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ABSTRACT This r epo r t desc r ibes the study of 1.15-Bev/c K - - m e s o n 
interact ions in the Berkeley 15-in. hydrogen bubble chamber . The 
discussion is l imi ted mainly to some 600 events in which the final 
state consis ts of a Σ hyper on and one or m o r e pions. 

The mechanics of analys is with the PANG, KICK, and 
EXAMIN p r o g r a m s a r e descr ibed in the f i rs t pa r t of the r epo r t . A 
detailed discussion is given of the t rea tment of ambiguit ies between 
the var ious hypotheses , a problem that becomes quite severe at this 
energy. 

The discuss ion of r e su l t s emphasizes the effect of strong 
f inal-s ta te in teract ions in the Σ-Π sys tem. The re la t ionship of the 
data to the recently discovered Y1

* resonance in the Λπ+π- reaction 
is discussed, and it is shown that the Σ/Λ branching ratio of 
Y1

* is l e s s than 16%. Evidence is p resen ted for the existence of a 
T=0 resonance in the Σ-Π system with a m a s s of about 1400 Mev. 
It is shown that K-+p → Σ + π reactions at this energy seem to proceed 
almost entirely from the T=0 initial state, which might be because 

the reac t ions a r e still dominated by the T=0 resonance in the 
K- p system at ~ 1 Bev/c. 
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I. INTRODUCTION 

In the fall of 19 58 a h igh-energy K- beam was set up1 at the 
Berkeley Bevatron to search for the hyperon, a neutra l counterpar t 
of in the s t rangeness scheme of Gell-Mann and Nishij ima.2 The 
hydrogen bubble chamber was used as a detector , because it alone 
would pe rmi t an unambiguous identification of the production and decay 
of the . In addition to one example of the par t ic le , 3 severa l 
thousand K- p interactions were observed in the Berkeley 15-in. hydrogen 

bubble chamber . These a r e of considerable in te res t in the 
study of properties of strange particles, as the only previous investigation 

of K - -nuc leon interact ions above 400 Mev/c had been l imited to 
a counter measurement of K- total cross sections on hydrogen and 
deuter ium at 0.9 Bev /c . 4 Since a discussion of the react ion 
K- + p → Λ+π+ + π- has been published a l ready in reasonable detail ,5 

this study will be l imited mainly to those reac t ions in which the final 
state consists of a Σ hyperon and one or more pions. Other Λ reactions 

will be d iscussed insofar as they a r e exper imental ly connected 
with the Σ reactions. Part of these data have been published previously 
in an abbreviated version. 6 The nonhyperon-producing interact ions will 
be repor ted separate ly . 7 

Sections II and III deal with the description of the experimental 
setup and running conditions, and the mechanics of the analys is 

of data. A more detailed descr ipt ion of some of the aspec ts of analysis 
is given in the first three appendices. 

Section IV deals with the exper imental r e s u l t s , with emphasis 
on those features of analysis that were specific to a given c lass of 
in terac t ions , namely the resolut ion of ambiguit ies and the elimination 
of experimental biases. The last section concerns itself with the interpretation 
of the data in terms of the existing theories and the relationship 
of the data to other strange-particle phenomena. 
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II. EXPERIMENTAL PROCEDURE 

A. Descript ion of the Beam 

The K- beam used in this exper iment was designed by 
Eberhard , Good, and Ticho and is descr ibed in detail e lsewhere . 1 

Accordingly, only a summary will be given here. The schematic diagram 
of the beam setup is shown in Fig. 1. 

The K- mesons were separa ted from a much m o r e copious 
pion and muon flux by means of two Cork-Wentze l -Lamber tson velocity 
spec t rome te r s , 8 each forming a separa te stage of separa t ion. The 
c ross ing E and H fields were set for t r ansmis s ion of K mesons , 
which in turn resu l ted in the deflection of the l ighter pions and muons 
out of the median plane. At the end of the f i rs t stage of separat ion, a 
0.2-in. -wide slit backed up by a uranium col l imator was used to stop 
the deflected pions. The slit , in turn, served as the source of the K 
mesons for the second pa r t of the sys tem. The bending magnet jus t 
before the bubble chamber was used to sweep away the off-momentum 
pa r t i c l e s that might have gotten through the system up to that point. 
Finally, another slit--this one 0.34-in-wide--followed by a lead collimator 

was placed just before the entrance to the chamber to stop the 
pions and muons deflected by the second spectrometer. 

The final accepted momentum interval was defined by using 
the f i r s t quadrupole to focus the beam in the horizontal plane at the 
second quadrupole. Because of the initial momentum dispers ion due 
to the Bevatron field, different momenta a r e focused at different points 
along a line normal to the beam direct ion. Thus a col l imator located 
in the second quadrupole was used to define the momentum bite. The 
nominal momentum was 1.15 Bev/c and the momentum interval acceptee 
± 1-1/4%. 
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Fig . 1. Schematic d iagram of 1.17-Bev/c K"-beam. 
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B. Operating Conditions 

During the actual running t ime of about 6 weeks some 70,000 
p ic tu res were taken in the Berkeley 15-in. hydrogen bubble chamber 
exposed to the K- beam. The total K- flux through the chamber was 
about 100,000. The average pic ture contained about 10 t r a c k s , l e s s 
than half of which satisfied beam c r i t e r i a on direct ion, position, and 
curva ture . The major i ty of the beam t racks were muons, the re being 
typically one or two kaons and l e s s than one pion in each p ic tu re . The 
nonbeam tracks were also principally muons, but with a larger admixture 

of pions than in the proper beam. Because the total K path 
length was determined solely by counting K decays (descr ibed in detail 
in Appendix A) and the reac t ions we will d iscuss a r e cha rac t e r i s t i c of 
K mesons, the knowledge of the exact amount of pion and muon contamination 
is not es . . purposes of oar 
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III. DATA ANALYSIS 

A. Scanning 

All film used was scanned twice : - -once immediate ly after 
exposure mainly to sea rch for double V0 events ( i . e . possible productions) and to check on the chamber and beam conditions. However, 

all other interact ions as well as the decays were also searched 
for and recorded . Before the second scan, the film was edited, and 
approximately 25% of it was re jec ted because of poor sensit ivi ty of 
the chamber , failure of a camera , or some other conditions that 
r endered it below the des i red s tandard. All of the accepted film was 
then rescanned . The re su l t s of the two scans were subsequently used 
to p r epa re a m a s t e r l i s t of all the events found for the next stage in 
ana lys is , which is called "sketching". Both of the scans were s t r ic t ly 
topological and no effort was made to ass ign a physical in terpreta t ion 
to a given event. 

B. Sketching and Measuring 

The purposes of the sketching stage a r e bas ical ly (a) to 
check the s canne r ' s identification of the event; (b) to scan once again 
that pa r t i cu la r f rame for any possible cor re la ted t r acks , e. g. V ' s , 
recoi l pro tons , or e lect ron p a i r s ; and (c) to p r e p a r e a sketch of the 
event for the subsequent measurement. A fiducial boundary was imposed 

at this t ime, its boundaries de termined by the condition that all 
of the a r e a under considerat ion be sufficiently well i l luminated and 
that all the t r acks of the accepted interact ions have at l ea s t 4 cm of 
measu rab le length, r e g a r d l e s s of the direct ion in which they were 
emit ted. The fiducial volume was defined in t e r m s of a projected a r e a 
in one of the four views. 

At this energy the same topological configuration can be due 
to many types of interact ion. For example, a two-prong interact ion 
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with an a s s o c i a t e d V can be any of the fo l lowing: 

K- + p → + p + π-

→ + π- + π+ + n 

→ Λ + π- + π+ 

→ Σ° + π- + π+. 

Furthermore, each of these reactions can be produced along with additional 
neutral pions. Very often, ionization, subsequent interact ion 

or decay of one of the secondary t r a c k s , or the fact that the posit ive 
t r ack stops and does not decay can be used to el iminate some of these 
hypotheses by inspection. However, this is not always t rue , and thus 
for the sake of s implici ty and l imiting the number of event types, the 
classif icat ion of events at this stage was determined s t r ic t ly by the 
topology of the main interaction vertex. Every distinct topological configuration 

corresponded to a different event type. If a secondary t r ack 
in teracted or decayed in the chamber (connected event), then this 
ver tex was also l is ted for m e a s u r e m e n t so that all available information 
could be utilized. 

In making the sketch, the sketcher ass igned an event-type 
number to every event and decided which two of the four poss ible views 
should be used to m e a s u r e each t rack . The c r i t e r i a he re were good 
s te reo angle and quality of the film. Stereo angle is the angle made by 
the t rack with the line joining the two c a m e r a s used. The maximum 
resolution is obtained when the two intersect at right angles. Furthermore, 

if any t rack stopped in the chamber , that information was-also 
recorded on the sketch card. 

The next stage in the da ta -process ing system is the actual 
measurement of the event by means of the automatic measuring projector 

(Franckenste in) developed at the Lawrence Radiation Labora tory . 
For each t rack , severa l coordinate points a r e m e a s u r e d on the film 
in the two views chosen and then punched on IBM cards along with the 
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master information for the whole event (roll and frame number, fidu-cials 
on the top g lass , event-type number , e t c . ) . If any t rack s tops, 

this is also indicated on the IBM cards by means of an appropr ia te 
code word. Connected events , if any, assoc ia ted with the main ver tex 
are also measured at this time. 

C. Digital-Computer Analysis 

The three stages in the digital computer analys is a r e the 
PANG, KICK, and EXAMIN p r o g r a m s . These a r e in te r re la ted by 
means of output binary tapes , which se rve as input for the following 
p r o g r a m . 

The IBM cards with the t rack coordinates a r e used as the 
input for the t r ack - recons t ruc t ion 704 p rog ram PANG.9 This p rog ram 
uses the two projected views of each t rack to r econs t ruc t it in space 
and calculates the momenta from curva ture and range , and azimuth and 
dip angles, as well as the uncertainties in these quantities. Some account 

is taken of the nonlinear effects in the optics of the bubble chamber 
Nonlinear effects means not only h ighe r -o rde r lens co r rec t ions , but 
a lso cor rec t ion for smal l imperfect ions in the al ignment of the optical 
sys tem. This is done by calculating a set of optical p a r a m e t e r s by a 
l e a s t - s q u a r e s fit to the grid of fiducials on the top g l a s s . The PANG 
program calculates s ta t is t ica l e r r o r s which include the contribution 
due to the multiple Coulomb scattering as well as that due to the measurement 

uncer ta in t ies . The la t t e r , however, a r e obtained m e r e l y by 
propagating a cer ta in intr insic measur ing uncertainty on each point, 
and take no account of turbulence or imperfect ions in the optics of the 
sys tem, as these depend very much on specific running conditions. It 
was neces sa ry , therefore , to modify p a r t s of PANG to take account 
of these two effects so as to obtain e r r o r s corresponding to the actual 
exper imental conditions. A full d iscuss ion of this study is given in 
Appendix B. To summar ize the r e su l t s of this study h e r e , we can say 
that the final errors in general are of the right magnitude. However, 
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there a r e small sys temat ic shifts in the measu red quantit ies which 
a r e at most equal to one third of the typical quoted e r r o r s and which 
will cause the observed x2 d is t r ibut ions to be spread out by a factor 
of ~ 1.2 over the expected dis t r ibut ions . 

The PANG binary tape se rves as input for the kinemat ical 
cons t ra in ts p rogram KICK.10 At a ver tex where the momenta and 
angles of all tracks are measured, KICK does a four constraint least-squares 

fit in the 3n dimensional space (h being the number of t r acks ) , 
the four cons t ra in ts being the three equations of conservat ion of l inear 
momentum and conservat ion of energy. The 3n var iab les a r e taken to 
be the azimuth, tangent of the dip angle, and the curva ture of each 
t rack . This choice is dictated because it is in these quantit ies that the 
m e a s u r e m e n t e r r o r s come c loses t to being normal ly dis t r ibuted. 
Sometimes when some of the input var iab les a r e miss ing , ( e . g . the 
momentum of the neutral track), the number of constraints is necessarily 

reduced. The reason for this const ra int reduction is that for 
each variable that is missing a constraint equation is required (and 
thereby e l iminated) to solve for the miss ing var iable in t e r m s of the 
known va r i ab le s . The final fit is obtained when the x2 is minimized 
with the simultaneous satisfaction of the constraining equations. 

The input quantities for each vertex fit are ordinarily PANG-calculated 
quantit ies with the following exceptions. Often an event 

type by i ts nature is a two ver tex event, e. g. a two-prong plus a V0 , 
in which case the V decay is fitted f i rs t , and the fitted information on 
the neutral replaces the original PANG information in fitting the primary 

interact ion ver tex . Sometimes a secondary in te rac t s or decays 
in the chamber (connected event); the second ver tex is then fitted f i rs t 
and the resul t ing data on the secondary is used for the p r i m a r y ver tex . 
If one of the secondar ies s tops, momentum from range measu remen t 
is used instead of cu rva tu re . Final ly as the beam momentum is known 
much m o r e accura te ly from Kμ2 study (see Appendix C) than from the 
curva ture measu remen t of the t rack in PANG, the two values a r e 
weighted by the inverse of the square of their errors and then averaged. 
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This p rocedure is known as beam averaging and amounts essent ia l ly to 
the substitution of the nominal beam momentum for the measu red value, 
since the former is known to a much bet ter accuracy . 

As mentioned previously, most of the event types are ambiguous, i. e. they allow for more than one interpretation. Each one of 
the hypotheses is then t r ied in turn and the fitted quantit ies a r e then 
output for each. Frequently the kinematics of two hypotheses are similar 

enough so that they both give a sat isfactory fit. The t r ea tment that 
was followed for these ambiguit ies of necess i ty depends on the specific 
interaction and will be more appropriately discussed in the following 
section. We define the sat isfactory fit to a given hypothesis as one that 
yields a x2 for that hypothesis which is smaller than the x2 corresponding 
to 1% probability of occurrence. 

The KICK binary output tape in turn se rves as input for the 
final step in the da ta-analys is p r o c e s s , i . e . p rog ram EXAMIN.11 Here 
a r e computed quanti t ies like polar iza t ions , escape probabi l i t ies , 
c e n t e r - o f - m a s s ( c . m . ) quanti t ies , e t c . , for each individual event. The 
calculat ions per formed by EXAMIN by its very nature a r e much m o r e 
specific to each event type than those of PANG and KICK and so a r e 
bet ter d i scussed in the following section. 
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IV. TREATMENT OF EXPERIMENTAL DATA 

In this section we shall d iscuss the exper imenta l r e su l t s 
with emphasis on the t r ea tment of data. The following section will 
s t r e s s the theoret ica l in terpre ta t ion of the r e su l t s d i scussed below. 
The total c r o s s sections for all hyperon producing channels a r e given 
in Table I. The errors quoted show both the purely statistical contributions 
as well as more realistic estimates; specific experimental uncertainties 
and ambiguities contributing to these errors will be discussed 
below. We now discuss in turn the Σπ, Σ2π, and Σ3π reactions, 

A. The Σ+π-, Σ-π+, and Σ0π0 Reactions 

The exper imental p rob lems involved with the study of the 
f irs t two reac t ions (charged Σ) a r e re la t ively minor when compared 
with those accompanying the study of the Σ0π0 sys tem. Accordingly 
we d iscuss the chargetthyperum final s ta tes f i rs t . 

1. Angular Distr ibutions for K- +p → Σ± + π . 

Even though topologically Σ±π final states are indistinguishable 
in most cases from the final s ta tes containing additional one 

or two neutra l pions, the k inemat ics a r e sufficiently different so that 
unambiguous isolation of two-body events is re la t ively s t ra ightforward. 
Specifically, out of some 171 events fitting Σ+π- and Σ-π+, only 19 
gave also a sa t is factory fit to Σ2π in terpre ta t ion . Of these 19, 10 had 
a higher x2 for the three-body- in terpre ta t ion than for the two-body 
in terpre ta t ion (see Table II for data on x2 d is t r ibut ions of these 19 
events) . Because the la t te r is a much more overcons t ra ined hypothesis 
(no particles are missing), it seems reasonable to assume that the ambiguous 
events are examples of the two-body reaction. 
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Tab le I. C r o s s s e c t i o n s for the h y p e r o n p r o d u c i n g 
i n t e r a c t i o n s at 1.15 B e v / c . 

No. e v e n t s 
R e a c t i o n s o b s e r v e d C r o s s s e c t i o n (mb) 

K- + p → Σ- + π+ 87 1.4 ± 0.2 
→ Σ+ + π- 84 1.3 ± 0.2 
→ Σ0 + π0 ~ 5 0 1.2 ± 0.3 (± 0 . 4 5 ) a 

→ Λ + π° ~ 9 0 2.1 ± 0.2 (± 0 . 3 5 ) a 

→ Σ+ + π- + π0 57 1.0 ± 0.2 (± 0 . 3 ) a 

→ Σ- + π+ + π0 54 0.8 ± 0.2 (± 0 . 3 ) a 

→ Σ0 + π- + π+ 27 1.0 ± 0 . 2 b 

→ Λ + π+ + π- 141 3.1 ± 0 . 4 b ( 

+0.4 

)a 
→ Σ0 + π- + π+ 27 1.0 ± 0 . 2 b 

→ Λ + π+ + π- 141 3.1 ± 0 . 4 b ( -0.2 )a 

→ Λ + aπ0 

} 
a ≥ 2 ~65 1.5 ± 0.2 (± 0 . 3 5 ) a → Σ0 + aπ0 

} 
a ≥ 2 ~65 1.5 ± 0.2 (± 0 . 3 5 ) a 

→ Σ+ + π- + π0 + π0 13 0.18± 0.06 (± 0 . 1 2 ) a 

→ Σ- + π+ + π0 + π0 9 0 . 1 2 ± 0 . 0 5 ( ± 0 . 0 8 ) a 

→ Σ+ + π- + π+ + π- 19 0 . 1 9 ± 0 . 0 6 
→ Σ- + π+ + π- + π+ 13 0.12 ± 0 . 0 5 
→ Λ + π+ + π- + aπ0 

} 
a≥1 39 1.1 ± 0 . 2 b 

→ Σ0 + π+ + π-+aπ0 
} 

a≥1 39 1.1 ± 0 . 2 b 

aThe f i r s t e r r o r quo ted i s p u r e l y s t a t i s t i c a l . The e r r o r in p a r e n t h e s e s 

a l l o w s for b i a s e s and a m b i g u i t i e s in the a n a l y s i s . 

b The d a t a for V 2 P r e a c t i o n s c o m e f r o m r e f e r e n c e 5. 



T a b l e II. The x2 d i s t r i b u t i o n s for the 19 e v e n t s 
giving s a t i s f a c t o r y fit to both the Σπ and the Σ2π h y p o t h e s e s . 

No . of O b s e r v e d E x p e c t e d O b s e r v e d E x p e c t e d 
I n t e r p r e t a t i o n c o n s t r a i n t s m e d i a n m e d i a n a v e r a g e a v e r a g e 

Σ± π± 4 3.2 3.4 3.6 4.0 

Σ± π±.π0 1 2.1 0.4 2.8 1.0 
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The procedure followed in fitting all charged Σ events consists 
f i rs t in using the data on the Σ t rack and its charged decay prong 

to obtain the fit to the decay vertex. Subsequently (by using the range-energy 
relat ionship for the Σ and the value of the magnetic field) the 

fitted var iables of the Σ t rack a r e t rans formed to its production point. 
F i t s a r e then at tempted to the two- and three-body hypotheses . In 
most c a se s , the Σ t rack is so short that its momentum from curva ture 
is unrel iable; in this case no decay fit is poss ible . However, by using 
the m e a s u r e d quantit ies at the decay ver tex along with the constraining 
equations of energy and momentum conservat ion, we can solve for the 
momentum of the Σ. This often results in a two-fold ambiguity, corresponding 

to forward or backward c . m . decay (fourfold for Σ+ because 
of additional protonic decay mode). In these ca ses severa l production 
fits a r e made , one to each Σ momentum. For two-body events , the 
final fitted quantit ies a r e determined mainly by the angles of the t r acks 
and π and K momenta , which a r e known ordinar i ly to a much higher 
p rec i s ion that the Σ momentum obtained in the previously descr ibed 
manner. Thus, even for a widely different input Σ momentum, the 
final fitted quantities are very similar. For the sake of uniform pro-cedure, 
the fit with the lowest x2 of the two or four fits was always 
used. 

In obtaining the angular distributions of these two-body processes, 
we must be careful of the following experimental biases: 

a. For smal l decay angles of the Σ, the likelihood that the 
event will be m i s s e d is very high. This is especial ly se r ious for the 
forward-produced Σ+ hyperon decaying via the protonic mode, because 
then the angle in the labora tory (lab) system is always l e s s than 9.5 
deg. F u r t h e r m o r e , one sees then no sudden change of ionization, as 
in low-energy Σ → π decay. The event thus is very likely to be mis-classified 

as two-prong with a smal l -angle proton sca t te r , or (if Σ+ is 
short) two-prong with turbulence close to the vertex. 

b. Short Σ hyperons tend to be mi s sed by scanners m o r e 
often than the longer ones. This is a bias against backward-produced 
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Σ hyperons . As an example, the probabili ty that a backward-produced 
Σ+ will decay in the f i rs t mi l l imete r i's ~ 30%. Thus this can be a 
ser ious bias if not co r rec ted for. 

c. At this energy, the escape probabili ty becomes significant, 
as a forward produced Σ- has a mean path length of ~ 6 cm, a relatively 
l a rge distance in a 15-in. chamber . 

For a b ias - f ree distr ibution, the following r equ i remen t s were 
imposed on all events: 

a. The projected decay angle between the Σ and its charged 
decay product must be more than 10 deg in at leas t one of the four views. 
This requ i rement was sufficient insofar as all events were inspected for 
kinks in all four views during sketching. 

b. The Σ must be at l eas t 4 mm long. 
c. The 2 must be produced and decay inside a specified 

fiducial volume. This more str ingent fiducial volume was somewhat 
different from the one used in sketching insofar as it was defined in 
t e r m s of volume ra the r than projected a r e a . However, it was contained 
ent i re ly in the previous definition of the fiducial volume. An appropr ia te 
cor rec t ion was made for this change in computing the path length (see 
Appendix A). 

All the events were then processed through an EXAMIN program 
which checked to see that all these conditions were satisfied (if 

they were not, the event was rejected) and computed the probabil i ty that 
this given physical configuration would mee t all these r e q u i r e m e n t s . 
The final probability of detecting an event with a given physical configuration 
is given by: 

P (detection) = [ P ( 3 ) - P ( l ) ] P(2), 

where P(3) is the probabil i ty of decay within the fiducial volume, P( l ) 
is the probabil i ty of decay in the f i rs t 4 mm, and P(2) is the probabil i ty 
that the largest projected decay angle be greater than 10 deg Probabilities 
P(3) and P(2) were calculated by numerical integration over 
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(a) the azimuthal angle of the Σ around the beam t rack , and (b) the 
longitudinal position of the interact ion point along the beam t rack . In 
addition, for P(2) integration was performed over (c) polar and azimuthal 

decay angles of the Σ. Isotropic decay was assumed, because 
even la rge up-down a symmet ry would not affect the resu l t . 
The quantit ies kept constant were the angle that the Σ made with the 
beam t rack , the Σ momentum, and the l a t e ra l position of the beam 
t rack . This took account of the actual distr ibution of the beam pa r t i c l e s 
along a lateral direction. 

Each event satisfying all three of the criteria that were imposed 
to a s s u r e a b ias - f ree distr ibution was then weighted by 1/P 

(detection). The s ta t is t ica l e r r o r assoc ia ted then with each h i s togram 
interval is the square root of the sum of the squares of the weights. 

This method of t reat ing b ia ses is sat isfactory as long as there 
a r e no physical s ta tes that have very low probabil i ty of detection, since 
then any one of these low-detection-efficiency (highly weighted) events 
can significantly a l te r the shape of the h i s tog ram. This is t rue of 
forward-produced Σ+ hyperons decaying by the protonic mode, because 
these will give a projected decay angle ordinar i ly smal le r than 10 deg. 
For this reason , only pionic decay angles were used for the forward 
pa r t of the h is togram for Σ+ production, and all the numbers in this 
region were multiplied by 2 to take account of this fact (as the r a t e s of 
two decay modes of Σ+ a r e exper imental ly known to be equal). As a 
check we can compare the weighted frequencies of the two decay modes 
for backward Σ+ hyperons . The numbers a r e 39.0±8.8 for proton 
decay and 30.2 ± 7.2 for the π decay mode, in reasonable ag reemen t 
with the expected 1:1 ra t io . After the removal of the forward produced 
Σ+ hyperons which decay into pro tons , the weights run from about 1. 25 
to 2.5, and our method of cor rec t ing b iases is quite sa t is factory. 

The angular distr ibution h i s tog rams for the Σ+Π- and Σ-Π+  

reac t ions a r e shown in Fig . 2. The ordinate is the sum of the weights 
for each in terval . The e r r o r s a r e s ta t i s ica l only, but they should be 
quite realistic as there do not appear to be any unaccounted-for experimental 
uncertainties. Because of the method used to correct for 



Fig. 2. Angular dis tr ibut ion of Σ± the K - p c . m . s y s t e m 
for the, react ions (a) K- + p → Σ+ + π- and (b) K- + p → 
Σ- + π+. 
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scanning biases, the weighted number of events depends on the Σ 
lifetime used in calculating the corrections. However, only the extreme 
backward interval is very sensitive to the lifetime of the hyperon. Even 
in this worst case, the present uncertainty on the lifetimes of Σ+ and 
Σ- contribute an additional error of less than 10%, which is small compared 
with the statistical error. 

2. Separation and Angular Distribution for Single-V Events 
We discuss next the Σ0π0 events. Topologically they consist 

of a disappearance of a beam track (zero-prong) associated with a V. 
The reactions that can give this configuration are quite numerous, and 
a complete separation is impossible. The possibilities that must be 
considered are: 

K- + p → Λ + π0 

→Σ0 + π0 

→ Λ + aπ0 

→Σ0 + aπ0 } a ≥2 

→ + n 
→ + n + π0. 

For the last two reactions the V is due to a K0 decay rather than a Λ. 
This coupled with some restrictions on the production vertex--i.e. for 
every angle of emission there is a maximum momentum kinematically 
possible--and the fact that ionization of the tracks is sometimes helpful 
in distinguishing between the decay proton of the Λ and decay π+ of the allows us to separate these events out relatively easily. The subsequent 
discussion will be restricted accordingly to Λ and Σ0 events. 

The fitting of the Λ (as opposed to ) part of the single-V 
event type is as follows: first, a fit is made to the decay hypothesis. 
Then, if a satisfactory x2 is obtained for the Λ decay interpretation, 
K- + p → Λ+π0 production is attempted using the fitted quantities. This 
is the only interpretation constrained enough that a fit can be made. 

The difficulty associated with determining the rates for different 
reactions--a process possible only on a statistical basis because 
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one cannot ass ign a definite in terpreta t ion to each even t - - i s i l lus t ra ted 
in Table III. For a given beam momentum each react ion has a cer ta in 
range of c . m . kinetic energies available to it. The ex t reme values of 
each spect rum a r e l is ted in Table III. In addition there is a smear ing 
of about ±3 Mev because of a beam momentum spread of ~±20 Mev/c . 
We know that the ΛΠ0 spect rum is a line and the Σ0π0 spect rum must 
be flat between its two l imi t s (because Σ0 → Λ + γ is the decay of 
sp in-1 /2 par t ic le) . To see this , we reca l l that sp in-1/2 pa r t i c l e s must 
decay isotropical ly in their own r e s t frame if par i ty is conserved, as 
in Σ0 → Λ + γ decay. F u r t h e r m o r e , TΛ in the K - p c . m . system is 
l inear ly re la ted to cos θΛΣ in the Σ0 r e s t f rame; so the TΛ spect rum 
must be flat. However, we do not know anything about the expected 
shape of spec t ra of other r eac t ions . One possibi l i ty is the assumption 
that phase - space distr ibution is followed. We know, however, that 
phase space plays a lmost no role in determining the Λ π+Π- spect rum 5 

and the Σ±π π+π- spect rum (see discussion of Σ + π± + π+ + π- events 
in Section VC) . F u r t h e r m o r e , the re la t ive r a t e s of different reac t ions 
a r e unknown, so even if the hyperon-energy spec t ra were known for 
each react ion, the composite energy spect rum would still be uncer ta in . 
Finally, the typical e r r o r s on the c . m . kinetic energy of the Λ after 
fitting its decay, due to both the measurement errors and the uncertainty 

in the exact velocity of the K - p c . m . system because of the 
finite beam-momentum spread a r e anywhere from 3 to 15 Mev. Thus 
we can see that as ide from any theoret ica l uncer ta in t ies in the spec t ra , 
they all merge together due to experimental errors. 

In analyzing the single V events , we must c o r r e c t for both 
escape of the Λ from the chamber before decay and also the immediate 
decay of the Λ. If the Λ decayed immediately, it would be misclas-sified 

as two-prong. We used he re a s imi lar p rocedure to that fcrr 
charged Σ hyperons , computing for each event the probabil i ty that it 
would decay inside the fiducial volume minus the probabil i ty that it 
would decay in the f i rs t 4 mm. The former was calculated in the same 
manner as P(3) for the charged Σ reactions. Each event was then 



Table III. Kinematical l imi ts on Λ kinetic energy in K- p c . m . 
system for different single-V reac t ions . a,b 

Final State TΛ min(Mev) TΛ max(Mev) 

Λπ0 145.3 145.3 
Σ0π0 78.2 144.9 
Λπ0π0 0 130.6 
Σ0π0π0 

0 128.8 
Λπ0π0π0 

0 106.2 
Σ0π0π0π0 

0 101.7 

aThe values quoted a r e for the nominal beam momentum of 1150 Mev/c 
(Ec.m. = 1863 Mev). 

bThere is an additional spread of about ±3 Mev due to the finite momentum 
spread of the beam of ± 21 Mev/c. 
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weighted by the inverse of this difference, the weights running from 
about 1.2 to 1.8. F u r t h e r m o r e , the EXAMIN program computed the 
c . m . kinetic energy and its e r r o r for each event, as well as the c . m . 
angle at which the Λ was emit ted. The nominal beam momentum was 
used to de te rmine the velocity of the center of m a s s in each case . The 
resu l tan t k ine t ic -energy spect rum is shown in Fig. 3. A small number 
of events in the low-energy region was subtracted to allow for the small 
contamination of pion-produced assoc ia ted product ions . The size of 
this cor rec t ion was obtained by using the number of observed double-V 
assoc ia ted productions that satisfied the beam conditions. 

We d iscuss next the p rocedure for obtaining an es t imate of 
c r o s s sect ions and angular dis t r ibut ions for Σ0π0, Λπ0, and th ree -and 
four-body reac t ions . One mus t point out that x2 for the K- + p → Λ+π0 

hypothesis is not a very sat isfactory c r i t e r ion in separat ing Λπ0 from 
Σ0π0 events . Using it as a c r i t e r ion for deciding the probabil i ty that 
a given event is a Λπ0 r e su l t s in a bias towards a forward-peaked Λπ0 

angular dis tr ibut ion. Similar ly , if we use for our sample of Σ0π0 

events only those in the appropr ia te energy range which give a bad x2 

for the Λπ0 in terpre ta t ion , a Σ0π0 angular distr ibution r e su l t s that is 
biased towards the backward direction. This is because forward-produced 
Σ0 hyperons decay into Λ hyperons that are very energet ic in the 
laboratory, and thus the measurements are relatively poor and the 
resul t ing e r r o r s quite l a r g e . In other words a considerable number of 
forward-produced Σ hyperons give a quite good x2 for the Λπ0 interpretation. 

On the other hand, backward-produced Σ0 hyperons tend to 
give Λ hyperons that a r e slow in the labora tory , and the resul t ing fit 
is very p r e c i s e (especial ly if the proton stops; this happens quite often 
for this configuration). Therefore only a very small fraction of backward-produced 
Σ0 hyperons gives a good fit to the Λπ0 in terpre ta t ion. 

To avoid this difficulty, we de termine the total c r o s s section 
and the angular distribution for Σ0π0 events by limiting ourselves to 
the events with kinetic energy TΛ lying between 78.2 and 122.7 Mev, 
i. e. only the lower two- th i rds of the Σ0π0 spec t rum. This means that 
we a r e l imiting ourse lves to those events where the Σ0→ Λ decay angle 
in the Σ0 r e s t f rame sat isf ies -1.0 ≤ cos θΣ0Λ ≤ 0.33. This in no way 
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Fig . 3. Kinetic energy spec t rum of Λ's in the K - p 0 c . m . sys t em. 
The dashed curves are the spectra of Λπ0, Σ0π0, and many-body 

react ions normal ized to the observed c ro s s sec t ions . 
The ΛΠ0 peak should be about th ree t imes as high as indicated. 
Only the spread due to the finite beam width of ±20 Mev/c is 
folded in. The curve for many-body events was drawn to 
reproduce the Λ spec t rum of V0 two-prong events . The e r r o r s 
indicated a r e median values for the be t te r measu red and worse 
measured half of the events. 
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biases our sample, as the decay is completely isotropic and uncorre la ted 
with the production p r o c e s s . F u r t h e r m o r e the chances that a ΛΠ0 event 
would be so m i s m e a s u r e d as to give TΛ in this interval a r e very smal l . 
The extent of this ΛΠ0 contamination can be es t imated by looking at the 
number of events sufficiently fa raway on the other side of the line spectrum 
at 145.3 Mev, i.e. with TΛ>168 Mev. It seems that it is reason-ably 
safe to assume that no more than one ΛΠ0 event is included in our 
sample . 

We assume therefore that the sample selected contains only 
Σ0π0 and three- and four-body events. However, it should be emphasized 

that this many-body contamination cannot give us a bias as can the 
Λ0Π0 events , because now we have two canceling effects. Because of 
measurements errors, it is equally probable that events with TΛ<78.2 
Mev lie above 78.2 Mev as it is that events with T Λ >78.2 Mev fall below 
that value. Since the density of events on both sides of the cutoff is 
roughly the same , the two effects will compensate each other . This is 
not t rue if we work close to the ΛΠ0 spect rum, since there we have a 
line spectrum neighboring on the band spectrum, and accordingly density 
of events changes suddenly. 

We obtain an es t imate of the t h r e e - and four-body events in 
this region by looking at the shape of spectrum from the V0 two-prong 
events and assuming that the TΛ. spect rum from t h r e e - and four-body 
single-V events is the s ame . Then by counting the number of V events 
with T Λ < 7 8 . 2 Mev, we can calculate the number of many-body events 
in the band selected. Subtracting this number , and cor rec t ing for neut ra l 
decays of the Λ, as well as for the fact that we a r e not looking at the whole 
Σ0π0 spec t rum, we finally get the total number of Σ0 hyperons produced. 
The number of ΛΠ0 events is obtained by subtracting the Σ0π0 and three-and 
four-body events from all single-V events observed. The actual calculations 
are shown in Appendix D. 

It is n e c e s s a r y to emphasize the pitfalls assoc ia ted with this 
p rocedure . F i r s t , the hyperon-energy spect ra of individual t h r e e - and 
four-body reac t ions need not be the same when the assoc ia ted pions a r e 
charged as when they a r e neutra l because different combinations of 
isotopic spins a r e involved. Secondly, for the same reason the re la t ive 
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total c r o s s sections need not be the same for the neut ra l pion reac t ions 
as for the charged pion reac t ions . On the other hand, it mus t be stated 
hat since there seems to be no evidence for any sizable π-π interact ion 

in the V0 two-prong data--which would be the effect that would mos t 
violently change the hyperon energy spectrum--we may hope that regardless 

of deta i ls , the over -a l l spec t ra a r e reasonably s imi l a r . We 
feel, however, that the s ta t is t ica l e r r o r s on total c r o s s sections and 
angular dis t r ibut ions should probably be increased by at l eas t 50% to 
account for these uncertainties. 

The angular distr ibution of the secondary Λ hyperons for the 
events in the 78.2-Mev < T Λ < 1 2 2 . 7 - M e v energy band is shown in F ig . 4. 
These a r e believed to be mainly secondary A hyperons from the react ion 
K- + p → Σ0 + Σ0. At this energy the angular dis tr ibut ion of the Σ0 is 
reproduced a lmos t completely in the secondary Λ angular dis tr ibut ion; 
cer ta inly the difference is much smal le r than the s ta t i s t ica l uncer ta in t ies . 
We must r e m e m b e r that roughly about one- th i rd of these events a r e 
rea l ly t h r e e - and four-body events . The angular distribution of events 
with T Λ < 7 8 . 2 Mev is shown in Fig . 5. It seems reasonable to a s sume 
that this dis tr ibut ion for the t h r e e - and four-body reac t ions does not 
change dras t ica l ly with the increas ing energy of the hyperon, and thus 
the histogram in Fig. 5 might be a reasonably good estimate of the many-body 

contamination in Fig. 4. No subtract ion was at tempted because of 
the many uncertainties involved, but one might conclude that the angular 
distr ibution is somewhat sharper at the two ends than Fig . 4 indicates . 
F igure 6 shows the angular distr ibution of all events with x2 < 2 . 0 for 
Λπ0 in terpre ta t ion. As mentioned previously, the actual Λπ0 dis tr ibution 
will be m o r e depopulated in the forward direct ion. 

3. Polar iza t ion of Charged Σ and Single V Events . 
We d iscuss next the study of polar iza t ions of charged Σ  

hyperons and of Λ hyperons from the single-V events . In general the 
decay distr ibution of a sp in-1 /2 par t ic le in its own r e s t f rame is given 
by 

I(θ) = 1 + a P COSθ 
, I(θ) = 2 , 
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Fig . 4. Angular dis tr ibut ion of Λ's in the K -p c . m . sy s t em. The 
events included a r e those with 78.2 Mev <TΛ <122 .7 Mev. , 
i . e . most l ikely Σ0π0 events . The r ight-hand scale is based 
on the total Σ0π0 c ro s s section of 1.2 mb. 
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Fig. 5. Angular distr ibution of Λ's in the K -p c . m . sys t em. The 
events included a re those with TΛ <78 .2 Mev, i . e . most l ikely 
t h r e e - and four-body events . Tne r ight-hand sca le is based on 
the total t h r e e - and four-body c r o s s sect ion of 1.5 mb . 
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F ig . 6. Angular dis t r ibut ion of Λ's in the K - p c . m . sy s t em. The 
events included a r e those giving x 2 < 2 . 0 to the K- + p → Λ + π0 

hypothes is . The r ight-hand scale is based on the total Λπ0 

cross section. The number of forward-produced Λ's is probably 
overestimated (see text for the discussion of this point). 
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where a is the decay -asymmet ry p a r a m e t e r , | a | ≤ 1 , P is the 
polar izat ion of the hyperon, depending on the production angle and also 
obeying | P | ≤ 1 , and cosθ is the angle made by the decay product with 
the direct ion of polar izat ion. More specifically, since the polar izat ion 
must be along a direct ion normal to the production plane, we define 

COSθ = 
• ( × ) 

, COSθ = 
| × | p n 

, 

where , , and a r e momenta of the incident K - , the visible 
hyperon, and the decay nucleon, respec t ive ly , ei ther in the l abora tory 
or K - p c . m . system; pN is the magnitude of the momentum of the 
nucleon in the hyperon r e s t f rame. 

For the p r o c e s s e s 

K- + p → Σ0 + π0 

n ≥ 2 , → Λ + nπ0 

→ Σ0 + nπ0 } 

n ≥ 2 , 

the maximum polar izat ion may exist along di rec t ions other than normal 
to the plane defined by and . However, as the other pa r t i c l e s 
a r e invisible, we a r e r e s t r i c t e d of necess i ty to this p lane. 

The values of a for all reac t ions in question a r e l is ted in 
Table IV. a is defined by the express ion 

a = 3 Σ cosθ i ± 
i 

√ 3-(a ) 2 
a = N Σ cosθ i ± 

i 
√ N 

The expression for the uncertainty in a is precise only if the polarization 
r ema ins the same for all production angles . We know that this 

is not t rue , because the polar izat ion must vanish as sinθ for forward 
and backward production d i rec t ions . However i ts behavior off the beam 
axis will be very sensi t ive to the par t ia l waves that par t ic ipa te in the 
production process and so cannot be predicted exactly. As the data are 
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Table IV. Observed values of a 

Production Channel Hyperon decay mode a 

K- + p → Σ+ + π- Σ+ → π+ + n -0 .15±0.27 
→ Σ+ + π- Σ+ → p + π0 -1 .02 ± 0 . 2 3 
→ Σ- + π+ Σ- → π- + n 0 . 2 0 ± 0 . 2 0 
→ Λ + π0 Λ → p + π- 0 . 0 9 ± 0 . 2 0 

→ Σ0 + π0, Σ0 → Λ + γ Λ → p + π- 0 . 2 5 ± 0 . 2 6 

→ Λ+ aπ0  

→ Σ0 + aπ0,Σ0 → Λ+γ 

} 
a≥2 Λ → p + π- 0 .12±0.26 

c lear ly insufficient for a par t ia l wave analysis and since p re sence of D 
or F waves would not be surpr i s ing , no angle cutoff was imposed and 
all events were used in determining a . 

The r e su l t s on the pionic decay modes of the Σ hyperons a r e 
consis tent with the observed fact that a vanishes for these modes . 1 2 On 
the other hand, the protonic mode of Σ+ for which a is approximately 
one exhibits a very l a rge polar izat ion. This distr ibution of cosθ for 
the K- + p → Σ+ + π-, Σ+ → p + π0 events is shown in Fig . 7. No 
s ta t i s t ica l ly significant polar izat ion is observed in the single. V react ions. 

With the l imited number of events we have h e r e , no detailed 
analys is is possible as to the extent to which scanning b iases could 
affect these r e s u l t s . We feel, however, that no bias would ser ious ly 
d i sc r imina te in favor of "up" vs "down" events or vice v e r s a , and 
thus no se r ious sys temat ic e r r o r s a r e p resen t . 
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Fig . 7. Decay angular distr ibution of 37 Σ+ from the reac t ions 
K- + p → Σ+ + π-, Σ+→ p + π0. 
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B . The Σ2π R e a c t i o n s 

The final s t a t e s to c o n s i d e r h e r e a r e Σ+π-π0,Σ-π+π0,Σ0π+π-,  
and Σ0π0π0. The l a s t r e a c t i o n is c o m p l e t e l y i n d i s t i n g u i s h a b l e f rom 
Λπ0π0 and the b e s t we can do is to give an uppe r l i m i t for the sum of 
t h e s e two p r o c e s s e s . T h e r e f o r e , we sha l l l i m i t our d i s c u s s i o n to the 
f i r s t t h r e e s t a t e s . The m a i n e x p e r i m e n t a l diff icul ty in s tudying t h e s e 
r e a c t i o n s is the p r o b l e m of r e s o l v i n g a m b i g u i t i e s : b e t w e e n the r e a c t i o n s 
in q u e s t i o n and Σ±ππ0π0 for the c h a r g e d h y p e r o n s , and b e t w e e n Σ0π+π-

and Λπ+π- f o r the Σ 0 . T h e p r o b l e m is m u c h l e s s s e v e r e in the f o r m e r 
c a s e ; a c c o r d i n g l y we sha l l t r e a t it f i r s t . 

1. Σ+π-π0 and Σ-π+π0 F i n a l S t a t e s 

The m a i n diff icul ty s t e m s f rom the fac t t ha t one of the outgoing 
p a r t i c l e s (π 0 ) is i n v i s i b l e and the Σ m o m e n t u m is o r d i n a r i l y known so 
p o o r l y ( even a f t e r it is d e t e r m i n e d by us ing the Σ decay) tha t the 
Σ±π π0 h y p o t h e s i s i s v e r y w e a k l y c o n s t r a i n e d . T h i s wi l l r e s u l t in m a n y 
Σ±π+π0π0 e v e n t s giving a s a t i s f a c t o r y x2 to t h e s ing l e tt i n t e r p r e t a t i o n . 
The 2π0 hypothesis has too many quantities missing to obtain a kinematical 
fit, so one is not able to compare x2 distributions for the two interpretations. 
In other words, if we accept as Σ2π events all those reactions 

g iving a suf f ic ien t ly low x2, we a r e faced with the p r o b a b i l i t y of 
including in our sample a reasonable large number of Σ3π events. 

It i s n e c e s s a r y t h e r e f o r e to c o r r e c t the to t a l n u m b e r of Σ2π 
e v e n t s for t h i s Σ3π c o n t a m i n a t i o n . F u r t h e r m o r e , the m i s i d e n t i f i e d 
Σ3π e v e n t s wi l l b i a s the e n e r g y and i n v a r i a n t m a s s d i s t r i b u t i o n b e c a u s e 
in g e n e r a l they wi l l t end to c l u s t e r in a spec i f i c r e g i o n of the s p e c t r a . 
A c c o r d i n g l y we h a v e u s e d the Σ±ππ+π- e v e n t s to d e t e r m i n e which 
e v e n t s shou ld be r e m o v e d f r o m our Σ±ππ0 d i s t r i b u t i o n s a s be ing m o r e 
l i k e l y Σ±π π0π0 e v e n t s . T h i s s tudy is d e s c r i b e d in de t a i l in Append ix 
E . In the fol lowing s e c t i o n , a l l the d i s c u s s e d d i s t r i b u t i o n s of Σ±π π0 

e v e n t s have b e e n c o r r e c t e d a l r e a d y for th i s c o n t a m i n a t i o n . 

The q u e s t i o n of e x p e r i m e n t a l d e t e c t i o n b i a s e s d i s c u s s e d above 
for Σπ e v e n t s is not so s e r i o u s h e r e , b e c a u s e t h e r e i s now m u c h l e s s 
direct correlation between c.m. quantities, e.g. O value of a given two-particle 
system, and the laboratory configuration with which the biases 
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a r e i n t i m a t e l y c o n n e c t e d . A c c o r d i n g l y , the f i g u r e s be low inc lude a l l 

the e v e n t s found, wi thout any c o r r e c t i o n s . F o r the to t a l c r o s s - s e c t i o n 

d e t e r m i n a t i o n , h o w e v e r , we have a g a i n app l i ed the weigh t ing p r o c e d u r e 

d e s c r i b e d p r e v i o u s l y . 

2 . The Σ0π+π- F i n a l S ta te 

We d i s c u s s nex t the d i f f icu l t i es a s s o c i a t e d with the s tudy of 
Σ0π+π- e v e n t s . Topo log i ca l l y , t h e s e a r e a t w o - p r o n g a s s o c i a t e d with 
a Λ. The fit p r o c e e d s by f i r s t t r e a t i n g Λ d e c a y and then us ing the new Λ 
q u a n t i t i e s a s input for the p r o d u c t i o n v e r t e x , w h e r e a s i m u l t a n e o u s fit 
i s m a d e to the Σ0 p r o d u c t i o n and a s u b s e q u e n t Σ0 d e c a y . The diff icul ty 
l i e s in the fact t ha t a t t h i s e n e r g y the k i n e m a t i c s of Σ0π+π- a r e v e r y 
m u c h s i m i l a r to t h o s e of Λπ+π-; m o r e s p e c i f i c a l l y , a Λπ+π- r e a c t i o n 
will very frequently give a reasonably low x2 for the Σ0π+π- interpretation, 

s i n c e the d i f f e r ence b e t w e e n the two i s only a γ - r a y of e n e r g y 
a r o u n d 100 Mev. The p i o n s be ing qu i t e r e l a t i v i s t i c , the e x t r a 100 Mev 
of momentum and energy can be quite easily absorbed by a small fractional 

change in the m o m e n t a of the p i o n s . On the o the r h a n d , we would 
e x p e c t the o p p o s i t e not to be t r u e : it i s not v e r y e a s y for a r e a l Σ0π+π-

even t to s i m u l a t e a Λπ+π- r e a c t i o n . The r e a s o n i s tha t if the γ d o e s 
no t l i e a long a d i r e c t i o n of e i t h e r one of two p i o n s , r e a l d r a s t i c c h a n g e s 
in m o m e n t a and a n g l e s of a l l p a r t i c l e s a r e n e c e s s a r y to a r r i v e a t f inal 
q u a n t i t i e s sa t i s fy ing the c o n s t r a i n i n g e q u a t i o n s of c o n s e r v a t i o n of e n e r g y 
and m o m e n t u m . A s l i gh t ly m o r e g e n e r a l way of say ing t h i s would be tha t 
the Λπ+π- r e a c t i o n be ing m u c h m o r e c o n s t r a i n e d ( f o u r - c o n s t r a i n t fit 
s i n c e no p a r t i c l e s a r e m i s s i n g ) i s m u c h h a r d e r to fit a c c i d e n t a l l y than a 
Σ0π+π- r e a c t i o n ( t w o - c o n s t r a i n t , t w o - v e r t e x fit, s i n c e we s e e n e i t h e r 
the Σ0 nor the γ-ray). 

The d e t a i l e d r e a s o n i n g beh ind the a r r i v e d e s t i m a t e of the 
a c t u a l n u m b e r of Σ0π+π- e v e n t s i s g iven in Append ix E . It wi l l suff ice 
h e r e to m e r e l y quote our c o n c l u s i o n , n a m e l y tha t r ough ly 1/3 of a l l 
Σ0π+π- e v e n t s wi l l give a l s o a s a t i s f a c t o r y fit to Λπ+π- i n t e r p r e t a t i o n . 
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3. R e p r e s e n t a t i o n of the Data 

The energy distribution of the outgoing particles for three-body 
final states is best represented in terms of Dalitz plots.13 If the 
c o r r e l a t i o n with the b e a m d i r e c t i o n is of no i n t e r e s t , then a l l the o the r 
p h y s i c a l p a r a m e t e r s of the r e a c t i o n in the c . m . s y s t e m a r e d e t e r m i n e d 
if we speci fy e n e r g i e s of two p a r t i c l e s . The da ta can thus be conven i en t l y 
e x h i b i t i e d in two d i m e n s i o n s , e a c h e v e n t r e p r e s e n t e d by a po in t w h o s e x 
and y c o o r d i n a t e s a r e the k i n e t i c e n e r g i e s of two f i n a l - s t a t e p a r t i c l e s . 
F u r t h e r m o r e , for e a c h to t a l c . m . e n e r g y , a k i n e m a t i c b o u n d a r y e x i s t s wi th in which a l l the e v e n t s m u s t l i e . Th i s r e p r e s e n t a t i o n of the da t a i s known a s a Dal i tz p lo t , s i n c e it w a s f i r s t u s e d by Dal i tz to s tudy e n e r g y d i s t r i b u t i o n of p i o n s in τ d e c a y . It h a s the p r o p e r t y t h a t if the m a t r i x e l e m e n t for the r e a c t i o n i s c o n s t a n t ( i . e . , popu la t i on of f inal s t a t e s i s d e t e r m i n e d s o l e l y by p h a s e s p a c e ) , then the r e g i o n i n s i d e the k i n e m a t i c a l l i m i t i s u n i f o r m l y popu la t ed . 1 4 

The Dal i tz p l o t s for the t h r e e r e a c t i o n s d i s c u s s e d above a r e 
shown in F i g s . 8 , 9 , and 10. Only u n a m b i g u o u s Σ0π+π- e v e n t s h a v e 
b e e n p lo t t ed , and the e v e n t s b e l i e v e d to be e x a m p l e s of Σ±π π0π0 h a v e 
b e e n r e m o v e d f r o m the Σ±π π0 p l o t s . 

C. The Σ3π E v e n t s 

The s i x p o s s i b l e c h a r g e s t a t e s h e r e a r e Σ±ππ+π-, Σ±ππ0π0, 
Σ±π π+π-, and Σ0π0π0π0. Of t h e s e , only the f i r s t two a r e suf f ic ien t ly 
overconstrained to permit a complete analysis. The next three reactions, 

in so far a s they can be s e p a r a t e d f r o m the s i m i l a r t opo log ica l 
c o n f i g u r a t i o n s can y i e ld u s s o m e i n f o r m a t i o n , even though the c o m p l e t e 
r e c o n s t r u c t i o n of the even t i s i m p o s s i b l e . The l a s t one i s c o m p l e t e l y 
h o p e l e s s , be ing l o s t a m o n g o t h e r i n d i s t i n g u i s h a b l e s ing le V e v e n t s , 
and as such will not be discussed any further. 

The r e s u l t s of the s tudy of t h e s e r e a c t i o n s l e n d t h e m s e l v e s 
m u c h b e t t e r to p r e s e n t a t i o n in the fol lowing s e c t i o n ; a c c o r d i n g l y , h e r e 
we only c o m m e n t b r i e f l y r e g a r d i n g the hand l ing of t h e s e d a t a . 
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Fig . 8. Dalitz plot for the react ion K - + p → Σ + + π - + π 0 . 
The m a s s of the ( Σ - Π ) sys tem is calculated on the 
bas i s of a nominal beam momentum of 1 .15-Bev/c . 
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Fig . 9. Dalitz plot for the react ion K-+p→Σ-+π++π0. 
The m a s s of the (Σ-π) sys tem is calculated on the 
bas i s of a nominal beam momentum of 1 .150Bev/c . 
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1. The Σ±π π+π- R e a c t i o n s 

We start with these reactions since they are readily distinguishable 
and qu i te e a s y to a n a l y z e b e c a u s e no p a r t i c l e s a r e m i s s i n g . 

A typ ica l e x a m p l e of a Σ+π-π+π- even t i s shown in F i g . 11. The only 
a m b i g u i t y p r e s e n t h e r e is the d e c a y m o d e of Σ+, wh ich i s e i t h e r 
r e a d i l y r e s o l v a b l e or e l s e i r r e l e v e n t to the m a i n v e r t e x fit. The only 
o t h e r i n t e r p r e t a t i o n for t h e s e t opo log i ca l c o n f i g u r a t i o n s i s the s a m e 
r e a c t i o n wi th an e x t r a π0, which h o w e v e r does not s e e m to be the 
case for any of these events. For the purpose of the distributions presented 
in Section VC, all the events found were used, because the question 

of e x p e r i m e n t a l s c a n n i n g b i a s e s is of r e l a t i v e l y m i n o r i m p o r t a n c e 
h e r e for the s a m e r e a s o n a s for the t h r e e - b o d y e v e n t s . H o w e v e r , the 
to t a l c r o s s s e c t i o n s w e r e aga in ob ta ined by the m e t h o d of we igh t ing 
e a c h even t by the r e c i p r o c a l of t h e i r d e t e c t i o n e f f ic iency to t a k e a c c o u n t 
of any possible scanning biases. 

2 . The Σ±π π0π0 R e a c t i o n s 

The difficulty associated with separating out these two reactions 
h a s b e e n d i s c u s s e d a b o v e . We would e m p h a s i z e h e r e t ha t only 

a s m a l l f rac t ion of the e v e n t s b e l i e v e d to be e x a m p l e s of Σ±π π0π0 c an 
be a s s i g n e d wi th c e r t a i n t y to t h i s i n t e r p r e t a t i o n . T h e s e a r e the e v e n t s 
tha t do not fit Σ±π π0 h y p o t h e s i s . The r e s t of t h e m a r e m o r e l i k e l y 
f o u r - b o d y p r o c e s s e s r a t h e r than t h r e e - b o d y b e c a u s e of a r g u m e n t s g iven 
in Appendix E. This conclusion, however, can only be made on statistical 

b a s i s , and p o s s i b l e l a r g e Σ±π π0 c o n t a m i n a t i o n in t h i s g r o u p 
cannot be excluded. 

3 . The Σ0π+π-π0 R e a c t i o n 

F o r the Σ0π0π+π- r e a c t i o n , the s i t ua t i on i s e q u a l l y diff icul t . 
T o p o l o g i c a l l y t h e s e a r e V0 t w o - p r o n g e v e n t s and a s s u c h can h a v e m a n y 
o t h e r i n t e r p r e t a t i o n s , even a f t e r the V h a s b e e n ident i f ied a s a Λ. 
M o r e s p e c i f i c a l l y , the p o s s i b l e i n t e r p r e t a t i o n s a r e 
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Fig . 10. Dalitz plot for the react ion K - + p → Σ 0 + π + + Π - . 
The mass of the ( Σ - Π ) sys tem is calculated on the 
bas i s of a nominal beam momentum of 1.15-Bev/c. 
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F i g . 1 1 . T y p i c a l e x a m p l e of the r e a c t i o n K-+p→Σ++π-+Π-+Π+ 

fol lowed by the d e c a y Σ+ → π+ + n. 
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K- + p → Λ + π+ + π-

→ Σ0 + π+ + π-

→ Λ + π+ + π- + π0 

→ Σ0 + π+ + π- π0 

→ Λ + π+ + π- + π0 + π0 

→ Σ0 + π+ + π- + π0 + π0 

F u r t h e r m o r e , s i n c e the Σ0π0π+π- i n t e r p r e t a t i o n i s not o v e r c o n s t r a i n e d , 

no k i n e m a t i c a l fit to it i s p o s s i b l e . 
H o w e v e r , the e v e n t s tha t h a v e v e r y h igh a p r i o r i p r o b a b i l i t y 

of being examples of this reaction can be separated out. First we elim-inate 
all the events that give a sufficiently low x2 to the first two 
h y p o t h e s e s b e c a u s e t h e s e a r e h igh ly o v e r c o n s t r a i n e d and t h e i r k i n e m a t i c s 
a r e qu i t e d i s t i n c t f r om t h o s e of the Σ0π0π+π- e v e n t s . We a r e lef t t hen 
wi th 39 e v e n t s tha t m u s t be e x a m p l e s of the l a s t four r e a c t i o n s . Only 
one c a s e of Λπ+π-π+π- and no c a s e s of Σ±π π+π-π0 w e r e found, so it 
s e e m s safe to a s s u m e tha t the l a s t two r e a c t i o n s would be qu i t e r a r e . 

The Λπ+π-π0 h y p o t h e s i s is suf f ic ien t ly c o n s t r a i n e d so tha t a k i n e m a t i c a l 
fit i s p o s s i b l e ; h o w e v e r , a s a t i s f a c t o r y x2 for t h i s i n t e r p r e t a t i o n does 
not e x c l u d e the p o s s i b i l i t y tha t the even t i s an e x a m p l e of Σ0π0π+π-, 
s i n c e the k i n e m a t i c s of t h e s e two r e a c t i o n s a r e v e r y s i m i l a r . One would 
e x p e c t , h o w e v e r , t h a t the Σ3π e v e n t s would t end to g ive g e n e r a l l y a 
h i g h e r x2 for the Λ3π i n t e r p r e t a t i o n than the genu ine Λ3π e v e n t s . 

Second , u s ing the m e a s u r e d q u a n t i t i e s of the two p i o n s and the Λ da t a 
ob t a ined f r o m fi t t ing i t s d e c a y , we can c a l c u l a t e the m i s s i n g m a s s of the 
r e a c t i o n . T h i s quan t i t y should be a l w a y s 135 Mev for Λ3π r e a c t i o n s , 
and g r e a t e r t han 135 Mev for Σ3π r e a c t i o n s . T h u s , by i m p o s i n g s o m e 
s o r t of cutoff on t h e s e two v a r i a b l e s , we would e x p e c t to ob ta in a g r o u p 
of e v e n t s con t a in ing a h igh p e r c e n t a g e of e x a m p l e s of Σ0π0π+π- r e a c t i o n . 
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V. DISCUSSION OF RESULTS 

In this section we d iscuss our r e su l t s in light of other 
s t r ange-pa r t i c l e phenomena and the existing theor i e s . We deal f i rs t 
with the reac t ions K- + p → Σ + π and their possible connection with 
the recent ly observed T=0 resonance in the N sys tem. Next we 
d iscuss the relat ionship of the data to the recent ly d iscovered T= 1 
resonance in the Λ-π system and the evidence provided by the data 
for the existence of a T=0 resonance in the Σ-π sys t em. Final ly 
we say a few words about the influence that other Σ-π resonances 
might have on the in terpreta t ion of the data. 

A. Discussion of the Reactions K -+p → Σ+π 

We would like to point out f i rs t the evidence that exis ts for 
the predominance of production from the T=0 s ta te . The three c r o s s 
sections a r e equal within s ta t is t ical e r r o r s (Table I), although the 
figure for the Σ0π0 react ion is not too well de termined because of 
the previously d iscussed exper imenta l difficulties. An even s t ronger 
evidence is afforded by the angular dis t r ibut ions of the th ree r eac t ions . 
The distributions for the two charged Σ hyperons (Fig. 2) are strik-ingly 

s imi la r ; although not known as p rec i se ly , the neu t ra l -hyperon 
distr ibution (Fig. 4) is the same within exper imenta l uncer ta in t ies . 
F u r t h e r m o r e , if one looks at the s t ruc tu re inside the backward peak, 
one sees that in all three reac t ions it shows sharp peaking towards 
cosθKΣ= - 1. 

We must mention he re that this is all c i rcumstan t ia l evidence. 
Because of la rge e r r o r s in the Σ0π0 c r o s s section, a T=l amplitude 
equal to about 80% of the T=0 amplitude cannot be excluded. This 
would r equ i re orthogonality of the two I-spin ampli tudes to give equal 
c r o s s sect ions for Σ+π- and Σ-π+ r eac t ions . F u r t h e r m o r e , (although 
he re experimental uncer ta in t ies do not allow one to make too strong a 
s t a t ement ) , the s imi la r i ty of charged and neutra l Σ angular distr ibutior 
would have to be a coincidence. Thus, even though it cannot be proven, 
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it s eems likely that the Σπ production at this energy is dominated by 
the T=0 ampli tude. 

We can in te rpre t the data as still being dominated strongly 
by the T=0 resonance discovered recent ly by Cook et al.15 in the 
1-Bev/c region in the K -p interaction.1 6 It is surpr i s ing , though, 
that the T=l Σπ production is so strongly suppressed at this energy, 
especial ly since the ΛΠ0 c r o s s section seems not too smal l , i. e. ~ 
2mb (Table I). If this T=0 resonance manifests itself so strongly in 
the Σ-π reac t ions , one might hope to obtain its spin by looking at the 
angular dis tr ibut ions involved. Our data c lear ly show odd powers of 
cosθ, cha rac t e r i s t i c of two or more par t ia l -wave in terference effects. 
This is not surpr i s ing since even if the resonant amplitude dominates 
completely right at the resonance, we would expect other pa r t i a l waves 
to be re la t ively more important at this energy. 

It is in teres t ing to speculate along with Kerth and Pais 1 7 

upon the exis tence of g loba l - symmet ry resonances in the pion-hyperon 
sys tems that a r e analogous of the pion-nucleon resonances at s imi la r 
energies (the la t te r might also not be proper r e s o n a n c e s 1 6 ) . More 
specifically, the question is posed whether the Cook et a l . resonance 
is re la ted to the thi rd pion-nucleon resonance . If so, one might hope 
to find s imi l a r i t i e s between the pion-hyperon angular dis t r ibut ions and 
the pion-nucleon angular dis t r ibut ions at the resonant ene rg i e s . 
Resolution of this problem obviously needs a detailed investigation of 
the angular distr ibution behavior at severa l energies in the resonance 
region. We m e r e l y would like to point out that our data s eems to 
r equ i re higher powers than cos 2 θ , and thus predominance of J > 3 / 2 
seems not unreasonable . 

Another interesting fact is the existence of complete polarization 
at this energy. The value of a of -1.02 ±0.23 (Table IV) for 

the protonic decay mode of Σ+ was obtained by imposing no cutoff on 
the production angle. The polar izat ion thus mus t p e r s i s t up to very 
small production angles. As the polarization is an interference phenomenon 
between two partial waves, we see that several partial waves 



- 4 1 -

contribute strongly to the production p r o c e s s , a fact indicated also by 
the angular distr ibution, as we r e m a r k e d above. F u r t h e r m o r e , if 
many different par t i a l waves in te r fere , we would expect on the bas i s 
of purely s ta t is t ica l a rguments that the different in terference t e r m s 
would come in with different s igns, and the over -a l l effect would vanish. 
Large polar izat ion indicates this predominance of two (or at l eas t only 
a few) par t ia l waves . 

If the three react ions indeed proceed mainly through the T=0 
channel, then the Σ0 and Σ- hyperons should also be 100% polar ized. 
Unfortunately, it is impossible to check Σ- polar izat ion, since a Σ -

vanishes . However, Σ0 polar izat ion can be studied by looking at 
up-down a s y m m e t r y of the A resul t ing from Σ0 decay. The sign of 
this a s y m m e t r y would then yield the re la t ive sign of aΛ vs a Σ + • 

Unfortunately, in addition to the impossibi l i ty of isolating the 
pure sample of Σ0π0 events , two other difficulties exist . F i r s t l y , the 
chain of decays Σ0 → Λ + γ ,Λ → p + π- washes out the polar izat ion by 

18 
a factor of three (in addition to changing the sign of polarizat ion) .1 8 

Secondly, we do not know prec i se ly the Σ0 production plane. This 
plane, however, will be approximated quite closely at our energy by the 
K-Λ plane because of the re la t ively small O value of Σ0 decay compared 
to Σ0 momentum. F r o m Table IV we see that the value of a of the 
Σ0 π0 events selected by methods outlined in Section IVA,2 is 0.25 ±0.26. 

We feel that no conclusions can be drawn from this r e su l t 
ei ther about the existence of Σ0 polar iza t ion or re la t ive aΛ - aΣ+ sign. 
Even if we a s sume 100% Σ0 polar izat ion, no conclusive a n s w e r as to 
the sign of aΛ - aΣ+can be given, because our sample of Σ0π0 events 
contains roughly 30% many-body events . Even if these were unpolarized, 
they would reduce the polar izat ion of the whole sample to about 0.25. A 
small polar iza t ion of the opposite sign in many-body events , which is 
not excluded by the data (Table IV), would lower the value considerably 
and make the exper imenta l r e su l t consis tent with both aΛ/aΣ+ grea te r 

than or l e s s than zero; A much more p r e c i s e exper iment is needed to 
reso lve this question. 
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B. T = l Resonance (Y 1
* ) 

The problem of c o r r e c t in terpreta t ion of the Λπ resonance 
is still unresolved. As yet there is no conclusive data to distinguish 
between the two explanations put forth, i. e. the global-symmetry interpretation 

and the N bound-state model.2 0 We would like next to give 
a short background on these two ideas. 

1. Global Symmetry Descript ion of Y1
* 

The bas i s of global symmet ry is equality of all pion-baryon 
couplings, an equality that is only broken by the weaker K couplings. 
Accordingly, as an analogue of the 3/3 resonance in the pion-nucleon 
sys tem one expects the existence of a T=l resonance in the pion-hyperon 
sys tem. One can provide a s imple a rgument for the m a s s and width of 
this resonance.17 One considers the observed isotopic spin T as composed 

of two spins, I and K, in the manner = + , where I is the 
fundamental spin that specifies the state completely in the global-symmetry-approximation 

( i . e . , if there were no K couplings) and K is 
the isotopic spin due to the K couplings that b reak this symmet ry . Λ 
and the three charge s ta tes of the Σ in this approximation a r e composed 
of components of the two doublets Y and Z, which a r e split by K 
coupling. Table V shows the I and K spin ass ignments of the strongly 
interacting particles. 

We write a general phenomenological mass formula for nucleons 
and Σ and Λ hyperons: 

M = m ( K 2 ) + ∆ , 

where m(K2) is the genera l hyperon or nucleon m a s s depending only 
the K spin and ∆ is the Σ-Λ m a s s difference. Then by analogy we 
can wri te the m a s s for the resonant s ta tes : 

M = m ( K 2 ) + ∆ + μ + O , 

where μ is the pion m a s s and O the resonant energy of the pion-nucleon 
sys tem. Fo r T=l , 1-3/2, and K=1/2 we get about 1380 Mev for the m a s s 
of the r e sonance . 
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Table V. Ass ignments of K and I spin for e lementary par t i c les 
in the doubletapproximation 

Par t i c le Global-symmetry Conventional 
descr ipt ion descr ipt ion T Tz I Iz K Kz 

π+ 
π+ 

1 1 0 

π π0 π0 1 0 1 0 0 0 

π- π- -1 - 1 0 

K+ K+ 1/2 0 1/2 

K 1/2 0 1/2 

K0 K0 
-1 /2 0 -1 /2 

P P 1/2 1/2 0 

N 

n 

1/2 

-1 /2 

1/2 

-1 /2 

0 

0 

Y + Σ+ 1 1 1/2 1/2 

Y 1/2 1/2 

Y0 (Σ0-Λ)√2 1,0 0 , 0 -1 /2 1/2 

Z0 (Σ0-Λ)√2 1,0 0, 0 1/2 -1 /2 

Z 1/2 1/2 

Z- Σ-
1 -1 -1 /2 -1 /2 

1/2 1/2 0 

1/2 1/2 0 
-1/2 

-1 /2 -1 /2 0 
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The width can be obtained from the corresponding width for 
the pion-nucleon system by scaling it down by the kinemat ical factor 
(due to different momenta involved in the two cases) and the isotopic-spin 

weight factor. The former is the product of available phase space 
t imes the centrifugal b a r r i e r - p e n e t r a t i o n factor. Since Y1

* resonance 
in this in terpreta t ion must have spin 3/2 and even Y1* - Λ par i ty (i . e. , 
p-wave resonance) in analogy with pion-nucleon 3/3 resonance , the 
kinematic factor is just ( P Λ / P ) 3 . As show below, the Λπ system 
has an isotopic-spin weight of 2 / 3 , and the contribution of the Σπ decay 
to the width is negligible. Accordingly the isotopic-spin weight factor 
is ~2/3. The estimated width thus turns out to be 23 Mev. 

The resonance mus t also be able to decay into the Σπ system 
in the T= 1 s ta te . To obtain the re la t ive r a t e s , we wri te down the 
resonant s tate as a l inear superposit ion of the ΛΠ and Σπ sys tems in 
the " r ea l world": 

Y1* = A | Λπ > + B | Σπ> 

and of the Yπ and Zπ sys t ems in the doublet approximation of the 
"g loba l - symmet ry world": 

Y1
* = C | YΠ> + D | Z Π > . 

Considering now specifically Y1
*+ and imposing the r e s t r i c t i o n s of charge 

independence ( i . e . , in the f i rs t case we form the T= 1 s tate , and in the 
second an 1=3/2 state) , we get 
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Substituting for Y and Z 

Y+ = Σ+, 

y0 = Σ0-Λ , y0 = 
2 , 

and 

z0= Σ0+Λ ' z0= 
2 ' 

we obtain the resu l t A = - √2B. The re la t ive r a t e s for the three s ta tes 
a r e then: 

Λπ+: Σ+π0: Σ0π+= 4:1:1. 

To obtain the observed decay r a t e s from this i sotopic-spin 
weight ratio, we must again compensate for the different momenta involved. 
Phase space gives us a factor of PΣ/PΛ, and the p-wave 
contr ibutes ( P Σ / P Λ ) 2 , giving us an over -a l l (PΣ/PΛ)3 of 0.225. Thus 
the observed branching ra t io R for a given charge state of the Σπ 
system will be about 5%. The same argument can be reproduced fully 
for the other th ree charge s ta tes of the Y 1

* , with the same r e s u l t s . 
F u r t h e r m o r e , by charge independence, the r a t e s for different charge 
s tates of the Σπ system will be the same , i. e . : 

2. The N Bound-State Model Descript ion of Y1
* 

We turn next to the ideas embodied in the "bound-sta te 
r esonance" model . As a very thorough discuss ion of this subject has 
been given recent ly by D a l i t z , 2 1 w e l imit ourse lves to a brief summary 
of the main conclusions of his paper Treating the -N and hyperon-pion 
interactions by means of the zero-range approximation, we find 
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that if the imaginary par t of the scat ter ing length, b, is small and the 
rea l par t , a, l a rge and negative, hen the -N wave function can be 
approximated by a bound state. If one neglects the pion-hyperon inter-action, 
then the mass of this state M* is given by 

M* = MN + M K - 1 / (2μ K a 2 ) , 

where a is the rea l par t of the scat ter ing length and μk is the reduced 
m a s s of the -nucleon sys tem. F u r t h e r m o r e the half width Ґ/2 is 
given by Ґ/2 = b / μ k a 3 . Dalitz uses the data p resen ted by Alvarez at 

Kiev22 for a solution (which alone out of the four possible scattering-length 
solutions of Dalitz and Tuan20 satisfies the above-mentioned 
conditions for the bound state in the T=1 channel) and obtains 
M * = 1382 ±20 Mev and Ґ/2 = 18 Mev. 

Recently, a much more p rec i s e analysis of the old low-energy 
K-p data has been per formed by Humphrey and Ross . 2 3 They find that 
only two scat ter ing- length solutions satisfy the data, and nei ther mee ts 
the above r equ i remen t s for a pion-hyperon resonance in the T=l channel 
below the K - p threshold, i. e. l a rge negative rea l pa r t and small imag­
inary p a r t of the T=1 scat ter ing length (or at l eas t the approximations 
made in deducing the existence of resonance a r e no longer valid with these 
solutions). We must point out h e r e , however, that the Dali tz-Tuan the­
oret ical a rguments as well as the Humphrey-Ross analys is a r e based on 
zero-ef fec t ive- range theory. The effects of nonzero effective ranges a r e 
being investigated by Ross and Shaw.24 These could not only affect the 
fitted solutions, but a lso , as Ross and Shaw point out, even if the inclu­
sion of nonzero effective ranges has l i t t le effect on data in physical 
regions , it could ser iously affect the behavior of the pion-hyperon c r o s s 
section below the K - p threshold. Without a further theore t ica l t rea tment , 
we do not feel justified therefore in saying that the exper imenta l data ru les 
as a bound-s ta te-model resonance . 

The bound-state model being the S 1/2 state, the Y1
* res-onance 

must have spin one-half, and the Y1
*-Λ relative parity is odd or 
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even depending on whether K-Λ par i ty is odd or even, respect ive ly . 
The Σ- to- Λ-decay branching ra t io of Y1

* depends strongly on the 
exper imental value of the Σ/Λ rat io in the I=1 channel at the K-N 
threshold R t , on the re la t ive Σ/Λ pa r i t i e s , and on the assumpt ions 
that one makes about the behavior of ampli tudes for Σ and Λ production 
below threshold. Assuming that the centrifugal b a r r i e r - p e n e t r a t i o n 
factor dominates this behavior and calling the re la t ive orbital momenta 
in the Σ and Λ channels lΣ and lΛ, we obtain for the Σ/Λ ra t io (we 

include he re both charges of the Σ) at the resonance Rr 

where qΣr is the Σ momentum at resonance and qΣt at the N 
threshold. Using the recent value of 0.40 ± 0.03,for R t , 2 3 w e can obtain 
a value as low as 16% (i. e. 8% for each charge) by taking lΣ = 1 and 
lΛ = 0, i. e . , opposite Σ-Λ par i ty . It should be pointed out that inclu­
sion of effective ranges can significantly a l te r this branching ra t io . 

The p resen t exper imental values for Y1
* m a s s and width a r e 

1385 and 20 to 30 Mev, r e s p e c t i v e l y . 2 5 T h e la t te r is uncer ta in because 
of Bose - s t a t i s t i c s e f f e c t s 2 6 i n the ΛΠ+Π- events at low energy, as well 
as the conflicting r e su l t s from the study of the θ2p interaction.2 7 The 
spin and par i ty of Y1

* a r e still unknown; it is c lear thus that the existing 
data agree with g loba l - symmet ry predict ion, and because of previously 
mentioned difficulties we cannot exclude the bound-s ta te model . We may 
hope that analys is of Σ2Π data will elucidate the p roper in terpre ta t ion 
of Y1

*
. 

3 The Σ2Π Exper imental Resul ts 
Since we know the production ra t e of Y1

*+and Y1
*- from the 

study of the Λπ+π- react ion,5 we can obtain the decay branching ra t io 
R of the resonance by looking at the m a s s distr ibution of the posit ively 
and negatively charged ( Σ - Π ) sys tems in our Σ2Π reac t ions . On the 
three Dalitz plots (F igs . 8,9, and 10), a l a rge Σ-Λ branching ra t io 
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would exhibit itself as a bunching of events along Tπ + and Tπ - l ines 
of about 280 Mev. We see that there is no evidence of any enhancement 
in this region, and so the branching ra t io must be quite low. 

To obtain a quantitative lower l imit on this ra t io , we combine 
the events in such a way as to be able to plot composite spec t ra of the 
( Σ - Π ) sys tems in all th ree charge s ta tes (F igs . 12 and 13a). Now the 
Y1

*+ and Y1
*- events would show up as events in the (Σπ)+ and (Σπ)-

plots (Fig. 12) around a m a s s value of 1385 Mev. For definiteness we 
take all the events with the m a s s in the 60-Mev band centered at 1385 
Mev, a s sume that they a r e all Y 1

* , and compare them with the number 

of Λπ+π- events with the (Λπ+) or (Λπ -) m a s s in the same band. This 
gives us an upper l imit of 8% on the value R. This l imi t appears to be 
rather unrealistic, since there seems to be no peaking above the phase-space 

curve (see however Sec. VD, 2 for a further d iscuss ion of this 
point). The value R=0 certainly cannot be excluded by the data. 

We should point out he re that the difficulty (d iscussed in 
Appendix E and Sec. IVB, 1) assoc ia ted with distinguishing the Σ±π±π0 

events from the Σ±π±π0π0 events does not affect this r e su l t because the 
m a s s of the (Σ ± π 0 ) system is de termined once one knows the c . m . 
momentum of the charged pion, which is ordinar i ly m e a s u r e d accura te ly 
enough so that the fit will not change the value significantly. For a 
( Σ Π ) m a s s low enough to be included in this calculation, the energy of 
the pion must be quite high, well above the kinemat ical l imit allowed by 
the four-body reac t ion . In other words the events that a r e ha rd to 
identify will fall in the region of high Tπ0 and therefore neces sa r i l y 
low T π ±. As such, it does not make much difference whether they a r e 
classif ied as t h r e e - or four-body events for the purpose of the above 
calculation. 

It mus t be admit ted that the events of in te res t in this calculation a r e those most l ikely to give spurious fits to the Σ±π± r eac t ions , because these will have re la t ively high charged-pion energ ies (and therefore low neut ra l -p ion energ ies ) . However, the 19 events that a r e ambiguous (see Table II) have a perfect ly normal x2 distr ibution for the two-body hypo-theses and poor x2 distr ibution for the three-body hypotheses . This 
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Fig . 12. Mass spec t r a of (a) (Σπ)- and (b) (Σπ)+ sys tems from the 
reac t ions K- + p → Σ + Π - Π 0 , and Σ0Π+Π-. Each observed 
Σ0Π+Π- event has been given a weight of 2.25 to allow for the 
difficulties d i scussed in the text as well as the neut ra l decay 
mode of the Λ. 
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Fig . 13. (a) Mass spec t r a of the (Σπ)0 sys tem from the reac t ions 
K- + p → Σ+Π-Π0, and Σ-Π+Π0. Only events that a r e believed 
to be examples of the th ree-body final s ta te a r e included. 

(b) Mass spec t r a of the (Σ±π ) sys tem from the events 
that a r e believed to be examples of K- + p → Σ± + π +Π0 Π0 

but yet give a sa t i s fac tory fit to the Σ±π π0 hypothesis (see 
Appendix E for select ion c r i t e r ion) . The m a s s values in the 
figure were obtained by using quantit ies resul t ing from the fit 
to the Σ±π π0 hypothes is . 
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coupled with the fact that a four-cons t ra in t fit is much more difficult to 
fit spuriously than a one-cons t ra in t fit leads us to conclude that probably 
no more than one or two of these events a r e indeed examples of the 
three-body r eac t ion - -ce r t a in ly not enough to affect our conclusion. 

It should be mentioned he re that the observed average m a s s 
of the Y1

* as observed through the Σ-Π decay mode will not neces sa r i l y 
be identical to that obtained by looking at the Λ-π mode. This is due to 
the difference in the two decay momenta; in other words a Y1

* with a 
low m a s s will probably not decay into a Σπ system because of the 
smal le r phase space and (or) cen t r i fuga l -bar r i e r penetrat ion factor. 
Thus we would expect to observe that the m a s s of Y1

* as observed 
through the Σπ decay mode would be displaced to higher energ ies . How­
ever , as this is a strong function of the shape of the resonance curve and 
the spin of the excited state (neither one of which is known) and is not a 
very la rge effect, for simplicity we have taken 1385 Mev as the cent ra l 
value for both decay modes . 

The low Σ/Λ branching ra t io of Y1
* unfortunately does not 

allow us to distinguish between the two theoret ica l in te rpre ta t ions of the 
resonance . The l imit is still above the predict ion of global symmet ry , 
and by taking effective ranges into account in the N bound-state model , 
we can reduce R to below the observed value. Bast ien et al.28 have 
recent ly obtained a r e su l t a lso consis tent with R=0 by studying Σ2Π 
production by 760-and 850-Mev/c K- mesons . 

C. The T=0 Resonance (Y 0
* ) 

We d iscuss next the evidence presen ted by the data regarding 
the existence of a T=0 resonance in the ( Σ - Π ) sys tem. At the begin­
ning, we must sound a word of caution. The conclusions below a r e drawn 
on the bas i s of some 40 events , and as such a s ta t is t ica l fluctuation can­
not be excluded. Accordingly, we admit that the data is not conclusive in 
establishing the existence of a T=0 resonance . We presen t it to show 
that the data can be explained reasonably well in the framework of this 
resonance , and at the same time to outline the method of analys is to be 
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fol lowed when m o r e e v e n t s a r e a v a i l a b l e . We m u s t a l s o m e n t i o n tha t 
B a s t i e n et a l . h ave r e c e n t l y r e p o r t e d s o m e e v i d e n c e s u p p o r t i n g the 
T - 0 r e s o n a n c e h y p o t h e s i s . 2 8 R e c e n t l y Shult and Capps h a v e invoked 
a T=0 r e s o n a n c e to exp la in the o b s e r v e d b r a n c h i n g r a t i o s for K-

i n t e r a c t i o n s in d e u t e r i u m . 2 9 

1. The Σ±π π+π- E v e n t s 

We s t a r t wi th the d i s c u s s i o n of the Σ±π π+π e v e n t s in so 
far a s t h e s e a r e the h i g h e s t qua l i t y d a t a . f r o m the e x p e r i m e n t a l poin t 
of v i ew . To i n v e s t i g a t e the p o s s i b i l i t y of s t r o n g f i n a l - s t a t e i n t e r ­
a c t i o n s , we plot the m a s s s p e c t r a of a l l p o s s i b l e ( Σ - π ) s y s t e m s in 
t h e s e r e a c t i o n s . T h u s for e a c h even t we obta in t h r e e m a s s v a l u e s - - t w o 
for the n e u t r a l and one for the doubly c h a r g e d ( Σ - π ) s y s t e m . T h e s e two 
s p e c t r a a r e d i s p l a y e d in F i g . 14. It s e e m s qu i te c l e a r tha t t he two h i s ­
t o g r a m s a r e s ign i f i can t ly d i f fe ren t . F u r t h e r m o r e , the doubly c h a r g e d 
s y s t e m shows no s t a t i s t i c a l l y s ign i f i can t d e p a r t u r e f r o m p h a s e - s p a c e 
p r e d i c t i o n s , and the n e u t r a l s y s t e m e x h i b i t s a bunching of e v e n t s a r o u n d 
1405 Mev . 

It i s a t t r a c t i v e to i n t e r p r e t the da ta in t e r m s of a r e s o n a n c e 
in the ( Σ - π ) s y s t e m . To e x p l o r e t h i s p o s s i b i l i t y in m o r e d e t a i l , one 
w i s h e s to p r e s e n t the da t a in a f o r m a n a l o g o u s to t ha t u s e d for s tudy of 
the Y1

* r e s o n a n c e in the K- + p→ Λ+π+ π- r e a c t i o n , i . e . Da l i t z p l o t s . 
To do t h i s , we i s o l a t e the s y s t e m c o n s i s t i n g of the Σ h y p e r o n and the 
two p i o n s of un l ike c h a r g e ( tha t i s , of c h a r g e d i f fe ren t f r om t h a t of the 
Σ) and t r e a t t h e m a s a t h r e e - b o d y final s t a t e . In e s s e n c e t h i s a m o u n t s 
to the s t a t e m e n t tha t the t h i r d p ion i s r e l a t i v e l y " i n e r t " and d o e s not 
affect the s t r o n g f i n a l - s t a t e i n t e r a c t i o n b e t w e e n the Σ h y p e r o n and the 
o the r two p i o n s , an a s s u m p t i o n tha t s e e m s to be j u s t i f i ed a t l e a s t to a 
c e r t a i n ex t en t by the p h a s e - s p a c e - l i k e d i s t r i b u t i o n of the ( Σ - π ) ± ± s y s t e m . 

We can t r a n s f o r m now the (Σ2π) s y s t e m u n d e r c o n s i d e r a t i o n 
into i t s own r e s t f r a m e and obta in the e n e r g y a v a i l a b l e in t h a t f r a m e . 
F u r t h e r m o r e , we can obta in the b o u n d a r i e s of the Dal i tz p lo t c o r r e ­
sponding to t h i s p a r t i c u l a r e n e r g y . In so fa r the e n e r g y d i s t r i b u t i o n of 
t h e s e p a r t i c l e s i s g o v e r n e d by the s t a t i s t i c a l c o n s i d e r a t i o n s , t h e r e is 
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Fig. 14. Invariant mass spectra of the (a) neutral and (b) doubly-charged 
(Σ-π) systems from the reactions K- + p → Σ± + Π+ + Π+ + Π-. 
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an equa l a p r i o r i p r o b a b i l i t y tha t the poin t r e p r e s e n t i n g a g iven event 
wi l l fall wi th in any given e l e m e n t of a r e a in the Dal i tz p lo t . The c o n ­
ven t i ona l Dal i tz p l o t s , h o w e v e r , a r e not c o m p l e t e l y su i t ab l e for our 
r e p r e s e n t a t i o n s i n c e , b e c a u s e of v a r i o u s c . m . e n e r g i e s for e a c h even t , 
t h e r e is no c o n s t a n t r e l a t i o n b e t w e e n the k i n e t i c e n e r g y of one p ion and 
the m a s s of the s y s t e m c o n s i s t i n g of the Σ and the o the r p ion . F o r 
t h i s p u r p o s e it t u r n s out to be m o r e s u i t a b l e to l a b e l the a x e s in t e r m s 
of the m a s s s q u a r e d of the ( Σ - π ) s y s t e m . T h i s s t i l l p r e s e r v e s the 
p r o p e r t y t ha t e v e r y e l e m e n t of a r e a h a s equa l a p r i o r i p r o b a b i l i t y of 
be ing p o p u l a t e d , and a t the s a m e t i m e p e r m i t s a l l the e v e n t s with the 
s a m e m a s s of the ( Σ - π ) s y s t e m to fall on the s a m e l i n e . 

All the D a l i t z - p l o t e n v e l o p e s wil l now be t angen t to one of two 
s e t s of o r t h o g o n a l a x e s , one s e t c o r r e s p o n d i n g to the m a s s of the 
(Σ+ - π - ) s y s t e m s q u a r e d , the o the r to tha t of the (Σ- - π + ) s y s t e m s q u a r e d . 
The m i n i m u m - e n e r g y enve lope ( c o r r e s p o n d i n g to an even t in which a l l 
t h r e e p a r t i c l e s m o v e with the s a m e ve loc i ty ) b e c o m e s j u s t a po in t a t the 
i n t e r s e c t i o n of the two a x e s . As the t h r e e - b o d y c . m . e n e r g y i n c r e a s e s , 
the e l l i p s e g e t s l a r g e r and m o v e s a w a y f rom the i n t e r a c t i o n poin t . 

The f inal p lo t wi l l c o n s i s t of s u p e r p o s i t i o n of a l l e n v e l o p e s , 
e a c h one c o r r e s p o n d i n g to one even t . It wi l l now be a t h r e e d i m e n s i o n a l 
f i g u r e , and the p o i n t s wi th equa l a p r i o r i d e n s i t y of e v e n t s wi l l h a v e the 
s a m e he igh t . T h i s i s a c h i e v e d by r e m e m b e r i n g tha t e a c h e l l i p s e , c o r r e ­
sponding to one o b s e r v e d even t , m u s t have the s a m e v o l u m e . I t s he igh t 
j.s t h e r e f o r e g iven by the i n v e r s e of i t s a r e a . In t h i s way , the e x p e r ­
i m e n t a l l y o b s e r v e d e n e r g y d i s t r i b u t i o n of the t h i r d p ion i s t a k e n into 
a c c o u n t . To i l l u s t r a t e g r a p h i c a l l y t h i s p r o c e s s of s u p e r p o s i t i o n of e n ­
v e l o p e s c o r r e s p o n d i n g to d i f fe ren t e v e n t s , we show in F i g . 15 the a d d i ­
t ion of e n v e l o p e s for t h r e e d i f fe ren t e v e n t s in t h r e e d i m e n s i o n s and the 
r e s u l t i n g con tou r m a p . 

The con tou r m a p for the a c t u a l 32 e v e n t s t o g e t h e r wi th the 
e x p e r i m e n t a l p p i n t s i s shown in F i g . 16. Only half of the p lo t is shown 
b e c a u s e of i t s s y m m e t r y a r o u n d the 45 deg l ine ( i . e. b e c a u s e the two 
p i o n s a r e i d e n t i c a l ) . The e v e n t s can be s e e n to fall into two b a n d s , e a c h 



( a ) 

(b) 

Fig . 15. (a) Three-d imens ional view of superposi t ion of th ree 
Dalitz envelopes of different c . m . energy to give a com­
posi te figure represen t ing phase space for these th ree events, 

(b) Contour map resul t ing from these three events . 
Relat ive densi t ies a r e shown for an assumed 4:2: 1 r a t io of 
a r e a s of the three e l l ipses . 
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Fig . 16. Contour map resul t ing from the superposi t ion of Dalitz 
envelopes r ep resen t ing the 32 examples of the reac t ions 
K- + p→Σ± + π+ + π + π-. The solid c i r c l e s r e p r e s e n t the 
exper imenta l po in ts . 
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one centered about 1405 Mev (1.97 × 106 Mev2) , accentuating our belief 
that the phenomenon observed is due to a resonance in the (Σ-π) sys tem. 
Indeed, one can ask what is the probabili ty that 26 events out of 32 fall 
in one of the bands with full width of 40 Mev and centered at 1405 Mev, 
if phase space is the sole factor governing the react ion. The answer 
is that the odds against this a r e g rea te r than 103: 1. This exaggera tes 
the point because of a r b i t r a r y selection of the band position, but the 

odds a r e never the les s impres s ive . 
We should like to dwell he re for a moment on the advantage 

of this represen ta t ion over the s imple m a s s - s p e c t r u m h i s t o g r a m s . 
Aside from the fact that this represen ta t ion allows one to view each 
event individually and observe the two-band s t ruc tu re , one also has the 
possibi l i ty of being able to study the in terference effects between the 
two ampli tudes , which might enable one to deduce p rope r t i e s like spin 
and par i ty of the resonance . It should be emphasized, however, that 
these considera t ions a r e based on an assumption that needs a deeper 
theoret ica l justification than the crude a rguments given above. 

We would like to emphasize that if we see he re a r e a l effect 
(as opposed to a s ta t is t ical fluctuation) then it mus t be due to a strong 
interact ion in the Σ-π system and not in the π-π sys tem. This is 
because we a r e dealing with a four-body sys tem, and therefore a given 
m a s s of a dipion system does not de te rmine uniquely the m a s s of the 
other two pa r t i c l e s . F u r t h e r m o r e , exper imenta l ly the invariant dipion 
m a s s spec t ra do not show any significant depar ture from phase space. 

2. The Σ0π0π+π- Events : Determination of the Isotopic Spin of the 
Resonance 

The data so far p resen ted a r e still insufficient to de te rmine 
the isotopic spin of the resonance , The ass ignment of T=0 or T - l 
s eems most logical in view of the absence of the 1405-Mev peak in the 
doubly charged sys tem. However the T=2 ass ignment cannot be ex­
cluded because of the many ampli tudes that can be involved in this 
react ion. As an example, if the react ion proceeds dominantly through 
the over -a l l T=1 channel with the two nonresonating pions also in T=l , 
then a T=2 resonance could not exhibit itself in the spect rum of the 



- 58 -

doubly c h a r g e d ( Σ - Π ) s y s t e m . The only u n a m b i g u o u s d e t e r m i n a t i o n of 

the I spin can be ob ta ined t h r o u g h the s tudy of the K - + p → Σ 0 + π 0 + π + + Π -

r e a c t i o n . M o r e s p e c i f i c a l l y , the d e c a y b r a n c h i n g r a t i o ρ of the r e s ­

o n a n c e , def ined by 

i s 2, 0, o r 1/2 depending on w h e t h e r the I spin s t a t e i s 2, 1, or 0, 

r e s p e c t i v e l y . 

In o t h e r w o r d s , if we a s s u m e tha t a l l 32 e x a m p l e s of Σ±Π Π+Π-

r e a c t i o n s p r o c e e d by the r e s o n a n t m o d e , then we would e x p e c t 64 (for 

T=2) , 0 (for T = l ) , or 16 (for T=0) e x a m p l e s of the Σ0Π0Π+Π- r e a c t i o n , 

wi th a Σ0π0 m a s s a r o u n d 1405 Mev . If we a l low for the n e u t r a l d e c a y 

m o d e and the t y p i c a l e s c a p e c o r r e c t i o n of the Λ, the n u m b e r s a r e 

r e d u c e d to 33 , 0, and 8 e v e n t s . 

The e x p e r i m e n t a l d i f f i cu l t i e s a s s o c i a t e d wi th the s tudy of 

t h i s r e a c t i o n h a v e b e e n d i s c u s s e d in the p r e v i o u s s e c t i o n ( S e c . IVC, 3). 

H o w e v e r , to ob ta in s o m e idea of the effect of the p o s t u l a t e d r e s o n a n c e 

on th i s r e a c t i o n , we d iv ide our V0 t w o - p r o n g e v e n t s t ha t do not fit 

Λπ+π- o r Σ0π+π- into two g r o u p s . The f i r s t g roup i n c l u d e s e v e n t s 

for which (a) x2 for the Λπ+π-π0 i n t e r p r e t a t i o n i s g r e a t e r than 2.0 

and (b) the m i s s i n g m a s s c a r r i e d off by the u n s e e n n e u t r a l s i s g r e a t e r 

than 135 Mev . The second g r o u p i n c l u d e s the r e s t of the e v e n t s . T h u s 

the l a t t e r g r o u p i s e x p e c t e d to con ta in m a i n l y Λπ+π-π0, wh i l e the f o r m e r 

p r o b a b l y c o n t a i n s m a i n l y e x a m p l e s of Σ0π0π+Π-, Λ4π, and Σ04π. F o r 

e a c h even t , we c a l c u l a t e the i n v a r i a n t m a s s of the e m i t t e d n e u t r a l 

p a r t i c l e s by us ing only the PANG da ta for the two c h a r g e d p i o n s and the 

b e a m m o m e n t u m ( T h u s t h i s s y s t e m i n c l u d e s the Λ p a r t i c l e in add i t ion 

to the u n s e e n n e u t r a l s ) . T h u s we n e e d no t h y p o t h e s i z e on the i den t i t y of 

a g iven even t to obta in t h i s quan t i t y . Since the e r r o r s wil l v a r y qu i te a 

bit f r o m even t to even t b e c a u s e no k i n e m a t i c a l fit is involved ( f rom 15 

to 40 Mev) , we p r e s e n t the da t a in both h i s t o g r a m and i d e o g r a m f o r m 

( F i g s . 17 and 18). 
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Fig . 17. His tograms of miss ing m a s s for 39 V0 two-prong events 
which do not fit Λπ+π-" or Σ0π+π- hypotheses. (a) Thir teen 
events that give x 2 > 2 . 0 for Λπ+π-π0 in terpreta t ion and a 
miss ing mass for the unseen neut ra ls > 135 Mev. The solid 
curve is the phase - space curve for the Σ0π+π-π0 reac t ion 
normal ized to nine events (the other four a r e probably ex­
amples of Λ4π events). (b) The other 26 events . The solid 
curve is the phase - space curve for the Λπ0π+π- reac t ion 
normal ized to 26 events . 
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Fig . 18. Ideogram of missing m a s s for the 39 V0 two-prong events 
that do not fit Λπ+π- or Σ0Π+Π-. The division of the events is 
the same as F ig . 17. 
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The only safe conclusion that can be drawn from the data is 
that the T=2 ass ignment is excluded There does seem to be a c l u s ­
tering of nine events in F igs . 17a and 18a around 1390 Mev, and c lu s ­
ter ing that is absent in F igs . 17b and 18b. In view of this (we ignore 
for a moment the d iscrepancy between 1390 and 1405 Mev), we feel 
that the data seem to favor the T=0 isotopic spin ass ignment . How­
ever , because of sca rc i ty of data, we cannot exclude the possibi l i ty 
that this c luster ing of events is due to a s ta t is t ica l fluctuation. Our 
belief that the isotopic spin of the resonat ing system is zero as opposed 
to one is accentuated by the fact that a T=1 resonance could decay into 
a Λ-π sys tem. Thus we would see an excess of events in the (ΛΠ) m a s s spect rum from the Λ-π+π-Π0 react ion around 1405 Mev, a fact not 
substantiated by the data (Fig. 19). Accordingly, in the following d i s ­
cussion we a s sume that the isotopic spin of the resonance is ze ro . 

We mus t mention one possible objection. If we accept the 
s ta tement that the bunching of events in F igs . 17a and 18a is a signif­
icant phenomenon (as opposed to a s ta t i s t ica l fluctuation), then two dif­
ferent explanations suggest t hemse lves . The f i rs t one is the hypothesis 
postulated above, i . e . that the events in F igs . 17a and 18a a r e mainly 
Σ0π0π+π- events and we see the effect of a resonance in the Σ0π0 

sys tem. The second one is that these a r e rea l ly poorly m e a s u r e d 
Λπ0π+π- events , and we observe the resonance in the Λπ0 system ( i . e . 
the previously d i scussed Y1

*) . 
We feel that the l a t t e r is r a the r unlikely for the following th ree 

r ea sons : (a) If we a s sume that the bunching in F igs . 17a and 18a is r ea l 
(and not a s ta t i s t ica l accident) , then nine out of 13 events in that group 
a r e dominated by the resonance . This would mean that at l eas t a com­
parable fraction, i. e. 18 out of 26 events in F i g s . 17b and 18b (since 
these then would be p resumably bet ter m e a s u r e d Λπ0π+π- events) should 
fall around 1390 Mev- -a significant depar ture from phase - space p r e d i c ­
tion. This r equ i r emen t is not satisfied by the data (F igs . 17b and 18b). 
(b) The events around 1390 Mev in F igs . 17a and 18a move away from 
this value when one uses the fitted (to the Λπ0π+π- in terpretat ion) values 
of the Λ and π0 va r iab les to calculate the m a s s of the neut ra l sys tem. 
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F ig . 19. Mass spec t r a of Λπ+, Λπ+, and Λπ0 sy s t ems for the 39 
events that do not fit Λπ+Π- or Σ0π+Π- hypotheses . Values 
used were those obtained from the fit to the Λπ+Π-Π0 hypo­
t h e s i s . 
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(c) If we a s s u m e tha t a l l 39 e v e n t s a r e e x a m p l e s of the Λπ+π-π0 

r e a c t i o n and c a l c u l a t e the i n v a r i a n t m a s s e s of the (Λπ + ) , ( Λ π - ) and 
(Λπ 0 ) s y s t e m s f rom the f i t ted v a l u e s , t h e r e s e e m s l i t t l e e v i d e n c e for 

p r e s e n c e of Y1
* in any of t h e s e s p e c t r a ( F i g . 19). In o the r w o r d s , 

e i t h e r Y1
* for s o m e r e a s o n p l a y s no d o m i n a n t r o l e in the K- +p→Λ+π++π-+π0 

p r o c e s s , o r i t s effect i s now v e r y o b s c u r e d b e c a u s e of the i n t e r f e r e n c e 
p h e n o m e n a . It a p p e a r s , t h e r e f o r e , t ha t the o b s e r v e d p h e n o m e n o n (if it 
i s not a s t a t i s t i c a l a c c i d e n t ) i s due to the K- +p→Σ0+π0+π++π- r e a c t i o n . 

3. The Σ±π π0π0 R e a c t i o n s 

The T=0 r e s o n a n c e should exhib i t i t se l f a l s o in the m a s s 
s p e c t r u m of_the (Σ±π ) s y s t e m f rom the Σ±π π0π0 r e a c t i o n s . As t h e r e 
w e r e 32 Σ±π π+π- e v e n t s , the n u m b e r of Σ±π π-π0 r e a c t i o n s should 
be s o m e w h e r e b e t w e e n z e r o and 16, depend ing on the r e l a t i v e i m p o r t a n c e 
of the T=0 and T=1 c h a n n e l s in the p r o d u c t i o n p r o c e s s . The m a s s 
s p e c t r u m for the 22 e v e n t s of t h i s k ind i s shown in F i g . 20 . U n f o r t u ­
n a t e l y , the l a r g e e r r o r s on s o m e of t h e s e e v e n t s ( s i n c e h e r e a g a i n no 
p r o d u c t i o n fit i s m a d e ) a s wel l a s the p o s s i b i l i t y of Σ2π c o n t a m i n a t i o n 
d o e s not a l low u s to d r a w any s u p p o r t i n g c o n c l u s i o n s e i t h e r in favor o r 
a g a i n s t the r e s o n a n c e h y p o t h e s i s in the ( Σ - π ) s y s t e m . 

4 . D i s c u s s i o n of Σ±π π0 E v e n t s in L igh t of the T=0 R e s o n a n c e We m u s t now t u r n to the two p r o b l e m s tha t f ace ou r i n t e r ­p r e t a t i o n of the d a t a . T h e s e a r e the r e l a t i v e a b s e n c e of the r e s o n a n c e effect in the Σ±π π0, and the d i s c r e p a n c y in the m a s s of the r e s o n a n c e as obtained from its charged and from its neutral decay modes. We dis-cuss first Σ±π+π0 events. 

The T=0 r e s o n a n c e should exh ib i t i t se l f a s the e n h a n c e m e n t of 
the 1400-Mev r e g i o n in the (Σ±π ) m a s s s p e c t r u m . T h i s i s t r u e to a 
c e r t a i n ex t en t ( F i g . 13a), but the effect i s h a r d l y s t a t i s t i c a l l y s ign i f i can t 
and not a s s t r o n g a s m i g h t be e x p e c t e d f rom the in f luence tha t the r e s ­
o n a n c e h a s on the Σ±π π+π- e v e n t s ( F i g . 14). In a n s w e r to t h i s o b j e c ­
t ion, we m u s t f i r s t point out t ha t t h i s r e g i o n of low (Σ±π ) m a s s h a s a 
l a r g e e x p e r i m e n t a l u n c e r t a i n t y b e c a u s e of p o s s i b l e c o n t a m i n a t i o n of the 
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Fig . 20. Mass spec t rum of (Σ±π ) sys tem from the events b e ­
l ieved to be examples of K -+ p → Σ±+π +π0+π0 r e a c t i o n s . 
The solid curve is the phase - space curve for the Σ3π 
reac t ion normal ized to 22 events . 
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Σ±π π0π0 events d iscussed in Section IVC, 3. In other words , due to the 
difficulty of cor rec t ing for this effect, the number of events in this pa r t 
of the spect rum is ra ther uncertain. Thus the excess of events in this 
region could be easi ly more pronounced if too many events were sub­
t rac ted out (see F ig . 13b for the spec t rum of subtracted events) . How­
ever , even after allowance for this effect we must still admit that the 
T=0 resonance plays a re la t ively minor role in the Σ±π π0 events . 

The second point we would like to make is that a mechanism 
does exist which forbids the resonance in the Σ±π π0 events , namely 
production through a pure T=0 channel. For the production from the 
T=0 channel , the two pions must always be in a T=1 s ta te , and thus 
cer ta in s tr ingent r e s t r i c t i ons mus t be met . The wave function can be 
wri t ten as 

Thus the th ree charge s ta tes a r e all cha rac te r i zed by the same produc­
tion ampl i tudes . This r equ i r e s not only that the c r o s s sect ions for these 
three charge s ta tes be equal, but a lso that all the other dis t r ibut ions be 
the same . F u r t h e r m o r e , the Σ0π0π0 react ion should be totally absent , 
because two neut ra l pions cannot be in a T=l s ta te . 

It should be pointed out that this argument of identity of the 
three charge s tates holds only for the T=0 production. Fo r a T=l 
channel, the two pions can be in T=0, 1, or 2. Thus we deal now with 
three different ampl i tudes , which would make it quite unlikely that these 
would produce the same c r o s s sect ions and same dis tr ibut ions for all 
th ree charge s t a t e s . 

To tes t this hypothesis , we note f irs t that the c r o s s sections 
for Σ±π π0, Σ±π π0, and Σ0π+π- a r e roughly equal (Table I) although 
the las t one is r a the r uncertain due to ambiguity with ΛΠ+Π- a s outlined 
previously (Sec. IVB, 2). It is impossible to obtain any es t imate of the 
number of Σ0π0π0 events except for an upper l imit of ~1.5 mb (Table 1). 
However, many other p r o c e s s e s a r e included in this group, so the l imi t 
is probably unrea l i s t i c . Thus the t o t a l - c ro s s - s ec t i on data does not 
exclude a hypothesis of production from T=0 only. 
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The Dalitz plots for the three reac t ions (F igs . 8 ,9, and 10) 
a r e not too different and a r e reasonably symmet r i c , so no evidence 
against production from the T=0 hypothesis can be drawn from these . 
We look next at the angular dis tr ibut ions for the three reac t ions . The 
angular distr ibution of the three Σ hyperons must be the same, and the 
angular distr ibut ions of the two pions in each react ion mus t be identical 
to each other as well as to the pion dis t r ibut ions in the other two r e ­
act ions . The nine angular dis tr ibut ions a r e shown in F ig . 21 . No ef­
fort was made to a s s u r e that these should not have any exper imental 
b iases inherent in them, because the number of events is too smal l for 
any careful ana lys i s . It is felt that no strong b iases exist that would 
significantly affect the data, at l eas t for the two charged Σ s t a t e s . 
Slightly more caution is n e c e s s a r y when looking at the Σ0π+π- react ion 
because a significant number of these events a r e miss ing from the spec­
t rum presen ted in Fig. 21 . We feel, however, that the re is re la t ively 
l i t t le cor re la t ion between a configuration of the Σ0π+π- system in the 
K - p c . m . f rame and the probabil i ty that this event will fit a Λπ+π- hypo­
thes i s . Therefore the Σ0π+π- angular distr ibution should also be r e ­
l iable . The dis t r ibut ions appear different, but it would be dangerous to 
conclude that this is s ta t i s t ica l ly significant, especial ly since some 
smal l exper imenta l b iases could be p re sen t that would affect different 
reac t ions in a different way. Fu r the rmore , it mus t be r e m e m b e r e d 
that, by p roper choice of phases , even a small T=l contribution can 
significantly affect the dis t r ibut ions observed. 

To conclude the discussion regarding the possibi l i ty of p r o ­
duction from a pure T=0 channel, we state that no strong evidence exis ts 
against this hypothesis , but at the same t ime there is no strong evidence 
for it. 

One m o r e point should be made before leaving the Σ±π π0 

reactions. We know that the Λπ+π- reaction seems to be governed al-most 
ent i re ly by the Y1

* resonant amplitude, the phase - space factor 
being completely i r re levan t . It is tempting therefore to ask to what 
extent is the phase - space factor re levant in the Σ±π π0 r eac t ions , and 
to what extent is it meaningful therefore to speak about departures from 
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Fig . 21 . Angular distr ibution of the th ree f inal-s ta te pa r t i c l e s 
for the reac t ions K - + p → Σ ± + π +π0, Σ 0 + π + + π - . 
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phase - space predic t ions . More specifically we ask whether a m o r e 
c o r r e c t view would be to think in t e r m s of severa l resonant ampli tudes 
dominating the react ion, which when super imposed might r e s emb le a 
phase - space curve . This is a point obviously quite important when 
talking about the extent to which the T=0 resonance is seen in the 
Σ±π π0 r eac t ions , and we shall r e tu rn to it la ter (Sec. VD). 

5. Mass Discrepancy 
We turn now to the problem of m a s s d iscrepancy. As observed 

through the charged-Σ decay mode, the cent ra l value for the m a s s of the 
T=0 resonance is 1405±2.5 Mev, and the half-width after unfolding of 
exper imental e r r o r s i s ± 1 0 Mev. F rom the V0 two-prong events (F igs . 
17a and 18a), if we a s sume that all nine events around 1390 Mev a r e 
examples of Σ0π0π+π- proceeding through the resonant channel, we ob­
tain for the cent ra l value 1387±5 Mev and a width consis tent with ±10 Mev. 
Even though on the f i rs t glance this might appear as a s ta t i s t ica l ly s igni­
ficant m a s s d iscrepancy, we feel that it would be dangerous to draw such 
a strong conclusion from only nine events . Since the identification of 
Σ0π0π+π- events is so difficult, it is not inconceivable that a few examples 
of Λπ0π+π- have been included in F i g s . 17a and 18a and that they tend to 
bring down the cent ra l value. 

Determinat ion of whether there is a r ea l m a s s difference will 
have to await further data. We mere ly mention h e r e some of the phenom­
ena that could give a m a s s shift: e lect romagnet ic m a s s differences b e ­
tween the Σ-π+, Σ+π-, and Σ0π0 sy s t ems , in terference between the two 
resonat ing ampli tudes in the case of Σ±π π+π- r eac t ions , and in ter ference 
with the nonresonant ampli tude. However, a quantitative discussion of 
these points is probably p r e m a t u r e at this s tage. 

D. Influence of Other Poss ible Σ-π Resonances 

In this section we would like to d iscuss briefly the effect of 
other resonances on our data and to what extent the data support or deny 
the production of these resonances by 1.15-Bev/c K- mesons . We turn 
our attention f i rs t to the T=2 g loba l - symmet ry analogue of the 3/2, 3/2 
pion-nucleon resonance in the pion-hyperon sys tem. 
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1. The T=2 Global Symmetry Resonance 
In connection with the still unresolved status of the Y1

* 

resonance in terpre ta t ion, a considerable amount of speculation has 
been centered around the question of the T=2 resonance . The existence 
of a j = 3 / 2 , T=2 resonance in the Σ-π system would great ly strengthen 
our belief in the validity of global symmetry and would provide an in-direct 
support for the global symmetry interpretation of Y1

*. If we use 
a rguments outlined in Section VB1, the position and width of this r e s -
onance a r e 1530 Mev and 70 Mev, respect ively . 1 7 

Accordingly, we consider to what extent our data can provide 
evidence for or against the existence of T=2 resonance . The mos t ob­
vious place to look for it would be in the spect rum of the doubly charged 
Σπ system in the Σ±π+π+π- reac t ions (Fig. 14). Unfortunately, the 
1530-Mev region is at the tail end of the available spec t rum, and so it 
would be very surpr i s ing if this resonance could indeed dominate the 
reac t ion . Therefore , the absence of any c lus ter ing of events in this 
region hardly can be construed as anything except a purely kinemat ical 
effect. In the Σ2π reac t ions , however, there is ample phase space in 
this pa r t of the spec t rum, and so one would expect that the investigation 
of those reac t ions might tend to be more fruitful. 

Even though no obvious excess of events in this region is p r e ­
sent, this per se does not consti tute any conclusive argument against 
the p resence of the T=2 resonance . The width of this resonance is such 
that the resonant events would be ha rd to separa te out from background, 
but in addition the in terference effects could be expected to affect the 
spect rum considerably, because the two resonant bands would in te r sec t 
inside, each Dalitz e l l ipse . Because in this system the resonance would 
have to be produced from a T=1 State we can wri te the wave function 
for the f inal-s ta te consisting of Y2

* ( resonating Σ-π in a T=2 state) 
and the other π: 
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Next we substi tute the decay wave function for each charge state of Y2
* to obtain 

where the system in pa ren theses is the resonat ing sys tem. Finally, 
we collect the t e r m s for each one of the three charge s ta tes under 
considerat ion: 

Thus the two resonant ampli tudes contributing to each r e ­
action have a definite phase re la t ion with r e spec t to each other and 
accordingly will in ter fere with each other . Specifically, the in te r fe r ­
ence effects between the two contributing coherent ampli tudes change 
sign as we go from the neut ra l Σ case to the charged Σ reac t ions , 
though in the la t te r case the in ter ference is not complete . 

We have investigated to what extend the exper imenta l m a s s 
dis t r ibut ions and Dalitz plots a r e consis tent with this r e sonance . We 
have used the t r ea tmen t introduced by Dalitz and Miller2 6 to study the 
lower energy energy ΛΠ+Π- reac t ion by writing a phenomenological 
m a t r i x element of the form used by these authors that would be dom­
inated by the resonant amplitude and also satisfy the symmet ry p rop ­
e r t i e s of the wave function. The Bre i t -Wigner , one-level formula was 
used as appropr ia te for a resonance which is an analogue of the 3/2, 
3/2 pion-nucleon resonance . Even though our s ta t i s t ics a r e quite 
l imited, we find it hard to reproduce the distr ibution of the center p a r t s 
of the th ree Dalitz plots s imultaneously by means of only s-and p-wave 
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p r o d u c t i o n . It s e e m s that if a T = 2 r e s o n a n c e e x i s t s , it does not 
p lay any s ign i f i can t r o l e in the Σ p r o d u c t i o n at t h i s e n e r g y , or e l s e 
h i g h e r p a r t i a l w a v e s d o m i n a t e . 

2. The 1520-Mev T = 0 R e s o n a n c e 

R e c e n t l y e v i d e n c e h a s been r e p o r t e d for the e x i s t e n c e of a 
T = 0 r e s o n a n c e in the Σπ s y s t e m with the m a s s of 1520 Mev.3 0 We 
a g a i n a s k w h e t h e r any effect of t h i s r e s o n a n c e i s s e e n in any of our 
r e a c t i o n s . Again b e c a u s e of the l i m i t e d a m o u n t of p h a s e s p a c e in tha t 
r e g i o n for the Σ±π π+π- e v e n t s , l a c k of any effect in t h o s e r e a c t i o n s 
i s not s u r p r i s i n g ( F i g . 14). The r e s o n a n c e , h o w e v e r , should a l s o 
a p p e a r in the Σ±π π0 e v e n t s a s a b u m p in the m a s s s p e c t r u m of (Σ±π ) 
( F i g . 13a). At f i r s t g l a n c e , no obvious e x c e s s of e v e n t s above the 
p h a s e s p a c e i s n o t i c e a b l e , but we would l i k e to e x p l o r e t h i s p o s s i b i l i t y 
a l i t t l e f u r t h e r . 

As we m e n t i o n e d b e f o r e , the Λπ+π- r e a c t i o n i s d o m i n a t e d 
e x c l u s i v e l y by the Y1

* r e s o n a n c e ; the t h r e e - b o d y p h a s e s p a c e is r a t h e r 
i r r e l e v a n t h e r e . T h e r e f o r e , we do not feel tha t it i s n e c e s s a r i l y c o r ­
r e c t to c o m p a r e the Σ2π s p e c t r a wi th the p h a s e - s p a c e p r e d i c t i o n s . 
We can p r e s e n t an a l t e r n a t i v e h y p o t h e s i s , w h i c h - - a t l e a s t wi th ou r 
l i m i t e d s t a t i s t i c s - - c a n n o t be e a s i l y d i s p r o v e d , a h y p o t h e s i s tha t h e r e 
a l s o the r e a c t i o n s a r e d o m i n a t e d e n t i r e l y by s t r o n g f i n a l - s t a t e i n t e r ­
a c t i o n s . M o r e s p e c i f i c a l l y we can s ay tha t t h e s e r e a c t i o n s p r o c e e d 
a l m o s t e x c l u s i v e l y t h r o u g h the T = 0 r e s o n a n c e s a t 1405 and 1520 Mev 
and the T = 1 Y1

* a t 1385 Mev . If we look a t the m a s s s p e c t r u m of 
(Σ±-π ) in t h e s e t e r m s , we can think of the l o w - m a s s e v e n t s a s due to 
the 1405-Mev resonance, the center of the spectrum as due to the 1520-Mev, 

T = 0 r e s o n a n c e , and the h i g h - m a s s e v e n t s a s due to p r o j e c t i o n 
onto the (Σ±-π ) axis of events with (Σ±-π0) mass around 1385 Mev, 
namely Y1

* events. This hypothesis would require relative depopula-tion 
of the center of the Σ0π+π- Dalitz plot. Some events are found 
h e r e , i nd ica t ing tha t s o m e " b a c k g r o u n d " m u s t be p r e s e n t , but b e c a u s e 
of e x p e r i m e n t a l d i f f i cu l t i e s a s s o c i a t e d with th i s r e a c t i o n (which w e r e 
m e n t i o n e d be fo re ) and the l i m i t e d s t a t i s t i c s , we canno t e x c l u d e the p o s ­
s ib i l i t y t h a t the s a m e r e g i o n in the c h a r g e d Σ e v e n t s i s c o n s i d e r a b l y 
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more populated. 
We would like to emphasize the spir i t in which we make these 

comments . Rather than attempting to prove any hypothesis , a task we 
a r e unable to do with this small amount of data, our p r i m a r y purpose 
is me re ly to sound a word of caution. For , if indeed the hypothesis of 
production mainly through resonant channels is t rue , then the s ta tement 
that the 1405-Mev T = 0 resonance is absent in the Σ2π react ions 
loses most of its validity. F u r t h e r m o r e , the Y1

* branching ra t io R, 
for which we obtained an upper l imit of 8% may actually be quite close 
to this number, even though at first glance the limit seems unrealisti-cally 

high. We want me re ly to emphasize that the mos t e lementary 
t rea tment of looking at depar tu res from phase space may not be the c o r ­
rect one. 
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APPENDICES 

A. Path Length Determination 

The amount of K- path length in the exper iment was de te r ­
mined by counting K decays, because at the energy used he re the 
K mesons a r e minimum-ionizing and thus indistinguishable from the 
l ighter pa r t i c l e s . The maximum decay angle possible for a 1-Bev 
pion (which was the average momentum of the pion contaminat ion) is 
3 deg, and thus a wide-angle decay is a unique s ignature of a K meson. 

Before converting the number of K decays to a total path 
length, we must apply the following severa l co r r ec t i ons . 

a. Small angle decays. Only decays with opening angles 
l a r g e r than 4 deg were included, because below that l imit , the scanning 
efficiency becomes very poor, and one begins to see pion decays . Even 
this l imit is probably too smal l . The ability to detect K mesons dip­
ping di rect ly downward at 4 deg becomes marg ina l , and in the future, 
a slightly l a r g e r cutoff should be imposed. Th i s 4-deg l imit c o r r e ­
sponds to a ce r ta in forward cone in the K-meson r e s t f rame and a 
smal le r backward cone (since all visible decay products except e lect rons 
must go forward in the labora tory at this energy). To calculate the size 
of this cone, we s t a r t with the two simultaneous t ranscendenta l equations: 

P cosθ = γ P cos θ + ηε 
P sin θ - p sin θ, 

where capi tals re fer to labora tory quantit ies and small l e t t e r s to K-
meson r e s t - f r a m e quanti t ies . Using the smal l -angle approximation for 
cos θ and s i n θ , we get for the two predominant decay modes : 

Kμ2 → cos θ = 0.941 

Kπ2 → cos θ = 0.928 

in the forward cone. The backward cone gives a completely negligible 
contribution. 
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We make the approximation that the l e s s frequent decay modes 
have, on the average , the same cutoff as the average of these two modes 
(except for τ decays for which the detection efficiency is 100%). Av­
eraging the cutoffs of all decay modes according to their decay r a t e , we 
get cos θ = 0.940. Since the K meson is spinless, it must decay iso-tropically 
in its rest frame, and so the final correction here is 3.0%. 

b. Scanning efficiency. Because all the film was scanned 
twice, one can use the f i rs t scan to calculate the efficiency of the second 
scan. This p rocedure a s s u m e s that every K decay is equally easy to 
find, i . e . , that there a r e no in t r ins ica l ly "well-hidden" decays . This 
is obviously not completely t r ue , but in view of the 4-deg smal l -angle 
l imit and the choice of the fiducial volume at a reasonable dis tance from 
the actual walls of the chamber , it may be hoped that the p rocedure does 
not depar t v e r y much from rea l i ty . Bes ides , the scanning-efficiency 
cor rec t ion turns out to be small enough that this is not too important . 
The re levant numbers a r e : 

Total number of K decays 3023 
Number mi s sed on f i rs t scan 533 
Number m i s s e d on second scan 117. 

To obtain the actual number of K decays , we mus t calculate the scan­
ning efficiency for these events . The scanning efficiency S of the 
second scan is given by the fraction of the decays found on the f i rs t scan 
which were a lso found during the second scan: 

S = 3023 - 533 - 117 
= 

2373 = 95.3%. S = 3023 - 533 = 2490 = 95.3%. 

The actual number of K decays is given by 

3023 - 117 = 2906 = 3049. 0.953 = 0.953 = 3049. 

The over -a l l scanning efficiency for K decays is thus 3023/3049 =99.1%. 
In the f i rs t scan, the scanning efficiency for K decays was much lower 
than in the subsequent scan because the emphasis in the former was 
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mainly on double V ' s . 
In addition we must apply the following three co r rec t ions , 

which would have been applied automatical ly had all K decays been 
m e a s u r e d and fitted. 

c. Nonbeam decay cor rec t ion . During the sketching oper­
ation, all in teract ions or decays produced by t racks within 5 deg to the 
beam direct ion were recorded . In the final analys is , a m o r e s t r ingent 
c r i t e r ion was applied for all accepted in teract ions by means of EXAMIN 
p r o g r a m . Since not all K decays were measu red , we used our τ decays 
to de termine what fraction of K decays would fail to mee t the new c r i ­
ter ion. It was found that 16 out of 174 events would not meet this new 
beam definition. 

d. Low-energy cor rec t ion . In addition, a cer ta in number of 
t r acks may meet the beam cr i t e r ion on direct ion and yet be below the 
nominal beam momentum. Again we use the highly overcons t ra ined τ 
decays to de te rmine this number . The cor rec t ion turns out to be four 
out of 158 decays . 

This a s s u m e s that all ca tegor ies of events a r e equally strongly 
constra ined as τ decays . In other words we a s sume that all in teract ions 
produced by low-momentum K- mesons a r e just as unlikely to give s a t i s ­
factory fits when beam-averaged as τ decays . This is obviously not 
t rue when we deal with incoming K- mesons with momenta only slightly 
below the beam momentum (e .g . ~ 50 Mev/c) . However, the main f rac­
tion of be low-beam-energy K- mesons had momentum sufficiently low that 
when they were beam-averaged a sat isfactory fit could not be obtained, 
even for a one-cons t ra in t hypo thes i s . 

e. Fiducial-volume cor rec t ion . During scanning and sketching, 
the fiducial volume was defined by means of a projected plane in one view. 
For the final ana lys is , the accepted region was defined in t e r m s of an 
actual volume which was contained ent i re ly in the previous definition. We 
mus t therefore c o r r e c t for the decays satisfying the original fiducial vol­
ume but not the final one. Again using t decays, we find this cor rec t ion 
to be three out of 154 events . The over -a l l cor rec t ion for these three 
factors is then 23 out of 174 events , i . e . 13%. 
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Combining all these co r rec t ions , we get for the actual num­
ber N of K decays satisfying all beam c r i t e r i a 

N = 0.87 X 3023 = 2736. N = 
0.970 X 0.991 = 2736. 

To de termine the path length, we multiply the number of decays by the 
decay length of a 1.150-Bev/c K meson. Thus the total path length, 
L, in the exper iment is given by 

L = ητ cN = 1150 × 3 × 1 0 1 0 × 1 . 2 2 4 × 1 0 8 × 2 7 3 6 = 2 . 3 4 × 1 0 6 cm. L = ητ cN = 494 × 3 × 1 0 1 0 × 1 . 2 2 4 × 1 0 8 × 2 7 3 6 = 2 . 3 4 × 1 0 6 cm. 

Finally we calculate the c r o s s section corresponding to the 
observat ion of one interact ion. The re la t ionship between the c r o s s 
section, σ, path length, L, and number of events observed, n, is 
given by 

n = N0 ρ σ L/A, 

where ρ is the density of hydrogen at bubble-chamber operating condi-tions 
(0.0586 gm/cm3),31 N0 is the Avogadro's number (6.025x1023), 
and A is the atomic weight of the ma te r i a l used (1.008 for hydrogen). 
Thus the c r o s s section corresponding to one event is given by 

σ = A/N 0 ρ L = 1.008 σ = A/N 0 ρ L = 
(6.025×102 3)(0.0586)(2.34×106) 

= 1 .22×10 - 2 9 c m 2 = 12.2 μb. 

The s ta t i s t ica l uncer ta in t ies assoc ia ted with this calculation 
of path length a r e insignificant, since in each case under considerat ion 
the main uncer ta inty comes from the s ta t i s t ica l e r r o r on the number of 
in teract ions observed. 
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B. Study of Measurement E r r o r s 

This exper iment is the f i rs t one in which the PANG and 
KICK p rog rams were used to study h igh-energy events . In the preceding 
low-energy exper iment where the momentum, P, was typically ~200 
Mev/c , the uncer ta in t ies in the angle and momentum m e a s u r e m e n t s were 
dominated in most cases by the multiple Coulomb scat ter ing (the r m s . 
projected angle due to multiple Coulomb scat ter ing is proport ional to 
√L/pβ, where L is the measu red length of the t rack and (β is i ts 
velocity in units of c). The Coulomb contribution to angle e r r o r s at 
that energy would be typically of the order of 1 deg. F u r t h e r m o r e , the 
typical cu rva tu re s , K, observed at low momenta in the 15-in. chamber 
(~ 12 kgauss H field) were such that typical value of the sagit ta, S 
(given by S = KL 2 /8 ) would be in the vicinity of 1 cm. Accordingly, at 
low energy the p r e c i s e knowledge of measu remen t e r r o r s (which a r e 
typically ~0.2 deg with the existing measur ing equipment and the p r e c i s e 
fit per formed by PANG) is not very important ; in addition, the effects of 
sys temat ic curva ture shifts due to turbulence a r e insignificant, as these 
amount to spurious sagi t tas of the order of a small fraction of a mi l l i ­
m e t e r . 

In the 1-Bev region, the Coulomb contribution to the angle 
e r r o r s is of the o rder of few minutes of a r c . Accordingly, the m e a s ­
urement e r r o r s , which previously were obscured by much l a rge r Cou­
lomb scat ter ing begin to dominate. F u r t h e r m o r e , the typical sagittae 
a r e now 1 to 2 m m , and thus smal l sys temat ic spurious curvature due 
to turbulence can affect significantly the m e a s u r e d momenta . 

A considerable amount of t ime was spent therefore in the 
ea r ly s tages of analysis studying the measu remen t e r r o r s and the " tu r ­
bulence" in the chamber . We d iscuss f i rs t the la t te r point. An ideal 
but exper imenta l ly difficult way to study " turbulence" would be to pass 
h igh-energy t r acks through the chamber at different heights and going 
in different d i rec t ions . In addition the magnetic field should be turned 
off. Unfortunately, this was impossible because of lack of t ime during 
the exposure , and so a different technique had to be used. In e s sence , 
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it consis ted of studying the mean momentum and the momentum spread 
of the K- beam as obtained from curva ture m e a s u r e m e n t s . Tracks 
that showed wide-angle decays were selected because this cha rac t e r i s t i c 
identified them surely as K- mesons . F u r t h e r m o r e , the momentum as 
well as the spread of the K- pa r t i c l e s could be independently obtained 
to a high accuracy by studying Kμ2 decays (Appendix C). Specifically, 
K mesons that t ravel led about th ree- four ths of the length of the chamber 
before decaying were chosen so as to minimize measur ing e r r o r s and 
enable one to study the " turbulence" effects in var ious pa r t s of the 
chamber . 

It should be pointed out h e r e that we use the word " turbulence" 
r a the r loosely. Without a m o r e detailed study, we can not distinguish 
between actual turbulence and effects like optical dis tort ion and sys tem­
atic op t ica l - sys tem imperfec t ions . As a ma t t e r of fact, some evidence 
exis ts that not all the effects descr ibed below a re due to turbulence. 
We shall continue, however, to use the word turbulence as a general 
t e rm for all of these effects. 

Three separa te se ts of optical cor rec t ion constants have been 
calculated in PANG for the film used in this exper iment , the three sets 
of ro l l s being 557 to 598, 600 to 696, and 702 to 786. We will d i scuss 
the turbulence effects for each of these three se t s . Some modifications 
were introduced in the operation of the chamber between the second and 
thi rd se t s , and so the " t rue turbulence" might eas i ly be different in the 
las t set of ro l l s . However, only changes in the optics were made be ­
tween the f i rs t and second se t s , and so the extent to which the m e a s ­
u remen t s d iscussed below differ for these two sets is a rough m e a s u r e 
of the size of the contribution of optical effects to these e r r o r s . 

Table VI p r e sen t s the data on the momentum m e a s u r e m e n t s 
of the whole t rack , from its entrance to the chamber to the point of 
decay, as well as the data on the two halves of the t r ack t rea ted as two 
separa te t r a c k s . F rom the data, one can draw two conclusions: (a) 
there is a sys temat ic spurious curva ture which can be thought of as 
long-wavelength turbulence tending to lower the momentum of the neg­
ative t r acks moving along the direct ion of the beam, and (b) the basic 
in t r ins ic m e a s u r e m e n t uncertainty of each point must be higher than 
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Table VI. Resul ts of " turbulence" study on K decays . 

Mean observed 
Fi lm P a r t of momentum Observed σ Expected σ 
interval t rack (Mev) (Mev) (Mev) 

whole 1136 48 35 
557-598 f i rs t half 1170 215 120 

second half 1079 150 85 

whole 1088 70 34 
600-696 f i r s t half 1110 205 120 

second half 1032 145 80 

whole 1032 56 32 
702-780 f i rs t half 1007 215 115 

second half 1000 150 75 
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the assigned value (possibly due to short-wavelength turbulence), as 
exhibited by the above expected momentum spread of the short t r a c k s . 
This la t te r effect would not show up too strongly in the data on whole 
t r a c k s , since there the Coulomb-er ro r contribution becomes significant 
(the typical Coulomb- to-measurement e r r o r ra t io for a t r ack going 
through the chamber is ~ 1.5). 

Unfortunately, it is not p rac t ica l to remove the sys temat ic 
shift in the curva tu re , because no information is available on the tu r ­
bulence effects at other depths than at the beam level or along other 
d i rec t ions . One can, however, inc rease the e r r o r s appropr ia te ly . 
This was done in two ways. F i r s t l y , the basic m e a s u r e m e n t uncertainty 
was inc reased from 5 to 7 mic rons to compensate for short-wavelength 
turbulence, and secondly, a given spurious curvature corresponding to 
the observed sys temat ic shift was folded in with the other m e a s u r e m e n t 
e r r o r s . We can look at the second point in the following way. F o r a 
t r ack of a given length, a spurious curva ture K, (momentum P= 1/Kcosθ) 
cor responds to a spurious sagit ta δS proport ional to K. Thus the actual 
measu red sagit ta Sm is shifted by δS, and we t r ea t this by assigning to 
Sm an additional e r r o r δS to be folded in with the other e r r o r s . But 
Sm is proport ional to the actual curva ture Km (momentum Pm = 1/Km 

cosθ) and so the fractional e r r o r to be added to Sm is just δS/Sm or 
P m / P . Thus we fold into the quoted e r r o r , dp /p , an additional con­
tribution equal to P m / P , where Pm is the m e a s u r e d momentum, and 
P the momentum equivalent to the spurious curva ture . The actual 
values of P a r e l is ted in Table VII. Final ly we discuss the analysis of the angle e r r o r s . The PANG 
optical p a r a m e t e r s (which c o r r e c t for the nonlinear effects in the optics) 
r e p r e s e n t essent ia l ly a best set of co r rec t ions to optical imperfect ions , 
but a r e averaged over a group of ro l l s over which conditions may fluctuate 
to a ce r ta in extent. Therefore it seems logical to expect that the re is a 
cer ta in int r ins ic l imit on how accura te ly on the average can an angle be 
measu red . A lower l imit therefore should be set on the e r r o r s . F u r t h e r ­
m o r e , the azimuth m e a s u r e m e n t s will be affected by the sys temat ic t u r ­
bulence shift . 
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Table VII. F i n a l - e r r o r f loors . 

Momentum due to 
Film interval ∆λmin  

(deg) 
∆Φmin 

(deg) 
spurious curva ture 

(Bev) 
Measuring 
uncertainty 

557-598 0.20 0.15 30 7μ 
600-696 0.20 0.15 15 7μ 
702-780 0.20 0.20 10 7μ 
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To get a rough idea of lower l imi t on angle e r r o r s , we 
m e a s u r e d t racks using all possible view combinations and compared 
the differences between var ious measu remen t s with the quoted m e a s ­
urement e r r o r s . The quoted e r r o r s were seen to be on the average 
too smal l , as the difference between different values a lmost always 
exceeded the quoted e r r o r s , somet imes by a factor of three or four. 
Thus an es t imate was obtained of how la rge an e r r o r mus t be added to 
the quoted one to obtain reasonable va lues . in addition, the size of the 
sys temat ic momentum shifts due to turbulence was used to obtain the 
size of the contribution to azimuth e r r o r s from this source . 

However both this study as well as the investigation of tu r ­
bulence could only indicate the rough size and kind of cor rec t ions that 
were n e c e s s a r y because the data a r e so l imited. For this reason , the 
final values of all p a r a m e t e r s were establ ished by looking at dis t r ibut ions 
of x2 and "pull" quantit ies for decays . The "pull" quantit ies a r e 
p a r a m e t e r s calculated in the KICK p rog ram, which give a m e a s u r e of 
how far a given measu red quantity had to be pulled to give a sat isfactory 
fit. They take into account both the size of the e r r o r and the sensit ivity 
of k inemat ics to that quantity. Their average value should be ze ro , and 
they should be Gaussian dis t r ibuted with a half-width of one. Quantita­
tively a pull quantity in a var iable x is defined as10 

Xpull 
Xmeas. - Xfited 

Xpull ( x m e a s . - xfitted)rms 
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Fig . 22. The x2 dis tr ibution for the Τ decays . The solid curve 
is the expected x2 d is t r ibut ion. The median is 3.48; the 
expected median, 3.4. The average is 4.34; the expected av­
e rage , 4.0. 
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Fig . 23. Distribution of the th ree pull quantities for the incoming 
K- in τ decays . 
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Fig . 24. Distribution of the three pull quantities for the outgoing 
π+ from τ decays . 
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Fig . 25 . Distribution of the t h r ee pull quantities for the two 
outgoing π- mesons from the τ decays . 
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It can be seen that, if not absolutely co r r ec t , the e r r o r s r ep re sen t a 
very good approximation. The wors t sys temat ic shifts seem to be in 
dip angles . However, the actual shift of the mean of about 1/3 c o r r e ­
sponds to a sys temat ic e r r o r of l e s s than 1/10 deg, and as such does 
not r ep re sen t a ser ious problem. The final values for the e r r o r floors 
a r e l is ted in Table VII. 

C. Determination of the Beam Momentum 

The beam was designed for the nominal momentum of 1.173 
Bev/c at the ta rget inside the Bevatron. The col l imator in the second 
quadrupole was set to accept a band with a full width of 2.5%. For anal ­
ys is it is important to determine the exact value of beam momentum in 
the bubble chamber as well as i ts spread, since the curva tu re m e a s ­
urement is not only re la t ively inaccura te at high energy but a lso is sub­
ject to sys temat ic e r r o r s due to turbulence and optical imperfect ions 
(Appendix B). 

For these r easons it is des i rab le to use a c lass of in teract ions 
or decays of beam pa r t i c l e s to de te rmine their momentum by applying 
the cons t ra in ts of energy and momentum. Thus the m e a s u r e m e n t of the 
momentum and angle of emiss ion of the muon in K → μ + ν decay de te r ­
mines uniquely the momentum of the K mesons . The difficulties with 
this method a r e the l a rge measu remen t uncertainty of the μ momentum, 
as well as the impossibi l i ty of identifying the K decay as proceeding by 
this mode. Both of these a r e overcome if the muon stops in the chamber , 
since its range then de te rmines the momentum very accura te ly , and the 
cha rac t e r i s t i c subsequent μ-e decay identifies the secondary as a sure μ. 

For tunate ly the beam momentum in this exper iment is in the 
energy range where a reasonably la rge fraction of Kμ2 decays will give 
a stopping muon. A muon from a Kμ2 decay mode of a K meson of 
momentum 1101 Mev/c , which goes d i rec t ly backward in the K- r e s t 
frame will come out at r e s t in the labora tory sys tem. At our energy, 
roughly 1.5% of all K decays will give a sufficiently slow muon that 
will come to r e s t in the chamber . 
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The advantages of this method for determinat ion of the beam 
momentum a re its grea t accuracy , complete lack of significant b i a ses , 
and negligible contamination. If we consider f irs t the accuracy of the 
method, the K momentum, P k , depends solely on the momentum of 
the muon, P μ , and i ts angle of emiss ion, θkμ, These two quantit ies 
can be determined to a fraction of an Mev/c and a fraction of a degree 
respec t ive ly . The sensit ivity of Pk to these two quantit ies over the 
range of k inemat ics under considerat ion is as follows: 

d P K 
= 0 to 25 

dPμ 
= 0 to 25 

d P K 
= 5 to 15 Mev/c deg. dθkμ 
= 5 to 15 Mev/c deg. 

The exact variat ion of Pk with muon range and θkμ is i l lus t ra ted in 
F ig . 26. Thus for each individual decay, the momentum can be de t e r ­
mined to a few Mev/c . 

As for b i a ses , the method is obviously completely independent 
of scanning efficiency or of any scanning b i a ses . There a r e two smal l 
sys temat ic e r r o r s that, however, turn out to be insignificant. F i r s t , the 
probabil i ty of decay goes as 1 / P k , and thus the lower -momentum beam 
t r acks will tend to decay m o r e often, and the mean value will be shifted 
downward. Secondly the probabil i ty that a beam t rack will give a stop­
ping muon also has a weak dependence on P k , in the direct ion that a 
higher-momentum t rack is l e s s l ikely to produce a stopping muon s e c ­
ondary, resul t ing again in a lower observed mean value. For small 
momentum spread, like in our case , these two effects a r e r a the r ins ig­
nificant (they shift the observed mean downward by l e s s than 1 Mev/c) . 
No cor rec t ion was therefore made for these two effects. 

The only possible source of contamination a r e Kμ3 decays , 
but these a r e expected to be few and also easily identifiable, since they 
would presumably give anomalously l a rge Pk Most of the Kμ3 muon 
spect rum can not produce a muon so slow in the lab that it could stop in 
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Fig . 26. Curves of constant Pk as a function of range and 
angle of the muon from Kμ2 decay. 
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the chamber . However, even if the muon spectrum was a delta function 
at the most favorable momentum, we would still expect only two or 
three Kμ3 decays because of a much r a r e r decay ra te for this mode. 
Actually one decay out of 47 was observed which could be safely asc r ibed 
to Kμ3 mode. 

Altogether 46 Kμ2 decays were found with a stopping muon, 
th ree of which were distinctly below the nominal beam momentum ( i . e . 
the K- meson probably sca t te red before entering the chamber ) . The 
mean value of the beam momentum based on these 43 events is 1150±3 
Mev/c , (i. e. s tandard e r r o r on the mean value of ±0.3%) with the width 
after unfolding of exper imental uncer ta in t ies of ±21 Mev/c . It should 
be pointed out that the mean value ag ree s very well with the beam design 
value, as the expected energy loss due to ionization in the walls of the 
chamber is about 20 Mev/c . 

D. Es t imate of Rates for Different Reactions in Single-V Events 

We a s s u m e : 
(a) The hyperon spec t ra from the single-V reac t ions a r e 

identical to their V0 two-prong counte rpar t s , e. g. the energy spect ra 
of the Λ from the Λπ0π0 and Λπ+π- reac t ions a r e the same . 

(b) The re la t ive r a t e s for single V reac t ions a r e the 
same as their V0 two-prong counte rpar t s , e .g . σ ( Λ π 0 π 0 ) / σ ( Λ π + π - ) 
= σ(Σ0π0π0)/σ(Σ0π+π-). 

(c) By taking a sample of events with 78.2 Mev <TΛ< 122.7 
Mev we a r e sufficiently far away from the Λπ0 peak so that no Λπ0 

events a r e included in the selected sample . 
We work with the equivalent number of events , i. e. each event 

has been multiplied by the inverse of its probabil i ty of detection. 
We have 62 .4±9.5 events in the selected TΛ. in terval , i . e . 78.2 

Mev ≤ TΛ ≤ 122.7 Mev. We want to es t imate next what fraction of these 
a r e th ree -and four-body events . Accordingly, we t r ea t f i rs t all V0 two 
prong events as if they were single V's ; that is we just use the decay 
fit of the Λ to obtain its c . m . energy and its probabil i ty of detection. 
F r o m the resul t ing energy spectrum of the Λ's we see that 2 3.1% of all 
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V0 two-prong events with TΛ < 122.7 Mev lie in the selected energy 
in terval . F u r t h e r m o r e , we have 70.1 single V0 events with T Λ < 78.2 
Mev. Some of these , however, a r e Σ0π0 events which fall under 78.2 
Mev because of measu remen t e r r o r s . On the bas i s of an average e r r o r 
or 8.0 Mev, we es t imate that 2.8 events below 78.2 Mev a r e Σ0π0 

events . 
There a r e (70.1-2.8)/(1-0.231) = 87.5 many-body events with 

TΛ < 122.7 Mev. This yields 87.5 - (70.1 - 2.8) = 20.2 many-body events 
in the selected energy in terval . Therefore there a re 62.4 - 20 .2+2.8=45.0 
Σ0π0 events in the sample selected. Correct ing for the fact that we look 
at only 2 /3 of the Σ0π0 spec t rum, we obtain 45.0×3/2 = 67.5 Σ0π0 events . 

To obtain the total number of many-body events , we c o r r e c t 
for the few V0 two-prong events that l ie above 122.7 Mev. This yields 
1.02×87.5= 89.2 many-body events . The number of Λπ0 events is then 
obtained by subtracting these two from the total number of single V's 
observed. This yields 271.7 - 67.5 - 89.2 = 115.0 Λπ0 events . 

Final ly we must co r r ec t for the fact that even though some of 
these events satisfy the beam c r i t e r i a as far as their direct ion is con­
cerned, they a r e below the nominal beam momentum. Because these 
events a r e not fitted at the production ver tex , we have to make this co r ­
rect ion on s ta t i s t ica l b a s e s . F rom Appendix A, the fraction of low-
energy events is four out of 158, and thus we multiply our r e su l t s by 
96.5%. 
To correct for the neutral decay of the Λ, we divide the num-bers 
by 0.6 4 ± 0.03.32 Finally, to obtain the total cross sections, we 
use the conversion factor of 12.2 μb for each equivalent event observed. 
The computed c ro s s sections in mi l l iba rns with their s ta t is t ical e r r o r s 
a r e accordingly: 

Λπ0 → 2.1 ±0.2 
Σ0π0 → 1.2 ±0.3 
Λaπ0 

} → 1.5 ±0.2 for a ≥2 
Σ0aπ0 

} → 1.5 ±0.2 for a ≥2 

To allow for the uncer ta in t ies inherent in this separat ion, we feel that 
the e r r o r s should be increased by about 50%. 
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E. Study of A m b i g u i t i e s in the Σ2π R e a c t i o n s 

1. The Σ+π-π0 and Σ-π+π- R e a c t i o n s 
We a r e i n t e r e s t e d in e s t i m a t i n g the f r a c t i o n of Σ±π π0π0 

e v e n t s tha t wil l give a s a t i s f a c t o r y fit to the Σ±π π0 h y p o t h e s i s . In 
add i t ion we want to know w h e t h e r t h e s e e v e n t s can be s e p a r a t e d out on 
s t a t i s t i c a l g r o u n d s f rom the genu ine e x a m p l e s of Σ±π π0 e v e n t s . We 
can obta in s o m e i n f o r m a t i o n on t h e s e p o i n t s by f i t t ing the Σ±π π+π-

e v e n t s to the Σ2π h y p o t h e s i s . T h i s i s d o n e ' b y t ak ing the Σ t r a c k 
and each one of the t h r e e p ions in t u r n and t r y i n g to fit it a s a Σ2π. 
We can a l s o c a l c u l a t e the m i s s i n g m a s s for e a c h p a i r of t r a c k s . The 
r e s u l t s on a s a m p l e of Σ3π e v e n t s a r e g iven in T a b l e VIII and F i g s . 27 
and 28 . We can d r a w two c o n c l u s i o n s : (a) the p r o b a b i l i t y tha t a Σ3π 
even t wi l l fit Σ2π i s qu i t e high (~65%) and (b) m o s t of the Σ3π e v e n t s 
wi l l g ive a r e a s o n a b l y h igh m i s s i n g m a s s . Spec i f i ca l l y , 80% of the 
f i t t ing e v e n t s wil l g ive a m i s s i n g m a s s g r e a t e r than 270 Mev . E x c e p t 
for s m e a r i n g due to m e a s u r e m e n t e r r o r s , th i s q u a n t i t y shou ld be a l w a y s 
g r e a t e r than 270 Mev. 

To pur i fy our s a m p l e of Σ2π e v e n t s , we r e j e c t a l l the e v e n t s 
with a m i s s i n g m a s s g r e a t e r than 270 Mev a s t h o s e m o s t l i k e l y be Σ3π 
e v e n t s . T h i s r e s u l t s in the r e m o v a l of 17 out of 128 e v e n t s . To t h e s e 
17, we m u s t add the five e v e n t s tha t did not fit the Σ±π π0 h y p o t h e s i s . 
We ca l l a l l of t h e s e 22 e v e n t s e x a m p l e s of Σ±π π0π0 T h u s 77% (17 out 
of 22) of t h e s e Σ±π π0π0 e v e n t s gave a s a t i s f a c t o r y x2 to Σ±π π0, a s 
o p p o s e d to 65% for the Σ±π π+π- e v e n t s . Th i s l e a d s us to b e l i e v e tha t 
the s i z e of the c o r r e c t i o n i s r e a s o n a b l e - - i f any th ing , s l i gh t ly too l a r g e - -
and the r e m a i n i n g g r o u p of Σ±π π0 i s r e l a t i v e l y f r e e f rom c o n t a m i n a t i o n . 
We have t a c i t l y a s s u m e d h e r e tha t a l l the i n t e r n a l d i s t r i b u t i o n s a r e the 
s a m e for the Σ±π π+π- a s for the Σ±π π0π0 p r o c e s s e s . H o w e v e r , v e r y 
d r a s t i c and u n r e a l i s t i c d i f f e r e n c e s would be r e q u i r e d to s ign i f i can t ly 
a l t e r t h i s r e s u l t , so the a s s u m p t i o n s e e m s j u s t i f i e d . 

2. The Σ0π+π- R e a c t i o n s 

W e . d i s c u s s in the next few p a r a g r a p h s the a r g u m e n t s u s e d to 
e s t i m a t e the to ta l n u m b e r of Σ0π+π- e v e n t s . F i r s t , t h o s e Σ0π+π-
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T a b l e VIII . R e s u l t s of f i t t ing Σ3π e v e n t s to the Σ2π h y p o t h e s i s 

S e r i a l n u m b e r Σ c h a r g e X2 for Σ2π h y p o t h e s i s a M i s s i n g m a s s 
(Mev) 

E r r o r in 
m i s s i n g m a s s 

(Mev) 

563 239 + 
0.34 
0.16 
0 .01 

305 i m a g i n a r y b 

i m a g i n a r y b 

224 

570 068 + 
0.56 
0 .23 
0 .23 

29 3 
30 3 
307 

86 
203 
208 

594 023 + 
r e j e c t c 

r e j e c t c 

28 .5 378 21 

684 330 + 
3.30 
0 .68 

18.3 

396 
302 
395 

75 
128 
28 

739 066 + 
3 . 6 6 d 

0.74 
419 
329 

100 
160 

745 155 + 
26 .5 
11.9 
23 .8 

343 
319 
326 

13 
27 
13 

755 231 + 
7.97 
4 .98 
0 .53 

479 
451 
323 

51 
67 

169 

645 155 -
1.32 

15.6 
7.00 

325 
405 
390 

77 
41 
16 

677 111 -
2 6 . l d 

14.9 
386 
365 

22 
23 

682 076 -
1.85 
3.10 
3.85 

350 
383 
372 

43 
37 
12 

723 046 -
0.89 
0 .05 
0.17 

308 
209  

i m a g i n a r y b 

146 
281 

742 017 -
5.44 
8.14 
0 .31 

422 
445 
281 

39 
29 

174 

751 269 -
r e j e c t c 

0.21 
1.11 

267 
347 

182 
81 

a . T h e <x2> for a g e n u i n e Σ2π e v e n t i s 1.0. T h e 1% x2 cutoff i s 6 . 6 . 
b . M i s s i n g m a s s i s i m a g i n a r y when the m a g n i t u d e of the m i s s i n g m o m e n t u m e x c e e d s the 

m i s s i n g e n e r g y . 

c . R e j e c t in the x 2 c o l u m n r e f e r s e i t h e r to a c a s e in which c o n s t r a i n t s c a n n o t be 
s a t i s f i e d by KICK m e t h o d o r , a f t e r the f i r s t i t e r a t i o n , x2 i s g r e a t e r t han 500. 

d. S o m e t i m e s on ly two x2 v a l u e s a r e g iven for an e v e n t . T h i s c o r r e s p o n d s to a 
c o n d i t i o n in which one p ion m o m e n t u m is m e a s u r e d so p o o r l y t h a t i t s v a l u e is r e j e c t e d 
and t h e Σ2π h y p o t h e s i s i s no l o n g e r o v e r c o n s t r a i n e d . 
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Fig . 27. The x2 d is t r ibut ion for the Σ±π π+π- events when 
they a r e fitted to the Σ2π hypothes is . 
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Fig . 28. Miss ing-mass distr ibution for the Σ±π π+π- events 
obtained from the measu red quantities of the Σ t r ack and 
one of the three pions . The events with MM < 0 r e p r e s e n t 
the cases when miss ing momentum is g rea te r than the 
miss ing energy. 
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e v e n t s m is iden t i f i ed a s Λπ+π- should g ive a w o r s e x2 d i s t r i b u t i o n 
for the Λπ+π- interpretation than the genuine Λπ+π-. A similar state-ment 
can be made for the Λπ+π- events misidentified as Σ0π+π-. 

Some of the p a r a m e t e r s tha t give a m e a s u r e of how good a r e the f i ts to 
d i f fe ren t h y p o t h e s e s a r e l i s t e d in Tab le IX. We c o n c l u d e tha t a s far 
a s the x2 d i s t r i b u t i o n is c o n c e r n e d , the a s s u m p t i o n tha t m a j o r i t y of 
a m b i g u o u s e v e n t s a r e Λπ+π- s e e m s to he p r e t t y good. As a m a t t e r 
of fac t , the u n a m b i g u o u s Λπ+π- e v e n t s s e e m to give on the a v e r a g e a 
h i g h e r x2 than the a m b i g u o u s e v e n t s . Th i s is p r o b a b l y b e c a u s e the 
e r r o r s on long , w e l l - m e a s u r a b l e t r a c k s a r e p r o b a b l y u n d e r e s t i m a t e d , 
s i n c e i t is t h e s e e v e n t s tha t would be l e a s t l i k e l y to g ive a good x2 to 
a s p u r i o u s i n t e r p r e t a t i o n . 

Another argument can be based on an analysis of V0 two-prong 
events without using the data on the V. We calculate x2 for the 
Λπ+π- and Σ0π+π- i n t e r p r e t a t i o n s for a l l V0 t w o - p r o n g e v e n t s . Now, 
s i n c e both r e a c t i o n s have only one c o n s t r a i n t , the p r o b a b i l i t y for a 
s p u r i o u s fit i s the s a m e in both c a s e s . If we de f ine : 

P = p r o b a b i l i t y tha t a Λππ even t wi l l g ive a b e t t e r x2 fit to a 
Σ0 ππ i n t e r p r e t a t i o n than to a Λππ, o r the p r o b a b i l i t y t ha t 
Σ0 ππ even t wi l l g ive a b e t t e r x2 fit to a Λππ i n t e r p r e t a t i o n 
than to a Σ0 ππ 

NΣ = a c t u a l n u m b e r of Σ0 ππ e v e n t s 

NΛ = a c t u a l n u m b e r of Λππ e v e n t s 
MΣ = n u m b e r of e v e n t s wi th a l o w e r x2 va lue for Σ0 ππ i n t e r p r e t a t i o n 
MΛ = n u m b e r of e v e n t s with a l o w e r x2 va lue for Λππ i n t e r p r e t a t i o n , 

we h a v e the two e q u a t i o n s 

MΣ = PNΛ + (1 - P) NΣ = 57 

and 

MΛ = P N Σ + (1 - P) NΛ = 104. 

The t h i r d equa t ion , NΣ + NΛ = MΣ + MΛ = 161, is j u s t a l i n e a r c o m ­
b i n a t i o n of t h e s e two and c o n t r i b u t e s no th ing n e w . 
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Table IX. X2 Distributions for the ambiguous and unambiguous V0 2P events . 

Σ0 π+ π- in terpreta t ion (two constraints) Λπ+π- in terpreta t ion (four constrants) 

No. of Median Expected Average Expected No. of Median Expected Average Expected 
events median average events median average 

Unambiguous 27 1.5 1.4 1.8 2.0 47 5.8 3.4 6.2 4.0 

Ambiguous 87 3.0 1.4 3.4 2.0 87 4.0 3.4 4.7 4.0 

a. Only events that a r e four-const ra in t cases for Λπ+π- in terpretat ion and two cons t ra in ts for 
Σ0π+π- in terpreta t ion a r e included. 
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We want to es t imate the value of p a r a m e t e r P . We know 
that physically P must range from zero , corresponding to zero 
m e a s u r e m e n t e r r o r s or completely different k inemat ics , to 1/2, 
corresponding to very l a rge e r r o r s or identical k inemat ics . However, 
a m o r e s tr ingent s ta tement can be made . We can obtain a lower l imi t 
for P by looking at our 27 " s u r e " Σ0ππ events and seeing what 
fraction of them gives a lower x2 value for a Λππ in terpre ta t ion than 
for a Σππ interpreta t ion in this one-cons t ra in t fit. This is a lower 
l imi t for P since, if this is a biased sample of Σ0 ππ events , it is 
b iased in such a way that these a r e l e s s likely to give a good fit to 
Λππ in terpre ta t ion than an average Σ0ππ event. This lower l imit 
on P turns out to be 26% and gives us an upper l imit on the fraction 
of Σ0ππ events in the group of ambiguous events . Using this value 
for P, we get 32 ± 13 for the maximum number of Σ0ππ events in 
the whole film sample , which means a very smal l but s ta t i s t ica l ly 
r a the r uncer ta in contamination (i. e. < 5± 13 events) . 

We can obtain some lower l imit on the number of Σ0ππ  
events by looking at the distr ibution of the γ ray in the Σ0 r e s t 
f r ame . A forward γ ray will have m o r e energy in the l abora to ry 
sys tem, and so it will be m o r e difficult to absorb it by changing the 
momenta of the two pions . We would expect, therefore , that events 
with forward γ r ays would be very unlikely to fit the Λππ in te r ­
pre ta t ion . This coupled with the fact that the Σ0ππ being a sp in-1 /2 
pa r t i c l e , mus t decay isotropical ly allows us to obtain a lower l imi t 
on the number of Σ0ππ events . The exper imenta l numbers for the 
γ - r ay distr ibution for the 27 " s u r e " Σ0ππ events is 20 forward and 
seven backward y r a y s . If we a s sume 100% efficiency for d is t in­
guishing Σ0ππ events with forward γ r a y s , this cor responds to a 
lower l imi t on the number of Σ0ππ's of 40±9 events ( i . e . contam­
ination g rea t e r than 13 ±9 events) . Even though these a r e rough 
es t imates based on very l imited s ta t i s t i cs , they do indicate that there 
a r e 10 to 15 Σ0ππ events in the ambiguous group, since both the 
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lower and upper l imi ts a re roughly the s ame . For the purposes of 
future discussion, we assume then that one- th i rd of all Σ0ππ events 
will give a sa t is factory fit to a Λππ in terpre ta t ion . 
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