1964); F. E. James and H. L. Kray-
bill, Phys. Rev. 142, 896 (1966).
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that this is the proper frame for the description of
these events, or at least is not far from it.

The specific characteristics, that is, weakening of the
signals and alteration of their shape, suggest an ‘“‘ero-
sion” effect. Such an “erosion” would occur if resonances
were produced directly (i.e., not by final-state inter-
action), the reinteraction of their decay products with
the surrounding pionic field distorting (eroding) the
mass shape. This scheme is far from being established
but merely suggested by the present observations. That
the p° and w are produced directly and not by secondary
interactions is borne out by the striking equality of p°
and w production in quasi-identical kinematical con-
figurations, i.e., the ratio of p° to w production remains
of order 1, from 5 GeV/¢ (this experiment) through
6.9 GeV/c? to 8 GeV/c.5%

7. The Neutron and NO-FIT Channels
7.1 Resonance Production in the Channel n+p— ndnt2r—

The population (279 events) of the channel #dnr*+27—
is relatively weak compared to the channels p3r+2r—
and p37+2n~x® (cf. Table I). The only resonance which
makes a significant contribution to the effective-mass
plots is the N*—(1236) in the n7— distribution. In Fig.
25, the nat and the nn— effective-mass distributions
are given for comparison.

The result of a fit obtained in a way analogous to that
described for reaction 4 is that a fraction of (60+25)9,
of the events form an isobar N*-(1236). The corre-
sponding cross section is 0.0740.03 mb.

The production angular distribution for the nx~
combinations in the N* band does not show any sig-
nificant difference from the corresponding distribution
for the nwt combinations. The backward peaking of the
neutron (4,=0.424-0.07, see Table II) reflects. itself
in a backward peaking of the combinations in the N*
band with asymmetry ratios —0.504-0.05 for the nax—
combinations and —0.5040.04 for the #a* combina-
tions. Also no significant difference can be observed

20 Mass,Gev

F16. 26. pz+ and pn— effective-mass distributions in channel D.

% This equality seems no longer true at 4 GeV/c (Ref. 4) (0.20x
0.04 mb for w and less than 0.10 mb for p°) but this may bea
threshold effect.
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between the four-momentum transfer distributions for
the #a— and #7* combinations in the N* band.

7.2 The Channels D and E

Only a relatively small number of events (cf. Table
I) contributes to the channels p37+27—(mx®) and
ndxt2n~(In°) with m>2 and I>1. No significant reso-
nance production has been detected in these two chan-
nels, with the exception that there are indications for
some N*(1236) production in the D channel. The effec-
tive-mass distributions for the pr+ and the pn— com-
binations in this channel are given in Fig. 26. No phase-
space calculation, which is possible only with further
assumptions about the multiplicity of additional neutral
pions, has been done. From the difference of the shape
of the prt* and the p=— mass spectra, one obtains an
estimate of about (304-20)9, of the events forming an
N*(1236).

III. CONCLUSIONS

In studying 3502 six-charged-prong n*p interactions
at 5 GeV/c, it was first noted that the most populated
channels are characterized by the fact that the proton
retains its charge and that rarely is more than one #°
present. This paper has then been mostly concerned
with the corresponding 4 and B channels: #tp—
p3nt2r~ and 7tp — p3nt2rad.

A very general feature of these reactions is already
revealed by the study of individual final-state particles.
It is found that no glancing collisions contribute to
these phenomena (with the exception of the weak
N*X0 peripheral production). However, the momentum
distributions do not quite follow the relativistic sta-
tistical phase space; the average momentum of the
nucleon is nonzero in-the c.m. system and points back-
ward, correlatively the average pion momentum is
nonzero and points slightly forward. Moreover the
average transverse momentum is in all cases slightly
smaller than expected. This could be the onset of a
limitation on transverse momenta often reported at
higher energies. .

Despite the over-all statistical character of the ob-
servations on' individual particles, the study of mass
plots reveals abundant production of N*+t and p° in
channel 4 as well as N***+ and w in channel B with a
weak transfer dependence, if any. In neither of these
two cases has it been possible to establish that these
productions are significantly correlated. N* cross sec-
tions seem to be of the same order of magnitude in both
channels and p® and w cross sections are also quite
similar. Besides these three resonances one observes 5
and X° (mostly forward) in channel B and possibly
f°— 4r in channel 4. It must be noted that no other
resonance states show up in the mass plots, in particular
N* and p are only observed in the above-mentioned
charge states. We give in Table V the cross sections for
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TaBLE V. Resonance cross sections for channels 4 and B. Upper
limits are given within a 95% level.

Cross section Cross section

‘ Obserifed

channel A channel B
Resonance decay (mb) (mb)
N*(1236) ++ — prt 0.254+0.05 0.35 3-0.05
+ — pu® e <0.02
0 — pr <0.02 <0.03
7(549)= — 7wt oo 0.0274-0.006
corrected for 0.10 +0.02
neutral decay
w(783) — gyl 0.26 +0.03
X0(958) — w0 0.006-+0.002
corrected for 0.05 +0.02
others decays
0(760) + — a0 cee <0.02
0 — 7t 0.2640.05 <0.03
- — 70 oo <0.015
A1(1080) - + — rtrte— <0.03 <0.03
0 — a0 e <0.03
— — Tt <0.02 <0.02
+ or — — prt & pO7™ <0.03 cee
A2(1300) + — ity <0.02 <0.015
0 — g0 cee <0.01
— — 7t <0.01 <0.01
+ or — — prt & pOn™ <0.02 cee
B(1210) + b0 e <0.04
- P ar <0.03
+ or — wrt & wr™ cee <0.025
£°(1250) — 7t <0.005 <0.001

» Exclusive of those produced through the X9 mesons.

the observed resonance production as well as upper
limits (959 confidence level) for some resonant states
which are not observed.

There are indications for spin alignments concerning
the p° and w relative to the line of flight of the resonance
in the first case and to the incident pion direction in
the second.

In the total sample it appears that the N* signal in
both channels 4 and B is not correctly described by
the Breit-Wigner function as modified by Jackson.!s It
is shown that these deviations can be located in the
samples of low c.m. N* velocity. Since slow N* have a
mean free path before decay which is less than 1 F
(which dimension is typically ascribed to the inter-
action range), it is suggested that this effect has a
direct relation to the short lifetime of the N*, Indeed,
such a dependence seems to affect the short-lived po
and not the comparatively long-lived w.

The present work remains all along essentially de-
scriptive and we rarely have at hand any framework
into which these observations would fit. The under-
standing of high-multiplicity phenomena is not very
advanced at the present time and it is not clear to us
which one of the reported results is likely to contribute
the most to further development.
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Polarization Parameter in Elastic Proton-Proton Scattering from
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The polarization parameter in elastic proton-proton scattering has been measured at 0.75, 1.03, 1.32,
1.63, 2.24, and 2.84 GeV by employing a double-scattering technique. An external proton beam from the
Brookhaven Cosmotron was focused on a 3 in.-long liquid-hydrogen target and the elastic recoil and scattered
protons were detected in coincidence by scintillation counters. The polarization of the recoil beam was
determined from the azimuthal asymmetry exhibited in its scattering from a carbon target. This asymmetry
was measured by a pair of scintillation-counter telescopes which symmetrically viewed the carbon target.
The analyzing power of this system was previously determined in an independent calibration experiment
employing a 40%-polarized proton beam at the Carnegie Institute of Technology synchrocyclotron. False
asymmetries were cancelled to a high order by periodically rotating the analyzer 180° about the recoil beam
line. Spark chambers were utilized to obtain the spatial distribution of the beam as it entered the analyzer;
this information allowed an accurate determination of the corrections necessary to compensate for any
misalignment of the axis of the analyzer relative to the incident-beam centroid. Values of the polarization
parameter as a function of the center-of-mass scattering angle are given for each incident beam energy. The
predictions of the Regge theory for polarization in elastic proton-proton scattering and recently published
phase-shift solutions are compared with the experimental results. Surprisingly good agreement with the

Regge predictions is found despite the low energies involved.

I. INTRODUCTION

HE polarization parameter in elastic proton-
proton scattering at 0.75, 1.03, 1.32, 1.63, 2.24,

and 2.84 GeV was measured in a double-scattering
experiment performed at the Brookhaven Cosmotron.
‘While the differential scattering cross section for elastic
p-p collisions is well known in the region 1 to 3 GeV,
there was until recently a marked scarcity of corre-
sponding polarization measurements. In this region,
polarization data have been reported by Grannis ef al.!
at 1.7 and 2.85 GeV, by Bareyre et al.? at 1.7 GeV, and
by Ducros ¢t al.? at 1.03 and 1.19 GeV; however, the
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results of the two experiments at 1.7 GeV appear to be
inconsistent. Preliminary results of the present experi-
ment were reported in an earlier paper by the present
authors.*

In general, the central goal in the study of the proton-
proton system is the construction of the complete
scattering matrix for proton-proton collisions. The
measurement of the necessary number of independent
spin-correlation parameters to unambiguously deter-
mine the scattering matrix is currently experimentally
prohibitive. However, cross-section and polarization
data alone can impose stringent conditions on any
theoretically predicted phase shifts. On the other hand,
cross-section and polarization data can be used in
conjunction with physical models to predict the possible
phase-shift solutions. The latter approach has been
employed by Hama, who used one-boson and one-pion
exchange models to obtain phase-shift solutions for the
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