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ANGULAR DISTRIBUTIONS FOR INELASTIC SCATTERING

t
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ABSTRACT
We 'presvent angular distributions for production and decay -

of the quasi-two-body final states KA (1236) and K~ (891)p pro-

duced'in K'p interactions at 864, 969, 1207, 1367, and 1585

: MeV/c. The anaiysis of these distributions leads to the fol- _

lqwing'conqlusions: (a) KA (1236) production near threshold
is largely via P waves and is, except for coupling constants,
fairly well approximated at all momenta by the predictions of B

the Stodolsky-Sakurai p-exchange model; (b) K": (891)p pro-

- duction appears dominated by vector exchange down to thres-

hold, and no evidence of significant relative increase in

- pseudoscalar exchange contribution at low energy is seen;.

(c) study of the partial-wave structure of KA (1236) production

shows no evidence of resonant behavior at the total cross

. section peak near 1200 MeV/c.
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1. INTRODUCTION N

" Ina previous paperi)we have discussed cross sections and mass &is-

tributions for K+p intéractions from 864 to 1585 MeV/c. The dependence of |

the _crosé sectiohs on momentum as discussed in that paper is showﬁ in fig. 1. ¥
The total c.ross section peak is closely relatéd to the shafp ‘rise of the inelastic
© Cross section. éingle pioﬁ production dominates thé‘_inelastic cross section in

the momentum region of éur experiment, and consists almost entirely of» K*(891:)

and A (1236) prbductibn. Thus, K+p reactions below 1600 MeV/c are dominated -

by three (quasi-) two-body final states:

+ o R |
Kp—~Kp, . _ (1)
K'p -~ Ka(1236), | . (2)
- ‘ and K+p—> K*(891)P . ' | o (3) :

The small amount of double—pion-production observed is also dominated byiba '
quasi-two-bodf final state, . _

CK'p~ K (891)a(1236) . ()
Reaction v(1)_ 1:1‘avs- been discussed iﬁ a previous pape?z);'ther’ev 1s a smooth
transitic.)_nr-f{ro’ni l.o.w-ener"gy»is.,otfopjkr’ to high—energy_diffractioh, . bwjith the ,
- diffractive behavior'be_ing well established by 1207 MeV/c. This paper will |

be devoted to the detailed characteristics of reactions (2)-(4). ¥

2. EXPERIMENTAL ANGULAR DISTRIBUTIONS |
Reactions (2) and (3) proceed through the three single-pion-production .
reactions‘, v - . - » . : e
K'p>K%r , o )

K'p > K'prn®, | ' (6)

"Isome further details on this experiment can be found in two unpublished
theses, refs. 3)and 4) Numerical tabulations of much of the data are given
in ref, 7/
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t

| | ; -
and = Kp-Kior. (7)

‘The K P system is pure I1=1, and 1t follows that the A and K“ are produced in

’reactlons (5), (6), and (7) in the ratios 9:2:4 and 2:1:0, respectively. The

Kopn final state‘[re‘action (5)] is thus richest in resonance production, and will
be efnphasized in the ensuing discussion. The variables with which we describe

the three-body final state are a diparticle effective mass, its pro‘duction arigle

in the overall center-of-mass syst‘e"rn, -and a pair of decay angles in the ‘
‘ 'diparticle center of mass. Since our data are dominated by A and K"‘production," !

- we will em‘phasiie the Nw and Km diparticle systems.

' T'he mass cuts we use are given in Table 1. In addition to making

. 4 o
‘these cuts, in the Kopw and K+p1ro final states at 1207, 1367, and 1585 MeV/c

it is necessary to separate the A from the K'ﬁ, At 1207 and 1367 MeV/c the

low-Km-mass half of the Dalitz plot is fairly free of K* production. Therefore,

at these momenta, we restrict ourselves to the region of the Dalitz plot corre-

sponding to cos Xlﬁw >0, where )\Nﬁ is the decay angle defined in fig. 2. At

1585 MeV/c the K" band lies in the center of the Dalitz plot, and a different

method for purifying the A sample must be used. Applying the mass- congugatlon

| techmque of Eberhard and Prlpstem ),we use events in the upper part of the

K band to simulate K - production events in the overlap region, and subtractv

them from the sample in the A band., This corrects for incbherent K" pro-

o2

~ duction within the A band, but not for K -A interference,"which we have ignored

“for the present purpose. We can estimate the amount of bacvkg.rourid in the -

resonance samples in the _Kop‘rrJr reaction by using the results of ref 1. For
the A the background is about 20% at 864 MeV/c and < 10% at the other four

momenta. The background under the K*, mainly due to the tail of the A, is

about 40% at 1207 MeV/c, 15% at 1367 MeV/c, and 10% at 1585 MeV/c.
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2.1 A (1236)-Production Angular Distributions

The production angular distribution for the KA final state is shown in
fig. 3. We note two prominent features of the data: near threshold the distri-

v

butions have a large sin2 ¢ component; and, as the total c.m. energy inc':lreases,
there is an increasing asymmetry toward the foi‘weifd direction. The sectox;ld
feature continues smoothly into the high energy region, where the reaction is
quite peripheral. A more quantitative description of t.hese effects is given by
the normalized Legendre coefficients, as defined by

W(cos g) o« 1+ £Z=1 AZPJZ (cos g). (8)
These coefficients are shown as a function of beam momentum in fig. 4, for
our data and for other published data7’ 8). We have inclqded for completeness
coefficients for the K+'rrop and K+1r+p final states where available. They add
little information about A production, however; differences from the ,Ko-rr+p
final state probably represent background effects.

Let us first consider the -ex./en Legendre coefficients. VAZ is large and
negative héar' th're‘shold, corresponding in the sin2 g character of the 864- and
969-MeV/c data. (Pure sin2 ¢ corresponds to A, = - 1.-) The sin 2 p component
requires the pres‘ence'of P or higher waves! in the final-state KA system, and
it is remarkable that it is already strong atkeven the lowest momenta, where
one might have-expected that a final-state S wave would be favored by the
absence of an angular momentum barrier factor. The A4 coefficient is small
near threshold, and becomes more sighiﬁcant with increasing momentum.

The even coefficients thus show a large P-wave component near threshold,

with a transition to higher waves taking place in the region of the cross-section

peak.

JIn discussing final states of the form A+E:~’A+C.+D we use capital letters to

denote the orbital A-B” state and lower-cas&1Bters to denote the orbital C-D
state.

g

ats
ol
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vTh;e_.odd Legendre coefficients represent interference between waves
ef oppoeite parity; and should therefore reflect any rapid phe,se change in a
sihgle.amplitude. From fig., 4 we see that both A, and A3‘are smooth and'_j
mdnotonic near 1200 MeV/c. This apparent lack of any rapid phase change is
a crucial piece 6f evidence against a resonance in our partial-wave analysis of
the KA final state,‘ given in Sec. 4 below. |

. There is> one further feature of the A -production angular distributions
that is worth noting, although pro.bably not relevant to the resonance question.
This is displayed in fig. 5, where we show the two lowest Legendre coefficients
as a function of the Nﬁ mass., Considering first the Kon+p channel, we see that
the forward-backward asymmetry A.1 varies dramaﬁcally with N mess, and
almost vanishes in the high-mass region. The second Legendre coefficient

also varies markedly with mass. Such effects cannot result from A prodﬁction

‘alone, but must result from interference between the A and a backgfound wave,

The phase of the A relative to the background amplitudes then varies with Nm

. mass as expected from the A Breit-Wigner dependence, giving the effect

observed. The background amplitude must be of a rather special sort, how-

ever; svince' in the production angular distribution the decay angles in the Nw c. m.

have been integrated out, the interfering wave must have the Nw system in a

p3/2 -state, as other 2. states are orthogonal to the p3/2 A, Since the KA final

state is almost entlrely P-wave near threshold, the background wave must have

vcomponents with both even K- (N'rr) orbital angular momentum, to produce the
' effect seen in the A, coefficient, and odd orbital angular momentum, to produce

- the effect in AZ' Comparison between the three charge states in fig. 5 provides |

some additional information. The change in the asymmetry coefficient Ay with
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increasing mass is large and negative for the KOTr+p final state. The effect is
muc.h weaker in the other two charge states, and a positive change with in-
creasing mass is suggésted in the K+1r°p final state, We have not afternpté.d to
introduce into our anélysis any background amplitude specifically designed

to reproduce these effects.

2.2 A(1236) Décay Angular Distributions

We describe the deca;lr of the A iﬁ a coordinate system in the Nm c.m.,
with the x axis along the direction of the incoming proton as seen in the Nm
¢c.m., and'tlhe z axis along the direction of the normal to the production plane,’
The .coordinate- system and decay angles are illustrated in fig. 6; the decay
angles -refef to the nﬁcleon from thé A decay.

From symmetry considerations one can predict some properties of the
~decay angular distribution. First, the entire production and deéay pl."bcess i‘s
invariant under the parity transformation, or, equivalently, reflection abéut
- the A production'plané. From fig. 6 we see that this corresponds to the -A

' transformation
{cos a} {cos a} | ' - -
¢ T 0T | (9a)

or

{..cos y}_) { cos v}

8 6 . - _ - (9b)
We assume this symmetry in our analysis. A second symmetryis the parity

inversion of the outgoing nucleon and pion in the Nw c, m., corresponding to

[cona) s frcona]

‘the t;‘ansformation

o o+ (10a)
or
{coés v } —’[ -cos y} . | | o (10b)

6+ m
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V'Ii"hisvis a valid symmetry 93_12_ if the N7 system is in a state of definite parity.
Ihtérferenée between states éf opposite parities introd'uc‘es terms not satisfying
this symmetry..
We ha.ve parameter1zed the decay angular dlstr1but1onv with t}‘le usual
sp1n 3/2 density matrlx elementsg). To these we have added ’cw0 functions
sat1sfy1ng Eq. (92) which are odd under parity inversion of the A decay and thus
represent interference of the A amplitude with a background amplitude. The |
motivation for these interference terms can be seen in the 864-- and 969-MeV/c’
.Kopn+ Dalitz plots (see ref. 1), which exhibit a strong asymmetry favoring |

' high K7 mass. This asymmetry is éonvénientl& expressed in terms of the
‘decay angle AN defined in f1g. 2, by noting that along a line of fixed MIZ\T )

cos A\ varies linearly with M We define the asymmetry between high

N Kn*
and low K7 mass as A= (H - L)/ (H + L), where H is the number of events
with cos )\N'rr< 0 (high Km mass) and L is the number of events with cos )\N‘rr> 0
(low 'K‘rr mass). In fig. 7 we show A for our data and for-other published low-
momentum data 7 10) The effect is quite significant and cannot be produced
by A productlon and ineoherent background, but is easily reproduced o
- pby interference between the A and a state of even orbital angular momentum
in the N sys‘tefh. " Unfortunately, above the K (891) threshold, the additional
complexity of the Dalitz plot makes this type of interference almost impos‘sibie
to establish. Consequently, fig. 7 shows A only for momenta below 1 GeV/c,
and the'inter_ference terms Ri’ R2 in (141a) below are determined only for such

‘momenta. The general form of the decay angular distribution including the

interference terms is
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: v > |

W(cos a, ¢) = %T—r [p33 sin” o + p11(1/3 + cos’ @) )
. 2 | R in® 2 2 Re in 2 s

3 ep3,_1sm @ cos ¢_V—3_‘ p3, 4 sin 2aco b v

+R1 cos a/+R2 sin o cos ¢} ; (11a)

or, in the (v,5) syétem,
W(cos vy, §) = g}- {p;3 sin2 v+ p:;.i (1/3 + cos2 Y)

- qz-g Re p'3 1 sin’ vy cos 26 +’72=§Inl p3,'_l sin2 v sin 2§
’ : i

+ R, sin y cos § + R, sin y sin 6], (11b)
where
' 1
—_— 1 - '
p33= 7(3/2 - 2p55 - 2N3 Re p; ),
:' 1 = = v
Piy * Pz Ty topaz 7 /2
2 ' 1
43 3, -1 337 g3 Repy , (12)
2 Im ' = - 2 Re ’
INE} P3, -1 3 P34

and Ri’ R2 have the same definitions in either éystém.

We have determined the density matrix elements and the two inte'rf_erénce v

parameters R1 and R, by the maximum-likelihood tec_hniq—ue.' At those momenta

where the crossing of the K  band obscures part of the A band, we used data

from restricted regions of the Dalitz plot, as described above. -
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: . above
Thus for momenta,K threshold, we were obliged to fold the angular
distributions according to eq. V(10). into the raﬂges 0 € (cos a, cos y) <1,
0<(,8) =< 1T, and as mentioned above to drop the interference terms Ri’ R2
from the expansions of eq. (11). At 864 and 969 MeV/c and in the K+Tr+n
final state at 1207 MeV/c, where no problems due to K* production are en-
cvountez;ed, the full expansion was used.
In fig. 8 we show the density matrix elements of eq., (11a) for the KO1T+p
final state, as a function of beam momentum, and we give our correspénding
cos y and § distributions in figs. 9 and 10, respectively. Results from othef
experiments'“‘—'lé).»are included in fig. 8. In fig. 11 we show the variation
of the density matrix elements with momentum transfer‘; this, along with the}k
prodﬁcﬁon angﬁlar distributions, provides in principle é complete description
of the A production process. The behavior of all density matl_rix elements, as
seen in fig 8, is svmooth as a function of beam momentum, with no dramatic
change near 1200 MeV/c. Thus neither in the production nor in the decay
arnbguvlar distributions do we see evidence for a resonance in the reaction
K'p - Ka, | |
The interferénce-term coefficients Ry and R2 are given in table 2 for
the Kop;|7+ final state at 864 and 969 MeV/c. We give values for all events
and for three regions of MI%I-rr' The most striking feature is the variation of
-RZ with N7 mass. This is to be expected from a A -background interference,
sincé the A émplitude changes phase rapidly with Nm mass. We conclude that
thére is a coherent background amplitude with even N7 orbital angular momentum.,
Furthermore, this amplitude cannot produce the interference effects seen in

the production angular distribution, since the interference term it produces

vanishes when integrated over Nm c.m. decay angles.
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From the discussions above, we find that the nonresonant background
in the single—pion-préduction channel includes coherent components with the
following properties:

a) lj = p3/2 for the N7 system, and even K-(Nw) orbital angular

momentum [variation of A1 with MZ(Nn)] ;

b) lj - p3/2 for the N7 system and odd K-(Nw) orbital angulér

momentum,[variation of A2 with MZ(NTT) ] 2

c) even £ for the N7 system (variation in R,).

Aside from the afofementioned interfer.ence effects, we can summarize
the KA (1236) angular distribution as follows: The pi'oduction angular‘distri-
butiéns indicate the presence of lérge P waves at threshold, with highei‘ waves
coming in smoothly with momentum and with all odd Legendre coefficients
increasing monotonically with vmomentvum. The decay angular diétributidns'
_show no marked change with momentum, and deviate c;nly slightly from the
_ magnétic dipéie p-exchange predictions. | |

2.3 The K (891) p Final State

We restrict our K* sample to be in that half of the Dalitz plot raway '
Ifrom the A (cos )‘K'rr <0), within the K masé band 840 — 940 MeV. This still
does not gi\r;e complete: separation from the A at 1207 and 1367 MeV/c, but no
more restrictive cuts can be made without biasing the angular distributions in
a very complicated way. We find that results using a narrower Km mass band,
870 .— 910 MeV, are not distinguishable within statistical errors from those
given here, We will consider events only from the K°1r+p final state. Besides
our own d.at‘a we include for comparison the data of Bettini et al. at 1450 MeV/cS)

and S. Goldhaber et al. at 1960 MeV/cii).

<)
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The production angular distributions are given in fig. 12, and the
corresponding Legendrg coefficients in fig. 13. The {rariation in all the Legenci;‘e
noeffic_ienté with mornentnm is remarknbly smooth, with the reaction becoming
steadily more _periph_erél with increasing momevntum.v We describe the decay of
the _K* in a coordinate system similar to that used for fhe A (fig, 6); the z axis
is along the nofmal to the production plane and the x axis is along the direction
of the incdming KJr meson as seen in the K7 c.m. The K* decay angular dis-

“tribution is given in terms of the density matrix elements asg)

W(cos@,s#) = % [pOO c;os2 at pyy sin2 - Py 1 sin2 a cos 2¢

| - VZRe pyo Sin 2a cos ¢}, (13)
where Prq = | ;- (1 - pOO)' In fig. 14 we show these density matrix élements
as a function of inomentum, and in fig. 15 the distributioné in cos « and ¢ are
given. The curves correspond to the density matrix elements of fig. 14,
There is gvidently little change in the K* alignment in this momentum region.
’i‘he implications of these data in terms of exchange models are disnussed in

Sec. 3.

2.4 The K¥(891) A(1236) Final State
| ‘As discussed in ref. 1), K+p double pion production near threshold is
dominated by the KA final state, The major decay modes are produced in
the reaction |

K+p - K+p1r+'rr-. (14)
There is furthermore no ambiguity in this final state in pairing the particles.
.We discuss the K A final state only in reaction (14). In ref. 1 and K*A final
state Was_‘Sho-.wn to constitute 65+ 15% of reaction (14) at 1585 MeV/c; at 1367

Mev/c resonance production could not be separated from background.
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| In fig. 16 we show the K*A Cc.m. broduction angular distributions, for
our data and for those of Chinowsky et al. 11 at 1. 96 GeV/c. (The 1.96-GeV/c"
data are restricted to events with the p'rr+ and K+-rr- masses in the A and K:k
bands; ours have no such cut applied. ) - The reaction is remarkably forward-
peaked, even at threshold.

The K* and A density matrix elements [see eqgs. (11) and (13)] are giveﬁ
in Table 3, along with thpse from Chinowsky et .al. 17)a‘t 1. 96 GeV/c and Ferro-
)Luzzi et al. '18)at 3 GeV/c. The predictions for single-pion exchange are also
given. While the hi-gh_er-momentum data are roughly consistent with single-
pién éxéhange, our data show substantially less alignment of the K* and A than
pr_edicted.’

We have tried to purify the double—re\sonance—production sample at 1585
'M.eV/c by considering only events with MK1T> 800 MeV, a cut which should have
reduced the background from 35% to about 10%. No si.gnificant change was seen
either in the produétion or decva.y angulaf distributions. Furthermore, cuttAing
out‘nonper'i;;herél events (cos ¢ < 0.7) also maae no appreciable change in the
angular distribu‘tvio’ns. ‘

We conclude that even at threshold, K*A production exhibits the
beginnings of the periphe.ral charaéter found at higher energy that is associated
with one-pion exchange. The decay angul'arldistributions in this experiment
~ indicate less alignmeht than expected from a naive application of the O. P, E. -
mechanism, but evidently the alignment increases very rapidly with incident
energy, since at 1,96 GeV/c, barely 400 MeV/c abo{re threshold, the matrix

elements have already taken on the values from which they deviate little at all

higher energies that have been studied.
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3. EXCHANGE MODEL DESCRIPTION OF KA AND K'N PRODUCTION

One-particle-exchange models, modified by absorption corrections,
Reggeization of.the exchanged systems, or a combination of these, have had
some success in accounting for many of the gross features of inelastic quasi-

two-body processes at high energies. Thus KA, K*N, K A production in high

energy K+p interactions have commonly been interpreted in terms, respect’ivély,
of p exchange, w and 7 exchange, and pure m exchange. A remarkable aspect
~ of these provcesses,' indicated by the results of the preceding section, is that

 the features;.pa;rticularly characteristic of t-channel exchanges, namely peri-

pheralism and pérticular alignment of the outgoing particles, seem to persist
right down to threshold. It is this observation which we take as justification

for making some qualitative comparisons between our data and:exchange models

in spite of the fact that our incident energies are really too low to expect such

models to have validity.

3.1 - A (1236) Production
The meson-exchange diagram for A production is shown in fig, 17.
The exchanged particle must have I = 1, with normal spin-parity: JP = 0+, 17,

2+, oo o Stodolsky and Sakurai proposed several years ago that the exéhanged ‘

particle be a p meson and assumed magnetic d1p01e (M1) couphng to the A -p

vertex ) The correspondlng cross section )1s given by

2. [ ' _‘ .
. d%q o q’ €4 'gZ IEp * mp - S . 1+ 3 cos
Jcos 5 d Qdecay 3 sqmi 417 4nu l ZmA (mi - 1) >
(15)

where .

q,q' are the c. m. momenta for the incoming and outgoing two-body

systems,

: ]
Y L
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s,t are the usual Mandelstam variables,
S = quq, 2 sinz‘ 0

EP = target proton total energy in the A rest system.

The basic predictions by the model are as follows:

W(cos y) = 1+ 3 cos2 Ys _ : (16a)

W(8) = constant, ' _ (16Db)
| .2 . 2 | |

W(cos ) = 9  ~ S0 0 :  (16c)

(mi -t)°  (1-bcosg)

where b quf

2 .
mp 2 (\/(q‘2 +mf{) (qr %+ mé) - mf()

Althéugh eq. (15) assumes a zero- width.A we have, for ‘purposes of
| calculatlon, mu1t1p11ed by the A Breit-Wigner form [eq. (14) of ref. )]and
integrated over the N7 mass.

The experimental cross section for the reaction K+p .~ KA is plotted
in fig. 18, _Curve (b) is the M1 prediction obtained va integ.rat’ing eq. (15)
over g and vy. We have taken

g2++0 g% + ++

EK "p'K® Bpp'a ‘ |
ir  aw =90 |, NGy

_ as suggested by Jacksong), and have multiplied the differential cross section
by 4/3 so as to include‘all three final states, reacfions (5), (6), ‘and (7). The

disagreement between experiment and theory is substantia.l.T - We also show

&

the prediéft'iéﬁﬁ'f[(cufve (a)] with the product of coupling constants, eq. (17),
taken to be 450, which gives a good fit near threshold.. This good agreement is,
of course, just a consequence of the P-wave dominance of both the M1 model

and the data at threshold. Since these coupling constants are determined by

tSee ref, dé)of Bland thesis, ref. 3.
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comll)arisdn between experiment and theory below 1 GeV/c, where the KA

‘cross section is far below any unitarity limit, no-absorption correction is

‘necessary.

The production angular distributions predictéd by thé model are shown

in fig. 3, together with our data. The agreement is fairly géod; the model

predict's largely P-wave production, as already suggested by our analysis of

' the N7 mass distributions in ref. 1, The predicted forward peaking is of

course due to the présence of the p propagator, and the good agreé‘ment with
experiment at the lower momenta confirms that the exchanged particle is a

heavy one such as the p meson., At higher momenta the theor'y:i.s not as peri-

‘pher'al as the data, a d'e'fect usually corrected by absorption or Reggeization.

We now examine the decay angular distributions. In terms of the density
matrix elements, the magnetic dipole model predicts
P3g = 3/8 = 0,375

Re py 4 = V3/8 =0.218,

Re pyy = O .
In fig. 8 we see rather good agreemenf with the M1 predictions, from threshold

to 12 GeV/c. The small discrepancies that do occur are primarily near threshold,

‘where our data lie. In figs. 9 and 10 the predictions are compared with the

experimental cos y and 6 distributions. The cos y fits are fa;ther good, but the

details of the & -disvvti'ibu‘.cvion are notrepro'duéed by the model, : In fig. 11 we show .
fhe experimental momentum-transfer dependepce of .the d'envs:it'y matrix eler‘n'erﬁ:s.:
Thle Mi modelér_edic-ts no t-dependence for the density rhatfix eleﬁlents; énd in
fact no consisfent vai'iation with t.is evident in the data. N

We canv'n‘ow make the following observations about the representation |

of the KA prdduétion in terms of a model such as the M1 p‘exéhange model:
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(a) The A spin-density matrix is well approximated by the pre-~
: dictions of the model at all energies 'from near thresholdvto the highest measured
energies, above 12 GeV. | |
(b) At low energies the characteristic P-wave cross-section behavior

-and sin 2 ) pro_du-ction angular distribution predicted By the model'are observed
eirperimentaily. ‘vAt higher energies, the predictions of eq. (15) .fail, as in fact
they must to preserve unitarity, with the consequence that the KA ‘cross section
- begins to fall rather than keep increasing as predicted, and the angular distri-
‘_bu1v:ion is more peripheral than predicted,“to-a degree which becomes g.reater

as the energy .increases. _ |

| (c) In terms of present approaches to the description of KA pro_—'
duction, 'it is highly likely that not only pv bur also A, ea{change occurs. Thus
. the large values of the couphng constants are probably not too surpr1s1ng.
It is not intended here to suggest that the magnetic dipole p exchange
~model is to be taken as correct in any 11tera1 sense, but rather to p01nt out
that eq. (15) is an approx1mate1y valid phenomenological representatlon of
: ,the observed low-energy KA production, with the choice of coupling constant"s.
given above., Comparison of our data with another version of thé M1 mode-l_, the
: .rel‘ativistic' form :of bJackson and Pilkuhn9>) is given'in ref, 3.7 . |

3.2 K*(891) Production

It is already known that at higher energies the reactlon K P~ K (891)p‘?
1s dominated by the exchange of a normal spin-parity, isoscalar system, usually
assumed to be the w. Since the reaction K+ni - K*Op is know;n,‘v at higher‘
energies, to be dominated by pion exchange21), it follows from t-channel isospin

considerations that some p1on exchange is also present in the K p—>K +p
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process, Ihdéed, '-‘phenomenological fits to experimenfal data in terms of

- coriibinations. of pion and w exchange have .beén made, with some success in re-
| presenting production and decay angular distributions, but very little succés;
in representing the energy dependence of the cross seyctiobns. Both absorptive
and Réggé e'kchang'e models predict that the r.a.tio of pion'to w exchange should
be l'afg'ést a-tv:. low energy and drop rapidly with ir.lc‘reasing energy. If this
behavior actua‘lly.r occurs, it should exhibit itself at the low eneréyI of the present
éxperimen‘t by. a much larger fraction of pion exchange rela’tivé to vector ex-

_ change than one f1nds at high energy.

' | If we use the usual angles « and ¢, defined as pola.r and az1mutha1
angles W1th respect to the incident K d1rect1on, as seen in the K rest system,
pseudoscalar exchange leads to pure cosZ a, corresponding to Poo = 1, and
x}éctor exchange to pure sin2 @, with Poo = 0. From figs, 14 and 15, it is
bobviou's thatv the data, even just 100 MeV/c above K* threshold, exhibit
dominance by vector excﬁange. In fact one can hardly e.stabla.'.sh any signifi-
‘cant difference between the K*+ decay distributions at our ‘_low.est nﬁbmentum
and tﬁose at the highest energies that have been reported (12'Ge'\}).v~ In effect,
.pseudoséalar and pseudovector exchange appear to have essevntially the same
energy dependence, in disagreemeﬁt with all exchange models. In view of -

~ this fundamental difference between observation and theqretical expectation,
and because most of the phenomenologicai procedures for fitting theory and
expé_r-imeht a;°e valid only at higher energies, it does not'.a}.)pear wortﬁwhﬂe

to .give in this paper any more detailed comﬁarison between our data and .

existing theory. Such comparisons are discussed in ref 3,
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4, PARTIAL-WAVE ANALYSIS OF THE KA FINAL STATE

The precise measurements of the total K+p cross section by Cool et 51.22) ’
and Bugg et al., 23) showed three structui‘es, thé most prbminent being a'buInp
of ®*4 mb .at 1250 MeV/c. If this is a resonance, it is highly inelastic, With_
an implied elaéticity of about 0. 3 for a resonance fé-d.by an incoming J = 1/2
wave, and less for higher-J waves., The KA final state is a promising candi-
date for the decay of such a resonancé, as its cross secfion maximum occurs
just above threshold, nearly under the total cross-section bﬁmp. In this
section we examine the KA final state for e&idence of resonantv.blehavidr. |

Ideally in sea.rching for a resonance in. the Ka channel one should-
perform a general partial-wave fit, using ali low-order partial waves, .'How-
ever, without data on the final-state nucleon polarization, such a fit would be
~underconstrained. We can, however, do an analysis using a restricted set
of waves which is still general enough to reproduce the main features of our
data. As alréédy noted, the distributions in N7 mass and prodﬁction angle |
suggest the dominance of P waves near threshold. AS discussed in the pre-
ceding sectioﬁ, the magnetic dipole p-exchange model reproduées this
feature and also fits the angular distributions fairly well. | Our minimal set
of partial w#ves should therefore include the lowest-oi'der waves of the M1
model. To allow for complete freedom in the lower paftial waves we include
P1/2 and P:,,/2 waves, to be varied independently, and the Iaf‘nplitude M1,
defined as the M1 amplitude with its Pi/Z and P3/2 corﬁponénts subtracted .
out. This M1' amplitude represents our approximation to all partial waves
higher than P3/2. These three waves can reproduce most of the vfeatures of
‘the KOTT+p final state. One feature not explained, howevef, is the appafent

interference with a non-4 background amplitude exhibited in fig. 7. We
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therefore add the simplest background amplifude, s-wave in all particle
pairs, which we call S1. (This wave is fed by the incident Pi/Z state, and
has the same JP as our P1 wave.) It interferes with the A amplitude to

give the obsefved Dalitz plot asymmetry towards high Km mass discussed

‘in Section 1. Finally we include a 53/2 KA final state, coming from an

incident D3/2 K p state. This wave is not important in our analysis, but we
include it because of its a priori attractiveness as a possible candidate for
a resonant state: the high inelasticity of the proposed resonance might be

explained by the absence of an angular momentum barrier in the 53/2 Ka

final state corhpa'i'ed wi th the competing D3/2 elastic final state.

The partial waves used in our analyéis are given in table 4, with
their corresponding angular distributions. We have also included in the.
table one othe'r“low—order partial Wave, the Si/2 - Di/z_:transition. The

~cdordinate system in which we describe the decay of the Nm system is simi-

lar to that shown in fig. 6, but has as its x axis the direction of the incident

S+ - R B . [ . i
K as seen in the overall c¢.m. rather than the N7 rest system. The y axis

is along the cross product of the production normal and the new x axis. We .

- now use to describe the A decay the angles y and &', equivalent to the'p're-

e viouSly defined y and & except for the change in the x and y axés vof the

coordinate system,
Before carrying out a fit, we consider whether the peak in the KA
. : . P _ o e
cross section can arise from a single J state. If so, this might make.a

Lo

» » :P . N ' .
strong case for the existence of a Z , an S = 1 exotic baryon resonance, -

-decaying predominantly into the KA final state. In fig. 19 we compé.re our

data for reaction (2) at 969 MeV/c with the predictions for the various Ka

states given in table 4, We see that the only pure state consistent with the
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cos ¢ é.nd‘ cos.y,distribﬁfions is the P3/2 state, while_thé &' diétributi.qn
rejects thls hypothesis. The same features are preseﬁt in our data at our other
three momenta. It is thus clear that a superlpvositiovn of waves is .required to |
fit thé data. |

We have attempted to fit our data for reaction (5) separately at each
momentum, using the five amplitudes; S1, S3, Pi, P3, and M1'. The de- |
tailed forms of thé amplitﬁdes used and the parameterizationv éf the ene.rgy
dependence 'ar.evgi\}eni in ref, 3. The input information was .tlrllév qhe;dirhe.n.si(;nal'
distributions in cos g, cos vy, 6', and Nm mass, with the sample selected as
described in seétion 1.' |

» No correlations were included, and in particulafthe variation of the

angular distribut_io.n.s with Nw mass was ignored. The &' distribution was
-foidéd at 1207_., 1367, and 1585 MeV/cv,. since vth‘e A sample was taken from
only half of the Dalitz plot. The effect in the folded distri‘t.)utic.)ns ‘of inter.;
fér'ence betwéen A and b'ackground»amplitude's is very. difficult fd ca‘vlcula'.t‘e.,
and .our analysis rieglects this interference at 1207 MeV/c and higher moménta.b
" Thus the S1 wave is treated as an incoherent phase-space—like. baékgrouhd at
| these r.n'o_mevnta. | |

The iﬁput data and fitted curves are given in figs 20 a-e. The fits
ére qu:ite. gdod.' The crossasectioﬁ confribt;.tion and phav'se for each partial
wave are given i\n table 5, We have normalizgd the sum of the cross section
contributions té th_g sum of the A production and background cross sections as

: . :
3 - - - M - 13 a -
given in ref. 1; contributions from K production and A -K interference are

thus excluded. The corresponding partial-wave amplitudes are displayed in

a
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fig 21.T The phases of the KA amplitudes are of c‘éurse dependent on the Nw
‘mass. In fitting the data we have evaluated fhé phase at the mass correspond-
ing to the peal; of the N7 mass distribution, as given in table 1, and we use |
tha’; phase in fig. 24, Since one phase is arbitrar?, we take the M1! amplitﬁde -
to be real; it represenfs a p-exchange background which should not change
phase rapidly. The amplitudes are normalized so that the unit circle on

fig. 21 rep"res'ents complete absorption of the appropriate incoming wave:

o = vx2‘512 + 283% + p1? '+»zpa2 M1 2, ’ (29)

Ther.e is an ambi.gu.it'y in the amplitudes determined by our fit due to the"
‘fact that only complex ”'dot products' of amplitudes ai)pear in ~£he calculations;
all phasés couid be fevérsed in sign without changing the fit. The finite
width of the A, however, allows us to resolve thié ambiguity; since if we
assume that the S1 backuground term has a fairly constant phaée, .the A
background relative phas';e varies in a well-defined way with N'vr mass.
_In fig., 21 a totally resonant amplitude would start at the center of

. the plot, travefse a counterclockwi-sé circle with increasing energy, and

- return to the center, A resonant amplitude superimposed on a constant
background woﬁld follow a circular trajectory whiph would not necessarily
 pass through the center.. 969 and 1367 MeV/c are respectively about one
half-width below and above the center of the peak in the total cross section
as estimated by Cool et al., and span the peak in the A production cross
" section. One would thus expect a pure resonant ampiitude to go thi'éugh a

~ phase change of about 90 deg between 969 and 1367 MeV/c. We see from

The Argand plot given here differs from that in ref. 3 in the following respects
final data at 1585 MeV/c have somewhat changed the solutions at that momentum,
and, due to a previous programnung error, errors at the other momenta have ~
been increased by a factor of
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fig. 21 that in fact the dominant P41 and P3 amplitudes are neariy stationary
in this region, over a range in.total c.m. energy of 170 MeV, and the S.3‘
amplitude is lalways small, (The total c.m. energies corresponding to ﬂﬁe
'fivebmomenta analyzed are: 1730, 1780, 1890, 1960, and 2060 MeV.) Our
analysis thus shofws no sﬁbstantial resonant cqmponen’c\ in any partial—wavév.
amplitude in the region of the total cross-section peak.

. A featuré of the P3 trajectory in fig. 21 that must be noted is the large
phase change betweeﬁ 1367- and 1585 MeV/c.,A This could indicate an uncom-
pletéd resonant trajectory, somewhat above the Coél peak and with a véry
large width. | More probably it is due to the breakdown of the validity of the
simple set .of amplitudes that we have chosen. It ié a deficiency of the M1
amplitude.that it is less peripheral at hi.gh.er eﬁergies than the data. Our fit
at 1585 MeV/c is probably compensating for this deficiency in the M1' ampli-
tude by rhaximizing the 2 P3* M1! term, which gives a forward asymmetry.

I1'; is interesting to note from table 5 that the partial-wave. solutions
at the three lower moménfa have P1 and P3 present in about a 1:1 cross-
section ratio, instead of the 1:5 ratio predicted by the magnetic dipole rﬁodei.

It is this difference that accounts for the main deviations of the decay angﬁlar
distributi.onsbfrovm the magnetic dipole predictions.

To sumrharize the results of the partiélewave analysis, our simple
model gives a good representation of the expériment’ai data from 864 to 1367
MeV/c, throughout the region of the total cross-section peak. A production
is dominated by the P1/2 and P3/2 states, in roughly equal amounts ﬂear
threshold and in more nearly the magnetic dipole ratio of 1:5 at higher

momenta. No rapid phase variation is seen in either of the dominant ampli-
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tudes in the region of the to.tal cross-section peak. Thus, although a small
resonant component in‘.eifhe,r of the P waves cannot be ruled out, the 1200- 
MeV/c maximum in the A production cross section is clearly not due primarily

to a single resonant amplitude.

5. SUMMARY

. + T :
Since single pion production in the K p channel is strongly dominated

by the KA and K*N quasi-two-tody final states, with very little nonresonant

backgrouhd, our analysis has emphasized resonance production.
| Most of our events can be attributed to the reaction K+p - KA. This-
reaction shows’ the following features:
(a)lb ' The pfdduétion near threshold is largely via P waves, as pre-
dicted by the magnetic dipole p-exchange model. This is indicated by the

shape of the Nm mass distribution, the rate of rise of the cross section with

. . : ! . 2 . . . ) . ‘
- incident momentum, the strong sin = g component in the production angular

distribution, and the A alignment as deterfnined by its decay angular distri-

 bution.

(b) The p-exchange squared coupling constants as determined neaf
threshold are about five times as large as expected on theoretical grounds;
and the cross %ection_ rgtio for the P1/2 and P3/2 KA states, as determined v
from the decay angular distributions, is about 1:1 ﬁear' threshold, instead of
1:5 as pre‘dicted by the M1 model. | | o

(c) | The A decay angular distributions vary little as a function of .
momentum, and. are always fairly we]..‘i approximated by the Mi predictions: -
W(cos vy) = 1"+ 3 coszy, W(§) = isotropic.

fo

The K production is similar in may respects in the A production.
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ate

a) Near threshold the K is produced in low part_ial waves, with
a rapidly rising cross section. The produc.tion angular distributions a'rér
consistent with vector exchange, which is largely P-wave near thres_hold.v

b) The deéay angular distributions a.re'chazfacteristié of.vec.tor
eﬁéhange, with little change from threshold to the high-energy region. In
particular, p.seludc_)s.,calar exchange does not éeem to become a m_d_re important
part of the process éve'n at threshoid, iﬁ disagfeément' with expec»tations :
from either absorptive or Regge exchange models.

Eveﬁ. though t-channel exchange allows a qualitativle expla\nat»ion:(v)vf all
phenomena observed in the inelastic reacti_onsv, the inferestvin possiblev K+p
resonances has induced us to study the partial-wave structure of the in- |
elastié reactionsvin more detail. Oﬁr partial—wave model for the KA final
state has succéeded in fitting our data reasonably well vin the region of the
~total cross-section bump, with nd evidence at that energy for a reso_nancé
.in the dofninant P v&aves; This is presumably equivalent,. to the obse,rva{tioﬁ
that the Legendre Acoéfficients for the A production ahgular .c_lis_tvribvuti_(vm aﬁd
the deﬁsity matrix elements are smooth functions of momentﬁm. The latter o
- is trlJ:e for the K*N final state, from its threshold just below the total cross-
‘.sectio'n maximum up to 2 GeV/c. It.seems unlikely that a conventional
resonance, with a r.apid phase variation in the inelastic amplitude with total
c.m. energy, could pass these tests undetected. These observations are in
complete acco‘rd With the result of our previous analysis that the strqctui;e
in the total cro.ss section arises from the superposition of channel cross
"sectlons that are smooth but have widely separated thresholdsi) It may be
noted that phase-shlft analyses of elastic K p scattering based both on angular

distributions and on recent polarization measurenlqentsvgive P3/2 and P1/2
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waves with positivé and negati{fe phases respecti.ve1y2-4).‘ The P3/2

amplitude be'comevs incx‘e_asingly absorptive as a functio;‘l of incident ‘m.o‘rnen_fum.
Although it may be possible to interpret this beha'\:rior in terms of a very
inelastic resqnanée, our data aé dis.cusse‘d above do not give support to such

an interpretation in the energy range studied here.
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Table 1. Mass bands used in the analysis of A and K" production, and the

experimental peak pqsitibns of the MIZ\ITr distributions (for cos v)\Nrr >0 at

1207, 1367, and 1585 MeV/c).

2
| MN1T peak o
Momentum position A band K" band
(MeV/c) (GeV)? (GeV)? (MeV)
| ) . |
864 (1. 170) no =
| | | limits ,
9%9 (1. 191)° | no S
: . limits
1207 | (1. 212)% 1.35—1.65  840—940-
1367 - (1. 212)° L, 1.35-1.65  840—940

1585 o (1. 210)° - 1.35—1,65  840—940
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| Table 2. Values of the :'_L'nter'ference-'termb coefficients R:1 and R, for the

reaction K+pb_-> K(_)p‘ﬂ+vat 864 and 969 MeV/c.:

Momentum - My, Tegion | n R, | ‘RZ.'

(MeV/c) (GeV) | |
864 all events 0. 08+ 0. 02 -0. 130, 02
864 T Ming< 1. 32 0.11%0.03 -0.24+0.03
864 . 1,32 <My, <1.40  0.06%0.03 -0.12+ o..-oa |
864 My >1.40 0.06£0.03 . -0.06£0.03

969 all events = 0.0330.014 ~0. 066 %0, 014

969 My < 1. 36 0.0540.03 ~0.17+0.03
969 1.36 <M <1.45 0.06%0.02 -0.08+0.02
9%9 My, > 1. 45 £0.01£0,02 - 0.'03 0, 02
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Table 3. K and A density matrix elements for the reaction K p = K "A
. B )
- K p1r+1r .
K* ‘ A
Momentum P, Py Rep S p :
(GeV/c) 00 1, -1 10 33 R¢ P3, 1 Re Pay

1.367 0.23+0.10 -0.44+0.10 -0.01+0.06 0.12+0.08 - 0.17 + 0,06 0.04 £0.07

1, 585 0.43+0.06 -0.01+0,05 -0.06+0.04 0.23+0,04 -0.04+0,04 0.02+0.05

1, 96% ~0.8 S =0.12

3. ob 0.76%0.05 -0.03+0.03 -0.413+0,02 0.01+0.04 -0.035+0.035 0.07 £0.02 -

" Predictions

for pion 1 o 0 o o 0

exchange

a. We give approximate values deduced from angular distributions given in ref.
17,

b. Reference 18.




Table 4,

Low-order partial waves for the reactlon K P~ KA and their correspond1ng
distributions in A productlon and decay angles.

+ '
K p initial

state

D3/
Py/2
P3/2
S1/2

P1/2

KA final P o Production angﬁlar. Decay angular distributions
state J . Name. . . :
CC -+ distribution cos vy & -
S 3/27 S3 Isotropic 1 -3 é:oszy 1+ 2 cos 26
3/2 P 5 z €08 49
+ . 3 2 1 :
Pi/2 1/2 P1 Isotropic 1-zcos”y 1+ ¢ cos 28'
+ .4 24 2 11
P3/2 3/2 P3 . 1-zP,(cos o) 14335 cos®y 1'*36 cos25'
D, ; 1/2° D1 Isotropié 1-2 cos? 1-, cos 25'
1/2 | o B co% Y | 5 cos 25
fem 1/2*+ S1 FIsotropic Is‘ofropic Isotropic
M1t 1+3 co‘szy Isotropic |

B
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Table 5, Partial-wave solutions for the K°n p final state; each double entry gives the cross-

section contribution and the phase, relative to the M1' amplitude.

2

Cross section (mb), phase (deg)

Momentum Tk S1 » S3 P1i P3- - M1 Sum
(MeV/c)  (mb) (background) - S
- 864 5.6  0.20+0.06 0.01+£0.04  0.44+0.06 0.4240.05 0,08%0.03 1.15
. 43+ 15 120£55 = -T0%17 _54+13 0
969 4.7  0.12£0.07 0.04£0.,06 0.88+0.10 1.28+0.10 0.25%0.06  2.57
18 £ 27 -175+17 T -9m9 686 .0 .
1207 3.4  0.41+0.16 0.41+0,41  1,47+0,18 4.54+0.16 0,47+0.08 3,68
| - 178 £17 -84 %11 -54+7 0
1367 2.9  0.23+0.14 0.22+0.40 . 0.47+0.21 1.56+0.23 0.55+0,08  3.05
.- 170 +22 -89+18  -50%9 0
1585 2.3 0.59%0,11 0.08 £0.16 0.10£0.413 0.75+0.20 0,73+ .10 2,30
| .- © 62+45 0

42050

-12+27
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FIGURE CAPTIONS
Fig. '1._ " The K o) partlal and total cross sectlons as. functlons. of beam
momentum, as glven in Ref. 1.
Fig. .'2. Definition of -)\N'n" the pion decé.y 'angle in the Nm c. m. with respect
to .fhe direction of the outgoing kéoh’. |
Fig. 3. Differential cross section for K+p‘—> K° A++, at ouf five momenta.-
Left-hand scales on each figure refer td dd/dQ in mb/sr; right—hand scales
‘ refer to AdO'/ldt in mb/(GeV/c)Z. .The transformation from cos g to t is
approximate, assuming the A peak mass values given in Table 1, -The dis-
tributions include some background, and so do not integrate exactly.to the
| A —prdduction cross sections given in Ref, 1. |
Fig, 4, Coéfficients in the Legendre expansion of the KA production angular
divstribution, do/d&i o< 1+ §=1A£P£ (cos g). The curve's“alz.'e the [;re_dictions ,
of tﬁé M1 p;éxchange model, described in Sec. 2, nQrfr}aliéed at each |

momentum to the number of events on the graph.
‘ ..

: Fig. 6. Coordinate system used in describing the A decay. The decay angl‘es

refer to the direction of the decay nucleon. Here A= pK-in X pK-oﬁt/ ’

" |PK-in X PK-out|"
Fig. 7,  The KN Dalitz plot asymmetry coeff1c1ent Aasa funct1on of beam
momentum,

Fig. 8. Density matrix elements for the A produced in the reaction K p

~ k%A, The magnetic dipole model predicts P33 = 0.375, Re P3, 4

= 0.218, and Re p, , = 0.
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9. Distribution in cos y for the A++ decay at our five momenta. As-
suming overall parity conservation, we have folded the distributions

about cos y = 0. The curves show the predictions of the magnetic dipole -

[y

model, W(cos y) < 1 + 3 c::os2 Y.

40, Distributions in & for the N decay at our five momenta. At 864

and 969 MeV/c fhe distributions cover the full range 0 <§ < 2w; the
backgfbund—iriterference ef_fécf is seen m the sin § compoﬁent; At |

higher mome.nta where the K¥* is present we show dis..:tributvi‘ons‘ in‘ 6mod .

The mfa.gnetié—dipole model predicts isotropy in o, as sho‘Wn by\'the soiid lines.

11, Denéity matrix elements for A decay as a function of the momentum /-

“ transfer squared t.

12, Differential cross section for K+p - Ka‘ + p.

13." Normalized Legendre coefficients for the K" production angulér '

 distribution, as a function of beam momentum; do/dQ « 1 + §=1AZP£(COS 8).

Fig.

14. -Density matrix elements for K production in the reaction K p

o R

> K 'p, K - Ko'rr+, as a function of beam momentum, Here ltlis in

‘Fig.

: (GeV/c)Z.

L e . R N
15. K decay angular distributions for the reaction K'p - K p, K
- Kowf. The curves correspond to the density matrix elements given
in fig. 14.
16, Production angular distribution for K+p - K A.
17. Feynman diagram for A production by p exchange.

18. EXpérimental cross sections for K+p—> KA as a function of beam

momentum, and the predictions of p exchange with M1 coupling. Curve
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(2) _repre'senfs M1, (gf{+p+'K0/4ﬂ) (g§p+ A ++/47) =450, Curve (b) re-
presents MI, (g§+p+KO/hn)(gf)p+A++/lm) .= 90.» |

Fig. 19. Nw production and decay angular distributions for the reaction
K+P - Kop'rr+ at 969 MeV/c, and the predictions for production in

' various low-order partial waves.

Fig. 20. Nmwmass distributions and A production and decay angular distri-
butions_used as input to the partial wave analysis of the KA final sfate,
and the curves corresponding to the partial wave solutions. (a) fo‘r
864 MeV/c; X2= 35 for 40 d.o.f. (b) For 969 MeV/c; x_z = 64 for
68 d.o.f. (c) For 1207 MeV/c; x> = 75 for 62 d. o.f. (d) For 1367
MeV/c; x 2 = 41 for 50 d. o.f. () For 1585 MeV/c; x % = 55 for 43 d.o. .

Fig. 21. Argand diagram for K+p -+ KA., See text for details.
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This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.
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includes any employee or contractor of the Commission, or employee of
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