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The K *p scattering data up to 2 GeV/c were fitted with a coupled-channel K -matrix parametrization in
which inelasticity is represented by a single production channel for each partial wave. Several solutions are
possible above laboratory kinetic energies about 1 GeV, but all are essentially the same below this energy.
All solutions that we have found have a P,; resonance pole at about total c.m. energy (1796—i101) MeV.
Resonance poles are present in other partial waves but are at considerably higher energies or are
considerably farther from the real energy axis. More reliable measurements of polarizations are needed to
firmly éstablish the existence of resonance poles other than the Py; one. Alsq, contemporary measurements

of the reaction cross sections are needed.

I. INTRODUCTION

This is a more complete account of work re-
ported by the authors in a 1974 Letter.! That ear-
lierbrief report hasbeen criticized® for not agree-
ing with recently measured polarization values® at
low energies. In the more complete work reported
herein, the low-energy P waves are increased such
that the new polarization values are well fitted.
Contrary to the criticism,? the P, pole previously
reported at (1787-:100) MeV remains, but is
shifted slightly to (1796-7101) MeV. (Notation:
Partial waves are denoted by Iz ,;, where [ is the
orbital angular momentum of the scattering state
in spectroscopic notation, T is the isotopic spin,
and J is the total angular momentum.)

An analysis by B. R. Martin*? also reports a
P, pole‘at (1820-7134) MeV. This analysis did
not use the recent polarization data®® that are used
in the analysis reported here. We fitted our am-
plitude parametrization (see below) to Martin’s
partial waves, but could not achieve a good fit to
our data set (described below) by subsequently
varying the parameters. Therefore, we conclude
that the solutions reported below are better repre-
sentations of the data than is Martin’s solution,
because our solutions do fit the data reasonably
well.

Another analysis by Cutkosky et al.” is not in a
form to facilitate locating pole positions; however,
they state that “no significant improvements were
found in the fit to the dispersion relations when ex-
plicit resonance poles were inserted in the S and
P waves.” Of course, that would not exclude the
possibility of a pole in the P, state. Infact, we
found a P, pole at (1934-i101) MeV when we fitted
our parametrization to their partial waves; but we
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could not achieve a good fit to our data set by sub-
sequently varying the parameters. (This solution
was originally obtained without the benefit of the
Abe et al.® precise differential-cross-section data
or the recent polarization data.®”® Therefore, we
conclude that this solution is not as good a repre-
sentation of the data as are the solutions reported
below.

We have revised our previously reported! solu-
tion in order to fit the recent low-energy polar-
ization measurements, and have found several pos-
sible behaviors at the highest energies. In this pa-
per we report two of the solutions and indicate the
kinds of measurements that need to be made in or-
der to distinguish among theé possible solutions.

In the next section we present our criteria for
data selection; the list of data used is in the Ap-
pendix. Section III contains an outline of the para-
metrization we used in our fits and Sec. IV de-
scribes the solutions we obtained. In Sec. V we
show how well the solutions fit the data. A de-
scription of the most important characteristics of
our solutions is given in Sec. VI, and Sec. VII de-
lineates experiments that need to be done in order
to better determine the partial-wave amplitudes
for K*p scattering.

II. DATA

The data references used in our fit are given in
the Appendix. Seven new references that were not
included in the 1975 CERN K *p bibliography® are
starred. These new data are (1) calculated values
at 0.1 GeV/c and 0.15 GeV/c intervals of «
= Ref(0)/Imf(0), where £(6) is the non-spin-flip
scattering amplitude, reported in data references
76B1 and 76B2, (2) very precise and copius differ-
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18
ential cross sections, beginning at laboratory kin-
etic energies 502 MeV, reported in data reference
75A1 (these data were reported in preliminary
form in the CERN bibliography reference 73A2),
(3) polarization and differential cross sections at
1277 MeV reported in data reference 75P1, (4) po-
larizations at four energies from 322 to 567 MeV
reported in data reference 76E1, (5) a reaction
cross-section value at 1373 MeV reported in data
reference 77M1, and (6) low-energy differential
cross sections from 66.5 to 274 MeV and a reac-
tion cross section at 274 MeV in data reference
74B1. All of these new data are included in our
data set.

Some of the older differential cross-section data
are redundant with the data of data reference 75A1
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and are rendered useless to the fit by the high pre-
cision and copious values of the new data of 75A1.
We have eliminated all such data from our set.
Also, many of the older data are in great disagree-
ment with the 75A1 data and do nothing but cause
a large contribution to x? (goodness-of-fit para-
meter) because of the extremely small errors on
the 75A1 data. We have eliminated these data.

There is great disagreement among the total
cross-section data. Prior to fitting we eliminated
some of these data that are obviously in disagree-~
ment with the large body of the data. In the course
of fitting we eliminated some more of these data
whose disagreement with the large body of the data
was made more obvious by the fit.

We kept all reaction cross sections in our data
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FIG. 1. (a) Laboratory-kinetic-energy locations of @ =Re f (0)/Im f (0), o,,
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op; and o(6) data used in our analysis.

Also indicated are the angular range and number of angles for the o(0) data. Number of experiments at an energy are
in parentheses for o(6). Number by o, or o, entries indicates number of experiments. (b) Laboratory-kinetic-energy
locations of P(6) used in our analysis. Also indicated are angular range and number of angles. Number of experiments
at an energy are in parentheses. :
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FIG. 1. (Continued)

set, even though many of them are quite old and
some are inconsistent with each other. (More
reaction cross-section measurements would be
very helpful to future analyses.) We also kept all
polarization values, even though there are large
disagreements among them. Details about these
disagreements will be given below where the fit
results are presented. :

All of the data used in the fit are summarized in
a more complete report that can be obtained from
the second author (L. D. R.). Figure 1 shows the
energies and angular ranges of our selected data
set.

III. PARAMETRIZATION

The partial-wave parametrization is a coupled-
channel K matrix one in which the inelastic effects

are represented by one inelastic channel: for the
S,, state the inelastic channel is the K*p channel
and for the other states the inelastic channel is the
KA channel. These specific channels are chosen
because they have the lowest orbital angular-mo-
mentum state or lowest threshold that communi-
cates with the elastic K*p channel. The orbital
angular momenta /; for the inelastic channels are
given in Table I. The resonances (K* and A) in the
inelastic channels are realistically given a Gaus-
sian-smeared mass in the phase-space factors for
the channels.

Specifically, the parametrization is as follows:
The T matrix is

) T:pl/zKp‘/Z(l—ipl/zKpl/z)'l, 1)

where

TABLE I. Lowest orbital angular momenta of the inelastic channels.

Ir,o0 Si Py Py Dy Dy Fyy Fy Gy Gy Hy Hyp
I; 0 1 1 0 2 1 3 2 4 3 5
K* p KA KA KA KA KA KA KA KA KA KA
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* TABLE II. Width and mass values.

Channel
K*N Te¥= 50 MeV  my = 890 MeV  m,=938.26 MeV  my =494 MeV
KA Tao =120 MeV my =1240 MeV my =494 MeV m, =938.26 MeV

K= Ke KO

K, K,
(for S,,,i=K*p; for other states, i=KA4),

pe 0

p=t
0 p;

b

p.=CE*'*! where we approximate % at low ener-
gies by k=[s — m,+m,)]*'?, s is the square of the
c.m. total energy, [/ is the orbital angular momen-
tum of the elastic channel,

1 Q
;= [B,0mg, m)]Pritt
pl ﬁfu fmr’m, 1 8 ]

x expl—(m - m, )?/7,%)dm ,

ki(mg, m)=[s— (m+m)?]*'2, 1, is the lowest orbital
angular momentum of the inelastic channels coup-
ling to I (see Table I). Table II lists the values of
the width and mass symbols, and the K-matrix
elements are parametrized by

N N N
K,,:Z a,E", K(,:: b,E", and K= Z;c,,E".
n= n= n=

The parameters a,, b,, and c, are the paramet-
ers which are varied to fit the data. The number
of these parameters that are used (N,, Ny, and N,)
are determined by doing the fit: one wants the
minimum number without unduly restricting the
freedom of the fit. Generally, the number of para-
meters decreases about linearly with increasing [
because of the short-range nature of the K*p inter-
action.

Note that we use powers of the laboratory kinetic
energy E rather than laboratory momentum. This
is done because E is more simply (linearly) re-
lated to s, the square of the c.m. total energy,
which is the energy variable that is of greatest
theoretical interest, i.e., E=[s ~ (my+m,)?]/2m,.
We continue to use the old-fashioned E in our data
designations rather than the new-fashioned labor-
atory momentum because of-this reason.

IV. SOLUTIONS

The solution we reported previously' was one of
several that were found that differed only at the
high-energy end of the data set. One solution re-
ported here was obtained by starting from zero-
parameter values in a 0-100-MeV fit, then increa-
sing the energy range by 100-MeV steps up to 1000
MeV, then fitting our parametrization to the 0—
1000-MeV solution and the previous solution above
1000 MeV, and finally varying the parameters for
the best fit to the entire 0-1600-MeV data set.
After this solution was obtained, energy-band an-
alyses were done in bands of 100-MeV width start-
ing from the 0-1600-MeV solution. It was noticed
that the higher-energy bands tended to give a high-
er S wave than did the 0-1600 solution. Our para-
metrization was then fitted to the energy-bands’
solutions and, by varying the parameters, we found
the other solution reported here. The two solu-
tions are similar at low energies. Undoubtedly
there are other solutions that differ from these two
at the high-energy end, but we feel that the differ-
ences between the two reported here indicate the
kind of data that are needed to resolve the ambig-
uities at the high-energy end. .

Both of the solutions obtained as described above
contain large renormalization of differential cross
sections and polarizations at the high-energy
end and in the 400-700-MeV range. In an attempt
to eliminate this large renormalization we ran
both solutions down without any renormalization
[solutions H (high S wave) and L (low S wave)].
Then, renormalization was allowed, which yielded
solutions (solutions H, and L, below) that, as be-
fore, contained large renormalization at the high-
energy end and in the 400-700-MeV range. (Re-
presentation values of the renormalization can be
found in Figs. 8-10.)

Figure 2 shows why the renormalization occurs.
Consider the high-energy end first: The one o,
data point at 1373 MeV is obviously inconsistent
with the large number of o, data points and the o
values determined by the integration of the o(6)
data in that energy region. The single o, point is
not well fitted until renormalization is allowed. In
the 400-700-MeV energy region, again, the o,, op,
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FIG. 2. Our solutions’ predictions versus the oy and o, data. Also shown is the solutions’ predictions for o,. The
solid curves are the solutions for which no renormalization was allowed and the dashed curves are the solutions for
which renormalization was allowed. (a) Solutions H and H,. (b) Solutions L and L.
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FIG. 3. Argand diagrams for our solutions. (a) Solution H. (b) Solution H,. (c) Solution L. (d) Solution L,.

and 0 values are not consistent. The unrenormal-
ized solutions (solutions H and L) fall considerably
below the most precise o, data but are in reason-
able agreement with the o, data; whereas the re-
normalized solutions (solutions H, and L,) fall be-
low (particularly L,) the o, data but are in reason-
able agreement with the oy data. The o, data in the
400-700-MeV range were measured between 1962
and 1970, whereas the o5 data in that range were
measured between 1968 and 1973. It appears that
some contemporary measurements of o, are needed

over the entire 0-1600-MeV range.

The Argand diagrams for all four solutions, ex-
cluding H waves, are shown in Fig. 3, and the
phase shifts and absorption parameters of all four
solutions are shown in Figs. 4 and 5. Tables of all
of the fit parameters and partial-wave amplitudes
for the solutions are available from the second au-
thor (L. D. R).

There are 3006 data in our data set. Table III
lists the x? values and x2/(data point) for the four
solutions mentioned above.
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We shall later discuss some of the character- and L) in this paper because of the extreme amount
istics of these solutions after observing how well of renormalization that exists in the renormalized
the data are fitted by the solutions. We discuss solutions.
mainly the unrenormalized solutions (solutions H Unfortunately, the data inconsistencies are so
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FIG. 5. Phase shifts and absorption parameters for our L and L, solutions. The solid curves are solutions in which
no renormalization was allowed (L ) and the dashed curves are the solutions in which renormalization was allowed (L, ).
(a) Phase shifts for =0 and j= 1~ % partial waves. (b) Phase shifts for j=I +3 partial waves. (c) Absorption param-
eters for all partial waves.
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bad, even after elimination of many data, that we
were not able to obtain an error matrix for our
solutions. The differences among our solutions
can be taken as a measure of the solutions’ uncer-
tainties.

V. FITS TO THE DATA

First, consider the fit to the a = Ref(0)/Imf(0)
“data” as shown in Fig. 6. All four solutions yield
essentially the same curve; all are considerably

TABLE II. X* and X* (data point) for the H, H,, L, and L, solutions.

Solution H H, L L,
x? ' 5194 3745 5174 3774
x%/tdata point) 1.73 1.25 S 172 1.26
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above the data values. We could not find any so-
lution that would yield a curve as low as the data.

There are six data for ¢(0), whose agreement
with the four solutions is shown in Fig. 7. Five of
the data are considerably below and one is in good
agreement with the curves. All data are from the
same reference (70C2).

The most important data are, of course, the po-
larization data. Fits of the H and H, solutions to
some of the polarization data are shown in Fig. 8.
Also shown are predictions for

-2 Re[ 1*(0)g(6)]
BO =T g0

]

and

_1f(6)12—1g(6)12
SO = Tro T 1(0) 17 °

where f(6) is the non-spin-flip amplitude and g(6)
is the spin-flip amplitude. The L and L, solutions
differ from the H and H, solutions in the fits to the
polarization data only nedar the high end of the en-
ergy range. Figure 9 shows the L and L, fits to
the polarization at the highest energy shownin Fig. 8.
Note that the low-energy data of data reference
7T6El [Figs. 8(a)-8(c)] are low in the intermediate
angle region as compared to our solutions and the
nearby data of data reference T1A1 [Fig. 8(d)].
Finally, we present in Fig. 10 the H and H, so-
lutions’ fits to a small set of the differential cross-
section data. The L and L, solutions’ fits are not
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FIG. 9. Our L and L, solutions’ predictions versus
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sufficiently different than the H and H, solutions’
fits to warrant showing them.

To give a birds-eye view of our H and L solu-
tions’ predictions for P(6), S(6), and B(6), we
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FIG. 10. Our H and H, solutions’ predictions versus the differential-cross-section data at selected energies. The
solid curve is the H solution and the dashed curve is the H, solution. The renormalization error factors N are given:
the data are to be divided by this factor. The normalization error is given in parentheses. (a) 112 MeV. (b) 502.5

MeV. (c) 906 MeV. (d) 1532.5 MeV.
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FIG. 11. Contour plots for polarization predictions

FIG. 12. Contour plots for S(8) predictions of our H

of our H and L solutions. The lines of constant P(6)
are labeled. Positive values of P(0) are solid lines and
negative values are dashed lines.

and L solutions. The lines of constant S(6) are labeled.
Positive values of S(6) are solid lines and negative values
are dashed lines.
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FIG. 13. Contour plots for B(8) predictions of our H
and L solutions. The lines of constant B(0) are labeled.
Positive values of B(0) are solid lines and negative
values are dashed lines.

present contour plots of them in Figs. 11-13. We
believe that this way of presenting predictions
should be very useful to experimentalists who are
planning future experiments. We shall discuss be-
low the future experiments that we believe are
most needed.
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VI. CHARACTERISTICS OF THE SOLUTIONS

One can see in Figs. 4 and 5 that the four solu-
tions agree reasonably well below 1000 MeV. We
believe that the character of the solution is well
determined below 1000 MeV. The P,, resonance
reported in Ref. 1 manifests itself in the data at
about 800 MeV, so we believe that the P,; reson-
ance is well established. Our four solutions differ
very little in the location of the P ; resonance pole
in the complex total c.m. energy plane, as shown
in Table IV.

Besides the P, resonances, seasoned resonance
hunters will recognize in Figs. 3-5 the hints of re-
sonances in other partial waves. A search for re-
sonance-type poles in the complex total c.m. ener-
gy plane yields the results shown in Table IV. In
perusing Table IV the reader should bear in mind
that the threshold for K *p scattering is 1432 MeV
total c.m. energy and the end of our analysis’ en-
ergy range (1567 MeV laboratory kinetic energy)
is 2234 MeV total c.m. energy. Of course, the
pole position given in Table IV does not directly
indicate where the main effect of the resonance
will be on the real energy axis—that depends on
the energy dependence of the Breit-Wigner reson-
ance widths (elastic and inelastic) and of the back-
ground. In fact, these energy dependences can be
so violent that a nearby resonance pole is not vis-
ually obvious in the partial wave. The only way to
assure that a resonance pole exists is to find the
pole in the complex total c.m. energy plane in
every solution that fits the scattering data. All of
the poles in Table II, except the P, pole, are far
from the real axis (>200 MeV) or are near the end
of our analysis’ energy range (e.g., G,;). We con-
clude that the P ; resonance pole is well estab-
lished and that there are strong hints for resonance
poles in other states which must await confirm-
ation by means of more precise and reliable polar-

TABLE IV. Resonance-pole positions for our solutions. Note that all but the P; and G, are
very weak because they are far from the real axis. The Gy is weak because it is highly in-
elastic (see Figs. 4 and 5). Therefore, all but the Py should be taken as hints of possible res-
onances. We also find a hint of a S; resonance near (—115¢ MeV) the real axis about 300 MeV
above the end point (2234 MeV) of our analysis range.

State Solutions L L, H H,
Py 1703-3241 1725-335: 1719-328: 1722-3331
Py 1795-106: 1797-107¢ 1796-1014 1798-105¢
Dy 1761-215¢ 1779-2351 1778-2291 1800-2387
Fy 2046-3807 2004-346: 2016-3531 1954-2987
Fy 1863-3871 1851-3627 2427-3097 2192-206¢
Gy 1680-310¢ 1680-310¢ 1680-3107 1680-310¢
Gy 2201-162¢ 2205-163: 2127-1407 2022-1117




3292 ARND-T, ROPER, AND STEINBERG 18

2l T T

t

07 and (C7) (mb)

o 200 400 600 800 1000 1200 1400 1600

E s (MeV)

(b)

O, and (O',}(mb)

(0] 200 400 600 800 1000 1200 1400 1600

E, x5 (MeV)

FIG. 14. Partial-wave contributions to the total and reaction cross sections for solid H. The heavy solid curve is the
sum of all partial waves; the light solid curves are the j =l +3 partial waves, and the dashed curves are the j=1—3%
partial waves. (a) Total cross section. (b) Reaction cross section.

ization measurements. We know of no solution only by three MeV for our four solutions, but the

that fits the current data set that does not have a imaginary part varies by six MeV. We recommend

P,, resonance pole. the H solution pole position (1796 — 1017) as a canon-
The P, resonance pole position real part varies ical value for the P, pole until further data become
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available to further refine the analysis.

The D, argand plots in Fig. 3 have an unusual
behavior—they curl sharply in a clockwise direc-
tion and apparently will curl sharply back counter-
clockwise at energies above our cutoff energy.

Our parametrization actually has a resonant pole
at 1761 to 1800 MeV on the real axis and 215 to 238
on the imaginary axis. We hope to soon extend our
analysis to higher energies to see if this D, and
the other resonance pole positions in Table III re-
main.

Figure 14 shows how the various partial wave
contribute to the total and reaction cross sections.
Note that, although the resonant P, is dominant
in the sudden rise in the 500-800-MeV energy
range, the D,, and D, also make important contri-
butions to the rise. Also, note that the j=1-% par-
tial waves initially rise faster than do the j=1I+3
partial waves.

Note in Figs. 4 and 5 that the j =1 — 3 phase shifts
are all negative and, except for the s wave, the
j=1+3 phase shifts are usually positive.

Another interesting behavior in our solutions is
the P, phase-shift behavior below 300 MeV as
shown in Fig. 4(b). This behavior is caused by the
recent polarization measurements of data refer-
ence T6E1. As mentioned in the previous section,
these data have some unusual features. Therefore,
we suggest that other measurements of low-energy
polarizations are needed.

Figures 3, 4, and 5 lead one to believe in the
possibility of a reasonably elastic S,, resonance
above our energy range (>2 GeV/c). Indeed, we
find an S|, resonance pole in all of our solutions at
about 2500 - {115 MeV. Weare presently collecting
data up to 3 GeV/c in order to extend our analysis
to higher energies and see if the S;, does have a
strong resonance.

VII. SUGGESTED FUTURE EXPERIMENTS

There is a great need for more reliable experi-
mental data in order to better determine the par-
tial-wave amplitudes in K *p scattering.

(a) Reaction cross sections. Our analysis indi-
cates that there are inconsistencies among the
measured total cross sections, reaction cross sec-
tions, and the elastic cross sections determined
by the integration of the o(6) data. Since the reac-
tion-cross-section data are the oldest data and
since the reaction-cross-section data are crucial
to the determination of the absorption parameters,
we urge that new efforts be made to measure K *p
reaction cross sections at intervals of 50 MeV be-
tween 500 and 1600 MeV.

(b) Polarization. Figure 8 shows that there are
large discrepancies among the available polar-

ization data. For example, compare Fig. 8(c) and
Fig. 8(d), the data in Fig. 8(e), and the data in Fig.
8(f). There is a great need for refinements in po-
larization-measurement techniques that will lead
to reliable and precise values for the polarization.
The authors will, with pleasure, aid any experi-
mentalists in determining the most desireable en-
ergies and angles at which polarization measure-
ments should be made.

(c) Spin rotation parameters (S and B). It appears
from Fig. 8 that, in our energy range, measure-
ments of S(6) and B(8) would be of most use at the
highest energies and highest angles (>90°).
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