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K -PROTON INTERACTIONS NEAR 760 MeV/c
Pierre L. Bastien

Lawrence Radiation Laboratory
University of California
Berkeley, California

February 1963

ABSTRACT

The interactions of K mesons with hydrogen, at beam momen-
ta of 620, 760, and 850 MeV/c, have been studied in the Lawrence
Radiation Laboratory's 15-inch hydrogen bubble chamber,

The cross sections for all the reactions allowed at these mo-
menta have been measured, together with the angular distributions for
the two-body final states. The energy dependence of these cross sec-
tions shows that, at 760 MeV /c, they are affected by a recently dis-
covered resonant state, Y,Ik (1660). On the baSii of an analysis of the
cross sections, a spin assignment of 1/2 for Y'l' (1660) is ruled out,

A spin assignment of 3/2 seems to be more consistent with our data

" ; 3 ;
than higher spin values because of the absence of large cos 0 terms in

the angular distributions at 760 MeV/c,






L INTRODUCTION

Two years ago very little was known about the K meson-
proton (K -p} system. Interactions at rest, and up to a laboratory=
system momentum of 400 MeV /¢, had been studied by Ross, Humphrey,
and Nordin, and interactions at 1.15 BeV/c by Graziano and
Wojcicki. L. A great unexplored range otherwise existed be~
tween these two momenta, and it appeared of considerable interest to
set up an experiment that would cover some of the region,

The detector would be a hydrogen bubble chamber, ideally
suited for a systematic study of K-pinteractions, since all kinemati-
cally overdetermined reactions can be accurately measured in such
an instrument. Consequently, during the summer of 1960 the Law-~
rence Radiation Laboratery's l&-inch hydrogen bubble chamber was
irradiated with K mescns at a large series of momentum settings.
We have analyzed all the interactions at three of these momenta: 620,
760, and 850 MeV/cn

Owing to the exploratory nature of the experiment and the lack
of previous theoretical knowledge of the K -p system at these energies,
it was difficult at first to orient the research along very specific lines,
A posteriori, however, it appeared that no less than five of the re-
cently discovered resonant states weres produced in the region:

Y

-, e

;“ (1405}, Y§ (1520}, Y, (1385}, Y, (1660} and the 1 meson, 4

We decided to center the discussion in this paper arcund

%
Y, (1660) for two reasons:

{a}) The Y{ {1660} is » rescnance thai aifects the whole energy region
under consideration. If is a strangeness-1, I.spin | state originally

discovered in high-energy # -p and K -pinteractions, ™’ In these

high~energy experiments the Y\ {1660} was produced together with

an additional pion {see Fig. 31}, In our experiment no additional pion
E
is produced; the Y'i

then decays into all the two~ and three-body final states that can be

(1660} is formed by the initial K -p system and

. 7 . ‘
produced at cur energies, Furthermore, since the central value of
the resonance (1660 MeV}) and its full width {40 MeV} correspond to
K laboratory-svetem momenta of 715 90 MeV /o, the whole energy

region is affected,



(b) A statement can be made about its previously undetermined spin.
Assuming that the resonance is adequately described by a Breit-Wigner
amplitude--as has been done very successfully by Ferro-Luzzi et al.
in the analysis of a similar state, 1{3(1520)—-the spin can, in prin-
ciple, be obtained rather easily by examining the energy dependence
of the cross sections and angular distributions. 2 A definitive answer
to the spin question is not presented because we have too few data
points in the resonance region. However, spin 1/2 is ruled out by the
behavior of the cross sections. The angular distributions indicate
that spin 3/2 appears to be more consistent with our data than higher
spin values,

This paper is divided into three sections. Section II is de-
voted to the experimental procedure; in particular, the data-analysis
system is described in detail. In Section III, the cross sections and
angular distributions are presented, together with a brief discussion
of the biases and ambiguities encountered in the experiment. Finally,
in Section IV is examined what can be said about the production and
the quantum numbers of Y;k(1660) on the basis of the observations.
Also the gross features of the K -p system at these energies are dis-

cussed,



I, EXPERIMENTAL PROCEDURE

Before physical guantifies can be extracted from a bubble
chamber experiment the following preliminary operations must be
completed:

{a} Designing and building the beam of particles with which the cham-
ber will be irradiated;

(b} Scanning the film obtained for ail interaciions cr events, which

are then measured on a digifizing microscope;

{c) Writing 2 number of computer programs whose function is to
reconstruct the eventis in space, fit them to certain kinematical hypothe-
ses, and extract physical quantities of interest from them.

This section expleres these aspects of the experiment.

A E_eam

The beam was designed to cperate under a great variety of
conditions, mest of which are irrvelevant for the purposes of this
paper. ? Only the numbers of interest te us are listed here.

A layout of the beam is shown in Fig. 1. The beam emerged
from the Bevatron tank with a momentum of 800 MeV/c, The first
quadrupole Q}. was used to obtain parallelism in the first spectrometer,
This glass-cathode spectrometer was capable of holding an electric
field of 90 kV/cm with a plate separation of 5 cm. 10 Q, brought the
beam back to a stigmatic {focus at the first slit Sl: this permitted the
use of a wedge ahsorber to reduce the momentum spread from approx
1% to 0.5%. At S, the pion intensity was 3><105 picns per 1211 protons
with the first spectrometer set to transmit pions, and 1.5X10° pions
per 10”‘ protons with the spectrometer set to transmit K mesons.

The K intensity at S1 wag 150 per }OH protons. The beam was then
deflected 38 deg by the magnet M} this freed it from a considerable
fraction of the off-momentum pions. The second stage was very sim-
ilar to the first., Af the second slit S‘2 the Km/'rrw ratio was 6/1, and
10 K mesons per 0%t protons entered the chamber, At the center

of the chamber the beam had a momentum of 762 +7 MeV/c., A setting

at 620 %15 MeV /c was obtained by degrading the beam with a slab of
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Fig. 1. Layout of the 800-MeV/c K~ beam at the Berkeley
Bevatron (October 1960 - January 1961).



copper. An 850%10 MeV/c beam at the center of the chamber was
also made available by changing the position of the target in the Beva-
tron tank. This last beam had a K /v ratioc of 4/1 at the second

slit.

B. Scanning and Measuring

For each expansion of the bubhle chamber, four steréo pictures
were taken. The filrmm was scanned once by a group of trained tech-
nicians. The scanner was not asked to make a specific identification
of the reaction, but merely to record the topological appearance of the
event. The task of identifying the events was left to the fitting programs,
at a later stage in the processing,.

The various topologies found in the experiment, together with
the corresponding reactions, are listed in Table I. All these reactions
are analyzed in this paper, except those belonging to {2-prong + V)
events, which are the object of a separate study by Berge. i How-
ever, some of this author's results are important for our analysis and
they have been quoted whenever necessary. Also omitted {rom the
list are O-prong and l-prong events, which are not considered in this
study.

Scanning efficiencies were obtained by rescanning approximately
30% of the film. The efficiencies deduced from this second scan are
listed in Tahle II.

At the time of the scan the only interactions accepted for fur-
ther processing were those that occurred in a central region of the
chamber, This region is called the fiducial volume. Its projection on
the scanning table, as seen by a camera, is shown on Fig, 2. It appears
as the octagen delimifed by the fiducial marks scratched on the top
window of the chamber. Only in that region is the illumination uniform
and all the tracks of an event long encugh to provide adeguate momen-
fum measurements. An event was defined as being in the fiducial vol-
ume if all its veriices were inside the octagon, which meant that an
escape correcfion had to be calculated for multivertex events., Also,

to guard against possible biases on the part of the scanner in borderline



Table I. Topologies and the corresponding reactions

Topology Reaction
2-Prong K p, K7, K“'rr+n, K_'nop,
ATT+'IT_, Z°ﬂ+ﬁ_, Antyn0
2-Prong +2 E—TT+, Z+TT-, Z_1T+'!TD, =to no
0-Prong + V K%, K% «°
AT, 2000 AnOn0, 2°n°n°,ﬁnb
2-Prong + V A'rr'+-rr‘, A1T+TT“‘1TO, Am, 20“4-.”“,
ROpn®
3-Prong g

a. (2-Prong +) means a 2-Prong in which the positive prong sub-

sequently decays.

b. Not energetically possible at 620 MeV /c.




Table II, Scanning efficiencies

Topology Efficiency
(%)
2-Prong 94.5
Z-Prong + V 95.0
2~Prong + 96,7
2-Prong - 95.5
0-Prong + V 89.0

3.Prong 97.0
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Top view of a bubble chamber picture as seen
on a scanning projector. The '"+" signs represent
the fiducial marks scratched on the top window of
the chamber. The dashed line delimits the fiducial

volume,



cases, and to ensure uniformity in cross-secticn caliculations, a pro-
gram later rejected any event for which at least one of the vertices
was outside a region slightly smaller than this fiducial volume.

All events in the fiducial volume were then sketched to help the
measurer. The two stereo views from which every track of an event
should be measured were indicated on the sketch. The criteria for
selecting the views were {a) that the stereo angle should be the most
favorable one, and (b} whenever possible, that there should be no
turbulence and a minimum number of crossing background tracks.

The coordinates of twe to ten points along each track in the
sterec pair of photographs were then measured on a digitizing micro-
scope called Franckenstein. b2 These coordinates were punched on
IBM cards, together with identifying information and the coordinates
of two of the fiducial marks.

All (O-prong + V), {2-prong 4}, (2-prong -}, and 3~-prong events
in the fiducial volume were measured. On the other hand, only 30%
of the Z-prongs were measured: 80% of the events in this topology are
K -p elastic scatterings for which the cross section is high, and meas-
uring a third of them gave adeqguate statistics on that reaction. The
total number of events measured, at all three momenta in these five

topologies, was 8650,

C. Data-Analysis System

Once an event had been measured it entered into a complex
system of pregrams. Most of these programs belong to the Alvarez
Group Programming System, and some others were written specifically
for this experiment. In the description that follows, all the programs
belonging to the Alvarez Group Programming System have been ref-
erenced to the original programmers,

The system was designed to be automatic, in the sense that no
manual bookkeeping should be necessary.

There were two sorts of data input to this system:

{a) IFranckenstein cards; the IBM cards obtained on each event
from the measuring projector,

{b} Master List cards: a master list established by punching one
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card for each event recorded on the scanning table. This card con-
tained roll and frame number, beam momentum, topology, and pos-
sibly the scanner's comments on the event, mainly on the ionization
of the tracks.,

Figure 3 shows how the programs of the data-analysis system
were interconnected. The Franckenstein cards were input to PACKAGE,
a combination of two subprcgrams:

(a) PANG, which reconstructed the events in space, calculated cur-
vatures and assigned errors. 13 The problems of error assignments
in the 15 inch chamber, and their consequences, have been discussed
in detail by Ross and Humphrey. :

(b) KICK, which attempted a fit to all the overdetermined reactions
of a given topology. 14 It put out a measure of the goodness of {fit to
each of these reactions in the form of a ¥ 20 At the same time it gave
the fitted laboratory-system quantities for all the reactions, together
with the error matrices.

Also, in KICK, the important step of beam averaging took place
before the fitting. The beam momenta (pbeam) were known from beam
studies to an accuracy of 1% . The beam momenta calculated by the
PANG program from curvature measurements (ppang) were accurate
only to 5%. All the tracks were therefore beam-averaged; namely,

the momentum cof the beam track used in the fitting was given by

2 :
ppa,ngépber:u"ﬂ. * Pheam 2 ppang (11-1)

5P +6ps y
ppa.ng Pheam

instead of simply Ppa.ng . The appropriate error on that quantity was
also calculated in the beam-averaging routine.

The KICK output was of little value by itself, so that a pro-
gram was needed to calculate the physical quantities of interest on an
event, such as center-of-mass angles, missing masses, etc. This
was done by EXAMIN, which wrote these numbers out, together with

identifying information, at the rate of one record per event, on what

was called a Data Summary Tape (DST). 12
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Fig. 3. Flow diagram of the data-analysis system.
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A program called ORDMRG ordered this DST by roll and
frame, updated the previously existing DST by merging it with this
new one, and eliminated possible duplicate events.

The DST served as input to two programs:

{a) SUMX, which made a histogram or an ideogram of any quantity
appearing on the IDST records; furthermore, very general selective
criteria could be applied on other words cf the record, to determine
whether the event would be counted. 16,17

(b} LIBRARY, which compared the DST and the Master List and put
out two lists: one of events that appeared on both the DST and the
Master List, and another of events that appeared on the Master List
only. An accurate status of the experiment was therefore immediately
available every time the IDST had been updated.

Finally, to help determine why certain events did not fit a single
hypothesis, one last program was necessary., This program, EPC,
listed all the laboratory-system quantities on events that failed.

Event failures were of three types:

{a) Approximately 20% of the events processed were rejected by the
PANG part of the PACKAGE pregram., The subprogram PANG caught
most of the gross mistakes of the measurers, such as unacceptable
‘stereo angles. missing tracks, etc. These events were remeasured
until they passed PANG and went to the KICK part of PACKAGE.

{b) Approximately 10% of the events entering KICK were rejected,
These rejects were in general due to a small kink in one of the tracks
which had passed unnoticed during the first scan, or because the event
was generally difficult to measure. These events, after having been
examined on the scanning table, were remeasured once or at mest twice,
according to special instructions given to the measurer. By that time,
98% of the events recorded on the scanning table were accounted for,

(¢} The remaining 2% were events for which it was hopeless to attempt
a fit because of turbulence, missing views, {00 many crossing tracks,
or for some other reason. These events were abandoned and the appro-

priate correcfions were made when calculating cross sections.



II1. CROSS SECTIONS AND ANGULAR DISTRIBUTIONS

A discussion of biases and ambiguities in the interpretation of
the events for the various topologies is given in this section. All the
resulls on cross sections, angular distributions, and polarizations are

collected in the second part of the section.

A, Biases and Ambiguities

The reactions are divided according to topologies, since am-
biguities can occur only between reactions of a given topelegy. The
ambiguities that must be dealt with are of two kinds, First, the final
states of a given topology are overdetermined, These events can
therefore be fitted, but in a given event severai of these fits have given
good Xzo Secondly, the reactions of the topology are underdetermined,
and to separate them one has to resort to missing-mass spectra. These,
in general, are such that the range of missing masses expected of one
final state overlaps the spectrum expected of another final state. We
specify in what sense the word "ambiguity " is being understood when
it is used.

The discussion of biases and ambiguities given here is not
exhaustive, since these problems are by now well understood in bub-
ble chamber physics at the energies we used. Instead, the main dif-
ficulties are summarized and an explanation of how they were solved
is given,

1. Z-prong events. The possible reactions are listed in Table I. All
+

are overdetermined except A m w %, which can be ignored, since only
five events of that type are expected to be present in the whole sample,
on the basis of the study of {2-prong + V) evenis (see Table III for the
number of events in the various reactions}. Two« and three-body final
states can be separated unémbiguously at our energies, and two-body

events, namely K -p elastic scatterings, are considered first.
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The first problem encountered in K «p scatterings is a 10%
contamination due to 7 -p scatterings, whose existence has already
been menticned in the section on the heam, These two reactions over-
lap kinematically when the meson scatters forward. The number of
’lewp scatterings in that region can be easily estimated, since we can
find the angular distributions for our backward » -p scatierings and
know the overall differential cross section for 7 -p scattering at these
energies from other experiments. '8 our backwarad 7 -p differential
cross section was therefore extrapolated in the forward direction and
a subtraction was made,

When the K  scatters in the forward direction, the recoil
proton is short and scanning efficiencies drop sharply. A cutoff of
cos @ = 0.9 was applied, where 0 is the center-of-mass angle of the
scattered K ., At 620 MeV/c t.his corresponds to a length of 2 cm
for the proton receil. As seen on the scanning table, the recoil is
only 1.2 cm long on the average. But such a length, together with the
fact that the film was scanned in two stereo views, is sufficient to
ensure high efficiencies, This was checked by plotting a histogram
of the angle hetween the normal to the plane of scattering and the ver.
tical direction. Such a distribution should be flat, and has been found
to be so within two standard deviations, for this cutoff, at all three
momenta,

The possible three-body final states are listed in Table . Ex-
cept for K vt and K pw¥, which can appear only as 2-prongs, all
the others can also appear as {Z-prong 4+ V) events, When an event
fitted several of the three-body hypotheses it was sometimes possible
to identify the posifive prong as being a proton or a pion, on the basis
of ionization. When this information was not available, or was still

inconclusive, a decision was made on the basis of the best y .

. (d-prong +) and (2-prong -} events., The possible reactions in these

topologies are

K ¢p >3 +n", (111~ 1}
K 4 p - =t 4o, (117~ 2)
and K +p =& +7 47°, (111~ 3)
K 4+ p - E‘f' oo 4wt (117 4)
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KICK can easily differentiate a Zm from a Z7m final state.
A small source of contamination in (2-prong -) events is due to K-p
elastic scatterings in which the K subsequently decays. This hy-
pothesis was tried in KICK, and such events are easily separated from
events involving a Z.

One has to contend with two types of biases:

(a) The Z's that go backward have small laboratory-system momen-
ta and are sometimes quite short: in some instances they even have
zero length, then appear as 2-prongs., Although this has not been men-
tioned so far, every 2-prong was fitted to the hypothesis of a zero-
length Z. Not all those events could be found, however, since only
30% of the 2-prongs were measured. Therefore all the 2-prong Z's
were discarded, and a cutoff of 2.5 mm was further applied to all
visible Z's to ensure high scanning efficiencies., All Z's shorter than
2.5 mm were discarded, and a weight calculated for all the others. The

probability that a Z would be shorter than 2.5 mm is given by

exp | —t/TZ] dt, (I1I-5)

where ty is the time it takes the Z in its rest frame to go from the
interaction point up to a length of 2.5 mm.

As stated, all the vertices of an event had to be inside the fi-
ducial volume for that event to be measured. The probability that a

Z would escape is given by
oty

i 1 .
PZ —[ o exp| —t/'rz] dt, (II1-6)
Z
-
where ty is the time taken by the Z in its rest frame to reach the
boundary of the region.
The overall weight on an event was then
w=1/(1 - P, - Py) (I1I-7)
(b)y =t's decaying via the pionic mode (E+ -1T+n) are easily detected,

+
but the efficiency for finding Z*'s decaying via the protonic mode
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(}23 « pm®} is very small in certain regions. Indeed, at our energies,
the laboratory-system rnomenta for Zﬁg‘ g going forward in the center-
of-mass system are quite large, and the angle between the Z}g and its
decay proton is usuazlly small and not easily detected. To find the size
of this bias,we have plotted in Fig. 4 the distribution of the angles be-
tween the 23‘ s and their decay protons as they appeared on the scan-
ning table for a given sample of £':s. On the same graph, the angle
between the Ej s and their decay neutrons have been plotted as they
would have appeared if the neutrons were visible. The two distributions
should be identical but we find instead that there is a severe bias {or
small-angle 228 decays. For this reason, the Eg events were not

used in our cross~-section and angular distribution calculations.

3. {(O~prong 4+ V) events. This topology. by far the most difficult to

handle, was crucial for our experiment. The final states are again
listed in Table I. They fall into two obvious and easily separated cate-
gories; those involving a A° hyperon and those involving a ®® . Sep-
arating the reacticns within the first of these categories is difficult
and we take it up in detail in a subsequent paragraph.

The separation of K% and A offers almost no difficulties,
since virtually all the events for which the V f{its a K% anda A are
such that the fitted K% momentum exceeds the beam momentum by
more than three standard deviations. In other words, we would have

fitted
P"KG " T heam

mTred >3 {1118}
Ra

for most of those ambiguous events, and this is physically impossible.

6p

The few events that still remain ambiguous after this test can
be separated on the basis of the ionization of the positive prong of the
decay of the V,

As for & events the same cutolf of 2.5 mm was applied to all
Vis, and escape corrections were calculated. The overall weight on

each event is the same as that given by Eq. (III-7).
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¢ events is most easily done

Separation of the K°n and Kaw
by plotting MZ, the square of the invariant mass coming from the
(RD,KW) system. The expected pLZ spectrum for K events is a delta
function at (0?939)2 BeVZg whereas the Knw®

2 : -
BeV . Since the errors on pf& are of the order of 0.035 BeVZ, the sep~

spectrum begins at 1.15

aration is clean. Let us now consider the problem of separating the
following final states:
K 4p—~A4n° (111-9)
K o+p=+2"4+2° %A 4y, (I1I-10)
K 4p-sAdtn?ga®, (X11-11)
K ¢p=2"4+02° 2% %A +v, (I11- 12}

and.
K +p-—~A+n. (111-13)

All these reactions are, for all practical purposes, underdeter-
mined., Here again the invariant mass squared recoiling against the
(K ,A) system is plotted on Figs. 5 through 7. The reason for using
the mass squared instead of simply the mass is that the error on the
mass squared is much more nearly Gaussian than the error on the
mass. 19 The expected limits of ;.LZ for the five final states under con-
sideration are indicated on the figures. Since the theoretical shapes of
the spectra are known, all that was done was to adjust their heights,
and take measurement errors into account, so as to get a good overall
fit, These shapes are as follows: An’ and An are delta functions:
the %% spectrum is flat because the Z° has spin 1/2; the Arla®
‘and E0n%40 spectra were assumed to follow their phase space distributions,
This last is a very good approximation, since no strong pion-pion in-
teractions have been observed in this energy range, if one excepts the
n particle. We note also that the phase-space distributions for Al
and Z%n%% overiap and are indistinguishable.

The plots on Figs. 5,6, and 7 are ideograms. Xach event is
plotted as a Gaussian curve whose surface is equal to the weight cal-
culated in Eq. {11I-7}, whese widih is equal te the error on the missing
mass squared, and those central value is equal to the observed value

2
of p . All these Gaussians are then added to form the idecgram.
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Let us now examine the problem of obtaining the angular dis-
tribution for the A7’ final state, An unbiased way of obtaining the dis-
tribution is to plot, at each momentum, several missing-mass spectra
that correspond to different slices of the angle between the incident K"
and the A in the center of mass. For each of these spectra, a sep-
aration identical to the one described above can be made. The average
Error on pz over this reduced interval is a constant that is, the error
is almost independent of the position and orientation of the A and it
is possible to represent the uio peak by a Gaussian curve. The num-
ber of A¥s in a slice can th.ere‘fore be estimated rather easily.

The %%«¢ angular distributions were out of reach, when the
method just described was used, because the small statistics made it

difficult to estimate the three-body contamination in a given bin.

B. Cross Sections and Angular Distributions

All the experimental results are gathered in this subsection.
A discussion is given in the next section.

To obtain our path length, all the 7 decays in the fiducial vol-
ume were counted. The disadvantage of this method is that the branch-
ing ratio for a K~ decaying intoc the 7 mode is known only to 5.3%.
This disadvantage is counterbalanced by bigh scanning efficiencies and
the fact that the sample is absclutely uncontaminated.

The cross sections for the two-body final states were obtained
by integrating the fitted angular distributions over the whole range of
the ¢.m. angle.

The angular distributions were fitted to the series
2 dg

ds2

where k 1is the wave number of the incoming state in the center of

EOSZQ doeee (I11-14)

k ﬂAO-!rA cos O + A

1 2

mass, Let a fit of order n be understood to mean a fit up to and in-
cluding the term An" The input data to the program which fitted these
distributions included the numbers of events observed in a given bin,
together with the weights, scanning efficiencies, percentage of events

abandoned, and 7-decay lifetime. The proper errors and central
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values were then calculated on each bin, taking all this information
into account, before the fitting took place. All numbers were then re-
normalized so that the coefficients would be in the units of Eq. (III-14).
These numbers were then least-squares fitted, and the integral of the
fitted distribution was calculated over the whole range of c.m. cosines.
The error on the integral was calculated by using the complete error
matrix.

The first and very important result on these angular distribu-
tions is shown in Figs. 8 through 10. We have plotted there the order
of the fit vs the probability P of the fit. This last quantity, found in

xz tables, is o0

P:f £ 2, P)ily . (IT1- 15)
2
X0

where Vv is the number of degrees of freedom and XS the least-
squares-fit y Z for the distribution. P is therefore a measure of the
goodness of fit.

The path lengths at 620, 760, and 850 MeV/c were in the ratios
of 2:54b,

All the angular distributions are plotted in Figs. 11 through 15.
The dotted curve is the order-2 fit for the 620- and 760-MeV/c distri-
butions, and the order 3 fit for the 850-MeV/c distributions.

In Figs. 16 through 20 the values of the coefficients A,, as a
function of energy, are plotted for all the distributions. The coeffi-
cients are those obtained when fitting the distributions to order 3.

For the Am° final state at 850 MeV/c, we have plotted in
Fig.18as dashed flags the values of the coefficients Ai for the order-3
and as solid flags the order-4 fits, whose probabilities P are 22%
and 47% respectively. The value of A4 in the order-4 fit is 0.16 £0,085,
and indicates to what extent one can say that cos 6 is present in the
distribution. This is very important for future discussions, since the
value of AZ is quite different in the two cases.

In Fig. 21 the polarizations for the reactions

K +p—=A+7% A—>p4r (I11-16)

K‘+p-»z$+n”’; zg > p 4 7O (IT1-17)
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Probability P as a function of the order of the
fit at 620 MeV/c. The quantity P is defined in
Eq. (lIlI-15), The Sti- fits are represented by
the dashed line to indicate that statistics were
low on that distribution,
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Fig. 9. Probability P as a function of the order of the fit
at 760 MeV/c. The quantity P is defined in Eq. (III-15).
The XZtn- fits are represented by the dashed line to in-
dicate that statistics were low on that distribution.
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Fig., 10. Probability P as a function of the order of the fit
at 850 MeV/c. The guantity P is defined in Eq. (IiI-15).
The Ztn” fits are represented by the dashed line to in-
dicate that statistics were low on that distribution. Order
3 is clearly required to fit the distributions, and A may
even require order 4,
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Fig. 16, Values of the coefficients Ai as a function of
energy for K'p- K'p with the angular distributions
fitted to order 3. The normalization used for the A,
is given in BEq. (I1I-14). :
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Fig. 17. Values of the coefficients A, as a function of
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fitted to order 3. The normalization used for the A,
is given in Eq. (III-14). .
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Fig. 18. Values of the coefficients A, as a function of
energy for K'p ~AT®  with the angular distributions
fitted to order 3. The normalization used for the A,
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fitted to order 3. The normalization used for the A,
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have been plotted. We define the polarization of the hyperon as

w5 Nup B Ndown
oy Py 2 R ; (111-18)
up down

where Nup represents the number of protons decaying from the hy-

peron Y such that

Y P ey (111-19)

In the last formula. p represents the decay proton in the hyperon
rest frame.

The large bias that we have mentioned for Zg events affects
production angular distributions,but not up-down asymmetries.

The cross sections for the three-body final states were ob-
tained by adding the numbers of events properly weighted. All the
cross sections are shown in Figs. 22 through 24, except those cor-
responding to KN final states. A complete list of the cross sections

is given in Table 111
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Table IiI,

, ; oy a
Total cross sections in millibarns.

b. 'Topological appearance of the event in the bubhble chamber.

c. This means 2-prong. with decay oi the + prong.

s
\K (MeV/c) ) ‘ ]
EC | (MeV) 620£15 76047 85010
S 1616 1680 1723
Reaction Tepolﬂfg\ splvents j248v8RtS g ygevents
. mb b mby
K'p 2-prong 16,0+1.0 16.741,0 22.4%2.0
K'n O-prong + V 2,340 4 820.3 4. 0£0.3
te” 2.prong (4 decays)® 4.6%0 6 2.8%0.3 2.0£0.2
£t 2.prong {- decays} 2.0%0.3 3,3£0.2 1.3£0.1
oLl 0-prong + V 2.1%0.3 1.440.2 0.8%0.1
An® O-prong + V 1.9%0,3 2.640.2 2.7%0.2
Aty 2.prong + V 1.740.3 4,303 3.5%0.3
50mte” 2.prong + V 0.3#0.1%  0.840.15% 0.740,15
=t no 2.prong (-decays)  0.3%0.1 0.8%0. 1 0.7£0.1
PR 2 prong (4 decays)  0.1%0.5 0.8%0.2 0.50.1
(REY)nn® 0-prong + V 1,i%0.2 1,90, 2 1,320, 2
A n{neneut) O-prong + V S— 0.5%0,16 0.15%0.1
fonTn Z-prong + V 0.0%0.03  0.25+0.05  0.15%0.05
Kopn 2-prong 4 V 0.040.03  0.04%0.03 0.100.06
K pn? 2.prong 0.040.0%  0.15x0.] 0.3%0.1
K i Z-prong 0.06£0.006 0.0x0.05 0.240.1
Rlnw® Q-prong + V 0.0%0.03 0.040.05 0.340.1
Total 32.4%31.5  40.1%!.3 4y,1%2,1
(&7, 6.4%0.8 4, 220.5 2,3%0.3
(Em};:xi 2.3+0.8 50,4 1.3%0.3
w KA 9.50 6.80 5.75
a. From reference 7.
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IV. INTERPRETATION OF THE RESULTS

In this section it is shown, on the basis of the cross sections
and angular distributions just presented, that the Y:(1660) is being
produced in this region. Also, what spin value of Yf(l660) is most
consistent with our data is examined, Finally, the main features
of the K -p system at our energies are discussed.

The existence of a resonance around 1660 MeV was first sug-
gested by Alexander et al. 2 and then definitively confirmed by Alvarez
et al, & In this last experiment the resonance was produced in K -p

interactions at 1.51 BeV/c in the reaction
K™ +p=Y, (1660) + 7. (IV-1)
*
In the experiment of Alvarez et al. the Y1(1660) was found to

have the following properties:

Mass ER: 166010 MeV.

Full width I' =40+10 MeV,

I spin I=1,

The decay modes were Amw, Z 7, Amr, Zwm, and KN, with the
relative decay rates 7:6:4:4:<l. No statement could be made about
the spin or parity on the basis of their data.

In our experiment the Y’: (1660) cannot be produced together
with a pion, but instead must be formed by the initial K -p system.
(see Fig. 31). It is then expected to decay into the various modes
listed in the previous paragraph.

In Fig. 25 is shown a plot of the total energy in the center-of-
mass system vs the beam momentum in our region. The data points,
and their positions with respect to the central value and width quoted
by Alvarez et al. for the resonance, also appear on the plot. At 760
MeV/c we are only a half-width above the central value of Yf(1660),

and therefore expect the resonance to be formed, at that momentum,

in the reactions
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K +p-— YT (1660) - KN (K p, K%n), (IV-2)
K™ 4p Y, (1660) - Er (Z7n", '), (IV-3)
K +p-— Yl (1660) -~ At (An°), (IV - 4)
K™ 4 p~ Y (1660) - Knn(artn), (IV - 5)

K +p— Y’lk (1660) —» Zrn( " nt 0, ¥n~a?, 0ntn™,
=070x0) (IV-6)

As seen in a following section, the resonance is indeed clearly observed
in some of these cross sections.

The discussion is divided intc three parts:
(a) The data are analyzed according to the assumption that the res-
onance is adequately described by a Breit-Wigner resonance, and
the effects of such a resonant form on cross sections are discussed.
(b) It is shown that Y*

1
(c) The spin of the resonance is discussed., The arguments to rule

(1660) is produced in the region.

out spin 1/2 are based on the behavior of the cross sections, To dis-
tinguish between spin values > 1/2, the energy dependence of the angu-

lar distributions throughout the region is examined.

A, Breit-Wigner Resonances

In general, the cross section for a state of definite total angular
momentum J and orbital angular momentum £ is given by
Y. . 2 | i [
ol ejy = amnPar | ol e | av-17)
where TJJ(

(subscript k will be used to denote theincident channel from this point on),

k=>j) is the amplitude for channel k going to channel j

The overall cross section for k -+ j is given by

o (k=j) = = {UJ’J“I/Z(k—a-j) pgt ¥ l/z(k—-j)} ﬁ (1V-8)
J

Since the amplitudes usually have small energy dependences, the non-
resonant cross sections of Eq., (IV-8) vary slowly as a function of

energy.
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Breit and Wigner have shown that when a multichannel res -
onance of given total angular momentum and parity is present, the

corresponding amplitude takes the form

J £ xkk
TR (ki) = / .— ; (IV-9)
The normalized paxtial widths xj are defined as I‘j/ﬂf, the ratio of
the partial width I”j to the full width ]"‘ The dimensionless Breit-
Wigner parameter ¢ is defined as M(IL E )/I", where ER is
the resonance energy and Ec m the tota } energy in the center-of-
mass system. The cross section corresponding to this amplitude is
X, X,

Z
o Haeap) = am” G4 3y 52 (IV-10)
¢ 1

This leads immediately to the elastic. inelastic. and total cross sec-

tions, due to the resonance, P
, W
¢ . elastic 2 - _
g%?Ama%nz4ﬁk(3%é}ﬂhn: (IV-11)
i p “*f'hi
(1e3)
U.l];{k inelastic 4 ?\ (7 4”_}_”](_7“__ _____ : (1V-12)
& o1
orf{ R l)méi—- ‘, (TV.-13)
¢ Tl

The cross sections ¢ {k-»j} of BEq. {IV-8}. when a resonance is
present, therefore appear as the bell-shaped curve of Eq, {IV-10}
superimposed on the slowly varying background, The knowledge of
the o {k-j) for all channels as a function of energy is therveiore. in
principle, sufficient to determine all the normalized partial widths XJ
and the spin J.

From Egs. {IV-11) through {IV-i3} we see that a knowledge of
the total resonantcross section is sufficient to determine both elastic
and inelastic resonani cross sections, since the total resonant cross
secticn defermines x This ig one of the internal consistency checks

=
that are possible when the Breit-Wigner formula is used, These checks
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cannot be made in this experiment, because we have too few data points
in the region. However, let us assume that the Breit-Wigner formula
is applicable to our case, since it has led to perfectly consistent results
in the analysis of several resonances of elementary-particle physics:
N;‘/Z (1238), N’;/Z (1515, N,T/a (1688), and recently Y, (1520). %0 8
The formulas given above for the cross sections are complicated
by the fact that the K -p system is not in a pure l-spin state. In gen-

A (k-»j} for a state of given J and £ is a sum

eral, the amplitude T
of pure I =0and 1= 1 amplitudes, each of them being multiplied by
appropriate Clebsch-Gordan coefficients. Namely, we have

J

J. A . - .
7 ey« ¢ T2t

3% o) + G 1 e, (1v-14)

0

where CO and Ci are the Clebsch-Gordan coefficients fo;?’ ﬂI spin = 0
and =1 {see Appendix A), Therefore, the cress sections ¢ "~ {k-=i} of
Eq. (IV-7) contain interference terms. In particulay, if one of the am-
plitudes of Eq. (IV-14) is rescnant, all the formulas given in Eq. {IV-10}
through (IV-13) must be modified to account for the inferference terms.
However, as is shown in Appendix B, the sum of the cross sections for
the charge states of a given channel is free of interferences. For instance,
the sum of the cross sections for K <p - wte”, 290% and 27" does
not contain any interferences. When the sums are used, Egs. {IV-10)
through {IV~13}) are strictly correct provided the 1 spin is further spec-
ified and provided they are all multiplied by a factor of 1/2 to take care
of the I-spin decomposition of the initial state. DBecause of this we
mean from this point on, by elastic cross section, the sum of the K p
and K% channels,

The effects of a resonance on angular distributions are more
complicated, since they depend on interferences with the nonresonant

amplitudes., The problem is examined below (Sec, IV. C.1).
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B. Existence of Y?(lbé{))

In Fig. 26 we have plotted the elastic cross section, namely,
the sum of the K -p and the R°n channels, and no bump is observed.
However, the inelastic cross section plotted in Fig. 47 shows a clear
bump of approximately 6 mb at 760 MeV/c, where the Y?(1660) is ex~
pected to appear.

Before drawing any conclusions on this effect we must determine
which channels are responsible for the rise and what their I spin is.
1f the effect is due to Y:c{léé)()} [ spin 1 is, of course, expected on the
basis of the results of Alvarez et al. We will therefore examine the
cross sections for the inelastic channels one by cne. These cross sec-
tions are plotted in Figs. 23 and 24, and given in Table IIL

The An final state is below threshold at 620 MeV/c; it has a
cross section of 0.7 mb at 760 MeV/c, and approx 0.2 mb at 850 MeV/c.
The % has I spin 0 and the A7 channel is therefore I spin 0. However,
this can contribute only 0.5 mb to the bump.

In the 7w channel we notice a clear bump in the cress section
for the £ n' charge state {Fig. 23). To determine the I spin of the
bump, we can decompose the Zw c¢ross sections into I spin 0 and

I spin 1, using the formulas

ol I =0y =3g(E%, (IV - 15}
and
GlBmI=1)=o0(x )y so@ oy - 20(8%%) . (IV-16)

The results of this separation have been plotted in Fig. 48. It is clear
that the J-spin-1 part of the amplitude is responsible for the bump.
The 1 spin ] bump in £7 is estimated to be 1.75+0.5 mb.

Let us now examine the Awn channel. There are two possible
charge states: Ante” and An%x®  The Aw'r is a combination of

I spin 0 and I spin 1 but dees not contain any interferences between
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these two states in total rates, i.e, . if we integrate over all =’

angles. Examining {irst the behavicr of the Aw's" cross section
plotted on Fig, 24, we see a bump at 760 MeV/c. It is impossible to
determine the I spin of this bump without a knowledge of the behavior
of the Av"w® cross section. Indeed, the Anfn¥ channel is pure I spin
0, and should not show any effect if the bump in A'ﬁ%ﬂ:m is in I spin I,
6.0

Unfortunately An%«w% events cannct he separated from v events in

our experiment. However. indirect informaticn cn the behavior of the
I= 0 part of the Awv channel is available. An experiment in deuterium

at the same energies as curs has given data on the ratio’

i

20 (RN Ay |

Loem : 5 s (IV-17)
Kp e A oy = i T i {KN"’% A 7 *ET) i - 4 l 'I‘O {KN — ﬁ\_l‘ﬁ TT) | #

With the knowledge cof that ratio. and of the anta” cross section, it is
possibkle to calculate the A7 w® cross section as a function of energy,
The results are listed in Table IV, and it can be seen that the Ama?
cross section 18 small throughout. Because of the large exrors it is
not possible to tell whether a bump is present or not. In conclusion, an
effect of apprexamately 1.256%0.4 mb is aobserved in ante” . but its I
spin cannot be determined,

Going now to ithe Zwr chaunnel, we have plotted in Fig., 29 the
sum of the four Zww cross sections;: this sum is {ree of interferences.
The curve shows a bump of apprax 2,0£0,5 mb at 760 MeV/c. Since
the A7%7% cannct be separated from the E%n%w?, as we have just
mentioned, the formmer are also included in Fig, 29, But we have es-
tabliched that the A7"w% creoss section is small and could not possibly
account for an effect of that size. The 1 spin of the effect cannot be
established.

Finally, in the A% channel, which is pure [ spin 1. no effects
are observed in ¢ross scctions {scc Fig. 23}, The coelficient of the

2 . — : 1
cos O term in the angular distribution for that channel shows a bump
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Table IV. Cross section for An%w®

pK“(MeV/c)

620 760 850
r® 1,0£0.4 1.4+0.3 2.0£0.3
o (Am%79Y (mb) 0.4%0.3 0.6 0.5 0.0£0.5
g (97w ®) (mb) 0.7 +0.3 1.4£0.5 1.1£0.5

a, This quantity is defined in Eq. (IV-17)
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at 760 MeV/c {see Fig. 18). This bump is quite probably due to an in-
terference between a small resonant amplitude and the background, as
is explained below, Nevertheless, in this channel, the resonant cross
section is consistent with zero, and is in any case smaller than 0.5 mb.
To summarize what has been discussed up to this point, it is
clear that there is a bump in the inelastic cross section at the momen-
tum where we expect to form Y?{léé())“ Jt is clear that the Zw, Awm,
and Zww channels are responsible for the observed bump. We have
established that the &w channel effect is in I spin 1. We conclude that
the only reasonable interpretation of these phenomena is that Y;:_((1660)

is responsible for them.

C. Spin of Y?(1660)

We examine first what can be said about the spin on the basis
of the bump in the inelastic cross section. The angular distributions

are then examined for further information.

1. Cross Sections and the Spin of Y:f(l()()O)

In this section we show that spin 1/2 for Y?(1660) is ruled out
by the behavior of the cross sections. Then, we examine discrepancies
between the branching ratios for the various channels in the experi-
ment by Alvarez et al. and in ours.

There is no effect in the elastic cross section but there is a
clear effect in the inelastic cross section., In Eq. (IV-12) we have
written the resonant inelastic cross section, We want to examine the
quantity xk(lmxk)ﬁ A, which appears in Eq. {IV-12)., As we have men-
tioned in connection with Eq. (IV-14), the formula given in Eq. {IV-12}
for the inelastic cross section must be multiplied by 1/2 to take care of
the I-spin decomposition of the initial state. The quantity A is there-
fore given, in our case, by

1 i in
ST v A
The dimensionless Breit-Wigner parameter, ¢, defined below Eq. (IV-9),

is equal to {2/1"} {ER‘--»EC m“ ). The quantity A of Eq. {IV-18) clearly

(e2+1) . (IV-18)

¥ ll-mp) = A



&

cannot exceed 0.25, since X, can vary only between 0 and 1. There-
. in .
fore, given e and G‘R , A may be greater than 0.25 for certain values

of J. These values of J would therefore be unphysical and would be
ruled out.

In order to see if A is greater than 0.25 for J = 1/2, we must
know both o%{l and ¢. Since we have only one data point in the resonance
region we caﬁ determine neither the width, I', nor the central value,

Z{CR, of Y?{l(‘)&O).‘ Consequently, we cannot calculate ¢, rlowever,

we notice that A is a guadratic function of ¢ and thervefcre we can
assume € to he zero. Indeed, cther things remaining equal, that value
of ¢ gives the lower bound on A, The assumption that ¢ is equal to
zero amounts to saying that the central value of the regonance is equal
to the total energy in the c.m. at 760 MeV/c i.e., 1682 MeV., Using
5041.0 mb for 011; and zero for ¢, we {ind that A has the values
0.37%0.072, for spin 1/2, 0.185£0.036 for spin 3/2. and 0.12340,024
for spin 5/2, Whereas the values of A for spin 3/2 and 5/2 are smaller
than 0.2%, the value of A for spin 1/2 is not. The probability that
0.37£0.072 is smaller than 0.25 is only 8.3%. We have displayed as
dotted curves on Fig. 30 the probhability of ¢btaining a given value of

A, as a function of A, for spin 1/2, 3/2, and 5/2. The curves are
Gaussians whose central values and widths have just been given above,
The ratio of the area under the spin-i/2 dashed curve to the total area
under the curve is 0.083. The probability of spin 3/2 is thervefore 8.3%.

We now wish to take into acceount the information given by
Alvarez et al, on the central value {1660 £10 MeV), and width {40£10
MeV). We have found that the probabiiity of finding spin 1/2 was 8.3%,
under the assumption that the central value is 1682 MeV. But this value
of 1682 MeV is itself two standard deviations away {rom the central
value quoted by Alvarez et al, I we take this additional information into
account it is clear that ¢ is most likely to be different {rom zero and
that the probability for spin 1/2 must be even lower than 8.3%. We
have made a complete error analysis using our value of Ul]'{l and the
Alvarez et al. values for the central value and width. The-details of
the analysis are discussed in Appendix ¢ The results for spin 1/2
are shown on Fig. 30a. We have again plotted in Fig. 30a as a solid

curve the probability of finding a given value ol A. By integrating this
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Fig. 30. Probability IP(A) of obtaining a given value of
A xk(lv« ) as a function of x{1-x,} for spin 1/2,
3/2, and 572. The dashed curves are the probability
functions for ¢« = 0. The solid cerves are the prob-
ability functions when the central value and width
from Alvarez et al, are used to calculate e, The
dashed curves are Gaussian, whereas the solid
curves are not. The calculation of the latter curves
is explained in Appendix C.
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curve over the allowed region (0 < A <0.25) and dividing the result by
the total area under the curve, we find that the probability of spin 1/2
is only 2,5%. We conclude that spin 1/2 is ruled out. A similar analysis
has been performed for spin 3/2 and 5/2 and the results are shown on
Figs. 30b and 30c. We find that both spin 3/2 and 5/2 are consistent
with A's being smaller than 0.25.

We now want to find the lower and upper limits that we can set

on the value of x, itself using our experimental results. Alvarez et al.

obtained an upperklimit of 0.04 for X (see Table VI) and we want to see
if our value for Xy is consistent with it. We_ will consider henceforth
only spin 3/2 and 5/2  Using our value of o;: and setting € to zero,
we have found that A, for spin 3/2, is 0,185%0.036. This means that
A has only a 2.5% probability of being smaller than 0.11, that is, two
standard deviations below 0.185, We can now solve A= xk(l-xk) for
X and we find that X has only a 2.5% probability of being smaller
than 0.13 if the spin is 3/2, By the same calculation for spin 5/2 we
find that X has a 2,5% probability of being smaller than 0,08,

We can now use the central value and width from Alvarez et al.
and, with this additional information, again calculate the lowest pos-
sible values of x, for spin 3/2 and spin 5/2. We find that x, has
2.5% probability of being smaller than (a) 0.16 if the spin is 3/2, and
{b) 0.09 if the spin is 5/2. Also, the most likely values of X and their
errors for spin 3/2 and 5/2 can be found from Figs. 30b and 30c. For
spin 3/2 we find X, = OZSTSfi and X, = 072'5821,.3 . There are two
most likely values of X because A = xk€l~xk) has two roots. The

errors given serve merely as indications, since they are extremely

skewed B sDi 5/" find x = 0 18+008 and = =0 82+006
) or pPin L wWe 1I1n e = . .,0«06 K - ’ _Oq08 )

All these results are summarized in Table V.
We finally want to see what upper limit can be set on the value

of x, when we use the elastic cross section plotted on Fig. 26, No

k



-59-

*s1001 OMm]

SBY YoIym ;vﬂu?:vfn woay painduwod ST 3T 9DUIS .Mx JO sanjea Om} aIe 2I3Y,], 'I0II2 S}T pue Mx y0 anyea AToyIT 3soly 8
: nﬂ.Mx uey} IS[[RWS ST e jo anyea ani} ayl eyl A31T1qeqoad 9,G 7 ® ST 9I9Y] :SMOI[O] S POUIIP ST Eﬁmx g
) *anyea TedtsAyd sey Y 2BYI ‘9T *G7°(Q UBY] IS[[RWS ST Y 3Byl (%) .mﬁ.ﬂﬂ,mﬂmhnﬁ "3
(81-AI) 'bE ur psuysp st vV P
.83:? z03 (AN 0T%0%) 4P pue (ASIN 0TF099T) @N[eA [BIIUID T }2 ZIIBATY
Y3 Yim 197393807 juswrtiadxa INO JO UOTIDSS SSOID DIISBISUI JUBUOSSI 3Y] SI9M SUOTIRINO[ED 9S9YJ IOJ Pasn Blep syl °O
*(qur 0°1¥0°g) 1uswrIIadxs INO JO UOIIIIS $S0ID DIISBIOUI JURUOSSI 93 AJUO 9I19M SUOTIRINO[ED 959Y] X0J Posn BIep oyl 'q
*91q®} STY3} JO UOISSTOSIp 939T1dWIOD B I0F [ "D "AI] D95 O] PRIJISJaI ST I9pedd ayl °®
80°0-_,. 90°0- 5. . 2 ¥0°0-_.. . i . v
1o 9 0
90°0+2870 ol 4 60°0 50" 9L 90-0+710 80°0 %0001 $20°0¥€21°0 2/s
ZZ°07 e E1 D™ 5use " . ¥0°0- . . . ¥ i
Io0 9 0
e170+2L0 27-0+52'0 91°0 /0°05 80-0+92°0 €1°0 %G L6 9£0°0¥G8T°0 Z/¢
— =5 %Gz 010" 0240 — %e 8 ZL0T0F0LE"0 Z/1
1’0+
bl . :
g " n.avwvn o(§2°0> V)d p¥ G.HﬁvHun Sl§z 0>v)d ﬁ.< urdg
¥ -
u“_nmﬂuﬂnm&xu ‘Te 32 Z3I®ATY 2Uj pue juswiliadxa @omon juswitiadxa STIY] WOIJ BlEp
s1y3 woay elep Sursn Aq paureiqo Tx pur Y U0 s}TWIT] Sutsn Aq paurejqo My puU® YV UC s)TWIrT
B

e X PURY sajrjuenb sy} uo pssodwit §ITWII] 93 UO UWOISSNISTIp 2y} Jo Airwwing ‘A slqel



50 -

bump is observed at 760 MeV/c in the elastic cross secticn. However,
we feel that as much as 8 to 10 mb of that c¢ross section could be due to
YT{I()()O}Q Indeed, it is possible that some structure at 760 MeV/c is
hidden by the behavior of the 850-MeV/c point, which is on the rising
edge of the Kerth bump. el The ratio of the elastic to inelastic cross
sections is equal to xk/{luxk) and is spin-independent [ see Egs, (IV-11)
and {IV-12}]. Using 10 mb as an upper limit for the elastic cross sec-
tion, we find that the maximum value of Xy is 0,66,

We have listed in Table VI the branching ratios from Alvarez
et al. and ours. There are large discrepancies between the KN and
the Ay ratios. The disagreement between the KN ratios is consider-
able~-we find that if the spin is 3/2, there is only one chance in 600,000

that x,_ is smaller than 0.04, which is the upper limit set in the Alvarexz

k

et al. experiment for x If the spin is 5/2 we find that there is only

one chance in 60,000 thai X is smaller than 0.04. We realize that

we have facit}y assumed that the spin can be only 3/2 or 5/2 but, as

we shall see, angular distributions certainly do not favor spin values
greater than 5/2, These discrepancies require an explanation,

The branching ratio indicates how strongly a given channel is
coupled to the resonance. In Fig. 31 we have drawn two diagrams
showing what happens as far as Y?(1660) production and decay are con-
cerned, in our experiment and in the Alvarez et al. experiment. If
¥

ing we would expect identical branching ratios in both experiments. But

{1660) were a narrow resonance and traveled very far before decay-

this is not the case, because the resonance is 40 MeV wide. This cor-
responds to a mean decay length of only 1.0 fermi, and final-state in-
teractions can therefore take place., Furthermove, in the Alvarez et al.
experiment, reactions such as

K™+ p = K (885)+ N; K (885) - K +w (IV-19)
and K 4 p Y (1660) + 7 Y (1660} - K ¢ N, (IV - 20)

can take place simultanecusly. These two {inal states overlap censider-
ably, and interferences can take place between these two production

processes, The same is true, in the Alvarez et al. experiment, of
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Table VI. Branching ratios for Yl(1660)a

Experiment I

Experiment IIC

Am 0.31 <0.09
& 0.27 0.22%0.06
Anw 0.18 0.16£0.05
2 0.18 0.2540.006
KN <0.04 > 0,16

a. The branching ratios for the two experiments have been normal-

ized so that their sums are equal to 1.0,

b. The experiment of Alvarez et al.

c. This experiment.

d.

We have used in this column the spin 3/2 lower limit for X

{see discussion). We remind the reader that in our experiment

x, > 0.09 for spin 5/2.
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the two reactions

K™ 4 p Y] (1660) + m; Y (1660) ~A 4 (IV-21)

and
%

1

In our data, no such interferences or final-state interactions can take

K +p=Y,(1385) + m; Y’I::(1385) A (IV-22)
place. We therefore conclude that the discrepancies must be attributed
to interferences and final-state interactions.

It appears that the quantum numbers of a resonance should be
determined, whenever possible, in reactions in which the resonance is
"formed, " as in Fig. 3la, rather than in reactions in which it is
'"oroduced, "as in Fig. 31b. Production reactions are very useful for
finding resonant states, since they cover wide ranges of recoil energy.
But because of final-state interactions and interferences, which can be
very large | as we have seen in the case of the Y’lk(1660)] , no reliable
information can be extracted on the spin, parity, and branching ratios
in production experiments. However, once a resonance has been found
in production reactions, one can set up another experiment and analyze

it in a formation reaction.

sk
2, Angular Distributions and the Spin of Y1(1660)

Forgetting for a while the existence of the resonance, let us
examine the angular distributions by themselves for what information
we can obtain directly on the amplitudes present in the region.

The plots of the probability P in Figs. 8 through 10 indicate
that at 620 MeV/c and 760 MeV/c only cosZG terms are needed to fit
the angular distributions. At 850 MeV/c, on the other hand, cos>6
terms are clearly required. In Appendix B a complete expansion of the
differential cross section in terms of the amplitudes up to f5/2 has
been given [ Eq. (A-8)]. It is clear from that formula that if an angular
distribution contains terms up to coszﬁ the only large amplitudes that
can contribute are 51/2’ pl/Z’ and either p3/2 or d3/2. Large amounts
of other amplitudes would immediately lead at least to large cos 6

terms through interferences.



b

All the 620 MeV/c angular distributions are quite similar to
those obtained at 510 MeV/c by Ferro-Luzzi et al. 8 These authors
found that the s-wave amplitude dominated the K -p system at 510
MeV/c, and it seems reasonable to assume that this is also the case
at 620 MeV/c. At 760 MeV/c the coefficients of cosZG are much larger
than at 620 MeV/c in all the distributions, and this indicates that p waves
have now come in strongly. At 850 MeV/c, the cos39 terms indicate
that d waves are also present.

Let us examine now what can be said about the spin of YT(1660)
on the basis of the angular distributions. It is very hard to make quan-
titative estimates of the likelihood of a given spin, because we lack a
knowledge of the angular distributions at closely spaced points around
the resonance region. This knowledge is very important if we are to
clearly determine what the background amplitudes are in the region.
Indeed, with several points in the resonance region one can assume,
as a first approximation, that all the variations in the coefficients of
the angular distributions are due to the resonant amplitude and, from
this, background amplitudes can be determined. Furthermore, with
many points, an overall fit to the data is possible, and confidence
levels can be given.

In our case a fit is not possible, and the confidence we have in
the various spin assignments cannot be expressed quantitatively. How-
ever, to distinguish between the spin values we remember that no sig-
nificant cos 6 terms are required in any of the angular distributions at
760 MeV/c. This means, as we have said, that 51/2’ pl/Z and either
p3/2 and d3/2 >;':,re present at that momentum. This already points to
spin 3/2 for Y1(1660). However, a question remains: would it be easy
for a resonant amplitude of angular momentum 5/2 or greater, with
the partial widths that we have given in Table VI, to have passed un-
noticed in the angular distributions ? This is the question we examine
now.

As can be seen in Appendix B, the cos39 terms contain such
products as 15 Re ST/Z f5/2 and its parity transform 15 Re p>1;</2 d5/2.

3
The cos 0 terms are therefore very sensitive to 5/2 amplitudes. We
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want to find out the lower limit that we can set on sl/Z in order to ob-
tain an observable interference with an f5 2 resonant amplitude, con-
sidering the errors in our cos39 terms at 760 MeV/c. Taking Em'rr+,
and assuming that a cos39 term of 0.08 {see Fig. 19) could have been
distinguished, we find that an sl/Z amplitude of 0.05 corresponds to
such a situation if 51/2 and £5/2 are in phase, T;e cros; section

for such an 51/2 amplitude would be given by 4wk i0=05i ; namely,
only 0.06 mb. Ii the Sl/Z and f5/2 are at 45° with respect to each
other, the 81/2 becomes 0.085, and the corresponding cross section
is 0.12 mb, One of course obtains identical results for the parity trans-
forms of these two amplitudes (i.e., p}_/Z, and d5/2)° In the other
channels, similarly small nonresonant amplitudes would give detectable
cos30 terms. Now, loocking at Figs. 26 and 27, we see that the back-
ground cross sections are clearly much larger than the resonant cross
sections, both in the elastic and in the inelastic channels. A large
part of this nonresonant background is evidently due to 51/2 and pI/Z
amplitudes. It therefore appears that spin 3/2 is more consistent with
our data than a higher value of the spin because in the latter case we
expect large 00532 terme. However, we do not consider this analysis
as a proof that the resonance is spin 3/2. Only another experiment
with at least 6 to 8 data points in the resonance region will provide a

final answer to the spin question.



-67-

V. CONCLUSION

We have shown that the K 4 p system is mainly s wave at
620 MeV/c, and s and p wave at 760 MeV/c, and that d waves have
further appeared at 850 MeV/c. We have shown that YT(1660) is pro-
duced at 760 MeV/c, and its branching ratios have been determined.
The size of the inelastic cross section at 760 MeV/c rules out spin
1/2 for YT(1660), Finally, the absence of c0538 terms in the angular
distributions indicates that spin values greater than 3/2 are not con-
sistent with our data.

We have not discussed the parity of YT(1660), Only a knowledge
of the energy dependence of the sin 6 cos 6 terms in the polarizations
of the Am® and Zm channels can settle this question. It is interesting
to note that Glashow and Rosenfeld have recently shown that the
YT(1660} fits very well in the "eightfold way" classification of the res-

onant states if it is a d3/2 resonance,
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APPENDICES

A. Clebsch-Gordan Coefficients

We list here for reference the Clebsch-Gordan coefficients for
the two-body reactions. Symbol T denotes an amplitude of given total
angular momentum and parity, and the subscript refers to 1 spin:

T(K'p) = 1/2 (T((RN) + T, (KN) ), (A-1)

T(K’n) = 1/2 (TH(RN) - T, (RN) ) , (A-2)

T(zte)= 1/ /2 (1 /,\/—T (Zm) - 1// 2T, (Zm)) (A-3)

T(E =1/ 20 /3 T, (Em) + 1/J‘T1 (zm) ), (A-4)

T(Z°1%)= 1/n/"2Z (1 /A/3 Ty(Em) ), (A-5)
1/A[Z (T (Am) ). (A-6)

It is clear that the sum of the squares of the amplitudes for the

T(AT?)

charged states of a given channel contains no interference terms, and
is merely equal to one-half the sum of the squares of the pure I-spin

amplitudes for that channel; for example,
IT@ 7 |% 4 [T@ )%+ | Tz |?
= 1/2{ |T0(zn)|2 + |T1(Z'rr)|2} i (A-7)

It can easily be shown that this last statement is also true for

three-body final states.

B. Differential Cross Sections up to Angular Momentum 5/2

To represent the orbital angular momentum 1 and the total angu-
lar momentum J of an amplitude, we use a letter (from the standard

spectroscopic notation) to denote 1, and a subscript to that letter to de-

note 2J. The center-of-mass angle is denoted by 0. We have:z'5

2 2 2 2 2 2 2
kc(e);{|51| +|p11 +|p3\ +Id3| +%(\d5| +|f5|

3k Fe 3 sk E 3 sk ¢
+ 2 Re| -(sld3 + p1p3) - —Z(sld5 + P, fr) + 5 (d:,,d5 + p3£5)]}

(A-8) continued



10,

-

REFERENCES

Ronald R, Ross, Elastic and Charge-Exchange Scattering of K~
Mesons in Hydrogen (¥Ph, D, Thesis), Lawrence Radiation
Laboratory Report UCRL-~9749, June 21, 1961 (unpublished}.

Paul Nordin, Jr.,, 8- and P-Wave Interactions of K~ Mesons in
Hydrogen (Ph. D, Thesis), Lawrence Radiation Laboratory Re-
port UCRL-9489, November 21, 1960 (unpublished).

W. Grasziano and S. G, Wojcicki, K4 p Interactions at 1,1Db BeV/c,
Lawrence Radiation Laboratory Report UCRL-10177, May 29,
1962 (unpublished).

W. H. Barkas and A. H. Rosenfeld, Data for Elementary-Paxticle
Physics, Lawrence Radiation L.aboratory Report UCRL-8030 Rev.
{April 1963 Edition)} {unpublished).

G. Alexander, L. Jacobs, G. R. Kalbfleisch, D. H., Miller, G, A,
Smith, and J. Schwartz, in Proceedings of the International
Conference on High Energy Physics, CERN, 1962 {(CERN

Scientific Information Service, Geneva 23, Switzerland). p. 320.

1.. W, Alvarez, M.H. Alston, M. Ferro-Luzzi, D, O. Huwe, G. R,
Kalbfleisch, D, H, Milier, J.J. Murray, A.H. Rosenfeld,

J. B. Shafer, F.T. Solmitz, and Stanley G. Wojicicki, Phys.
Rev. Letters 10, 184 (1963),

Bastien and J. P, Berge, Phys. Rev. Letters 10, 188 {1963),

K

M. Ferro-Luzzi, R.D. Tripp, and M. B. Watson. Phys. Rev,
Letters 8, 28 {1962), See also R.D. Tripp, M.B. Watson, and
M. Ferro-luzzi, Phys. Rev. Letters 8, 175 {1962); and
Mason B. Watsan, K -Proton Interactions Near 400 MeV/c
{FPh. 2. Thesis}, Lawrence Radiation Labcratory Report
UCRL-10175, September 1962 (unpublished).

P. L. Bastien, O,I. Dahl, J.J. Murray, M.B. Watson, R. G, Ammar,

and P, Schiein, in Proceedings of an International Conflerence

on Instrumentation for High-Energy Physics {(Interscience
Publishers, Inc., New York, 1961}, p. 299,

Joseph J. Murray, in Proceedings of an International Conference

on Instrumentation for High-Energy Physics {Interscience

Publishers, Inc., New York, 1961}, p. 25,




1l

12,

13,

14,

15.

16.

17,

18.

19

20.

~73 -

#*

J. Peter Berge, S- and P-Wave Analysis of Y1(1385) Production
in K +p—=A 47 41 at 760 and 850 MeV/c.
This microscope was built under the direction of Mr. Jack Franck,

whence its name,

Arthur H. Rosenfeld, in Proceedings of the International Conference

on High-Energy Accelerators and Instrumentation (CERN

Scientific Information Service, Geneva, 1959), p. 533. Also
see W, E. Humphrey, "A Description of PANG Program, "
Alvarez Group Memoranda Nos, 111 and 115, Lawrence
Radiation Laboratory, Berkeley, California (unpublished).

Arthur H. Rosenfeld dand James N, Snyder, Rev. Sci. Instr. 33,
181 (1962).

Dave Johnson, The EXAMIN System, Alvarez Group Memorandum
No. 271, Dec., 1961 (unpublished).

L. Champomier, SUMX, Alvarez Group Memorandum No. 389,
June 1962 (unpublished).

A, H, Rosenfeld, Nucl. Instr, Methods 20, 1 (1963).

Burton J. Moyer, Rev. Mod. Phys. 33, 367 (1961).

A, H, Rosenfeld, Reference Manual for KICK IBM Program,UCRL-9099,
May 1961 (unpublished).

If we were to do this experiment again we would use histograms
instead of ideograms, Before we give the reasons why ideo-
grams were used let us explain the differences between histo-
grams and ideograms. Ideograms appear to be useful in two
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Furthermore ideograms make it difficult to evaluate the statis-
tical significance of a peak in a distribution. It seems therefore
that data should be plotted in the form of histograms although
the corresponding idecgram forms a useful complement to them.
In this particular experiment using histograms rather than ideo-
grams would have yielded the same results. Now, at the begin-

ning of this experiment, we did not take into account the fact that
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in 0 prong + V events, the beam tracks appear shorter than they
really are because of gaps at the end of the tracks. This, in

turn, tends to make the missing rmass recoiling against the

(K™, A) system appear larger than it really is. In particular,
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