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STUDY OF THE REACTION n p 

BETwEEN 1850 and 2090 MeV cm. ENERGY 

..G. E. Kalmus, G. Borreani,+  and J. Louie* 

• 	 Lawrence Radiation Laboratory 
• 	University of. California, Berkeley 

• 	• 	... 	. 	. 	. 	rchiO 	. 

ABSTRACT 	. 

Angular distributions and polarization measurements (obtained from 

bubble chamber data) are presented at seven incident g momenta in 

the reaction lt+p_E+K+. Results of a partial-wave analysis as well as 

an s-, t.-, and u-channel analysis are presented. The branching fraction 

of the /(1950) -, EK was found to be 2.0 ± 	
: 
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I. INTRODUCTION 

The aim of the experiment was to determine the branching fraction 

of the ( 1950 ) -*EK. To achieve this we are reporting on data taken 

at seven incident Tc momenta between 1.34 and 1.84 GeV/c, using'the 

72-inch and 25-inch hydrogen bubble chambers at Lawrence Radiation 

Laboratory, Berkeley. The data have been analyzed by use of two 

approaches: (1) an s-channel partial-wave analysis, and (ii) an analysis 

using resonances in the s channel and-exchanges in the t and u channels 

to account for the nonresonant "background" amplitudes. This second 

1 method is similar in philosophy to that used by Evans and Knight and 

Holladay. 2  

Preliminary data on three of these energies were presented at 

Vienna. 

II. E)INTAL DETAILS 

Exposure 

Table I summarizes the data taken. This doubles the world's data 

in this energy region; the largest part is from the experiment by Pan and 

Forman at a single momentum ( 1 .7 GeV/c). 4  

Scanning and Measuring 

The entire film was scanned twice for two prong events in which one 

or both of the prongs had a kink, but in which no recoil at the kink was 

visible. The combined scanning efficiency was found to be 99% for events 

that were eventually accepted as it +p -* E K The events were measured 
(4 t+fl. 

by using the COBWEB on-line Franckenstein system 5  and put through the 

FOG-CLOUDY-FAIR system for reconstruction, constraining, and plotting. 

Events that either failed the geometry program or did not satisfy (with 
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a reasonable x ) 
any of the hypotheses 

+  
it p -4 L K 	withE -'pit or 

± 
n 

le 

EKit 

were remeaäured, and then measured a third time if they failed again. 

Events that still failed were then examined by a physicist. It was found 

that the majority of these events was two-prongs (p, ,t+p,T0, or A ±it±fl) 

where one of the prongs scattered slightly but left no visible recoil. 

Others could have been E+K+(it0)  or E+it±(K0),  but the. decay angle of the 

E - itfl was so small as to be impossible to measure in all views. These 

events were in any case rejected by our acceptance criteria. (See 

Sect. III.) It was found that about 4% of the events appeared to be 

genuine on the scan table, were within the acceptance criteria, but had 

no acceptable output. The reason for this was usually obvious, such as 

one of.the origins being obscured by other tracks in one of the views. 

This loss was taken into account in computing the cross sections. 

The events were constrained in the following way: 

/ If ip/p rneasured) for the E
+ 
 was < 0.5, then a standard two-vertex 

fit was performed for both E++plt0  and E _1t+n  hypotheses. 

If Lp/p for the E 
+ 

was > 0.5, the measured momentum of the E 
+

was 

ignored and it was calculated from the decay vertex. This in general 

gave two values for each hypothesis (p°, it+n), since it is a zero-

constraint fit. These values were then used as starting values in the 

two-vertex simultaneous fit. 

+  
Ionization was used to resolve the E -*pic 0  or E

~ 	+
n ambiguity. 

In order to obtain cross sections the beam tracks were counted on 

about every hundredth frame in the film, and from this the total n path 
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length in the experiment was computed. 

III. DATA 

Table II shows the number of events found at each energy that satisfies 

the following cuts 

The beam track is within the acceptable angular and momentum limits. 

E is > 0.3 cm long and lives less than three lifetimes; 

The Z decay angle (lab) is > 5deg (> 10 deg for 12-inch chamber fi). 

The event is within the fiducial volume. 

Since cuts (b) and (c) are E+_rnomentum_dependent, each event was weighted 

to take into account these two. cuts as well as the ossibility that the 

left the chamber before decaying.. The values of cuts (b) and (c)were 

determined experimentally. For (b) we used the Bartlett s-function method to 

determine the E lifetjme. The lifetime was calculated as a function of Z + 

cutoff length and was found to become stable at a length of 0.3 cm. Cut (c) 

was determined using the following iterative procedure: from the measured 

momentum spectrum we generated by Monte Carlo methods the expected 

decay angular distribution in the laboratory and compared it to the measured 

one. From this we determined a 1st approximation to the cut. We then corrected 

accordingly the 	momentum spectrum and repeated the procedure. Convergence 

was essentially obtained in a single step for.the fF 	mode. It should 	 H 

be noted that these cuts are critical only for the E 	rn decay mode, since 

the angular distributions and cross sections have been determined by use of 

this mode only. For the polarization measurement using the E - p7 0  mode, 

unweighted events were used, since the polarization measurement is not 

affected by any bias in the decay angular distribution.' 

A. Cross Sections  

' 	 ++ Figure .1 and Table II show the cross sections for u+ p - Z K . These were 

obtained by usingthe weighted number of E 	irn events and 

multiplying by 2.12 to take into account the 	- pu 0  decay mode. 9  The 

error bars shown contain both statistical and systematic effects. 



The other data points on the plot have been obtained from the literature. 

Angular Distribution 

The angular distributions at the seven momenta for both the weighted 

and unweighted 7r p Z
++ + •• 	

events are shown in Fig. 2. The 

production cosine, cos 0, used is the cosine of the angle (c.m.) between 

the incident 	and outgoing K, i.e., (.K) (c.m.). The average weight 

per event is about 1.25, and it is not greater than 1.6 for any bin. We 

decided not to use the Z - p 0  events, since the average weight for 

these was about 2, and was greater for some of the bins. There is also 

evidence that the scanning efficiency for these events was lower than 

for Z±7r n events, when the proton was in the plane containing the 

camera optic axis and the direction of the E. The same bias was not 

present in the E 	irn events. 	. 

Polarizations 

Since the E decay is parity-violating, the angular distribution 

of the decay particles in the E rest frame must be of the form 

do 
d(cos ON) = 1 + a P cos 

where a is the asymmetry parameter, 	is the average polarization of the Z, 

and cos 	is defined as (n N), where F1 is the production normal 

(n = 

 

(ff̂  X K+)/ 	x K), and N is a unit vector parallel to the nucleon 

direction from the Z decay. 	 . 

Figures 3 and 4 show aP. as a function of the c.m. production angle, 

the events at each energy were divided into bins in cos S having R, 30 events 

per bin. For each bin the E polarization was calculated from the observed 

E-decay asymmetry relative to the production normal n, aácording to the formula 



NE 

czP =cos®
Ni  NE 1=1 

and 

211/2  
A(a) 	3-(a) 

NE 	J 

(when aP was > 1, jaTj 	was used in the error.foula). NE  is the 

number of events in each bin. 

The maximum-likelihood method was also used to obtain cxP, and the 

two methods were found to be in excellent agreement. 

D. Lgendre Expansions 

Figure 5 shows the values of A/A0  of the Legendre polynomials 

fitted to the distributions shown in Fig. 2, where the expression 

d 	2 mmax 
= XE 	A P (cos 0) has been used. Figure 6 shows the values of dQ 	m=0 mm 

the expansion coefficients B/A0  of the first associated Legendre series 

when fitted to the polarization distributions shown in Fig. 3, where the 
nmax 

	

do 	"2 	 1 expression 	P = n X 	E 	B P (cos 0) was used. 
n=1 

For the Am/A0  distributions, the coefficients from the seventh-order 

fit were plotted. At all momenta the sixth-order fit was found to be 

satisfactory. For the B/A0  distributions the maximum order allowed by 

the number of experimental bins was plotted (where we define the maximum 

order to be the number of bins minus one)--this did not give a 

satisfactory fit at most momenta. It should be noted that the fits of 

the models to the data do not depend on a knowledge of the A and B 

coefficients (see Sect. v). 



When one examines the cross sections and angular distributions 

+,+ (Figs. :1 and 2) of it p -* E+ K it is clear that in this energy region 

s-channel effects are large and, in particular, the bump in the cross 

section at.a mass of fto  1950 MeV is very suggestive of an s-channel resonance. 

We have therefore used.two approaches to the analysis of the data: 

(a) an s-channel energy-dependent partial-wave analysis, in which both 

resonant and nonresonant amplitudes are present, (b) an s-, t-, and u-channel 

analysis in which we have resonances in the s-channel and K and A 

exchange in the t and u channels to account for the backgroundamplitudes. 

We are aware of the dangers of double counting in this latter approach, 

but believe -the results show that this is not serious in this case. 

A. Partial-Wave Analysis 	. 	. 	. 	..• 

A comprehensive discussion of the theory of partial-wave analysis in 

formation experiments can be found in an article by Tripp, 1°  so only a 

brief discussion is given here. 	 . ., 	 . 

In a reaction of spin 0 + spin 1/2 - spin' 0 + spin 1/2 the transi-
tion operator M is given by 	 .. 	 . 

M = a() + b(Q)  

In this formula a and b are the non-spin-flip and the spin-flip 

amplitudes respectively. The production angle Qand production normal 

have been, defined earlier (InB,c) and a -  is the Pauli spin operator. 

The relationships between a(Q) and b(Q) and the complex partial-wave 

amplitudes T1  (.e is the final orbital angular momentum) are 
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a(Q) = c E[(2 + 1) T + 2 T; ]P2 (cos Q) 
£ 	

(?) 

	

b(@) = A z 	- T } P1(cos ) 

	

2 	£ 	£ 	£ 

where .is the TC wavelength in the c.ri. system divided by 2it, super-

scripts ± refer to J = £ ± 1/2, P 2  is the £th-order Legendre polynomial, 

and P is the £th-order first associated Legendre polynomial. 

The differential cross section I and polarization P are given by 

I (= 	) = a 1 2  + 1b12 
and 

I P = 2 Re ( a*b)i , 

where the polarization is limitedto being along the production normal by 

parity conservation of the strong interaction. 

• A more direct relationship between the measured distributions I and 

Ipand the partial-wave amplitudes is obtained by making the expansions 

2 z AP(cosQ) 
m=O. mm 

and = ' 2 	B p1(cos ). 
n=l nn 

The relationship between the A and B coefficients and the partial- 

+ 
wave amplitudes T is well known, and is.given (for example) in Ref. 10. 

The amplitudes T (and Am  and B) are in general functions of the 

c.m. energy. The variation of T with energy is in most cases unknown; 

the exception is for a resonant amplitude when this energy dependence is 

assumed to be given by the Breit-Wigner formula • 

T = I/2(rr)1/2
/[(ER7E)_i 172] 

where E is the c.m. energy, E the energy of the resonance re the partial 



width into the elastic channel, F 1, the width into the final, (reaction) 

channel, and F the total width = E F1 , where I are all the decay channels. 

Thepartial widths F 1  arealso, in general, energy dependent. This 

energy dependence has been approximated by Glashow and Rosenfeld 11  by 

1 , 

 

	

2 
 I 	q1 

r'1a1 	2 	21 
Lq1  ~ xj,.. 

where q1  and g are the momentum and orbital angular momentum of the decay 

products of the resonance into the ith channel, andX isa parameter 

related to the radius of the interaction's and has the dimensions of mass. 

Blatt and'Weisskopf have also derived nonrelativistically an expression 

for the energy dependenôe of F 1 , which isidentical to the above for 

2 < 1 and differs only slightly for higher values of 2 
12 

The problem is: given the experimental distributions I and IP to 

solve Eqs. (2) and (3) for the T. This requires nonlinear least-squares 

minimization, and we use the computer. program WAVE to solve it) 3  

In this program the inputs are the I and IP distributions and the 

total channel cross section at each energy. A set of starting values for 

each amplitude TI is then chosen. These could be. either of.the resonant 

form with an energy-dependent width, or background amplitudes with an 

energy dependence of the form (A + Bk)e' +  Pk), where k lathe incident 

c.m. momentum. There were, therefore, four parameters for each partial 

wave (or, eight if a resonant and a background amplitude were postulated 

for any partial wave). For the background amplitudes these are clearly 

A,B,C, and D; for a resonance these are magnitude f (FeFr ) '2 , mass ER, half 

width F/2, and phase 4 (at resonance). 

The starting values were used to calculate the cross sections, 
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angular distributions, and polarizations. The calculated quantities 

X were compared with the observed data points X and their errors 

to find the 

= F 

where i runs over all the experimental points. 

The X function was then minimized with respect to all the parameters 

by the variable metric method by Osing the Lawrence Radiation Laboratory 

14  
program VP.EMII 	After a. sat

.isfactory minimum isobtained, the values 

of the parameters are randomly displaced from their minimum values and the 

minimization is repeated. This was repeated twice, and the lowest x2  

solution was printed out. This method helps to ensure that the program does 

not stop at a shallow local minimum. 

In our search for minima we have started at more than 206 sets of 

initial àonditions. We have also used the program MflT1UN15  in its search 

mode, which explores the valleys in the X2 .hypersurface, to try to 

establish the uniqueness of the best solution found. It should be noted 

that the confidence in the results of the fit depends to a certain extent 

on whether the parameterization of the background amplitudes is realistic. 

B. s-, t-, and u-Channel Analysis 

This analysis assumes s-channel resonances and t- and u-channel 

exchanges comprising the nonresonant "backgrounds." As noted earlier, 

similar approaches have been made, 1 ' 2  but to establish cOnventions we 

will write the relevant equations in some detail. 

In terms of the Dirac matrices y and spinors u and u>,  the 

Feynman amplitude for the reaction it+p  _ E+K+ may be written, in 

16 general 



Pfj = 	(p') [A + 	(i + k')J u(p) , 

where k, k t , p, and p' are the four-momenta of the it, K, p, and E, 

respectively, and A and B are functions of the totaic.m. energy E and 

the cosine of the c.m. production angle Q as defined earlier. 

The production amplitude is related to F f1 .bY 

1)1/2 	/ k' \1/2 
T - 	 F fi 	4it 	•Et1kjj 	fi 	'. 

where m is the proton mass and & the E mass. In terms of Paull spinors 

and matrices, Tfi = Xf  NX1  , where the transition Operator is 

= g + h  

The amplitudes g and h are related to A and B by 

• 

 

B 9=C+ LA+(2E-m-m) 
and 

where 
1k'11/2 

•. 1/2 
B~E {± m)(p± tnt)] 

Here p0  is the c.m. energy of the proton, pl of the E. In terms of the 

more familar non-spin-flip and spin-flip amplitudes a and b, the 

transition operator M may be expressed as in Eq. (1), where a and b 

are related to g and h by a = g + h cosQ and b = -ih sinQ. The 

differential cross section and E polarization are now given as before (Eq. 3). 

1. Resonant Terms 

The s-channel- resonant contributions a6  and b5  to the amplitudes 

a and b have the same expansions as Eq. (2), where the partial-wave 

amplitudes T2  are approximated by the Breit-Wigner form and the partial 
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widths are also parameterized as before. For each resonant partial 

wave, four variable parameters are possible, as in the s-channel 

analysis: magnitude I (F)f' 1  mass ER,  and width r/2, and a relative 

phase 0. 

2. Exchange terms 

We assume that the exchange contributions to a and b come from 

* 
terms representing K exchange inthe t channel and A exchange in the u 

channel. 

* 
a. t channel. For the exchange of a vector meson K with mass M and unit 

polarization vector e, the invariant amplitude may be constructed 17 

from the meson vertex factor 

	

(k + k') e, 	H 

the baryon vertex factor 

CIX 
(p' ) (Gy + i GT 	

V A 
m 	u (p) e' 

and the vector-meson propagator 

+ 

The constant V2 is an isospin factor, g* is the coupling constant at 

the meson vertex, and G is the vector (and GT  the tensor) coupling 

	

constant at the baryon vertex. The metric is 	= (l,-1,-1,-l), and 

is the four-momentum transferred between the initial and final mesons. 

By comparing the amplitude thus constructed and the general Feynman amplitude, 

one finds the identities 
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2 2 , 	 2E2 m2  in' 2 2k k' + 2kk'cos® 2 	 -p )(m -in) 	 0 0 
t - 2kk' ( z_cose) 	 V + 	 in + m 	 9K KTr T 

and 

B 	
2 

• 	 2 	2kk'(z -cosO) (g* 
	Gv - g* 	GT) 

t 	 •. 	 t 

where k, k' are now the magnitudes of the momenta of the initial and final 

mesons, 	are their c.m. energies, and p, p' are their masses. The 

kinematical factor i s  

: = (M2  + 2k0k - p 2-p' 2 )/2kk 	, 

and is approximately equal to 2 for the energies in this experiment. Once 

At and Bt are.known, 9 and lit__and therefore at  and b__may be calculated 

from 

	

• 	 ••. 

and 

lDt = -i ht  sine 

(These purely Born exchange terms are real.) Multiplying these by a phase 

factor e1t yields complex amplitudes, in general, which express the 

relative phase between the s and t channels. The parameters for the t-channel 

exchange that can be varied are the coupling cOnstant products Gv  and 

g* GT, and the arbitrary phase 

b. u channel, For the exchange of a A of mass:M', the invari.ant 

amplitude laB the forn 

F = 	(p') 	
5 Y -  M' 	

1 5  NAK)uP (P) 

	

pq~

where 	is the four-momentum transferred between the initial Tr and 



final E. Reducing and comparing this expression with the general Feynman 

amplitude as before, one finds 

• 	 ____ _ 1 	 H 
A 	- 2kk' (z + cos@) . (2M - m - m) 

and 

Bj2 = - 1/2 2 	
AK+ 

with the kinematical factor 

	

z= (M 12 + 2k0p0t - m12 - 	2kk 	, 

also approximately equal to 2. As in the t-channel exchange, a  and  b 

may now be calculated. The parameters that may be varied are the coupling 

constant product 
gAAE gNAK 

 and an arbitrary phase 

c. Form factors. The coupling constant t ' products in the exchange channels 

are in general dependent on the square of the momentum transfer, and we 

have allowed for this possibility by applying multiplicative factors of 

18 
the simple form: for the t channel, 	• 

(a-M2 )/2kk' 
• 	 - t 	- cosQ 	• 	' 	 • 

and for the u, channel, 

Mt 2 )/kt 
zt+cosQ 	 • 

U 

where a and f3 are additional parameters which can be varied, and 

= (a+ 2k0k - 2 - 
	

)/.2kk 

and 

z' = ( + 2k0p1 - mt2 - 2 )/2t . 	- 
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The effect of these form factors is to produce more peaking in the forward 

and backward directions in the angular distributions, and therefore 

increases the relative importance of the higher partial waves in the 

exchange amplitudes. 

d. Projection of exchange amplitudes. To compare in the complex T plane 

the s-channel resonant partial waves with the partial waves due to the 

exchange amplitudes the latter, a.xch . and b 	, where a 	= a ± a e 	exch . 	exch 	t 	u 

and bh = bt + b, are first expanded in Eq. (2). . The exchange 

partial-wave amplitudes T
i 
 are then projected out into the s channel by 

means of relations such as 

p (cosQ) 	 . 	. 
Q (z) = 	 d cosQ 
2 	2 	-cosQ 

-1 
and 	 . 

Q2 1 (z) = - 	2 11/2 !'Q . p (cosQ) d cosP 

where Q2 (z) is the Lth-degree Legendre polynomial of the second kind and 

Q(z) is the first associated Legendre function of the second kind. 

Once a = a + a + a and b = b .+ b + b •are known, the 
5 	t 	U 	 S 	t 	U 

differential cross sections and Z polarizations may be calculated. The 

mechanics of the s-, t-, and u-channel analysis are identical to that 

described in Sec. IVA: inputs are the angular and E p&arization.. .: 

distributions and total EK cross sections at each energy, as well as.a set 

of starting values for the resonant parameters and exchange parameters. 

A X2  was formed from the calculated and observed distributions and.cross 

sections, and minimized with respect to all the parameters allowed, to. . 

vary. The number of variable parameters was usually four for each resonant 

amplitude plus up to a total of seven for the exchange amplitudes. 
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The exchange amplitudes were then projected into the s channel to 

be compared directly with the re son ant -amplitude partial waves. The. 

dominant partial waveL from the exchange amplItudes were Si, P1, P3 and 

D3. Higher.partial.waves were in all cases very small. 

V. AMBIGUITIES 

A study of Eqs. (2) and (3)  shows that there are several transforma-

tions that leave either I or IF or both unchanged--these are as follows. 

+ 	id + 	 + 
T , T = e 'r  T; where TI  are the transformed amplitudes; both I and 

IP are unchanged. This just states that the absolute phase of the amplitudes 

is arbitrary. It is usual to fix the phase of one amplitude, eg., the 

phase of a resonance at its resonant energy is usually put to zero. 

T 	= T.• This is the complex conjugatioh ambiguity, and I remains 

unchanged butP changes sign. 

T 	T +1  and TI = T 1 , i.e., changing the parity of all 

amplitudes. This is the Minami ambiguity. I remains unchanged and F 

changes sign. The ambiguity keeps J fixed but changes 9., e.g., P 3  ~ D3 . 

Ty ± (29. + l)_l [T + 29. T] 

	

T 	= ± (29. + l)_l [2(9, + .l)T - TJ 

This is the Yang transformation and leaves I unchanged but changes the 

sign of P. This transformation does not necessarily conserve unitarity, 

but for channels with low branching fractions this is not likely to be a 

problem. This transformation keeps 9. fixed and changes J, e.g., P 3  

becomes a mixture of P and P 3 	1 . 

It should be noted that the application of transformations (ii) and (iii), (ii) 

and (iv),. or (iii) and (iv) would result in both I and IF remaining unchanged. 
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Thus, solutions related by either the generalized Minami ambiguity or 

generalized Yang transformation are indistinguishable in a study of the 

angular distributions and polarization. If, however, there is a known 

energy dependence of one of the amplitudes present, such as a resonance 

in which the Wigner condition specifies the direction in which the 

amplitude traverses the Argand diagram, both the generalized Minami and 

the Yang transformations reverse this direction and would therefore 

violate the Wigner condition. Performing both the Minamiand the Yang 

transformations results in a set of amplitudes that gives the same 

angular distributions and polarizations and does not violate th,e, Wigner 

condition. It does, however, have the effect of 'making two resonant 

amplitudes (the same mass and width) out of one, 

VI. RESULTS 

A. s-Channel Analysis 

The, data were split up into 100. bins in the angular distributions 

and 32 bins in the polarization distributions. This together with the 

seven cross sections gives a total of 139 data points. To obtain the 

degrees of freedom, one has to subtract from this seven (for the fact that 

the program normalizes to the number of events In' each angular 

distribution) and also the number of parameters to be varied. Typically 

the number of degrees of freedom was 105 to 110. 

On examining the A coefficients (Fig. 5) we note that the highest 

order necessary to fit the data is A6. We take the usual approach and 

assume that this means that there are no significant amplitudes present 

higher than G7.  The dangers of this approach are commented on later. 

Since the main purpose of the experiment was to measure the 

+~ branching fraction of FT i 	(195o)J resonance into the E K channel, we 



wanted to establish that the F7 amplitude was (a) present and (b) resonant. 

To do this we started with many combinations of Si,. P1, P3, D3, ]J5, P5, 

and G7 amplitudes but with no F7 present, and were unable to get a fit 

with a con'fidence level of greater than 10 2 . When an energy-dependent 

P7 background amplitude was substituted for the G7 amplitude, the 

confidence level increased to 0.014. When the F7  amplitude was made to 

be of the Breit-Wigner form, the confidence level rose to 0.05. Table III 

gives a brief summary of the more probable fits (confidence level > 0.01) 

from the more than 200 trials. Figures 7a through 7i show the Argand 

diagrams for these. By examining Fig. 7a it can be seen that the F7 

amplitude is large and is looped In the right direction for a resonance 

even when treated as a background. By parameterizing this as a resonance 

(Fig. 7b) the confidence level is increased. The fact that the F5, 

D5, and D3 amplitudes are small makes it rather unlikely that there should 

be a large "background" F  amplitude. 

We therefore have established the presence, and probable resonant 

character, of the P7 amplitude. We then set out to establish the 

parameters of this amplitude and in particular to find its, magnitude. 

An examination of Table III shows that although the mass and width 

of the (1950)  seem to vary somewhat, the amplitude is remarkably 

constant and seems to depend very little on the exact nature of the higher-

order background amplitudes (D3, D5, F5, G7). This characteristic would 

appear to be general, and applies to all solutions which have a 

reasonable confidence level. The Wigner condition was not used as a 

constraint on the energy-dependent behavior, on the background amplitudes. 

It can be seen, for example, that in fits 192A and 194A the Si amplitude 

is moving quite rapidly in the clockwise direction; this would appear to . 

violate the Wigner condition. In 'fit- 209frthe energy-dependent part of the 
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phase of Si was held at zero (parameter D), and agood fit was obtained 

which clearly does not violate the Wigner conditioi. The characteristics 

of the FT resonance are little changed; the general features of the other 

background amplitudes are also little changed. In any fit that has a 

probability of > 102, we have observed the following general characteristics__ 

a large F7 amplitude moving from the first to the second quadrants, 

consistent in behaviour with a resonance, a large Si amplitude in the 

first quadrant, decreasing somewhat with energy, a sioly varying rather 

small Fl amplitude also in the first quadrant, and a large P3 amplitude 

in the third quadrant. The presende of D3, D5, and F5 amplitudes increases 

the probability of the fit from about 1% to 18%, but all these amplitudes 

are small and do little to change the general features of the larger 

amplitudes. When the G7 background amplitude was added, the best fits make 

it very small, consistent with zero (see, for example, fit 221A, Fig. 7j). 

We obtain the following parameters from this analysis: 

Mass of F7 resonance (ER) 	 1950 ± 30 MeV 

• 	 Width (r) 	 300 ± 60 MeV 

Amplitude (11)1/2 	
0.090 ± 0.007 

Branching ratio (r/r) 	 2.0 	± 0.4% 

[Assuming Fe = 0.40 and r 	 = 210 MeV, Ref. 91tot 

(The values from Ref. 9 of the mass and width for the (1950) are 1940 MeV 

and 210 MeV respectively.) The errors quoted are estimated from the 

• 	 variation of values of these parameters in the various fits. 

By examining Table III it can be seen that the fit can sometimes be 

improved by making some of the lower partial waves resoxant rather than 

of the background form. For the P3 resonant amplitude, the mass is far 

from the experimenta' region, and clearly the energy dependence of the 

amplitude is being approximated bythe tail of the resonance. In the 

D3 and D5 amplitudes, the fitted widths are narrower than the spacing 
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between experimental points, so that some of the experimental points lie 

on the tail on the low side and others on the high side. This somewhat erratic 

behavior (of these rather small amplitudes) increases the confidence 

level of the fits. The reason for this type of behavior, if real, is not 

clear, but cannot be well approximated by our usual background 

parameterization. Only for the resonant F5 amplitude.are the mass and width 

reasonable. 

Should the F5 amplitude be resonant in character, we are able to put 

this upper limit on its magnitude: 

eFr 2  < o.ob. 

It should be emphasized that we do not feel that the data require the 

presence of any but the F7 resonance. 

Since our lowest energy (1850  MeV) is not very close to threshold, 

we decided to check that our partial-wave analysis solutions were 

consistent with published lower-energy data and, in particular, we used the 

data of the Purdue group19  at 1730, 1783, and 1813MeV. They had performed 

a single energy fit at each of their energies. At 1730 MeV only a second-

order fit in cos Q (or a second-order term in the Legendre polynomials) 

was necessary, and they assumed only S and P waves were present. At the 

two higher energies a fourth-order term in the Legendre expansion was 

needed, and they therefore included S, P, and D waves in their analysis. 

When we áompared their solutions with ours we found that they were not 

qualitatively similar to an extrapolation of our amplitudes. We therefore 

incorporated their data with ours and despite the very large energy range 

covered, fitted it with our usual parameterization. The fit we obtaiied, 

200C, using as starting values the partial-wave amplitudes of solution 1924 

is shown in Fig. 8 and Table TIT. The solution has an overall confidence 
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level of 3.7% and, as can be seen, is very similar to our solution 192A. 

(The fit to the three Purdue energies is extremely good.) The point to 

note is that despite the lack of significant higher coefficients than A1 

at any of the Purdue energies, the P7 amplitude is large, and in fact 

dominates at the two higher energies. This large ?tunsuspectedfl  F7 

amplitude naturally greatly modified the S, F, and D amplitudes. The 

contribution of this F7 amplitude to the sixth-order term is small enough 

to be covered by the experimental error. 

B. s-, t-, and u-Channel Analysis 

The data were handled in the way described in Sec. VIA. In this 

analysistypically 14 to. 18 varying parameters were required to produce 

reasonable fits. The exchange amplitude parameters for the best 

solutions are given in Table IV, along with previous determinations using 

similar, but not identical, approaches. (It should be noted that the 

parameters g* Gv, g*  GT, a, and 13 are insensitive to the data andKt 

are therefore not well determined.) The resonant amplitude parameters 

for the best solutions are given in Table V. These require an F5 or D5 

resonant partial wave (or both) along with the resonant P7.  The 

amplitudes of these lower partial waves are smaller than the F7 amplitude 

and provide some necessary 5/2 amplitude which cannot be supplied by the 

exchange terms. Figure 9 shows the Argand plot for two of these fits, 

where the t- and u-channel contributions to the amplitude have been 

projected into 'the s-channel in the manner described in Sec. IVB, and 

• 

	

	 the other parameters of the z(l95O)  are quite consistent with those given 

in Sec. •VA. In comparing these parameters with those from the s-channel 

• 	partial-wave analysis, we see that the F7 amplitudes are virtually 

• 	 • identical. This is further evidence 'that the precise nature of the other 
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partial waves in the reaction seems not to affect the magnitude of the 

principal F7 partial wave. 

The seriousness of double counting was studied by not using any 

resonant amplitudes and trying to fit the data with only exchange amplitudes. 

No satisfactory fit was achieved, nor were there any significant contributions 

to the £ > 3 partial waves from the exchange terms. We therefore feel that 

double counting is not likely to be serious in this case. 

It should be noted that although there are serious theoretical 

'objections to this model as it stands, for the purpose of determining the 

branching fraction of the (l95O) into the E + + K channel these are not very 

relevant. The t- and u-channel exchange formalism provides a parameteriza-

tion of the t background amplitudes that is different from that used in the 

s-channel approach. Good fits have been obtained by using a significantly 

smaller number of parameters than for the s channel. 

In comparing the two analyses for the "background' t  contributions 

to the amplitude, several points should be made: 

In principle, in the exchange model, all partial waves are present 

and are parameterized by seven variables. [In practice, only the first 

four partial waves (Si, P1, P3, D3) can be present in appreciable 

quantities.] In the s-channel analysis four parameters per partial 

wave are required. 

The s-channel approach does not have the objection of double counting 

which the other analysis does have in principle--although not in practice. 

In the exchange model, the parameterization is such that the P1 

and higher partial-wave amplitudes (when the exchange amplitude has been 

projected into the s channel) increase monotonically with energy, eventually 

violating unitarity. This consideration is not important in our energy.  

region. This problem is not encountered in the s-channel analysis. 
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VII. DISCUSSION 

Using both of our approaches, we have found sets of partial waves 

which adequately fit all our data. These fits, as can be seen from 

Tables III and V and Figs. 7 and 9, are very similar in general features 

and, in particular, give consistent values for the parameters of the 

6( 1950 ). We do not feel that we can establish the character of the D3, 

D5, and F5 amplitudes; they could be either of a resonant or of a background 

nature. However, they appear to be small and not important in obtaining 

the parameters of the (1950).  It should be noted that other solutions 

that give identical fits can be manufactured by applying the Minami and 

Yang transformations to our solutions. This will have the effect of 

increasing the number of resonances. It should also be pointed out. that 

our not finding any other solution that is radically different from the 

ones presented must be interpreted within the framework of the models 

and assumptions used. In particular the dangers of neglecting the presence 

of higher partial waves than appear to be necessary is clearly illustrated 

in the case of the Purdue low-energy data. This problem is common not just 

to these results but to virtually all partial-wave analysis results 

published. . 

Finally, we make a comparison of the branching fraction obtained for 

A(1950) - 	with the SU(3)  prediction. 

Assumingthat the (1950)  is in a decuplet, one can wrIte the 

partial widths as 21  

F1  =cg B2  (p1 ) (MN/MR) Pi 

where c is the SU(3)  Clebsch-Gord.an coefficient for each decay mode, g is 

the effective coupling constant (and is the same for every decay mode if 
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su(3) is not broken), B2 (p) is the centrifugal barzier factor for an 

angular momentum 2, p is the c.m. decay momentum, M is the resonant mass, 

and MN  is the nucleon mass. 

r.[(l950 ) -3tpj is well established from phase-shift analyses 

[we use F A, = 0 
4J,9 

so that 

= B2(p)p/2 	
, 

since g = g, and c = c, the form of B 2 (p) is given in Blatt and 

Weisskopf. 12  For 2 = 3, 

B2 (p) =(pr)6/ [225 + 45 (pr) 2  + 6 (pr) 4  + ( pr)6 ] 

where r is the radius Of interaction. 

Figur.e 10 shows a plot of r Ir 	as a function of'l/r (GeV). The 

value of hr associated with our measurement of 	 is 475 MeV, with
tot 

the errors shown on the figure. This measurement of' uris a very sensitive one due 

to the large difference between 	and p. Thismabe compared with the value 

apro1ate to the 3/2k  deulet (1236),.whichis.'16OMV. 22  The SU(3) pre- 

dictiofltofi3ranching iatio of the A(1950) 	deduced from this 'value of hr 

is 13%, which is not in agreement with our measured value. 
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Table I. 	Summary of film used in this experiment 

Number of- 	- Microbarr 
Tr 	Momentum pictures * 

equivalent 
(GeV/c) (1000) (approx) 

1.3 . 	.528 	 . . 

1.3 : 	.. 	 . 	. 	. . 	0.5 

1.55 121 0.8 

0.5 

1.68 478 	. o. 

• 	1.77 122 . 	0.7 
• 

	

1,.84 119b 	. 
0.9 

72-inch chamber 

25-inch chamber 
* 	Cross section for one event. 	' 
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Table III. Characteristics of'various fits to the data 

Fit number 

217A 192A 19A. 211P. 219A 218A 215A 20A 	221A. 200C 
Si.. 	B 	B 	B. 	.B 	B 	B... 	B 	B* 	• B 	B 

B 	'B 	B 	..B 	B 	B 	B 	B 	B 	B 
P3 	 .B 	B 	B 	B 	B 	B. 	'B 	B 	B 	B 
D3 	 B 	B 	B 	B 	.R 	B . 	B 	B 	B 	B 
D5 	 B 	B 	B 	R 	B 	B 	B 	B 	B' 	B 
P5. 	 B 	B 	B 	.B 	B 	B 	R 	B 	B 	B 
FT 	 B 	R 	:R 	B. B 	B 	R 	R 	B 	B 
07. 

 
Degrees of freedom 	1014 	105 	105 	105 	105 , 	105 	105 	106 , 101 	1148 

138 	129 	129 	'120 	125 	130 	118 	133 	125 	180 
Confid. level 	0.012 0.051 	.050 	0.15 0.089 	.050 	0.18 0.038' 	.052 	.037 

Resonance parameters 

Part. wave 	
D5 

i4mpl. 	. 	 . 	 ., 	. 	
. 	.06 

Mass (MeV) 	
1917 

Width '(MeV) 	
32 

Resonance parameters 

Part, wave 	 . 	 F5 	D5 	' D3 	P3 	' F5 
Mipi. 	 .03 	.06 	.01 	.13 	. . 014 

Mass (MeV) 	 2058 	1917 	1900 	2386 . .2055 
Width (MeV) 	 1414 	32 	4o 	13514 	110 

Resonance parameters 	
0 

Part, wave 	 F7 	p7 	F7 	FT 	F7 	F7 	F7 	FT 	F7 
Ampl. 	 0.092 	.083 	.088 	.092 	.087 	.086 	.094 	.090 	.099 

Mass (Hey) 	 . 1931 	1918 . 1973 	1967 	1931 	1971 	1965 	1929 	19014 
Width (Hey) 	 2914 	3114 	266 	21414 	356 	264 	250 	292 	2814 

Comments 	 . 	 a 	b 
 

B denotes a background prtia1 wave of the form(A + Bk)e" 

B* denotes a background partial wave of the form (A + Bk) e1 C .  

B denotes a resonant partialwave, 

Ampl. is defined as (rr) 112 .  

Width is full width (r), 
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Table III,.Cont. 

Comments 

P5 amplItude small. 

Width of D5 small compared with energy separation of data points 

Width of P3 small compared with energy separation of data points 

Mass of P3 outside energy range of data. 

Energy dependence of phase of Si held at zero. 

G7 amplitude small. 

Includes Purdm data at 1110, .1206, and 1265 MeV/c (Ref. lii.). 

V 

4 
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Figure Captions 

Cross section for it+p 	+K+ 

Angular distributions at the seven momenta for 	-* F, K+, 	
_+fl

it 

The solid boxes are the weighted events; the dashed boxes are the 

unweighted events. The curve is from fit 192 (see Table III and Fig.7b). 

Cos Q is defined as it .K ) (c.m.). 

Plot of aPE  versus cos Q, at the seven momenta for 	- pit °  events 

(a u-i). The curve is from fit 192A(see Table III and Fig. 7b). 

Plot of aPE  versus cos Q, at the seven momenta, for E. 	t+n events 

(a NO). 

Plots of A1/A0  through A7/A0  at each of the seven momenta. The A's 

were calculated by fitting the weighted angular distributions (Fig. 2) with 

the Legendre series (see Sec. iv) up to the seventh order. The sixth 

order was the maximum necessary to obtain a good fit at all momenta. 

Plots of Ba/A at each of the seven momenta. These were calculated 

by fitting the aE  plots ( 	- pit ° ) (Fig. 3) with the first associated 

Legendre series (see Sec. Iv) up to the maximum order allowed by the 

number of boxes in the data (m = number of boxes - 1). It should be 

noted that in most cases this order was not sufficient to give a good fit. 

Argand diagrams for the nine fits to our data summarized in Table III 

(s-channel approach). . The phase of the resonant F7 amplitude in fits b 

through ± has been taken to be zero at the resonant energy. 

Argand diagram for fit 217A to our data (Table III). 

Argand diagram for fit 192A to our data (Table iii). 

Argand diagram for fit 194A to our data (Table iii). 

Argand diagram for fit 211A to our data (Table III). 

Argand diagram for fit 219A to our data (Table iii). 
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7f. Argand diagram for fit 218A to our data (Table III). 

79. Argand diagram for fit 215A to our data (Table III). 

7h. Argand diagram for fit 209A to our data (Tab1e III). 

71. Argand diagram for fit 221A to our data (Table III). 

Argand diagram for a fit to the data at our seven momenta and three 

lower momenta from the Purdue group (Ref. 19).  Theinitial conditions 

for the fit were the same as fit 192A.  The fitted parameters are summarized in 

Table III, fit 200C.• The confidence level for the fit is 0.037.. 

Argand diagram for a fit to our data using the s-, t-, and u-channel 

approach, where the t- and u-channel amplitudes havebeen projected into 

the s channel. The .prameters of the fit are given in Tables IV and V. 

plot of as a function of l/r .(MeV).. 
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This report was prepared as an account of Government sponsored work. 
Neither the United States, nor the Commission, nor any person acting on 
behalf of the Commission: 

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 
Assumes any liabilities with respect to the use of, or for damages 
resulting from the use of any in formation, 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 con tractor 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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