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K'd INTERACTIONS FROM 865 TO 1365 MeV/c
o Allan Akira Hirata

" Lawrence Radiation Laaboratory
“‘, v , University of California
' Berkeley, California 94720

October 1, 1970

ABSTRACT

In fhis vpaper we present .some detailed experimenta’.i results on the
K+d intelr'éctions; from 865 to 1365 MeV/c incident beam rﬁomentum; We
present measurements on several Kta partial cross sections and calcu-
late most.(')f-vthe others uéing relétion_s derived from iso.s'pin. conserva-
tid_n and d.ait.a from other experimentsn The most Striki_n’gdfe'ature of the
cross éectibn data is the a_brﬁpt ri‘se.of the fotal single~pion-production
Cross séction néar 1200.MeV/c. We also extract isospin-0 KN partial
.crosé 'se_c':tions a_nd find a rapid increase of g, (KNm) at the threshold
for the quasi-twd—body reaction K N — K*N. As in the case of the iso-i
spin-1. K+N system, it appears that the structure around 1200 MeV/c in
the total cross section for the isospin-0 K'N system is well recoﬁstruc-
ted by the 3_sum of three smbothly varying, non-peaked channél cross
sections o, (KN), o, (KNm), and g, (KNmm), We compare the charge ex- -
m change data with the predictions of a Regge model and find thern to b»e_
consistent with the results of.high-energy fits. We study the reaction

* . N
- KN - K N near threshold and find that the data can be easily interpreted

in terms of t-channel phenomena.
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L INTﬁéDUC TION

In 1963 the Bevatron Scheduhng Commlttee approved a low energy
K d experlment as a cornpamon to a h1gh statistics, low energy K’ P ex~
periment. These experiments were intended to study in detail the Kt P
and K+n interactions in the region of the single pion production threshold
and to search for k(725) meson productlon at momenta Just below the
threshold for production of other resonances [e. go s K (891)] In the
spring and summer of 1964, the Lawrence Radiation Laboratory 25-inch
bubble charnber was used in a 600 000 picture exposure of K+p interac-
tions and a 100 000 picture exposure of K+d interactions at selected mo-~
menta in the region from 860 to 1600 MeV/c incident KT meson momentum.
The results of the low-energy Kt p experiment have been reported by
Bland et al -8 We report here the results of our analysis of the low
energy Ktd data. -

Since the f11m was taken we have been further motivated in thls ex-

periment by the very accurate K* p and K'd total cross section measure-
9 10

¥

ments made in this region by Cool et al. © at Brookhaven and Bugg et al.

at Rutherford Laboratory. Their measurements show a clear peak in

.the K’ P cross section at Pp= '1250 MeV/c as well as a more pronounced

peak in the K d cross section at P ~ 1150 MéV/c, (Fig. 1, we have in-
cluded the new total cross section measurements recently reported by

the Arizona group'11 in the region 360 to 720 MeV/c., The structure in

“each channel appears 600 to 700 MeV/c above the single-pion production

threshold.
The K p cross section is the isospin-1 KN cross section [we de-

note the nucleon doublet by N = (p,n)]. The isospin-0 cross section is

extracted from the K+p and K'd cross sections as follows. If one assumes .

the impulse approximation as well as the Crla,u.ber-Wilkiniz"15 shading ef-

fect, then one can calculate a ' folded" K+n cross section from the re-

lation

1 + o - + T i
(K n) ..O'(K d) o(K p)' + O“Gw, (1)

. . v _
where ¢ (K d) is the measured K+d cross section, ''¢g (K+p)” is the mea-

: + . . . . .
sured K p cross section folded into the nucleon momentum distribution

in deuterium, and GGW is the Glauber-Wilkin shading correction. The
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isospin-0 K N cross section is then obtained from .

2A” o (K+n)” - g (K+p)”

Ho-' Bl
0

(2)

M

2 6(K+d_) 3 ng(KTp) +2 L

which gives g, oh unfolding. The isospin-0 total K'N cross section so

deduced is shown in Fig. 2 along with the isospin- 1 total K’ "N cross sec-

tion. Both dlstr1but10ns show distinct enhancements around 1200 Me_V/c,
Peaks or structure in total cross sections that have been obserfred

in TN and KN systems have usually been attributed to the presence of

s -channel rssonances in these systems. If one then speculates that

similé._rly. the enhancements observed in the K N system may be due to

the presence of two new resonances, they would have the following approx-

imate prbpe rties:

. P  Mass Width Bump SU
Name (MeV/c) (MeV) (MeV) I. Y S _(mb) (J+1/2)x 3
Zg 1150 1863 150 0 2 1 8 0.55 0
z) 1250 1910 180 1 2 1 4 0.31 27

However, from the point of view of the quark model, such particles
would be unique for the following reason. CAll well-established strongly-
interacting particles and re sonances have quantumn numbers that permit
their classification as quark-antiquark (qq) states for mesons or as
triple-quark (qqq) states 'for‘baryons. The Z*'s, on the other hand,
would have to be constructed out of five quarks (qqqqq) and would be con-
sidered exotic.

Bland et al. 1-8 have studied the K+p reactions around 1 GeV/c and
observe the cross section behavior shown in Fig. 3. They find that the
peak at 1250 MeV/c in the K+p system is very well reconstructed by the
sum of three 'smoothly’\‘rsrying, non-peaked channel cross sections. The
rise of the total cross section above 800 MeV/c is associated with the
rapidly rising single-pion production cross section which, incidently,
appears to be domlnated by the qua31 -two-body channels KA(1236) and

K" (891)N. The maximum in the K* p total cross section is reached when

the rate of rise of the mngle-plon production cross section is justbalanced

«

3
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by the rate of fall of the elastic cross section. This maximum is fol-

lowed by a drop as the single-pion production cross section levels off
while the elastic cross section continues to fall. Finally, this drop is
arrested when the double-pion prodgction cross section begins to rise
around 1500 MeV/c. Thus the structure in the K+p total cross section

at 1250 MeV/c does not appear to arise from structure in any single par-
tial cross section, but rather it seems to be a consequence of the sharp
rises»_ef the single-Q and double ;pion production channels at widely sep-
arated thresholds. Bland et al. emphasize that although this interpreta-

tion of the structure in the K+p total cross section is at variance with

- the conventional resonance interpretation it does appear to be completel_y

" in accord with their observations that the detailed behavior of angular

distributioﬁs and polarizations in the inelastic channels appear to be
smooth even through the momentum reg1on in which the structure in the
total cross section appears.

Several partlal-wave analyses of the K+p elastic scattering have been
recently reported. 16 Each of these analyses finds more than one solution
to choose from, indicating that the data are not presently good enough to
eliminate some of the p0551b111t1es.. Each analysis gets at least one solu-
tion Wlth a P13 amplitude traversing the Argand plotin a counterclockw1se

16e, g, i J’ whereas

d1rect10n. Some analyses c1a1m a resonant P
13 16¢c, b,

other analyses claim a resonance mterpretatlon is not requ1red

Another possible way to describe the P13 amplitude would be in terrns of
a coupled-channel threshold effect, i. e., the KN amplitude becomes
rapidly absorptive as it feeds the rapidly increasing KA channel. At
present the questlon as to whether there is or is not a resonance in the
k' p system is still not answered. If there is a resonance, its elasticity
is small (~ 0.2) and it decays mainly into KA.

. We ‘have attempted a similar analysis of the structure in the isospin-0
total c_ross section by measui'ing some of the partial K+d cross sections.
In Section II we shall give a brief description of the experiment and the
associated scanning and measuring procedures used in the analysis of
the data. In Section III we show the cross sections for those K'd chan-

nels directly measured, together with other cross sections derived
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from ther_ﬁ through the use of iso'spig c:onsgrvati(’)n. - In Section IV we
study the charge exchange 'r,eaction Kta - K° pp In Section V we con-
sider the various single -pion ﬁrodﬁétion reactions K+d—> KmrNN. Finé.lly
in Section VI we é\immarize the results of this experiment. Some of our

results have been previously reported velsev's(here.f'17“19

. -

)
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" II. DESCRIPTION OF THE EXPE_IRIMENT
A, The Beam '

The experiment consists of a 100 000 picture exposure of the Law-
rence Radiation Laboraﬂory 25-inch deuterium-filled bubble chamber to
a two-stage variable momentum mass-separated K" beam at the Bevatron.
Since the performance characteristics of the beam have been described
elsewhere, ;O our description will be brief. The physicai‘layout of the
beam is shown in Fig. 4. A copper target was placed in an extracted
proton beam, external to the Bevatron field, which enabled the beam to
operate for positive or negative beam particles over a wide range of mo-
menta. The two mass separation stages each consisted of an electro-
static separator and a vertical mass slit. The central beam momentum
and momentum bite were defined at the first horizontal focus by the hori-
zontal aperture of Slit 1. The beam was designed to operate for K mesons
in the momentum region from 800 to 1600 MeV/c. Exposures for this
experiment were taken at the following four momenta: 863, 968, 1211,
and 1364 MeV/c, which correspond to the average fitted Beam momentum
at the point of the K* interaction or decay. Hereafter we shall refer to
these four momentum regions by the_nominal momenta of 865, 970, 1210,
and 1365 MéeV/c.

B. Scanning, Measuring, and Selection of Events-

The film was scanned twice for events with a vee (corresponding to
Kf - ote7) or with more than two outgoing charged tracks. The topol-
ogies scanned are shown in Fig. 5. Those events with an odd number of
outgoing charged tracks were either a Kt decay or a K*td interaction in
which the proton in the deuteron was a gpectator to an interaction on the
neutron and did not have enough momentum (less than ~ 80 MeV/c) to
make a irisible track. In the 1att.e1° case, the absence of a track constitutes
a measurement (in the sense that one can place an upper limit on its mo- .
mentum), and in fitting we have assigned to the unseen proton a momen-
tum of zero with an uncertainty appropriate to a proton too slow to be '
visible. |

The initial measurements for this experiment were made on the

Berkeley Flying Spot Digitizer (FSD), 21 an automatic film-plane digitizer
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measuring at a rate of a_.boﬁt 100 events per hour. The FSD requires
that'a rough-digitized three point ''road" be made in advance for each
track of an event to be measured. The procedure we adopted was to
scan and rough digitize the events és they were found. This proceeded
at a rate of about 20 events per hour. As the FSD had difficulty mea-
suring short tracks, additional measurements and remeasurementsvwere
made by two "' Franckenstein'" film-plane measuring projectors, at a
rate of about four events per hour.

- The measurements from the FSD or Franckenstein were processed
through the reconstruction ahd fitting program SIOUX and the analysis
program ARROW. 22

one of a number of distinct reject tj/pes listed below, or remeasured.

All events were then either accepted, rejected as

The chi—squafed cutoff for the acceptance of a hypothesis was taken to
be five times the number of constraints for that hypothesis; this corre-
sponds to a probability of about 2% for one-constraint events and slightly
less than 1% for the other constraint classes. At the energies spanned
by this experimént, events fitting more than one hypothesis could be re-
solved unambiguously by looking at track ionization. Events were re-
jected for the following reasons: |

Not A Beam Track. We requiréd beam tracks to have a measured mo-

mentum within three standard deviations of the central beam momen-
tum and to have dip and azimuthal angles within three standard devia-
tions of preset bounds.

Too Many Tracks. Events found in frames in which there were more

than thirty beam tracks were not measured.

Not to be Measured. Immeasurable events, e. g., events obscured by

passing tracks, chamber distortion, or film damage.

False Event. This category includes duplicate events, phony events,

etc. «
Outside the Production Fiducial Volume. We required that the Kt

interaction take place within a preset volume of the bubble chamber.

Outside the Decay Fiducial Volume. We required that the K% decay

within a preset volume of the bubble chamber.

Vee Too Short. K‘i ~atn” decays within 2 mm of the production vertex




.

were excluded due to difficulties in finding and measuring close decays.

Vee Scatter. K%s that scattered before decay were excluded from anal-

ysis siri_ce the point of the secondary scatter usually could not be de-

termined.

. Vee Not a K‘i. These events were either K%—»n'_+7r—'rr° , or A%~ P"_—

from associated production from an incident 1T+.,
Failing eventé were remeasured until their number was reduced to an
insignificant level (less than 5% for all tbpologigs, ) -
In this manner, we found 3169 events with a K" and 5509 events
with a K% in the final state. The cross sections which we calculate in

Tont decays. In ob-

the next section were normalized to 2730 K- =
taining the cross section\s, K9 events were corrected for 1) decay in-
to neutrals and K%, 2) decé.y outside the decay fiducial volume, and

3) decay too close to the production vertex (decay less than 2 mm from
the prodﬁction vértex). Since the scanning efﬁciency after two compiete
scans of the film proved to be better than 98% we have not corrected for
scannivijg biases. Filrthermdre, sing:e the unresolved events were found
to be channel ihdependent and since their number was less than the sta-
tistical error in most channels we have not corrected for these events.
The final source of bias is contamination from incident =1 interactions.
Events with a vee in the final state were predominantly Kf—» atm decays
result'ing from interactions of incident K mesons. The A°— pm decays
resulting from incident nt interactions could be clearly sepérated from
the K: - ‘Tr+1r- decays. Therefore pion contamination to the K° channels
is negligible. The only channel that is seriously affected by pion con-
tamination is K'd - K+1r-pp which must be separated from ntd - 1r+1r-pp. ’
Each of these events was 1ookéd' at on the scan table to insure that the

selected hypothesis was consistent with the ionization of the secondary

tracks. We estimate that the contamination to this channel from pion

interactions is less than 5%.



IIl. CROSS SECTIONS

In this section we present our measurements of some of the Kda

:,‘»
partial cross sections and our calculations of most of the others using
relations derived from isospin conservation and data from Bland et al.
and the total cross section data of Cool et al. ? and Bugg et a1,’10 We also )
determine the isospin-0 KN partial cross sections.

A. Directly Measured K+d Cross Sections
. The reactions that occur at the energies spanned by this 'experi-
ment are:
+ +
K'd > KNN - K pn
~ Kpp
- KNNw - Kt nn'n'
- Kopn'rr ;
- K' pp11' _ f
- K pnw } L ' : ;
- Kppr e
+ ok
- KNNnmm—-»K?® nn1'r m
- K pn'n’+‘n' o "
L. cc %
- Ko'ppw’ L
- K+nnﬂ+w°
- KO pnTr+Tr° o B
co *
-~ K' Rad ﬂ°
- k' pnmonm ,
Ooo *
el pp'ﬂ' 1T
Reactions in which the deuteron is left intact are implicitly included with
those with a proton and a neutron in the final state. The topologies we -
scanned lead to cross sections for the reactions marked with an asterisk.
The reactions listed above are arranged according to the charge states of o

the pions. The symbol Oco’ for example, represents the sum of all
cross sections leading to one charged and one neutral pion. Thus the

total K+d—> KNNm and K+d -+ KNNmwm cross sections are:

o (KNNm) = o+ 0, (4a)

o (KNNmw) = Oue ¥ 0.5t G - (4b)
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Table I lists the number of events found in the channels we have
directly measured for each of the four momenta studied. We have

calculated cross sections using the following relation

o f Ad, _Ninteractibns
o= o X-—S X g , (5)
ne Pat A decays
1 T - N. .
X X - interactions . , (5)
0.544 P.K(MGV/C,) , Ndecays. '

where

Ad (Atomic We‘ight of deuterium) = 2.015 amu

A (Avogadro s number) 6. 02252 X 1023 mole_1

Pq (Density of deutenum in the bubble chamber)
= 0.1352 g/cm ~ (Ref. 23)

' = PK(bea\m)/MK

7 (KT lifetime) = 1.234x1078 sec

f (K" branching ratio into the 7-decay mode) = 0.0557.

.Fi“gUre 6(a) and Table II show the cross sections we have measured.
The quotéd errors are statistical only. ‘The charge exchange (K+d—>K°pp)
cross section falls off smoothly with increasing momentum. The single-
pion productibn cross sections rise rapidly until.about 1200 MeV/c, then
level off; they all have roughly the same shape, though they_diffei in
size. The double-pion production cross sections (only the sum of the
measured cross sections —i. e., six of the eight possible channels—is
shown) are extremely "smavll until 1200 MéeV/c, after which they begin to

rise.  The thresholds for single and double pion production on deuterons

~ are 450 and 700 MeV/c. (On free nucleons, the thresholds are 510 and

810 MeV/c. ) The cross sectlons are small unt11 well above these thresh-

‘olds.
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To dgterminevthe-cross' sections for K+ interactions on free nucleons
from the Ci'oss sééﬁdhs‘for K+d inter_acvtio-ns, one must invoke the im-
pulse approximation. 24 In the impulse approximation one assumes that
one nucleon in thé deuteron is only a spec-‘cator to the interaction of the
incident K+' with the Othér nucleon. In reactibns such as K+d - Kopp,
Kta - K%pn® , and Ktd - K+pp'rr~ with two protons in the final state,
the KT must 'nécessarily have interacted with the neutron, for these re-
actions the K+d cross sections give a somewhat distorted picture of
free-—neuti‘on crdsé sections. For example, 0'(K+d - K%p) is approxi-
mately 0‘(K+n - K%). In contrast, the Kopnﬂ+ final state can come
from the interaction of the K+ with either of the target nucleons. The
simplest way to make thé division is to take the slower nucleon to be
the spectator. This overestirria.tes the sm.éller K+n(p) - K°ﬂ+n(p) cross
section and underestimates the larger .K+p(n) -—>K°1r+p(n). We have cor-
rected for this effect by the following prescription: We first exclude all
Kta - Koprm+ events with both nucleon momenta greater than 150 MeV/c.
For the remaining events we take the slower nucleon to be the spectator
and then calculate the fraction of events that are proton spectator events
and the fraction of events that are neutron spectator events. Finally all
the K'd — Kopn‘rr+ 'eveb'nté are then divided according to the fractions de-
termined from the sample with a 150 MeV/c spectator momentum cut.

Figure 6(b) shows the division of the K+d - K"pnn’Jr cross section
with the spectator nucleon indicated by parenthesis. Also shown is the
K_+d-> K°d1r+ cross section which appears to be flat overv the energy range
covered by this experiment. The K+p—>K°1T+p cross section as° measured
by Bland et al. 6.7 is also shown. The difference between the K+p—> KOTT+p
and K+‘I.)(n)'—> K°w+p(n)' cross sections is small and is consistent with a
rough calculation of the effect of eclipsing and motion of nucleons within
the deuteron. The ratio of the two measurements from low to high mo-
mentum are 1.[14:*:0'.14,' 1.28%0.11, 1.07%0.06, and 1.12%£0.10 at 865,
970, 1210, and 1365 MeV/c respectively. The K'p - K% p data of
Bland et al. will be used again as a check on the systematics of this K'd
experiment. '

Thérefore Fig. 6. gives those cross sections we have directly mea-

sured. In the next section we derive relations from isospin conservation

;
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that will allow us to calculate other cross sections.

B. Isospin Conservation and K+'d Reactions

Isospin conservatmn prov1des one (and only one) linear relatlon
between the K d - KNN7 cross sections and one between the K'd -~ KNNmm

cross sections; namely,

o
c

il

20 o | » ' (6a):

40 +0. . (6b)

2
Occ oo co

These ‘relations (derived in the Abpendix) can then be used to write the
total KTd— KNNm and K'd - KNNnm cross sections in various ways,’

eliminating one or the other of the constituent parts:

G(KNNT) =0 + @ | |  (7a)
o : : C o L
= 30'0 (7b)
"o | e
and
o(KNNww) = +0__+0 ' - (8a)
cc co 00
= 3((7CC - ooo‘) o _ (8b)
3
TT Ot ) (8e)
36 +20 ) (8)
4 “co cc °_
Note that we have not measured all of either 0 or o' , nor have we
_measured all of anytwoofo_ , 0_, and o0__. However, we can still
cc’ “co 00 . :

~use these equations to obtain g(KNNw) and ¢(KNNmm).

Consider first the total cross sectlon for s1ng1e pion production
o(KNNw). To complete 0 we need the K d- K nmf+ cross section (see
the list of react1ons in Sectlon IITA). In the spirit of the impulse approxi-
mation, the K* interaction in this channel is with the proton. Therefore -
we assume _ :

: S S
0K d— K nnm )= G(Kp—»K'rrn) S )

In view of the comparison made in Fig. 6(b) we expect this approx1mat10n
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to be good to 10 or 20% . The K_I-pé K nn' cross section has been mea-
sured by Bland et al. 6,7 It is small belng never more than one-tenth

the sum of the other, dlrectly measured parts of 0. Since the latter is

" measured to about 5% , 'Eq. (9) would have to be wrong by 50% to affect
the value of o obta.lned using it by as much as .a standard devlatlon Thus
we have used Eq 9 (doubling the quoted errors on o'(K p—~ K ™ n) ) to
complete o, and use Eq., (7c) to calculate ¢(KNNm),

Con51der next the 1sosp1n relations for O'(KNN'ITTT) The Egs. (8a—d)'
become 1nequa11t1es if we put on the 11ght just the parts of ¢ e’ 9o’
and %o that we have measured. - Since all of Oce has been measured,
Eq. (8b) gives an upper limit of ¢(KNNww). The other three inequalities
give lower limits, from which we méy choose whichever is most re-
~ strictive [which in our case was Eq. (8d)]c ‘We then assign to 0(KNNw)
the val'rue midway between the uppef and lower limits, and fold together
half the difference between the limits ‘and the statistical uncertainty on
them for an error. ‘ -

Flna.lly, by subtracting the plon—productlon cross sections from the
total cross sect1on we obtain the K" d~ KNN cross section. Subtracting
the measured Ktq - Kopp cross section from this gives the K+d—> K+pn
cross section (this includes Ktd - K d).

Figure 7 and Table II show the results of these calculations. Also
shown are_the _total Cross s_ectlon_ data of Cool et al. 9 and Bugg et al.

and some partial cross section data from Slater et al. 25 and Butterworth

et al. 26

production cross section to 15 mb at 1200 MeV/c. Since this rise is

The most striking feature is the abrupt rise of the single-pion

accompanied by a less steep fall of the K'd - KNN cross section, the
total crbss section increases by only about 10 mb. The onset of double-
pion production, by which time the’"_single-pion production cross section

has leveled off, causes "no marked change of the total cross section.

C. .Isospin Conservation and K+N Reactions

In order to study the structure in the isospin-0 total cross section,
we must obtain a relation for the isospin-0 single-pion production cross

section off nucleons.
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There are seven charge states for single-pion production in the
K+ereac.tion.s: '
' : ‘ ‘ + +
g

- K1t n (10)

g P
y : - K+1r°p

Kn-> K°1r+n N
- K%
- K+'n'°n
- K+'n'_p

} o 4 ' (11)"

where ¢_ and o are the sums of the K+p and K'n cross sections.
There eleven charge states for double-pion production:

K+p - K 1'r+'rr+
- K+p - ,
- K% TT+1T0 o : (12)

- Kop 1r+'n'°

- K+p w00
K+n - K+n T;'+TT.- A
- K°p w:n— » .
-»Kinn'_‘n'o' > - . : (13)
- Kpwnn® :

+
- K'n w0

- K% %% )

As before, isospin conservation provides one linear relation between the
- KN -+ KNm cross sections and one between the KN —» KNnuw cross sec-

tions. If we refer to the above sets of cross sections in terms of the

w0 : charge states of the pions we get, as before: S
. o =20 . - (143').
c o '
- =
20, =40 +0__ - | (14b)

Consider single-pion production. The cross sections for single-pion

production through the isospin-1 and isospin-0 channels are respectively:
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-ori(KNwr)? o, . | _’ (15a)

0o (KNm) = 20, -0 . . | (15b)

From Eqgs. (15b) and (14a) one can obtain the relation

o (KNm) =3[0 (K'n—Kr'n) + oK n>K'np) - o(K'p>K'n%)] ,  (16)

1n which only three of the seven KN — KNm cross sections appear. The
Kt P~ K % cross section has been measured by Bland et al. 6,7
The other two are approximately equal to the K n(p) - KO n(p) and
K d - K T PP cross sections shown in Fig. 6. To get free-neutron
cross sections from these, we have mu1t1p11ed them at each momentum
by the corresponding ratio of the K P > K°1r p to K p(n) - K°Tr p(n)
cross sections.shown in Fig. 6(b). Although it is not strictly vélid to
- apply to one channel the free-to-bound-nucleon cross section ratios
found in another, the errors on the ratios are probab'ly large enough to
encompass channel-to-channel variations, and they are propagated.
Figure 8 and Table III show the values of o, (KNT) we obtain. Also
shown are total cross sections from Carter27 nd isospin-1 partial cross
sections from a compilation made by Bland et al. 6,7 The smooth curve
labelled O'O(KNTT) was subtracted from g, (total) to get the elastic scat-
tering cross section O'O(KN). vWe were unable to extract reliable values
of O'O(KNTTTr), but even,at_136'5 MeV/c it is too small to do more than
slightly reduce O‘O(KN). In the region of the peak and below, the values
of o (total) that appear in the literature are in only qualitative agree-

o
ment. 9,10, 11,27

Below 1 GeV/c even the statistical errors alone amount

“to 1 or 2 mb, and therefore the elastic cross section we calculate is cor-
respondingly uncertain. Recently several new unfoldings of the isospin-0 -
total cross sections have been performed incorporating the new low energy

total cross section data of the Arizona group. 11,28 C'ool28a and

~

Dowell28b report similar results: Both obtain two possible results for
"the isospin-0 total ¢ross section which differ by as much a 4 or 5 mb in
the region from 0.7 to 1.0 GeV/c. The choice of two possibilities arises
mostly from the disagreement between the data in this region and de-

pends very little on the method of unfolding. 28c
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At low momenta, the total and elastic cross _s'ections are equal (as
the inelastic cross section is zero), and their qualitative behavior is
given in terms of the S-wave zero-effective-range scattering length, A,
by .

2 .
o =4r AT, : , - (17)

The isospin-0 and _isoepin-i ecatteri_ng lengths are respectively

A, =0.04+£0.04 F (Ref. 29)

and

A1 = -0.30%0.01 F (Ref. 30)

which, in turn, give the following ¢ross sections

o = 0.2+0.,6

o = 02,02 ™P

and o
11.3%0.8 mb.

o,

" This ﬁshO‘WS that'o'o(tptal), ih confract to 01(’cotal), does in fact fall off
rapidly at low momenta as indicated in Fig. 8. This rapid fall-off in
(total) at low energ1es is confirmed by the recent analyses of the new
low energy total cross sectlon data of the Arizona group. 28
The rap1d increase of O'O(KNTT) comes at the threshold for the quasi-
twobodyreaction KN-—- K N It appears to come at a sl1ghtly higher mo-
mentum than does the increase of 01(KNTr), This is reasonable, be-
cause the reaction KN - KA, for which the threshold is slightly lower
and which is known to be a major part of oi(KNv_ﬂ). in this region, is for-
bidden to the isospin-0 channel. It is surprising then how similar in
bmavgnitude ( (KN'rr) and 0, (KN7) quickly become. The rapid increase of
9 (KN‘H’) is accompamed by a turnover of % (KN) Note that O'O(KN) falls
off more rapidly than %‘KN) but no faster tha.n does the kinematic factor
4mx? where X is the reduced wavelength in the KN center-of-mass sys-
tem. ' '
As in the case of the isospin-1 K'N system, it appears that the peak
around 1200 MeV/c in the total cross section for the isospin- -0. K N sys-

tem is well reconstructed by the sum of three smoothly varying, non-
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peaked channel cross. sect1ons o'O(KN - 0g (KNn’), and O'O(KNmr) On the
other hand, the behavmr of UO(KN) at low energ1es is intriguing. It
rises rather rapidly from 0 up to about 20 mb around 800 MeV/c at which
p01nt it turns _over and falls roughly as 41rk2 “Abrams et al. 31 and also
J. Dowell28b have suggested that this peak in O'O(KN) might be due to the
existence of a ZO with MLKN) ~ 1780 MeV and I"'x 565 MeV. The existence
or nonexistence of this Z will have to wait until a reliable phase shift
analysis is performed in the isospin-0 KN system in this region. In
order to eiiminate ambiguities,this analysis will require polarization
measuremenﬁs in the K'd - K%p “and K'd - K+pn reactions.

D. A Formai D.isrc-ussjibn_of KN Cross Sections

As Deduced from KTd Cross Sections

In the precedlng sectlon we ‘determined o'O(KN'rr) by using values of
G(K n - K°1r n) and O‘(K n —» K T p) obtalned by scaling the cross sec-
tions for K n(p) - K°n+n(p) and K d—~ K T pp, measured in deuterium,
by the ratio of the cross ‘sections for K* P Korr p as measured in hy-

drogen and deuterium -

R_ = 6(K p~ K" p)/0[K p(n) > Ko p(m)]. (18)

In this section we shall compare this crude empirical" method of cor-
recting for effects of a deuteron target with a more formal analysis of
the problems associated with the determination’ of Kt -nucleon cross sec-
tions from measured K'd cross sections. Those readers uninterested in
the machinations associated with.experiments in deuterium may wish to
skip this section,

As mentioned above, the spirit behind the extraction of free nucleon
cross sections from 1ntera.ct1ons off complex nuclei is embodied in the
impulse approx1mat10n. 24 In this approximation the amphtude for scat-
tering off a complex nucleus is represented as a superposition of ampli-
tudies for scattering off free nucleons which have the same momentum
distribution as fhe actual bound nucleons. It'is based on the following
assumptions:

a, ) The range of the force between the incident particle and the nucleons
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is shorter than the_-a.veragedistance’betWeen the two nucleons.

b. The nucleus is rather “'transparent” to the incident wave so that
the amplitude failiné on each nucleon is approximately the same as if
the nucleon were alone. ‘

C. Mu1t1p1e scattering processes have a small probability.

S d. The forces that bind the nucleons only have the effect of giving to
each nucleon a certain distribution of momentum.

The very small binding energy of the deuteron prov1des one with a unique
set of circumstances such that the conditions of the 1mpulse approxima- -
tion are fairly well satisfied.

In practice, one usually applies the impulse approximation to meson
scattering experiments in deuterium in roughly the following manner.
For a given reaction in deuteriumrin which there are two nucleons in the
final state one 'fir‘st looks at the momenta of the two nucleons and calls
the slower nucleon the ' spectator'' and the faster nucleon the ' struck"
or "target' nucleon. Having made this separation one then looks at the
momentum and angular distributions of the spectator nucleon in the rest
frame of the deuteron and corh'parie's these with the predictions obtained
from the deuteron wave function. This gi.ves one a measure of the ex-

‘ tent to which the conditions of the impulse approximation are satisfied.
Finally, one corrects this sample of events for the following effects:

a) Smearing effects to the total energy/by the Fermi motion of the nu-
cleons. o

b) Glauber shielding effects and double scattering.

c) Effects of the Pauli principle. '

We shall follow this approach in this section.

1. Spectator Nucleon Distributions

The deuteron is a loosely bound composite of a proton and a neutron . |
with a binding energy of 2.226 MeV. The ground state is mainly an S state,
with a small amount of D state whose presence can be ignored for our pur-
poses. Among the several wave functions used to describe the 3S1 ground'

state we shall use that proposed by Hulthén>?

Tp) =NET e P (19)
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where r is the inter-nucleon distance and

@ =45,7 MeV/c

1]

The normalization constant is
' : > 1/2 ' '

N = [aBla + B)/4n(B-)"] . (20)
The Fourier transform of \IID(r)'gives the distribution @D(p) of the mo-
mentum of the two nucleons in the deuteron .

_ , 2 1 1 _
®plp) = N F( 2 T T2 ) (21)
a +p -+ p

such that _41Tp2 lez)(p) dp is the probability that the momentum of the nu-

cleons will be between p and p + dp. By imposing the impulse approxi-
mation one can measure this probability distribution experimentally.

For K+d interactions, the K+ is assumed to interact with only one of the
nucleons (the target nucleon) in the deuteron, the other nucleon going bff
after the c-dllision With the samevmomevntu'm it had before the collision.
Figures 9 to 12 show the spectator distributions for the reactions di-
reétly measured in this experiment.

Consider first the spectator momentum distributions. The curves
shown are the prédictions of the Hulthen distribution normalized to the
number of events with spectator momentum less than 300 MeV/c. For
the reactions

K'd - Kopp

K+d - K+‘n’-pi)

K'd - Ko 'p(n)
one can either directly measure or kinematically fit for the spectator
momentum and angles. In this case the data agree well with the Hulthén
predictions in the region with spectator momentum less than 300 MeV/c.
On the other hand, for |

K'd - Ko%p

Ktd - Kortn(p)
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the reaction is kinematically underconstrained when the vspéctator/pro—
ton is unseen. = We circumvent this problem, as described above, by
setting the compo’rienfs of the momentum of the unseen speéta’cor equal to
zero with errors corrimensur_afe with fhe Hulthen distribution
(APX = _30, APY = 30, APZ.= 40 MeV/F:). This has the upfortunate effect
of distorting the spectator momentum distribution toward zero momentum
and also distorts the spectator angular distribution in an unnatural way.
However', within the limited statiétics in these two channels, we ob-
serve no noticeable distortion of any distributions not involving the spec-
tator proton. ' |

~ For all reé,ctions there appears to be a deviation from the predictions
df. the Huith'en wave f\inctioh which is exhibited as an excess of events
with high spectator momentum. The Hulthen distribution predicts”that‘
1% of the events should have their spectator momentum greater than
300 MeV/'c’whereas experimentally we observe 5 to'15% (see Table 'IV).
One can cénjecture that this excess of high momentum sp‘ecta"cbrs. could
be due to one or more of the following causes: v
" a) a breakdown of the impulse approximation, i.e., high momentum
épectators érising from collisions on the entire duetefoﬁ, |

b.)v rescattering of one or more of the final state particles on the spec-
tator nucleon, _ ' |

c) inadequacy of the Hulthén wave function.
| All experiments in a deute rium bubble chamber find sﬁ.ch an excess
of high momentum spectators, but experimentors vary in their treatment
of these events. In some experiments all events are used in cross sec-
tions and differential cross sections, whereas other experiments use
ohly events with spectator momenta less than 250 or 300 MeV/c. Since
it is not clear to us how much of the excess of high momentum spect-
tators is due to a breakdown of the impulse approximation or rescattering
and how much is simply due to an inadeéuacy of the Hulthen wave func-
tion, We ha\}e chosen to do the following: We use all events in each chan-
nel to determine total cross sections and list in Table IV the percentage
in that channel of events with spectator momentum greater than 150 and

300 MeV/c. Likewise all events are used in differential cross sections
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for the charge exéhénge reaction K+d—>K°pp. For single-~pion produc-
tion channels we have taken a cut of spectator momenta less than 150
MeV/c for differential distributions and have scaled these up to the total
channel cross section when neces sary to quote absolute differential cross
sections. The cut at 150 MeV/c is necess1tated by the separatlon (de -
scribed in the previous section) for the channel K'd - Ko np, and for
consistency we have used the same cut for the other single-pion produc-
tion channels. Figure 13 shows a scatter plot of the proton momentum '
as a functlon of the neutron momentum for the channel K d - K°Tr pn
at 1210 MeV/c, illustrating the separation of proton spectators from
neutron spectators. o ,

 Consider next the spectator angular distributions. The internal
(Fermi) motion of the two nucleons bound in the deuteron gives rise to
two interesting effects. The first is on the experimentally measured
angle between the incident kaon and the recoiling spectafor, which we
discuss here. The second effect is a smearing of the center-of-mass
energy and will be discussed in the following section. v

Prior to the interaction, the neutron and proton bound in the deuter-

on move at random in 0pposité directions with spatial and momentum
distributions given by the Hulthen wave function. Due to the random
nature of this motion, one may be led to assume that the measured angle,
Gsp, between the incident beam and the recoiling spegtator nucleon should
have an isotropic distribution. This is misleading since one must take
into account the fact that when the target i)article is moving toward the
beam, there is a greater particle flux and hence a higher reaction rate
than when the target is receding from the beam, i.e., a Doppler effect
of sorts. Since conservation of momentum requires the target nucleon
and spectator nucleon in the deuteron to move in opposite directions,
one should expect that there will be more events for which cos Gsp is
greater than zero than for cos BS less than zero. Taking into account

this Doppler effect the predicted spectator distribution is of the form33

W(cos GSp) 1+ 51{ cos Glp _ o (22a)
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(P)

. cos 6, : , ‘ (22b)
e o
| 'MK K
where M is the nucleon mass, B (pK)' is the spectator (beam) velocity
and (P) is the mean spectator momentum, To this one should add a

correction for the b1nd1ng energy of the deuteron, so 1:ha1:33

=~ 1+

(P) P + BM
W(cos Gsp) z 1+ Vi > + 2 <—~I3—~f)-;*> cos Gsp’
MK K :

~(23)

where PT is the target nucleon momentum and - B is the deuteron binding

i

energy.
Since the number of events observed is proportional to the particle

flux times the cross section, the above prediction for the distribution of

" cos 951; should be vaiid only if the cross section is assumed to be con-

stant over't::he range of center-of-mass energies produced in the colli-
sions. In the energy‘regiori covered by this experiment, the charge ex-
change cross sectlon o'(K d—-K pp) appears to be falhng while the single-
pion productlon cross sections G(K d - KmNN) appear to be rising rapidly.
These cross section variations should manifest themselves as a slight
excess of backward spectatofs for the charge exchange reaction and an
excess in the forward direction for spectators associated with the single-
pion produétion reactions. X

Experimentally, our spectator a.rigular distributions, in general,

agree qualitatively with what one might expeci: from a combination of

- these two effects—i. e., the Doppler effect and the rapid cross-section

variation. The exception is in the channel K+n(p) - K°1r+n(p), where

the_spé_ét‘ator distributions are distorted due to the manner in which nor-

‘mally underconstrained events were.fitted by the kinematic fitting process

-and to which we alluded earlier. Surprisingly, this distortion is not as

marked in the channel K+d — KO%%(p) which was similarly treated. The

only difference between these two reactions is that when one fits for an

unseen spectator proton one is also fitting for a neutron in the first case
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and a neutral pion in the second. How this reflects in the spectator
distribution is not clear. One additional process that should distort the

expected spectator angular distributions in all channels is double scat- »

tering. _
2._ Smearing of the Total Energy by the Fermi Motion of the Nucleons

Another effect arising from the motion of the nucleons bound in the
deuteron is a smearing of thé total counter-of-mass energy distribution.
For a collision of a beam off stationary target nucleons, there is a unique
center-of-mass energy corresponding to the incident beam momentum.
On the ot‘her'hand, if one of the nucleoné in the deuteron is the target,
there results 'a distribution of center-of-mass energies, f(E), due to the
fact that the target nucleon has a range of momenta and is moving in a
random direction with respect to the beam. Therefore, the cross sec-
tion for a given channel measured in deuterium represents an average

over this distribution in center-of-mass energy

fo(E,KN—» X N,p) £(E)dE

(24)

-
corr’

G(Kd_”Xl\.ITNS) ) Jf(E)d.E
where X represents one of the following K, Kw, Krm, and where

NT(NS) is the target (spectator) nucleon and GcorAr is the Glauber shielding
and Pauli principle corrections discussed in the following sections.

Ideally one then determine.s oE, KN»XNT) by unfoldihg this expression.
Unfortunately, the exposures in this experiment were separated by 105

to 250 MeV/c. This fact together with the limited statistics in most chan-
nels, does not make the above procedure practicable. Therefore, we
choose to treat the exposure at each momentum as a separate experiment
and quote a cross section for the central value of the energy corresponding
to the incident momentum. These cross sections, averaged over the

Hulthen distribution,

: ¥ : .
(KN - X NT)u oK d—- X NT(NS) )+ o (25)

corr’

can then be corrected for the effects considered below.
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3. Glauber Shielding Effects and Double Scattering

. Inv g'enevral, the total cfoss secti'oh f(‘)r‘.:seett"erin'g off deuterons is
less than the sum of the cross sections for scattering off each of the
two nucleons in the deui;eron separately. If the two nucleons are viewed
as blac¢k discs, then part of the time one disc will obscure the other,
thus reducing the effective cross section. Glauber, 12 using an eikonal
method, : showed that the total cross section for scattering off deuterons
could be approximated as the sum ef cross sections off protons and neu-
trons minus a shadow (shielding, s'creening) term, so that in our case

Ox*a =.0.'K‘.I"p * Ok+n ~ [GK+p K+n] (r 2> ’ - 28

where the parameter (r~ > represents the mean inverse squared neu-
tron- prdton separation in the deuteron ground state. W11k1n13 has sub-
sequently shown that th1s form violates charge 1ndependence and has

derlved an alternative formula wh1ch in our case takes the form

Ok+a * Ok+p T Ox+n - OGw (@1
where , ' : ‘
Oy = e (1- )o o - = o+ - 2
9aw = 4m | Va¥p/ Oktn Okt - 7 WOktn - ktp)”
2 -2 '
-V O+, - ypoKer) ]} (r ) (28)
and : . '
Y; = Re f, (0)/1 £, (0) . i=n,p (29)

are the ratios of the real and imaginary 'parts of thevseatterihg amplitudes.
There is some uncertainty in the value to be taken for (r~ ) ranging

from a value of 0.020 mb™* (Ref. 34) to the value 0.034 mb-! (Ref. 10)
obtained fi'om the Hui_th'en wave function. To get an estimate of the
shielding corljectio'n we have used a {ralxie (r_2> ~ 0.03 mb with an un-
certainty of +0.01 mb'i. ' To get 0K+p and °K+ at our energies we ha.ve
drawn a smooth curve through the points of Cool et al. ” and Bugg et al.

and haye assigned errors commensurate with the errors on neighboring

points. We get Yp and Y, from the dispersion relation values for Yo
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and Yy of Ca.rterz7 and use the relatlons Yp =Yy and Y, (Yi +y0)
Estimates of the Glauber Wilkin screening correctlon so calculated are
shown 1n Table V and are found to be typlcally of the order of 2% of the
total K d cross sectlon.

1t is not clear how this correction to the total cross section should
be distributed among the various channel cross secti’ons.,. We have
assumed that each final state is depleted by the same fraction. In all
chaﬁnels, this correction of ~2% is much smaller than the statistical
error in the channel. When applied in this manner, the Glauber-Wilkin
shielding correction does: not seem to account for all of the difference we
observe between the cross sections o'(t{ p— KOTT p) measured in hydro-

gen and"’ [K p(n) — K°Tr p(n)] measured in deuterium. The observed

spread in the total center-of-mass energy for the reaction K+p_(n)——> K°Tr+p(n)

is about 60 MeV full width at half maximum. A shift in total energy of
30 MeV will cause the observed ratio, Rc’ of Eq. 18 to cha,nge by about
one standard deviation.

Since the shielding correction is intimately connected to double scat-
tefing in the final state, and since this double scattéring is clearly chan-
nel dependent, a proper treatment of such corrections should involve a
detailed study of double scatterlng contributions in each final state. 14
In view of the limited data, such an approach has not been attempted
here. | _ '

4. Effects of the Pauli Principle

For charge exchange reactions, K+d - X°p(p) (where X° = KO,

K+1'r_, K%t %), with two protons in the final state, one must also consider
the effects of the Paul exclusion principle. For such reactions, the in-
teraction of the incident kaon must necessarily be off the neutron. Con-
sider charge exchange collisions in the very forward direction (t=0)
and suppose, hypothetically, that the spin of the struck neutron is not
flipped. After the collision the two protons are close together in an S-
wave spin- 1 configuration (ignoring the small D-wave component of the
deuteron). This configuration of two identical fermions is, however,
symmetric and is theréfore forbidden by the Pauli exclusion principle.

Thus in the limit of zero momentum transfer, charge exchange collisions

T &
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" cannot occur without nucleon spin-flip. However, such spin-flip con-
tributions should go to zero in the forward direction. Therefore, for
charge 'exehange‘ scattering off deuterons, the differential cross section
should go to zero in the forward direction.

By 1nvok1ng the 1mpu1se and closure a.pprox1mat1ons24 one can ex-
press the observed K d - X°p(p) distribution, (do/dt)d, in terms of

the free neutron K n —>_X° p cross section (do/dt)n as35

-fli spin-fli
do non-spin-flip |  dg, Spm-ilip 1
(do/dt), = & RO (@ [1- 3 H(t)]
,do, 1-H+R@-H/3) i
= (g ) TTR , , | _ (30)
where
do . SPin-flip
&)
R = do non-spin-flip (.31) '
(5 )
and
CHE) j| ¥ (r)1% e Tar - (32).

1s the deuteron form factor and q is the three momentum transfer in
the laboratory system. Note that for t = 0 one has H =1 and R = 0, thus
causing (d(r/dt)d to vanish in the forward direction whether or not the
two-body cross section vanishes. As -t increases, H(t) approaches zero,
wfalllng to abhout 0. 1 at -t =.0.13 (GeV/c , causing (d()'/dt)d to approach
(do/dt) .

Thus only the most forward bins of the charge exchange differential
cross sections are noticably affected by the Pauli principle. Following

3 .
Danburg, 6 one can define suppression factors

_fnon-.s'pin-flip =1 - H(t) (33a)
fspl.n—fllp -1 . i H(t)‘.‘ - . {33Db)

) 3
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These suppression factors can be treated as detection efficiencies, the
events in a given differential interval beiﬁg‘ divided by an appropriate
éombination of factors to get the number of’events that would be found
in that interval if the éollision' had been off of free néutrons., However,
to make such a correction one must know the relative amounts of the
* spin-flip and non-sPin.—ﬂip croés sections, i.e., the ratio R in Eq. 31.
One can hope to get an indication of the relative importance of the spin-
flip and non-spin-flip contributions by invoking models that describe the
sha.pes. of the differential cross sections. |

The Pauli principle correction estimates for the charge ethange
reactions in this experiment are shown in Table VI. The ratio of spih-
flip to non—sPinnflip for the reaction K+d->’K°p(p) has been estimated
using a Reg‘ge .rnvodel and thé resulting Pauli principle corrections are of
the order of 3%. in the total chaﬁnel cross section. We have assumed |
pion exchange domiﬁance, i. e. , spin-flip, for the single-pion production
reactioné K-'-d-,» K+Tf-p(p) and K+d - K°Tr°p(p),. Since we are not far above
the threshold for single~pion 'pr'oduction, the kinematics of the single-
Pion production reaction do not allow the momentum transfer to the pro-
ton to get too small, so the Pauli principle corrections for such reactions
will be small at our énergie S. "As an example, the minimum value to
-t for the reaction K+d—> K*"p(p) ‘at 1210 and 1365 MeV/c is 0.11 and
0.07 (bGeV/c)2 respectively. We find the Pauli principle correction for
the single-pion production charge exchange reactions to be typically of
the order of 3% in the channel cross section.

The channel cross section for the reactions KN — XN, correcting
for the Glauber-Wilkin shielding and the Pauli principle, are calculated

by using the relation

(KN - XN) = [1 + C Cppl o(KTd - XNN), (34)

aw?
.where CGW is the Glauber~-Wilkin correction factor and CPP is the
Pauli principle correction factor. The results are shown in Table VI
together with single-pion production cross sections obtained by simply

scaling by the ratio Rc of Eq. (18), i.e.,

0 (KN - KrmN) = R o(Kd - KmN(N) ). (35)
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The two sets of cross séctions are consistént with each other within
their errors with the possible exception of th‘e’va'lues at 970 MeV/c.

When We have occasion to add or compare K'n— KrN cross sections
with K’ p = KrvN cross sectlons we choose to use the scaled set of cross
sections, thus in effect normalizing to the reaction k' P~ Ko™t P, mea-
sured in hydrogeh, and ignoring the Pauli principle correction. Recall
this appi‘oach was used in the vca‘lcvulla'tiobn of 7 (KN7) in the previous sec-
tion. We feel that the errors in our data are sufficiently large and the -
deuteron corrections are sufficiently small so as to justify the use of
this crude method of correcting for deuteron effects in the single-pion

production rea.ct1ons.
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IV. THE CHARGE EXCHANGE REACTION: K'd - K%p

~ In this section we consider the K* charge exchange reaction
Kta - K%p. We first look at the energy dependence of thé fotallchan-
nel cross section and then we study the behavior of the diffe_rential
cross sect‘ibon in some detail. We ignore double scattering effects and

confine our attention to the gross features of the data.

A. Total Cross Sections,

In Table VII we list the total cross section measurements for the

25, 26, 37, 38, 39 We have included the recent

reaction K'd - K% (p).
results of Firestone et al. at 12.0 GeV/e. 39 Figure 14 shows the cross
sections plotted as a function of the laboratory momentum of the incident
kaon, PK, v
from threshold to a value of ~ 7 mb at ~ 600 MeV/c, remains constant
until ~ 900 MeV/c, at which point it turns over and falls smoothly to
0.75 mb at ~3.0 GéV/c and 0.031 mb at 12.0 GeV/c.

Figure 15 shows a plot of log .0'[ K+d—> Kop(p)] ~as a function of
log PK° Note that on such a log-log plot the cross section falls linearly
in the region from 1.0 to 12.0 GeV/c. A fit of the cross sections from

1.21 to 12.0 GeéV/c to the form suggested by Morrison:40

for momenta up to 3.0 GeV/c. The cross section rises rapidly

- ~-n
o=AP, (36)

gives
A=73+£0.2mb
=2.10£0.05 .

A similar behavior has been observed by 1\/Iathews;41 for the reaction

K+p - K°A++ and for which he finds A = 6.19 mb and n = 1.88. Firestone |
et al., 3_9 fitting to more data of this latter reaction, find A = 7.0+ 0.2 mb
and n =2.00+0.05. Figure 16 shows the cross sections for these two
reactions plotted togefher. 42 Noté that above 1.5 GeV/c the two sets

of cross sections appear identical. Above about 2.0 GeéV/c the scat-
tering mechanisms for these two reactions are quite similar in that

they appear to be dominatedby p and A2 exchanges in the t-channel. We

shall attempt to use a similar t-channel exchange model to describe the
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scattering at lower energies for the reaction K+df> K%/(p).

B. Differential Cross Sections

Values v\of the ’d‘ifferen\t»ial.cros_s section as a function of the momentum
transfer from the incident K to the outgoing K° are listed in Table VIIL
These values are plotted in Fig. 17. The dashed curves represent pre-
dictions from the Regge model of Rarita and Schwarzsch1ld43 and the
solid curves are pred1ct1ons from a modification of this model to fit the
data of this experiment. '

-As"pointed out in the previous section, one can express the observed
KT - K‘_’p(p) distribution, (do'/dt)d, 'in termis of the free neutroén

Kn- K"p' charge exchange cross section, (do'/dt)n, as -

(o/dt), = (do/dt)_ {1 -H ‘251&1 - 1/3H)} (37)
where L i :
L do spin-flip
‘ (%) _ . :
- n '
R(t) T do non-spin-flip : v (3 8,)
)

and H.'i,s the Hulthen deuteron form factor. Rarita and Schwarzschild43
have suc_ceésfully fitted the differential cross section for K'd - K% (p)
at 2.3 GeV/c, using a Regge model for (dO'/d’c)n utilizing the well-estab-
2 = R trajectories and a less-well-established p' trajec-
tory. 44 Their model also fits the charge exchange data at 3.0” " and
12.0 GeV/c. 39 This model does not invoke exchange degeneracy of the
o and A2 trajectories. B

The form of the differential cross section used by Rarita and

Schwarzschlld is

| o L |
2 ' s+R

do 1 1 v 2 t CK 2

Gr) == (g5 ) {1 - ) lAl : ‘ —SJIBI ,  (39)

e, T 4Py { 41\/12 4M2 L-(t/‘tMZ) }

where M is the nucleon mass and PK is the laboratory momentum of

the incident kaon. They have parametrized the Regge helicity-non-flip

(A) and helicity-flip (B) amplitudes as
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. + o oy at - .t - - , :
A(K'n - K%)=A" - A" = Ap -,Ap~Apu | (402)
o xor-nt _p--wmt _n- R | |
B(K'n—-K%)=B" - B” = By Bp Bp, (40b)
with :
-i'rrazi ozi
+. (e £1) , E
Ay = - GlY) fay + 1) e (EO ) (41a)
v -iTrozi a;
£ _ (e £ 1)
Bi T vDi(t) o4 (ai 1) sin Ta, ( EO. ) (41Db)

i':p’ p"\R’ ) ¢

where E is the laboratory energy of the incident kaon. The residue

functions and trajectories are parametrized as follows:

0, 1 0 1
ct)=c@+cte D (t)=D plt
_p() p( p) p() pexp(p)

0 1 | 0 1
C,i (6) = C), exp (C), 1) D .(t) = D0, exp (D, t) (42),
Co(t) = ar, 2 exp(cly D_(t) = D2 ex (’Dii:)
R R "R “*P'gp R R “R ¥P ¥R

and
@. = aq +a'.t.
i i i

Values of the parameters fitted by Rarita and Schwarzschild are shown
in Table IX. '

Using their formalism, in'the. form described above, and their pa-
rameters without modification, we have obtained predictions for the
charge exchange reaction at our momenta (dashed curves in Fig. 17).
The model is assumed to be valid only in the pheripheral region,

V -t =< 1.0 (GeV/c)Z. - Clearly the model reproduces the shépe of the dif-
ferential cross section reasonably well but is too large in magnitude by
about a factor of two. Part of the failing is due to our use of the asymp-
totic forms of the Rarita-Schwarzschild Regge amplitudes instead of the
formulation of their amplitudes expressed in terms of explicit Legendre

functions which they point out is more valid at low energies.



-31-

-

We have made two medifications to the asymptotic Regge model
descrlbed above which seem to have neg11g1b1e effect at high energies
but 1mprove ‘the agreement w1th the low energy data. The first is a
's1mp1e change in the formahsm that increases the valldlty of the model
at low energles, short of go1ng to the explicit Legendre formulation. In
the h1gh energy approx1mat10n the laboratory beam energy, E, appears
1n ‘the Regge amplitudes in the form A = (E/E and B = (E/E )%
In our mod1f1cat10n we replace E by the more accurate form
E + t/4M, i.e., ' _
52 - (%ﬁ%az (£) . o (a3)

28, E

[«

The correctlon term (t/4M) is clearly negligible in e1ther the h1gh energy
or low momentum transfer limit. However, the shape of the differential
cross section below 2.3 GeéV/c is appreciably affected. Our second modi-
fication is to vary the p' spin-flip residue function, D , = DO, exp (Dil t)
as follows: Dg, chahged in magnitude from 264 to 1’35pmb arfd Dil dep-
creased from 2.95 to 2. 30 (GeV/c)™“. These changes (solid curvgs in
Fig. 17) de_crease the quality of the fit at 2.3 GeV/c, i. e., the predictiohs
are low b'.y‘a'bout 20% , but give good agreement with the lower energy data
d_oWn to 865 MeV/c. At 12.0 GeV/c, the predicticns of‘ our modified model
V are’a_bout 7% lower than those of the unmodified Rarita-Schwarzschild: ‘
model. _

While we have not performed a complete Regge fit to our charge ex-
change data, the calculations described here indicate that the Rarita-
Schwarzschild fit could easily be extended down to momenta spanning the
structure in the isospin-0 and isospin-1 total cross sections near 1.2
GeV/c. It is interesting to note that the Regge model appears to fit low
energies both the charge exchange and K+p elastic scattering da.ta_FJ rather
well at low energies. |

In Table X and Fig. 18 we show the differential cross sections for
K+d—> K °p(p) as a functi_on of the K+ - KO scattering angle in the K-nucleon
center-of-mass system. Using the values of R determined from the

Regge model calculations described above, we have obtained the differential
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cross section for scattering off a free neutron using the relation

(do'/dﬂ)n?(dG/dQ)d/{i—HJrﬁ(é—USH)} (44)

and which are shown in Fig. 17 represented by a black d(.)_.t.v The.correc-

tion is negligible except in the very forward direction. Thé solid curves
represent Legendre polynomial fits to the corrected (d(‘r/dSl)n distributions
with errors scaled according to the above equation. For the 1365-MeV/c
data, the anomoous point at cos § = 0.65 was not included in the fit. A
fourth-order fit was necessary and sufficient at 865, 970, and 1210 MeV/c,
whereas a fifth-order fit was 'required\ét 1365 MeV/c. The Legendre v

polynomial coefficients, defined by

kZ nmax

. do . 3 ' ’ ) .
(3n) =1 Z A_P (cos6) (45)
. n - n=0
with Xk i—(;ﬁ————- , are shown in Table XI and Fig. 19. . The coefficients
C. m‘

appear to vary smoothly over the momentum range of this experiment.
More detailed statements about the charge eXchange reaction can be
made only after a complete phase shift analysis has been performed on
the data: This has not been attempted here.

Finélly we compare the forward scattering cross section with that
derived from the optical theorm. If the isospin amplitudes for K+p
elastic scattering, K'n elastic scattering, and K'n charge exchange scat-

tering (c.e.) are given by

AK'p~K'p) = A, (46a)
AK™ - K'n) = '1/2(A1 +Ay) (46b)
AK'n - K%) = 1/2_(A1 - A4) (46¢)
then 7 '
Beie. T AK'n K) = A(K+P e K+P) - AK'n > K'n). (47)
From the optical theorm we then obtain
_k . L+ +
(Im Ac. €. )9=0 T 4m [otot(h p) - 0-tot(K n)] (48)
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which yields the 'inéquality
| ag. 1 Kot 2 '
<’55)] =3 [0t ®P) - o Kom ] (49)
- nl, ‘ .
- _9=0 .
where the équality holds if the K'n charge exchange amplitude were
purely i’gnaginary. Values of the left-hand side of this equation have
been obtained from the Legendre polynomial fit to our data and are
shown in Table XII together with values of the right-hand side determined -
9,10 .
The difference

between the values calculated for the two sides of this equation shows that

from published total cross-section measurements.

the K+n charge exchange amplitude must be predominantly real. This

26

effect has been previously observed at 2.3“° and 3.0 GeV/c and more re-
cently at 12.O_GeV/c39 and agrees with the dispe-rsion relation calcula-
tions of Carter. 21 Based on a Regge model of KN Scattering with only

p and A, trajectories exchanged, Phillips and. Rarita45 have predicted .
that K+_ri charge exchange should have a predominantly real amplitude and

K p charge exchange should have a predominantly imaginary amplitude.
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V. SINGLE PION PRODUCTION REACTIONS: K'd-- KrN(N)

In this section we Shal_l study the single-pion production reactions

measured in this experiment:

kta = ktpm) - K% p(n)  (50a)

K'n(p) - Kowt n(p) | - (50b)

| Ktnp) - xtn p(p) | - »‘ (50c)

- ~ ‘ K* n(p) - KoTrop(p) | ’ : (50d)

where we designate the (slower) spectator nucleon by enclosing it within
parentheses In Section I1I we presented partial cross sections for

K d - KnwNN and 1sosp1n -0 KN - K7N reactions at our K* momenta of
865, 970, 1210, and 1365 MeV/c. - The emphasis of our analys1s in this
section will be on the isospin-0 KN — KuN channel. Our results show
that above the K*N threshold at 1080 MeV/c most of the isospin-0 KrN
production proceede via the'K*N ché,nnel and that the main production |
mechanism is t-channel pion exchange. There is no apﬁéfen‘c 'support

- for an s-channel resonance interpretation of the total cross section

" peak. | _ -

In this analysis we assign'K+d -~ KnNN events to KN = KuN channels
by' disca.rding events for which the laboratory momentum of both nucleons
is greater than 150 MeV/c, and for the remainder we assume that the
slower nucleon is a spectator. Since it is almost never true that both
nucleons are produced with momenta below 150 MeV/c, this separation
should be reliable.

To get an empirical measure of the effects of a spectator nucleon we
compare measurements of a K+p reaction made with and without a spec-
tator neutron. In Fig., 20 we compare the shapes of various distributions
for the reaction K'Y P K°1T+p at 1210 MeV/c, measured by Bland et al., 6,8
with what we obtain for that reaction from K p(n) - KO p(n) events.
Areas under curves being compared are equal. Figures 20(a) and 20(b)
compare the Kot and pn+ invariant mass spectra. Figures 20(c,d, e)
compare production and decay angular distributions for events around

the K peak, from 840 to 940 MeV, treating them as KN — K N with no



-35.

attempt to subtract out A events. Cos 6 is the K production-angle
cosine K+ . f( 1n the K N center of-mass, cos is the polar decay-
angle cosine K+= K° in the K center-of-mass, and ¢ is the Treiman-
Yang az1mutha1 deca,y angle. Nowhere is there any evidence of distoration
of the K p(n) K°1'r p(n) events. The overall confidence level that the two
sets of measurements are compatible is 85% . Similar results are observed
when data at 1365 MeV/c are compared. Because the agreement is good,
we assume that the shapes of distributions for other KN - KnN reactions
are l.ikeWise not significantly distorfed by the presencé'of a spectator.

At 12'10 and 1365 MeV/c the K" peak in the (isospin-1) reaction
K+p - K° ‘IT p is heavily contaminated with A(1236) events because both
the A-production cross section and the area of the Dalitz plot common
to K'J'< and A bands are large. As far as 1ook1ng for dlsfortlons is con-
cerned, it does not matter whether the events are K events or not. How-
ever, the angular distributions shown in F]g 20 are similar to those ob-
tained when a more careful selection of K 's is made, and they may be
used for the qualitative comparison with the K* angular distributions in-

the isospin-0 channel given below.

B§§onance Production Cross Sections

Havmg convinced ourselves that we can meaningfully assign

\

K d-—+ K7mN(N) events to K N - KwN reactions, we have proceeded to de-
termine the resonance production cross sections for the four channels

(50a) to (50d4). At our energles the possible final states are

K'N > K*'N ' - (51a)
- KA (51b)
- KmN nonresonant. - _ : (51c)

Note that the A can only be from an isospin-1 KN initial state.

. The Dalitz plots for these four reactions at our four momenta are
shown in Figs. 21 to 24. At the two lower momenta, 865 and 970 MeV/c,
we are below the K threshold and only A production is observed. On
the other hand, at 1210 and 1365 MeV/c a considerable amount of ]':{>:< is
produced. Since the area of the Dalitz plot common to the‘K* and A
bands is large care must be taken in determining the amount of each reso-

nance present in a given channel as it has been shown that interference
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effects are important at these energies. To draw quantitative con-
clusioné frbm the Dalitz plots we have considered four models for sin-
gle ;pion.productidn: a non-interference model which is expected to be
valid only in the part of the Dalitz plot outside the K'P - A overlap
region; an empirical model including K*— A interference; a non-inter-
ference model and an empirical interference model in both of which the
amount of A is constrained from isospin considerations. The models
adopted are due to Bland et al. and will be briefly described below;
for a more detailed discussion of the models see Refel ence 7

1. Non-interference Model

In general, one can represent the Dalitz plet density for the produc-
tion of a single resonance as the pr'oduct of a Breit;Wigner function, a
functidn specifying the density distribution within the resonance band
along a line of fixed resonance mass, and a productmn angular momentum
barrier factor. If the only final states cons1dered are K N, KA, and non-

resonant KnN, the Dalitz plot density is given by

dzo' .
——-2-—-—--—2—'_23.+b1 >Z<+CIA (52)
dMy dMy K
where _.the intensities, I, are ‘
. _ 5
. 2 ag*
I =BW {41+ A _ cos N, ) (53a)
* * Kw 2 2
K K K q .t ™y /2
I, =BW, (1+A. cos®\_ ) . (53b)
A A A Nm 2 +m2
9h T, /2
The first factor in each of the intensities is the appropriate Breit-
Wigner form ,
S T (py/p)m
BW = — 2 . 2.2 . 2 (54)
N {m"~ - mo) + (Fmo)
where | 5
. p 2 Py - .
P=ly | =22 2 py) ¢ B

2
P +rn1_r‘ Vp0+ mn' -0
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here mo and I" ' are the nomlna,l resonance mass and width taken as

0
1236 MeV and 116 MeV for the A, and 891 MéeV and 50 MeV for the K ,

m is the ap_propmate dlpartlcle mass, po and p are the two-body

center-of-mass momenta corresponding to- rho and m.

Consider next the second factor. For the Kw(Nm) system we define

)\K“ ()\N“_) as the d‘ecvay angle, in the Kn(Nw) center-of-mass, of the pion

with respect to the outgoing nucleon (kaon). Along a line of constant

2

(M ),, (M2 )‘ varies linearly with cos )\K (cos M ), where

N

cos )\ =+ 1 (cos A = £1) .corresponds to the edges of the Dalitz plot.

Since Il?dth the K andNtT;le A decay via P waves, their decay distributions
in X are of the form o 2 _ :

, R W(cos N) = 1+ Acos M- _ (56)
In this model, the values of A for the two resonances have been left as
free pafameters to be varied in the fit.

Finally the last factor is a production angular momentum barrier
function where qK#< end q, are the K and A momenta in the overall
center-of-mass. Following Bland et al .we have assumed that the final
state K*N and KA systems are in a relative P wave. This assumption
may not be valid for the K*op final states since several partial waves
may'bev important in this case. For the inverse radius of interaction for
K*'produ'ction, m /'\/_, we have taken m_=m (mx =m ) fo'r K*Jr(K*o)

production because w- exchange (- exchange) appears to be the dominant

mechanism for K (K °) production. 46, 47

In the case of the A, we have
used m /'\I as suggested by the p-exchange hypothesis for A produc-
tion.

2. Empirical Interference Model

Bland et al. 7 have included interference effects in an approximate
way, short of a detailed calculation based on a specific choice of ampli-

tudes, by adopting an empirical interference model of the following form:

dZO'
2

aMs  dM

_ L /2 |
) '_a+bIK*+ CIA + 2d (bcIK,A A) cos(oA—oKa\-!- ch).
Kmr "7 "Nw .

(57)
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Here I . % and IA are the same as in Eq. 53, ¢K* and ¢A are the phases
of the K and A amplitudes due to the complex Breit-Wigner amplitude,
and q>0 is an additiona.l constant relative phase, to be varied in the fit.
The factor d, also varied in the fit, is introduced to allow for less-than-
maximal coherence of the interference between the K*N and KA ampli-
tudes.

3. Isospin Cdnstrainéd Models

As we have noted above, the KA final state can come only from an
isospin-~1 KN initial state: Recall that the K+p system is pure isospin-1
whereas K'n is a mixture of isospin-0 and isospin-41. Bland et al. have
studied the reaction K+p -+ KA in great detail with very good statistics.
Through isotbpic spin considerations one can use their results to predict the
amount of KA to be expected in the four single-pion production chan-
nels studied in this experiment. We have therefore considered a modi-
fication of the non-interference model and the empirical interference
model, described above, in both of which we have constrained the amount
of KA fo the value expected from isospin considerations, thus reducing
the number of constraints in each case by one,

4. Results of the Fits

We have fitted all of our single-pion production Dalitz plots for frac-

tions of background, A—prbduction; and, where appropriate, K~ produc-
tion. At 865 and 970 MeV/c, where the K is absent, we have performed

a least-chi-squared fit to the M2 distributions using the following form

Nir
q2 P 4y
-——d—a——=,a+cBW(A) Nm Nw - (58)
am? | 2 4+ m? My
N qNTT‘ mp/2 "

where the symbols have the same meaning as in Eqs. 53 toc 55. At 1210
and 1365 MeV/c, where the K~ is present, the data have been divided

into rectangular bins in M2 and M%(w and fitted by the least-chi-

N
squared method.

The results for the four different models used in the fitting are given
in Table XIII. Clearly the non-interference models do not fit the data.

In Table XIV we give the resonance production cross sections obtained by
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multiplying the fraction of a given resonance in a given channel times
the free nucleon cross section for that channel. The free nucleon cross
section used is that obtained by scaling the K+d -+ KnN(N) cross section

by the ratio o R
R_= o (K'p- K°1T+p) / ¢ (K'p@) ~ Kor'p(n) ) | (58)

as descrlbed above in Section III. We .quote results for the empirical
interference model both with and without the amount of A constrained.
To account for uncertainties in the models we have used, we quéte errors
that are N2 times thé statistical eérror at 854 and 970 MeV/c and twice
the statistical error at 1210 and 1365 MeV/c. As a check on the system-
atics, note that the amount of A determined from the emp1r1cal inter-
ference model is consistent with the amount of A expected from isospin’
consideratiohs although admittedly the errofs are large. Since the sta-
tistics in most of of our data are qu1te poor and since we are primarily in-
terested in the K production in our data, we shall use the cross section
values obtained from the emp1r1ca1 interference model with the amount of
A constrained by isospin for the K" study described below. The results
of these fits are shown in Flgs. 25 to 28..

The three K" production reactions from K -nucleon 1nteract10ns are

K - K*p - . (59a)
K'n » K n ' (59b)
K'n — K*op. | | (59¢)

"The first is a i)ure isospin-1 reaction and has been studied extensively by
' Bland ef al. ;6’ 78 we shall use their results whenever possible. The
other two reactions are a mixture of isospin-0 and isospin-1, and have
been measured in this experiment. In the following section we shall show |
how one can 1solate the isospin-0Q K production and compare it with the

isospin-1 K production. - Our aim is to get a consistent, though qualita-

- tive, descrlptlon of the process KN - K%N near threshold.

Table XV and Fig. 29 show the total K" productlon cross sections
for the three reactmns of Eq. 59. The Ktn points at 2.3 GeV/c are from

S. Goldhaber et al. ,46 and the points at 3.0 GeéV/c are from

47 -

BaSéompiere et al. * TheK+p points are from the compilation of
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Price et al. Note the rapid rise of the K cross sections near thresh-

old, Figure 30 shows these cross sections replotted on a log-log scale.
We include the preliminary results of Firestone et é.ln at 12.0 GeV/c. 48
Note that for all three reactions the K* cross sections rise rapidly from
threshold until about 1.6 GeV/c, at which point théy turn over and fall
smoothly to 12.0 GeV/c. Following Morrison4o we have fitted the data

above 1.5 GeV/c to the form

o=AP (60)

-n
K , ‘ :

and find A = 7.4+ 0.7 mb and n = 1.74 £0.07 for K p> K 'p and
A =15.4%1.0 mb and n = 2.34£0.07 for K'n - K %. Note that all three
‘ K* production reactions have the same energy dependence, falling roughly
as PK2
to be quite different, as we shall show in the following sections. Finally
note that o(K'n - K %) = 1.5 ¢(K'p - K" 'p) and o(®K'p~ K tp)

= 2 o'(K+n - K*_+n) from threshold to 3.0 GeV/c. ’

at high energy, even though their production mechanisms appear

B. Isospin-0 Resonance Pfoduction Cross Sections

1. Methods

a) There is only one independent .amplitude in isospin space for the iso-
spin—O KN — KN channel because there is only one way that either the ini-
tial- or final-state particles can couple‘to isospin 0. In this channel, the
final-state subsystems, Km, Nm, and KN, have isospins 1/2, 1/2, and 1:
A production is forbidden. The cross section is given by Eq. 16 of Sec-
tion III: . »
0o (KN~ KaN)'= 3[0(K ' n >K7 " n) + 0(K 'n~ K'n7p) - o(K'p~ K'n%p)].  (61)
The same relation applies to differential distributions such as angular
distributions and invariant-mass spectra. Distributions for the reaction

6,7, 8

K+p—> K+TTop have been measured by Bland et al. We extract them
for the K+n reactions from K'd - K°Tr+n(p) and KTd - K+Tl'—p(p) events.

We normalize our distributions as follows:

N[K'n(p) ~K°n n(p)] + NK'n(p) > K v p(e)] ;xt, Lxonts)
N[K pn) - Kot p(n)]

(KN —=KNm) = 3 {

- 0(K+p —~> K+1T°p)} N (62)
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where, on the right, fhe o0( )'s are cross sections measured in hy-
drogen, and the N[ I's are the numbers of events measnred in deuterinni
subject toa 150—MeV/e spectator cut and corrected, when appropriate, for
unseen K° dec'a.ys By normalizing in this manner, we hope to take account
of Varlous corrections encountered when interactions are on a deuteron.
The K N cross section can be obtained by makmg the appropriate fit to

the KN Dahtz plot from Eq.. (62) or to projections of the Dalitz plot.

b) Alternatlvely, the K N cross section can also be determined from

0’0 (KN - K*N) = 3[0'(K+n ~ K*+n - K° 1'r+n‘) + 0‘_(K+n - K*olp—»K+1r-p)

| o . |
- 3 o®'p-KTp Kon'p)] (63)

in Wthh each approprlate deuterium channel is 1nd1v1dua11y separated in-
to K N and the Kort P hydrogen channel rather than the K ® p state is
used to subtract out the 1sosp1n -1 K p part of the cross section,

For the 865 970, 1210, and 1365-MeV/c data both procedures (a)
and (b) were used, whereas for comparlson with data at hlgher momenta,
the ava11a.b111ty of only the K°1r P final state in hydrogen permltted only
procedure (b). '
B. Results | :

B Figures 3:1 to 34 show the differential distribiﬁtions, 'i.e., invariant
mass spectra and K* angular distributions, for the isospin-0 KN —» KnN
channel at 1210 and 1365 MéV/c together with the corresponding distri-
butions for the three channels K+n - K° 1T+n, K+n - K+Tl'-p, and
K+p - K+1f°p which are the components of O'O(KN - KuN). The K
events are taken as those events whose Krm invariant mass lie in a band
from 840 t6 940 MeV; no attempt has been made to correct for non-K_
background events included in this band. The angles are defined just
. as for Fig. 20. '

Although the angular distributions shown in Figs. 32 and 34 for the
re.actions_ K+n,—»K*°p‘—> K+T\'-p, K'n - K™ - K01r+n-, and K+p - K*+p >
- K+11’°p are contaminated by non-K" events, they can be used to study

. . ! . ¢
qualitatively the production mechanism for the three K production
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reactions. I.n the K n—- K °p - K ™ p channel the product1on angu-

lar distributions peak sha.rply in the forward direction, the polar de-

cay angular distributions have a large cosza component, and the azunufhal
decay (Treimau Yang) angular distributions are essentially flat. In the
isospin-1 channel, K P K p—> K°1T p, the production angular distri-
butions are less sharply peaked, the polar decay distributions vary as
S1n2a, and the azimuthal decay dlstrlbutlons vary mainly as s1n d) This
behavior has previously been observed at 2. 346 and 3 0 GeV/c and was
1nterpreted as indicating that the reactlon x* p - K p goes predominantly
via w-exchange whereas the reaction K n — K" % goes predominantly via
pion-exchange. The .angular distributions for the remaining reaction,

K n— K*+n—>K°'n'+n, appear'to be intermediate between those for the

other two réactions with no single process appearing to dominate.

Figure 35 shows the Km and Nm invariant mass spectra in the isos'pin—O |
KN - KrN channel for ﬁlOmenta at 970, 1210, and 1365 MeV/c; the corre-
sponding spectré, at 865 MeV/c is similar'to that at 970 MeéV/c. There is
no significanf structure in the Nw spectra. Since A production is for-
bidden, the lowest known Nm-resonance that might appear is the N*(1470);
but even at our highest momentum of 1365 MéeV/c, the phase space cuts
off at 1450 MeV. For this reason the isospin-0 KN+ KnN channel is more
ideally suited for studying K* production than any of the component chan-

' nels. The K peak domlnates the K spectrum at momenta above the
K N threshold. Fits of the K spectrum to phase space and a P-wave
Breit-Wigner resonance form having mass 891 MeV and width 50 MeV
are shown.

Table XVI shows the total isospin-0 KN - KrN and KN - K*N cross
sections determined using the normalization of Eq. (62);49 for compari-
son we list the corresponding isospin-1 KN - KnN and KN — K*N cross
sections measured by Bland et al. 7 We also give the isospin-0 cross
sections for KN - K*N determined by the alternative method of Eq. 63
in which we have fitted the Dalitz plots of the three channels K'n— KO 7r+n,
K'n - K+'n'-p, and K+p - K° Tl'+p independently for the fraction of K*N.
The cross sections determined by the latter method are systematically

lower than those obtained by fitting the projected isospin-0 K spectrum.
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Flgure 36 shows the energy dependence of the isospin-0 and iso-
sp1n 1 KN - K N' cross sections from threshold to 3.0 GeV/c. The
1sosp1n 1 cross sections at 1210, 1365, and 1585 MeV/c are taken from
the work of Bland et al. 6,7 Higher momenta data are taken from the
comp11at1on of Price et al. 42 The isospin-0 cross sections shown are
those calculated usmg Eq. (63) At 1210, 1365, and 1585 MeV/c we have
used the K p - K p - K°1r P data of Bland et al. 6’7'ahd the K+d data
of Seeger, 37 and at 3.0 GeV/c we have used the published K14 data of
Bassomplere et al. 41 to calculate the isospin-0 cross sectlons A
- smooth curve has been drawn through the isospin-1 KN - K ‘N cross
sectlons and has been scaled upward by a factor 2.5 to give the smooth
curve pass1ng through the isospin-0 KN - K ‘N cross sections. The
data indicate that the energy dependency of the isospin-0 ahd isospin-1
KN - -K*N cross sections are quite similar in this energy region.

Figure 37 shows the production and decay angular distributions at
1210 and 1365 MeV/c for events around the K* peak treating them as
isospin-0 KN - K*N events. As pointed out before, no correction has
been made for the-non-K%< background events, which amount to about
12% of the selected events at 1210 MeV/c and 7% at 1365 MeV/c These
angular distributions reflect the dominance of the K n- K0 p channel
in Eq. 61. ' Figure 38 shows the isospin-0 K differential cross section,
do/dt, together with the density matrix elements (Jacks\on-frame) Poo’
Py_1° and Re Pi0° The differential cross-section can be fitted to an ex- v
ponential

do/dt ~ exp(bt), _ (64)

with b = 5.3%0.4 (GeV/c) ? at 1210 MeV/c and b = 4.7£0.6 (GeV/c) 2 at
1365 MeV/cc Note the rather large value of Poo indicative of pseudoscalar
meson exchange. )

The contrast between the K angular distributions in the two isospin
- channels is ‘striking. In the isospin-0 channel, the productlon angular _
distributions peak sharply in the forward direction, the polar decay a.n_gu-b :
lar distributions vary mainly as cos2 o, and azimithal decay angular '
distributions are flat. In the 1sosp1n 1 channel (Fig. 20 and Reference 8),'
the production distributions peak much less sharply, the polar decay
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distributions vary ‘1.'nai-n1y as sin2 o, and the azimuthal decay distributions
vary mainly as sinz__(}>, In the first case, the distributions are charac-
teristic of exchange in the t-channel of a light pseudoscalar meson, as
born out by the large value of pOO’ whereas in the second case they are
characteristic of a heavier vector meson. All the main features point

to m and/or m-exchange being the dominant K * production mechanism in
the 1sosp1n 0 channel and p- and/or w-exchange being domlnant in the

iso spm 1 channel.

C. Productlon Mechanlsms for the Reaction KN — K N

We summarlze our experimental observations for the reaction
KN - K'N at 1210 and 1365 MeV/c as follows:
1. Cross Sections
&
a. 0'(K_+p—» K*+'p) x 2 o'(K+n'—> K +_n)
' * *
b, ¢(K'n-K%)~ 1.5¢ K'p > K Tp)
£ ' ko
c. o" (KN - K N) = (2.5-2.7) ai(KN—» K N)
2. Angular D1str1but10ns -  Production Mechanisms

a. K P K" p - dominated by w-exchange

b. K n - K—P' n — no one process appears to dominate
c. K'n- K*op -+ dominated by ';r—exchange

d. (KN - K*N)I=0 - dominat_ed by m-exchange

£
e. (KN - K N)I-':i - same as 2(a), i.e., dominated by

w-exchange

We now attempt to get a consistent, though qualitative, description
of the above experimenta’l observations in terms of s- and t-channel iso-
spin amplitudes Af and a;r T
tributes to both isospin states in the s channel. The KN - K N charge

A particle exchanged in the t channel con-

state scattering arriplitudes, written alternatively in terms of s- and t-
channel isospin amplitudes are:

AK'p - K*+p) =A = (ay - ao,)/Z, ' (65a)

AR~ K )= (A, + A /2= - @, +2,)/2, (65b)

’ ¥k,
AKn - k™) = (A, - A,)/2 = a.

T (65¢)
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_ Solv1ng for the s-channel 1s05p1n amplitudes, we get

a.Ab.= -(a + 3a1)/2 - L -7 o . (66a)
LAy (g - ay)/2. | | (66b)
If the main processes are the exchanges of low -mass mesons, then
'AO.-Hn+m)+3@r+pn/z . | - (67a)
A m - [m to) - (rip)l/2, (67b)

where the partlcle symbols stand f.or the amplitudes for the exchange of
these particles. _ , .

The angular distributi'ons indicate that at least one pseudoscalar and '
one vector meson are exchanged I only one of each is exchanged, the
poss1b1e pairs are nw, mp, mp, and Tw.  Simple pred1ct1ons follow

from Egs. 67a and 67b: For mnw or mp, A, and A, differ at most by a

0
multiplicative constant, and thus the shapes of angular distributions in

the two pure- isospin channels differ not at all. For mnp, there is much
than in Ai’

than in A The last is what is seen, and

more vector exchange in A and for 7w, there is much more

pscudoscalar exchange in 11(.)0
thus in th1s simple picture the main processes are m- and w-exchange.

If tbese were the only processes, there would be the same amount of
vector exchange in A0 and Ay, and only pseudoscalar exchange ina,,
the'amplitude for Kn—+ K° . In neither case is this what we see, but
the addition of relatively small amounts of other exchanges,

such as p- exchange can at least qualitatively resolve the dlscrepanc1e Se
Therefore a possible minimal set of exchanges mlght be mwp, so that

S Ay = -lot3m+p)]/2 ay = o,

Q

(68)

ll
a€

Ay ,-_[w-<n+p>]_/2 - : a, = (m+p).

Recall the isosvpin 0 K*N final state appears to e.xhibit more pure pion
exchange than the K’ °p final state produced by Kt n; this suggests that
the p- exchange is present by an amount such that the ‘combination
(w + 3p) in AO must practically vanish, i.e., p ® - w/3.

‘We next see if the presence of a significant p-exchange amplitude,
opposite 1n phase to the w- exchange a1np11tudc, can also explam the fact

that O'(K P~ K" p) 2 CJ‘(K n- K- ) [ experimental observation 1(a)]_ .
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' 2
gt k™ At = ket ey - ap)/2 %

o(Kn—»K+n jIAK n—>K+n)|dt jl ~(a, +a /21 24t

NJ‘ﬁ +p {-cr)'i-z'dt~ jln -4/3 w lzdt
jl‘w+ p+w 12.d,t' Jln + 2/3@» lzdt°

If one assumes no interference between pseudoscalar and vector ex-

changes, e.g., no absorption, then

16
d
o(Kp-»K ») g-j["* g et

o®'n ~ k0 J ﬁz +4/9det

which implies

$

2
1

Jo®ar = (9/8) 'nzdt ~ jnzdt.

Therefore the observed experlmental result, O'(K p—~ K +p) = 20’(K+n

- K n), can be explalned in terms of our mwwp exchange model provided

p~ -w/3 ande dt~jrr dt. The problem is to show that the remaining ex-

per1menta1 observatmns 1(b), 1(c), 2(a), 2(b), 2(c) are compatible with

this picture. h
Experlmentally, at 1210 and 1365 MeV/c, we observe that

g ‘(K n- K. °p) = (1.5) O'(K P~ K p). In terms of the model described

above, we expect

’ >'<. i ' : ’ 2
o(K'n~K0p) _ JIA(KJrn—» K™ %)%t _ j'%' at_
o'p ~Kp) - la s~ k)1t [l(a,-a))/2 %4t
j|Tr+p|2dt .~ jl’rr-w/3| dt j[ﬂ2+w/9Jdt =~ 3/2,

J|(n+p - w2 %at Jl(n-4/3 w)/zl dt j[ w2+l Z)Jdt

which implies
‘ *
oK n - K0

= 1.5
T e y
oK' p—=K p)
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Experlmentally, at 1210 and 1365, MeV/c, we observe that

(KN—»K N) = (2.5 - 2.7) 9y (KN—»KN)
expect

In terms of our_modél we

0, (KN~ K'N) j!A 1%t J]-a +3a1)/2|dtjlw+3n+L)| At
' %

o &N~ K'N)  [I1A, 1%t |1 w-%WIMJM4ﬂmHM

‘J|3n|2dt  gePar 3

J |4/3w;ﬁ|2dt J[%w2+nzjdt 1

which implies

0y (KN - K N) -

~
~

X
* — ..
o, (KN~ K'N) 1

Experimentally, at 1210 and 1365 Mé&V/c, we observe that K : pro-
duction in the channel (K+p -~ KT

p) = (KN - K>'<N)I:1 is dominated by w-
exchange. In terms of our model we expect '
' 3
IAK D - K™p)12 = A 12 = 1@, - ao)/ZIZ = 11/2(m+p - w)l?

1 2
Z |1-r-4/3w1

Q

Q
S~
—
3
N
.+.
[
o
™
| -

which implies ~ 2/3 vector- exchaﬁge and ~ 1/3 pion-exchange. ' :
Experlmentally, at 1210 and 1365 MeV/c, we observe that K pro-
duction in the channel K' n - K n does not appear to be dominated by

any one process. In terms of our model we expect

*
lA(Kfn_—» K +n)l2 = | -(ay + a.o)/Zl2 ~

%wn+y3w@

|(1r+p+m)/zl2

~
~



-48-

=~ 5 [n* +4/90°,

which implies ~ 1/3 vector-exchange and ~ 2/3 pion-exchange.
Experimentally, at 1210 and 1365 MeV/c, we observe that K~ pro-

duction in the channel K'n - K % is dominated m-exchange. Interms

of our model we expeét

]2

» |A(K+n—> K>‘<°p)|2 = |a.1 =~ w4+ p IZ

z-rr2+p2,

But p2 = ( -m/‘3)2 = %wz,

which implies ~ 1/9 vectdr-exchange and ~ 8/9 pion-exchange.

‘We therefore find qualitative agreement between our experimental
observations for KN - K*N and a Twp exchange model subject to the
cénstraints p= - w/_3 ahdjwzdt zj‘rrzdt, Note that our arguments still hold if
we expand Twp to meah the exchange-—degenerate pairs (w, B), (w,f),

(p» AZ) provided we invoke strong exchange degeneracy.
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VI SUMMARY AND CONCLUSIONS

We haVe measured sorﬁe of the K'd partial cross sections around
1 GeV/c and have calculated most of the others by using relations derived
from isospin conservation and data from other e’xperimenfés. The
K+d - K°1;>p cross section falls smoothly with increasing momentum (see
Fig. 7). The single-pion production cross sections rise rapidly until
about 1.2 CreV/c and then level off; they all have about the same shape
though they differ in size. The double- -pion production cross sections
are extremely small until 1.2 GeV/c, after which they begin to rise.
The most striking feature of the K d part1a1 cross sections is the abrupt
rise of the total single-pion production cross section to 15 mb at 1.2 GeV/c.
As this is accompanied by a less precipitous fall of the KNN cross section,
the total K'd cross section increases by only 10 mb. The onset of double-
pion prodliction, by which time the single-pion production has leveled off,
causes no marked change of the total cross section. |

‘We have also extracted isospin-0 KN partlal cross sections. The
striking feature of these cross sections is the rapid r1s'e of O'O(KN’IT) at
the threshold for the quasi-two-body reaction KN - K'N (see Fig. 8).
'It appears to come at a slightly higher momentum than does the increase
of oy (KNw)., This is reasonable, because the reaction KN~ KA, for
which the threshold is slightly lower and which is known to be the major
part of g, (KNm) in this region, is forbidden to the isospin-0 channel. It
is surprising then how similar in magnitude O'O(KNTT) and 0'1_(KNTT) quickly
become. The rapid increase of O'O(KNTT) is accompanied by a turn-over
of 0'0 (KN). The latter then falls off quite rapidly, much more so than does

1(KN). As in the case of the isospin-1 KN system, it appears that the

structure around 1.2 GeV/c in the total cross section for the isospin-0
K+N system is well reconstructed by the sum of three smoothly varying
channel cross sections 9 (KN), oy (KNw), and o, (KNmw)., The broad peak
in T (KN) near 0.8 GeV/c is 1ntr1gu1ng, but the answer to the question
as to whether this is due to a ZO resonance will have to wait until a re-
liable phase shift analysis is performed in the isospin-0 K'N system.

We have s{:udiéd the charge-exchange reaction K+d—>' KQp(p) and find

that the cross section rises rapidly from threshold to about 7 mb at
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0.6 GeV/c, remains constant until a,b.ou.t 0.9 GeV/c, at which point it
turns over and falls smoothly as PP-;Z from 1.2 GeV/c tq 12.0 Gz’v;/c.

We have extended the Regge model of Rarita and Schwarzschild ™~ down
to momenta spanning this experiment and find reasonable agreement be-
tween the predictiohs of this model and the experimental differential
cross sections, (clcr/dt)d Using this model we have extracted differ-
ential cross sections for K n - Kop, (do/d&'l o’ and have performed a
Legendre polynomlal fit to the data. We flnd that the expansion coeffi-
cients appear to vary smoothly in the region of this experifneﬁt. Finally
we have compared the forward scattering cross section with that derived
from the optical -theoren:_l and find that the K+n charge exchange amplitude
is predominantly real. \

We have measured partial cross sections for several single-_-pi’on
production reactions and find that above 1 GeV/c the quasi-two-body
processes KN - K*N and KN - KA dominate. For K* production
near threshold we ﬁnd 0'(K+n—-> K¥%5) ~ 1.5 Q“(K+p - Kp) and
O‘(K p-—>K p)zZO'(K n—>K n)and O'(KN—>KN) (2.5 - 2.7) X
o (KN~ K “N). As already observed at 53 and 3.0 G &v/c, 0 47 e iso-
sp1n 1 K’ N productlon goes predominantly via w-exchange, whereas the
K n - K % process goes largely via pion-exchange. It is striking that
this behavior remains unchanged practically down to K"N threshold. Un-
expectedly the isospin-0 K N final state appears to exhibit more pure
pion-exchange than the Kﬂ< b final state produced by K+n. In terms of
a simple particle-~exchange model, in which ﬁwp are allowed to be ex-
changed, this suggest that the combination (w + 3p) in Eq. 68 for AO must
practically vanish, that is p ¥ - w/3. The presence of a significant p-
exXchange amplitude, opposite in phase to the w-exchange amplitude, also
explains the fact that o'(K+p »K*fp) = 20‘(K+N - K*+n), provided that
szdt = (9/8) Jﬁzdt. A mwp-exchange model subject tothese two constraints
on the amplitudes can qualitatively explain the gross features of the ex-
perimentally observed angular distributions and ratios of cross sections
for the various charge states of KN - K*N. The processes dominated
by pion-exchange have about the same energy dependence as the processes

dominated by vector meson-exchange, at variance with theoretical
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expectations from either-R'eggeized or absorptive exchange models.

We now summarize the results relevant to the important question
of whether the. peak in the 1sosp1n -0 total cross section at 1200 MeV/c is
a resonance or not. The peak is undoubtedly associated with the K N
threshold, since peak and threshold occur at the same place and the
KN - K N cross sectlon rises sharply there,v while the only other im-
portant partlal cross sect1on (elastic scattermg) undergoes a less marked
variation. Close above threshold the K angular distirubitons strongly
indicate pion- exchange.v ’I‘here is no correSpondlng s1mp1e single-process
1nterpretat10n from the s-channel point of view. If K" production took place
through a smgle s-channel _part1a1 wave,  the production angular distributions
would be s‘ymrnetric aboutbcos 9 = 0, whereas the observed forward peak
requ1res the constructlve 1nterference of several partial waves.

According to the theoretlcal concept of duality, 50 an amplltude can
repre sent 51multaneously both of what were once thought of as exclusively
either s- or t-channel processes Therefore, although the simple and
economical description of K production is in terms of t-channel processes,
we cannot rule out that some part of the t—channei amplitude is also an
s -channel resonance. More mundanely, neither can we definitely ex-

' clude that besides the exchange amplitudes there is another small and
possibly resonant amplltude The way to finslly resolve the question is
to partial-wave analyze the isospin-0 KN - KN and KN - KN reactions,
but this has not been done and will be difficult. The difficulties in finding
unique solutions in such analyses, even when there are polarization data
are well known. Here there are to be added the: problems of correcting
for effects of the deuteron and, in the case of the KN - K'N reaction,

of extracting K events from background and analyzmg a final state in

which both partlcles have spin.
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APPENDIX
The K'd reactions that occur at the energies spanned by this ex-
periment are: |
K'd -~ KNN - K+pn
| K’pp
K'd » KNNm—> K'nne®
| Klpnr"
K+pp'rrn
K+pn1r°
K°ppn®

The reactions listed above are arranged according to the charge states
of the pions. The symbol 0'(;0, for example, represents the sﬁm of all
cross sections leading to one charged and one neutral pion.

There is a simple way to find the linear relations between cross
sections or decay rates that follow from isospin conservation. The

method, due to Shmushkevich,51—54 avoids using Clebsch-Gordon co-

efficients or expanding reaction amplitudes in terms of isospin amplitudes.

In fact it says nothing about amplif:udes. _ . '
Shmushkevich. observed that if an initial state that is unpolarized in

isospin vspé,ce undergbes an interaction or decay that conserves isospin,

~ then the final state reached is also unpolarized in isospin space. Un-

pola.rized in isospin space means that within each particle multiplet, all

the charge states (the Iz states) are equally populated. For example, the

m multiplet is unpolarized if there are equal numbers of a s, ™ 's, and

n%s. The procedure is to write down all the reactions that conserve
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charge and then to constrain the rates or cross sections so that each

particle multiplet is unpolarized.

Isospin Conservation and K+d Reactions

Kd - KNN+¥ reactions. First we write down all the reactions that

conserve charge.

. ' s ™ ™
1. K'd - K'nnn® AN E 1 0
K —~ K%ppm~ |
2. K'd- Knn' ' o, |1 1 0
K% nd K+np1r- '
3, Kta— Kippr~ oy |t 1 0
K% - Konn'rr+ '
4. K'd— K'pnn® o, |o 0 2
K%~ K%npm?®
5. K'd— K°ppr® | o |0 0 2

K% — K nnw®

Note that the K% reactions are related to the K'd reactions by charge
symmetry, so that one need only consider the Ktd reactions provided
one remembers that there are twice as many charged n's as s, There-

fore the constraint that there be equal numbers of fr+'s and 7%'s leads to

(cr1 +02+q3) =2 (04+05)

\—-—V___./
9. %
so that
O, = 2 T

This leads to the following relations between single pion production cross

sections:

o(KNNT) =g + 0
C o]

30
(o]
3/2 o, -



-55-

In a similar manner, one can derive relations for the '
Kd - KNNuw, KN - KNw, and KN - KNmw reactions. We shal‘l only

sketch their derivation below.

The Kd - KNNmm reactions are: ' "+’ ‘ .

1. K'd > Konnr'ot o, | 2 2
K% — Kipprn™ |

2. ‘K_+d»—> K+pn_1r+1r' A S 0’2' -2 : 2
K% - K°n§1r’1r+ o

3, K+_d - Koppﬂ'f‘n"—' ‘ o, | 2 .2
K% - K'nnr ot -

4. Kta - K nnn ' n0 _— . o, 1 1
K% - K%ppm n° ' ' o

5. K'd - K°p‘n1r+1rf" - o | 1t 1
K% - K+np‘ﬁ'-n‘° :

6. K'd - Klppn™s® o, | 1 i
K% - K°nn7r+'rr° '

7. K'd > K'pnnn® ' o, | © 0
K d - K%npnn®

8. K'd - K% pmon® ) Og 0 0

- K% - K+n_n17°'n'°
Equating the nﬁ;nber of ’1r+'s_to the number of the m”s leads to
2(0, + 0, +0,) + (o4 }+. oy t+ 06)
=2 [lo, + 05+ 0,) + 2(07+q8)].
This can be rewritten in terms of the charge states of the pions as -

20 - = '
c,.CC + OCO 20’(:0 + 40-OO

or

ZOCC = 40’00 + O'CO
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Therefore

o, . to, _+0
ccC .CO e]o}

30 -0 )
ccC [e]s]
3/2 (O-CO + 20-00)

3/_4 ("co + 20, )

o(KNNm)

f

Isospin Conservation and K+N Reactions

There are seven different charge states for single-pion production
in K N interactions:

K+p - K °'n'+p

K'ntn 0‘p
K+1'r°p o _ \
K'n - Kr'a
Kon’p o .
K+'rr°n o
K+1'r_p
Again using the method of Shmushkevich: al a 0
1. K'p - Kn'p | o, | 1 1 0
Kn - K+Tr_n
2. K'p» K'n'n o, [ 1 1 0
" Ka - KoTr-p
3, K'p - K'n% ‘ oy | O 0 2
_ Kn - K%%’n o
4. K+n - K°1r+n 0y 1 1 0
Kop - K‘!lﬂ'r_p '
5. K'n » K% o: | 0 0 . 2
K’ - Kt rn ' ’
6. K'n - K non o | O 0 2
K% - K%
7. K'n - K'n7p o, | 1 1 0

K% - K°1'r+n



".57.

Again equat1ng the number of s and w° s, we get
o 1+0?_+<r4+cr)-?-(0'3+cr +o.)

or expressed in terms of the charge states of the pions we get as before

, ) 0. = 2 %
Now note
op=o1+oz+o3=o(1=1)
0,0t 05Ot 0y = 1/2 lo=1) + 0(1:0).] :
Hence

o{I=0) qun,'

| | 2(0y + 05+ 0g +0q) - (0 +0, +03) .
Using the relation .= 2()'o we finally obtain a relation for the isospin-0

single pion production reaction:
0(1=0) = 3(0y + 05 - 03) -

There_fore

0o Nm) =3 [0(K'n - K°n'n) + ¢(K'n ~ K'n"p)

-o®'p~ K'n'p)] .
According to Shmushkev1ch th1s relatlon should hold also for differential

cross sections.

There are eleven charge states for double-pion product1on

K P - K°nTr+Tr+

K p1r+1r
,K+n7r+'rr° ‘
+ o
K%w
K+p1r°1r°
K'n - K+n'n'+‘rr-
v K p1'r+1r
KO + 0
n‘rr ™
K p1T "m0

K n1r°1r°

Ko%nOn?
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Now applying Shmushkevich's method:

™ Tl'- its
1. K'p—~ Konntat o | 2 7 0
~ K°n — K+pTI’_TT—
2, K'p> xtprtn” o, | 2 2 0
K°n — Konﬂ-w+
3. K+p - K nntro : . g3 1. 1 2
K’n - Ko%nn? l
4, K+p - K°p11'+1'r° 0'4 1 1 2
"Kn - K+n1r-1r°_
5. K'p - K pnn® o |0 0 4
K’n - K%nnwon® '
6. K'n - K'nr'n" o¢ | 2 2 0
K% - Ko%m '
7. K'n - Kopr'n" | o, | 2 2 0
K% - Ktamr ot '
8. K'n - Konn'n?® oq | 1 1 2
K% - K+pTT w0
9. Ktn > K pm w0 0 1 1 2
K°p - K%' n°
10. K'n - K'nn'o o0l © 0 4
K% - Kon%®
11, K'n - Kopnfn? . 04410 0 4

v K% — K nn0q0
Again equating the number of 1r+'s and ™'s we get

2(0y + 0, + 0, +0,)+ (o3+04+08+09)
= 4(q5 040t o“) + 2(()‘3 + 0o, Tt og t 09) ;

which expressed in terms of the charge states of the pions reduces to

20 =40 +0 .
cC 00 coO
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FIGURE CAPTIONS v
Fig. 1. K d and Kt p total cross sections from Cool et al. 9 Bugg et al. 10
and Bowen et al. 1 _
F1g 2. Isost 0 and 1sosp1n 1 total K N cross sections.
Fig. 3 K P elastlc, smgle plon production, and double -pion productlon

cross sect1ons from Bland et al.

7 Fig. 4. The phys1ca1 1ayout of the beam used in this exper1ment at the

Bevatron. ,
Fig. '5. The event topologles scanned in th1s exper1ment
Fig. '6. (a) Cross sections d1rect1y measured. (b) Components of

d - Kopn'rr .

~Fig. 7. Derived K d cross sections. Also shown are the total K+d

Cross- se’ction data of Cool et al. 9 Bugg et al. 10 and Bowen et al. 11,\
and some partial cross section data from Slater et al. 25 and
Butterworth et al. 26 »

F1g 8. Isospin-0 KN scattering cross sections. Also shown are the
total cross sections from Ca,‘rter27 and isospin-1 pa’rtial cross sec-
tions from a comp11at1on made by Bland et al.

Fig. 9. Spectator nucleon momentum and angular distributions for the
rea.ctlon K'd - K°p(p) The shaded events correspond to visible
proton spectators., The curve is the prediction of the Hulthén wave
function. :

Fig. 10. Spectator nucleon momentum and angular distributions for the
reaction K+d - K+1T-p(p). The shaded events correspond to visible
proton spectators. The curve is the prediction of the Hulthén wave
function. '

Fig. 11, Spectator nucleon momentum and angular distributions for the
reaction K+d — K°m%(p). The shaded events correspond to visible
proton spectators The curve is the prediction of the Hulthén wave

: functlon

Fig. 12. Spectator nucleon momentum and angular distributions for
the reaction K'd — K°'rr+pn. The shaded events correspond to events
in which the proton is the spectator, i.e., K+d - K°1T+n(p). The

curve is the prediction of the Hulthén wave function.
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Fig. 13 Scatter plot of the proton momentum as a function of the neu-
tron momentum for ‘the reaction K d - K° at pn at 1210 MéeV/c.

Fig, 14. Total cross sectlons for the reactlon K d - Kop(p)

Fig., 15. Total cross sections for the reaction K d - K%(p).

Fig. '16 Total cross sections for the reactions K d - Kop(p) and
K'p - KOa™. |

Fig, 17. D1fferent1a1 cross sections as a function of the momentum trans-
fer for the reaction K ta - K%(p) at 865, 970, 1210, and 1365 MeV/c.

Fig. 18. leferentlal cross sectlons as a funct1on of the center-of-mass
scattering angle for the reactlon Ktd - Kop(p) at 865, 970, 1210,
‘and 1365 MéeV/c.

Fig. 19. Legendre polynom1a1 coefficients defined by

(dO'/dQ —(’ﬂ /4) E A P (cos 6) for the reaction K d - K%(p).
~ n=0 :

Fig. 20 A comparlson of various d1str1but1ons for the reactlon
K p - K°'rr p and K p(n) N K°1r p(n) at 1210 MeV/c. Areas be1ng
compared are equal. The angles are defined in the text.

Fig. 2v1'. Dalitz piots for the res‘.ction K+d - 'K°1r+p(n) at 865, 970,
1210, and 1365 MeV/c.

.Fig. 22. Dalitz plots for the reactlon kta - ot n(p) at 865, 970,
1210, and 1365 MeV/c

Fig. 23. Dalitz plots for the reaction K'd - K m p(p) at 865, 970,
1210, and 1365 MeV/c. _

Fig. 24. Dalitz plots for the reaction kta - K%%p(p) at 865, 970,
1210, and 1365 MeV/c. ‘ '

Fig. 25. Dalitz plot projections for the reactlon Kta - Kow p(n) at 865,
970, 1210, and 1365 MeV/c '

.Fig., 26, Dalitz plot pro_]ectmns for the reactlon Ktd - Kor' n(p) at 865,
970, 1210, and 1365 MeV/c. '

Fig. 217. ,. Dalitz plot projections for the reaction kta - K+Tr—p(p) at 865,
970, 1210, and 1365 MeV/c.

Fig. 28. Dalitz plot projections for the reaction K'd - K% (p) at 865,
970, 1240, and 1365 MeV/c.
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Flg. 29. Cross sectlons for the reactions K p - K p, K n -+ K +
and K'n — K op | ‘ '

Fig. 30. Cross sections for the rea.ctlons K P K" p, K n - K +n,

- and K'n ~ K’ °p. . , '

F1g 31, Invarlant mass spectra for the 1sosp1n _0 KN — KmN channel
at 1210 MeV/c together with the correspondlng d1str1but1ons for the
three channels K n - K°1r+n, K n - K m p, and K P~ K wp
which are the corhponents of (KN - KmN).

Fig. 32. K angular d1str1but10ns for the isospin-0 KN ~— K*N channel
‘at 1210 MeV/c together with the correspondmg dlstr1but10ns for
the three char%‘nels K n - (K° +) n, K n - (K T ) Ps and '

K' P~ (K 1r°) p which are the components of a9, (KN - K N)

Fig. 33. Invarlant mass spectra for the isospin-0 KN - KmN channel
at 1365 MeV/c together with the correspondmg d1str1but1ons for the
three channels K n - K°Tr+n, K n> K “p, and Kt P~ Ktn %o
which are the components of 0’ (KN - KuN).

Fig, 34, K a.ngular distributions for the isospin-0 KN - K N channel
at 1365 MeV/c together with the correspondmg d1str1but1ons for the .
three channels K n — (Kon' ) n, K+n - (K i ) P and K P~ (K ™ )q‘p
which are the components of 0_'0 (KN - K N).

Fig. 35. -Km and Nw invariant mass spectra for the isospin-0 KN — KrN

~ channel for momenta at 970, 1210, and 1365 MeV/c. |

Fig, 36. Isospin-0 and isospin-1 KN - K*N cross sections.

Fig. 37, Product1on and decay angular distributions for the isospin- O
KN - K ‘N reaction at 1210 and 1365 MeV/c.

F1g 38. Differential cross sect1ons and density matrix elements for the
1sosp1n -0 reaction KN - K'N at 1210 and 1365 MeV/c. |
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Table I. Numbers of events found in direcﬂy measured channels.

Mo_rnentum (MeV/c)

Channel - 865 970 X 1210 1365

K'-«'nnm 570 956 827 3717
K d + Kop 559 996 832 311
| K°pp® 39 129 354 177
Kopnw' = 89 369 . 1018 505
Kart 0 11 20 23 15
Kodntn® 0 o 1 1
K°NNnw 0 : 0 3 22
+ - | . -

K'd - K pp7 o122 461 . 1583 - 894
Kt ppr n0 0 0 11 14

- Koppr ' 0 0 12 23
Ktpnn ot 0 2 22 53
Kldan ot 0 0 2 5




Table IL K+d scattering cross sections (in mb)."’

Cross sections

directly measured

.

Components of
+ o+
K d » K'pnmu

Derived cross

sections

Channel

K'd - K%p
-~ K°ppr’
- Kopmr+
+ -
- K ppm
- KNNnwd

M.oxjn'entur.n (MeV/c)

865

6.72+0.40
0.48+0.08
1.24+0.14
0.46x0.05

1365

K'd ~ Kor'da
K'p(m) > Kontp(n)
K+n(p) - K°1r+n(p)

0.13+0.04
0.98£0.13
0.13+0.04

- KNNmn
K-I.-d total_c

27.590.32
: 20.87£0.56
2.74£0.24

30.33+0.21

970 1210

6.26£0.29  4.99:0.24 3.69+0.29
0.82£0.08 - 2.090.13 2.06£0.19
2.47+0.16 6.21£0.29 6.08+0:42 -
0.910.05 2.89+0.12 3.21£0.20
0.040.005 0.11%0.02 10.59£0.07
0.13%0.03 10.14£0.03 0.18£0.05
1.99£0.15 4.76£0.26 4.780.38
0.35£0.05 1.31£0.12 1,12%0.15
27.47%0.35 .« 22.730.63 120.97+0.99
20.91+0.50 17.74+0.78 17.28+1.15
5,54+0.29 14.51£0.60 15.5420.95

.~ 0.01£0.005 0.17£0.05 0.76+0.18
37.41£0.20 37.27£0.15

32.72+£0.19

-3 This is the sum over the six (of eight) charge channels observed.

bThese include cross sections for the reactions in which NN is a deuteron.

“From Bugg et al. 10
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Table III- Ié_ospin';zbe_iv'o‘ KN scattering cross sections (in mb).

ll

Momentum (MeV/c)

Channel®_ . 865 970 1210 1365
KN - all® 225 24.0 24,1 21.9
KN - KN 21.5 245 16.1 13.0
KN - KN 1.0£0.4 2.540.6 g:gié:gc 18:?:1:%

aLWe were nbt ablé to extract KN — KNwur cross sections, but even at

1364 MeV/c it is much smaller than the errors on the other cross sec-
tions. '

From Carter. Errors are unknown but sizable.

CThese“c’:’r'voss ‘sections were determined by using the normalization scheme .
of Eq. 62 (see Reference 49).
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Table IV. Fraction of events with spectator momentum greater than

150 MeV/c and 300 MéV/c.

Channel

P

.K+d - XNN - (MeV/c) . %o psp > 1_59 MeV/c % pSp > 300 MeV/c
K'd - Kopp 865 22.542.2 10.7£1.5
- 970 24,741.8 12.5£1.2
1210 26.722.0 15.7£1.5
1365 26.7+3.3 15.3+2.4
K'd - Kon%p 865 28.6%9.8 10. 8+5. 6
' 970 18.8+4.2 9.5+2.9
1210 16.5+2.3 6.5%+1.4
1365 15.8+3.2 7.842.2
K'd - Kon'pn 865 19.0%5,0 6.7+2.8
970 16.9%2.3 5.0+1.2
1210 16.7+1.4 7.4%+0.9
1365 24.042.4 10.9%1.6
K'd - kKToe'pp 865 16.4£4.0 4.121.9
970 18.72.2 4.8+1.0
1210 17.424.1 6.9%0.7
1365 16.7+1.5 6.6%0.9




Estlmates of the Glauber- W11k1n screening correctwn to the total cross section.

Table V.
- The total K'd, K+p and Ktn cross sections were obtained by drawing a smooth -
: curve through the points of Bugg et al. 10 and Cool et al. ~(taken from UCRL-20 000-
KtN) and assigning errors commenserate w1th the errors on ne1ghbor1ng pomts
: o A ' R "’0 o T _ SO
PK : Oxta O'K+P. _ K+n -K p K'n . . o ./0 . 5a
(Mev/c) (mb) (mb) (mb) 9ktd GW Gw/ K" d c
865 30.20+0.30 13,55+0,30 16.52+0.70 -0.13£0.82 ~ © " 0.53%0,19 0.018+0,006  1.14+0.14
970 32.80+0.25 15.70+0.25 18._1‘8:1:0.50 1.08+0.61 0.69+0.24 0.021&:0.007 1.28+0.11
1210 37.60+0.25 18.45+0.20 20.55+0.20 1.40+0.38 0.81+0.27 . 0.022%0007 1.07£0.06
1365 37.05+0.20  18,33%0.20  19.30£0.20 0.58£0.35. 0.72£0.24  0.020%0.007  1.12%0.10

aLRC is the experimentally observed ratio O'(K P~ Kor?t p) /o[K d-> K°1r p (n)].

“eL-
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- \ ot . . . . . .
*” Table VL K N-partia] cross sections dete-rmxned‘from‘K+d partial cross sections —a comparison of two methods.

Glauber-Wilkin Pauli principle

Channel . P + X corr. f-?°"°r ' " corr. factor E[f«(l-KCN - -)%UC\JI) ] d(KN - XN) .
Kran e Mo by Caw OGw/okd S Kolkd - XNy = ReXolK'a~ xnmn]
- K'd > K%p 865 6.72:£0.40 0.018£0.006  0.028%0.087 7.03%0.72

970 6.26£0.29 0.021£0.007 0.025+0.067 © 6.55£0.52
1210 4.99+0.24 0.022+0.007 0.023£0.070 5.2240.43
1365 3.69+0.29 0.020%0,007 0.027+0.114 3.8620.52
K'd ~ Kor'pm) 865 0.980.13 0:018£0.006 1.00£0.13 | 1.120.20
970 1.99%0.15 0.024£0,007 . 2.03£0.15 2.55£0.29
1210 " 4.76%0.26 0.022+0.007 4.86%0.27 - 5.090,40
_ 1365 4.78£0.38 0.020£0.007 4,88+0.39 5,350, 64
~K'da - K®«Tn(p) 865 0.13%0.04 0.018+0.006 . . 0.1320.04 0.15£0.05
970 0.3520.05 0.021£0.007. 0.360.05 0.45%0.07
1210 1.31£0.12 0.022%0.007 1.34£0.12 1.40£0.15
1365 1.12£0.15 0.020%0.007 1.1440.15 1.25£0.20
K'a a—I(+w-P(?) 865 ' 0.46£0.05 0.018+0.006 0.03%0.13 0.48+0.08 0.52+0.09
970 0.91%0.05 0.021£0.007 0.02%0.07 10.950.08 1.16£0.12
1210 2.890,12 0.022£0.,007 £ 0,02+0,04 - 3.0140.16 3.09%0.22
1365 3.21%0.20 0.020£0,007 0.02£0.05 3.3420.26 3.60+0.39
K'd -~ Kn%(p) 865 0.48+0.08 0.018£0.006 0.02%0.23 0.50%0.14 0.55%0.11
) 970 0.82%0.08 0.021£0.007 0.03%0.13 0.86%0.14 1.05£0.14
1210 2.090.13 0.022£0.007 0.02£0.08 2.18+0.21 2.24+0.19
1365 2.06£0.19 0.020%0.007 0.02£0.11 2.14%0.30 2.31£0.30

;SL‘
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"Table VII. K-+d'—> Kopp total cross-sections.

Px o -
(GeV/c) ‘ , (mbz' . ’ . . Reference
‘ - , +0.4 T
0.230 | 10703
0.330. 2.7 £0.4, : o ,
0.377 3.4 x0.4 W. Slater, et al., Phys. Rev.
0.530 | 6.5 £0.6 vaettevrs 7, 378 (1961)
0.642 6.7 £0.6 B
0.812 ' 6.6 £0.7
0.865 6.72+0.40
0.970 6.26£0.29 . |
1.210“ - . 4.99+0.24 This experiment
1.365 3.69£0.29 ‘
1.585 2.65%0,22 V. H. Seeger (thesis, unpub-
: B ' lished) '
2.260 1.50%0.15 - I. Butterworth et al., Phys.
' , Rev. Letters 15, 734 (1965)
3'.000. DR | 0.75+0.08 : Y. Goldschmidt-Clermont et al.,
Physics Letters 27B, 602 (1968)
12.000 0.031£0.005 _ A. Firestone et al., -

Phys. Rev. Letters 25, 958 (1970)
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Table VIII. Differential cross ‘sections'for K+d - Kop(p); t is the square of
: - the momentum transfer from the incident K* to the outgoing K°.

—1:(G<=:V/c)2 ' C . %g [mb/(GeV/c)Z"]

From  To 865 MeV/c 970 MeV/c 1210 MeV/c 1365 MeV/c
0.00 -~ 0.05 4.6%1.1 4.3%0.8 2.7£0.6 U 3.120.6
0.05 0.10 9.3£1.6 6.240.9 - 5.7%0.9 J
0.10 , 0.15 11.5%1.7 7.8+1.0 6.7+1.0 . 3.840.7
0.15 0.20 10.6x1.7 10.3%1.2 6.5+0.9 i
0.20 . 0.25 9.3%1.5 10.4+1.2 6.0£0.9 | 4.540.8
0:25 0.30 9.4+1.6 9.2+1.1 5.5+0.8 /

0.30 0.35 ~  11.8£1.8  7.6%1.0 6.3%0.9 C 4.080.7
0.35 0.40 - . . 8.6%1.5 6.6£0.9 6.1£0.9

0.40 ~  0.45 . 8.0%1.4 6.6%0.9 5.240.8 | 3.9¢0.7
0.45 0.50 8.1%1.4 6.320.9 3.6£0.7

0.50 - 0.55 8.7+1.5 5.3%0.8 - 5.0%0.8 )

0.55 0,60 6.1%1.2 5.6£0.9 4.6£0,8 ! 2-9x0-6
0.60  0.65  4i6xl.d  5.2#0.8  2.80.6 | SO

0.65 0.70 6.1£1.2 4,5+0.8 3.6+0.7 J L
0.70 0.75 6.4%1.3 4.40.8 3.2£0.6 1\ Sosos
0.75 - 0.80. .  3.5%0.9 5.10.8 3.140.6 |
0.80 0.85 3.240.9 4.4%0.8 2.7+0.6 } L 420.4
0.85 0.90 1.80.7 4.5%0.8 2.3£0.5

~0.90 0.95 1.320.6 2.820.6 2.6£0.6 } 1.240.4
. 0.95 . 1.00 . 1.240.6 3.040.6 . 2.4%0.5
1.00 1.05 o 2.0£0.5 .- 1.920.5 1 1.420.4
.05 1.10 0.1240.09  1-0%0.4 1.240.4 f
110 1.15 - 0.64%0.29  1.3%0.4 1. 840.5
1.15 1.20 0.51£0.25  1.60.4 } |
1.20 1.25 - 10.2520.18  1.1%0.4 Y4 ss0.5
1.25 . 1.30 o 0.39%0.22  1.30.4 }

1.30 1.35 } o 1as0.10  1-2%0.4 |
1.35 1.40 0.95%0.34 - 0.83£0.23
1.40 1.50 S v 0.49+0.17 - | -

1::2 i'i’g o | o , 0-l0x0-1d } 0.64£0.20
‘ - | } 0.05£0.02
t.70 - 2.20 } 0.08%0.04

2.20 " 2.30




Regge model of Rarita and Schwarzschild

Table IX. Input parameters to the
. - (Reference 43).
Trajectories ’ KN residue parameters
o ) c? p? ct p!
o @ (mb-GeV) (mb) - (Gev?) (Gev~2)
P 0.58 0.92 1.30 22.7 2.92 0.26
o' -0.48 1.44 5.02 -264.0 4.4 2.95
B _ S -135.02 ‘ | 2.302
A, 0.37 0.41 5.50 -116.0 0.42 - 0.66
®vValue s used for predictions for data of this experiment.
!
-~J
[ep}
B |

R ]
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- Table X. -Dif_fervential cross 'se"c'ti_on for the reaction K*d - Kop(p).
- Co.s. 6 ((il—g (mb/sr:) |
From To 865 MeV/c 970 MeV/c 1210 MeV/c 1365 MeV/c
-1.0  -0.9  0.20%0.06  0.27%0.06 0.11£0.03 0.040.03
~0.9 0.8  0.42%#0.09  0.35%0.06 0.15£0.04 0.09%0.04
-0.8 0.7  0.3740.09 0.370.06 0.20%0.04 0.21%0.06
-0.7  -0.6  0.37¢0.09 0.38%0.06 0.21£0.04 0.17£0.06
0.6 -0.5  0.54%0.10 0.34%0,06  0.20£0.04 0.21£0.06
-0.5 0.4 0.48£0.10  0.44%0.07 0.30£0.06 0.23+0.07
-0.4  -0.3 . 0.40£0.09  0.51£0.07 0.27%0.05 0.2840.07
-0.3 -0.2 - 0.50%0.10 0.39+0.06 0.21%0.05 0.17£0.06
-0.2 =01 0.69%0.12 0.360.06 0.33%0.06 0.23%0.07
~0.1 0.0 0.52+0.12 0.37+0.06 0.3520.06 0.19%0.06
0.0 0.1  0.57+0.11 0.63+0.08 0.46£0.07 0.20%0.06
0.1 0.2 0.65%0.11 0.52%0.07 0.38+0.06 0.18+0.06
0.2 0.3 - 0.57£0.11 0.63%0.08 0.47%0.07 0.22%0.06
0.3 0.4 0.93+0.14 0.51+0.07 0.54+0.08 0.41£0.09
0.4 0.5  0.59£0.11 0.63%0.08 0.64%0.08 0.57+0.11
0.5 0.6 0.570.11 0.97£0.10 0.67+0.08 0.69%0. 12
0.6 0.7  0.86£0.13 0.72+0.09 0.660.08 0.32%0.08
0.7 0.8  0.55%0.11 0.64%0.08 0.74£0.09 0.65£0.12
0.8 0.9  0.72£0.12 0.54£0.08 0.66£0.09 0.54+0.11
0.9 1.0 0.21%0.06 0.38+0.06 0.39+0.06 0.31£0.08




n-

. . ) . 2 max
. Table X1, Coefficients An from the least-squares fit of the differential cross sections to the series‘ (d()'/ciﬂ)h = -XT n: 0 An Pn(cos_ £).
* Momentum )% ’ E#pe;ted ) cL
(MeV/c) (mb)  "max A0 C Ay i) A3 Ay Ag Ag 2 N %)
865 0.4440 3 1.18£0.05  0.34%£0.08 . -0.49£0.10  -0.22%0.12 o 25.0 16 7.0
(4]  1.2020.05  0.3620.08  -0.41£0.11  -0.2740:12  -0.3740.15' 18.9 15 21.8
5 1,20£0.05  0.36£0.09  -0.4120.11  -0,26£0.13  -0.3820.15  -0.07#0.18 187 14 17.5
6 1,2120,05  0.37£0.09  -0.39%0.11  -0.25%0.13.  -0.36£0.15 - -0.14£0.18 = -0.36+0.21  15.8 13 26.0
970 0.3733 3 1.33£0.04 - 0.54%0.08  -0.08+0.10  -0.26%0.12 ' 32,5 16 0.9
(4] 1.34£0.04  0.56£0.08  :0.10%0.10  -0.33£0.12  -0.44%0.13 o 21.3 15 12.8
5 1.3420.04  0.56%0.08  -0.1020.10  -0.34%£0.12  -0:4520.13  -0.050.15 212 14 9.7
6 1.34£0.04  0.56£0.08  -0.10£0.10  -0.34£0.12  -0.4420.14  -0.04%0.15 0.09£0.17  20.9 13 7.5
1210 0.2698 3 1.4720.05  1.13%0.09  -0.08£0.11  -0.26£0.12 _ 20.3 16 20.5
(4] 1.48£0,05 . 1.17#0.09  -0.05%0.11 -0.47£0.14 -0.500,14 8.0 15 92.4
5 1.49%0.05  1.18£0.09  -0.0420.11 ~ -0.4620.14  -0.5720.16  -0.1720.17 . * . 7.0 14 93.5
6 1.49£0.05  1.18%0.09  -0.03%0.12°  -0.46£0.14  -0.58£0.16  -0.2240:19  -0.14%0.20 6.5 13 92.4
1365 0.2286 3 1.21£0.08.  0.98£0.15 0.220.16 0.30£0.18 33.2 15 0.4
4 1.3280.08  1.10%0.16 0.2340.16  -0.18£0.22  -0.88+0.24 19.1 14 16.3
1.39£0.09  1.23%0.16- 0.22£0,16 -0.32£0.22 -1.2740.28 -0.66£0.26 2.4 13 49,7
6 1.39£0.09  1.23£0.16 0.214£0.16  -0.32£0.22  -1.27#0.28  -0.65%0.29 0.02£0.29 (2.4 12 1.7

-8L-
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Table XII. Forward and back_vg%ard differential cross sections for K'n~ K°p.

‘ j_a (Q_q_) b {/L [gtot _ tot 1}2 ' (_d_o" b
Pk J o=0e  \%] g=ge ;\4“>'L Ktp  K'n) dQ) 6=180°
(MeV/c) (mb/sr) (mb/sr) (mb/sr) (mb/sr)
865 0.11 0.2220.10 ' 0.031£0.016 0.1440.08
970 0.12 0.38+0.09 0.0260.012 0.21£0.07
1210 0.14 0.44%0.08 0.026+0.007 0.060.04
1365 0.15 0.13£0.14 0.02+0.05

0.007+0.004

From Regge model predictions described in text.

From Legendre polynomial fits.




Table XIII (a). . Results of fits to the single-pion production Dalitz plots at 865 and 970 MeV/c. The errors q\xoted.ax_‘e statistical only... -

_08-

Momentum- ‘No. of : - } . %ZK*_-A T . 6
(MeV/c) Reaction  events®  Model® x’/dot - d4  *a %KA . %K'N  interference  %Bkgd.  (deg)
- 865 K'd ~ Ka'p() . 61 NI 12.9/8 <= e 69+23 -- -- 31223 -

o k*a - kortn(p) 15 NI 2.4/5 - e- e 28£65 - -- 7265 --
K'd ~ K*rpip) 99 NI 11.8/8  --  -- 10+22 -- -- 90%22 --

K'd ~ Konp(p). ~ . 28 NI 6.3/7  -- - 12239 -- - 88#39 -

‘970 Ktd = Ko«"p(n) 258 NI . 17.9/10 -- - 8428 -- -- 16+8 --
‘ K'd - K°n*n(p) 71 NI 12.2/10 -2 -- 23£20 -- -- 77420 --
K'd —~ K'np(p) 370 NI 18.4/411  --  -- 2549 - - -- 7589 --

K*d - K%%p(p) 105 NI 25.8/41  -= - 46%14 - - S54x14 -

2We limit ourselves to events with spectator momentum less than 150 MeV/c.

bNI — non-interference model.




Table XIII ib). Results of fits to the single-pion production Dalitz plots at 1210 MeV/c. . The errors quoted are statistical only.

'18'

Momentum . . No. of b 3 A . A . . X « %K* -A - &
(MeV/c) Reaction - events?d Model X /dot d . A K* % KA %K N interference : % Bkgd. ) (deg)
1210 K'd ~ K% p(n) 666 NI 62/29 T - -0.530.11 0397075 7ges 2804 L. T x4 -
' . NIC 62/30 - -0.53£0.12  0.3440.58 77 2913 - -63 --
EI 34/27 0.57£0.17  -0.710.12 -0.04‘:8'12 "7245° . 2083 427 o 4aza 45113
EIC  34/28 0.63£0.16  -0.70£0.13  0.00'3:72 68 1923 785 64 - 3749
K'd = Kot nip) 181 NI.  5.8/9 - -o.zfg'g 0.0t 40+18 - 5748 T 3:19. - -

= , . +0.9 +0.7 .
NG 6.0/10 - -02igd 02 30 s - 1228 -
El 4.0/7 C o7ttt 0.4v21 g 4tLs 19£11 © 4627 18£10 . 17220 -22422

-0.5 1.3 -0.8

EIC  4.1/8 0.5¢0.4 o.3fé"§ 0.2703 27 487 1644 © 910 - 27222
K'd -~ K*n"p(p) T 1344 NI 115/26. ° -- -0.41%0.20  1.09+0.32 25+4 652 - 10+4 --
NIC  123/27 -- -0.51£0.34  0.83%0.26 14 6622 -- 2082 --
~ EI 38/24 " 1.00£0.12  -0.67:0.24 1.24%0.48° 162  49#3 154 . 2034 . 25%6
EIC  41/25 1.0040.04 :0.71£0.26  1.06£0.39 12 5242 1344, © 234 2527

+ 00 . . : +1.4 _
K'd - Ko (p) 294 N 19.8/13 . . -0.8+0.2 taloe 56£11 5315 . Cl9x11 --

\ ’ . T +0.9 . '

NIC  21.3/14 -- ~0.9£0.3 0.9_0 6 39 555 -- 6+5 .-
El 12/t 06x0.4 . -tox0z  1.2')] 43210 4025 813 99 42420
EIC  7.6/12 - ° 0.840.3  -1.0%0.2 1.‘2%'2 34 . 37#4 13£10 © 16410 . 31415

2We limit ourselves to events with spectator momentum less than 150 MeV/c.

bNI - non-interference model .
NIC - non-interference model with amount of A constrained
EI - empirical-interference model
EIC - empirical-interference model with amount of A constrained.




Table XIII (c).

Results of fits to the single-pion production Dalitz plots at 1365 MeV/c. The errors quoted are statistical only.

Momentum No. of i R B a A KA KN %K . A )
(MeV/c) Reaction events? Model x~/dof ’ A K* % . °® N interference % Bkgd. (deg)
- T - 3 - -
1365 K'd ~ K pn) 310 NI 32/21 - -0.86¢0.14  3.0*%0 69£7 3045 - 157 -
' ' 4303 ' )
NIC | 32/22 -- -0.88+0.15 2.8 7'¢ 66 304 -- 4+4 --
CEI 14/19 1.0020.35  -0.78:0.23  5.6"13:9  s1s6 2044 1947 1010 . 510
JEIC - 15/20 0.8620.2¢  -0.77x0.22  6.271%% 57 2043 1767 0 629 . 4s12
K'd - Kon'nep) 74 NI 2.9/4 - 0.877¢  o2tll 42830 . 64212 -- 6236 --
NIC©  3.0/5 -- 0.9"%7 g2ttt 31 63212 -- g2 --
- -1.8 0.7 t1z _ ; ,
EI 1.6/2 0.5+0.3 -0,3+1.3 ~0.9%0.9 56432  72#15 -24414 T -4x26 136227
EIC . 2.3/3 " 0.480/4  -0.2#3.8  -0.6%0.9 27 64214 1145 20811 127851
+ + - e s +1.3 .
K'd - K'n'p(p) 744 NI 50/26 -- 01 . 0:9%0.3 _12%5 70+3 - 185 --
N +1,2 ' : - : i3
NIC 50/27 « - 0.1, 0.9%0.3. 11 7043 -- 1943 --
" EI 37/24 1.0£0.4 - -0.6%1.2 0.9%0.4 S£2 . 6044 85 2725 35412
EIC  .38/25 0.7x0.2 -0.570° % 0.920.4 9 613 65 2415 3914
+ 0.0 : : 33.0 .
k*d - K'rpp) 148 NI 11.9/8 -- -1,0000.14 26730 47213 3148 -- 22¢16 --
NI 12:6/9 - -- -1.0040.15  1.57%:2 34 3248 7 3428 -
EI 10.6/6 0.4fg‘z -1.0020.14 1.6’:‘;'3 38£13° 277 4216 31218 . 5156
EIC  10.9/7 0.5£0.4  -1.00s0.16 1.4*5:7 29 2547 6x14 4016~ 4241

a\\"e limit ourselves to events with spectator momentum less than 150 MeV/c.

b.. .
N1 - non-interference model

NIC - non-interference model with amount of A constrained
El - empirical-interference model

EIC - empirical-interference model with amount of A constrained.

-
-
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Table XIV. Resonance production cross sections for the single-pion production reactions. The errors quoted are A2 times the statistical

error at 865 and 970 MeV/c and twice the statistical error at 1240 and 1365 MeV/c.

A

- constrained ) -~
. . "Inpui:“ .
Momentum OlKN = KiN)*  o(KA) o(bkgd.) o(KA) o(K*N)  o(K” - Aint.)
(MeV/c) Reaction {mb) - {mb) {(mb) (mb) (mb)
865  K'p— KoOn'p 1122020 0.770.41 0.35£0.37" .- -- --
K'n - K'«'n  0.1520.05 0.04£0.14 0.1120.14 -- -- --
K'n - x'np 0.5240.09 0.05£0.17 0.47£0.20 - - -
_ K'n— K%°p © . 0.55%0.11 0:07%0.30 0.48£0,34 - -- --
970 k'p - KOty 2.55%0.29 2.140,45 0.41£0.30 - -- --
K'n > Kn'n 0.45£0.07 0.11£0.13 0.35%0.16 -- -- --
K*'n - k'ep 1.16£0.12  0.29%0.16 0.87£0.20 -- -- --
K'n~ K°°p 1.05+0.14° 0.48%0.23 0.5740.23 -- -- --
1210 K'p~ Kn'p . 5.000.40 3.67+0.76 0.20£0.40 3.46  0.97:0:34 0.36%0, 0.
CK'n~ K°n'n 1.40%0.15 0.27£0.32 0.240.56 0.38  0.6740.24 . 0.22%0. 0.
K'n ~ K'np 3.09£0.22 0.49£0.14 0.6240.26 0.37  .1.6140.26°  0.40%0. 0.
K'n~ K'n%p . 2.24%0.19 0.96£0.48 0.21%0.40 0.76 - 0.83%0.22 0.29%0. 0.
1365 K'p ~ K%'p 5.35£0.64 2.73£0.92 0.53£1.08 3.05  1,07£0.42 0.9120. 0.
K'n = K°n'n 1.2540.20 0.70%0,84 -0.0520.66 0.34  0.8030.44  -0.14%0. 0.
K'n ~ Kfrp 3,60£0,39 0.18£0.16 0.970.42 0.33  2.1920.52  0.22%0. 0.
K'n~ K% 2.31£0.30 0.8840.64 0.72£0.86 0.67  0.58£0.36  0.1420, 0.
? 0 (KN = KnN) = R_0[Kd ~ KTN(N)] where R_ = O(K‘+p ~ K°n'p)/o [KTd = K2%a%pm)|. The errors are statistical only.
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~ Table XV. | Cross;‘sé'étion-s for the Irea'.ct'i.ofn KN - K'N decaying into all
' - decay modes. See text for references.

ey *+a + o b + %0 . C
Momentum ocK'p~>K p)  oKn- K n) . (K n— K 'p)
(GeV/c) © = (mb) - (mb) (mb)
440 7 304 o
1,210 . 1.6 £0.2 1.0 0.4 - 2.4 £0.4
1365 2.6 0.4 1.2 0.7 3.3 0.8
1,585 - 3.2 %0.5 1.4 0.4 4.8 £0.6
4.960 . 1.8 £0.3 -
2.260 4.6 203 |
2.300 - ; 2.1 %0.3
2.650 2.2 £0.4
2,965 1.19£0.15
2.970 1.39£0.16
2.970 . .. 1.23%0.47 - 0.86%0.12 1.4620.15
3.535 © 0.8240.03 .
4.6 -0.54+0.06
5.0 . 0.46£0.09
8.25 ~ 0.20%0.04
9.0 - 0.15+0.03
10.0 - 0.13%0.03 - L
12.0 - - -~ 0.043%0.005
12.7 ' 0.076+0.018 |

2From Reference 42. o
b g et o Tt o+ _

We have used R(all K* charge states)/R(K~ - K°n') = 3/2.
“We have used R(all K ° charge states)/R(K ° - K+1r-) = 3/2.
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Isospin-0 and isospin-1 KN - K":N'cross sections from
' 1.0 to 3.0 GeV/c.

Momehtuml
S ’ (GeV/c)
1.140
1.210
1.365
1;455
1.585
- 1.960
12,260
2.300
2.650
2.965

2.970 .
2.970

tot,;

04 (KwN).v

~ (mb)

- 8.0+1.02
8.0+0. 9P

8.9+1.82
10.1%1,7b

11.7¢1.9
10.3%1,4

8.1%0.9

3.4+0.4

0, (K N) oitOt(KTrN)
(mb) (mb)
5.2+1.4€ : :
% 0ol 19 7.40£0.17
' 6.4%2.1C
8.6+2.2d
- 8.16+0.30
7.5+1.4
7.4 ¢0.5
4.4 0.4

o (K'N)

(mb)

1.3 £0.4

1.6 0.2
2.6 £0.4
3.2 £0.5

1.8 £0.3

1.6 %0.3

2.2 0.4

1.19+0.15

1.39+0.16
1.23+0.17

2Here we have used Eq. 16 to calculate O'O(K'ITN)..

bHere we have used Eq. 62 to calculate o (KwN). See footnote 49.
 “Here we have used the method of Eq. 63. Refer to the text for details.

dHere we have employed the normalization of Eq. 62 and have fitted the

' mass projection dg./dm and quoté errors that are AN 2 times the
v pProj 0 Kn .

statistical error.
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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