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NEW DATA IN THE REACTION « p—-Z K AT 1.28 AND 1.41 GeV/c AND A TEST OF
CHARGE INDEPENDENCE IN THE c.m. ENERGY RANGE 1.820 TO 2.090 GeV*

G. E. Kalmus, G. Bor:rearu,T and J. Loule:t

Lawrence Radiation Laboratory
University of California
Berkeley, California 94720

July 1970

ABSTRACT

Data. at two ‘incident 77 momenta (1.28 and 1.41 GeV/c) in the reaction

nt p— E K are presented. Our previous partial-wave analysis of this re-

ac'c1on1 is extended to include these data..

Charge independence is tested

over the c.m. energy range 1.820 to 2.090 GeV; we used our data for the
skt channel and published data for the m p—>x°K° and = -K+ channels.

‘I INTRODUCTION

Data at two ihcidérﬁ: n+ momenta (1.28 andb
1.41 GeV/c) in the reaction Tr+p—>Z+K+.are
presented. These data, which consist of an-
gular distributions, Zf polarizations, and
cross sections, are then combined with our
previously published data for seven momenta
(1.34, 1.43, 1.55, 1.63, 1.68, 1.77, and 1.84
GeV/c. ! The partial-wave analysis described .
in our previous paper (referred to hereafter
as KBL)is extendedv to include thesé two mo-
menta. The data are also used to make a test

of charge 1ndependence in Z productlon vWe

used published data for the channels = p—»ZoKolv

and T p—>3Z "K' in the same energy range. Since
nearly all the experimental details, theory, and
analyses are identical to those in KBL, onlya
brief description of the essentials is given in
each of these sections, and the reader is re-
ferred to KBL for a.full discussion. Thetables
and figures have, wherever appropriate, in-
cluded our previous data; however, for angulér
distfibutions, polariiations, Argand plots, and
tables of the parameters of the fits, the reader
is again referred to KBL.

II. EXPERIMENTAL DETAILS

A. Exposure. '

The experiment consisted of an exposure

of the Lawrence Radiation Laboratory 25-inch

. hydrogen bubble chamber to a 7 beam of mo-

menta 1.28 and 1.41 Gev/c. Approximately
130000 pictures were taken at each momentum.
Table I summarizes the data taken.

B. Scanning and Measuring

The entire film was scanned and half of it
(every other roll) was rescanned for 'two-
prong' events in which one or both prongs
were ' kinked. " Thev scanning efficiency of
each scan was found to be about 90% for events
that were eventually accepted as TT+p —>Z_)+K .
All events that were found on either scan were
measured by use of the COBWEB on-line
Franckenstein system. 2 Events were remea-

sured if they did not fit, with a satisfactory

‘ XZ, the hypothesis 1r+p—_>E+K+, with the Z+

decaying either to Tr+n or pm®. The second

measurement yielded approximately an addi-

-tional 20% of events. - The events that still
" failed were examined on the scan table. Ap-

proximately another 5% appeared to have a

good Z+, and were within the cuts made on the
data. However, in most cases the reason for
failure was clear (such as a confused vertex)
and independent of the kinematics. [At 1.28 =
GeV/c the energy is below threshold for addi-

tional 7 production, whereas at 1.41 GeV/c’



all events were also fitted to the hypotheséé
Z+K+'rr° and E+n+K°. However, only four
events (out of about 3_00)_.fittéd' either of these.]
These failures were therefore essentially un-
biasé‘d, and were corrected for only in the
cross-section measurement. '

Cuts were made on the data for beam
entry angle and momentum, for fiducial vol-
ume, Z+ length (> 0.3 cm), and Z+—> 1T+n de-
cay angle (> 5°). The remaining events were
then weighted to take these cuts into account
(for details, see KBL). v

In order to obtain cross sections, beam
tracks were counted evéry hundredth frame

throughout the entire film.

I1II. DATA

A. Cross Sections

Table II shows the number of events ob-
tained at each momentum, and the calculated
cross sections. Figure 1 shows the cross
sections together with others in the same en-
ergy range from the literature. The cross
sections were obtained by using only the
weighted number of E+ - Tr+n events (and
multiplying by 2.12 to take into account the
=t~ pr® decay mode). | The errors shown
include both statistical and systematic effects.

B. Angular Distributions

The angular distributions for both the
weighted and unweighted 1r+p—> Z+K+,v Z)+—;ﬂ+n
events are shown in Fig. 2. The prodﬁction
cosine, cos 8, is defined as the cosine of the
angle in the center-of-mass system between
the incident ' and outg_oing‘ K'.

C. Polarizations

Fig:3. shows aP, (for E+» p'rro) as afunc-

=
- tion of cos 8, where o is the = decay asymmetry
parameter and —IBE'i-s'lthe average polarization of
the . (See KBL for more details. )

D. Legendre Expansions

Figure 4 shows the values of. Am/vAOeoisthe.
Legendre polynomials fitted to the experiimental

distributions shownin Fig. 2. The expression

dN/d(cos 8) = :

m =0

A P {(cos8)

m~ m
was used. Figure 5 shows the values of the
expansion coefficients Bn-/v—'AO of the first asso-
ciated Legendre series when fitted to-the polar-
ization distributions shown in Fig. 3.. An ex-
pression of the form

nmax

' 1
B P (cos6)

n " n

A=

was used, where I is the angular distribution,
P the polarization, and h a unit vector along
the production normal [fi = (ﬁ+><f{,+)/( EDS'sl ),
ﬁ+ and f(+ are unit vectors along the ot and K'
directions]. ‘ -

The Am/AO va_luves .plotted come from the

seventh-order fit. It was found that a third-

.ordevr fit was satisfactory at 1.28 GeV/c and a

fourth-order fit at 1.41 Gev/c. (Ai/AO to
A4/A0 remained essentially unchanged between
the fqurth- and seventh-order fits.) The Bn/A0
values plotted come from a fourth-order fit
(the maximum allowed with five data points).

It was foundvthat a second-order fit was satis-

factory at 1.28 and a third-order at 1.41 GeV/c.

IV. THEORY

Partial-Wave Analysis

Since the theory for the partial-wave anal-
ysis is identical to that used in our previous
paper, 1

In the reaction of spin 0 + spin 1/2 - spin 0

only a very brief outline is given h'ere.:

+ spin 1/2 the transition operator M is given

vby M =a(68) + b(6) -g-ﬁ, where a and b are

the non-spin-flip and spin-flip amplitudes, re-

spectively. The production angle 8 and pro-

duction normal fi have been defined in

Sec. IIIB, D, and g is the Pauli spin operatorb.
The relatibnships between a(60) and b(8)

and the complex partial-wave amplitudes .

Tz:(ﬂ is the final orbital 'anguiar' momentum)

are

o
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o

a(0) =XZ[(£ + 1T, + T,] Bylcos 8),
£ .
. + -1,

b(6) = 1’\2['1‘z - TI] P! (cos 6),

{
where X is the m' wavélength in the c. m.
system divided by 2w, the superscripts+re-
fecrto J = £ £ 1/2, and PI and P; are the
fth-order Legendre and first associated
Legendre polynomials respectively.
The differential cross section I and po-

larization P> are.given by

4

and

= lal®+ b2

i

= 3
IP = 2 Re(a b)A.

Y

The amplitudcs Ti are in general func-
tions of the c. m. energy.

In our analysis we have assumed that the
energy dependence of T was given by the

Breit-Wigner formula for a resonance

T = {1/2<rerr)_1/2 /(B - E)-iI‘/Z]} el®,
where E 1is the c. m. energy, ER is the en-
crgy of the resonance, 1"e the partial Width into
the elastic emd-l"r the partial width into the -
final (reaction) channel, .and I" the total
width = Zl"] , where i are all the decay chan-
nels. W& have also assumed that the partial
widths }."i are energy @ependent and that these
can be approximated by the Glashow-Rosenfeld

formula
q2 4 q
ol —>—e =,
t in+X-Z. E )

where q and li are the momentum and or;
bital angular momentum of the decay products
of the resonance into the ith channel, and X
is a parameter associated with the radius of
the interaction and has the dimensions ofinaés
(we use X = 350 MeV). |

. The form of the energy dependence used

for the nonresonant amplitudes was

.A(1950) ~

T = (A + Bk)e (C T DK,

where k is the incident c. m. momentum.
Values for (IT), ER,I‘/Z, anddor A, B,
C, and D (or both) were obtained for each par-
tial wave by minimizing the XZ between the ex-
perimental angular distributions, polarizatioﬁs,
and cross sections and those calculated for
various values of the input parameters (see
KBL). '

V. RESULTS
A. s-Channel Partial-Wave Analysis

Since the two momenta are on the low side
of our previous range, and on the low side of
the A++(1950)_, we decided to concentrate only
on the s-channel partial-wave analysis rather
than the s-, 't-, and u-channel approach also
used in KBL. As these data show only a small
increase, both in stétistics and in energy range,
over our previous data, we have used our pre-
vious solutions1 (bé.sed on seven inomenta) as
starting values for all nine momenta.  Clearly,
any solution that did not fit the data well before
would still not fit. Some of the parameters of
the fits are given in Table III. The fit ﬁumbers
are the same as in KBL, and indicate that the
final solution in KBL was used as the initial
condition here. It can be seen from this that
the solutions are little chénged‘ Figures 6a
and b show two Argand plots, for solutions
192B and 209B. In particular, ‘the amplitude
of the A(1950) is within errors of the previous
value [and thus the branching fraction for
Z)l+K+ of 2.0+0.4% remains un-
changed]. The only difference‘appears to be
in the width of the A(1950), which has increased
slightly, buf is -still within the er-'ror limits
quoted in KBL. Thus, all conclusions reached

in our previous paper remain valid.

"VI. TEST OF CHARGE INDEPENDENCE IN

Z PRODUCTION :
A, Introduction

Charge independence in strong interactions



predicts definite relationships between the
ainplitudes of the reacfciéns
+

«tp = =Tkt (1)

mp—~ KR 2)
and '
- -t
. np =K' (3)
If the amplitudes of these reactions . are
f+(9), ‘fO(B), and f (0), respectively, then for
each spin state the following relationship

holds:
£7(0) = 2£% (0) + £7(8) . (4)
This c’orrespondé to a triangle in the complex
plane. '
Since the differential cross sections are
- the squares of the amplitudes, the following

"triangle inequalities' between the cross

1/2
-

e

1/2
=)
(6)

1/2
z+> :

(7)

sections (for each spin state) hold:

. Zig ‘1/2< __d(_'J’ l‘1/2 +Eg

ae |=°). T \dn |zt dae
S\ 1/2 .[do
=%} . 1de

2 (4o
=0 dan

it can be shown that the relationships

do

B
fo !
<

\ /

/2
(512 "\/<2_._
ae|=-t =

In fact,

(5)-(7) also hold after summing over spins.
The purpose of this section of the.paper

is to test these inequalities, using our data

(including KBL) and published data at 1.277,

1.325, 1.50, 1.60, 1.70, .and 1.86 GeV/c in

and Tr-p—>2-K+. 9-11

A test of this kind has been performed by

the reactions m p- Z°K?°

Binford et al. 2 at three lower momenta (up
to 1.277 GeV/c) and by Pan and Forman® at
1.7 GeV/ec. Binford et al. find that relation-
ship (5) becomes an equality as cos 6 -~ +1

(in fact, it is slightly violated), whereas Pan

and Forman find that relationship.(6) is vio-
lated near cos 6 = - 1.
B. Method .

For the p\i,rpose of this paper we have .
used the fitted ,An coefficients [where {4"
do/da.= = -Anpn (cos ) has been used] to
Table IV gives the A _co-

P
efficients at our nine momenta for m p - Z K .

n
represent the data.

We have also interpolated between our data
points to obtain values of An for 1.5, 1.6, and
1,7 GeV/c in order to perform the tests at mo-
menta for which data in the other channels are
available. The A coefficients for T p > ZK°

and ™ p— Z_KJr were taken from Refs. 9 — 11,
C. Results

We have plotted only two of the inequalities at
e_ach momentum (expressions 5 and 6), since for .
expression (7) the lefthand side (lhs) was found to
be consistently less than the right hand side (rhs).

. Figures 7a~f show the.tests of the triangle
inequalities at 1.28,1.43, 1.50, 1.60, 1.70, and
1.76 GeV/c.
of expression (6)‘ for the upper figure (I) and the
. The dotted
lines representthe lhs of (6) for (I) and the lhs of
(5)for (II). Thus (5) and (6) are satisfied if the

dotted line remains below the brokenline. In

The brokenlines represent the (rhs)

rhs of (5) for the lower figure (II).

order to clarify the drawings, inthe cases where
thereisno" vioiation" at any angle, we have not
indicated the errors. Wherethereis acrossing

of the curves we have drawn two regions--corre-
sponding to = 1 standard deviationfor the lhs and
rhs of (6) or (5).

requires that the lower dotted line not be signifi-

Charge independence, therefore,

‘\
cantly higher than the upper brokenline. -
By examining Fig.7 we note ﬁhe following: (

‘(2) Thereis noclearevidence for a violation of v

charge independence although at the upper four

momenta the mean value of the lhs of (6) is greater

thanthe mean value of the rhs in the forward'di‘-
rection. Atthe twomomenta closesttothe
A++(1950) the extent of this effectis greatest, ex-
tending fromcos §=0.75t01.0at 1.5 GeV/c and
from cos 6=0.1to 1.0 at 1.6 GeV/c. )

(b) Asthe momentum increases the triangle



&
e

(Fig. 8) becomes flatter, and relation (6) be-

comes an equality (i.e. ¢ > 0 deg)--firstin

 the forward direction at 1.5 GeéV/c and then ex-

tending over the whole range in cos 6.

(c) At the lowest momentum ('1.28 GeV/c),
relation (5) becomes an equality in the for-
ward direction (i.e., ¢' - 180 deg). The gen-
eral behavior (that ¢'- increases as cos 6 in-
creases) persists at all momenta.

D. Discussion

1. Our results are perfectly consistent with

those of Binford et a.l.12 at the lowest mo-
mentum and with Pan and F‘orman5 at 1.7

GeV/c. This is not surprising, since in each

" case the same 7 p - 2°K° and = "K' data

were used and the only difference was in the
=*k" data.

2. Since there appears to be a p‘ersistent,

but statistically not véry significant, violation
of condition (6), we have examined the data in
the region close to cos 9= 1.0 carefully and,
in particular, the data of Dahl et al., 1 which
were used at 1.5 GeV/c and above for both
TOK® and =K', It was found that at 1.5,

1.7, and 1.86 GeéV/c the actual angular distri-
bution was considerably higher than the fit ob-
tained by Dahl et al. using the Legendre poly-
nomials,in the forward bin (0.9 < cos 6 < 1.0)
for the Z9K® channel. This amounted to

1.2 ¢ at 1.5 GeV/c, 20 at 1.6 GeV/c, and
about 3 0 at 1.86 GeV/c, where g is the
standard deviation of the Legendre fit in that
bin (not the standard deviation on the data
points).. This effect can be seen qualitatively
In addi-

tion, in the Z-K+ cha_nnel the data in the same

in Fig. 2 in the paper by Dahl et al. 1

bin are also clearly higher than the curve for
the fit at 1.5 and 1.7 GeV/c. The effect of this
is to increase the value of the rhs of condition
(6) in the region above cos 6 = 0.9, and there-
fore tends to reduce any violation of condition ,
(6). -
It should be noted that at 1.6 and 1.7 GeV/c

the angular distribution of Z°K? is forward
peaked with no events in the backward direc-
tion, whereas the angular distribution of =K'
is backward peakerd with no events in the for-
ward direction. Therefore, assuming no vio-
lation of charge independcnce, the triangle has
to be fiat with (dO'/"d§2|Z+) = (2d0/dQ|20 ) in the
forward direction and (dO‘/dﬂIZ+) = (d()/dQ!z 2)
in the backward direction. In both these direc-
tions the two isospin amplitudes have to be rel-

atively real. In the backward direction they

_are in phase, whereas in'the forward direction

they are 180 deg out of phase.

" The relative realness of these amplitudes
would result if the reactions proceeded via a
particle-exchange mechanism. Thus K* ex-~
change in the forward direction and A exchange
in the backward direction could be uéed as an
explanation for the flatness of the triangle. How-
ever, at energies close to or below the A(1950)
this interpretation is clearly not valid. Binford
et al. 12 have also pointed out this curious be-
havior. ,

Finally, a higher-precision test of the tri-
angle inequalities at about 1.6 GeV/c would be

extremely interesting.
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Table 1.

-Summary of film uscd in this experiment.

N

+
\ T Momentum

!

(GeV/c)
1.28%
1.34

L 1.412

1.3

1.55
- 1.63
1.68
.77
1.84

Number of
pictures

127
52
130
41
121
164
47
122
119

(1000)

Chamber
used
(in.)

25
72

25

72

25

25

72

.25
25 .

~Cros: scction
“for one event:

(11b)
(approx) -

0.6
0.4
0.6
0.5
0.8
0.5
0.5
0.7
0.9

a. This experiment.

Other momenta from Ref. 1

Table II.

Sumrhéry of data Aa.nd.cross sections for w+p'-—> =Tkt
. Nurnber» of events Cross.
Mot EIE o ant mtaata 3t gt LR
(G /) (GeV/c) (unwtd) (unwtd) (wtd) {(1b)
1.282 1.821 118 165 208 340 =35
1.34 1.851 249 290 367 . 400 £ 35
1.412 1.886 150 238 301 490 £ 45
1.43 1.896 222 293 374 510 + 40
1.55 1.955 142 219 279 530+ 50
1.63 1.992 255 299 375 470+ 40
1.68 2.016 197 299 377 505+ 40
1.77 2.057 129 209 265 41550
‘ 1.84 2.089 102 158 201 405+50
d" . [ 4 : )
a. This experiment. '
N ‘ . Other momenta are i'rom R(f 1




Table III. Charactcri‘étics of various fits to the data.

it number

217B 1928 194B 211B  219B  218B 2158 2098

St B B B B . B B B B’
1. B B B B ‘B B B B
P3 B B B B B R B B
D3 B B B B R B B B
D5 B B B R B B R B
. F5 B B R B B B R B

F7 B R - R R R. R R R
G7 - - - - - - - -

Degrces of freedom 137 138 138 138 138 138 138 139

x; : . 175 | 162 167 - 158 155 164 157 160

Confidence level 0.015 ' 0.081  0.045 0.12  0.15  0.066  0.13  0.10-

Resonance parameters ‘ v o

Partial ,waQe ' B ) . } o o D5

Amplitude _ : : o 0.05

Mass (MoV) - N . 1917

Width (M&v) S w e : _ 38

Partial wave i . F5 D5 D3 P3 F5

Amplitude o ©0.03 0.05 0.03  0.11 0.03

Mass (MeV) o 2055 © 1918 1896 2499 2055

Width (MeV) 144 - 38 42 2463 114

Partial wave . . F  F1 " F1  F71 F1 F7 F7

Amplitude - 1 0.092  0.083  0.089 0.094 0.085 - 0.088 0.091

Mass (Mé&V) ) ’ - 1918 1918 1970 1967 1'2)24 1975 1973

Width (MeV) : . 360 314 364 318 500 366 278

_Qé_rp_rg_enj i _ a b < d b e

B denotes a background .partial wave of the form (A + Bk)ei(C * Dk); B* denotes a back-

ground partival‘wavve of the form (A + Bk’)e'ic.v R denotes a resonant partial wave. Ampiitude'

is defined as (Pcl‘“r)i/-z. _ Width is full wadth (T').

a. F5 amplitudc small. ‘

b. Width of D5 small compared with energy separation of data points.. ‘
c. Width of D3 small comparcd with energy separation of data fwints'«
d. Mass of P3 outside energy range of data.

e. Energy depcndence of phase of S1 held at zero.

-

™~

1
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LEGAL NOTICE

_ This report was prepared as an account of Government sponsored work.
 Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission: ‘

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

. B. Assumes any liabilities with respect to the use of or for damages

resulting from the use of any information, apparatus, method or .
process disclosed in this report.

" As used in the above, "person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to.the extent that such employee or contractor of the '
‘Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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