Lawrence Berkeley National Laboratory
Recent Work

Title
K+D INTERACTIONS AT 12 GeV/c

Permalink
https://escholarship.org/uc/item/5rb6a923n

Author
Lissauer, David A.

Publication Date
1971-08-01

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/5rb6q23n
https://escholarship.org
http://www.cdlib.org/

UCRL-20644 »
| Y L3

«' D INTERACTIONS AT 12 GeV/c

AECEIVED
WSS
RADIATION LACEATGA

NOV 111874

David A. Lissauer
LBRAKRY Anle (Ph. D. Thesis)

NOCUMENTS S rloll

 August 1971

AEC Contract No. W -7405-eng-48

e

" TWO-WEEK LOAN COPY

This is a Library Circulating Copy
which may be borrowed for two weeks.
For a personal retention copy, call
Tech. Info. Division, Ext. 5545

y

T

$$902-19001



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal 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. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



-iii-

K'D INTERACTIONS AT 12 GEV/c

' Contents
Lo Abstract-
e I Introduction -
II. The Deuteron Target . |

III.

Iv.

. s .
'~ D. Comparison with the Reaction K p—+ K% A

A. The Hulthén Wave Function and the Sbectator
Morﬁentum Distribution -

B. Flux }F_actdr, Spectator—Beatﬁ Angle, and c. m
Energy - L

C. Pauli Exclusion Principle -

D. éla’uber Screening -

E. Identifying Coherent Deuteron Events - - -

K+n Elastic Charge Exchange Reacti.on~

A. General Features of th<’e Data .

B. Regge Pole Formalism . . . ... . ’.,\ .

C. p-A, Exchange Degeneracy .

2
++

K*O Production .

A. General Features of the Reaction K+n - K+Tr—p :
B. General Featureé of the Reaction K+n - Ko'rr+'rr—p
C. K*(890) Production in the Reaction K+n - K+'n'-i)
D. M(K+\, m ) Between 1 and 1.3 GeV.

E. K (1420) Region .

F. Interference Effects at M(K+, ™) ®1.85 GeV

G. Comparison with K+p - K+1-r- AH- Reéctions :

H. 1\.I>:< Production in the Reaction K n - K+n-p .

: . + 4+ -
Coherent Production of K w# 7 .

11

12

15

15

.18

21
23

24

. 24

.27

32

.. 33

41

44

45

47



-iv-

A. Selection-of Evénfs, K -n-+ Ambiguity .
B. General ‘Feati‘n.'es of the Data .
C. Q+ Production .
D. D>"< Producti;)n» .
E’, L+ Product‘ion . \
VI.  The Reaction K D~ K’i'D .
Acknowledgments.
Appendix .

References .

.47

50

51

.60

62

. 64
. 66
.67

T2

L 2"



K'D INTERACTIONS AT 12 GeV/c
David Arie Lissauer
(Ph.D. Thesis)
Lawrence Radiati_on Laboratory
University of California

' Berkeléy, California 94720

May 20, 1971 .

ABSTRACT
We have studied the following reactions in a deuterium-filled

bubble chamber exposed to a 12-GeV/c K" meson beam:

K+n - Kop‘ 163 events (1)
K'n > K n7p . 6454 events (2)
K'n > K°n+1r-p ' 865 events (3)
K'p-x"1'rD 5834 events | (4)
v K+D - K°w+D ‘ 133 events 'v (5)

We measured the differential cross section for the charge
exchange reaction K+n - K% and found that the forwazld amplitude
is mainly real, the differential cross 'séction equais that for the
Kp— Roﬁ charge exchange reaction, and the differential cross
section agrees well with the prediction of the Regge pole model of
Rarita and Schwarzchild.

The reaction K+n'-> K+-n-_p was found to be dominated by
K*(890), K*(142'0) production. Evidence is presented for the

existence of: a) a possible enhancement at M(Kn)=1250 MeV

with an angular distribution consistent with a spin parity
p :

- %k
75 = 0" or 17; b) K (1380) resonance with M ~1380 MeV,
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T< 150 MeV, with spin parity O+ if produced by pion exchange, but.
'JP_= 17 or 2+ cannot b;e ruled out; c) sffucture in the K+, n system
at a mass neér 1.85 GeV. One interpretation of the observation is
th;e production by pion exc}}angé-of a JP =v3-K>‘< resonance a;f about
this mass, thch interferes strongly with other .proc:‘e5;ses.

The coinerent‘ reaction K'D + K'n 7D is dominated by ot
préduction. ‘ Evidence fof structure in the Q+ ‘region is presen’ted.
Assuming two resonances are present, the result can ‘be i;qterpl"eted

% X %
P 1+K states. We have also studied D T

as the mixing of two J
and L produced in the same final state.
. ) | . . * . .
The reaction K+D - K°1r+D is dominated by K (890) produced

by ve ctor exchahge.

b
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I. INTRODUCTION
The S(LAC 82 " bubble chamber was exposed to an rf-separated
K+ meson beam. 1 Resolution in beam momentum to within
Ap /p =% .2% was achieved by using known correlations between
e beam momentum and transverse position in the chamber. Approxi-
mately 500, 000 équsures were taken and analyzed. Experimental
details and cross section calculations are given in the Appendix.

The experiment was intended to study in detail both K+d coherent
reactions and K+-n charge exchange reactions. If it is desired to
study neutron interactions, the lack of stable free neutrons must be
overcome by obfain\ing data from bound neutrons. Usually the
deuteron, a ksystem of a lodsely bound proton and neutron, is used.
The problems arising from rélative motion of the two nucleons and
difficulties of analysis ahd intérpretation are discussed in Chapter II.
Coherent reactions are of S];;ecial interest since the deuteron is in
an I = 0 state, and if the reaction is coherenf, it will allow only I
=0 exchange in the t channel.

In this paper we report the results of'th'e reactions:
Ktd-Kkp 189 events (1)
' K+d—>K+1r_pp 6784 events (2)
K+d4Ko'n'+ﬂ'_Pp 949‘ events | (3)
e K'd»K'ntnd 5834 events (4)
| K dK'r'd 133 events (5)
AL . ' R S
The elastic charge exchange reaction K n—»K'p offers an

opportunity for detailed study of the problems of p-A_ exchange

2
degeneracy and the validity of Regge pole approximation to the

scattering amplitudes. While this reaction has been studied

extensively up to 5.5 GeV /c, little has been reported at higher

)
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momenta. We have measured the differential cross section for this
reaction and found it to be equal to that of K p—~K’n charge ekchange
reactions, which supports the notion of exchange degeneracy.

In the nonelastic charge exchange reactionsiwe have found reaction-
(2) to be dominated by K%(890) and K*(1420) production. K*(890)
production can be described well by an O P. E. model proposed by

(21)" We have found evidencé for additional

G. Abrams and U. Maor.
structure in the K+m mass spectrum:

a) At M(K+"n'-)z 1250 MeV‘we found evidence for a possible enhance-
ment; if interpreted as a resonance and if pion exchange is assumed,

spin parity values of JP =0t or i_, are indicated.

b) At M(K-F-rr_)z 1380 MeV we found evidence for a resonance with
I'< 150 MeV and JP = 0+ if produced by pion exchange, but JP =1,
2+ cannot be eliminated. |

c) At M(K+Tl'—) %1850 MeV there was evidence for a broad mass
enhancement. The angular distribution requires the presence of
more than one JP state. On. the asSumption of pion exchange the
highest Jvaalue required is JP =3

We have also determingd the intensities for K(1420) decay int(;

K*(890)1r and Kp and found the K*(1420) branching ratios to be in

agreement with SU, predictions.

3
The coherent reaction K+'D—’K+1r+1r_D is dominated by low Kuw
mass, Q+ product"ion. The Q+ has I = 1/2, and spin parity JP = 1+.
We show that the Q+ can be described in terms of two Breit-Wigners.
The fact that two mesons are produced off the deuferon supports the
notion of K" mixing. The Dnw mass is dominated by D*++ production.

*+4 . '
We show evidence that D is not a resonance but probably the

result of nucleon recombination for the reaction K+d—>K+.,T’ Ay,
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We find that the L+ pro"duc':ed in this reaction is associated with low

St
Dm mass.



4.

II. THE DEUTERON TARC_}ET__ -

The Bubble chamber was filled with deuterium because of 'the need
for a pure I = 0 target to study coherent reactions and for a neutron
target to study charge exchange reactions. The deuteron is a lightly
bound composite of a proton and a neutron predominantly in the @
S-wave, J spin 1 state. (2) The deuteron binding energy is 2.2 MeV;
thus it can easily break up in a collision into a proton and a neutron.
Reactions where the deuteron does not break up are called coherent
and are characterized by steep momentum transfer distributions.
Reactions where two protons are present in the final state are called
charge exchange reactions. In this chapter we will discuss (1) some
important effects whvich must be considered when usiné a neutron as
the target particle and (2) the problems of identifying coherent re-

actions on a deuteron.

2’
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A. The Hulthén Wave Function and the Spectator

Momentum Distribution

The deuteron is a bound state of a proton and a »neutronv. The
nuclear forces binding the nucleon together are pr‘esu‘rned to i)e due
to the exchange of virtué,l pions.  Solving Schroedinger's equation
with a suita:ble potential provides us Wifb a wave function describing
the radial dist;ibutibn of the nucleons in the deuteron. Such a
function was proposed by Hulthén . (3) The function is

g (r)= N(e-ar-e—ﬁr)/r

Using the normalization condition

f|¢.(r) |%r%ar = 1
2

~we get
N" = 2ap(atp)/(a-p)2

where :
r = the separation between the two nucleons,
@ = 4.5 MeV = (4.33 fermi) * =vVZp B!
p = deuteron reduced mass 1/p = :1/Mp+1/Mn
B = deuteron binding energy =2.2 MeV.

(4)

For the value of B, we use 7 as taken by Gluckstern and Bethe.
Other values of B are used in the 1iterature.\ For example, B =
5.18 is ﬁsed by Morovesik. (5) But the features of the expected
physical distributions are not very sensitive to the"vaiue_ of B.

The Fourier transformations of Y(r) give us the momentum space
wave function ¢(p) of the deuteron.

o(p) is calculvated to be
pZ4(p) = cp’ [~—T———1 . L ] 2
(p°+ a%) (p%+ 52)5

where

J éeplap = 1
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In Fig. 1a we show the curve for the expected nucleon sgparation
erlJZ(r) in the déuteron. In Fig.1b we show the expected momentum
distribution for the nucleon.s in the deuteron, p2¢(p)_

The expected momentum distribution p2¢2(p) can be measured
experimentally to thé extent th#t the impulse approximation is valid
for K+d collisions. The assumption here-is that the spectator
nucleon emerges from the deuteron after the collision with the same _
momentum as it had in the’ deutel;on just before the collision.

For the charge eXchange reactions K+d - Kopp, K+d - K+-rr_pp,
and K+d - K° 1'r+n-pp, the slower proton is assumed to be the
spectator proton aﬁd the faster proton the recoil nucleon. For odd
prong events, events with an invisible spectator, a four-constraint
fit was made by assigning the inyiéible spectator a zero initial
momentum and an error of ApY = Apx = 30 MeV /c, Apz = 40 MeV /c.
All events which fit this hypothesis with chi-square probability
greater than .1% were accepted.

In Figs. 2a, ’t;, c, we show the spectator momentum distribution
for the reactions K+d - Ko PP K+d->K+1T_pp, and K'd - K°'1-r+1'r-pp
respectively. In all distributions we see fair agreement with
theoretical predictions for PS< 300 MeV/c . The deviétion at low
Ps is attribufed'to the kinematic fitting procedure which starts the
spectator momentum at zéro. The excess of events with Ps > 300
IvféV/c can be explained by one or more of the following conjectures:

(a) double svcattering; rescattering of one of the final state
particles with a spectator nucleon.

(b) inadequacy of the Halthén wave function.

e

e
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'B. Flux Factor, Spectator-Beam Angle, and c. m. Energy
If an unpolarized deuteron target were to decay spontaneously
into two nucleons, this decay would be isotropic about any fixed axis

in the laboratory. In the framework of a spectator model, the

. spectator proton acts just as if it were the result of a decay. The

isotropy of the spectator is therefor a test of the model.

There are several reasons why we can expect.deViations from
the above prediction. The statement fails to consider thevfact that
when the target particle is moving against the beam particle, it has
a gre.atelr flux than when it moves away from t‘}.le beam particle. Since
the spectator has its‘ mome_ni:urn vecto.r opposite to the tafget nucleon,
this means that we would expect to have more events with cos > 0 than

with cos< 0. To the first order, one can write the differential cross

section normalized to the total cross section as

do = % _ B(n) -
o= 2 [ 50 cost]

-where B(n), B(k) are the‘ velocities of the target nucleon and the incom-

ing K+ meson'respectively, and 6 is the angle between the nucleon and
the beam direction in the laboratory system (6). It is clear that as the
beam momentumvir‘lcreasves this effect becomes very small. At
12 GeV /c the relétiénship predicts a forward/backward ratio of
spectator nucleons averaged over spectator momentum to be 1.01.
The effect is more important at lower incident momenta and higher
internal momenta.

It is also possible that scanning efficiency and measuring efficiency
and measuring efficiency for short—r_ecoii protons aré ﬁot uniform. .

In Fig. 3a, b, c¢c we show the angle between the beam and the

4 +
 spectator proton for events in final states K d -~ K’pp, K'd -~ K ™
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| and K'd - K.°1r+1'r_pp. The angular distributions for all final states are
consistent with.being flat. The small ekcess of events at cos-e =x11is
_attributed to the fact that heavily dipped tracks (cosf =0) have smaller
scahning efficiency. These events will be classified as three-prong
B events but will be i‘ejecfed in kinematic fit if the recoil traék has too P
large a momentum.

 An importaht effect arising from the motion of the nucleon in the
deuteron is the smearing of the c. m. energy distribution. The c.m.
energy for a '12-Ge‘V/c'K+ incident oﬁ a nucleon is 4.85. If the target
nucleoﬁ has a momentum of 60 MeV/c in the same or opposite direction
as the beam, the energy changes to 4.4 and 5.2 revsl\)ectively. This
energy shift is responsible for the fact that interactions on the neutron
do not have uniqué Chew-Low boundaries or Dalitz plot boundaries.
This smearing effect is important if one wants té stu(_iy the possibility
of turnover of differential cross section in the forward direction or

phenomena which have a strong energy dependence.
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C. Pauli Exclusion Principle

After a charge exchange interaction on a neutron there are two

protons in the final state. The deuteron is a proton-neutron in an

~S-wave (ignoring the small D-wave (ignoring the small D-wave
component) spin-1 configurat{on. In this configuration the spin

- component of the wave function is symmetric, and it is forbidden

by the Pauli exclusion principle for identical formations; i. e‘,', two
protons. Thus we can see that at the limit of no momentum trans-

fer, such charge exchange collisions cannot occur without a spin-

_ flip on the nucleon.

The effect of the Pauli exclusion principle on charge exchange

reactions of a neutron has been calculated for the reaction

K'd ~ K°pp to belT8)

. do :(,1-H(t).iq‘ +(1-1./3H(t)i0- , (1)
dt 0 ~ dt dt.
KD —-K" pp nf f
- do do . . . .
where —— y T are the differential cross sections for spin-
dt nf dt £

nonflig and spin-flip on a free neutron. Here H(q) is given by

> —
-iq.r

@ = (Wme T wmar
where 4(r) is the deuteron wave function and q = ; or Iqlan~-t,
where t is the four-momentum transfer squared. If we use the

(7)

Hulthén wave function to evaluate H(q) we get

HW) = 2ap/a- /) [tan” L (7F/2a)+ tan” {8TT/28)- 2tan” W7/ (4B

In Fig. 4a we show the expected value of H(t) as a function of t, and

in Fig. 4b we plot -1—:%_1—(?) versus t. From F1g 4a we note that H(t)
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is substantially different from zero only for -t <. (GeV/c)2 and it
is only in this range that Pauli exclusion is important. We also
show the initial tangent and a chord to the curve H(t) versus t.

-56t and e“-ZZt respectively.

They can be approximated bSr e

Tﬁe derivé,tion of Eq. (1) uses the closure approximation to eval-
uate the correlation factor H(t). In an iﬁteraction at t=0, H(t) =1,
the final state protons have the same orbital angular momenta as
did the neutron é.nd proton in the iriitial sta;ce (I =0). The deuteron
isina J =1, S=1 state. If there were no spin-flip on the nucleon,
the total spin of the two protons would still be S=4, J=1, L=0.
But the Pauli exclusion principle forbias such a state. Therefore
the spin-nonflip ampnlitude should vanish at t=0. For the case
where there was a spin-flip at the n‘ucleon‘ vertex, when we éi:lar‘c“ an
unpolarized deuteron, (381), there are three possible configurations.
;Tliey are (a) up-up, (b) down-down, and (c) up-down. Clearly (a)
and (b) after a spin-flip will ha\;e an up-down configuration which :
can be an S=0 stéte, which is allowed. But if the initial state was
up-down, the final state will be an S=1 state, and this would not be
‘allowed.

To correct for the deuteron effect, one must know the relative
size of spin-flip and spin-nonflip cross sections. In pracfice it is

necessary to get this ratio from modei-dependen‘c predictions.

"
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D. Glauber Screening .

If we imagine that the target deuteron is composed of two nucleons
which are considered to be tiny spheres packed close £ogether, then
the spheres will line up behind each other part of the time and thus
reduce the effective cross section. In 1955 Glauber derived the
expression to explain this effect. The expression is

| o(K'd) = o(K'n) + o(K'p) - o(Kp)o(Kn)/4n¢z?)
where <r2> is the average separation between two_nucleons.
In 1966 Willkins (11) derived a modified formula which exhibits

charge independence. His correction terms became

o(Kp)o(Kn) - I [G(Kp) - G(Kn):l %/
Clearly, at our energy o(Kp) = O'(Kn)(io)and hence the two formulae
are identical.
A value for ¢ %2> was caicula.téd considering two nucleons to be
black spheres with geometrical cross sections |
<> = .02 m/m L.
The correction at our energy is of the order

o(K ' n) o (K'p)

5 / [ c(EKp)+ o (K+n)] ~ 4%,
41 <r > _ _ :

It is not known how this defect is to be apportioned between the
various channels, but it seems implausible that the effect would differ

much from channel to channel:
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E. Identifying Coherent Deuteron Evenfs
EQe’nts which correspond to those reactions in which the deuteron
‘remains intact after the collision are called coherent deuteron
events. In this éxperiment we have studied the two c'ohere»nt_
deuteron reactions, ‘K+d..—> K'°n+d and K+d I K+-rr+1-r_d. As a result
of the lo§v binding energy of the deuterén, coherent deuteron
reactions a’ré'characterized by a 'v“ery steep momentum transfer

distribution. Since the deuteron must have a minimum momentum

of 110. MeV /c in order to be detected in the bubble chamber, a good . -

fraction of the coherent events at low momentum transfer will have
an invisible deuteron. The events with a visible deuteron in the

| finé.l sfé.te will generally also make the corresp'onding one-constraint
fit with a proton and neufron in the finai state rafher than. a deuteron;
ie., | K'd - K°1r+pn and K'd » K+n+n—pn. ' If the event is not
coherent, the deuteron breaks up and we would expect to find no
‘strc‘mg'correlation bet&veen neutron an(i proton direction. Further-
more, the 'in.va.riant mass of the protoﬁ and neutfon should likewise
displasr no sharp enhancement near the deuteron mass. If, however,
the event is really a coherent event, we would expect the proton and

neutron directions to be nearly the same. Also, the invariant mass

of the proton and neutron should be enhanced near the deuteron mass.

In Fig. 5a we show the invariant mass of the p,n in 1-MeV bins
fpr all events satisfying the hypothesis K+d - K°1r+pn. The shaded
regioﬁ represents the subsample which also fits the four-constraint

~deuteron hypothesis. In Fig. 5b we show the p,n mass for all events
satisfying the hypothesis K d -~ K+,1r+1‘rv—pn. |

{ .
The shaded region again represents those events which also fit the
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‘reaction K+D - K+1r m D. In both reactions we note that the spike

full width at half maximum (FWHM) ® 2 MeV near the min_iniurn p;n
ﬁass is due entirely to the coherent events. In Fig. 6éa,b we show
the distribution in cos6f for the reactions K+D - K°1r+pn,

K+d - K+n+n_1§n.(Here g is defined as the angle between the proton
and the neutron in the laboratory frame.) The shaded regions
correspond to the subsample satisfﬁ.ng the corresponding coherent
reaction. We note that, as expected, the coherent events are
concentrated near cos 6 =+ 1.

T‘he final states K D K+1T+-n—pn, K d - K% wpn in the odd-prong
topologies; i.e., three-prong, one-prong, and a vee, are under -
constrained unless we assign the spectator proton zero momentum.
In order to study the reliability of the coherent fits in the odd-prong
eventé, we perform this pseudo-one-constraint fit.

In Fig. 7a we show the invariant mass for all events satisfying
the. hypothesis K+d - K+'rr+1r—pn in the three-prong topology. There
is a clear enhancement of events at low p,n mass although ;t is
somewhat broader in this‘ case (FWHM = 7MeV). The shaded region
represents events also satisfying the cokerent hypothesis. We
interpret the depletion of events at M(p,n) = 1900 MeV .as‘a result of
the Ia'rtificial separation of three- and four—pro;ag events. In Fig. 7b
we plot the p,n mass for all neutron recoil events, K+d - K+1r+17—psn.
The dip at 1900 MeV disappears. As before, the shaded region
represents the coherent candidates. To select our coherent sample,
we remove all events with M(p,n) > 1886 MeV in the corresponding

one-cons'traint fit. Finally, the three -prong events also have a back-
.4 .

+ :
ground due to T decays; i.e., K - m n 7w . In order to remove
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these events, we calculate the three out-going mesons' invariant mass
assuming that they are all # mesons and remove all events with less

than M(mw, n, m) <560 MeV.

i
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I11. K+n ELASTIC CHARGE EXCHANGE REACTION

A. General Features of the Data

A total of 189 events satisfying the hypothesis K+D = Kp,
o, _t .- o .
K" = 1 1 were found 'in both one-prong plus vee and two-prong plus
vee topologies. . All events which fit the seven-constraint multivertex

fit K+D -~ Kp, K% -~ Tf+17- with’chi—squaré probability greater than -

A%were accepted as fulfilling this hypothesis. However, for the

events with two visible prongs plus a vee, the spectator frequently

is a very short track and therefore is difficult to measure accuretely.

o Althoughy the momenfunri is adequately determined from range, the

angles may be mismeasured for tracks of less than a few millimeters

in length. For this reason a five-constraint multi-vertex fit is also

~ performed for the two-prong plus vee events with short recoil, in

which the angles of the short recoil are left free. Events which fit
this special five-constraint hypothesis, but ndt the seven-constraint

hypothesis, are also accepted. For the reaction K+d'* Kopp, 529

-of the events have two visible prootns and 48% of the events have

only one visible proton in the bubble chamber. The recoil proton is
taken to be the faster of the. two. Th.e speétator momentum distribu-
tion is in agreement with the expected distribution for spéctator
momenta, less than 300 MeV/c.The excess of events with P>300 MeV/c
is attributed to double scattering.  These events have been excluded
in the data sample. (see Chapter II).

The cross section for the reaction K+d - K‘°>pp is 38.2 % 32 pb.
12 GeV /c. '(Seye Appendix for details.) The corresponding cross-

section for the reaction K n — K% 'is calculated to be 43.5 = 3.6 pb

where corrections for the suppression of cross section due to the
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Pauli principle have been made assuming the cross section is

dominated by the spin-nonflip amplitude.
In Fig. 8 we show the cross section for the reaction K'd -~ K’pp

(12). Above 1 GeV /c incident

as a function of incident momentum
momentum, the data can be fitted to a function of the form o (p) =Ap "

where p is the incident momentum. The best fit parameters are

‘A=7.3%.2mb, n=2.1=% .05 with chi-squé,re 2.4 for four degrees of

-freedom.
In Fig. 9 we show the distribution %tg for the reaction KD~ K%p.
In Fig. 10 we show the distribution g.g. for the charge exchange
' ! cex :

‘reaction K+n - K% corrected for the Pauli principle. To apply the
deuteron correction properly, one must know the relative size of
spin—flip and spin-nonflip cross sections. The ratio is generally
unknown, except in the forward direction where the spin-flip cross
section must vanish.

- The deuteron correction is significant only in the region
t< 4 (GeV/c)z, where the spin-flip term can Be assumed to be small.
Here we have neglected it.. A least-squares fit to the data of Fig. 10
for a function of the form %{Z‘. = Ae Bt gives the values for the best
fit A= 237220 and B = 5.6 % .3 (GeV/c) % with a chi-square value
-of 7.9 for 5 degrees of freedom.

In order to determine the relative strength of the real and imagin-
ary parts of thé K+n charge exchange amplitude, the forward scatter-
ing intensity obtained in this experiment is compared with the forward
intensity expected from the imaginary part of the amplitude calculated
using the optical theorem and isdtropié spin conservation. Spécifically,

isotopic spin conservation gives us the relations:



A7

3

§K'p »K'p) = £

-~

fK ' ~ K'n) = (5+ 1),

NI»A Nl»

X |
f(K'n - K’) = (£,-£),

+ +y -
f(K n ~ K%) = f(K'p~ K p) -£(K'n > K'n)

. The optical theorem gives us the_relatioris

+ + _k
Im £(K p > K p)lt-'z o 4r %tot (Kp)

+ + _k +

Im f(K'n - K n)|t _ 07 77 %ot (K'P)

The best values of K+p cross sections at present are(g)f
otot(K'p) = 17.3 £ 1.mb,
O'tot(K+n) =17.6 £ 4 mb.

Using these values, we can predict

d% (im1) X - 46+ 8.2 ub/(GeV /0>
dt o

The experimentally extrapolated forward scattering cross section
is 237 £ 20 pb/(GeV/C)Z- Thus we have an indication here thét the
amplitude is largely real in the forward direction. Using the

charge exchange data, we get

2 cex
Im £(0) < .02 % .4.
Re 0| - A

The disappearance of the imaginary part in the forward direétign
had important theoretical implications fqr the p,A2 _exchénge
degeneracy problems.

The dofnina‘r1ce of the real :part in K+n charge exchange é.rnplitude
has been observed earlier at lower energies: at 2.3 GeV/c by

Butterworth et al (8}, and later Goldschmidt-Clermont et al

confirmed it at 3 GeV/C(13). The same has been observed by

Cline et al at 5.5(16)GeV/c‘.
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B. Regge Pole Formalism

A considerable amount of work has been done attempting to .

analyze the‘high—energy data from the reactions

T p - 7'n, (1)
7 p—~> n'n, - (2)
K'p ~ K%, (3)
K'n > K%. (4)

When anaiyzed froin»the Regge pol_é phenomenological point of viéw,
these reactions are of special interest bécause they allow é few hiéh-
lying Regge trajectories to be exchanged.

All reactions have the form pseudo-scalar + nucleon — p.seudo-
scalar + nucleon. In the t-channel description of the reaction, the

quantum numbers of exchanged particles are restricted to 1= 1,

J

C=P=(-1)" = (—l)IG. G-parity restricts reaction 1) and reaction 2)

toG =+1and G = -1 rhespectively' for the exchanged particles. In

genefal we can write the“t—chan.nél helicitanonflip ampltitude as
A(ﬁ--p - %) = An_" ,

’ +

?

A(n'p—=n"n) = A
A(K'p > R)= A1+ A,

+—

AK'n > K%) = Al

Ak'

The amplitude AT = ZAii— where A,i are the contributing Regge .
d :

1

trajectories.
From the factorization theorem we get a relation between the

amplitudes when they connect to a w,K at the top vertex

If SU(3) symmetry is unbroken and if all contr'ibut_ing trajectories are

[ =0



(“w

-19-

octet members, we also have the relations
F () = F' = 2/3) Y2 C.= +1

Fo=-~N2 C.= -1,

i
where Ci is the charge éonjugation quantum number defined for the
neutral member of the SU(3) octet. Similar relations exist for the
spin-flip amplitude.

In the Regge pole model, each amplitude is given by the

expression
‘ A = v e'i“"i(t)+'r Sozi(t)-i |
N sinn-ozi(t) \
where Y; T residue function,
@, = trajectory paramefer,
T = signature.

~ The only well-known trajectory to satisiy the conditions are

p, A, for the A™, Ny amplitudes, respectively.

2
'If one considers the model with only the p, A2 trajecto“riesv, there
are some features which cannot be eXplained. First, the model
predicts zero polarization for the 1-r+p - Tron charge‘exch‘ange reactiqn.
(Only one trajector‘y,.the p, can participate.) Experimentally, a
non-zero polarization is observed. Second, the largg difference
between the charge exchange reactions K+n - Kop and K'p - K’n
over thg momentum range of 1 to 5.5 GeV /c cannot be explained by
using or}l’ytwo trajectories. (K+n charge exchange is larger than
K'n charge exchange in this momentum interval.)

.There have been different modifications of thfa "pure' Regge
pole model in order to fit the data over all energies. A model by

(14)

Rarita and Schwarzchild requires the existence of an additional
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trajectory, the vp' , in order to fit the data. In Fig. 10, we show their
predictiqn for K+n cross section at 12 GeV/c, using the paréme'ters
they attained by fitting low-energy data.. The agreement is reason-
ably good.

Other attempts to modifsr the Regée p_ovle model have been made
by adding Regge cuts to the two trajectories p, A,. There is no

2

unique way of introducing Regge cuts into the theory. In Fig. 10

(15)

we show the prediction of Hartley, Moore and Moriarty , using
Regge trajectories and cuts. The shape of the differential cross.
section seems to agree with the data, except for absoluté normaliza-

tion. However, in the forward direction the model predicts a cross

~ section up to 60% higher than what we observe.
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C. p-A, Exchange Degeneracy

‘ 2

The differential cross section for the K+n and K p charge exchange.

reactions are given by

do ot o :_1_‘ lz 3 - *

77 K=K =g [af 43 1A +J3' Re (& s
e do (- Zoy 4 (a2 3la |2 REY

do Kk p > K%)= LA + _l \ - Re (A¥ A ).

ldt( P n) 2\ p| 5145 3 (Ag A)

If exchange degeneracy holds, then ap = QR and Re(Asz AR) =0

do gkh > KPp) =49 (Kp - KO
dt( n p) dt( P n),

where the A_ trajectory has been called R. In addition, if interference

2

| term Re(A:< AR) is zero, we also have the SU(3) sum rule

do “h > KO = L do - v—» 0 3 do - .—-> 0
——t(Kp K™n) 3 a—t—'(“P -“'n.)+"2" dt(ﬂp nn)

. We have already mentioned that at lower energies there seems to
be a great discrepancy between K+ and K~ charge exchange differential

(

cross sections. | But Cline et al 16) have noticed that the two cross
sections are already identical at 5.5 GeV/c. In Fig. 11 we show the
differential cross section for K'n - K% and K—p -+ K% at 12 and

(17). The

12.3 GeV/c respectivély;. ‘The data is from Astbury et al
agfeement betheeﬁ K+. and‘K— data is very impressive, ‘and it
supports the notion of exchange degeneracy.  Although a cbrﬁplicated
conspiracy between fesidues and trajectory pafameters could result
in an accidental equality of K+n, K p charge exchange differential
cross section at some value of a and t, 1t is unlikely that this would
be maintained over a wide range of s and t values.

The possibilities of the existence of secondary trajectdries like

p, R' have been suggested. This leads to an interference term of
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1
AR°

e
b3
1

p
Assuming that p'; R are also exchange degenerate, we get

cosk ' : '_ ;‘,: ’
J3 'Re(Ap Ap + APAR + Ap! Ap +A

do(k*n -~ K%) - 49 (K"p - R%) =2 J3'Re(a A + A" A ), .
which gives a sensitive way to test the existence of daughtei‘ trajec- .

tories. At our energy, the p',R' trajectories are expected to have
only a small effect, and a set of two higher statistics experiments
would be needed to detect them. )

Strong exchange degeneracy relations imply that in addition to the

R’ the residues are also equal; that is,

trajectories being equal, ap = a
Y, T YR.
. If strong exchange degeneracyrholds, then the K+n amplitude is

purely real. At t = 0 we found

2cex

’Im £ < .02 £ .04,

Re f

t=0
which means that amplitude is mostly real. While this is true in the
forward direction, we cannot deterrhine Im f away from t. = 0. The
apprdximate validity of strong exchange degeneracy will explain the
absence or strong suppressioh of Z* resonances in the K+n direct

channel, since a purely real amplitude cannot describe a resonance.
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D. Comparison with the Reaction K+p N

The reaction K+p - KO‘A-H- is also dominated by p, A2 exchahge.

In the Regge pole exchange formalism the meson vertices are identical

in the two reactions, ‘but the baryon vertices are different. On an

" SU(3) classification scheme the nucleons are members of an octet

while the Ais a member of a decuplet. Thus SU(3) gives us no-

pi'ed.iction on the coupling behavior of (pﬁ p)/(-p..A++p) or (p—rI Az/(p-zi*:+A2).

It is of some interest to compare the two reactions and learn about the

difference between a proton and a AT in strong interactions.

In Flg 12 we show the cross section for the two reactions

S i K°%p and K_l-p—> K°A++ plotted against K' beam momentum. The -

cross sections for both reactions are essentially identical and fit the
fuhct'ion of the form o(p) = Ap-n. The best fit parameters for p>2

GeV/care A=7.3+.2mb, n=2.41% .05andA = 7.0 .2 mb,

‘n=2.0% .05 for K+d - K%pp and K" > gontt r'espe_ctively. The agree-

ment is remarkable and would imply that vertex function

= ‘
pnp ®pA - p,

pn = p N A,.
On the other hand, when we look at the reaction K p ~ R%°A™ as

(18)

coifnpiled by Kwan Lai and Louie , it indicates that from 3-5(GeV /c

momentum, the cross sections for K n -~ K°A™ are only 60% of

K+p - K° _A++. This is particularly disturbing in view of the equality
+ oo : e

of K p, Kn elastic charge exchange cross sections. Better data at

higher momenta are needed in K'p -~ K’D” reactions to clarify the

nature of this discrepancy.
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IV. K ° PRODUCTION

The film has been scanned for all events which hav¢ three-
prong or four-prong topologies, both with andrvvithout associated .
vee decays. In addition, ‘all four-prongs measured were required
to have at least one track which stopped in the bubble chamber.

All events which fit the four-constx;aint hupothesis, either
Kta—> k¥ pp or Kta > KOnTn” pp with X2 probability greater
than 0.1%, were accepted. The spectator proton (here defined
as the slower proton in the laboratory frame) has 2 momentum
distribution in agreémeht with that expected from the Hulthén
wave function for momenta less than 300 MeV/c. In the subse-
quent analysis, on_ly events with PS_ <300 MeV/c are ‘a‘ccept'ed.

"~ (See Chapter iI.) There are 6784 andv 949 such events for the re-
acfions Kta—~ K+d - K+-n'_ pp and KD - K° _1r+1r- PP reSpectiVely.r,
of which 67% are three-prong énd 33% are four-prong in each
case. The~ cross sections for these reactions have been deter-
mined to be 400+ 8 pb for K'D > K'n pp and 210+ 20 pb for
K+d - Konln” pp. Here the quoted errors reflect statistical un-
certainties only. Correcfions for the invisible K® decay modes

have be en included.

A. General Features of the Reaction K+n ->K+Tl'_p

In Fig. 13 we show the Dalitz plot for the reaction K'n—K'np. 9
The outstanding features include 1) a large low pm band which we
associate with several N;/2 re_sonapce'presen’c in that mass re-

gion, 2) a K (890) band, 3) a K (1420) band, 4) a depletion of

events in the region past the K>‘<('1420) and a wide band of events
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at MZ(K,ﬂ) = 3.0 (GeV)Z, 5) a genéral lack of background; spe-

cifically, there is no indication of a band parallel to the third

Dalitz plot boundary which would correspond to a 7" decaying in
the elastic channel K+p.'

In Fig. 14a we show the Chew-Low plot te gn VS MZ(K+, ™)

for all events in this final state. In Fig. 14b we show the Chew-

Low plot t \& MZ(K, m) for events left after removing the low

K-Kw
pT™ enhancement [M(p, T ) < 18 GeV]. In both figures, K%(890)

‘and K>‘<(1420) bands are produced mainly at low t. Depletion of

events past K*(1420) can also be seen. In Fig. 15 we show the
Chew- Low plot t’p_p_ﬂ- vs Mz(p, 7). The low .p'rr_- mass enhance-
ment is p‘roduc‘ed primarily at low t,v but some N>:/2 production
can be seen at higher t regions.

In Fig. 16 we show the pm invariant mass plot. No details of
the structure can be seen in the mass enhancement, which drops
off sharply at M(p,T )= 1.8 GeV. The particle data tables“g)

als

list seven N;/2 resonances with masses less than 1.8 GeV, sev:
eral of which could contribute to the low mass; enhancement in the
distribution. Except for the possibility of some structure at
M(pmr ) = 1.4 GeV which is proioably associated with the Pi’l Roper
resonance, none of them can be resolved without t cuts. (For
more detailed analysis of the _N* region, see Section H.) In Fig.
17a we show the M(K+, T ) mass projection fér all events. The
K*(SC)O), K*(1420), and the large enhancement at higher Km masses
can be seen. This enhancement is mostly avreflectifon of the low

pT mass enhancement. In Fig.- 17b we show the K7 mass pro-

jection for events with t' < .Z(GeV/c)Z, where t is defined as the
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four -momentum transfer between.beam kaon and outgoing Km.
Apart from K*(S“)O) and K*('1420), a clear enhancement above
background can be seen at M(K,m) = 1.8 GeV.

In Fig. 418 we show the two—dimensional plot, cos 6 vs M(K,)
for all events with t'K—Kw <.2 (_GeV/c)Z._ The K*_(890) and
K*(1420) bands stand out clearly. This will be discussed later,
but note elso that for the M(K, ) = 1.8 GeV there are many events
with cos@ < 0; i.e., events which are far away from N*/reflection.

In Fig. 19a, b,c,d, e, f we _show,t.hat m = 0 spherical harmon-
ics mements (Ylo) for all events with .t'K-K‘IT < .2, (GeV/c)Z'. In
Fig. 20a,b,c,d,e,f we show va< Ylo) where N is the number of

" events in a given bin for the same sample of events. The spher-

ical harmonics moments are defined as

where Xn is the value of Yl0 (cos 0) for the nth event. The er-

rors quoted above are RMS and are given by

5(x) = [((x5 - (x)2)/N1Y 2,

The}general features of the distributions are as follows:

At low km mass S- and P-waves are domina:nt. In the
K*(14'20) region D-wave becomes important., and at M(K, m)= 1.75 -
GeV, <Y5°) and <Y6°> become important. This vsuggests the
presence of an F-wave in‘that region. A more detailed analysis
will be given as we study tne K7 meas spectrum later on in thie

' chapter.
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' B. General Features of the Reaction K+n—>K° 1T+1T— p

' In Fig. 21 we show the invariant mass of M(K’ 1'r+1r_). A clear

K*('MZO) signal éan be seen. There is no low K° ‘rr+'rr- mass en-
hancement corresponding to the Q+ produced in non-charge ex-

change reactions. In Fig. 22 we show the .pTI'+1T_ invariant mass

plot. The shaded regions are for events in the A++ region, and we

see that they are associated with low p1r+-rr_ mass. In Fig. 23
we show a two-dimentional plot of M(Ko , ‘IT+) vs M(p,m ). There
is a clear enhancement of events which corresponds to the reac-

5 %
tions K n— K (890) A’ and K'n- K (1420) A®. 1In Fig. 24 we

show the projections for the K°® n" mass combination and pm

mass. A clear K*(_890), K*('1420) signal can be seen in the ihvari-
ant mass plot. A clear low mass enhancement can be seen in pT
mass cor»re_spondi'ng to A’ and low mass Ni/2 production. In
Figs. 25 and 26 we show the two-dimensional plot M(K’,w ) vs
M(p, 'rr+) and the invariant mass plot for M(K?, ), M(p, 1T+)- No
structure is seen in the M(K°®") mass plot. There is some A++
prédﬁ’ctibn, which is associated with the low pw+1r_ invariant mass.
In Fig. 27 we shﬁw the two—dimen;sional mass plot M(K°, 1r+) »
vs M(.'n'-:--rr—) for this reaction. Clear K*(890), K*(1420) bands
can be seen.i.n the K7 mass distribution. In the 7w mass distri-
bution there is an excess of events in the p and f regions, espe-
cially in the cross;over region between the p,f, and K* bands. In

Fig. 28 we show the wtn mass distribution in which a clear p

signal centered at M(wm) = 740 MeV can be seen.
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C.. K*(890) Production in the Reaction K+n“";K+TT-p

" Events referred to here as K>‘<(890) come from the reaction

K'n ~ K7 (890) p

' — K +-n- - —

where all events with K+TT_ invariant mass between 840 MeV and
940 MeV are taken as K*(890‘) events. In tfﬁs reaction a totall of
505 K*(890) events were found corrééponding to a cross section of
45+ 2.5 pb, taking into account the K°° decay mode of the K*(890)_.
In Fig. 19a,b we showed the Chew-Low plot tK—\K vs MZ'(K,'n')
and noted that K*(890) is produced primarily at low t. In Fig. 29
we show vthe diffefential cross section, -g-‘-g— for K*’(890) production.
The distribution cannot be fitte.d to a s‘ingle functiogi of the form

Ae—Bt.

But if Qe fit the.distributién separately in the two regions
t<.1 (C‘re'V/c:)2 and t>.1 (C‘reV/c)2 we get the following values:
t<.1(GeV/c)’, A= 550 £15, B = 2042 with x> = 2 for one de-
gree of freedom; t>.1 (GeV/c)?, A = 122, B = 4.5+ .5, with x2=2~3
for 3 degrees of freedom.
The steepness of the momentum transfer distribution in the
fofward direction indicates that the reaction is dominated vby'one-
particle exchange. In this reaction tmin for K*(890) ‘production
ivs .005 (GeV/c)Z. There is no substantial ‘difference between ..

do and d_o; distribution (where t'=t-t_. ). The turnover in the
dt -dt min

forward direction persists after a correction is made to compen-
sate for the suppression of the cross section due to Pauli exclusion

principie. The pion exchange contribution to the cross section is

expected to go to zero at t = 0. We cannot determine from our
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data whether the effect we are seeing is due to Fermi motion of the

target and peculiarities in the kinematic fitting or to a real effect

of vanishing cross section at t = 0.

Decay distribution of K (890)

'In Fig. 19a,b we showed the (/Ylo) .mornen_ts »and noted that
the region of. K*(SQO) is :completely dominated by S- and P-waves.
There are no indications that any higher waves are present. In
Fig. 30 we show the polar and azimuthal decay angular distribution
for K*(890) for events with t' <.2 (Ge‘V/‘c)z. 0, ¢ are defined as
the Jackson decay angle for the Kw system. The polar decay an-
gular distribution has a large cosZG component, which suggests

predominance of pseudo-scalar exchange. The distribution is

'-p,eaked in the forward direction, which indicates the presence of

S-wave in this region. Note also that the asymmetry is not a re-

1

plot shown in Fig. 13, where the asymmetry extends well beyond

flection of the N>'</2. This can be seen clearly from the Dalitz

the Nj/2 band. We have fitted the data to a function of the form
Za P (cosB), where Pn are the Legendre polynomials of order n.
n : - . :

We obtain a good fit to the data with a xz of 18 for 47 degrees of

freedom. The parameters of the best fit are

a =1, a, =.7+ .1, a,

= .89+ .1.
The azimuthal decay distribution is not isotropic, which indicates
the presenée of some non-pseﬁdo-sc’aler contribution to the exchange

process even at low t.

Assuming the K>‘<(890) region’is dominated by P wave, the den-
(37) '

sity matrix elements are given by
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1.3 3 . 2,
W(cos8, ¢) = ;ﬁ:[z('l_- %0) + —2-(3 Poo - 1) cos B

-3p,.4 sin’d cos 26 - 32 Rep,, sin%0 cosd].

In Fig. 3a,b,c we show the density matrix elementp , o +, o
: oo 1 1

are defined as

Oy TPy TPy

Oy TPty

at high energy. 01+, 01— measure the relative contribution of
(19)

natural and unnatural parity exchange: From Fig. 31 we

see that K*(890)I is dominated by pion exchange in the forward
direction, but at large t both vector aﬁd pseudo—ﬂvector exchange
beéome important.

It is difficult to calculate the absolute phase -of the S-wave
in the - K*~(890) region. However we can get an estimate of the
S-wave phase shift from the fact that (Yio) goes to zero near
M(K,w) = 1 GeV. Assuming P Waveb has a Breit-Wigner shape
centered at 890 MeV with a width of 50 MeV, then the P-wave

phase is sz 150° at 1 GeV. Since

Re (Y:)OC cosl(ﬁp - BS) = 0
implies that B~ 60° or 2i0°.
,Since (Yio) is positive shortly after 1 GeV, it is plausible
to assume that g_= 60° and is increasing in that region.
The phase shift analysis performed on the world tape for the

'K mass spectra for the reaction K+p - K att

similar effect. .39’ 44

has shown a

-
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One-Particle Exchange Model Prediction

b

The. steepness of the four momentum transfer distributions
suggests that K*(_890) production can be desc{ribed by 2 one- |
| particle exc_ha.nge model. As has been shown, the reaction is dqm; :
inated by pion exchange. We have used a model suggested by G. S.
Abrams and V. Maor(zn to predict the forward diffefential crosé
section.
.The 'model uses an evasive Reggeized one-pion exchange mod-
el which smoothly reduces ’co the Born term at the pion pole. The

Born term for OPE for the process a+b—=>c+d 1is calculated to be

12 a b
- 2m 2] 1 |3 Pg 2
o —3 ZG l 7| > [(mb+md) -t],
5qg t-m m
: Ul b :
where. cro—' = poov %tg|»_i-s the natural parity contribuﬁon to the ex-

change process.

o = [s"_ (m,_- mb)z] [s-(m_ +m)%]/as,
f—[t-(m - m) ][t— (m, +m )?]/4m 2,
b§= [t - (mb - md)] [t - (mb 7+ md) ]/4md2.

The coupling constant is GZ = (gZKﬂK*/élw) tng)nn/4ﬂ)’ To Regge-

ize this expression the pion pr"ppagator 1/t'm-rr2 is replaééd by

1+e ™ (1420)(1+22/3) T(a+ 1/2)

me(0) 2 sinTa C T(1/2)T (@ + 1) (Zs 3

where o« = a'(0) (f -m 2) a'(0) =
In Fig. 32 we show the natural parity contr1but1on to the differ-

ential cross section p do

o0 dt Kn""K’P(S‘?O)p The differential
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cross section has been corrected in the forward direction to com-
pensate for the suppression in production due to the Péuli exclﬁsion
princlziple. The correction was made assuming 100% spin-.flip ampli-
tude. The curve plottéd in_Fig. 32 is an absolute prediction of A1':he
Abrams-Maor modei. It fits the data fairly well, both in shape and .

'in absolute normalization.

D. l\/gKf'rr-) Between 1 and 1.3 GeV

In Fig. 'i? we showed the K+1r- mass distribution for all events A
in the rkeaction Ktn - K+1r-p. We noted that there are a large num-
ber of events in the region between the K*(SC)O) and K*(1420) re-
gions. When the sample is restricted to events with t < .1 (Cr_eV/c)2
(see Fig. 33), a sharp spike is seen at M(K,'rr).z 1250 MeV. The
statistical significance of the peak is critically dependent on the way
in which the background is determined in this region. The whole
region between 1 and 1.3 GeV is dominated by S-wave, but some P-
wave is needed to explain the angular distribution. (See (Yio) mo-
ments shown in Fig. 19.) if the enhancement we obsverve at 1250
MeV corresponds to a specific resonant state, the angular distribu-

P ootor1” produced for an enhance-

tion is consistent with the T
ment in this region. In a compilation by Dodd et al. (22) a K* res-
onance at M(K+, m) = 1250 Mevvwas indicated, which is in fair agree-
ment with our observations. Other enhancements in this .region have
been reported: a K*(1080) by De Bare et al.. and a K*(1160)(24) by | i
Crennell et al. (23) We have found some indication of structure in

both these regions, but the statistical significance of any peak in

these two regions is marginal in the present experiment.
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E. K (1420) Region .

Evidence for an additional resonance. In the K_+1r_ mass dis-

- tribution (see Fig.. '17) we observe an unusually broad signal from
'1;3 to 1.5 GeV 'which.a’ppeafs at first sight to be due 'fo the K*('1420)
with fitted parameters M = 1413%5 MeV and T'= 143 £12 MeV. We
note, however, | that the character of the K*('1420) decay angular
distribution changes sharply at 1.4 GeV. Figure 34 shows the cos#,
) d1str1but10ns in (K m ) mass reglons, wheref, ¢ are the Jackson
decay angles for the K systerﬁ. The distribution in cosf for the
high-_mass re‘gion, 1.4 to 1.5 GeV, is just the angular distribuﬁon
expected from the decay of a JI_3 =27 resoﬁanée produced by pion
exchaﬁge. Thére is no eiridenée for a significant asymihe’cry, ‘and
fhe distribution may be fitted with D-waves with a substantial S-
\')vave background. The cos 6 diStribufion for the low-mass region,
1.3 to 1.4 GéV, however (see Fig. 34a)’, requires no powers of cos 6. |
‘greater than 2 to achieve ;.n exceiler;t fit. The parame‘terls for the
~ fits to the angular distributions in Legendre polynqmials }"r_{.avnPn(cose)
are as follows; In the M(K,ﬂ) region betwgen 1.3-'1.4 GeV (ai/ao)
=.36+.11 (az/aov) = .76+ .12 with XZ = 17.8 for 417 deg-ree>s of free-
dom. In the M(K, m) .region between 1.4-1.5 GeV (a /aj): .09+ .1,
(a '/a ) = 2:l: 1 (a3/a ) = -.05% .15 and (a4/a ) =4.18 %. 17 with
XZ 10 for 15 degrees of freedom. ’

In order to demonstrate the inconsistency of the angularvdistribu-
tions in the two mass regidhs, ';Ne have tried to fit the theorétical an-
gular disffibu‘cion expected from the fit to the entire region, 1.3 to

1.5 GeV, renormalized to the actual number of events in each re-

gion, to the observed angular distributions. This fit has a confidence
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level of 0.0005 in the 1.3- tev1.4-G eV region and 0.0001 in the 1.4-
to .1.5-ﬁGeVﬁ region; thus, the two angular distributions are cle’arly
ineo_nsisteht with being flat both mass regiens (see Fig. 34).

We have considered i:h_e effect of the low (p,.'n'-) :rriass enhance-

i;nent on the angular distributions. '-I‘he‘ ldw M(p, T ) b.and en the ‘ —
Dalitz plot I(F.:'Lg. 135 appeaz_'s to be modulated by t]-ne K*(890) and
_ ‘ Iﬁ*(i420) bands_. The‘re is some evidel;lce indicating sﬁperpesition
| of N¥(4520) and N'(1680) in the K*(1420) band. The excess of
events in the overlap of the K~ (1420) band with the N (1520) and
the N (1680) can be seen on the Da11tz plot in F1g 13. If we sub-
»tract the events attr1bufcab1e to these two N s, the character 6f the
Km angular distri.butions is not significantly chanvged,' although the
f'orward peak in the 1.3- to 1.4-GeV region is slightly reduced and
a small backward asymmetry is int:;'educed in1;o. the angular distri-
bution in the 1.4- to 155‘-GeV region. |

As an alternate way of bpresenting the data,‘ we plot the Kn Iﬁass
distnbutmn for two regions of cos 0 (see F1g 34) |cos 9| >.7 (polar
region), and |cos OI <.7 (equatorlal region). In the p_olar region the

1:K"‘(142A0) peak! is fitted with parameters M.= 1439+5 MeV and

+413
-12

M = 1373*% Mev and T- 150{514

in the central value of the ”K ('1420)” W1th decay angle is obvious

I'= 105 MeV, while in the equatorial region the pararrieters are

MeV This large (66-MeV). shift

from Figs. 36a and 36b

The possibility that a sharp change at 1.4 GeV in the character
of the exchange meehanism producing a single resonance, produced
by two different exchange mechanisms; ‘e.g. mand p exchanges,
would show a decay angular distributioa charac’t.eristie of the partic-

ular mix of exchange mechanisms, but that distribution is not
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expected to be a function of (K+, 7™ ) mass, as in the case here.

Other decay modes. In a search for possible alternative decay

modes of the K;(1370), we have studied the charge exchange reac-

tion K'n ~ Kow%nrp' in which the K° decays visibly in the bubble -
chambef. "In the Kon'tn mass distribution, shown in Fig. 21, the
‘K*(1420) signal is particularly clean, and it has been fitted wit»h\
parameters M = 1440+5 MeV and T'= 109\:I: 24 MeV. .These param-
eters are consistent with the parametérs obtained for the fit in the
polar region in the reé,ction K+n - K+1r-p. There is thus no ev-
idénce fo'r any Ko'n'+1r- peak on the low-—ma_,ss side of the K*(1420),
and hence the KN*(i37O) has no strong three-body decay modé' and
probably is not associated with the structure in the Q at about ‘this‘

mass.

Discussion of the JP: 0+ hypofhesis. The main effect observed
here is the striking change in the character of the decay angular dis-
tribution at a mass of about 1.4 GeV. The distributions in ¢, the de-
cay azimuth in the Jackson frame, are consistent ‘With being flat
throughout the K*(1420)A regioﬁ, ‘as they are expected to be for pion-
exchange processes. |

If we assume pion exchange and normalize to the number of ob-
served events in each mass region, we éalcﬁlate an average of
356+27 S-wave and 19% 6 D-wave events in the 1.3- to 1.4-GeV re-
gion, and 234 £20 S-wave and 191+£22 D-wave e;rents in the 1.4- to
1.5-GeV region. T»h‘e'arhount of D-wave in the 1.3- to 1.4-GeV re-
gion is entirely consistent with that expected from the tail of a
Breit- Wigner centered at 1440 MeV with width 100 MeV. Although

the hypothesis of S- and D-‘waves results in an expected angular

‘distribution symmetric about cos 6 = 0, it is clear from Fig. 34
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that the data is asymmetric. Aside from the effects of the crossing
Nﬂ< bands, an admixture of as little as 1% P-wave to the S- and D-
waves is sufficient to explain the observed asymmetry in this region
| completely.

W e have also performed a similar analysis on the neighboring
(K, 7) mass regions assuming S- and P-waves in M(K, 7) < 1.3 GeV.
In Fig. 37 the number of S-wave events in each region are plotted
as a function of Kw mass. The rise in the S-wave in the region 1.3
to 1.4 GeV is more than four standard deviations above the level in
the two néighboring regions. The data thus consistent with a D-wave
resonance of M = 1439 MeV, T"® 105 MeV, K*(1420) and an S-
wave resonance of M = 1370 MeV, T < 150.

The apparent absence of a three-b'ody decay mode for K;(1370)
mentioned above might be taken as evidence favoring the JP =of

interpretation since such a resonance cannot decay into three
A . .

pseudo-scalars.

P

Discussion of the J° = 1~ hypothesis. The data in the region

1.3 to 1.4 GeV may also be fitted entirely with S- and P-waves,
ignoring any D-wave tail of the K*('1420), with an average of 247 £40
S-wave and 128 £20 P-wave events. The asymmetry in this region
requires the presence of at least a small admixture of P-waves;
however, because of the intrinsic ambiguity between a P-wave and
an S-D interference term, the actual amount of P-wave present is
unknown. Thus there is no conclusive evidence for a resonant P-
wave, although this possibility cannot be ruled out. Antich et al.(25)
have previously suggested the presence of a JP = 1 state, or at

least an increase in the 1~ contribution to background, in the vicinity
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“of the Ka':('1420). These authors observed an asymmetry in the de-

cay distribution of the Kte system in the reaction K+p NN
at 5.5 GeV/c, from which they inferred the presence of P-wave and
D-wave interference. In addition, the presence of a large S-wave

'signal in the region of the dominant D-wave has been observed at the

K'F('14:20) in the similar reaction K+.p - K+1r_ A++ at 9 GeV/c,(Zé) and

+

at the f° in the reaction 1'r+p -1 A++ at 8 GeV/c,(27) although in

neither case was there strong evidence for an appreciable P-wave

‘amplitude.

Discussion of the JP'= 2+ hypothesis. If the KN>F(1370) were

J'P = 2+, its spin density matrix elements have been calculated by

the method of moments to be (p00> = 0.45%0.05, <p11> =0.23+0.02,

‘and (Re p1—1> = - 0.0620.05. The other spin density matrix el-

ern'e;nts e.g., pzzl,- are consistent with zero. As in the JP = O+.case, '
th.e expecfed angular distribution is symmetric in cos 6, and there-
fqre a small P-wave background must be invoked to explain the
asyrnmétry. The angular distribution, folded aBout cos O = 0 to elim-
inate the asymmetry, may be fitted with the :distributidn expected
from the spin density matrix eleménts, but the confidence level for
this fit is 1eés than. 5% . However, this fit may be markédl_y im-~
proved by the addition of a substantial.S-wave background. Further-
more, the expect‘ed distribution in the Treiman-Yang angle, ¢, dif-
fers only weakly from isotr’dpy, and within the present statistics, no
discrimination between the various hypotheses 1;nay be made on the
basis of fhe'distribut;lon. The similarity of the t-disbtri’butioné .in the
two regions (Figs. 35 a,B) suggests similar production mechanisms

and argues to some extent against the substantial vector exchange,
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which is required to explain the observed angular distribution with

a ¥ = 2% object.

K*(1420) Branching Ratios

A clear K*('1420) signé,l is present in both the K'n > k' “p
and K+'n > KOnte p final states. (See Figs. 17 and 21.) The three-
body decay of K*(1420) has limited statistics, but it has the advantage
~of being free from Q+ background which is so overwhelmingly pro-
duced in non-charge exchange reactions. In order to determine the
~three-body to two-body ratio, we have to determine the K*(890)1r/Kp
branching ratio of the three-body decay‘v. The number of K*(1420)
resonance events was obtained by fitting the mass spectra to a Breit-
Wigner line shape and a polynomial background. |

b -
In Fig. 38 we show the K (1420) decay Dalitz plot and K° 1'r+, P

invariant masses for the K*(1420)regiqn. The outstanding feature of
the Dalitz plot is the large accumulation of events in the K*(890), p
overlai) region. This concentration is a result of the sinZG helicity
angular distribution of the vector mesons decay from a- parent 'J'P= 2
meson. A |

Apart frorﬁ this, there is the possibiiity of K*(890),- p interfer-
ence which might enhance or deplete the events in the overiap region.
With the statistics available in this experiment, we cannot determine
whethervany interference effect is pres‘en’c.

To determine the relative amount of K*(890), p we have fitted

the decay Dalitz plot of the K='<('1420) region by a maximum-likeli-

hood method with the following probability density:

ale

,
~d
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2 2
Im|* = €|M1420| - v, o 15
where
: % .2 .2
|M lz . IfBW(K }I1© sin GK*
1420 1 ( ¥ 2 . 2
ZflfBW(K )% sin“6do
2 .2
IfBW(p)I sin” 6p
ta z .2 ’
Eflwa(p)l sin” 0 pd¢o
Ml = By 1t (o) 1240
' BW'P
£ (K7)12 1-8,-8
‘B BW . )
2 ¥ 2 STdé
EflfBW(K ) .dg> |

€ is the fraction of K>‘<(1420) resonance above Vbackgrc')und,

czl,oz are the branch1ng fraction of K (890) m, pK respectively

. for K (1420) resonance decay,

{31 [32 are the branc1ng fractions of K (890)1r, pK for the back—

-ground under the K’ (1420),

BK*’ Gp are the helicity 'angle of the K>‘<(890) and p respectively,
m r
! (m2 -m 2) +m21"2

] -

1_,.:1_‘ (q/ 2£+'1

= 890 MeV, T =50 MeV,

8

K*

M
p

i

760 MeV, T = 130 MeV.

The value of € was determined from a fit to the t'hree-meson

. mass spectra. The result of the fit was € = .67.

The values of 61, 62 were determined by fitting the region ad-

jacent to the K*(1420) to a background amplitude only, € = 0.
g p y
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The results were [51 = 0.6, B, = 0.3. Then a fit of the decay Dalitz

plot was performed to give the following values

6+ .1,

]
n

24+ 1.

In comparing the K*(1420) produced in the reactions K+n—>K+1r—p
and Ktn > KO 11'+1r-p, we must avoid the problems caused by the sec-
ond object observed on the low side of the K*(1420) in the K+1r—p
final state. To this end we have calculated the branching ratios in
two w#ys._ One, we restricted our events to tI;e region above 1400
MeV in both the K+1r—p and K°1r+'n'_p final states. Thus we elimina-
ted most of the events associated with the second object at low K '
masé. Two, ignoring the object at 1370 MeV, we evaluated the .
branching ratios of all events in the K*(1420) peaks.

The three-body to two-body branching ratio is given by the fol-

lowing equations:

R I 94 £ . 93 feo
Kr ' = 3/2 fkTT
where f o , f , f are the observed branching ratios. The
T Kp Km

fractions 9/4, 9/3, and 3/2 are the Clebsch-Gordan coefficients.

The results obtained are

Krnr/all K*TI’/KTT

M>1.4 47+.025 .88+.04

M<1.4 .40+.03 .68+.04

The branching ratios K'6(890)'/K obtained in this experiment are

lower in magnitude than results obtained in recent experiments by
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Bishop’ et al. (28) and Bassompiérre et al. (29); they reported a ratio

of R(Igﬁn/Kp).': .93+.11 and .9# .2, respectively. Another ekper-

(30)

et al. on the charge-symmetric

i obtained a ratio R(K’FTI’/Kp): 44 .09,

reaction K p - K-TT+1’1, Rom
We note that our results are consistent with the prediction of un-

broken SU(3) :symmetry.»(31) - The ratio Km: Kp is expected to be 50: -

1_6: 7‘. Our results are 50: 33: 4.

F. Interference Effects at M(K+, T )= 1.85 GeV
- From the Dalitz plot (Fig. 13) and the scatter plot of cosf vs

M(K", 77) (Fig. 18) we see that in addition to the K (890), the

~K='<'('1420), and the low mass enhancement, there is additional struc-

“ture at -

MEKT, 1)~ 1.85 Gev. [ME(KY, 7Y% 3.4 (GeW?].
In the scatter plbt, the structure is a concentration of events in
the region -.8 < cos 6 < -.2 at this mass region. In Fig. 17b we
show the M(K+, m ) mass projection_for events with t!' < 2 (GeV/c)Z.

;Beside‘s_ thg_K¢(890) and K'5(1420), 'a clear broad enhancement is seen

at M(KT,77) =~ 1.85 GeV.

In Fig. 20 we show a‘distfif)ution of N{ Yzo) as a function of
M(K, ) mass for ali e-vents with t' < .2 (GeV/c)z. In the region
M(K+, 'n'-‘)z '1.’85 GeV wé observe a substantial i_ncreaAsve in the values
of {Y_éo) and <Y4°). These:increases occur oVér a mass range of
about 150 MeV. In addition, N{ Y6°) begins to show sigéificant non-

zero value at this mass region. There is no evidence for an appre-

' ciabie deviation from zero by N(YEO) where £ >6 for Km masses

<2 GeV. Thus, if we consider only waves with j < 3, these sharp
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increases are most naturally attributed to.the interference of a rap-
idly increasing F-wave amplitude at a Km mass value ofv about 1.85
GeV, with waves of opposite parityj e.g., S- and D-waves.

Since the existence of F-wave in this' mass region appears to be
- necessary, we may further investigate this effect with‘a judicio‘us cut . -
on the‘ angular distribution to enhance the f‘-wave signal. Since |Y3° I2
has zeroes at cos0 = 0 and cosf =+.775 and reaches maximum at
cos @ =%+ 45 and cos § =+1, we have divided the data into four regions
in cos B as follows: a) cos 8 < .775, b) 0 <cosB <.775, «c) -.775
< cos@ < 0,d) -4 < cos § < -.775. The resulting distributions are
shown in Figé. 40a, b, ¢, d. The outstanding feature of this distribu-
tion is'a_. mass enhancement at M(K, m) ® 1.85 GeV with a width of 300
MeV/c in Fig. 40c. In Fig. 39 we sh’o& the cosO distribution for the
four mass regions of M(K,m): a) 1.5- 1.6 GeV, b) 1.6-1.75 GeV,
c) 1.'75_ 2 GeV, d) 2-2.25 GeV. The change in angular distribution
across this mass regioﬁ is striking. The smooth curve in each
figure is the result of a fit to the sum of Legeﬁdre polynomials up to

Nmax

the sixth order; i.e., T
v n=0

and resulting parameters are shown in Table I. With the present

a_P (cosf), where N = 6. The XZ
n n max

statistical accuracy we cannot determine with precision the relative
amounts of each wave present. |

It should be noted that in the angular distributions of Fig. 39, the
large forward peak is a .consequence of the strong production of low-
mass N*'s. It might appear that some or all of this contribution
should be considered as a background to Km scattering Which ought to
be subt'racte-d out. However, the duality picture, as applied by Chew

(41)

and Pignotti, regards scattering in this reaction as dual to N©

and argues against such a subtraction. Since extrapolation to the
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* pion pole should in principle give the correct Km scattering distribu-

"tion, we have examined the t-dependence of the ratio of the fo‘rward

peék‘ to the remainder of the angular distribution in this KT mass re-

gion.. We find that there is no significant variation of this ratio with .

t', for [t']<0.2 (GeV/c)Z, consistent with the view that the angular

diétributions of Fig. 39 in fact represent Kr scatte.r_ing.”

We have also fitted the angular'dist;ributio,n of Fig. 39c¢ .‘.by using (
only the region cos6 < 0.7 to a sum .'of Legendre polynomials, and
have found excellént agreement \;vith the results of the fit to the entire
distribﬁtion; “i. e., thg forward peak is reasonably well .reproduced.

However this truncated distribution may also be fitted with reasonable

XZ with a sum of Legendre polynomials only up to the fourth order;
1. e., 'no. F-wave is required. In this c'ase, however, the predicted

forward peak is only about one-fourth of the observed peak, and thus

the bulk of the events in this forward peak would not reflect Km scat-
tering. - Such a view would contradict the notion of duality discussed
above.

It must be emphasized that.if the L meson, as seen in a reaction

like K+p-—> K+1T+Tr-pi is in fact produced by a\iffraction process, as

is generally supposed (and hence has unnatural spin-parity), then the

 enhancement observed in this charge-exchange reaction cannot be the

(32)

L meson. Preliminary results from a study of the K'd reaction

at 9 GeV/c showing an effect similar to the one observed here have
been reported by the ‘Purdue—Davié collaboration. (42)

fIn conclusion we have observed a rapid change in the Kw scatter-
ing "éngulér distribution in the mass region around 1.85 GeV. This

effect can be most simply interpreted in terms of a rapid increase of

ah F-wave amplitude, which interfere with several other waves
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: ~ - %
present. If interpreted as a resonance, this JP = 3 K could belong

toc the same SU(3) octet as the g-meson. Because of the strong' inter-~
ference effects observed in this experiment we cannot obtain precise
values for the mass and width.

"TABLE I

1.5-1.6 GeV 1.6-1.75 GeV 1.75-2GeV 2-2.25 GeV

(A1/A0) 2.21 % .04 1.25 + .12 1.73 % .07 2.2 .06
(AZ/AO) 2.84% .07 2.27% .11 2.62 .08 2.99 % .07
(A3/AO)_ | -2.63 + .09 1.18 .1é 2.76 £ .10 3.02 % .08
.(A4/40) 1.8'9_'5711 .99 % .06‘ 1.64 .12 . 2.29 % .10
A5/A0) 71.00 * .10 | .04 .47 .94+ 10 1.46 % .09 -
(A6/AO) | .26+ .10 o .29+ j.219 .72+ .11 .46 % .10
gZ/DOF_ ' 25/13 15/13 10/13 20/13

G. Comparison with K'p > K x~ AT Reactions

There have been a large number of bubble chamber experiments

+o- att (26) The reaction has the

which studied the reaction K’ p~>Konr
same general properties we found in the reaction K+n-> K+1-r-p.
Apart from the difference in coupling constant for the exéhange
particle at the baryon vertex, the two reactions are identicai. There

is, however, an important difference: the ratio of the K*(890)/K>F(1420)

production cross sections.

__K_._(._s_%)_) "®141 in K n reactlons R w) " '22 in K+ reactions.
% p
K (1420) . K (1420) '

But there is an important kinematical distinction between the two

reactions which we believe can explain some of the difference.
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In F\‘ig'. 41 we show the Chew-Low boundary for the reactions
a) K+p —>‘K+;1r_ A++; where the mass ‘of A is taken as 1240 MeV. The
accessible region for the two reactions is nearly the same as low Kr

\

mass, but as we go to higher mass the difference becomes very

*
~pronounced. Since the dominant exchange in the production of K 's in

these charge exchange reactions is pseudo-scalar, this difference

" has an important effect on the cross-section. = To illustrate this

. . + + -
point, we took the events in the K n - K = p channel and separated
: : + -
them into events produced with t accessible to the K+p =K n att
reaction and events with inaccessible t. (See Fig. 42.) It is clear

that at low Kn~ mass the -differehce is insignificant, but as we go to

- higher mass this difference becomes inci'easingly important. We

note that if we restrict ourselves to events in the accessible t region,

o % ' *
. the K‘(890)/K (1420) ratio is in good agreement with the K (890)/

K%(890)/K"j(1420) ratio found in AH- reactions. Since cross section

for K © production tends to fall off rapidly with inéreasing energies

‘and uéually are produced in the low-t region, the neutron té.rget

seems to be better than the proton for a search for mesons in the

high-mass regions.

H. N Production in the Reaction K+n -> K+]T-R

The pr’ invariant mass distribution in the reaction K+n - K+'n'—p _
is dominated by low mass, M(pr )< 1.8 GeV. (See Fig. 16.) In

Fig. 15 we show the Chew-Low plot t vs Mz(pn—) and note a

K-K

large low mass pm_ band produced primarily at low 't but extending

 to higher t values as well. In order to study possible structure in

the pr~ mass enhancement we plot M(p, n ) for three different t'

regions: (see Fig. 43) a) t'< .1(GeV/c)2, b) .1'(GeV/c)2< t!

<. 4(GeV/c)2, ¢ t'>.4(GeVV/C)2-
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The low-t! region is dominatedrby a low pn~ enhancement centered
at M(p, m )= 1340 MeV; this is well below the first known I = i/Z isobar.
A similar effect has been seen in a 1r+p experiment at 8 and 16 GeV/c. 33)
As t' increases, the average value of M(p, m ) increases. At large t'
we can see a separation befween N*1/2 (1550) and N.*i/z('1668).. .

To study the decay angular di_stributioﬁ for the prn~ system we
plot in Fig. 44 the Yﬂo moments of pr~ decay. We note that the
angular distribution -changes rapidly across the low p-rr_ enhancement.

For M(p, m )< 1.8 GeV, only S-P waves are necessary to describe
the data. But at M(p, 7 ) > 1.8 GeV higher waves become important. 7
The pr mass peak at 1.3 GeV cannot be attributed to A° production.
Using the isotropic spin relation and the result of the. K+p - KOA-I-+
45) '

- experiment at 12.7 GeV/c( , we estimate the cross section for the

reac_tion
K+n - K+A‘o
—bp-n--
in the region of interest (t'< .2 (GeV/c)Z) to be 4-5 ub, which can

explain only 70 of the peak's several hundred events.
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V. COHERENT PRODUCTION OF K o' m .

A. Selection of Events, K+1r+ Ambiguity

The film has been sca.nned for all events which have three-prong or
four-prong topologies. bThbe three-pr'ong events have assigned to them
a particle of zero momentum in the initial approximation to thevkine-
matic fit. For the deuteron hypothesis K+d—>K+-,T+T,-. this missing
recoil deuteron has momenta errors of Apx = Apy = 40 MeV /c and
Apz = 50 MeV_/c assigned to it in the initial approximation. These
.errors reflect the fact that a deuteron momentum less than 110 MeV /c
does ndt leave a visible frack in the bubble chamber.

A total of 5834 events satisfying the hypothesis K'd - K+1r+'n--d
found in both three- and four—prbng topologies. The treatment of
invisible deuteron in the three-prong events and the problem identify-
ing coherent events are discussed in Chapter II. All coherent events
with xz confidence 1éve1 greater than .1% were accepted.

At high incident momenta, this reaction has a disadvantage: it is
often difficult to determine the correct premutation of masses among
the outgoing positive meson tracks. At our energy, 57% of the four-
prong events and 75% of the three-prong events remain ambiguous
éfter kinematic fitting. We point out that the typical momentum of the
outgoing meson tracks in 3 to 4 GeV /c; thus, ionization information
is of no help in resolving this ambiguity.

The ambiguous events can be separated into two categories. The
class of events where the chi-square difference between the two

ambiguous hypotheses is large, defined here as | Xyq - )(2 l> 3, or

small, I Xy " Xy |<3. The events with large X5 difference constitute

22 % of the four-prong events and 11%of the three-prong events. The

remaining 35% of the four-prong events and 64% of the three-prong
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events have chi-square difference smaller’than three. For the
events with the large XZ difference, selecting the events with‘ léwer
xz chooses the right interpretation for nearly all events.

In Fig. 45a,b we show the D1-rJr and the K+1r- mass .plots for
imambiguous\events.. By and large these events correspond to 1r+
mesons with fairly low laboratofy momenta. In view of the fact
that the D is very slow in the laboratory system, as required by
the low momentum transfer for coherent events, it follows that
these events correspond to low Dn-+ masses. The mass is dominated
by K*(890) production, but there is also a clear K*(1420) signal.

In Fig. 46a, we show the mass plot for the events with xz ciifference
greater than three. Note that the average D1r+ mass has shifted

to a higher malss, as expected. In Fig. 46b, we show the two-
dimensional plot Mi(K1+’ 1-r-)_vs. MZ(K2+’ T ), Qhere the subscripts
1 and 2 refer to the accepted and rejected hypotheses respectively.
In Fig. 46c,d we show the M(K+’, 7 ) projections of both selected
and rejected hypotheses. We note that the sample of.selected
events is dominated by K95(890) production while only a small
K*(890) signal occurs in the rejected events. These come mostly
from the overlap region, for which both interpreta'tion; givev a

K

ale
hOd

890). Thus large XZ difference provides a good selection
criterion. |

" In order to resolve the ambiguity for events with small x
difference, we utilize the fact that the K'n™ mass is dominated
by K*(890) production and, to a lesser extent, b;r K*(1420). We
thus select events according to the following criteria, where we
designate events with M(K+, ) 890 to 940 MeV as K*(890) and

M(K+, r7), (1320-1480) MeV as K (1420):
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a) If one interpretation falls in the K (890) band and the other
does not, we select the former interpretation as the .correct oﬁe for
this event.

b) If one interpretation falls in the K*(1420) band and the other
does not fall in either the K*(890) band or the K*(1420) band, we
select the former. |

c) If both interpretatibns fall in the K*(890) b‘and, we select the
one with M(K+n_) closer to 890 MeV. -

- d) If both interpretatibns have a K*(1420), “we select the one with
M(K+-rr—) closer to 1420 MeV.

‘e) Otherwise, we select the interpretation with M(K+Tr—) closest

to 890 MeV. |

In Fig. 47a we show the D-n-Jr invariant mass plot for events selected
as above. We note that the average value of D-n-+ mass has moved
higher; i.e.., the ambiguity problem is a strong function of the 'n'+

+ . ' . s
momentum. Thus as the 1 momentum increases, the ambiguity

- problem becomes more serious.

In Fig. 47b we show the tWo-dimensibnal plot Mi(K+’ 'rr-) vs.

+

(K, ,m ). Here again one combination (Mi) corresponds to the

2

accepted interpretation, while the other (MZ) corresponds to the
rejected interpretation. In Fig. 47c,d we show the mass projections

of the K+,1-r—- mass for the two hypotheses. Note that the selected )

o
%

events are dominated by K‘(890) and to a lesser extent by K*(1420)
production, while, as expected, the rejécted events have no K*(890)
or K*(1420) signal.

We can estimate the number of mis~-assigned events by the size

of the dip in the M_(K ) distribution. We estimate this mis-assign-

2,

ment to be 15% in this subsample of events.
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B. General Featurés‘ 'c‘)vf the Data

The cross section for the reaction K'D - K+n+ﬁ—D is 3314 = 8 pb

The errors quoted are purely statistical. The error in the cross
section is dominated by the selection criteria used to separate Knnd
and Krnpn final states. We estimate the systematic error to be 30 to

2K, m 7).

40 pb. In Fig. 48 we show the Chew-Low plot t, ,vs. M
The evenfs are concent_rated‘at low t. In Fig. 49 we show the difieren-

tial cross s‘ection, do | for all events in the reaction. The"
4t KD~ KrD

data can be described by an exponential function of the form e~ at
with a = 25 & 2 (GeV/c)Z.' In Fig. 50 wé show the three-meson invari-
ant mass plot M(K, -n-+, w ) for all events in the reaction. The shaded
region is for events left aftér D-rr+ in the"-D*-l-+ région are remox}ed
['M(D, 1r+)< 2320 MeV]. The reaction is dom‘inate'd by low Knn invariant
mass M(K, m,7) 1.5 GeV, but there are a substantial ﬁumber of events
in the L region, M(K, 7, w) ®1.7 GeV.

In Fig. 51 we show the M(K, 7, ) invariant mass plof for all events,
The shaded region represents the four-prong events, évents with
visible detuerons. It is clear that t};ree-pi’ong events, those with an
invisible deuteron, make an .importahtvcontri'bution only in the Q region
but do not make a contribution in the hi.gh mass region. This is
expected, since three-prong events are restricted to the very low t
region t < .015 (Ge’V/c)2 , and the Chew-Low boundary makes the high-
mass region inaccessible to events with such low t.

In Fig. 52 we show the various two-body invariant mass distribu-
tions. In Fig. 52a we show the K+1r_ invariant mass distribution. The

distribution is dominated by K>'<(890). ‘A clear signal can be seen at

K*(1420). In Fig. 52b we show Dn-d-kinva.riant mass plot, which is



-51-

: R )
dominated by low-mass D¢ ,D * production. In Fig. 52c,d,e,f we
+ + + + - . e
show the K 7 ,Dn, DK , and # 7 invariant mass distribution. There
is no distinctive structure in any of these distributions. In particular,

the D shows no significant D° production. This effect will be

‘discussed in more detail in Section Vd. The lack of p signal in the

1T+1r_ system is pértly due to the fact that the low Kmr mass restricts
n+1r— invariant mass to be low. Since this channel is domina’tved by low
Kam mass, it restricts the nm mass to bé mainly below the p mass.
A more detailed analysis done in Section Vc reveals that théré is p
production in this channel. | A |

In Fig. 53 we show the two-dimensional plot MZ(YK, T, Tf) vs.

H4+

MZ(D, m.). Clear Q+, D ~ bands can be seen. We riote that a qlear

concentration of events in the L region can also be seen, especially
at the overlap region with low Dy mass. In the next few sections we

e+

will disvcu'vss Q+, D , and L production in more detail.

C. Q+ Production

: . + S S S T . : .
-The reaction K D~ K ¢ 7 D is dominated by the production of
low Knm mass. (See Fig. 50.) To investigate the pdssibility of

structure in the Q region, we plot the Knt mass distribution with

e
=

D + removed. (See Fig. 50.) We note that the removal of the D>;<Jr+
has little influence on the shape of the Q, but the. removal of D*H_ has
a strong effect on the high Knm mass region near the L region. In
Fig. 54 we show the K (890), r distribution. The shaded region
corresponds to events with D*++ events removed. Their removal has
little effect on the distribution. Note that the distriﬁution is incon.sist-

ent with a single Breit-Wigner line shape. The mass distribution can

be fitted to a two Breit-Wigner line shape with the following para-
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meters: m, = 1240 £ 10 MeV, I, = 180 * 20 MeV,
m, = 1360 % 10 MeV, - T, = 200% 20 MeV.

N

These values are consistent with those observed in high-energy K+p
experiments(34). But we notice that the values for m,, m, are lower
than the one obtained in the‘K+p experiments where m, =41260 to 1280

MeV, m., 1380 - 1400 MeV.

2
Reactions on _deuterium are characterized by a steep momentum
t;‘ansfer distribution. This effect, coupled with the Chew-Low
boundary, can have an .important effect on the mass of the three
mesons. If the producfion differe_ntial cross sections differ as a
function of Kywn mass, it can result ih s_érious diffei'ences between the
mass spectra observéd in K+d or K+p' experiments. In Fig. 55 we
_shéw the Knw maés for all events weighted by the deuteron form

factor.1/H(t). Thus events with low t have a lower weight than events

- with higher t. This correction takes into account both the differences

in production differential cross section introduced by deuteron break-

‘up and the Chew-Lov;/ boundary effect. Weighting the events shows
that the average Knuw mass moves higher and is now practically
identical tov the K+1’) rﬁass spectra in the Q region. Note that weighting -
has a proportionally greater effect on evénts with large Knm mass.

To investigate the production mechanism as a function of the Q
mass further, we plot the differential cross sectiop do/dt for events
in four sections of the Q+ regions: a) M(K,w, ) 1-1.2 GeV, b)
MK, m;7) 1.2-1.3 GeV, c) M(K, 7, 7) 1.3-1.4 GeV, d) M(K.’ m m) 1.4-1.5
Gev. The differential cross sections are shown in Fig. 56. A fit of

. : -Bt .
the differential cross section to a function of the form e ~~ yields the
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values of B in (GeV/c-Z for the four regions as follows: a)

B=29%£1.5,b) B=275%21.5 c)B=25+2,d B=26%2 oIt

. appears that the events in the low Krm mass regions have slightly

steeper differential cross s_ections than those in the higher Kan mass
regions. The same effect has been noticed in K+p experiments. The
cross section for QJr production with M(K+, -n-+, ) 1—1-.5 GeV is 212
+ 15 ub; the cross section for the K*O(890)n- in the Q+ region is
150 = 10 pb.

The absence of Q+ decay into two mesons, the lack of Q+ produc-
tion in charge exchange reactions, and the slope of four-momentum

transfer distribution do ae-2v8 all suggest that the Q is produced
dt ' .

by diffraction dissociation. Thus we expect the Q to belong to the
spih-parity series 0", '1+, 2, etc.

In order to study the decay angular distributions we restrict
ourselves t§ the subsample of K*(890), m events only.

In the following paragraphs Wé wili discuss the angular distribu-
tions observed for K*(890), m events in the following four regions in
Knn mass: a) 1.1.2 GeV, b) 1.2-1.3 GeV, c) 1.3-1.4 GeV,andd)1.4-1.5
GeV. The shaded régions in cosine distriButions correspond to the
subsample of events in which the K+, 1r+ ambiguity were resolved on
the basis of K+, T rﬁass, as discussed in Section Va. Thése
ambiguous events are mainly events in the K*, p overlap region,
events with a fast 11'+. The curves on the angular distribution plots
are a result of a fit to the function |

f(cosB) = a + aipi(COSG) +a_P_ (cos@).
0 . -

22(

- The numerical results of the fit are given in Table II.
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" Table II
cos 8 cosf % <cos(p) cos(§)
A (ai/ao) 52 = .07 .24 £ .06 007+ .05 | -.23% .06
(az/a) 1.72 £ .05 . 024% .07 |-.75 .07 07 + .08
0 .
_xZ/DOF 17/17 12/17 A1 /17 12/17 N
B (ai/ao) 46 £ .06 352 .06 —007x .04 .34 = .06
(az/ao) 1.5 % .06 .4 % .07 -.88 = .05 .434 % .08
XZ/DOF 18 /17 19/17 15/17 10/17
C (a1/a0) .48 = .07 .57 £ .07 -.015% .07 -.4 %= .07
(az/ao) 1.39 £ .07 .53 + .08 |-.73 £ .06 | .48#* .86
XZ/DOF 15/17 - 28/17 29/17 14/17
D (a1/a0) 3 .1 -6 * A1 -.07 £ .06 .45 1
(az/ao) | 1.4 % .06 .55 + .1 -.7 % .07 4+ A1
XZ/DOF 42 /17 25/17 35/17 13/17

i

Decay analysis. In order to study the dec\ﬁa‘,y feafures of the Q+
a functioﬁ of M(K, m, m), we have divided the‘ Q region into four parts:
a)1to1.2GeV, b)1.2to 1.3 GeV, ¢c) 1.3 to 1.4 GeV, and d) 1.4 to
1.5 GeV. In Fig. 55 we show the decé,y Dalitz plot for each region.
A clear K*(890) band can be seen in each region. In regions b,c, and - .
d, a concentration of events can also be seen clearly in the p band,
especially in the K*(890), p overlap region. (See also the mass
projections.) In Fig. 56 we show the K+'n'- invariant ma'Ls's distribu-

tion for each of the four regions in M(K, w, 7). All distributions are
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dominated by K (890) production.

In Fig. 57 we show the 1'r+'rr- invariant mass plot for each of the

- M(K, 7, w) regions. Note that some p signal can be seen as we move

to higher M(K, 7, ). Because our selection criteria are biased in
favor of K*(890) events, we do not think that this is a good sample of
events fof -dete;‘mining the exact K*(890)-rr/Kp branching ratio of the Q+.
We have raised the possibility of a Ke dec'ay rhode of the Q earlier

(35, 36). The need for e decay (JP = 0+) arises when one compares
R(K°n+n°/K+1r+1r-). Experimentally, a ratio of 1 is observed, while a
fa}ctor of 2 would be derived from using I-spin relations. The discrep-
ancy'can_be_ explained in terms of a Ke decay mode which contributes
to the K+1r+1r- final sfate but not to the K°11-+n-°D events, so we cannot
compare the two samples in the presel;lt experiment. Thus our present
data cannot support or reject the Ke decay modg qf the Q+.

Angular Distributions. To make a model-independent analysis of

the spin—parbity of the Knn system as a function of mass, we have

examined the angular distributions of the folldwing angles.

a) cosf K. K ¢ where 6, ¢ ére defined as the Jackson decay

angles of K*(890)- o Kine K A o~
6 z :‘ IE‘inc -
X o YEK XK 590
- . » K X K>:< in K* '
inc 890 ’restf
rame
SV
/
b) coseK, K* where 6 is defined as the Jackson decay angle of Q

in the Q rest frame.

inc
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c) cosP, ¢ are the decay angles between the normal to the K

decay plane and the beam direction in the Q rest frame.

inc
} ‘2 z = K,
8 K X ¢ Z = ne
N : Y:QXKinC ( .
( in Q c.m.
| '

d) cosf, where £ is defined as the K"<(890) helicity angle in the

Q rest frame.

Assuming a given JP value produced by a 0+ exchange
(Pomeranchuk exchange), the expected angular distributions are

shown in Table III.

Table III
JP' COSGK,K cosGK’K* | cosf cos§
0~ 143 sin 143 sin’6 coszg
1+ cosze 1 sinz[s 1 -
. 2
- 2 2 1.-3sin™B - 2
2 1+3 cos '8 1+3 cos™ 8 +(9/4+K)sin4§ * 1.3+ cos ¢

ol - - - )
¢ K is a kinematical constant.

See Ref. 43. _




57~

We note that by selecting K*(890) events we are also including p
events from the K (890), p overlap region. These events conti’ibute
to different angular distributions in a biased fashion, and to determine
the spin-parity one has to take this effect into account. The angﬁlar )
distributions are also particularly sensitive to the problem of K+, 1T+
ambiguity, and despite the féct that we bel.ieve our selection criteria
to be good in 90% of the e{rents, the misidentified events could lead to
a bias in the angular distributions. To inx.restigate the effect of p
contamination in the angular distribution, we have examined the
angula\f distribution for the subsample of events in the K*, p overlap
region. - In the following section we diséuss these effects on the
different angular distributions.

In Figs. 60 and 61 we show the angular distributionin cos GK,K
and. ¢ for the K*(890)' decay. Cos 8, ¢ are defined as the‘ decay
anglbes in the Jackson frame. 'I‘he cos 6 distributions in all four
regions in K nmr mass have a strong c§s26 component. The forward
aéy_mmetry exhibited by the distributions could be explained by the
contribution of p events fz"om the K*, p overlap regioh. ‘The distribu-
tion throughout the Q region is consistent with being pure 1+, but we
cannot exclude some 2 terms. The ¢ distribution shown in Fig. 61 is
consistent with being flat for the whole QJr region, as expecfed for a
JP = 1+ produced by 0‘+ exchange.

In Fig. 62 we show the angle cosg which is the Jackson decay

K,K'

angle of the Q meson. A pure JP = 1+ is expected to have an isotropic

distribution in cos 8 *. The cos§ * is largely isotropic at low

Knm mass but at high Knm mass has a considerable backward asymme-
- try. From the shaded region we note that the asymmetry is associated

with the ambiguous events. This is partly a reflection of the kinematic
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effect of ambiguous events. Evént.'s with fast 1r+'in'the laboratory
 system are aiso events with backward K* in c.m. We also noté that
p events will similarly tend to give a -backward peak in this distribu-
tion. The asymmetry could also result ffom the presence of a 0
background, where 0~ 170" decay via a P wave and Y1° term can
'interfere to produce the observed asymmetry. This angle is particu-
larly sensitive to the ambiguity problem, and we do hot believe the
different effect can be separated.

In Figs. 62 and 64 we show the cosp and ¢ distribution for the
normal to the Ky decay plane. The'distll.ibution is strongly sin2[3
fhroughoilt the Q+ region. We note that this angle is not very sensitive
to the ambiguity problerﬁ of K*-n, pK decay of Q+. Deviations from
\ pure Sinzﬁ in {;his angle, especially at high Knm mass, are indicative
of the presence of non 1t background, probably 0~ and/or 2°. With
present statistics, the relative contribution of each background term
'c;—.tnndt be determined. The ¢ distﬂbution is consistent with being ﬂakt,
aé expected for an unnatural parity series produced by Pomeranchuk
exchange. v

In Fig. 65 we show cos§, the helicity decay angle of K*(890.) in the
Q rest frame. The distribution at low Knm mass is consistent with:
being flat. At higher Kxm mass, the backward asymmetry ié due to
the exces’s of events in the K*, p overlap region. |

In conclusion, we note that the Q_+v produced off deuterium is mainly
1+, but some evidence for J& = 0 and/or 2 background exists in
this region. The K+, p overlap and K+, 1r+ ambiguity problem make it
difficult to determine t}rie intensity of the non JPA= 1+ background in

this region.
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Possible interpretations and conclusions. The fact that Q+ is

produced in coherent reactions confirms its I-spin assignment of
I=1/2. The production mechanism is believed to be the diffraction

type, Pomeranchuk exchange. This is supported by the differential
-28t

cross section distribution( do ¢

do ) and spin-parity analysis
dt
of Q+.' The spin-parity of Q+ is consistent with being JP = 1+ with
o” and/or 2~ bvackgrovund. The Q decays predéminantly into K*(890)1T.'
The Kp deca.y mode .i's importantv mainly at high Q regions.

Extensive work has been done attempting to understand the nature of
Q. Is it a double peripherai process, a Deck effect; or is it a |
_resonance or a cluster of resonances? As.for the‘ distinction between
resonances and Deck effect, the concept of duaiity,_ as interpréted by -
Chew and Pignotti, suggests that they are identical. To explain a
Deck type enhancement, a resonance mus1; be present in this region. '
In high-—enel;gy K+p'experime'nts, in particular fhe 9-GeV /c experiment

(35)

of Aléxander et al

(36)

.and the 1Q-—GeV/c experiment of Barnham et al

, significant structure was seen in the Q mass, which suggests the
presence of at least two resonances in this region apart from %(1420).
We ﬁoté that in our channel the K*(1420) contribution caiculated from
K+D—>K°-rr+D is consistent with being zero, and it cannot account for
more than 20 to 30 events. A model proposed by G. Goldhaber<38) to
explain the structure in the Q region suggests the presence of two
interfering resonances in the Q region. The two states must have fhe
same spin-pa:ity to show interference effects on the ma‘ssvplot. The
quark model predicts the existence of two JP = 1+ states, 3P1 and

1 .
P1. The physical 1+ states can be a mixture of the two quark states

1 (40),

and can also interfere through a common decay channe If we
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denote the '"unmixed! state as
x :JFC¢ = 1++(3P1);

A PC 1
_ ot '
Ky J =1"7(CP,),

the physical states are related to the unmixed state by
RN .
|K’1 D = |KA> cos¢+|KB> sin ¢,

%*

|Ké >= - |KA) sind + |KB> coso,

where ¢ is {:he. mixing angle.

If the states were unmixed, ¢ *0. We would expect only K%’;
to be produced off deuterium. If ¢ is large, that is, maximum mixing,
we would expect by both K,:* and K>:2J to bé prbducéd in K+D inter -
actions, and the mass spectrum is expeéted to be similar to K+p
mass spectrum. In this experiment the Knm mass spectrum is
' consistent with the one seen in K+p experiments. This suppofts the

. ik §
notion of considerable mixing between the two K  quark states.

. %
D. D 'Production

In Fig. 50b we show the D1r+ invariant mass distribution where a
clear low-mass Dr enhancement can be seen at M(D, m) = 2150 MeV,
'= 150 MeV. We observe that this mass is consistent with the sum of.
a nucleon mass and the mass of the A++(12_38). In Fig. 58a we show
a cos@ distribution for eventé in the D* region, [M(D, m)< 2320 MeV] .
Here 6 is defined as the Gotfried-Jackson angle for a D* resonance.
The strong backward peaking is vnot characteristic of a resonance
decay, as it requires a large number of partial waves. We conclude
that the D>:<+Jr low-mass enhancement is not a well-defined resonance
but rather a kinematical reflection of the reaction described in Fig.
58b. The reaction proceeds in two stages: 1) K+d - K+-n' A+‘+n, where
the neutron isva spectator, and then.(p, n) recombine to form a
deuteron after the A' ' decays.

In Fig. 59a,b we show the cos@ and ¢ decay angular distributions
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for K*(890) recoiling against the p*tt, The cosf angular distributions
has a strong cosze cémponént and the ¢ distribution is consistent with
being flat. Both distributions indicafe .that the K*(890) is produced
prédominantly by pion e%:change. |

In Fig. 50d we show the Drr  mass distribution. Theré is no
~evidence for strong D*O production. The sﬁbpression of D*o I;roduc -
tion can be understood if we assume that the process described in Fig.
58b dominates in D*++ production. A similar diagram producing D*0
will be. suppressed by the ratio of the K+1T+ and K+TT— elastic scattering
cross sections. This is the ratio between an exotic and a resonant
‘nonexotic channel -— a rather small nurﬁber.

In Fig. 60 we show a differential cross seétion for the events

+ + - % : L s "
K DK D, where t 1s.def1ned in 60a as tD—D and in 60b as tD-D '

Both distributions can be fitted to a function of the form Ae—bt, where

D-D and B = 14 £+ 2 for tD-D*' Note that the value of

B in Fig 55a is considerably lower than the value calculated for Q

B =18 % 2 for t

events (B = 29).

In Fig. 61 we show the Kq mass recoiling agéinst D*Jr+. We
observe a strong K*‘(890), K*(1420) production and note that the
relative production of K*(1420) to K*(890) has increased .compared to
éll_ events. (See Fig. 50a.)

In Fig. 62 we show the Knn.mass associated with D*++ events.
The overlap between Q and D* events is small, but as has already
been mentioned, the low Dt mass events seem to be associated with
L production. (See Fig 51) Tile cross section for D>:<+1L prodﬁctipn in

++ ot oot

K'D > K ' D " s 30 £ 8ub( ~ Dn').
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K. L+ProduCtion

In Fig. 53 we showed the two-dimensional correlation plot
‘VMVZ(K,-'n-, ) vs M(D, w) iﬁ whiéh L enhancement was seen to be
associated mainly with low D ma_vss. In Fig. 70 we showed Knn
events associated with D*++‘ events [M(D,:Tr)< 2.32 GeV] where a
clear L signél can be seen. In Fig. 71 we show the Kam mass plot for
events with M(D, n)< 3GeV where a clear L signal can be seen. We
fitted this disfribﬁtion to a Breit-Wigner with constant background
and hax;e attained as the best parameter for the fitA
| M(K, 11; w) =1720 MéV, I'=190 MeV. The concentratration of L levels
at low Dn mass i; not well understood. There are a number of
possible explanations. One is that at low Dy mass K+‘n'+ émbiguity i.s
minimized. (see Section VA). Thus L,Q are well separated. At
hig}_i Dnw mass, problems of K‘+-n-Jr ambiguity are more serious and
might explain the smearing of the L signal. This is very unlikely as
‘the effect is quite pronounced. The effect is probably real, and the
excess of events at low Dy mass could be a result of the D*H_ inter-
ference effect. |

The concentration of L at low Dy mass can be a result of the
following effect. As sunﬁng L production is dominated by .the multi-
pheral diagram described in Fig 66b, the top vertex is dominated by
K*(1420) and the bottom vertex is dominated by 1-r+D scattering. The.
deuteron has a higher probability of breaking up as D11-+ mass |
increases. The cross section for coherent L prodvuc:cion is propor -
tional to the product of the 1r+D. cross section and the ];;robability of
the deuteron staying together. Since both cross section and break=-up

probability favor low Dw mass, L events are concentrated there.

It is interesting to note that L* production in the K+p, K™p
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experiment seem to have a different cross section; L.” production
cross section is larger than L+. (32) The cross section for L+; L~
is expected to be the same if L‘i's produced by Pomeranchuk exchange.
But if on the other hand L production is dominated by the Deck-type
mechanism described in Fig. 66b, the difference between the L' and
L~ cross sections can be explained in terms of the difference between
1r+p,p+p and 1 p,p p elastic scattering. To check this hypothesis, an
~accurate measurement of L+, L~ cross sectionas a function of
p-n-+or pﬁ— mass respectively is needed.

L-décay. In Fig. 72 we show the decay Dalitz plot associated with
the events in L region vﬁth low Dr mass, [M(D, m<3 GeV]. In
Fig. 65a we show the Kr invariant mass for these events. Clear
K" (890) and K~ (1420) bands can be seen in both plots. In Fig. 65b
we show the m' n mass distribution for these L events. A clear p

signal can be seen at M(mw, 7) =720 MeV.
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VI. THE REACTION K'D -~ K%' D

A total of 133 events satisfying the hypothesis KD - K°n+<i,

K° > 1-r+1'r-;were found in both one-prong plus vee (40%) and two-prong
plus vée (60%) topologies. All é\;_ents satisfying the multivertex seven
constraint fit with chi-square probability greater than A% were
accepteci as this hypothesis, provided that the invariant mass of the
‘ISr(;tbn and neutron in the corresponding réaction K+d-> Kow"-l_pn is less
than 1_8'8.6 MeV. Reliability of cohe‘re‘nt fits is discussed in Chapter II,
Section E.

In Fig. 73a,‘b, ¢ we show the invariant mass for D1r+, DK°, K°1r+
systems. No evidence for structure can be seen in either M(D, 1-r+) or
M(D, K% invariant mass. In particular, there is no evidence f‘or\
>D>:< * bro&uétion. In Fig. 73c we see a strong K‘*(890) signal in the
K°, 1r+ invariant mass spectrum. There is little if any K*('1420)
signal in this channel.

The cross section for K*(890) production in the reaction
K+D—> K*(890)D as 20 £ 4 ub after correcting fo.r K° decay and K°¢°
decay mode of K*(890). The K*(1420) cross section i; consistent
with being zero, and an absolute uﬁper limit for K*(1420) production
cross section is 8 ub correcting for three-body decay mode and K°
neutral decay. This corresponds to an upper limit-of 30 K*(1420)
events in the reaction K+D - K+-n-+1r-D.

In Fig. 74a we show the differential cross section for the reaction
%—0,&-— KD - K* 890D - If we parametrize the momentum transfer
distribution in the functional form %%— OCeBt , a least-square fit to
to the data poiﬁts yields the slope B = 17 % 2 CreV/c)_2 with x2= 5 for

6 degrees of freedom. We note that this slopeé is not as steep as in

the coherent reaction K'D-Q +D, where B = 28 £ 2. In Fig. 75a,b
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. :
we show the decay angles for K (890). 6 and ¢ are the usual Gotfried-
Jackson decay angles. The density matrix elements are calculated to
be Poo(": A5+ .4, p, ,= 1 :l:.i., Py = 422 .05, which are consistent

with being purev vector exchange.
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APPENDIX: EXPERIMENTAL DETAILS AND
CROSS SECTION CALCULATIONS

A. Experimental Details

The exI-)eriment was performed at the SLAC 82" bubble chamber.
The deuterium-filled chamber was exposed to an r-f separated K
- meson beam with 12-GeV /c incident mémentum. The K~ transport.
beé.m( was designed by J. Murray and S. Flatte (1), Detailed informa-
tion on the beam can be found elsewhere in the literature. A momentum
resolution of Ap/p = .2% was achieved by using known correlations
between l;eam momentum and transverse posifion in the bubble chamber.
Pion contamination was reduced essentialiy to zero through the use of
a gas Cerenkov counter. ' There was a 4.5% hydrogen contamination in
the chamber.

A total of 500, 000 bubble chamber pictureé were taken with the
12-GeV/c K+ beam with an average of 7.5 Kt mesons incident/pulse.
This corresponds to an average of 1.7 iﬁteractions per frame. Thus a
total of 850, 000 interactions were recorded on film. To reduce the
measurement load, we restricted the measurement to the following

topolﬁogies , marked by'l* .
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37,

Not remeasured.

Table I.
% in No events No events

Event type film measured remeasured

, v a ; b

10. One-prong 9-3_ N. M. -N.R.M.

17. One-prong + 1.1 7874 1145
vee ' -

| | a .

"20. Two-prong 22.6 "N.M. N.R. M.

~27. Two-prong + 3.8 . 30,143 5316
vee :

'30. Three-prong 8.2 67,578 8033
Three-prong + 1.4 13, 698 2192
vee . '

40. Four-prong 8.2 50, 819 6123

Stop ' ' ' '

40. Four-prong 14.8 N.M.2 N.R.M.P

No stop v '
Four-prong + 4.2 31, 685 6182
vee :

50. Five-prong 4.7 - N.R.M.P

' 57. Five-prong + .53 - N.R.M.P
vee

60. Six-prong 10.9 N.M.? N.M. 2

67. Six-prong + 1.5 N.M. 2 N.M. %
vee

All rest. 8.8 N.M.? N.M.2

* g

N. M. = Not measured.
b N.R.M. =
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The events were scanned and roughly digitized on a road-making

table at a rate of about 14-15 events per hour. The events were then

measured on the FSD (Flying Spot Digitizer), which is a rapid auto-

matic film plane digitizer. It has a measuring rate of about 100-120

‘events per hour. Remeasurements were carried out on the conven-

tional digitizing machine, Frankenstein. We measured 50% of the

‘film in order to study possible biases. Details on the number of

events measured and remeasured are given in Table.I.

The events were thensubjected to the kinematical fitfing program
SIOUX. To be accepted at this stage, e»vents had to have a confidence
level gréater than .1%. Stopping tracks were required to be either a
proton or a deuteron. The treatment of invisible spectators and the
reliébility of the deuteron fits are discussed in Chapter II.

Remeasurements were carried out on 50% of the film. All events
which failed kinematic reconstruction' and events which failed 4c fits
but had missing momenta for visible tracks of less than 1 Gev/c were
c.andiates for remeasurement. The number of femeasured events
contributed to each channel_.is less than 10%, and the distributions do

not seem to indicate any gross systematic bias.

"B. Cross Section Calculations

The cross section for a particular channel can be expressed as

total -

° ) . . N . : .
expressed as 0(K+D—> x) = = ¢ total,
: (total) . .
AL
where . o, . =total K'D cross section at 12 GeV/c,

: Nx ='number of events in the channel,
‘N "= total Vnurn‘bé'r' of interactions iﬁ film.
total
(9)

0 total has been determined from measurement by Galbraith et al



-70-

‘to be 33.9 = .3.
In order fo determine NX_," the number of events in a given channel,b
we have to determine scanning éfficien'cies, measurement efficiencies,
and K° éscape probability whenever we have a K° in the final state.
Scanning efficiencies were,: determined by a ‘special rescan on a L
saﬁqfﬂé of rolls clomparin'g the number o"\f events\ found in scan and
rescan. The results are shown in Table I. Thé measurerﬁent of
efficiencies were determined by comparing events failing geémetric

reconstruction with those passing. The results of measurement

efficiencies are given in Table I.

Table I
ET: .. Scan eff. Meas. eff. . Eff. for event to pass system
17 | 87.5%  81.5% o T1.5%
27 - g4.5% 77.5% . - 65.5%
30 91 % 83.5% ‘ 76 %
37 89.5% 76, % | 68 %
' .40, v'87".5% - 87.5% ' ' 76.5%
47 89 % 73 % ‘ 65 %

The total number of events in the film.was determined by counting
the number of interactions on a subsample of the fiim and comparing
it to the total number of events scanned in fhe subsémple é,nd then
rénormalizing'the total numbe¥ of interactions.

The total number of interactions in the subsample was 7845 events.

The total number of s_canhed'events in the subsample was 2067 events.

The total number of recorded events was 222,850, which corresponds
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to a total of 746, 700 interactions in the film.

Escape probability for each K° event has been weighted according
to the probability that a K° of the observed momentum and production
angle decays within the chosen. fiduéi_al volume. K? events have also
" and K2

All cross sections have been corrected for hydrogen contamination

‘been corrected for K decays.

" in the chamber. No corrections to the cross sections were made

due to Glauber screening. But the effect is expected to be small.
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FIGURE CAPTIONS

Fig. 1.(a) Radial Separation of the nucleons in the deuteron. (b)
Momentum distribution of nucleons in the deuteron. P_r_edicted ‘
by Hulth‘éﬁ wave function. |
Fig. 2. Spectator momentum distributions for the xfeactions (a)
K dq - K% pp, (b) K'd - K+ﬁ_pp, (c) K'd - K°n+1r—p_p.’ The curve
is a theoretical prediction nprnﬁalized to number of events.
Flg 3..Cosf, the angle between the beam and the SPéctator, for the
reéctions (a) K+d - K° pp, (b) K+d—>K+11-—pp, (c) K+d—>K°1r+-n-7pp.
F1g 4.. (a) The deuteron fo.rm‘.factor [H(t) vs. t]- (b) The correction
factor for the spin-nonflip amplitude [1/1 -H(t) vs. t].
Fig. 5. M(p,n) for events with a visible proton in the reactions (2)
K'd - Kon-‘:pn and (b) K'd - K+1-r+-n—pn. The shaded region
corresponds to events satisfying_the.cor'resp.onding coherent
reaction."
F1g 6. Cos@, the angle between two outgoing nucieons, ‘for e;/ents
with a visible proton'in‘ the réactions (.a) K+d - K°'1r+pn and (b)
Kta - K+1r+-n--pn, The shaded region éorresponds to events
"satisfying the corresponding coherent hy}pothesis. _
Fig; 7. M(p,n) for the reaction (a) K d - K+n‘-+.n-- (p)n and (b)
' K+d »'K+n+}r-psn. (Proton momentum less than neutron |
méméntum.) The shaded region corresponds to coherent events.
Fig. 8. Cross section vs. incident momentum for the reactién
K+d - KO pp.
Fig. 9. do/dt vs. t for the reaction K+d'-* K° pp.

Fig..10. do/dt vs. t for the reaction K+n - K%p. The smooth curves

are predictions of models by Hartley et al. and Rarita and
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‘K'a>K%pp and K'p ~ K° &

. 14. Chew-Low plot, t
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Schwarzchild, and a result of a fit by a function of the form

o - Aebt.
t

[oN

I

o

14. do/dt vs. t for the cha'rge exchange reaction_s‘ K.l-n-->K0 p and

K'p—=>K’n

12. Cross section vs. incident momentum for the reactions

++

. 13. Dalitz plot, Mz(p, T ) vs. MZ(K+, w ) for the reaction

K'n -~ K+1r-p.'
| s. MA(K',1") for th tio
K-Kg VS , T or the reaction
K'n - K+n--p (a) all events, (b) N events rermoved.
15. Chew-Lot plot, tpv_p“_ vs. Mz(p n ) for the reaction
K+n - K+-n'-p- ‘ : : R
. - . + + + -
16. M(p, n ) for the reaction K n - K n+K 7 p.
- ' 4+ -
17. M(K+, m ) for _the reaction K n -» K+-n- p: (a) all events, (b)

events with t' « .Z(GeV/c)z.

. 18. M(K+, T ) vs. cosf for events with t' < .Z(GeV/CZ)'in the

reaction K'n - K+1r_‘p.

. 19. M(K+, 7w ) vs. <Y£°> for events with t!' <.2(C'}eV/c)2 in the

reaction K'n - K+-n-_p.

20. M(K+, m) vs. N<Y10> f:or events with .’c' <2 (GeV/“c‘)2 in the
reactioanJrn > K" T Pp. o

21 ‘M(KO, 1r+, n—) for the reaction K+n - K?-n+'n'—p.

22. M(p,n',77) for the reaction K'n = K’ 'n'p. The shaded
regi?onlcorf‘esponds‘ to events in }:he N régioﬁ;

23. fI“he scatter plét M‘(Ko, T|'+):-VS... M(p, 1-;'_) for the reaction
K'n > Ko n7p. I

v + : - : ' -
24. (a) M(X% n'), (b) M(P,m")for the reaction K+n—> K°n+-rr P
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' 25. Scatter plot M(K%") vs. M(p, ') for the reaction

+ -
K+n—>K°'n' T P

- . = +
26. (a) M(K%, 77), (b) M(p, ') for the reaction K'n - K%« p.

+

. - + - . .
27. Scatter plot M(Ko, m ) vs. M(w ,n ) for the reaction

Ktn > Ko 7 p. | N

- i o+ -
. 28. M(-n+, m ) for the reaction K+n - K% ¢ P-
: %
: 2?. \do/'dt vs. t for the reaction K d - K. ggoPP:
. 30. K*(890) decay angular distribution: (a) cosf, (b) .

Sk
. 31. K (890) density matrix elements‘vs. t: (a) Pyo vs. t. (b)

+ .

o vs. t, (c) o T vs. t.

1 1

do bk
32. Poo at V5" t for the reaction K. n-K 890P" |
- , 2 .
33. M(K+, n ) for events with t <. 1'(GeV/c) for the rea;tlon
K+n - K+-rr-p.
' ‘ + -
34. Decay angular distributions for M(K ,n ) at I, 1.3 - 1.4 GeV:

(a) cos@, (c) ¢ and at II, 1.4 - 1.5 GeV, (b) cos6, (d) ¢.

. 35. do/dt vs. t for M(K ,n ") in(a) 1.3 - 1.4 GeV, (b) 1.4 - 1.5

GeV.

36. M(K+, m ) for events with t'< .2 (GeV/c)2 and (a)

<L |cos|< 1, (;t)) ]cos‘ < .7.

37 S-wave events as a function of K+1r_ mass for thé reaction

+ + -
Kn"KTrp.

% + -
. 38 (a) K (1420) decay Dalitz plot, (b) M(K’, 7 ), (c) M(n', 7).

. 39. Decay angles'for' M(K+,1-r-) mass regions: (a) 1.5 - 1.6 GeV,

(b) 1.6 - 1.75 GeV, (c) 1.75 - 2 GeV, (d) 2-2.25GeV.

. 40. M(K+, n ) for events with t'< .2 (GeV/c)Z aﬁd é:ose: (é.)

cosf>.776, (b) 0< cosh < .775, (c) ~. 775 < éos6< 0,

(d) -1< cosf < ~.775.
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41. Chew-Low boundary for the reaction K+nb—> K+-n_-p and
K'p - K'n™ A7 (1240) at'12 Gev /c. |
42. M(K+, -nf):. (a) t accessible to att reaction, (b) t inaccessible
to At reaction. ,
43, M(p, m ) for the reaction Kin—+ K+'-rr_p: .
) .
(a) tp—pn’ §.1 (GeV/c)v‘.

< .4, {(c) t > .4 (G,eV‘/c)Z.

b) 1< t
(b) - p-pm P-pr

. 44. ‘<Y£ 0)moments vs. M(p,n ) for the reaction K+n—>K+Tr_p.

45:. M(D, 'n'+), M(Kf. 7 ) for unambiguous events in the reaction
KD - KgnD

46. For ambiguous'events with XZ difference greater ‘than 3:
(a) D-n-+ for selected events, (b) Mi(K, T ) vs. MZ(K+,1T-),

(0 MyKY, 77), (@) My(K', = 7).

. 47. For a subsample of ambiguous events with XZ difference

less than 3: (a) D‘n'+ for selected events, (b) M1(Kf, m),vs.

o ‘
, ).
+

- + -
MZ(K »8 ), (c) Mi(K s T ), (d) MZ(K

s. MZ,(K+, w7 ) for the reaction

D-DV
KD - KanD.

49. do/dt vs. t for the reaction KD - KnuD.

%
. 50. M(K, w, n) shaded events with D" out.
. 51. M(K, m, 7) shaded events with fou.r;prong topology.

. 52. Two-body invariant masses for the reaction KD - KrrD:

() M(K',77), (b) M(D,n"), (c) MK, =), (d) M(D, "), (e)
M(D, K"y, () M, 7).

53. Scatter plot 'MZ(K+, 1-r+, ) x}s. M(D, 1r+) for the reaction

- KD-KnuD.

54. M(K (890), _11.), the shaded region has the D out.
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. 69. M(K',n") recoiling against D
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. 55. 'M(K, . {’r) weighted by 1/H(q).

. 56. do/dtvs. t for M(K, 7, 7) mass regions: (a) 1.0 - 1/2 GeV,
| (‘bj 1.2 - 1.3 Gév,’(c)>1>.3 -1.4GeV, (d) 1.4 - 1.5 GeV.

. 57._ Decay Dalitz plot for M(K, w, 7) regions (a), (b), (c), (d).

. 58. M(K', ) for events in M(K, , 1) regions (a), (b), (c), (d).

. 59. M(,"+’ n") for events in M(K, T, "')‘ regions (a), (b), (c), (d).

. 60. K'(890) decay angle @, * for K (890) events in M(K, m, )

regions (a), (b), (c), (d)-

. 61. &, K’p(890) decay angle, for K>'<(89_0) events in M(K_, T, )

regioné (a), (b), (¢}, (d).

. 62. K*(890) decay angle @K K for M(K.*(890), ™) regions (a),
T (b), (e), (d). | |
. 63. P normal to Knrm decay plane for.M(_K*890)-n-): (a), (b), (<),

(d).

, ' % V sk
64. ¢, normal decay angle of 1 for K (890) events in M(K 890, m)

regions (a), (b), (c), (d). -

65. Cos (§), K*.(896) helicity decay angle in the Q rest frame for
MK¥890,7) regions (a), (b), (c), (d).

66. (a) Cos 6; Jackson decay angle fér D*-H—, (;b) Feynman

diagram déscribing DWI-+ production. -

. F £ ’
. 67. K (890) decay angular distribution for K (890) events

%
recoiling against D> Tt
. 68. do/dt vs. t for D*++ events (a) t (b) t *
. D"D’ D—D )

4

. 70. M(K,n, ) associated with D" ' .

: + -
. 71. M(K, w, ) for events with M(D,w )< 3 GeV.

72. (a) L decay'Dalit’z plot'. (b) M(K+, ), (c) M(Tr+, n ) for L
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events, L, with (D1r+) < 3 GeV. .

F1g 73. Two-body invariant mass for the réaction KD—>K°1r+'D-:
(a) M(D,«1), (B) M(D, K9, (c) M(K®, 7).

Fig. 74. do/dt vs. t for the reaction K D> K'_*890D.v. '

. >=< N
Fig. 75. Cos#8,¢ for K (890) decay in the reaction KD+ K '890D'
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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 Enerqy 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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