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A partial-wave analysis of the pure isospin I = 1 reactions K "n —2~"7° and K ~n— 3%~ in the center-of-mass
energy range 1850-2150 MeV is reported. The decay mode 2(2030)— 2 is observed with a branching ratio x,
given by e'®(x,x,)'> = —0.085 = 0.02, where x, is the elasticity and ¢ is the relative phase of the resonance with

the phase of 2(1765) taken to be zero.

I. INTRODUCTION

Of the many Z resonances' known in the energy
region 1850-2200 MeV, 2(2030) with spin parity
JF=1* is well established. However, only the KN
and Am decay modes for this resonance are well
determined. The branching fraction for these two
modes combined is ~40%. The Z7 decay mode of
this resonance is poorly known at present.”?®
Keeping this in view, we did the partial-wave anal-
ysis of the pure isospin /=1 reactions K n - Z71°
and K n— 2% in the center-of-mass (c.m.) energy
range from 1850 to 2150 MeV.

In this paper we present the results of this anal-
ysis. The data consist of the cross sections and
angular distributions as a function of energy. The
polarization of the Z could not be obtained because
of the lack of information on the decay properties
of Z.

II. EXPERIMENTAL DETAILS

The data used in this analysis were obtained
from a bubble-chamber experiment carried out at
Rutherford High Energy Laboratory by a collabora-
tion of the British Universities of Birmingham,
Edinburg, Glasgow, and Imperial College, London.
The Saclay 80-cm bubble chamber filled with liquid
deuterium was exposed to a K~ beam. Two ex-
posures were made at 1.45- and 1.65-GeV/c K~
beam momenta. For the analysis, the data from
the two exposures were combined. The details of
scanning, measuring, and kinematical fitting, etc.
have been given before in Refs. 4 and 5.

In the present analysis following reactions were
studied:

Kn(p)—=Z1(p), (1)
Kn(p)~Zm(p), @)

where (p) denotes the spectator proton.

A total of 735 events of type (1), followed by the
decay Z°~ Ay, and 1478 events of type (2), fol-
lowed by Z~—nm", were obtained. On the basis of
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charge independence, the cross sections and angu-
lar distributions for K n - 2% and K n—~Z"1° are
expected to be same, which we found to be so in
our experimental data; hence, the data of these two
reactions are combined together in our analysis.

The selection of K “n interactions and weighting of
Z events, correction for the decays outside the
chamber and very close to the production vertex,
and the values of cross section versus energy have
been discussed before.®

III. PARTIAL-WAVE ANALYSIS

We give here the basic formulas used for the
partial-wave analysis. The differential cross sec-
tion is expanded in a series of Legendre polynomi-
als as

do(9) _,
ek Z":A,,P,,(G) ,

where 6 is the angle between the incoming and out-
going meson in the K n center-of-mass system, x
is the reduced center-of-mass wavelength, P, are
the Legendre polynomials, and A, are the Legen-
dre-expansion coefficients.

The coefficients A, are functions of complex
transition amplitude (7’s), i.e., 4,
=E,-$j ai;Re(T}T;), and form a common meeting
ground between theory and experiment. To deter-
mine these coefficients experimentally, the events
selected for the reaction K n —Z7 were grouped in-
to bins according to the center-of-mass energy.
Bins were chosen to contain sufficient number of
events so that reasonable determination of coeffi-
cients can be made. The energy of the bin was ta-
ken to be the mean energy of the events in that bin.
The bin size was different for two samples of
events with seen spectators and for all events. The
method of moments was employed to calculate the
quantities A, /A, and their corresponding errors,
for a particular bin. Thus

A, /A, =(2n+1)ZwP,(0)/Zw,
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FIG. 1. Experimental value of A /A, for seen specta-
tors only. The solid curve is the prediction of fit F. e 7950 2050 7150
Ecm (GeV)

where the sum extends over all events in a given
bin, w being the weight of an individual event, de-
scribed earlier. As only up to G waves are expect-
ed to take part in the interaction in the energy
range of this experiment, the maximum value of n
was fixed at 8.

The calculated values of coefficients A,/A in the
different energy intervals for events with seen
spectators and for all events are given in Table I,
along with the bins chosen and weighted and un-
weighted number of events in the bins.

Figures 1-8 show the data plotted as functions of
energy. The curves show the fitted value of fit F,
described in Sec. IV.

A. Parametrization of the partial-wave scattering
amplitudes and fitting procedure

The amplitude in a given partial wave can be ei-
ther “resonant” or “nonresonant” (also called

2.0

-0.4 1 ! Il
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FIG. 2. Experimental values of 4,/A for seen spec-
tators. The solid curve is the prediction of fit F.

FIG. 3. Experimental values of A /A, for seen spec-
tators. The solid curve is the prediction of fit F.

“pbackground”) or some combination of both, and
their energy dependence was considered in the fol-
lowing manner. The resonant part of the amplitude
was given by the Breit-Wigner formula

%eio(rerr)xlz

To={E,—E—iiT)’

where I', T',, and T, are the total width, elastic-
channel partial width, and reaction-channel (here
Zm) partial width, respectively. Ej and E are the
resonance and interaction energies, respectively,
¢ is the phase of the resonant amplitude at reso-
nance which was assumed to be either 0 or 7, but
in certain cases where choice was uncertain the

phase was taken as a variable parameter. In this
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FIG. 4. Experimental values of 4,/A  for seen spec-
tators. The solid curve is the prediction of fit F.
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FIG. 5. Experimental values of A;/A, for seen spec-
tators. The solid curve is the prediction of fit F.

analysis all phases have been taken relative to that
of Z(1765), the phase of which has been set equal to
zero. The energy dependence of the partial width
has been approximated as

kiz liki
UE)“(m—z) E

by Glashow and Rosenfeld,” where X is a mass re-
lated to the radius of interaction and is equal to
350 MeV and k; and /; are the momentum and orbi-
tal angular momentum of the decay product of the
resonance in the ith channel. Deans and Holladay®
in a fit to total-cross-section data found that 175
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FIG. 6. Experimental values of Ag/A, for seen spec-
tators. The solid curve is the prediction of fit F.
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FIG. 7. Experimental values of A;/A for seen spec-
tators. The solid curve is the prediction of fit F.

MeV was a better value for X. In the present work
we take this value of X.#° We have found in our
data that this energy dependence was unimportant
because the fits with and without the energy depen-
dence give almost the same values of the parame-
ters.

The nonresonant part of each of the partial-wave
amplitudes was parametrized as

Ty=(A +Bk)+i(C +DF),

where %k is the incident c.m. momentum. For the
resonant part of the amplitude the quantities

(x,x )2 [=(T,T,)"2/T], Eg, T, and ¢ were vari-
ables. If a particular partial wave contained both
resonant and nonresonant parts, they were added
using the relation

T=Tr+Ty.
1.6
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FIG. 8. Experimental values of Ag/A, for seen spec-
tators. The solid curve is the prediction of fit F.
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The partial-wave analysis was done on an IBM
360 computer. For each fit a hypothesis was made
as to which partial waves were resonant. A set of
parameters was chosen to describe each hypothesis
and reasonable starting values were given for each
parameter. These starting values were used to
calculate the cross section and angular distribu-
tions. The calculated quantity x, was compared
with the observed data point x, and their error,
Ax,, to find X%

2 X=X z
X?= Z( Av °> .

The sum is over all the data points. The X? func-
tion was then minimized with respect to all the
parameters using CERN minimizing program
MINUIT . It may be mentioned that we have ne-
glected the statistical correlations between Legen-

dre coefficients both in the extraction of these co-
efficients from their events and also in the above-

D. P. GOYAL AND A. V.
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mentioned definition of the X2 function.

After a satisfactory fit was obtained, errors in
the fitted values of resonance amplitudes were cal-
culated. This is done by finding the covariance
matrix by inverting the second derivative of the X?
function; the diagonal elements of the covariance
matrix are the squares of the errors.

In doing this, the program assumes that the func-
tion is parabolic in all parameters around the min-
imum. This, however, is not a good approxima-
tion. It was found that, in most of the fits, the
program found a new minimum with a slight im-
provement in X2 by about 0.5 or less in certain
cases. It will then go back to the minimization
step and will therefore enter the minimizing rou-
tine again and will loop in this way for hours. Each
time it will produce a new minimum slightly better
than the previous value by about 0.5 or so. More-
over, there was not much change in the resonance
parameters. The fitted values reported here are

TABLE I. Summary of fits. Here R denotes a resonance with variable parameters and (R)
denotes a resonance with fixed parameters. 1,1 means background of the type A+ iB and 2,2
means background of the type (A+ Bk)+(C+ Dk), k being incident c.m. momentum.

Fit S, P, P, D, Dy Fy Fy Gq Gy x* v Prob.
Seen spectators
A 1,1 1,1 1,1 1,1 1,1 1,1 1,1 1,1 1,1 155 54  0.15x1078
1
B 1,1 1,1 1,1 1,1 (f{)l 1,1 1,1 1,1 1,1 1437 54  0.14 x1077
1,1 o
C 1,1 1,1 1,1 1,1 ®) 1,1 R 1,1 1,1 71.06 53 5%
1,1 1,1
1,1 1,1 1 1,1 ’ i R . 5 .
D , , ,1 , ®) R 1,1 1,1 61.8 50 12.2%
1,1 1,1 )
1 1 E) £ . . ¢
E 1,1 1, ,1 R ®) 1,1 R 1,1 1,1 68.2 50 4.4%
1,1 q
r 2,2 2,2 1,1 1,1 ®) 1,1 R 1,1 1,1 63.9 49 7.4%
1,1 1,1
2,2 2,2 1, 1,1 ’ ’ R 1, 1, .0 6 .49
G 1 ®) R 1 1 87 4 0.4%
1,1 1,1 ;
H ’ ’ 1 R 1 5%
2,2 2,2 1,1 R ®) ,1 1,1 ,1 66,7 46 2.5%
All events
1,1
I 1,1 1,1 1,1 1,1 ®) 1.1 R 1,1 1,1 228.7 80
1,1 1,1
J 1,1 1,1 1,1 1,1 ®) R R 1,1 1,1  180.9 77
1,1
K 2,2 2,2 1,1 1,1 ®) 1,1 R 1,1 1,1 180.9 76
1
L 2,2 2,2 1,1 1 L1 1,1 R 1,1 1,1  165.7 73

R (R)
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those reached by the program when successive
further entries to minimization improve the X by
less than 0.1. The error estimates were calcula-
ted by fixing the parameters of the background at
values obtained as above, while the resonant pa-
rameters were still allowed to vary. The program
then quickly reached a final minimum and found the
errors for the resonant parameters.

IV. RESULTS OF PARTIAL-WAVE ANALYSIS

In this section we give the results of the partial-
wave analysis. Data were analyzed separately for
all events (seen and unseen) and for events with
seen spectator protons. The results of the two sets
of data are presented separately in Table II. As a
first attempt, we assumed that all the amplitudes
are nonresonant. The nonresonant amplitudes of
the form T;=A +iB, where A and B are complex
constants to be determined by the minimizing rou-
tine, were assumed in all the partial waves S, to
G,. This gave a X? of 155 for 54 degrees of free-
dom (fit A) corresponding to a probability of =108
and is, therefore, very poor representation of the
data. In all the subsequent fits, a resonant ampli-
tude was always added in the D, wave correspond-
ing to Z(1765) and its parameters were held fixed
at values given in Ref. 1, as the data of the pre-
sent experiment cannot be expected to determine
them well. One fit with constant background in all the
waves, beside the fixed D, resonance, gave a X?
value of 143.7 for 54 degrees of freedom (fit B).
This was a very poor description of data but was
used as a starting point to investigate the effect of
adding various resonances to other waves. As the
F, resonant amplitude, corresponding to well-
known Z(2030), is expected to manifest itself in the
energy range of the present experiment, the next
choice, therefore, was to insert a pure resonant
amplitude in the F, wave, apart from a fixed reso-
nance in the D, wave. In all other waves a constant
background was assumed. The parameters Eg, T,
and (x,x,)"/2 of this latter resonance were kept
variables. However, the phase ¢ was fixed at 7.
This resulted in a X2 of 71.06 (fit C) for 53 degrees
of freedom corresponding to a probability of ~5%.
Defining the phase, ¢ =0, for Z(1765) in this fit
and in the remaining fits, the overall phase de-
generacy was removed. In all the remaining fits,
the F, wave was always assumed to be resonant.

Since the I=1 total cross section shows a shoul-
der that is consistent with a resonance of mass
1910 MeV and width 50 MeV,'>!'! a resonance of
this mass with J ? = 3* (Ref. 9) was also added in fit
D. With the phase fixed at zero and keeping the
resonance parameters E, I', and (x,x,)'/2 vari-
ables, minimization yielded a fitted mass of ~1820

MeV and a X2=61.8 for 50 degrees of freedom, for
this fit. This corresponds to a confidence level of
12.2%, but the value of (x,x,)!/2 found for this fit is
0.58. It seems unlikely that if such a strong effect
really exists, it would not have been observed be-
fore. When a F, phase ¢ =7 was forced through the
parameters, the results so obtained were not so
meaningful. In one fit the F, phase was varied. It
was found that after minimization it approaches
very near to zero. When the F; parameters were
fixed at the best-known values from Ref. 1, this
resulted in a totally unacceptable fit as the reso-
nance parameters in F, wave diverged to unphys-
ical values. Then a resonant amplitude was also
imposed in the P, wave, corresponding to %(2080)
along with a pure resonant amplitude in the F,
wave. The phase of the resonance in the P, wave
was kept fixed at 0. This gave unacceptable values
of the parameters as the value of mass and width of
the resonance in the F, wave always approached the
upper limit set during the process of minimization.
The values of the P, phase ¢ =7 and variables from
0 to m were also tried but no improvement was
found. This, therefore, suggests that the Z7 de-
cay mode of a P, resonance Z(2080) is not favor-
able, so we omit it from further discussion.

Next we try to detect the formation of the =(1940)
resonance in the D, amplitude® by adding to the lin-
ear background in this amplitude, a resonance with
free parameters corresponding to Z(1940). All

other waves are parametrized as in fit C. This
gives a total of 22 variables and 50 degrees of
freedom. This improved the X? to a value of 68.2
for 50 degrees of freedom corresponding to a prob-
ability of 4.4% (fit E) which is reasonably good.

The fitted parameters of £(2030) remain essential-
ly the same as in fit C. When a fit was attempted
with a resonance added to both S, and D, waves, the
parameters diverged to totally unacceptable values
and a very bad fit was obtained.

In the second group of fits linear background is
tried in some partial waves. Other partial-wave
analyses (e.g., Refs. 4 and 9) have shown that S,
and P, amplitudes in particular have considerable
energy dependence. The fit F is similar to fit C
but the constant background used in fit C is re-
placed by the amplitudes with real and imaginary
parts linear in c.m. momenta in the S, and P,
waves. The probability for this fit is considerably
increased, reducing the X? to 63.9 for 49 degrees
of freedom. Then with the addition of a resonance
in the D, wave (fit H) the probability is slightly de-
creased. When a fit was attempted with energy-
dependent background in the S, and P, waves and a
resonant amplitude in the P, and F, waves, unac-
ceptable values were found for the F, resonance.
Each time its mass and width approach the upper
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FIG. 9. Argand diagram of the fitted partial-wave
amplitudes in fit F.

limit. Figure 9 displays the Argand-diagram plot
of fitted amplitudes in fit F.

Since eight amplitudes are involved in this study
and in order not to increase prohibitively the num-
ber of parameters to be determined, the linear
parametrization of the background was a reason-
able compromise with the statistics of this experi-
ment.

Some of the fits mentioned above were also car-
ried out with the coefficient ratio A, /A  obtained
using all events. With the inclusion of unseen-
spectator events, the statistics was almost dou-

bled. Here the total number of events were divided
into 11 energy bins rather than the 8 used for the
events with seen spectator only. Therefore, the
total number of data is 27 more. In all the fits
using data with all events (fits I to L), the proba-
bility is quite low, for example, when fit C was at-
tempted with all events (fit I) a X2 of 228.7 for 80
degrees of freedom was obtained, resulting in a
very low probability. But the values of the reso-
nance parameters are not substantially changed.
Similarly, fit D was also tried with all events (fit
J) and a x* of 180.7 for 77 degrees of freedom was
obtained. Fit K, which has a resonance in the F,
wave, gave a x? of 180.9 for 76 degrees of freedom.
But the fitted values of mass and width for the F,
resonance were low compared to the similar fit
with seen spectator events. In fit L, a x* of 164.7
for 73 degrees of freedom was obtained. The val-
ues of the resonance parameters were similar to
those obtained in a similar fit with seen-spectator
events (fit H).

As the events with unseen spectators have larger
errors and are more contaminated, therefore, we
have introduced the resonances in some important
waves only. The resonance parameters for D, and
F, waves obtained in two sets of data are similar.

V. CONCLUSION

We have listed in Table II various fits and the
probabilities of their occurrences. Of all the fits
listed in the Table II, the one with highest proba-
bility (=12%) has a variable resonance in the F and
F, waves (fit D) and constant background in all the
waves except F,. The resonant structure seen in
the I, wave has fitted values of mass ~1820 MeV
which lies at the lower boundary of our energy
range and therefore cannot be supported by our da-
ta. Because of this, fit F with a variable reso-
nance in F, and probability of ~7% is preferable to
fit D even though the latter is statistically better.
In all the fits, except D, the mass of the resonance

TABLE III. Selected fits for the resonance parameters.

F7 (¢=7T) D3 (d):O)
Eg T Ep r

Fit (MeV) (MeV) ei®(x,x,)/22 (MeV) (MeV) ei®(x,x,)!/?
C 2057.8+7 1953 —0.099+ 0.006
DP 2027.0+5 126.3:74 —0.07 +0.006

2053.24 187.0%)  —0.099+0.006  1997.1*5 72.3+14  0.03:3:%%

2056 +8  176.6:3%  —0.085+0.006

2057 +9  176.7%%  —0.09 +0.007 1979.6:1  72.47:4) 0.037+0.001

2The error quoted is only statistical as given by the minimizing routine.
In fit D, a resonance was also imposed in the F; wave.



in F, is in the region of 2050 MeV, slightly higher
than the world average of 2030 MeV and the width
is ~180 MeV. In fit D, where a resonance is im-
posed in the F, wave, the mass and width of reso-
nance in F, is lowered down to 2027 and 126 MeV,
respectively.

The quantities describing the resonance parame-
ters, i.e., E,, I, and e?®(x,x,)"/? for some select-
ed fits are given in Table III. On the basis of these
fits we can draw the following conclusions:

The mass and width of Z(2030) lie in the range

E,~2027 to 2057 MeV,
I'~126 to 195 MeV,

and the branching fraction in the Z7 decay mode is
e'®(x,x,)!/?=-0.085+0.015, which also happens to
be the central value on the basis of best fit F in our
own data. The error indicates the spread of the
values for different fits which arises due to the

16 FORMATION OF THE 2(2030) RESONANCE IN THE... 2753

variation in the type of the background and its
parametrization. Taking into account an additional
systematic error of about 0.01 due to the neglect of
Legendre coefficient correlations, we would like to
quote a value of e*®(x,x,)"/2=-0.085+0.02.
Further, on the basis of fits E and H the reso-
nance in the D, wave is confirmed with mass ~1990
MeV and width ~72 MeV in agreement with Kane.?
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