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LOW-ENERGY INTERACTIONS OF K~ MESONS IN HYDROGEN"
William E. Humphrey and Konald R, Ross
Lawrence Radiation Laboratory

University of California
Berkeley, California

Jandaryad2; 1962
ABSTRACT
A study has been made of the K-p interactions {n a hydrogen bubble chamber.

Cross sections have been determined at 25~Mev/c intervals in the range 75 to

275 Mev/c K~ lab momentum. About 90% of the hyperons were produced by K™ -p

- interactions-at rest, and these events were used to calcula._te at-rest production

ratios and hyperon lifetimes.

The observed hyperon decay rates from this experiment yield the following

hyperon mean lifetimes:

T = (1.58 20.06)x 10710 gec,

z -10
T .= {0.765 = 0.04)X 10 sec,

and £ L e10
N (2.69 = 0.11) X 10 sec.

The observed branching ratios for =¥ and A decay are

(' v’ ¢ n) /{(E = 2t 4 0) + (Z* = a% 4 p) J= 0.490 ¢ 0.024,

and

=" +p)/{CA~n"+p) 4 (A~10+n)] =0.64320.016.

The K -p interactions occurring at rest yield hyperon production rates in
the ratio

£7: % 2% A = 0.447: 0.208: 0.281: 0.064.
The in-flight K -p intoractions are dominated by the hyperon production
process. Analysis of the clastic-scattering angular distribution shows that the

nuclear part of the amplitude hae a large imaginary part and a real part consistent
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with zero. The absorption cross section is néarly geouﬁetric for s-wave inter-

actions throughout the observed laboratory raomentum range. Angular distributions

for all the K -p interactions are quite consistent with isotropy.

An s-wave zero-effective-range analysis of the K~ -p interactions has been

- carried out. Two sete of parameters were found that give acceptable fits to all

the data. The xz test gives‘pmbabmty of ‘48% for Solution 1, and 8% for Solution 2.
The scattering iengths which best fit the data of this experiment are:

Ao = - 0.220 + 2,7421 for the isotopic epin-b channel, and A, = 0.019 + 0.384 4

for the isotopic spin-1 channel. |
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LOW-ENERGY INTERACTIONS OF K~ MESONS IN HYDROGEN
William E. Humphrey and Ronald R. Ross
Lawrence Radiation Laberatory

University of California
Berkeley, California

January 12, 1962
1. INTRODUCTION

This work deals with the interaction of K mesons with protons, for K~
momenta less than 275 Mev/c. At such energies, the fouowihg interactions can

take place: ‘

K +p~13'4-1r'+,
*Eo * wo .
-2t in,
- A+ 0 '

»Angos

-K +p,
- Ko +n,

%

- I+ 2n,

v Those K mesons that iixteract at rest can give rise to the first five inter-
actions. In this experiment, all of the two-body final etates have been analyzed to
obtain a description of the low-energy interactions in terms of six parameters, by

o using the formalism of Dalitz and Tuan.! In connection with this parameterization,
at-rest interactions of K- mesons were assumed to occur from s-orbitals in ac-
cordance with the arguments of Day et al. 2 Other resulte presented in our paper

are angular distributions at production and decay, and hyperon lifetimes.
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A large p;&rtiou of the data incluéed in this work has been reported in the
form of preliminary results presented by Luie W. Alvarez at the 1989 Kiev
Conference on High 'Energy Phyaics.a A more detailed discussion of the analysis
presented in this paper is available. 4,5
| A summary of data up to 1960 relevent to K~ meson phy#ics has been reported

by Freden et al. 6

A detailed analysis has been made of the low-energy elastic K~
meson scattering on free protons in emulsion By Davis et al. 7 Although their
results are not included in this analysis, there is excellent agreemeut between their
data and our effective-range solutions. Theoretical discussim§ pertaining to K~

interactions have been reported by Jackson and Wyl&a and Dalite and Tuan. ’

II. EXPERIMENTAL ARRANGEMENT
The main problem encountered in setting up a K~ beam at the Bevatron is

the separation of the I mesons from the v HECKEroun® iy ia difficult in that

the @ -to-K~ production ratio is about 1000 to 1 a; a secondary beam momentum
of 450 Mev/c. Since the v mesons live longer than the K~ mesons, this ratio
becomes even larger at the detector. In this experiment, the problem was solved by
using a coaxial velocity spectrometer developed at Berkeley by Joseph J. Muzray. 9
The resulting beam has been described in detail elsewhere, 10 so that only its
characteristifh at the bubble chamber are given here.

A echematic diagram of the beam is shown in Fig. 1. The momentum before

the absorber was 425 Mev/c, and the thickness of the copper absorber was adjusted

~ to@ive a mean momentum of approximately 180 Mev/c at the center of the chamber.

Because of the nonlinear nature of the range-momentum relationship, the mo~
mentum distribution at the chamber was very skew.

The flux of K mesons was 1 in four pictures. It was limited mainly by
the number of background tracks allowed per picture, which was nominally 25.
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The background consisted of 85% p~ and e’, and 15% v . In a total of about 45 000
pictures, we observed approximately 11 000 X~ mesons that either passed through

or interacted within ihe chamber.

1II. DATA PROCESSING
A. Scanning

A set of four atez;eo photographs was taken for each bubble chamber expansion.
Approﬁmately 45 000 such stereo sets were examined in accordance with the
scanning method described below.

Each picture was scanned in at léaat two of the four views available., De-
tection of interactions was accomplished by temporarily masking from view all
of the bubble chamber photograph except about & quarter of it, at the end of the
chamber through which the beam entered. From the portions of trdcks vieible
ét the beam eantrance, it was possible to identify the K~ mesons by inspécticm oﬁ
the basis of the gap density along the track, and by curvature. Background tracks
with few gaps between bubbles (like .the gap density of K tracks) were of such low
momentum that the tracks could_be rejected by reason of their high curvature.

The number of K candidates in a photograph was recorded, and then the mask
was removed to reveal the full picture. Each K candidate was then traced
through the picture until the K either interacted, decayed, left the chamber, or
was rejected as background. Finally, the result of the track scan was recorded.
The track-following method allowed event detection in such a way that the con-
figuration of an interaction had no influence on whether or not an eve:it was dis-
covered by the scanner. Careful second scans ghow that less than 4% of the K

tracke were missed with this scanning technique.
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Special emphasis in scanning was placed on the detection of neutral
particles from K™ -p interactions. Whena K~ track terminated in the chamber
volume, a search was made of all four views of the chamber to detect any pair
of charged particles {these pairs form a "V' which pointe in the general direction
of the interaction) that might represent the decay of a neutral. Since in some cases
it ie .posaible for one of the tracks forming the V to be very short, single tracks
pointing to the end of the K~ track were also recorded.

The events analyzed in this experiment have been restricted to a central
volume of the chamber defined by certain fiducials etched in the top glass of the
chamber. The volume was chosen in such a way that events in the region were
well {lluminated, and part!cles. leaving the interaction vertex were visible over a
long enough distance to be measurable. At the scanning stage, events outside of
the baundary were recorded, leaving the final aglectﬂon with respect to the fiducial

volume to be made during the computer analysis of each eveat.

B. Event Proceseing

Each event identified in the scamiing operation has gone through one or
more of the following stages:

(a) Sketching—The event is carefully examined and instructions for measuring
it are entered onto a card bearing a sketch of the.event.

{b) .Meaeuring-A projection microscope digitizes, in cartesian coordinates,
the location of 2 to 20 points along particle tracks in the stereo photographa. | These
coordinate pairs are punched into IBM cards, together with identifying information
and measurements of certain fiduciale located on the bubble chamber window.
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(¢} Ewvent computa.tions;-A series of IBM 704 programs are used to re-
construct the event in space gnd determine ite kinematic pargmeters at interaction
or decay vertices4’ 5 (see Fig. 2).

(d) Bemeasurainent—!ﬂvents can fail to be processed through Stage (c)
for a large n‘umber”oi reasons, ranging from measuring-machhvze fajilure to human
errors. It is often necessary to repfocess events several times before obtaiﬁing
acceptable measurements.

(e} Hand analysis—In the sample of events procasaed,bthere were a few
events having kinematic or spatial _conﬁgurauons that made them difficult to
analyze through the nofmal.chaxmells described above. In these cases, the analysis
was done partially by hand, and the results were punched on IBM cards for
handling at Stage (f). About 6% of the events were analyzed in this way.

{f) F:;xperiment computaﬁons-At this aiage all the events processed in the
previous stage are examined as a whole, and the parameters of interest in the
experiment are determined through a series of IBM 704 programs which use the
accumulated information of both machine and hand analysis of individual events.
These calculations will be described in more detail in the following section.
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IV. ANALYSI3S AND RESULTS
A. PavhhLiength for Determination of Cross Sections

The total K~ path length was 1600 m, of which 64.2% was contributed by
K mesons passing through the chamber, 29.2% by K mesons that stopped or
interacfed in flight, and 6.6% by K mesons that decayed. The energy spread of the
beam entering the bubble chamber was such that K~ interactions occurred at |
momenta ranging from about 300 to 0 Mev/c. About 90% of the hyperon interactions
" occurred at rest. Although the energy spread allows investigation of the entire
low-energy region as a whole, there are alse complications connected with the
wide range of interaction energies. The cross section ¢ is defined in terms of

the relation
n=agf|[(p NO)/A]' ‘ ’ _ (1)

where (p No)/A = number of piotona per unit volume (B.BXIOZZ/cm3) '

£ = observed K~ track leagth, and

n = numbe? of interactions observed.
However, since the (;tésé section and the observed path length vaiy as a function
of the momentum interval being considered, two basic tasks must be completed
befmje the cross section can be determined in.seversl momenturn i{ntervals.

The first task is the estimation of the path length in the varioué momentum

intervals from 0 to 300 Mev/c. All the K tracks that entered the interaction
volume were measured, and the length of path and momentum at an entrance plane

were calculated. 4,5

In the case of the interactions that were fitted, the momentum
at the entrance plane was very well known from the kinematic fit of the interaction.

However, the rest of the K tracks depended for their momentum measurement
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on the observed curvature of iha track in the magnetic field of the bubble chamber.
These curvature measurements typically had 6 to 10% uncertainties.

X The momentum distribution at the entrance plane to the interaction volume
has a predominance of tracks in a relatively narrow momentum interval (about
200 to 250 Mev/c). The momentum measurement errors tend to smear out the

momentum distribution, which made it necessary to recover the original distribution

by un\folding the observed distribution. To do this, the following matrix relationship

was used: _

Ly= DL, ' 2)

where f-!‘»‘t . vector representing thé true number of tracks in each of 12 momentum
intervals at the entrance plane, _

L, = vector repmsenting the observed ni.ambér of tracks in each of 12

momentum intervals at the entrance plane,

zji = a matrix element indicating the percentage of events inl the ith true

interval that would be observed in the jth observed interval, on the basis

of the typical error for events in the ith interval.

After solving for L,. a range-momentum table was used to establish how
much path length was contributed in the various momentum intervale by tracks
distributed according to the vector -’.'Zt This unfolding procedure was applieci to
events from each of four thicknesses of copper absorbér used in this experiment,
and these path lengths were accumulated, a.long with the path length for the
interactions, to give the path length per momentum interval displayed in Fig. 3.
This path 'length includes only K track length in the interaction volume not pre-

ceded by a visible K-p scatter.
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The second task, before the cross sections can be computed, is to estimate
the true number of interactions in the various menientum intervals on the basis of
the observed momehtum distribution. Yor the hyperon events this proceduie is
complicated by the fact that the low-énergy interactions are plagued by a2 'back-
ground' of stopping interactions. Moreover, the precision with which the mo-
meﬁtum of the K is determined varies by as much as a factor of 10, according
to the conﬁguratioﬁ of the individual events. Therefore, a maximum-likelihood
estimate was made for the true mbmantum distribution by using the observed
error for each event (see Apﬁendik).

In the choice of momentum-interval widths, we were guided by the desire
to measure the c¢ross section as a fumtiongg?.‘ momentum, as accurézely as poseible,
An interval covering all events of the axperimeét would give an accurate mea-~
surement of the average cross section because of the large number of event‘s. but
would giire no ifformation about the momentum dependence of the cross section.

0#1 the other hand, if the intervals were too narrow, the statistical __ﬂn?:tuatiens
of the numbers of eveate in tBe individual bins would be large, and uncertainty

in the }moxnentum of individual events would cover several bins. The 25-Mev/c
width used vas & compromise betﬁeen the two extremes. Exrrors were propagated
to the cross-section estimates from both the matrix-inversion technique and the

maximum-likei_ihood method.
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B, Elastic Scattering
A total of 419 elastic scatterings were observed within the fiducial velume.
Selection criteria on the minimum angle of scattering and minimum momentum
were applied to these events to obviate laige and uncertain correctio_ns to the data.
The small-angle cutoff was made on the cosine of the center-of-mass (c. m. )
angle, in order to have all angular distributions over the same range of cos 6 .

c. m.

The cutoff was cos 81,

{c.m. © 0.966, which corresponds to a laboratory-system

scattering angle for the X~ of approximately 10 deg over thg entire momentum
range. For momentza less than 200 Mev/c, the amplitude for Coulomb scattering
at this angle is larger than the nuclear amplitude, and the effect of the Coulomb
nuclear interference wilibeclearljiindicatedbythieidta. At higher momenta, the
Coulomb nuclear interference has less effect on the angular distribution because
the maximum interference is &t an angle smaller than the cutoff.

Additional selection criteria were applied to the azimuthél angle of the plane

of the scattering for events with cos Gc m between 0.966 and 0.85. Events in

this range whose plane of scattering made an angle greater than 30 deg with a
vertiéal plane were accgpted. Five events failed this criterion, whereas azizﬁuthal
symmetry predicts (from events satisfying th.e eriterion) that 13.5 events should
fail, A correction of 3/2 (based on the assumption of azimuthal symmetry) was
applied to the events accepted. The events left after application of the small-angle
and azimuthal-angle cutoffs are shown in Fig. 4.

A K~ leboratory-system momentum cutoff at 100 Mév/ ¢ was imposed
for the following two reasons:

(a) The detection efficiency for elastic scatterings is a function of the

iength of the recoil particles, and therefore decreases rapidly at low momenta.
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The residual range for K~ mesone of 100 Mev/c is a little over 1.5 cm in liquid
hydrogen. When they scatter at 180 deg from a proton they are left with a residual tw'g
range of 0.2 mm, which is not enough to make one bubble (one bubble =~ 0.25 mm);
however, the proto:i has a range of 0.7 cm and ia’_ easily detected. At 75 Mev/c the
residual range of the K~ is down to 0.5 cm, and the corresponding 180-deg
scattering produces a proton with a range of about 3 mm. In bcatteringo at anglés:
less than 180 deg at these momenta, both proton and K~ tracks are very short.
Because of the short recoil tracks, we must take into accoﬁnt that a K™ meson
coming to rest in liquid hydrogen makes charged hyperons more than half the time.
Pictures of this type of event have two densely ionising t;'ack and one light one,
all meeting at a point. The charged hyperon and ¥ meson are coninear_',. but have
random orientation with respect to the K~ direction. There is, thareft;te. some
probability that the elastic scatterings at low momenta preceding this type of event
will be obscured.

(b) The other effect that requires a 100-Mev/c cutoff is the distortion
of track images caused by nonuniform density of liquid hydrogen in the light path
from track to film., We observed displacements of the images of tracks by as
much as a track width over lengths of track from 1 mm to 0.5 cm. The effect
could be compensated for if it were in the middle of a long track, but those cases
in which the distortion was in the last 0.5 cm of the incident K were very dif-
ficult to interpret. These factors, giving rise to large uncertainties in scanning
biases at low momeata, coupled with the fact that only 13 events are observed

between 50 and 100 Mev/c, made it necessary to apply this cutoff at 100 Mev/c.
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Two sources of systematic error in the number of events observed at
small angles were considered. The first concerns an enhancement of the number of
large-angle events observed owing to mce&ginty in the value of the measured angle
of scattering. Since individual measurements of the angle of ecatfering are, to
first approximation, distributed symmetrically about the true angle of scattering,
and since uncertainty of measurement does not vary rapidly with angle, the
probability of observing a 9-deg scattering at 11 deg is the séme as the probability
of observing an ll-deg ecattering at 9 deg. However, the | l/siné(e/Z)] de-
pendence éf the Coulomb cross sectior gives more events truly at 9 than at 11 deg,
and 80 the number observed at 11 deg is systematically increaéed. Corrections
for thie effect were calculated on the assumption thaf the angular distribution is
given by the Coulomb cross section out to angles where the Coulomb cross section
is equal to the nuclear cross section. No corrections were applied beyond this
angle.

'The second source of systematic error considered was that due to Moliere
or plural scattevrin;g. For the angles considered, Moliére scattering can be
represented as an effective increase in the Coulomb scéttering cross section.

Bethe has derived a formula for the asymptotic ratico of Coulomb to actual s«:att'eriag,1
and calculations of this ratio for path length of 0.5 cm of liquid hydrogen showed the
effect to be vsma.ll. The largest cotreﬁﬁon was 2%. No corrections were necessary
in the region -1.0 to 0.85 in cos Oc‘ m |

To determine cross sections as a function of momentum and angle, the
events of Fig, 4 were divided into four intervals in cos Oc. m.* and ten intervals
in momentum. Because of the isotropic nature of the distribution in the region where

Coulomb scattering is small (cos ec m < 0.85), the data in this region were all

1
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c.m. "’ 0.85 to 0.90,

0.90 to 0.095, and 0.95 to 0.966, were chosen to give a maximum amount of

lumped into one cos 8 interval. The three intervals in cos 8

information about the Coulomb nuclear interference. The events in each angular
region were analyzed separately as a function of momenfum. as described in
Sec. IVA, The final estimates of the number of events per momentum interval
for X lab momentum greater than 100 Mev/c were converted to cross sections
by the use of Eq; (1) and the path length shown in Fig. 3. |

The total elastic-scattering cross sections for values of cos 6 between

c.m.
-1.0 and 0.966 are presented in Fig. 5 and Table I. These values are the sums
of cross sections observed in the four angular intervals, and therefore contain

Coulomb ag well as nuclear scattering. The uncertainties shown in Fig. 5 are

the square roots of the diagonal terms of the variance-covariance matrix of Table 1.

The solid curve is the cross section calculated by usging the parameters of Solution 1
{Table XIII). .

. It was considered desirable to determine the modulus and phase of the
nuclear part of the elastic-scattering amplitude, independent of the s-wave zero-
effective-range theory. To get a statistically eignificant estimate of the scattering
amplitude, we determined two average differential-scattering crosse sections by
averaging the cross sections for each angular region over groups of three mo= |
mentum intervals. The average differential-scatiering cross sections for the
intervals 100 to 175 Mev/c, and 175 to 250 Mev/é K~ lab momentum are shown

in Fig. 6. In Sec. V-D, we show how the nuclear part of the scattering amplitude

-, has been estimated from these: cross sections, . Uiz 2ulic anree do-8nh {3ony ealion

e T T e S S T oy ey e Ll D (PR S S S Ty s £ g
oalasdssad T peing the plpnesae vl Uhlaman 3 { TR
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c. Charge-Exchange Scattering

Aﬁo production event is detectable when the ‘Ro decays via one of its

charged modes, or when it interacts in the hydrogen in such a way as to produce

'charged particles. Of the 29 %9 events observed, 25 were normal K? decays,
K(; - 'ﬂ* + n B |

and formed the sample used for calculation of the cross section as a function of
momentum. In addition, thare ware two inelastic scatterings giving rise to hyperons.

The first scattering was identified as

Re(fp* s,

0

followed by gt - p + w3 the second as

Roﬂ’p"ﬁ‘?'“{’o

followed by A ~p + 7 | .
Two other %0 events were examples of the Kg decay into three-body final states.
The observation of two Kg decays is coneistent with the pnﬁnshed lifetime of

6.1(+1.6/-1.19x10"8 sec. 12

Care was taken to distinguisii between the Ro decays and the A-hyperon decays

Ambiguities in the identification of these V events arise oniy if the proton of the

A decay cannot be distinguished from the z* of the K? decay. In a total of about

1000 V's, only five cases were ambiguous at the scanning stage, and a kinematical

analysis of these events for both iﬁterpretatione yvielded unambiguous identification

for all five. Three were A eovents and two were Ko .

1
We used only Kg of length > 1 mm, to avoid ambiguity between events with

short T{o and short X tracks. The similarity in momenta of the u's in tho inter-

actions
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v

K" ;x-v p- =5y ot Zf"mﬁz% -nﬂi +n,
and | |

K +p «-Ko+n.,:},‘-‘.' Kg—-u+ +n K
makes kiﬁematical separation impossible £or. many spatial configurations if
the I or K° trackis too short to be seen. It was often possible to fit both
hypotheses. - |

Application of the 1-mm cutoff eliminated one of the 25 detected events.

For each of the remaining K?'s‘ we calculated the probability of the & length
being less than 1 mm, and the probability of escaping the volume. In this w'ay' the
oba'erved Kg' 8 aervéd a8 an estimate of the spatial and momentnm distribution
of ihe cémplete sample. The calculationa indica.ted that 17, 8% {5.25 events) should
be less than 1 mm long, and that 0 9% (1/3 of an event) ehould escape the volume.
The lifetime used for these corrections was 0.95X10° -10 sec. 12 Corrections were
also made for the factzthat only one-third of the ®%q produced decay via the charged
Kg mode. | ‘ | )
In Fig. 7:we show a scatter diégram of the 25 K° evente, The: X 2 for the
hypothesis of an isotropic angular diatribui:i;n is 3.8 for three degrees of freedom.
Cross sections calculated from the maximum-likelihood estimates are presented
in Fig; 8 and Tablé II. The uncertainties in the cross sections shown in Fig. 8 are
the square roots of the diagonal terms in the variance-covariance matrix of Table II.

The solid curve in F‘i‘g.. 8 is the croses section calculated by using the parameters
of Solution | (Table XIIi). '
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D. Hyperon Production

Several sclection criteria were vappliéd‘ to the hyperon events. A 0.l-em
cutoff on th.e. hyperon length and a 20-deg K-hyperon-angle euto_ff served two
purposes; ﬁﬁ‘itet.~ it made analysis,of the poorly determined and hard-to-measure
evenls unnecessary; and secondly, it eliminated from consideration nearly all
the events in the aknbiguous classes. In order to éompeasate for the events' culled
from the. s&m‘plé. the probability for obgerving each event was calculated on the
basis of the selection criteria, the momeatum of the hyperon, and the hyperon
lifetime. For the T pa.rticles the accepta.nce probability for each event accepted

was given by

cos ef - COo Gb

Ag=em [w1,,] —ig . @

where |
t. = time required for the £ to travellthe cutoff distance of 0.1 cm,
T = lifetime of X, |
9, = forward cutoff angle in the €. m. system, and
. ab = backward cutoff angle in the c.m. system.
Correcﬁons for culled A hyperons s»"e'm carried out in much the same way
as for the Z analysis, except that an escape correction was included for each event,
since only A_ decays within the i{nteraction volume were considered. As a con-

sequence, the accepiance probability for each A event was computed as

AA=QXP [-tC/7J -exp [te/'r] ’ : (4)
where
t ¢ ” time required for the A to travel the cutoff distance of 0.1 cm,

t, = time required to escape through the nearest boundary plane of the
1nteiaction volume, and

7T = lifetime of A.
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Additional correétiona were found to be necessary in the hyperon analysia.
Careful examination of the axﬁbig\;ous Z classes revealed that there were'some
Z events that were actually longer than 0.1 cm (and should have been included in
the analysis), but the = was hard to identiky because the n decayed almost
collinearly with respect to the Z. This effect was taken into account by calculating
the estimated number of Z particles having the above properties. The number of
events was calculated to be 20 =% ‘and 30 =~ events, which should have been in-
cluded in the analyzed sample. The cross sections were corrected for these events
by an overall scaling factor. These additional events were predominantly short
(i.e., just greater than 0.1 cm); hence, their principal effect was to modify the
lifetime estimates slightly, necessitating a lifetime correction. A similar cal-
culation was made for the ambiguous A class, and the additional number of A
events which should have been analyzed was estimated to be ten. The A cross
- section was corrected for these events. The estimates for the hyperon production croas
sections;are shown in Figa. 9 and 10 and summarized in Tables IiI, IV, and V. For
each charged Z event givingiam inaflightifitiiithe 'laboratorfv momentum and c. m.
cosine have been plotted on a scatter diagram (Figs. 11 and 12).

The most rcliable value of the A /{ Z}q + A} ratio is the one obtained for
A production by K interactions at rest, where the separation between direct and
1ndire§:t A's can almost be done by inspection (see Fig. 13). Four of the events,
with an energy near 35 Mev, are interpreted as K™ +p -y + 4, which implies a
branching ratio for this process of about 0.8% of the total A production. There is
a cluster of events at 40 Mev, two of which have energies that are well-determined
and within errors of each other. These events are interpreted as in-flight K inter-

actions. | The A/( b + A) separation was done by the maximum-likelihood method
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for K interactions, both at-rest and in-flight (Fig. 14). Seven events with
energies in excess of three standard deviations from either the A or the z°
spectrum were not included in the likelihood calculations.

The number of 't and T° hyperons produced at rest is readily available
from Table VI. The number of £° and A hyperons can be calculated by using
Table VIand the A/( 0 + A) ratio of 0.18640.017. The numbers obtained in this
way yield the ratio E':E*:Eo: A = 1553:722:977:223. The reaétion amplitudes
can then be calculated and resolved into I-spin-0 and I-spin-1 channels for
Z production. The results can be expressed in terms of the rauo'of I-8pin-0
and l-spin-l amplitudes for the £ mode and their relative phase, plus the ratio
of the A I-spin-1 amplitude to the Z I-spin-1 amplitude. These guantities
(after phase-space corrections) have been determined to be:

= 9. 37*0-060

Azl
=

+0.14
cos @Eozlc 0-51. 0.10 °*

g,

‘Krl'

= 1.5740.23,

T
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E. Hyperon Decay
1. Angular Distributions for Hyperon Decay

The cosine of the angle between the ¥ and its decay pion (in the rest frame
of the Z) has been calculated for the unambiguous = decays. Ambiguous events
between E¥ and " contribute a correction of about 30 events for E7, and 20
events for &', in the region ' cos em ] >0.8. Not included in these figures
are 26 £¥ events and 66 Z" events that were hand analyzed only at the production
vertex., No particular bias {5 expected from these events. The cosine of the
angle between the A and its decay pion (in the rest frame of the A) was calculated
for direct A production and also for A's {rom =0 decay. The events were
selected to include only events from K interactions having measured momenta
less than 75 Mev/c, bacause such events represent the at-rest K interactions
for which the kinematics are well enbugh determined to give a reliable separation
between direct and indirect A production. Fourteen events, hand analyzed only
at the production vertex, have not been included. No appreciable bias is expected
from these events. There is less than 5% contamination by events which are not
from K -p at-rest interactions. . '

The energy distribution for A hyperons produced by at-rest K -p inter-
actions is given in Fig. 13. The > Y+ A ‘energy speetrﬁm can be interpreted
as a cosine distribution for the A with respect to the =0 direction in the £° c.m.
eyssem, &s is seen from the relation

Epksp® - Wpp Boe 8+ vE, 5 | (5)
where

P AR T A momentum in the Eo c. m. system (a constant),
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E AD® A encrgy in the Eo c.m. aysﬁem {a conatang).

yz.zl-c- nz, and : o ' u .

. P ~ |
a . o ne ﬂ?' in the K:p center-of-mass (a constant).
o ' p>R ,

The various cosine distributions mentioned above hava been fit to a

quadratic, by uslng the least-sgquares method (Table vn)

2. Hyperon Lifetimes

A ST A

2w

The lifetime of the Z's was deteimined by using the maximume-likelihood

a3

method. All events with £ < 0;1 em long, or &t Z.K angle < 20 deg, were not

included in the analyais. Only Z's produced by K interacuons at rest were
used for lifenme estimates, because the ¥ momentum is mll-»datermined ior
these evente. The Z's that decayed in the last 9.2 cm of their range were con-

sidered to have lived a time exceeding that required to reach the 0.2.cm cutoff

Eaeps, TN o b AT L sy st e ot e 1,
ey, T Lo b e L aasc -y

{this cutoff is to svimplify the problem of separating Z~ events that decay with the

g

Z° at rest).

" The probability for observing a given event in each of the two classes is then

dFi esp[ e, | . :
(3) a-t-i—— s A W for tc<ti <tm, 1) 4

(b) B o g™ for t >t S (6)
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where _
t = obeewéd time for the ith event, |
t, = time to travel 0.1 cm from prodﬁction ppiht.

LI time to travel within 0.2 cm of end of range, and

Al

= mean life, _ 7

This probability is normalized to give unit probability for observing Z's
with a length exceeding 0.1 cm. This correcponds to the assertion ihat oance the
length is measured to exceed 0.1 cm, the integral of the probabiuty for this sample
must integrate to unity beyond 0.1 cm. _

As a consistency check, two different likelihood functions, L, and L,
wefe considered. First we form the product of the likelihood function for each

event and take the log, to give

N N N, , N,
In I...l = ln H. 15"1 = ; In Pi = (lnx-kti-rktc) + g ()\:c-mm) ,
: izl i=l i=1l : E . K=l
. (N
and the meximurn of this function ig located at
(N M
/A= i/ng EA U AR I R S &
¢ 533‘1 kc:l :

with 6A® = - {a%In L,/dx )" (Nl/x

where

\ = decay rate,

1
Nz = number of events Awith ti > tm .

N,= number of events with ¢, <ti"tmi and

Secondly, as a consistency check, the lifetime wae determined, neglecting

the events with t

4 >t . In this case, one has
m .
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A exp (-kti) '
P = Pt <t <t ; {9)
i exp (-)-tc)-exp (-?«tm) ¢ 1 'm
5t { Inh- 2t {1 M A 0o
In L, = f’l ( A -»ir,n exp {-M_) - exp (- mig i (10)
- ,

and one has Lz a maximurn at

N - . | T ] |
' tm (%P (=M ) -t [exp (-3 )] |
1/h=1/n; Ef_ ‘gtz 4 m L “ml " et R P
el | exp (-2 ) - exp (-} )
and ! N' o
| T o -t )Z exp|-MT_+T ) 1!
Wri Nx/hz - £ 2L : m e 2y - (12 -

B

=l [exp ;i('mc&;f -~exp 5;"“::;’]}

We found \ (using the L, formulation) by iteration, because the relation for A\

is a tranecendental one. In the case of A decay, where the A ‘may decay outside
the chamber, the second formulation (LZ) is the only applicable one. For the A's,
t. was defined as for the Z's but t . Wae taken as the time for the A to reach
the nearest boundary of the interaction volume.

As mentioned in Sec. {V-D-3, a correction was applied to thev Z lifetimes
to accot;nt for events in the ambiguous catagories which really should ha;re been
included in the lifetime calculation, because their length exceeded 0.1 cm. The
number of such events was estimated as 20 for E*. and 30 for £°. The model
used to calculate the.fmmbe: of evénté was also used to calculate the amount of time
they contribute to the lifetime calculation, and these numbers were inserted in the
previous equations to obtain the corrected lifeﬁmea. A small correction was applied
to the Z lifetime to account for the X -p interactions in flight. The corrections
decreased both the £’ and E” lifetime by 0.01x107!0 sec. The results of the

lifetime calculations are shown in Table VIII.
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The branching ratio between neutral and charga_d A decay was determined
by counting the number of K tracks that stopped in the fiducial volume of the -
chamber with no visible hyperon decay. This ﬁumber' was 'correcied for neutral
'Ro decays ahd A decays outside of the chamber (5 correction of ‘54 events), The

ratio obtained was
Az'h:»:%ed = 1‘2%%" 0.6440.01 .

The branching ratio between neutron and proton decay modes of =¥ hyperbne

wais found to be

+ |
Z-peutron oxe = 0.4920.02.

There were 17 events ambiguous between proton and neutron decay modes; these

2

events were divided iéﬁfi;any between the two modes £ér the purpose of calculating

the branching ratio. The error in the branching ratio, in‘Emae's"?e‘a'ifééétﬁib’\it’taﬁ&’f&‘i?ﬁg?

. théwe jamibibuous tevéntsyiing For Hhewe FndA gUOTEL TR

These branching ratios are in excellent agreement with the Al = 1/2 rule. 13
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V. DISCUSSION OF RESULTS
. A Décay Rates and the "Al=1/2 Rule
The Al=1/2 rule makes a deﬁnite'prediction for the ratio of the decay matrix

elements for A 0 +n and v +p decay. 13 The prediction ie

2, 2 |
-2 - 2 - o a3y
EX , : )

_ , yA
(af + pf) + _(s§ + Pyl

where 8 and p_ are 8- and p-wave amplitudes for the w +p decay mode,

~and so' and p0 are s- and p-wave amplitudes for the o0

experimental branching ratio from this experiment is

+ n decay mode. The

Ow' + p) " e 0.643 2 0.016,
(v +m) + (" +p)

which, after taking account ~ofA phase space for the two decay modes, jdeldjs the value

'sf'*Pf

w = 0.650£0.016 .
6% pd s g pg)

Another interesting (but less constraining) prediction fellowing‘from the
Al=1/2 rule concerns the relative size of the azhpliiudes for the three decay modes of
qharg‘éd Z hyperons. Ilfthe s and 'p amplitudes for a single decay mode are
represented as a two-dimensional vector, then the Al = 1/2 MQ predicts the following

vector relationship:l 3

JTA +A =4 , | ae

where

A, corresponds to gtea®sp,
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A, corresponds to 2t wa’ ¢n, and

A_ corresponds to " -n" ¢n.
The decay rates for the tl.xree decay modes have been determined in this experiment
to be: | : ‘ |
| R = (0.66620.047)x10%/sec, -
R, = (0.64120.046)x10'%/scc, and
R_ = (0.63440.028)x10'%/scc.

Therefore, the amplitudes (including the phase space gorreétion ) have relative

zaoa = 0.54420.019,
lﬁ«»% = 0.54020.019, and
; = 0, 52740.010.

The resulting vector triangle has an angle between A_and A + of 92.4¢4.8 deg.

Measurements of the decay asymmetriee for E' decay reveal that the vector Ay

must have appreciable components of both s- and p-wave amplitudes, while A +

14 other experimental evidence suggests

thai A is aleo almost pure 8 or p wave, 15 Hence the vector triangle has the

must be an almost pure s or p wave.

remarkable property that it appears to be nearly a right triangle, with its legs
about. 1 deg from the 8 and p axes. Theoretical significance has been attached

16

to this striking alignment of the triangle in a paper by A, Pais,  in which the

suggestion is made that the weak as well as the strong interactions might be coupled
through a doublet approzdmation model of the elementary particles.

The experimental results are certainly very consistent with the predictions
of the Al=1/2 rule; however, only the magnitudes of fhe decay ampl.itudeé éie ob-

servable in this experiment and not the phases. It has been pointed out that
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appropriate mixtures of Al=1/2 and Al=3/2 can give rise to the same physical

consequences as the Al=1/2 rule, but with certain phases shifted by 180 deg. 17

8. Hyperon Spins .

The spin of the hyperonse has been determined by previous experimenta;w’ 19,20
however, further evidence is available {rom this experiment, auﬁject to two
agsumptions. First, it is asaumed that the K meson has e‘pin zero. 19 Secondly,
K interactions that occur at rest are assumed to take place from s orbits in
accordance wiih the calculations of Day et al. ¢ 1f we make these assumptions, it
is glear that the angular momentum of the initial state is J = 1/2. Therefore, the
maximum angular momentum component along the direction of the Z cannot exceed
1/2, by conservation <.)£ the component of J projected along the_ Z. Thie means that
if the Z hyperon spin is greater than 1/2, certain spin states witﬁ‘angula.r mo-
mentum components in excess of 1/2 along the I éirection are forbidden. As a‘

20

result, only spin 1/ 2 can give an isotropic digtribution. Spin 3/2 gives a

2p.

distribution of the form 1 + 3 cos _
The ' and =~ ‘decay distributions for X interactions at rest have been
fitted to distributioés of the form N = ay +a, cosé + a, cos?9. The reeults shown in
Table VII provide strong evidence that both £~ and z* are spin 1/2 particles. The
same argument applies to the directl} produced A hyperons; the result recorded
in Table VII strongly indicates isotropy, hence spin 1/2 for the A.
The 30 .‘Spin can be established with certainty under the assumption of odd

<0

- A parity, in which case, it is possible to show that the P. A distribution
ie isotropic for spin 1/2, and is (1 + 0.6 eosza) for epin 3/2. Zl» Again, isotropy

is highly favored, as can be seen from Table VII.
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C.- ﬁetenﬁinatiori of s-Wave Zero-Effective-Range Parameters
'fhe data presented in Sec. IV have been combix;ed to determine psrameteré

for an s~wave zero-effecfive-range theory of the K -p interaction. In 1958

~ Jackson et al. suggested the use of a zexo-effective-iange theory for parameterizing
the K" -p interactions. 22 Since that time, many refinements have fzeen made in the
ltheory to adapt it to the K -p system. 1,8,23 For .instance, tizg K(reaction)-matrix
. formalism, has been’intx;oduced in order to handle charge-dependent effects related
to the T{O-n - K -p .masé difference without sacrificing the chargeolndependént |

" nature of the nuclear matrix elements. Coulomb effects V(impertant at low mementa)

have been included. The results of Dalitz and Tuan have been used in the analysis. 1
In iheir notation, the equations for the cross sections given in this theory are
" . , - -
el - i csc (68/2) {2& ot et 4 ]
= | exp In sin (6/2)
ai o a2pk® 8 o
c%/2a [ ol1-ikgA, )+A, (1-ik A )] .
+ : (15)
D ‘
ﬂk (4 ~A 2
e z L5 {16)
ch. ex. _ I 5 : A
| avo G2 | d-ik A, L
. 0 e U . :
%" TE "D o
and 2 . 2 .
, 4nb, C° 1ot Ay | . -
where |

- . . 2 ’ A «u\ g‘
D=1-i Eco + Ck (1-;7\)} -—-—-Z--.—- C k(l-n)} AOAI‘.
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A =248

0 o? 1bo o o
o = the complex scattering lengths for the isotopic-
Al =ay 4 i!‘;v1 epin 0 and 1 channels, respectively,
k, = the wave number (centér-§?~mass system) of the 7N

0 :
channel (taken as i‘ lko ‘ below ' threshold),

k = the center-of-mass wave number of the K -p channel,

c2= the Coulomb penetradon factor = Ez%-— {_lmxp‘ ‘_(;'?'-Zw/kB)j -1
B = the Bohr radius of the XK~ -ia system, | | |
A=a function of k given by thé authors! ! Eq. (4.12), and

T and 0 = the absorption crogs. sections in the 1#0, Izi

channels, res;nectively.

Besides the four real parameters contained in Ag and AI’ two more parameoters

arae neceseary to express the observed hyperon cross sections. We chose these

parameters as the ratio vy of 2" ot to Ete” production at rest, and the ratio ¢

of the A«‘" éroduction rate to the total hyperon production rate in the isotopic
spin-1 channel at rest. In our analysis we have assumed the ioilowing conditions
to hold for the parameters of the theory:” @ kN
‘(a) The scattering lengthe Ao' -:afnd Al are in&ependem of momentum,
{(b) The parameter ¢ is independeﬁ%‘ef momehtur;l. and |
(c}) The momentum dependence of the difference in phase angle,
b= by~ by between the matrix elements for Zw production

in I=1 and 1=0, is given. by
1-ik A

¢ = &, tare -mi-gxg— . | S - Q19)

whers ¢th = the value of the phase angle at the 'Ra-n threshold (89-Mev/c

incident X~ lab momentum). Condition (c) is used to relate Y
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to the value of ¢th’ and therefore vy is the parameter that determines the phase ¢.
‘The assumption that the capture of E _on protons at rest takes place with
the K -p system in a relative s statez allows the use of the at-rest ratios of the
hyperon production rates that are so important in determining the values of the
parameters, In terms of .4, ¢, ao(a Q’AI)' gfxd GJ(AO’AI)’ the hyperon cross

sections are given by

1
(Kep=Znh = Lo o L {Ur"a‘u'g)}z o ' (20)
g P> &4y = o, # T -e)er, + ; co8s .
6 "o T 3 LT ! .
T 1 [040,01-0072
o(K +pf2 4N ) = T % * g(l--e)a'1 - ,L—-—a-m—-!' cos ¢, - (21)
0. 0 1 o
O(K 4+p=+Z:07) = %% (22)
and
O(K +p~=A + 1) = 3 0€n , (23)

where Ol and 00 are given by Eés,' (17) and (18). In addition, tl_ze at-rest ratios

are .
i . ‘ 2
C(X +p-»A+n°) L. vy resag]
- - C ) i f t ¢
T(K+p = A+10)4T (K 4p = Z0470) | by [14 x4y [%4 3 by1exa 2
. : at rest :
- (24)
C(K 4p-=Z-4n') § .
D(K +p=2ten~ |
) at rest 7
f by 2] f(1-ep, ! 2} | | 5&_”‘ 1/2
irTJ«M Al§ '+{--4-——-1§1+on *,g+§x+xA0; 1 +x4p f“F' cos ¢ (25)
(b, | 2] [(-e)by | 2] | N Ha-ey] /2 o
g-s--slMcAl gﬂ;—-—;——-—gl#u&o;j-;li» AOi gx-r-xAlg j cog ¢
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L-:ﬁ‘l*ﬂA I% [ff:.;-)b—! 1+nA0 "

eb
!lfﬂA i —-2—( 1+KA E

C(K +p= S 4 7 )+ DK 4p=2F4n7)
F‘K-"’P - z"ﬁ;wo)* ' 4p- A 4.170)

» (26)

atapesti t

where & is the absolute vélue of the wave-ngrﬁber in the ‘Ro-n' channel for zero
K -p relative momentum [i.-e. , K 2 l k, (PI{' :0)[; |

Many pieces of experimental data are aiai‘\la’tle for the determination of the
parameters. These data are presented by oqjm, ‘where m stands for "measured. "
The symbol a takes on the integer values from 1 to 12, depending on the physical
process for which a measurement has been made, and j varies with the lab mo-
mentum of the K~ for which the measurement was mnade. A gero value for 3
means a measurement at rest;. J=1 corresponds to the mc;mentum interval
0= PKlab % 25 Mev/c, and so on for 25-Me§/c intervals, In Table IX we indicate
which measurements have contributed to the determination of the parameters. J

A value corresponding to each measurement was calculated from the theory
by assuming values for the parameters. We then calculated a xiz for the éxperiinent.

from the eqguation

L N i L TR L s TR
where E® is the variance-covariance matrix for measurements in the class a.

The minimum in the yx 2 function was found‘ by numerically eviluating the
first and second derivatives of the function with respect to each variable, and then
moving the one variable which predicted the greatest reduction in the y 2. The
starting values chosen for the parameters were the estimates recently calculated
by Dalitz for the a’, a”, b*, and b solutions. >* The &' and b~ starting values

led to the same minimum, and the a~ and b’ starting values led to a second

3
3

lower minimum. The starting values and the solutions derived from them are preaenteé

in Table X,
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Under the assumption that x 2 is a quadratic function of the parameters in
the zegion of the minimum, we can write

x(@)=(ﬁ£") --'(Bﬁ)+x(ﬁ) (28)

The ele'xz‘xents' of the matrix D were found by exploiihg the ¥ 2 spaee in thel
neighborhood of the minimum. We have taken two times the inverse of D as an
| estirnate of the variance-covariance matrix(V) for the parametera. The values of
the parameters giving the lowest x 2. the matrix 9, ‘and the variance matrxx ‘i}
for these parameteré, are giiren in Tables XI and XII. The matrix D lallowa pre~ :
dictions of the change in X 2 that are good to about 30% £ox' variations of parameters
- within a range of 1 or 2 standard deviations of the values at the minimum. The xz
space appears to be skew for several of the parameters. | |
Tables XIII and XIV list the properties of the K- -p system predicted by
the two solutions. The predic'tions for Solution 1 have been compared with the
experimenta;l data in‘ Figs. 5,8,9,10, and 14, The contribution to éhe total 5

from each plece of data is displayed in Table XV,

D. Coulomb Nuclear Inteifé_rence
" The s-wave zero-effect&e-range analysis above does contain information
on the Coulomb nuclear 1n£erference. but the inclusion of all other inﬁormation
partially obscures its part in the final solution. For thié reason it was considered
desirable to anélyze the Coulomb nuclear interference separately, independent of
any assumptions on the momentum dependence or ieotopic-spin dependence of the
cross section. To this end, we write the differential-scattering cross section for

K -p elastic scattering in the form



2

"33;1 i cs:;iez/Z) exp [i EZB" In sin (g-)] + CZR exp (ia)
C (29)

The first term on the right is the Coulomb part of the scattering érplitude, k
is the center-of-mass wave number, and B is the Bohr radius of the K -p system.
The second term represents the s-wave nuclear amplitude (modified by CZ, the real
s-wave Coulomb penetration factor); hence, R cos a and R sin a are the real and
imaginary parts, respectively, of the nuclear amplitude. The Coulomb amplitude
is dominant at small angles, but decreases rapidly with increasing angle. At some
angle Gc the Coulomb amplitude will be equal in magnitude to the nuclear amplitude,
and at this point the differential-scattering cross section can vary from 0 to 4 c“nz.
depending on the value of a. | At larger angles, the cross section will be dominated
by the term C4Rz. Because of this interference between the two amplitudes, we
have been able to estimate the values of R and a for the two measurements of
the K -p elastic differential-scattering cross section shown in Fig. 6. The
method used was similar to ‘the minimization of x z(Ao. Al’ Y, €) as discuu?d in
Sec. V-C, except that in this case we conld'make a contour map of the xz function,
since ¥ 2 is a function of only the two parameters (R,a). In Table XVI v;e give
the values of R and o that minimize the xz function for the two momentum
intervals. The uncertainties were obtained from the contour on which the value of
X 2 differed by 1 from its minimum value.

The small real part of the nuclear amplitude suggested by these values of
R and a is in agreement with the large values observed for the total sbsorption
cross sections, and is another indication that the low-momentum K -p interactions
are dominated by very strong absorption processes. The average values of the

phase of the nuclear amplitude for the two s-wave zero-effective-range solutions

of Sec., V-C are given in Table XVII for comparison.
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V1. CONCLUSIONS

There are several absorpﬁén channels available to the K -p system.
Couplings to these channels are so strong that they douginate the behavior of the
interactiona. even the elastic channel. The strong damping introduced by these
absorpﬁéns gives rise to an elastic cross section resembling the 1/v law expected
of an absorption cross section. The elastic nucléar-scattering amplitude io nearly
pure imaginary and, therefore, interferes very little with the Coulomb amplitude,
which is nearly real. |

A simple s-wave zero-effective-range parameterization is adequate to
describe the K~ -p interaction within the limits of the present data. The angular
distributions for K';-y interactions are quite consiatent wieh ieotropy, and the
s-wave theory seeme to fit well. The data of thie experiment are probably not
sufficiently definitive to justify a fit with more parameters using a nonzeio
effective-»ra.nge theory. Thr.ee times as much K" -p data as reported here are now
availab;e on film, and these da‘m are in the process of being analyzed. This additional
information may be sufficient to justify ﬁtting the data to a nonsero-effective-range

theory such as the one proposed by Roes and Shaw, 25
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APPENDIX

Maximum- Likelihood Estimate
of the Number of Interactions per Momentum Interval

In the analysis of this experiment it was alwaya'nceeasary to consider
two types of interactions: those arising from the discrete set of stopped K
mesons, and those created by K-p interactions over a continuum 6f K momenta.
Any individual hyperon event cannot be classified unambiguouely as one or the
other; however, all the events in the experiment taken togeth"er can be used to
eatimate the distribution of events in the two classes. To thié end, the number
of events in each of several mémentum intervals was estimated according to the
maximum-likelihood method. ¢

An attempt was made to fit all the hyperon productions as 4 BRI EY

actions; however, the kinematics program frequently only gave a fit with zero K
momentum. Hence, the measuremente of the events also can be divided into
two classes corresponding to at-rest fits and in-flight fits. The contributions

to the likelihood calculations were different for each class.



Formulation of the Likelihood Problem

The likelihood function is defined as the probability of observing an experi-
mental measurement as a function of the set of parameters a; to be estimated.
The set of parameters that providea the highest probability of obseMng the
experimentai results is taken as the best estimate of the parameters. In our
particular case, the problem is one of determining the best estimates for the true
number of events expacted in several momentum intervals. This task is confounded
in two ways: first, there is the usual problem of statistical .ﬂuctﬁationa that is,
even if one knows the number of events expected, there is a statistical uncertainty
in the number observed, Secondly, the momentum of a particle cannot be measured
with infinite precision, and therefore, the' measured momentum will in general
differs from the true momentum, possibl§y causing the e\reaz;t:~ to be included in an
incorrect momentum interval.

More specifically, the probability of observing 2 certain number of events
in a set of momentum intervals is really a compound probability having two
important factors. First, there is the probability that there wul be an event in
the true momentum interval p, p + dp. Secondly, there is the probability that,
given such an event, tha eveﬁt should be measured {'"observed') in the momentum

interval p,, Pg * dpﬁ . This combined piobabmty can be written as

a’p = [P: (p) dp} [Pé (P, p,‘@)dp@] , (A-1)
where
P, =a theoretical exp_reasion for the probability of an event
at true momenturn p, a function of oné or more
parameters o, and
Pg = the probability that p should be obeerved as Pg-:
One can then sum over all true p té give the total probability of obset;ving any

event in the interval Ps» Py + Py 28
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dP = [ g?t(p) P?(P»pé)dP} de‘ . : (A-2)
/ t d
In the particular cace of the hyperons, there is (in addition to the
continuum of probabilities represented by Pt) a discrete probability representing
the probability of an event oc-currlng at rest.
For interactions that give in-flight fits, the differential probability dP

for observing an interaction at observed K-momentum pg is then given by

. L
aP(e ; L [ dnta | o . '!3 _
dp@ NT 5 C(p) P&;} (P, Ap,» ?@)dp + NBG(O)PQ@'AP'F&’ - (A-3)
- 0 : : N .
In the case of the at-rest fits, tl;é probability of seeing an interaction is
given by '
{ = " ]
P L | ( o % 1 Ap, pg Mp, _3 d
. i}o jpmin .5
g
+ NR c(0) ; 1 f P&(P:AP»P&)dng Lo (A-§)
- Pnﬁn . . o §

dn(a,)
where —X = number of events per momentum interval as a function of the

parameters 9
Cip) = probabxlity of passing accepeance ¢riteria on hyperon length and
orientation, assuming a true momentum. P,
Pa(p, 4p, pg)= probability that an event at true momentum p should be observed
between momentum pg and Py * dpé. given measurement errory
o, 7
Prnin = measured momentum, below which ansevent is considered to fit an -
at-rest interaction, and

Np = estimate of the true number of at-rest interactions.
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The true total number of acceptable events is then

[ .
dn(ni) : v :
¢ & Np C(0) + 5 C(p)dp. - ’(A:-S)

0

N

The probability e:?:pte;saed in this way is normanzed to unity when one
integrates over all observed K-momenta p; for in-flight fits, and adds in the
- »'probability of observing an at-rest fit.

The log of the likelihood function is formed by summing the log of the
probability for each event: '

N. N

5! 52 dpa) | |
InL= < InPfe)+ In : A (A-6)
i=1 R P31 Ps -

where .
' N[ = number of at-rest fits, and

N, = number of in-flight fits.
The estimated values of the a, are then taken as the values that maximize

the function 1ln L.

In practice, dn(ni)/dp' was parameterized by assigning a pa.raineter to each
momentum interval considered, so that dan/dp = o, in the ith inte.rval. The

variance matrix wag estimated for the parameters on the basis of the formula

2, -l
AP EEEE s AUw o B (a-1

i i 99
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Table VIII. Summary of lifetime calculations.
Times
(10'10 sec) 7 p A : A
t 0.226 0.216 | event-
¢ dependent
t 2.553 3.02¢ event-
m : _ dependent
Nl 940 445 799
N 2 268 | 11
Llﬂ lifetime
calculation 1.5820.06 0.765%0.04 e
L, lifetime ' _ .
calculation 1.6320.13 0.75520.05 | 2.69%0.11
Beat lifetime
estimate 1.5820.06

0.76520.0¢ C 2.6940.11
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Table IX. Physical measurements com.ributmg to the determination of the s-wave
zero~effective-range parameters.

a Physical quantity measured | 2,%) €b No. of Total range
m measure- of X lab
o’aj o ments momentum
%a b, ' (Mev/c)
.85 : _
do '
! =& 4@ - 7  100-275
",1000 . )
- 0.90 ‘
do , .
el , 8 11 7 .2
z S - -t 100-275
0 85
3 S -m—- 100-275
0.90
4 ek 4q 5 11 7 ©100-275
, dt ,
| 0.95
5 oK  +p-Kl4n) B u 7 100-275
6 oK +p-=Z ¢+ 1) 3 1 9 350275
7 (K +p=zt+107) 4 11 8 - 18-275
8 ok +p-20en®)s g (K +p-nsn) 6 10 5 125-250
- - (7]
9 — olf +tp=~ hrv) 7 10 - 4 150-250
(K +p—=A + v MHo(K +p=Z +m)
- ' 0 _
10 P(K + P A+w ) 5 B 0 | o 1 At rest

(K™ +p—=A + 1;6) +THUK +p=Z +7)

PR
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Table IX. Continued

UCKL-10018

a Physical quantity measured aaﬁj <b a No. of Total range
m measure- of K™ lab
ae.j a, b'1 ments momentum
{Mev/c)
. - vt. - - + ) .
11 I‘(K- R 24 L “‘) 0 0 1 At rest
K" +p®& L +1u)
12 (K™ +p-'2}_5+ﬂ6) + (K™ +_p-—E +w ) 0 0 1 At rest
DK + p-+Z¥ + n)s T(K™ *p%Alfﬂ) B Fata '
64 Total
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Table XYV. Contributiona of ttie different physical measurements to the fmal value

of x for Solutiena l and 2 of Table X
o Numbez of " Solution 1 o Solution 2
: measuroments .2 ' 2 -
. X X

1 7 .56 - 15,21
2 7 2.66 3.73
3 7 .79 9
4 7. 393 3.49
5 7 2,14 _ 2.20
6 9 9.31.  11.80
7 8 10.76 . S - T.21
8 5 13.19 15.39
9 4 6.28 . 9.28
10 1 6.27 221
11 1 0.00 0.88
12 1 0.02 SRR B §

Total 64 5791 - 73.49
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Table XVI. Values of the modulus and phase of the nuclear part of the elastic-
ncattering amplitude as determined from the elastic-differential- -scattering
cross sections in Fig. 6.

K" lab momenturmn R a " Ra : ¢t
interval (£) ‘ - {deg) correlation
{Mev/c) C
100-175 © 0.8120.06 78431 +0.84 - 1.085

175-250 0.6240.04 97238 . 40.78 1.088

Table XVII. Average phase of the nuclear amputude'calculrated from the a;wave
zero-effective-range parameters of Solutions 1 and 2, and the phase obtained from
the differential-scattering croes sections of Fig. 6.

~ e a (deg)’ A
soxugion (ﬁ FiigH 27*’ EE SRRy YU Ly S e C '; WA FTE Y T £ 5
‘ (100-175 Mev/c) © (175- 250 Mev/c)
1 | 91 - ' 90
2 : 75 . . , - 78
Experimental 78431 | | 97438

{Table XVI)
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Input from measuring projector

: N

PANG

Reconstructs tracks

in space - gives

P, ¢ M
Library
° master -list
maker
KICK

Applies constraints
of energy and mo-

mentum conservation

to interactions - . . .
| B - Tape written in the binary mode

o BCD - Tape written in the binary coded decimal mode

e . SDT - Summary data tape

ML - Master list tape

EXAMIN
Summarizes B B
Kick output OoLD OLD
. SDT ML
B | . .
o | Four-phase Library updating program
SDT

B B
Updated Updated
SDT ML i .

MU-23984

Fig., 2. Block diagram of the system of computer pr'ograms _
used for the analysis of K™ -p interactions in this experi-
ment, :
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Fig. 3. Histogram of K~ path
‘momentum,

length as a function of ‘'K~ lab .
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Elastic scatterings ( 359 events)

0 0 4 939397773653912 2 o
ofF T v 1T 1 . . T T I—"T"T T =
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o] . 1°
I8 ., I
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25} Jo
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I3 4 l L l | l L .‘1:’. .A.. [. 1 I L 9'
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Py-1ab (Mev/c) -
MU -23986 ‘

Fig. 4. Scatter plot of observed elastic scatterings that satisfy
the selection criteria applied. No selection criteria are
applied to events with cos 6 >0.85. The numbers of
events in both momentum and &0s 6 bands are indicated on
the sides opposite the scales.
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: Pe.m.(Mev/c) ,
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— Solution |
1601~ Elastic scattering 7
cross section
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‘MU -23989

 Fig. 5. Total K -p elastic-scattering cross section for cos OK' c.m
- between -1.0 and 0.966 as a function of K~ lab momentum,* *
The solid curve is the integral of Eq. ( 15) from -1.0 to 0.966
incos 6 _, _ , for the scattering lengths of Solution 1

( Table X‘ﬁﬁ: .
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) Fig. 6, Elastic K -p differential scattering cross section for

(a) 100 < Py _lab <175 Mev/c, and (b) 175 <Py .lab
<250 Mev/c, .
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B Charge-exchange scatterings i
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Fig. 7. Scatter plot of R’O-n production events with K

MU -23990

(l) decayé.

‘The circled event has a K~ length less than 1 mm.,
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Fig. 8. The K -p charge-exchange scattering cross section as a
function of K~ lab momentum. The solid curve is a graph of
Eq. (16) for the scattering lengths of Solution 1 ( Table XIII).
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’ — . X7 m* production -

300+ \\ . cross section .
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- Fig. 9. Cross section for production of T  hyperons presented
as a function of the K~ lab momentum, - The solid curve
represents the theoretical prediction for the better of the
two scattering-length solutions (Solution 1, Table XIII),
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Fig.' 10. Cross section for production of =t hyperons presented
as a function of the K'lab momentum., The solid curve
represents the theoretical prediction for the better of
the two scattering length solutions (Solution 1, Table XI111).
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Fig. 11, Scatter plot of Z 1r+ in-flight events, Events.

‘that are not-in-flight by inspection are indicated by
a square (these events have fitted momenta which are
at least three standard dev1a.t1ons from stopplng)
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Fig. -12. Scatter plot of =t n_ in-flight events, Events that are not
‘in -flight by inspection are indicated by a square (these
events have fitted momenta which are at least three
standard deviations from stopping). P
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Fig. 14. Branching ratio AA + ZO) presented as a function of
the K~ lab momentum, The solid curve represents the
theoretical prediction for the better of the two scattering
length solutions (Selution 1, Table XIII), ‘





