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K'p INELASTIC INTERACTIONS AT 2.7 BeV/c
Riley David Newman
Lawrence Radistion Laboratory

University of California
Berkeley, California

ABSTRACT

An analysis is presented of an exposure of the Brookhaven

AGS 20" hydrogen bubble chamber to a 2.65 BeV/c separated K beam.

Channel cross sections are presented for K+p interactions, except

those corresponding to a two prong topology. A detailled study is

made of the final states Kop ﬂ+ and K+p ﬂ+ﬁ- , which are dominated
. * * + *

by the production of K (891) and N (1236). The reaction K p » K p

is analysed in terms of a one meson exchange model modified by form

factors, and results are compared with data at other energies, The

model is found to give a very unsatisfactory account of the energy

0

* *
dependence of X  production. The reaction K+p -K N is
analysed in terms of a pion exchange model modified to include the
effects of absorption in initial and final states.

No evlidence is found for production of resonant states other
* *
than K (891) , N (1236) , and ® . Relations between three body final
states of K+p reactioné implied by SU, symmetry are derived and

3
tested.
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I. INTRODUCTION

The study of high energy particle interactions has revealed a
great pﬁofusion of resonant states., It is of interest to pursue the
search for new particles, and to determine their quantum numbers as
they are found. It is also of great interest to ellucidate the
production mechanisms for those particles whose existence and quantum
numbers are well establishedo

A striking feature of high energy meson nucleon interactions is

that they proceed in large part by way of quasi-two-body production of

resonant states, and that this production tends to be strongly peaked
in the forward (or backward) directions. This peaking suggests a
peripheral process, and it is tempting to try a one méson exchange
model (OME) for these reactions. Unfortunately, the peaking introduced
in this model by the propagator for the exchanged particle is often
completely masked by the momentum transfer dependence of the vertex
couplings involved, and the unmodified model usualiy fails miserably
to reproduce experimental production angular distributions and cross
sections. This is not too surprising, since the model predicts an
amplitude which greatly exceeds the unitary limit for low partial
waves. bn the other hand, resonance decay distributions are often in
fair agreement ﬁith'the predictions of this model.

Various modifications of the OME model ha?e been tried to account

for the observed peaking of production distributions. The first and
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simplest approach was to multiply the simple OME "Born term" by a form
factor--a function of momentum transfer to allow for the effects of
structure in the vertices and propagator of the model. In practise
this function must be determined empirically, but should not be a
function of energy, so that the model may be tested by seeing if the
same form factors reproduce the data at all production energies.

More recently, a great doal of attention has been given to the effect

on a particular production channel of competing channels. One approach
to this is‘the absorption model, developed by Sopkovich,l Durand and
Chiu,2 Gottfried and J‘ackson,5 and others, in which the OME amplitﬁde

is modified by the effects of absorption in the inifial andlfinal statos
into other channels. The greatest absorption is found in the low partial
waves, as might be intuitively expected, so that the peripheral nature

of the OME amplitude is enhanced, reproducing the observed forward |
peaking. Absorption, unlike the form factors described above, also
affects the decay distributions predicted by the OME model.

The anal&sis of K+p interactions is in many ways ideally suited
to the study of peripheral production mechanisms. There are no resonances
in the direct channel., Only two resonances are produced in significant
amounts in the three and four body final states through at least
3 BeV/c--the K*(89l) and N*(l256) . The production of these resonances
dominates these final states, so that the problem of dealinngith non-
resonant background is minimized. Finally, the guantum numbers of these

resonances are well established, so that attention may be devoted entirely
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to production mechanisms. In the sections which follow we investigate

production and decay distributions for the following reactions

+
+ *
Kp—=X p la
_|_+

*

K°N 1b
%O xtt

K N lc

at a K' beam momentum of 2.65 BeV/c. Reaction la we will treat with
an OME model modified only by form factors, comparing our results with
data at other energies. Reaction 1b provides too little data for a
detailed analysis. Reaction 1c we will treat with an absorption model.
We then discuss the possible production of other resbnances. Finally

we derive and test some predictions of 8U, symmetry relating the three

>

body final states of K+p reactions.
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IT. THE EXPERIMENT
A. The Beam

The experiment was conducted with the AGS accelerator and 20-in.
bubble chamber at Brookhaven National Laboratories. The 20-in. chamber .
beam is shown schematically in Fig. 1 and is described in detail in the
literature.u It consists of a transport and momentum-defining stage fol-
lowed by two mass separation stages, the second of which provides addition-
al momentum definition, and finally a beam shaping transport section to
the chamber. The desired 2.7 BeV/E K+ beam pressed the mass separation
capabllity of the beam toward its limit. In order to achieve good mass
separation care was taken to deep the vertical image and object sizes to
a minimm in the beam optics. The height of the target in the AGS proton
beam was .050", while the heights of slits S2, S3, and Sk in Fig. 1 were
.05, ,100", and .060" respectively. The K separation achieved is
indiéated in a tuning curve for the second separator, shown in Fig. 2.
The run was made with the indicated setting on the high side of the
K peak, where allowing for some shift due to separ;tor instability we
estimate the m, U, e contamination to be less than 10%. This estimate
was confirmed by a later estimate based on a comparison of number of
K+ three prong decays observed with the number of passing tracks in
the chamber. To minimize contamination from in-flight decays of K
in the final section of the beam, stringent acceptance criteria were
imposed on the azimuthal and dip angles of beam tracks entering the

bubble chamber when selecting events for analysis. The beam momentum

L

</
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Fig. 1 Schematic diagram of the beam to the Brookhaven 20"

" bubble chamber.
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experiment
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Counting rate
™
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34 35
Field of spectrometer 2 (mV)

MUB-11443

Fig. 2 Beam tuning curve, indicating =n-K mass separation
.achieved. Counting rate at the second mass separa-
tion slit (SU) is plotted vs. magnetic field in the
second mass spectrometer.

™
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was determined to be (2.65 * .03) BeV/c from measurement of passing

tracks in the chamber.

B. Data Processing

A total of 50,000 pictures was taken. All film was scanned three
times to locate eventé, providing essentially 100% scanning efficiency.
Those events having a two prong topology with no observed neutral decay
were not analysed in_this study. Otherwise all events were measured
and processed using the PANAL-PACKAGE bubble chamber analysis computer

)

programs. For the final analysis only those events occurring in a

restricted fiducial volume were accepted. For each event a kinematic

fit was attempted to every kﬁown combination of strongly interacting

particles consistent with the observed topology which conserved energy,
strangeness, and baryon number, and which involved at most one unobserved
particle. A hypothesis was accepted if two conditions were met: the

X2 for the fit must correspond to a probability lével greater than 1%,
and the track bubble density observed must be consistent with the particle
velocities indicated by thé fit. Ambiguities were resolved on the basis
of bubble density if possible, otherwise on the basis of ‘X2,;‘except in
the case of the folloﬁing rather common ambiguity. Among the events with
four charged prongs we often find both a four constraint fit to the.final

state K' p « % and a one constraint fit to p K' n' % x° . In the

latter fit the no is found to be nearly at rest in the laboratbry frame,
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and the track assignments of the K" and p are reversed with respect
to the four constraint fit. When bubble density could resolve this
ambiguity such fits were found to almost invariably "fakes". Hence ¥
when bubble density could not resolve the ambiguity the fit with P
was rejected in favor of the four constraint fit almost regardless of
relative X2 .

About 8% of the events yielded no acceptable fit. This is
cénsistent with the number of events which might be expected to involve
more than one unobserved neutral particle, along with those events v
arising from =« contamination.

About 5% of the events were ummeasurable or failed in the computer
processing after repeated tries. Channel cfoss éections derived frdm'

fitted events were scaled up accordingly.
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ITTI. CHANNEL CROSS SECTIONS
Cross sections were determined by comparing the number of events
in a channel with the number of three prong events occurring in fhé same
volume and satisfying the same beam track entrance criteria. Three prong
events represent K+ decays, providing a megsure of the total K+ track'

length observed. We have

5. = MAGp) (Mg
i Po N
Jp
where o  1is'the cross section for channel 1 , Ni is the number of
i .
events observed in channel i , NBP is the number of three prong events

Observed in the.same volume, A(3p) is the partial rate for kT decays
yielding three charged prongs, P 1is the K’ beam momentum, M dis the
mass of the K+'g and p 1is the density of the'bubble chamber hydrogen,
in protons/Cm5. To determine A(3p) we consider the K+ decay modes

yielding three charged particles:

Mode - Branching Ratio6
+ 0 '
TN 7] 216 + ,006
° u+ v o + - 0%2 = ,00L
L et ey 052 % . X .0119 * .0005

o +
T e Vv .05 + ,003
+ o o :
T oW } 017 £ ,001L x 2 x .0119
+ A+ -
T T R .056 * ,001

Total 060 £ ,001
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Dividing by the K lifetime T T 1.243 £ .00k 1070 we get a three -
prong partial rate: A(3p) = h.83'106 + 1.6%.

The hydrogen density p was determined from the hydrogen tempera- g
ture T , which in turn was determined from a neon vapor pressure thermom-
eter in the chamber, monitored during the run. The values found were:
T=26.0%.1% , p=.0626% .0003 gufem’ = 3.74 10°% protons/cm> .

With a few exceptions, information on final states including a
Ko or A was derived only from those events in which the K° or A
was Observed to decay within a preset volume in the chamber. To obtéin
cross sections, the number of such events requires two corrections. - The
first is a factor of 2.89 for KO events6and 1.5 for A 'evénts, to take
into aécount the K2 and neutral decay médes of these particles. The
second is an escape correction to allow for those Kl or A which
decay outside the acceptance volume. This correction was made by
weighting each event with a factor w, = (l-Pi)-l where P, 1is the
probability, for that event, that the K° or A %ould reach the boundary
of the acceptance volume without decaying. This is given by P = exp(-t/T) s
where T 1is the mean lifetime of the particle'and t 1is the proper time

it would have spent on its path from production to boundary of acceptance

volume, had it not decayed. The average value of the factor w was

4

about 1.2 for Ko decays, and 1.3 for A decays.

¥

Cross section data for all channels accessible to this study are
presented in Table 1. Parentheses around a neutral particle indicate

its decay is not observed. Errors are statistical, based on the number
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of events observed in each channel combined with a statistical uncertainty

of 8% in the number of three prong events used to determine cross sections.

Errors in the remaining quantities entering the cross section determination
-- %(BP) » beam momentum, and hydrogen density--are negligible in compari-

son to these factors.
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Table I. Cross sections for K+p inelastic reactions at 2.65 BeV/c

Channel Cross section (mb)
Cpr’ 2.7 * 0.3
Kopr () 1.9 % 0.2
K " (n) 0.64 + 0.12
K prtn 2.6 0.2
Kot () 0.4% + 0.06
K (n) 0.1k * 0.03
o o (k%) 0.14 * 0.03
pre 7t KO (°) 0.04 + 0.0k4
K pn ot n 0.01 * 0.01
xk%" 0.02 * 0.02
KK s° <.01
KKA 0.0% + 0.02
KK A(°) 0.01 * 0.01
KoK 5 (M) 0.03 * 0.0%

¥,
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IV. The Final State X° ' p

A. General Features

The final state X° ﬁ p with observed K° -decay may be‘identiv
fied with virtually no ambiguities. The effect of = contamination is
negligible; the ﬂ+p final states which might be mistaken for this one

are KO_K+ p, K K pa° , Xk p % , and n kot Ko , with a combined

cross section at this energy of only .068 mb,7

and these are easily
distinguishable kinematically.

A Dalitz plot of the K° ' p events is shown in Fig. 3, along
with projections onto the m2(K n) eand mg(p n) axes. Clearly this :

* *
state 1s dominated by the production of X (891) and N (1236) . To
N " _ - .

estimate the relative amount of K and N in this state a maximum likeli-
hood fit was made to the Dalitz plot distribution assuming a sum of non-

* ¥*
interfering contributlons from uniform background, K p , and N K° produc-

tion:
£(a ; m

where a gives the relative amounts of the three contributions, constrained

me ) = ey T +a, feelm )+ ey fualn )

by aq + an + a5

plot. fB is a constant, while fK* and fN* were taken to be of the

= 1 , and each fi is normalized to one over the Dalitz

form:

I'(m)

2 2
(me-m*") + m* Pg(m)

N

nﬂﬂla

Here:letting a and Db denote the products of the resonance decay, m 1is
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10 20
| T 1 T T [
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2..
3 -
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60t
-
N ,
> 40} _
m -
S i
\ .
2 20¢F
c
>
Lu -
O 1 1 L
0 | 2 3
Mass2 (K°»+), BeV?®
g
MUB 11445
) A
Fig. 3 Dalitz plot for the final state K pn . Events V

in the mass histogram are weighted as described

- 1in the text. Curves plotted on the hlstograms
correspond to the production of X*(891), N (1256),
and non-resonant background in proportions deter-
mined from a likelihood fit to the Dalitz plot
distribution.
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the effective mass of the pair ab , p 1s the rest frame momentum for
the deéay m-=a+b ,-nr ig the resonant mass, I'(m) 1is an éngrgy
dependent.decéy width normalized so that F(m*) is the resonance
width, and :N ndrmalizes the diétribution to one over the Dalitz
plot. .The factor m/b removes the phase space dependence from the
I' in the numerator. We take I'(m) proportional to E; for the K.
and proportional to %2 (Eb + mb) for the N s wherem m_ ~ and Ebv
are the mass and energy respectively of the proton in the N* rest
frame. Masses and widths of the resonances were input to thé fit:

Wex = 891, mek = 1236, Ty = 50, Iyx =120 .
In making the fit each event was weighted with the escape correction

factor wi' defined in Section III, so that the likelihood function

becomes: W

@) =ue@ )
where x 1is the position on the ;alitz plot. Statistical errors
howeverk werevestimated from a likelihood functionJcalculated without
weights. The fit indicates (12 * 8)% background, (56 * 7)% K*p and
(32 + 7)%-N*KO . Curves correspbnding to these values are plotted on
the weighted m2(K n) and ‘mg(p 1) distributions in Fig. 3. The
corresponding K* and N* production cross secﬁions in this channel
are 1.5 * ,3 mb. and .9 * .é mb. respectively.

%
B. KX Production

* :
For the analysis of K production we select events lying in a
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* *
K Dband: .850 < m < .930 , but not in an N  band: 1.16 <m__ < 1.30.
7 pr
By integrating the distributions aifi described in the last section we
: * *
estimate our sample to be o4 K p , 3% NK , and 3% background.
*
The decay distribution of the K 1is given in terms of its spin

density matrix elements by

w(6,9) = %%E[ oo cos26 + P11 sin°o - Pl sin°o cos 20 —'Jé.RéplO sin2p cosq}
(1)

with Poo = l-2pll . Avdiscussion of the gymmetry of o 1is given in

Appehdix A.. Here 6 and @ are polar angles in a coordinate system y «

in which the y axis is taken to be normal to the pfoduction plane, If

the 2z axis is taken to be tﬁe direction of the incideﬁt K+ in the K*

rest frame, Poo may be interpreted as the relative contribution of |

pseudoscalar exchénge in the framework of a one meéon exchange model

involving the exchange of vector and pseudoscalar particles. This

interpretation is not affected if the exchange process is modified by

form factors. The value of P00 will be altered if absofption effects

are important, but still may.be expected to give an indication_of the

relative importance of pseudoscalar exchange.

The parameters and Replo were evaluated from a single

Poo 7 P1-1
maximum likelihood fit to the K  decay distribution.8 In making this

fit each event was weighted with its escape correction factor, as in -
the fit tothe Dalitz plot distributions To avoid biases arising from

* *
the omission of the part of the K  band which overlaps the N band,

weexploit the fact that distribution 1 is invariant under the transfor-
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mation 6 > x -6 , ® > ® + x . The overlap is so located that if an
event lies in the overlap region, then its "conjugate" event lies out-
side it. In making the fit each event was given a weight factor of
two if its "conjugate" lies in the overlap region, thus effectively
"replacing”" the excliided events. In Table II we present the density
matrix parameters determinéd for the total K* sample. Results are
given both fof an unweighted fit and for a fit weighted as described
above. The two fits agree within the errors.

, +
* _ *
Table II. K Spin density matrix elements for the channel K p

Parameter Unweighted fit - Weighted fit
+ +

Poo 0.16 * 0.08 0.20 * 0.08

o 0.23 * 0.09 0.19 £ 0.09

l,-l . -

Replo _ -0.13 * 0.03 _ -0.16 £ 0.0%




KExK*

Weighted number of events

MUB 11405

Flg. 4 Decay angu%ar distributions for the K in the
channel K p . Particle symbols in the coordinate-
system diagram represent the direction of motion of
the particles in the K  rest frame. Events are
weilghted as described in the text. Curves are
determined by K  density matrix parameters obtained
from a three parameter likelihoodfit to the (6,¢)
distribution.
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An alternative method for determining Replo which is often
used is to evaluate Replo - =2 < sin 20 cos®p > . For our unweighted

I N2

data this method yields = -0.17 , in reasonable agreement with the

P10
result of our likelihood fit. 1In Fig. 4 we show the weighted decay

2 .
distributions in cos8 and ¢ for the total K . sample, along with

the curves determined by distribution 1 using our results for Poo

and Py_y * Note that distribution 1 averaged over ¢ gives a distri-
bution in cosé which depends only on Poo ? while averaged over cos@
it gives a distribution in ¢ depending only on Py - However the
values of Poo and p141 are coupled to the value of Replo in making
our likelihood fit. Hence the curves plotted in Fig. 4 ére not neces-
sarily the best possible fit to the corresponding histograms, but reflect
additional information on 6-9 correiations. The same éomment applies
to all: K# and N* decay distributions discussed in this étudy.

We now épproach our data with a one meson exchange model modified

2 We

by form factors, following the approach of Jackson and Pilkuhn.
first ask what particles may be exchanged. Restricting the possibili-
ties to low mass particles allows the exchange of 7 , n , p , @ and
¢ mesons. Evidence against the importance of p exchange is provided
by results of a studylo of the reaction K'n - K*Op » in which the
exchange of an isoscalar meson is forbidden.. Thevexchange of either

% or p is allowed in that reaction, but in fact the contribution of

vector exchange is very small, indicating that p exchange does not
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contribute significantly. isospin invariance of the vertices then
extends that conclusion to our reéction. The absence of p exchange
provides some support for the conservation of A parity,ll which for-
bids a p K K* coupling. Conservation of A parity would also for-
bid a ¢ K K coupling. This, along with the high mass of the ¢ ,
provides arguments against the importance of ¢ exchange in our reac-
tion. As for the n , SU

3
/e

1 . 2 2 _
gppﬂo =57 2 whlle at the meson vertex»we have gKK*n/gKK+ﬂO =3,

symmetry using a D/F ratio of 2,0 indicates
PPﬂ ‘
This, along with the high mass of the 7 compared to the #° , indi-
cates that the contribution of 17 exchange £0 our reaction will be
small compared to ﬁ exghange. Hence we restrict our model to thé
exchange.of % and « mesons.
Treating the K* as a stable éarticle, wé may write its produc-

9

tion cross section with the one meson exchange model (OME) as
do do

*
%% = Eﬁp + Eﬁz Where)with a factor for the XK - Kon+ branching ratio,
5 2
do oq" gz Gg 5 F_(A%)
& " Fsq hn IO % —
’ mﬂﬁﬁ

is the contribution from =x exchange, and

do . 2F(A)| (G+G

A R | Az 2
e " 3sq Im Mv2 Azl T 8¢
2 2
2s4g9 ¢q sin 6 Gv + GT A?
Mﬁ Yy Y I 2
* Mﬁ
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is the contribution from vector meson exchange. Here a, is the

*
momentum of the incident Kf in the rest frame of the K , given

by

a” = Q%;G[A? + (MK—MK*)?][ IS (MK+MK*)2]

s. is the square of the C.M. energy, 4@ is the C.M. momentum of the

*
K+ , a' . is the C.M., momentum of the K , and A? is the momentuvm

; 2
R 3 : :
transfer to the X . 1In the = exchange contribution %E is the

+
* *
K+ ﬂo X coupling constant, estimated from the K  decay width to
2 N
be about .75, %E % 15 4is the NNx° coupling constant, and FP(A?)

2
is a form factor. In the vector exchange contribution £§ is the

*
vector meson coupling constant at the K K vertex, GV and. 'GT are

coupling constants at the nucleon vertex, and FV(A?) is a form factor.
0f the vector coupling constants little is known, except that one can
argue9 for w exchange that GT X~ 0 . The unknowns then in these
expressions are the product 2 GV2 and the two form factors FP(A?)
and FV(A?) . _

For K* production at 3.0 Bev/c 12 the contribution of pseudo-

scalar exchange was found to be very small, and a good, fit to the data

2 Gy
was obtained assuming ® exchange alone, with I T < 12,

FV(A?) = exp [-A?/ (.7 Bev/c)ej , and M= .T50 BeV . Using the above
form factor and coupling constants an gttempt has been made to fit

.
K  production cross sections at 1.96 BeV/c.15

At that energy the
contribution of =« exchange is considerable, and the measured value

of Pop Was used to estimate cp and Uv . The observed value of
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o, was a factor of two greater than predicted using the parameters
from the 3 BeV/b data. On the other hand, op "was predicted quite

well using the known coupling counstants along with a form factor

oF-m_°
Frxé?) - — L with of = .165(Bev/c)® .

o?+A?

This form factor had given ressonable fits at 1.96 and 3.0 GeV/c to
the reaction K+p N KfN*‘, which has been found to proceed mainly by
pion‘exchange.lh’15

We are now prepared to apply the model to our experiment, and to
make further comparisons with data at other energies. To do so, we
adopt the pion and vector exchange form factors defined above and
take M = .78% . For the product £§ ;%} we try two values,
13.4 and 28.6, which when the pion exchange contribution is included
reproduce the observed total K*p production cross section at 3.0
and 2.65 BeV/c respectively. The tests of the model will be 1) the
shape of the K* production angular distribution ;t our energy,
2) +the energy dependence of the K* production crossvsection, and
3) the relative éontribution of pseudoscalar and vector exchénge as
a function of production energy.

Our K* production distribution, weighted with K° escape
corrections, is presented in Fig. 5. Curves a and b are the OME
predictions using the vector coupling value of 13.4% and 28.6 respec-

tively. Except for a curious bump in the backward direction, the

curves reproduce the shépé of the experimental distribution reasonably

st

4
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Fig. 5 K* production angular distribution for the reaction
K+p . K*+p . The curves are predictions of a one

meson exchange model modified by form factors, with
. and W egchange. Values of the vector coupling
constant fZGy® are chosen to reproduce the K*+p
total cross section at 3.0 BeV/c (curve a) and
2.65 BeV/c (curve b).
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well, considering the limited statistics. In magnitude, curve a ,
which represents an extension of the expression fitting 3.0 BeV/c
data, is much too small. Curve b agreeslin magnitude by construc-
tion.

Total K+p - K*p cross sections from a number of experiments
are plotted as a function of production beam momentum in Fig. 6.
'Curves ‘a and b Thave the same meahing as befcre. Curves c¢ and
d afe respectively the = and w exchange contributions to curve a .
Here we see very dramatically the failure of the simple OME model to
reproduce the energy dependence of the K* production cross section.
The predicted cross section rises steadily, while experimentally it
rises steeply at threshold and then falls off rapidly. This experi-
mental behavior corresponds closely to that of the total cross section
for ﬁhe channel Kon+p 5, which is shown in Fig. 7. The falling off of
this cross'séction becomes understandable when we note that the total
K+p cross section above K* threshold is nearly constant, so that the
opening up of new multibody channels is necessarily at the expense of
the Kon+p éross sectibn, and hence of the K*p cross section. Thus
it becomes dramatically élear that a model for K*p production must take
into account the effect of competing channels.

From Fig. 6 we see that the rise of the OME cross sectién with
energy results from the vector exchange contribution. This increase

with energy is a well known difficulty associated with vector exchange

models. As we see here, this behavior is not controlled by the addition



-25-

! l T T T T
Reference |
® |6
vz
® 13
B VvV 18 -
o 10 _
B A 12 |
> | O This experiment 1

o = T T -
£ b
) ’ /
Q
* - e - - -
- |
b B Y - Q]
- - -
— - ~
/’,/’
. \ —
/N %
- \\\\ -~
0 ] \ | 1 - —1T——=C

0 I 2 3 4q 5 (9)
P (BeV/c)
a _

MUB 11564

Fig. 6 Energy dependence of the cross section for the
reaction Ktp - K*tp , K¥+ > KOort , Curves a
and b have the same meaning as in Fig. 5, while

curves ¢ and d . represent the x and ® exchange
contributions to curve a . :



-26-

I T I T I l T
6 Reference —
' ® |6 _
= 5| A |9 v
E % M i
- : v 18 '
2 4 | - o 10 —
k& A 12
o O This experiment
94
b

3 { §§ __,

PMb (BeV/c)

MUB-11565

Fig. 7 Energy dependence of the cross section for the
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of a form factor. Unfortunately, it is also not tamed satisfactorily
by the absorption model as formulated by Jackson and others.25’2u

Next we compare in Fig. 8 the observed values of the density
matrix parameter Poo at several production momenta with the predic-
tions of the model. The values of Pop Bare averaged over momentum
transfer, and as indicated earlier give a measure of the relative
importance of pseudoscalar exchange. Curves a and b have the
same meaning as before. Here the simple OME model givés a somewhat
more accurate prediction.

Finally we note that the OME model used above implies a zero
value of the density matrix parameter Replo s although inclusion of
absorption effects predicts in general a nonzero value. In fact we
find that parameter to be -.16 * .03 , indicating another failure of
the simple model we have applied.

In conclusion we note that the OME model modified only by form
factors gives rather.poor agreement with the data ;n the reaction
K+p - K*p »  Production angular distributions are reproduced only
By fitting with drastic form factors of rather arbitrary form, while
the energy dependence of the reaction cross section is reproduced

very badly. It is not likely that the inclusion of 7 or ¢ exchange

_contributions could alter this conclusion.
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Fig. 8 Energy dependence of the K* density matrix element
foo 1in the reaction Kip - K*+p . Curves a and
b have the same meaning as in Fig. 5.
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*
C. N Production

For our analysis of N*(1256) production we select events
lying in an N* band but not in a K% band, with the bands as defined
in Section B. The production angular distribution for these N* events
is presented in Fig. 9. Like the K* distribution, it is strongly peaked
at low momentum transfers. Because of the limited number of events, we
have made no éomparisons with models for N* production.

The decay dist?ibution of the N* is givén in terms. of the
elements of its spin denSity matrix by
w(6,9) = %E[ P33 sin°6 + (% - p33)(% + cosee) - §§T'R6p5,-l s1n°0 cos 20

-2 Rep,. sin 20 cos@] (2)
V5ot |
where the ¥y .axis is taken to be the normal to the production plané.
Using the coordinate-system8 defined in Fig. 9, we have determined the

parameters and Rep51 by making a.single maximum likeli-

Psz 1 RePs .y
hood fit to the decay distribution for our sample. Corrections for K°
escape and for omission of the overlap of the K* and N* bands were
made in the same way as in fitting the K* decay distribution, described
in the preceding section. In Table III we present the N* density
matrix parameters determined from & fit with and without these correc-
tions. Evaluating Rep51 =.2%§ < sin 20 cos¢p > gives a value

Rep51 = 0.07 , in reasonable agreement with the result of the likeli-

hood fit. In Fig. 9 we show the weighted decay distributions in cosé
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and ¢ for the N  sample, along with curves determined by distribu-

tion 2 using our results for and p

P33 3,-1

ot

. *
Table ITI. N Spin density matrix elements for the channel N K°

Parameter Unweighted fit Welghted fit

P33 0.50 = 0.10 0.50 * 0.10

Re p 0.17 * 0.07 0.19 * 0,07
3,-1

Re P31 0.11 * 0.06 0.09 * 0.07

It is interesting to note that the number of "conjugate" events
used to replace the :N* events in the overlap region of the K* and N*
bands, plus the corresponding number of events for the K* sample, is
seven~~exactly the number of events which actually lie in the overlap
region for our sample. The number of events predicted by integrating
the distribution of our fit'over.the overlap region is 8. Thus there
is apparently neither constructive nor destructive interference between

* *
K and N amplitudes in the overlap region.
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Production and decay distributions for the N* in

the channel N¥tK® . Particle symbols in the coordi-
nate system diagram represent the direction of motion
of the particles in the N* rest frame. Events in

the decay distributions are weighted as described in
the text. Curves are determined by N* density matrix
parameters obtained from a fit to the (6,0)
distribution. o
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V. THE FINAL STATE K p &t =

A. General Features

We first consider the effect of pion contamination in the beam

on our sample of the final state K+p ﬂ+ﬁ— . The reactions

(1)

and n+p - n+p o (2)

K'p » x'p a'a”

are indistinguishable if one of the final state ﬂ+ in reaction 2 has
a momentum comparable to‘the beam momentum. About 25% of our events of
type 1 also fit reaction 2. We may estimate that about twice as large
a fraction of true evenﬁs of type 2 also fit reaction 1, since it 1is
sufficient for either of the two = in reaction 2 have a large momen-
tum in order to fake reaction 1. The cross section for reaction 1 at
our beam momentum is 2.6 mb, uncorrected for pion contamination. For
the second reaction the cross section is 3.5 mb?5 Thus we must estimate
that tﬁe fraction of events in our sample of reaction 1 which actually
represent reaction 2 is approximately .7 t?mes the fraction of pion
contamination in our beam, which we have estimmted to be<10%.

In Fig. 10 we present for the channel X'p A, a'"triapgle"
scatter plot of the K+n_ and pﬂ+ effective masses. It is clear
that this channel is dominated by the production of K*(89l) and
N*(1256). To estimate the amount of this production we have made a
maximum likelihood fit to the distribution of the "triangle" plot
assuming non-interfering contributions from the production of K#

* * *
and N together, of K alone, of N alone, and of non-resonant
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background. The assumed distribution is
-
F(a;mKTr"mpn+) - [alleK*(mKrr‘)f_N*(mpﬂ'*) + agl; K*(mKJT (3)
ra.a
1*2

+ agl fN*(m +) + 8 h] —
Here m. _ and mpjt+ are the effective masses of the particle pairs
K+n- and pn+ respectively, and the four coefficients a; give the

relative contributions of the processes listed above, with z:a,:.L =1 .
i
rg,q

The factor 7

gives the phase space associated with a position

on the triangle plot, where p 1is the C.M. momentum of the pﬂ+
system, ql is the momentum of the ﬂ+ in the pn+ rest system,

q is the momentum of the x  in the Kx restisystem, and W 1is
the C.M. energy of the reaction. The functions fK* and fN* are
the same as those defined in the preceding section. The normalization
constants Ni are chosen so that the integral of F over the triangle

plot 1is one for all values of the a;

The result of the fit indicates ‘the following pefcentages

K'p - W (55 + 1)
K pr" (9% 1)
W (19 = 1)
K'p «'x”  (non-resonant) (19 + ¥)%

Curves corresponding to this combination of resonance production are

plotted on the projections of the scatter plot in Fig. 10.
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Fig. 10 Mass scatterplot for the final state K+pn+n:- .
Curves plotted on the mass histograms correspond
‘to the production of K 'N**F, k*O, +, and non-
resonant background in proportions determined from
a likelihood fit to the scatterplot distribution.
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B. Production of K N
+ 0
For our study of the reaction K p—=>K N we select those

events for which .85 < W~ < .93 and 1.12 { mpn+ <1.34 . By
infegfating separately the four terms in distribution 3 over this
region of the triangle plot we estimate our samplé to contain 82%
KN events, T% K*pn+ s % N K s aﬁd 4% non-resonant background,
assuming no.interference between these contributions. Using our
estimate that the pion-produced background inciuded in our total
sample of events is less than 7%, and assuming that such events are
distributed over the "triangle" plot roughly according to phase space,
we may estimate thét the number of ﬂ+p events of type 2 included in
the sample defined above is less than that l/é% of that sample.
General expressions for the decay distributions of the K*
and N%: in terms of their spin density matrix elements were given
in Section IV. We have evaluated those parameters for our sample‘
of K*N* productions, using three parameter maximﬁm likelihood fits
to the decay distributions of the K* and N* , with the coordinate
systems8 defined in Figs. 11 and 12. Results are presented in
Table IV for the total sample, and for subsamplés corresponding to
different regions of production angle. In Figs. 11 and 12 we present
the decay distributions of the K* and N* respectively, along with

curves determined by the density matrix elements obtained from our fit.
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* * : -
Table IV 'K and N  density matrix parameters in the reaction

1.0 -(-1.)

+ 0 %t
Kp=X N , for various ranges of production angle 6.
* 2
K cos6 JAN pOO pl,-l Replo
1.0 - .95 .13 - .19  0.90 + 0.16 -0.22 * 0.06 -0.18 * 0.07
.95- .90 .19 - .26 1.00 * 0.12 0.14% + 0,08 -0.18 * 0.0k
.90~ .80 26 - .39 0.3 *0.12 -0.0% £ 0,10 -0.17 * 0.06
.80-(-1.) .39 -2.68 0.58 * 0.10 -0.08 £ 0.07 -0.10 * 0.06
1.0 -(-1.) .13 -2.68 0.65 * 0,06 -0.07 + 0.04 -0.16 * 0.0k
N coso G R
. P33 Reps,.1  Reryy
1.0 - .95 .13 - .19 0.2k = .09 -0.01* 0.08 -0.10 * 0.10
.95- .90 .19 - .26 0.00 * 0.11  0.07 * 0.09 0.09 * 0.09
.90~ .80 26 - 39 0.26 £ 0,09 -0.06 % 0.09 0.00 * 0.10
.80-(-1.) .39 -2.68 0.18 * 0.07 0.05 * 0,07 -0.10 * 0.08
.13 -2,68 0.18 £ 0.05 0.01 % 0.04 -0.0L4 + 0.05
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Fig. 11 Decay angular distributions for the XK' in the
channel XK*ON*++ , Particle symbols in the coordi-
nate system diagram represent the direction of
motion of the particles in the K* rest freme.
Curves are determined by K  density matrix
parameters obtained from a three parameter 1likeli-
hood fit to the (6,9) distribution.
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Fig. 12 Decay angular distributions for the N in the

channel K¥ON*+t ., Particle systems in the
coordinate system definition represent the direc-
tion of motion of the particles in the ¥ rest
frame. Curves are determined by N  density
matrix parameters obtained from a three paremeter

likelihood fit to the (6,9) distribution.
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In Fig. 13 we present the K*N* production angular distribu-
tion for our sample. This distribution is sharﬁly peaked with the K*
going forward, suggestihg a peripheral précess.

We note that the values of the K* and N* density matrix
parameters for our sample are not far from being éonsistent with the
predictions of an unmodified one pion exchange model, which requires
that Poo - 1 while pl-l,’ Replo B p55 » Re p5,_l , and Rep5l
all equal zero. Inclusion in this model of the effects of absorption
in initial and final states can alter these predictions. Hence we now
" apply to our data an OME model, assuming pion exchange and including
the effects of absorption.

* %
The amplitude for the reaction K+p -+ KN 1s given in the

unmodified pion exchange model by9
G* 1
M(t) = = T (a) u(v) p" gla-e)-e (%)
m 98 2
8 mjT -t

where a , b , d , and e represent respectively the four-momenta of
*
the incident K+ » the target proton, the N , and the exchanged pion,
m_ 1s the mass of the exchanged pion, t 1is the momentum transfer to
* 2
the K (t = -A") , and Uﬁ(d) , u(b) , and e are spinors correspond-

* *
ing, respectively, to the N (J = 3/2) , proton (J =1/2) and XK (J =1) .

++
* * *
The N px coupling constantg G may be estimated from the N decay
* o}
~ *
width I % = 120 MeV to be G - .57 and the X K+ﬁ coupling constant
N _ It o

g may be estimated from T % = 50 MeV to be %E = 1.67 . This amplitude

K
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Fig. 13 Production angular distribution of the K’ MUB 11567
in the reaction Ktp = KON+ , K¥ - K'n~ . The
curve represents a pion exchange model modified
only by a form factor.
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* ¥ :
leads toa XK N differential production cross section

2

2 2
*
. G a b

2

= & (s 2)° -t} 2 (s

sq2 = hom_° [ p (m 2-t)2
18 b1

do
at

W

where s is the C.M. energy squared, q 1is the initial C.M. momentum,
*

a, is the momentum of the incident K' in the K rest frame, and

’ *

bd is the momentum of the incident proton in the N rest frame.

This expression requires an additional factor of 2/3 to acéount for
the branching ratio for the decay K*O - K+ .

Before proceeding to add absorption corrections we may ask how
well the pion exchange model modified by a form factor alone can repro-

%%
duce our data. A good fit to the X N  production distribution at

1.96 BeV/c was obtained by multiplying expression (5) by a form factor

2

2 ofom © 2
|P(t) ] = [ —Z with o = .165 .

oFt

Using this form facfbr we obtain the curve shown in Fig. 13. This
curve reproduces the shape of the distribution fairly well, but is
somewhét low in magnitude. The principle obJections to this modifi-
cation of the model are however the drastic and rather arbitrary form
factor required to fit the data, and the fact that the modification
fails to account for the deviations of the spin density matrices from
the predictions of the urmodified model. In any case, it is unreason-

*_ %
able to expect that a channel such as K N production can be treated
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without consideration of the effects of competing channels.

We turn then to the absorption model as formulated by
5523

Jackson and others. .We refer to the literature for a detailed

discussion of the calculational methods and theoretical foundations
for the model. Here we will only outline the method. The model
begins with a partial-wave expansion for the ummodified (Born)

meson exchange amplitudes, using a helicity formalism
. B . i . 3
< Nohgx|BIA > = Z(J +5) < Nl In > 0 (0) (6)
J

where %K* ; %N* , and KP are the helicities of the corresponding

particles, A = %p and Y = %N* - KK* . Each term in the expansion
idt 187
is then multipled by an absorption factor k(j) =e J e 9 where

8; and 63 are the complex elastic-scattering phase shifts in the

init%al and final channels. In the model as formulated by Jackson,

15j
e is taken to be of the form

1/2
_7ij
1 -C,e

IR CY _ 2 o
where C+ = Op /hn A.+ and 7, = l/2q A+ where Op 18 the total
cross section for K+p scattering, ¢ 1is the incident C.M. momentum,

and A is the parameter which appears in a parameterization of K+p

elastic scattering of the form

0.5 At
——— e
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The quantities C_ and y_ are defined analagously for the final
state particles, but in practice are unknown. The derivation of the
model requires Sj+ = 83_ , or else that the Born term interaction
have a short range compared to the interactions which produce the
absorption. The 1attér condition is certainly not satisfied‘for
pion exchange, so tﬁat we are forced to hope that .C+ = C_' and

Y=Y In our calculation we will assume this to be true,

although we élso present the results of a calculation with ¥_ =vl/57+ .
The Born helicity amplitudes appearing on the left of Eq. 6 are
calculated from the amplitude of Eq. 4 using spinors corresponding to
helicity states of the particles involved, paying careful attention to

v phases. There are 24 helicity amplitudes for K*N* production, of
which only 12 are independent because of parity conservation. To make
the expansion of Eq. 6 it is possible and convenient to divide each
amplitude on the left into two parts, such that the partial wave
expansion of one part can be approximated by an inéegral over Bessel
functions, while the other part is easily expanded in terms of a
very few low partial waves. The final expression for the ﬁodified
amplitudeis then, for small production angles,

%
w (1) _ An(i)f 3 (0 x) K_(e x) k(x - %—)x ax (7)

8} .
JO

'jma,x
' Z an? aj, (0) x(3)
3=3,
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Here represents the modified helicity amplitude, where

y (1)
n

n = lk-u] and the index i distinguishes between amplitudes having

the same value of n , Jn » and Kn denote ordinary and hyperbolic

Bessel functions respectively, x is a variable corresponding to

J* % » dg = max (] 5 [ul) jmax J, or J,+ 1 inowr case,

o

]

2sin e , and € 1is given by

6 1is the C.M. scattering angle, w® 5

' =m2s (goq)? - iln? i ® s nad 2
: 7 M ~ M "MW T

where q and q' are the magnitudes of the initial and final C.M.

momenta. Equation 7 is essentially the same as Eq. 6 of reference 23,

except that the latter equation includes only the term with J = jo

* ¥ :
in the sum over J . For K N  production however, those amplitudes

>

with jo = % include also a term with J = 5 in this sum. Equation 6

of reference 23 also replaces k(Jj) with k(j - %) in the sum over

j . We will present results for both forms.

=

To evaluate C, and 7, for our calculation we use a total
K+ p cross section of 17 mb026 Since analysis of K+p elastic

scattering is not yet complete for our experiment, we. use a value

of A+ obteined by interpolating results at other energies,27’28

obtaining‘ A+ ~ 3.5 . We then obtain C+ = 1.0 and 7, = 15,

and put C_ = C+ > Y_ =7, -

In Fig. 14 we show the absorption model predictions for the

* %
K N production angular distribution near the forward direction,
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compared wi£h‘our-experiﬁental data. Curve a is the prediction of
the unmodified OME model, while curve b is the prediction of the
absorption model with the parameters defined above. Curve b repro-
duces the shape of the experimental distribution, but is gbout a
factor of 2 too high in magnitude. Fér comparison we present curve
¢, which is the result of a calculation in which the range.of the
absorption in the final'étate has been increased by putting y_ = .05,
and curve d, which results from replacing k(j) with k(j - %) in the
sum of Eg. 7, following Jackson. In Fig. 15 we compare absorption
model predictions with.our data on fhe K* and N* density matrix
parameters as a function of production angle. In each plot the solid
curve corresponds to a éalculation with C+ =C_ =1.0, Y, =r. < 15 .
Putting 7y_ = .05 leads to curves élmost identical to these. The dashed
curves are the result of replacing k(j) with k(J - %) in Eq. 7.

The agreement of the data on K%N*- production with the predic-
tions of the absorption model is not very good. Ho%ever the model does
roughly reproduce the production differential cross section, and succeeds
generally in reproducing the sign and order of magnitude of the devig-
tions of the density matrix parameters from the values predicted by
the unmodified theory. A virtue of the model is that it involves no
arbitrary parameters to be determined by "fitting".

One of the problems with the absorption model is the crude way

in which the absorption factors must be represented as a function of j .
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Fig. 14 Production angular distribution of the K in the
reaction K*tp - KO N'H , x* > KXtn~ . Curve a is
the prediction of the ummodified pion exchange model;
curves b , ¢ , and 4 follow from = exchange
modified by absorption as discussed in the text.
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Fig. 15 Density matrix parameters, as a_function of produc-
tion angle, for the K* and N in the reaction
Ktp - K¥oN®++ ,  Curves are the predictions of an
absorption model, as described in the text.
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In fact, as pointed out by Jaékson, the absorption might more
reasonably be taken to be a decreasing function of the orbital
angular momentum £ . For the production of K*N* (or p N*) the
values of £ can differ from the corresponding values of j by

as much as 5/?, and the relations between £ and J are of course
quite complicated. This may be a serious problem, since the results
of absorption model calcglations seem to be quite sensitive to the
way that absorption is introduced in the low partial waves. Tﬁis
may be seen in comparing our results using k(j) and k(j - %)

in the sum of Bg. 7. This sensitivity has also been found, especially
for production angular distributions, in a detailed study of some'

29

cases by Hogaésen et. al.



. -u9- :
VI. SEARCH FOR OTHER RESONANT' STATES T
We have examined all 2 and 3 body effective mass di;tﬁibutibns
in the channels _
K+p - K+p an” (400 events) | (8); *
Kp atw 1 ( 77 events) o (9) ‘E
and find no evidence for the production of resonént ététes oﬁﬁer fhé.né i
K*(89l) s N*(l256) , and @ . The cross section for « production in
channél 9 above is 0.07 * 0.03 mb. ‘
We have looked particularly for possible'enhancemehts in the
K t n mass distributions in these channels. In Fié. 16 we.show the
K'n'n” mass distfibution in éhannel 8. The dashéd curve is the phase
space distribution, while the solid curve is the distribution wlqiclh ,
would result from the production of K*o and Nf++in the pfobbrtioné
indicated in section V, assuming simple Breit-Wigner forms for tﬁeir
production matrix elements, and assuming that these resonances.decay
isotropically. The experimental distribution deviétes from both

curves near 1.175 BeV. A sharp K = n enhancement has been reported

30

in # p reactions at this mass. However that enhancement was

* .
found not to be associated with K  production, while the peak in
our distribution becomes more pronounced when we restrict the events
. . + - *
to those witha K mass in the X region, shown in the shaded

portion of Fig. 16. We find no evidence for a K n % enhancement

in this mass region in the events of channel 9. Hence we believe
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! Ly
that the K+ ﬂ+ n  enhancement in channel 8 is simply axkinematical :
0] . "‘*‘+ i o !
* ‘ : o
reflection of the nonisotropic decay of the K and N produced ;

in that channel.

t

The observation of a small peak in K+p and K'n total cross

sections at a C.M. energy of about 1.91 BeV has raised the possibility
|

ofa ¥Y=2, B=1,1=1 resonant state with that mass and a width -
I & 180 MeV.51 Hence we have examined the K+p and K+pﬂ distributions

in the above channels for such an enhancement. We find no evidence 'for

its production.
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Fig. 16 M(K*a*n~) distribution in the channel K'p «'n .
The dashed curve is the phase space distribution,
while the solid curve represents the effect of
production of XK*© and N** | as described in the
text.
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VII. TEST OF SU5 PREDICTIONS

We test here a set of relations of the form E:ci Ai =

1

1
@)

relating amplitudes Ai for three body final states of K+p reactions.
These relations, whose derivation is discussed in Appendix C, are a

consequence of exact SU, symmetry. They are

3
Nox 7% -x° «'p -X on=0 o (1)
k" k= 4%k st ekt kT2 =0 (2)

k% N2 a3k N2k KT =0 (%)
K" xn o+t K -2k KT P sNB KT KIA=0 ()
Here we denote an amplitude by specifying the cdrresponding particles.
Relations 1) and 2) above are a consequence of isotopic'spin invariancé
alone.
| First we must note that our relations imply ihequalitiesiof

the form

1#]
between differential channel crosé.sections ci(x) , where pi(x) is
a phase space factor and we specify all momentum variableé symbolicaliy
by x . However, because of limited data we would like to coﬁpare
total channel cross sections. If the phase space factors were the
same for all channels,vas they would be for exact SU3 symnetry,

they could be removed from the inequality and one could derive correspond-

ing inequalities?:
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where o, =L/\ci(x)dx . In comparing with experimental data we will

apply these inequalities replacing o, with di/pi ,-thus apprpxi—

i
mating the effect of differing phase space by dividing each total

channel cross section by a "total" phase space for that channel, - '
defined by p; =L/\pi(x)dx .

. _ : L - +. 0 . + 4
Since cross sections for the channels ' K pr and K nn

o
have not yet been determined fofvbur experiment, we wili uge the "data
at 3.0 BeV/c>> to test the relations derived in Appendix C. At this
higher energyvthe effects of differing phase space are considerably
smaller. In Table V we list the relevant channel cross sections
from reference 32, along with total phase 5pace for.each channeif
relative to theiphase space for the channel K+pﬂ° L " |

Wé now apply the inequalities implied by .relations i-h above.
Relation 1) implies a triangular inequality which ié comfortably |
satisfied, the sides of the triangle having relative lengths of

1.83, 1.45, and .95. Relation 2) implies an inequality

ok %) =W (kK k)
which is also satisfied, the left and right sides having relative
magnitude .27 and .19 respectively. Relation 3) is the first which

is not implied by isotopic spin conservation alone, and is especially

interesting since it relates strange particle production to non-strange

i

e
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production. It implies'é set of four inequalities, one of whiéh'is
not satisfied. For the inequality with the channel 'pn+KO on the
right, the left and right sides have experimental magnitudes of
1.88 + 0.17 and 2.04 * 0.14, This inequality is satisfied within
the errors however, and the magnitude of the violation is probably
small compared fo uncertainties in our method‘of making phase space
corrections. Finally, relation 4) provides no useful inequalities
among totél channel crosé sections.

We may conclude that the experimental data is consisteﬁt
with the general predictions of SU

3

these tests are not very stringent. Also, it is not cleai how the

which we have applied. However

effects of mass differences should be taken into accdunt in applying
these relations. It is possibly better to compare reaction channels

not at the same C.M. energy, as we have done, but at C.M. energies

33

giving the same Q value to each channel. It will be interesting

to apply these tests of SU3

of mass differences are minimized.

at very high energiés, where effects
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Table V. Three body channel cross sections and phase space factors

for K'p reactions at 3.0 BeV/c.32

o, (mb) : Py | | | \Jc:i/pi

K °p 1.7 % .4 1.00 1.3

K n'p 2,1 * .3 .99 | 1.45
K'n'n 9 % .3 .99 | .95
K'np .006 * 004 46 RS
k'k%=* .015 * .005 21 .27
k= .0075% ,0025 .21 .19

kKA .02% * 0045 .29 .28

Phree



'_56-
ACKNOWLEDGMENTS -

I am indebted and most grateful to Professor William Chinowsky,
who has given me both guidance and freedom in excellent proportions.

I would like also to qxpress deeb gratitude to Dr; Jonas Schultz
for many helpful discussions.

I thank Dr. William/ﬁ. Johnson and Dr. Rudolf Larson,'who‘shared
the work on this experiment.

I thank also Mr. Julius Spiro, Dr. Hugh Brown, and the crew of
the Brookﬁaven AGS saccelerator, and Dr. Rélph Shutt and the crew of the
Brookhaven bubble chamber group, for their part in this experiment.

I am grateful to Mr. Roger\Bland for helpful discussions, and
to Dr. Benjamin Shen gnd Mr. Victor Seeger for providinglme with
preliminary results of their work.

- I thank Professor Emilio Segre fdr his suppért of this work.

Many thénks are due to the scanners and measurers who worked
on this experiment: Judy Conklin, Jean Freund, Gléria Tafralian,

Teryl Pratt, Cathy Conner, Joyce Smart, and Carlis Braswell.
I appreciate glso the contribution of Mrs. Rosemary Fowell

in typing this thesis.



-5T- L
APPENDICES

A. Symmetry of the Spin Density Matrix f

The spin density matrix is Hermitian and satisfies Tr ¢ = i .
Parity conservation in the production proceés of a particle imposes
on its spin density:maprix additional conditions, whOSe'form dependé
on ‘the choice 6f cobrdinates, and in particular on whether the ik.,i

y', or 2z axis is taken to be _ﬁ s the perpendicular to -the produc-

tion plane. All three choices appear in the literaturé, and we collect

here the corresponding conditions on p

n symmetry condition _ : S
A _ : : ) T
X pmm' = p._m, -m' S

A 3 m-m' \

y plmn' - ( l) p_m,_ml

~ m-m' |

Z Pem! = (-1) Prm?

L

In eacﬁ case 2z 1is taken to be the axis of quantization. ‘These
conditions hold only if in the initial statevof the reaction the
polarization, if any, iszalong the normal to the production plane.

If this is so the conditions on p may be derived by notingvthat since
the initial state is invariant under reflection in the production plane,
therefore. the final state 1s similarly invariant, in the sense that |
ﬁhe reflected state is equally probable. If we sum over all the other
spins and momenta that distinguish up from down in theffinal state,

(but not necessarily over momentum transfer to the parpicle consﬁdered>,

then we may require the spin density matrix of the parﬁicle to b;
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invariant under reflection in the production plane. Now reflection = RP

where P 1is the parity operation and R 1s a rotation by =n around A,

P leaves p 1invariant, since it is bilinear in V , and invariance under

the rotation then requires

g 5
pmml. = Dmn pnn' Dn’m' . \ (l)

where DJ is the rotation matrix for angle = about n. J is the spin

of the particle. The form of DJ depends on the cholce of axes as follows:

n D

- = 1% (m-n) |

X Dl 55 m 3 =e e (-1)7" %, -n
om0 = (1) '
O I P |

Substituting these expressions for Y in equation (1) then éives the
symmétry conditions on p given above. Note that the form of the condi-

tion depends only on the axis chosen to be normal to the production plane,

and not on the orientation of the other two axes in that plane. In particu-~-

lar, the form for n = § is correct both for helicity coordinates, in

which 2 is taken to be the direction of motion of the particle, and for

the often useful coordinates in which 2 1is taken to be the direction of . -

an incident particle in the rest frame of the outgoing particlé._
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B. Covariant J = 3/2 Spin-Energy Projection Operator

In performing calculations involving a spin 5/2 particle such as
the N*(1256) 1t is often possible to reduce spin sums to tracé calcula-
tions by introducing a spin-energy projection operator. Such an operator
is used by Jackson9 and other authors to whom he refers. We present
here a derivation of that operator in a somewhat different form which we
find particularly cbnvenient to use.BLF

"~ We want a proJjection operator which projects out the positive energy,

J = 5/2 part of a product of a Dirac spinor and a four-vector:
P = PB/é Pl A

where

A+='ﬁli

2m
is the positive energy projection operator acting on the spinor,

1 e

P =-g 4+
Hv uv m2 )

projects out the J =1 part of the four-vector, and P3/2 is thé

J = 5/2 projection operator acting oman E > 0O spinor and J =1
four-vector. Here m and pu are the mass and four-momentum of the
particle described, and 800 = +1 . To construct PB/2 we start in

the particle rest frame, where we have

o

2 |
3 (L + J, Jg)ij

2 i k
=3 (5 ~F e )
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where we have used

L
(Jl)l,j =- 1&g
and
k
£ =9
2 T3

We now cast this in the covariant form

32 2 i p 50
PIJ.V _j(guv-&neuvpcprp)

where

60123 =41 .

We note here that the three projection operators PB/2 Pl A commute |

with each other. Finally we combine them to get

Py =—§- (Bm) (-g ., > pup 5 Savos 7 75 p)

where we have dropped a factor of %ﬁ so that products UQU& may be
replaced by Puv in performing spin sums in calculations ipvolving
Rarita-Schwinger J = 3/2 spinors normalized vﬁhUu =2m .

The above expression may also be cast in the form given by

Jackson, expressed here with our conventions

1
(15+m)[ 2 PP, 3 7% * 3% (72, - 7p)

The first form is particularly convenient fo use in trace calculations

however, since all y matrices are in the single term euvpc 7p 75 pc »

and the antisymmetry in uv and/br the 75 ih this term kill instantly‘

most terms in the trace which involve it. Typical terms remaining are

L
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oftthe form Tr Aﬂﬁﬁ 75 where ﬁ 75 comes from the

€ oo
term, and particular D = epuvc Y 7 pc. This is easily evaluated
using Tr K#£P 75 hi €oBys 228 o7 p° ana
mrst t t .8 t .8 T
= 8> 8 o + 6 5 5 + 86 B B
“ungp n g p ap" "nap
T .5 s <t .r r .5
-5 8 8 -8 85 &5 - 6 & 6 .
n°g p n g P n.gp

C. Derivation of Cross Section Relations from Reaction Symmetries

a.' General Method

It often happens that a symmetry such as SUé or SU3 can be'

used to relate a number m of amplitudes Ai for reaction channels
to a smaller number ﬁ of amplitudes ay which are characteristic
of the symmetry. Thus, Ai = Mijaj where M is an m X n wmatrix

determined by the symmetry. From these relations one may derive a

set of relations of the form }:ciAi =0 . The number of independent
i
relations of this sort obtainable without any knowledge of the a; is

m~-r , where r 1is the rank of the matrix M . Bach such relation

provides a set of inequalities of the sort %r leg Hal 2 |Cj!|Ajl

which may be experimentally tested using IAiI =~lci/bi where Ui is
the corresponding channel differential cross section and pi is a phase

space factor.

‘ 1'v
707513 Il
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A simple example is provided by the three reactibn channels

K+p > gt P © 1)
k' n ol 2)

o +
K px 3)

whose amplitudes are related by isotopic spin conservation to two

amplitudes corresponding to coupling the pion and nucleon ina I = %

or 3/2 state:
1 1Ae2

!
A, | =f N2 -1/2 a
Ay 0 3/2 | a5

This yields the single relation \[2 A1, -A2 V-A5 =0 .

For relations involving many amplitudes, extracting all possible
amplitude sum rules can become Quite tedious and confusing. Iﬁ‘is
possibie however to extract methodically and simply ali independent
amplitude relations from expressions of the form K =M g by using
the fdilowing ﬁethod. The method is similar to one which is commonly
used to invert square matrices. We start with our relation written
I K =M a s wherev I is the m X m identity matrix. We then perform

'a series of elementary row operations on the m X n wmatrix M , while
simultaneously performing the same operations on the matrix I on the
left. An elementary row operation is one of the following: 1) multipli-
cation of a row by a non-zero constant, 2) addition of a multiple of

one row to another row, or 3) interchange of two rows. Noting that

k
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|
each such operation corresponds to multiplication from tye left by a
simple matrix, we see that the above equality is preserved at each step
as I evolves into & new matrix E . The object ie ﬁo pfoducé rows of
zeros in the matrix M . For each such row achieved, the corresponding
row of E clearly provides the coefficients of a sum rule relating the
Aiv. Elementary rowvoperetions do not changerthe rank Qf‘a matrix, S0
that all the rows of the matrix E .are line&rly independent at every
sﬁep. Hence all fhe ampiitude relations éenerated with this method are
independent. |
Ih principle one ean redueerthe matrix M methodicaliy by using
a row to produce m-l‘ zeros in the first column, anothef row to produce
m-1 zeros in the second column, and so on. In practise however M
usually has a quite sim@le ferm, and oné can easily spoﬁioperations

which quickly generate rows of zeros. One proceeds until it is clear

that the remaining non-zero rows are all linearly independent, at which

«

" point the maximum number of independent amplitude relations has been

derived.

One might postulate that certain of ﬁhe amplitudes ai are zere.
Then one may eliminate the corresponding columns in M and proceed as
before, obtaining in genersl a greater nuﬁber of amplitude relations.
In our example above one might postulate that oniy the I = 5/2 coupling "~
of the Nr system contributes--e.g., perhaps the reaction proceeds ohly

*
by way of N 3 production.

3
To provide a useful test of a symmetry, an amplitude relation
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should involve only channels which are‘experimentallj measﬁrable, ; .

and should relste a minimm of amplitudes so that the‘correspondiné

|
!
From a given set of amplitude relations it is possible to derive new ones |

' |
cross section inequalities impose as stringent a condition as possible.

which, while got independent of the original relations, may be more use-

ful in practise. This is conveniently done at this point by colleéting vj

the stm rule rows of E into an (m-r) X m matrix which is then manipu- '
. ! St ' o "

lated using elementary row opefations in order Ed produce'a miﬂimﬁm

number of non-zero elements in each row, and a minimum number of non-
zero elements in each column corresponding to a reaction channel about

which no information is available. . K !

I

b. §gg S&mmetry of Kf.P - PPB ' o | :, li“

We cdnsider now the relations implied by exact SU3 ‘éymmétry”for ‘
K" p three body final states of the sort TPPB , where each P is a

.

member of the pseudoscaler octet (K, K, n, ) , and B is & member of _f
the baryon octet (N, =, £, A) . There are seven distinct channels of ‘
this sort, corresponding to twelve final states when we treat e.g.,

K+ ﬂo p and no K+ p &s distinct final states, which makes sense when®

spatial wave functions are associated with the particlés. The final

states are:

o} o _+

K'p-k «°p , K1 S

K° n+ P, n+ K° o)

+ - +
K7 p , 7 K p

[
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+ + + _+ ’
K ¢ n , t K n .

x k° =t , ~ K+ st
A |
xt k" A
The initial state K+ p transforms like the I = I3 =1 ,%Y=
member of the 27 dimensional representdtion of SU3 . Amplitudes for

the twelve final states may then be related to six amplitudes, correSpond-

ing to six possible ways of coupling three oétets té get 8 é?.w Us;ngva :

tensor representatipn'of thé octets, one may chose six amplitu?es.fai‘

corresponding to the 6 permutations of the paiticie labels 1, 2, 3 inl

the coupling | v

W@ v @ W o)

In each permutation V¥ (1) is the tensor which.represnts the first meson,
( .

¥ (2) represents the second meson, and V¥ (3) ;represents the barybn;

The first such coupling, for no permutation of 1-2-3, is

gk-n X P+ = © K P+ 7 K° p -2 k" mp . ]

{6 ~f2

The remaining five couplings are then obtained immediately by permuting
particle labels and substituting Ke N, ne X , n e A when baryon and
meson labels are interchanged. For example, the coupling for the permuta-

tion 1-%-2 is

= 1 K P +-—— n K p + ﬂ K n-2 K K A,

~f6 NE
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The coefficients of the physical channels in theselsix couﬁlipgs thé;
form the elements.of the 12 X 6 matrix M in an expression A= Mng ;
This matrix has a simple form, and is easily reduced with the method
described in the preceeding section to yield relations 1 - 4 in .
Section VII éf this thesis.

These relstions are also easily derived in a direct way‘usiné
I-spin and U-spin coupling schemes. However, the method described \
here.is eQuélly easy and ﬁas several advantages. It assures thét_ali L
ﬁossible relations will be found, that they are all independent, and - ﬁ
that the phasgs-of'the amplitudes involved are all consistént‘so‘thaﬁ
£he relations may be combined to yield new forms. Further, with an
appropriate choice of the ampiitudes a, ‘it is easy to feed in possible_
assumptions about the dominance of certain coﬁplings--for éxample, that ;:
the baryon and one meson couple predominantly through é chanﬁel corfes: ;

ponding to the JP = 5/é+ decuplet.
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