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The simultan_eous production of pion resonances and strange particles was investigated. The
simultaneous production of p’ mesons and A-K pairs was observed in events characterized
by charged particle multiplicity ng = 4 and having cross sections 0po =20+ 8 ub. Cross
sections for the production of w and 7 resonances are presented. The 1340-MeV peak in
the distribution of four-pion effective masses is discussed.

INTRODUCTION

THE present work, performed with a 24-liter
propane bubble chamber, [!J has continued the
study of strange-particle [2-5] anq pion production
in a 7.5-GeV/c 7~ beam. We studied the pion res-
onances produced in the interactions

A(Z%) 4+ K+ m=n
AZ%) + K* + mn
K°+K°+p(n)+mn
K'+K +pn)+mn ,
K4 K* 4 p(n) + mn
K4+ 3t + mn
KO+ 2" 4 mn

T p—

where m is the number of pions. The following
criteria governed the selection of reactions with
protons:

1) No proton evaporation tracks are observed
in a star including an A hyperon or K meson
(A-K or K-K pair).

2) The combined charge of all secondary par-
ticles is zero.

3) No more than one baryon is identified in an
event.

4) The target mass (6] is less than or equal to
the nucleonic mass.

5) The missing mass(") w = (AE? —|ap|?)1/2,
where

n n
AE =E,— 3 Ei, Ap=p0—2pi

i=1 i=1
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are the energy and momentum differences between
the primary and secondary particles, must be real.
Because of the primary-particle momentum
spread the criterion (5) applies only to events in
which
AE >0,

5o 1—| 3 p;|>0.

i=1

In cases where the given conditions were not
fulfilled, the primary-pion momentum was varied
within the permissible range in calculating the
missing mass. Whenever w? remained negative
for the maximum possible variation of the primary-
particle momentum the corresponding event was
excluded.

The effective masses of different pion combi-
nations were computed from

Migtp = (Ex+ Ex+ ...+ E)2— (pi+p2+ ...+ pi)2,

where E; and pj are the energies and momenta

of the created pions. Errors in determining the
effective mass depend on the accuracy with which
coordinates, momenta, and angles were measured
in our chamber. 8] The ratio AMggr/Megs, where
AMeff is the error in the effective mass, is almost
independent of Mg¢s. For different pion systems
the rfas relative errors are as follows:

No. of pions: 2 3 4
[AM _ /M o | %: 3.5 6 7T

The accompanying table gives data regarding
the numbers of events used in plotting the effec-
tive mass spectra for different multiplicities ng.
All events were divided into two groups. The first
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No. of events
excluded on .
Par- | No. of | the basis of rlgt(;i:efd
ticle 8 events |the missing | eyents
mass and
target mass
A { 2 255 24 231
4 116 28 88
X0 2 327 15 312
4 162 18 144

group (A) consists of interactions for which either
both strange particles of a pair (A, K»*) were reg-
istered or only the A. The second group includes
interactions where either both K mesons (K-K
pairs) are visible in the chamber, or only one K.

V? events that cannot be identified uniquely were
considered to be A hyperons on the basis of the
conclusions reached in [83,

1. THE p MESON

Much experimental and theoretical work has
been done on the production and properties of p
mesons (see the bibliography in [10]y The P
quantum numbers (J,P,I,G) = (1,-1,1,1) can
be regarded as firmly established. Some publica-
tions [11J have emphasized the predominant produc
tion of p in events with small four-momentum
transfer, as well as the p production accompanied
by Ny/p,3, isobar production. ) There is still
insufficient information available regarding p pro
duction in 7~ -p interactions involving strange-
particle production. Peyrou et al. (3] have studied
K°-K® and A-K pair production by 10-GeV/c ~
mesons in hydrogen without discovering p mesons.

The present work presents proof of p® produc-
tion accompanying strange-particle production. We
have established that p® is produced only in events
with charged-particle multiplicity ng = 4. The con-
tribution of p° mesons to the effective mass dis-
tribution of 7*-r~ combinations for the group of
events in which a A is produced amounts to 11
+ 2%, which corresponds to a cross section of 20
+ 8 ub. Figure 1 shows a histogram and an ideo-
gram of the effective mass distribution of n*-n~
combinations for events with ng = 4 and A pro-
duction. As a background curve Fig. 1 shows the
smooth distribution of masses M;¥;¥ in A-pro-
ducing events. This distribution agrees well with
a curve calculated from statistical theory (see
Sec.'3).

The Mg+q- distribution in K’-producing events
also exhibits an energy corresponding to a p me-
son (Fig. 2), which here comprises at most 5% of
all events. If it is considered that approximately
1/3 of events with registered K’ mesons are among

1327

N

I+

20+

3 events
—_—
I T S - S | 1 1 1 1
a a5 a7 49 I 13 15 7
My z-GeV

FIG. la. Effective mass spectrum of #* 7~ combinations
for ng = 4 events with A hyperon. The curve was calculated
from statistical theory, which furnishes a good description of
the Mg ¥, ¥ spectrum.
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FIG. 1b. Ideogram of effective masses of #* 7~ combina-
tions. The dashed curves are 5 and « resonance peaks.['2]
The background curve was normalized for events with M > 0.8
GeV. The shaded region represents the normalization error
spread.
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FIG. 2. Effective mass spectrum for 112 K°-producing
events (367 combinations) with charged-particle multiplicity
ng = 4. The smooth curve is based on statistical theory and
the My ¥ ¥ mass spectrum.
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the A-K° pair-producing events, 3] and we take
into account the established percentage of p® pro-
ductions accompanying A-K%" pairs, it may be
concluded that the p® peak of this distribution re-
sults from events in which A-K® pairs are pro-
duced. The position of the peak in the spectrum
for stars with a A and the half-width calculated
from the Breit-Wigner formula are M, = 730 MeV
and I'’/2 = 80 MeV. The natural width I" was de-
termined from (I'/2)%= (I'’/2)? — AM?, where T’
is the experimental width and AM is the resolving
power for the region of the peak at 26 MeV.

An analysis of events in the region of the p°
peak yields the following results:

1. The production of p® mesons is entirely in-
sensitive to the magnitude of transferred four-
momentum |A |2 Figure 3 shows the M+~ dis-
tributions for A-producing events (ng = 4) involv-
ing different amounts of transferred momentum:
a) |A] <700 MeV, b) |A|< 900 MeV, and
). |A| <1100 MeV. If 650—850 MeV is taken to
be the p® region, the contribution of this region
is 31 + 9% in case a, 32 + 6% in case b, and 30
+ 5% in case c; these three values are thus seen
to coincide. A similar result was obtained in an
investigation of multiple pion production at 10
GeV/ec. [14] It has been noted in some publications
that at low primary energies p° production occurs
predominantly with low momentum transfer |A |
< 400—500 MeV.
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FIG. 3. Mz+ - spectra for A-producing events (ng = 4)

with different amounts of momentum transfer between baryons.

2. The p° angular distribution in the pion-proton
c.m.s. (Fig. 4) duplicates qualitatively the distri-
bution of 7* mesons accompanying A production,[zj

V. A. BELYAKOV, et al.

but is peaked more strongly forward. The 7*, 77,
and p° c.m.s. angular distributions are character-
ized by the following forward/backward ratios:

Aot = 1.34 40.19,
Mloeftne = 1.43 4 0.17,
Roofrigs = 2.6 4 0.7.
3. In the p° rest system the pions have an al-
most isotropic distribution (Fig. 5); according to

the Kolmogorov-Smirnov test there is an 8% prob-
ability of coincidence with an isotropic distribution.
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FIG. 4. p° angular distribution in 7~-p system (ng = 4).
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FIG. 5. Distribution of angles n* for 7 mesons from p°~
decay in the p° rest system (ng = 4).
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FIG. 6. Mp,+ distribution for events where 650 < M +,-
< 850 MeV. (M +,- for other pions; ng = 4).

4. Our data do not conflict with the simultane-
ous production of p° and Y{ having a mass of 1380
MeV. Figure 6 shows the mass distribution of A-7%
combinations for all 77 not included in the region
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FIG. 7. M, +;- spectrum for p°-producing events (650
< Mp+z- < 850 MeV). Light smooth curve — M, ¥, spectrum
from w meson events based onl*?]; thick curve — Mg+, dis-
tribution from A-producing events; ng = 4.

650—850 MeV of the p’ peak but produced along
with ¥ in this region. Investigations devoted to
the search for p? show that in some events (as
in.[12]) where 7n*-p interactions occur a nucleonic
isobar Ny, 3/, is produced along with pl.

5. The mean momenta of p® produced in our re-
actions were (in GeV/c units)

o= 0.627, por = 0.250, p,=2.67, po; = 0.423.

Here pj is the c.m.s. mean p" momentum, p, is
the mean lab. system p’ momentum, py[, is the
longitudinal ¢.m.s. momentum, and pp] is the
transverse momentum.

2. THE w, n, AND 6 MESONS

The low efficiency (10%) of y registration in
our chamber along with inexact knowledge of the
primary-beam momentum prevented us from in-
vestigating directly the production of n and w
particles, for which we obtained only indirect in-
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FIG. 8a. Mass spectrum of #*-7~ combinations for ng = 2,
including events with a registered A hyperon and events with
a K° meson.
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formation. In the effective mass distribution of
771~ combinations for ng = 4 there is an excess
of events above the phonon curves (Fig. 1) in re-
gions corresponding to values of Mg+~ associ-
ated with  and w mesons. The values of M ;-
for 7& from n and w decays lie in the range from
2mg to my o, —my, i.e., from 0.28 to 0.64 GeV,
for w, and up to 0.31 GeV for 7n. Assuming that
the given discrepancies actually are due to n and
w particles, we can estimate the contributions of
these resonances. Using Dalitz plots from [12:15]
we obtained Mg *;~ distributions from 7 and w
decays, which were fitted to the experimental dis-
tribution along with the background curve and the
Breit-Wigner curve for p® (Fig. 1b). The results
show that a 7 meson decaying according to 7

— "7 70 is produced in 4 + 2% of the events
while w — 75777 in 13 + 2% of the events. The
corresponding cross sections are gy =7 £ 5 ub
and oy, = 24 £ 9 ub.

If it is assumed that the excess of events in the
M+~ distribution around 500 MeV results from
w decay, our data reveal simultaneous p? and w
production. Indeed, this conclusion results from
the Mg+;- spectrum shown in Fig. 7 for events in
which the effective mass of the two other pions is
found in the p® region (650 < My+;- < 850 MeV).
We estimated that the cross section for simultane -
ous p® and w production is =10 ub. Like p° pro-
duction, w production is insensitive to the amount
of transferred momentum (Fig. 3).

The mass spectra of 7'n~ combinations for
charged-particle multiplicity ng = 2 are identical
for A- and K'-producing events, but differ entirely
from the case of ng = 4. Figure 8a shows the mass
spectrum of 7'7~ combinations for ng = 2. Events
are grouped around the masses ~ 400 and 600—700
MeV and the spectra are similar for stars with A
or K% The peak at 400 MeV can be accounted for
by the presence of an excited hyperon Y* in the
Mpagn+ spectra, and also by an admixture of events
with nonuniquely identified particles (i.e., when a
K particle was taken to be a pion).

The maximum at Mg+~ = 630 MeV can be iden-

Mesonoz-6eV

FIG. 8b. Mk +,- spectrum calculated with K assumed to
be n+.
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FIG. 9. M;+;- spectra of pions forming the 1340-MeV peak
in the mass distribution of the 47 system. a — 1300 < M +,-
< 1400 MeV; b — 1400 < M +,- < 1600 MeV.

tified with the previously observed ¢ meson. Since
the ¢ mass varies in different investigations,
Roos [16] suggested that two different ¢ mesons
exist, with the masses Mgot = 565 + 10 MeV and
Mgot = 625 MeV. The proofs advanced for the ex-
istence of ¢ and 6 mesons are still insufficiently
reliable; in [111%:17] these particles were not de-
tected. Our results furnish no additional evidence
for the existence of these mesons. Our data per-
mit a different interpretation of the peak at M+~
= 630 MeV,—that the peak results from the influ-
ence of resonance in K* -7~ or K-~ systems at
M = 880 MeV. The Mg*;~ distributions for A-K'
pair-production events indicate a certain fraction
of K* resonances with the mass 880 MeV. Events
producing this resonance lie in the region of the
~630-MeV peak of the M+~ distribution (Fig. 8b)
if K' mesons are here replaced by m* mesons. An
investigation of the Mgo0;+ and MgK=;F spectra
showed that in K-K pair-producing events with

ng = 2 there are no resonances in the K- system.
Therefore the events forming the peak at ~ 630
MeV evidently belong to A-K% pairs.?

3. 4r SYSTEM

At the 1962 Geneva conference we reported (%]
the possibility of resonance in a four-pion system.
The mass of this resonance was given as 1340 + 70
MeV, and the proposed decay schemes were

2)Events with one registered K° can be divided as follows:
Y% — events with A-K° pairs, and % — events with K-K pairs.

V. A. BELYAKOV,

et al.
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Figure 9 shows the Mg+~ and Mg¥,F distributions
for m* mesons forming a peak in the My, distri-
bution that is shown in Fig. 10a,b (1.3 < M; < 1.4
GeV). Old statistical data were in an attempt used
at a more critical verification of this peak and its
properties.

A. It was necessary to demonstrate that the ad-
dition of background events does not result in a
nonuniform distribution. Using ionization measure-
ments, 6 electrons, and an investigation of the
missing mass, we were able to distinguish events
which can be associated with A-K* pairs and with
K*(K%)-K™ (K*) pairs. The mass distribution of
K'7"n*n" or K 7n*n 71" systems (where K* and K~
were regarded as pions) includes no accumulations
in the region of the peak, which is also unaffected
by 7 -C interactions or interactions with quasi-
free nucleons.

B. The background in the effective-mass dis-
tribution was evaluated by different methods. The
statistical background for the effective-mass dis-
tribution of v particles (v =1,2,3,...) was rep-
resented by curves based on the expression [2]

awjaw, = (1) {11 @s + 17 [ LI vt} o0 aw aps)jam,,

where f(T), H(2s+1)oi, and HNj! are coeffi-
cients taking into account isospin, spin, and the
identity of particles. Phase-space curves of
dw(MpM,)/dM, were calculated using the method
proposed in (20], Here i is the Lorentz-con-
tracted interaction volume, which for pions is
given by

O A dm byt

1n—(2—3_[‘)?—?)—(m“> Tc ]

where mg is the pion mass, vy, is the Lorentz
factor, and A is a fitting parameter. Since we
are here concerned with events in which strange
particles are produced and are not making com-
parisons with other reactions, the choice of an
interaction volume for strange particles does not
play an essential role. The phase-space curves
corresponding to A-K and K%-K? pair-production
channels were plotted on the basis of the experi-
mental ratio between the numbers of A-K’ and
K'-K® pairs.?

3)A detailed comparison between these results and calcu-
lations based on statistical theory, together with a discus-
sion of the choice of the interaction volume for strange parti-
cles will be published later.
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FIG. 10a. Effective-mass distribution of #*7 7*7~ system for 151 events. The smooth background curve is based on statis-
tical theory; the dashed background histogram was calculated by the Monte Carlo method.

FIG. 10b. Ideogram of effective masses of n+rnt7~ system.

Figure 10a shows the background distributions;
the smooth curve was obtained from statistical
theory and the dashed histogram was calculated by
the Monte Carlo method. The difference between
the two background curves can be attributed to the
fact that the statistical calculation did not take into
account the channels involving resonances,‘” which
because of their large number make a consider-
able combined contribution. In the Monte Carlo
calculation the effective masses were calculated
using a random selection of momenta, energies,
and angles from the experimental data. Resonance
states could evidently influence this result. Fig-
ure 10a shows that the mass peak at 1340 MeV is
outside the limits of 2—2.5 standard deviations.

C. The values of My +;- for the events in the
1340-MeV peak region of the M,; distribution
(1.3 GeV = My; =< 1.4 GeV) are grouped about
550 MeV and the p® mass. The first of these two
regions is the portion of the M +;- spectrum which
we are inclined to assign to w production. It was
considered how these two peaks can influence the
My, spectrum.

If two particles (2 and 3) out of three form a
bound state, the properties of a Dalitz plot can be
used to evaluate the influence of this bound state
on the mass spectrum of particles 1 and 2. If the
bound state of particles 2 and 3 with fixed mass

4)The statistical-theory calculations neglecting reso-
nance channels do not agree with experiment[‘] with regard
to the number of #° mesons. The result is changed by intro-
ducing channels with known resonances, and the mean num-
ber of #° mesons becomes close to the number obtained from
y rays.[‘]

m, 3 decays isotropically and the decay energy of
these particles is small, the my , distribution can
exhibit a narrow peak simulating a resonance of
particles 2 and 3. Let us take a p° meson with
m; = 0.75 GeV as the first particle and a 27 sys-
tem with m, = 0.55 GeV as the second particle.
The third particle will be a 7° meson forming
with the second particle a bound state, which is
an w meson having mj 3 = 0.78 GeV; the minimum
total energy of all three particles will then be M
=m, 3+ my =1.53 GeV. For this value of M the
mass spectrum of particles 1 and 2 (in the M,
spectrum ) can exhibit a peak at m; , = 1.32 MeV
calculated from [21] ,

mp = mosmy + mi® + me® + my [ mosz(me? — ms?).

If M is increased slightly to 1.6 GeV, the calcu-

lation gives the range 1.32 <mj , < 1.43 GeV.
Similarly, assuming that the mass spectrum

of 7*7° eombinations from w decay is the same

as the Mg+~ spectrum and using the scheme

No. of particles 1 . 2 3
Type of particles pomtn= nt=  mino
Mass, GeV 0.75 0.14 0.55
P
Bound state m,=0.78

our calculations show that in the M;¥,;¥;+ spectra
we can expect a peak due to p® and w mesons at
mass ~ 1000 MeV. The experimental spectrum
(Fig. 11) does actually include a peak rising above
the phase curve at ~1000 MeV.

The foregoing argument furnishes additional
support for the simultaneous production of w and
p° mesons in a single interaction. Moreover, the
peak at ~ 1340 MeV can indicate a resonance state
ina 57 system (r*7"7*7"7%) corresponding to the
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FIG. 11. Effective-mass distribution of 37 system (760
events). The curve was derived from statistical theory. The
dashed histogram represents a Monte Carlo calculation.

resonance of p’ and w mesons. Assuming that
this resonance exists, we transformed C21] the My,
spectrum into a Mgy spectrum and obtained the
position of a possible p%w resonance. The maxi-
mum of this distribution is located in the 1600—
1800-MeV region.

It can be asserted, in summation, that the 1340-
MeV peak in the M,; distribution actually exists,
with the following possible explanations:

1) Resonance occurs in a 47 system (r*7 7°7")
with isospin T = 0 and half-width T'/2 = 70 MeV.

2) The peak results partially from simultane-
ous p° and w production in four-prong stars with
A-K pairs.

3) The maximum in the M,; distribution results
from a narrow resonance with its mass in the 1600
—1800-MeV range, with a decay cascade passing
through p® and w states:

(57— o + o
L 40

T
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