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- ABSTRACT

An elastic Kr partial wave analysis is presented. It is based on
high statistics data for the reactions K'p — K*r'n and Kp — ki att at
13 GeV obtained in a spectrometer experiment performed at SLAC.
For each reaction, a t-dependent parametrization of the production amplitudes
provides information on both the Km mass dependence of the production mechan-
isms and on K7 scattering. Knowledge of the t-dependence then allows a calcu-
lation of the K= partial wave amplitudes for Kr masses from 0.7 to 1.9 GeV.
The results of such analyses using data for (i) the neutron recoil reactions,
(ii) the A recoil reactions, and (iii) both neutron and At recoil reactions
simultaneously are presented. Besides the leading JP=1_, 2+, and 3~ resonances
at MK7r=‘ 896, 1.434, and 1.78 GeV, there is evidence in two Qf the four possible
partial wave solutions for a broad P-wave resonant-like structure in the region
of 1700 MeV. The I=1/2 S-wave magnitude rises slowly and smoothly to a maxi-
mum near 1400 MeV, but then decreases rapidly between 1400 and 1600 MeV.
This structure is strongly indicative of an S-wave resonance near 1450 MeV. The
charge two K reaction is dominated by S-wave scattering with a total cross sec-
tion decreasing from 4 mb at 0.9 GeV to 2 mb at 1.5 GeV. Both the I=1/2 S-wave
below 1400 MeV and the 1=3/2 S-wave are well described by an effective range

parametrization.



1. Introduction
In this paper we describe a Kr partial wave analysis using the high statis-

tics SLAC 13 GeV/c spectrometer data [1] on the four reactions

Kp—~Krn o)
K+p —~K ' (2)
K'p —K'ratt 3)
Kp ~K A | @)

For each reaction, examination of the t-dependence at fixed K mass, Mqu’ of
the spherical harmonic moments, Y;, of the K7 angular distribution enables us
to isolate the 7 exchange contribution and also to develop an adequate parametri-
zation of the momentum transfer dependence of the other possible exchanges
[2,3]. Armed with this information, we can then perform meaningful Kr partial
wave analyses of the data on reactions (1) to (4) in single wide t bins (~t' < .15
GeV2 for reactions (1), (2), and (4) and -t' < 0.2 GeV2 for reaction (3)). Although
the behavior of the data as a function of momentum transfer is very different for
the neutron and delta recoil reactions, we find that this procedure enables us to
use the K7 moments in the physical region to calculate Kr partial wave amplitudes
which are independent of the nature of the particle recoiling against the K¢ sys-
tem. We can therefore perform joint Kr partial wave analyses of both Ki7r+n
and K*r"A physical region moments, which take into account the different
momentum transfer structure of the two reactions while requiring a common Kr
scattering amplitude. It is this analysis which provides our best determination
of Kr scattering.

In Section 2 we discuss the experimental data selection and present Km mass

spectra and unnormalized M=0 moments for all 4 reactions at small momentum

++
transfer. In Section 3 we investigate the t-dependence of both neutron and A
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recoil reactions. This makes possible the partial wave analysis of physical
region moments which is presented in Section 4 for both neutron and att recoil
reactions, first individually and then jointly. The I=3/2 K7 scattering obtained
directly from the analyses of reactions (2) and (4) is found to be dominated by
the S wave. The analysis of reactions (1) and (3) yields a unique partial wave
solution for MK7r < 1.46 GeV which exhibits the 1~ K*(890) and ot k* (1435) reso-
nances and an I=1/2 S wave cross section that rises smoothly to a maximum
near 1400 MeV. However, for higher K7 mass we find éeveral possible solu-
tions which we classify in terms of the zero structure of the scattering ampli-
tude. Each solution contains a broad spin-parity 3~ resonance [4]; the solutions
differ in the structure of the nonleading partial waves. In Section 5 we present
Argand plots of the Kr partial wave amplitudes for all four solutions and discuss
the implications of this analysis on the nature of the natural spin-parity strange
meson spectrum. All four solutions indicate the existence of é. O+ K meson
which differs from and lies at a higher mass (~1425 MeV) than the traditional

k¥ meson previously discussed in the literature. In addition two of the solutions

imply the existence of a 1~ K* meson near 1675 MeV.

2. The Experiment

The experiment was performed at SLAC using 13 GeV rf separated K* beams
incident on a 1 m hydrogen target. A forward wire spark chamber spectrometer
[5] was used to detect the outgoing K and 7.

Events corresponding to the neutron recoil reactions (1) andv(2) and the
A++ recoil reactions (3) and (4) were selected by requiring that the missing mass
opposite the K7 system lie in the range 0.75 < MM < 1.05 GeV for the neutron
‘reactions and 1.0< MM < 1.4 GeV for the delta reactions. In addition for the two

neutron recoil reactions (1) and (2), a direct experimental subtraction was made



-5 ~

to correct the experimental angular distributions for events associated with the
small K p — KrA° background occurring in this neutron missing mass interval
[6]. In the case of the N recoil reactions [1], the experimental missing mass
specfrum from 1.0 to 1.6 GeV was fitted to a Breit-Wigner A resonance plus a
polynomial background. The Kr cross sections were then corrected to corre-
spond to the AH resonance contribution only.

A multicell Cerenkov counter was used to provide K/ identification for the
doubly charged Kr systems in reactions (2) and (4). For. reactions (1) and (3),
positive K/r identification was not necessary. Instead events that were ambigu-
ous with a forward KO, A, or in the case of reaction (1), the reactions
K'p — ¢A,pA, were explicitly rejected. In the case of reaction (1), events for
which the mn invariant mass was less than 2.0 GeV were also rejected. The
experimental data samples contain 51, 000 and 14,400 events respectively for
reactions (1) and (2) and 104, 000 and 26, 000 for reactions (3) énd (4). In addi-
tion, very large samples of K* —-wivr-'-vr_ beam decays were obtained simultane-
ously with the K7 data and provided a direct measurement of the K+/K— relative
normalization which is known to +2%.

A maximum likelihood fitting procedure is used to correct the observed Kr
data for the effects of the spectrometer acceptance, event‘ selection criteria,
and other factors. This yields acceptance corrected reaction cross sections

and the spherical harmonic moments, Y of the K7 angular distribution as a

LM’

function of K7 mass and four momentum transfer, t' (= t—tmin). The resulting
K7 mass spectra and the t channel unnormalized M=0 moments are presented in
Figs. 1-4 as functions of K7 mass for the small momentum transfer region for

each of the four reactions. The momentum transfer cuts are [t'1<0.15 GeV2
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for reactions (1), (2) and (4) and [t | <0.2 GeV‘2 for reaction (3). The errors
-showm-are the statistical errors only.
The K+1r+n cross section is substantial; it rises smoothly from threshold
to a broad maximum near 1.6 GeV. The K-F—A-H- cross section exhibits a
noticeably different K7 mass dependence aﬁd appears to remain roughly constant
over this mass range. This apparently different mass variation in fact reflects
the different neutron and A++ recoil momentum transfer ‘dependence and particu~
larly the rapid increase in tmin with Kr mass that occurs for the A™ reaction.
The fits to the K' r'n and those to the K n A'T data were performed with
L, M<2. Separate fits indicated that higher L. moments were not required to
describe these data. Indeed the L=1 and L=2 moments in Figs. 2 and 4 are
quite small indicating that the I=3/2 Kr system is predominantly S wave. For
the K—1r+n and K+1r_A++ data, the maximum L value used in theT fits increased
from L=2 to L=6 with increasing Kr mass, as indicated in Figs. 1 and 3, with
M<2 for all masses: I.<4 moments are required to describe the K*(1435) region,
and the L.<6 moments are necessary above 1.6 GeV. The prominent features
of the K™ and K’ distributions are due to the 17 K*(890) and 2" K*(1435)
mesons. In addition, as reported previously [4], these data have been used to
demonstrate the presence of a broad spin-parity 3~ K* resonance at ~1.78 GeV.

3. K Production

Both neutron and A recoil reactions are historic sources of information on
K7 phase shifts[7,8] . Although the 7 exchange contribution to the A recoil
reactions does not vanish at t=0 as it must do in the neutron recoil reactions,
this advantage is counterbalanced by several disadvantages: (i) the difficulty,

in the absence of a direct measurement of the recoil system, of cleanly iso-

lating the broad A resonance from the background in the missing mass spectrum;
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(ii) kinematic reflections from the diffractive Q production reactions, expected
[1] tobe important at low MK’II‘; and (iii) the rapid increase of tmin with increas-
ing MK7r in the A reactions. At MK7r= 1.5 GeV, tminz ~-.06 GeV2 for Piab = 13
GeV/c, so that, in a t' region 0< -t' < .2 GeVz, one can see only about 20% of
the 7 exchange. (iv) Moreover, the A recoil reactions are intrinsically more
complicated than the neutron ones, due to the doubling of possible recoil helicity
states. We discuss the Km production mechanisms in Section 3.1 and KrA
production in Section 3. 2. |

3.1 K7 Production in Kp — Km

The extraction of K7 scattering amplitudes from these data requires isolating
the 7 exchange contribution to the production amplitude. Data at 4 GeV [9] for
the line reversed reactions

K™p — R*(890)n

. )

K n — K*(890)p
have provided valuable information about the K*(890) production mechanisms. In
ref. [10] it was shown that these two reactions could be simply described in terms
of strongly exchange degenerate 7-B and Az—p Regge exchanges and 'cuts' (non-
evasive contributions, absorptive corrections. ..) which have simple t-channel
structure. We have shown [2] that for K*(890) and K* (143‘5) production in
reaction (1) at 13 GeV, a good description of the momentum transfer dependence
of the data is also provided by this simple exchange model. Moreover, the MKw
dependence of the ratios of non-pi/pi exchanges was seen to be almost identical
to that observed in 7N — pN compared with 7N — fN [11].

For each K7 mass interval, we parametrize the t dependence of the ampli-

tudes LM for production of a Kr state with angular momentum L, t channel



-8 -

helicity A, by natural (+) or unnatural (-) parity exchange by

s

0 8L "3

L1_=f-11:;gL~/_I'7(LT1) Yo

. _ ©)
Ly = ﬁng [”c* 2 {-ﬂ YA 't"]
L,,=0, A>2

where {";} refers to an incident K~ or K'. For partial wave analysis, we are
only concerned with small t, e.g., the |t ]| < 0.2 G‘reV2 region. The simplified
parametrization of Eq. (6) is a good small |t] approximation to the more gen~

eral description used in ref. [2]. The relation of gy, to the K7 scattering ampli-

tudes, ay s is given by
- 4 MK’]T a eb(t--uz) )
gL~ %02 g L

where the subscript on .# refers to the net K charge, the superscript to the

recoil particle. The Kr scattering amplitudes are written* as

L L

i6
~ . L
ar, = NEIES) €, sin 6L e (8a)
in the elastic region, and
i¢
a. = la le L (8b)

in the inelastic region. Requiring purely elastic scattering corresponds to

setting eL=1. The normalization constant, -4 51 , is determined by requiring the

*For K 7t scattering, we use ar = a]1;+ —;— ai where the superscripts refer to
twice the K7 isospin and the ail are given by Eq. (8) for elastic scattering. The

isospin Clebsch-Gordan coefficient of % has been absorbed into the definition of c/l(f)
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K—1r+ P wave in the 900 MeV region to be an elastic Breit~Wigner resonance.
‘The K+ nQrmalization constant, J’n, is then fixed by the relative K~ and K+
experimental normalizations and the value of .,/If(;l . We have also calculated e/lfé1
from the absolute experimental normalization and the Chew-IL.ow equation [12].
This gives a value some 10% larger than that obtained from the requirement
that the K*(890) be elastic.

The parametrization of Eq. (6) provides a good description of the t depend-

ence of the moments, N <YL >, of the K_1r+ angular distribution in all Mqu bins.

M
In Fig. 5a both the data and the results of the t-dependent fits are shown for

-t'< 0.2 GeV2 for the 0.94< M 7r< 1.0 GeV bin. We have checked that per-

K
forming the fits for -t' < 0.3 GeV2 does not significantly change the values of the
parameters.

In Fig. 6a, the values of the production parameters* b, Yoo YA describing
the t-dependence are plotted as functions of K-1r+ mass. For the k+w+ reaction,
only the S wave is significantly nonzero and so b is the only reliably determined
parameter. Its values are represented by the open circles in Fig. 6 and are
seen to be in agreement with the K-7r+ results (solid points). We note that the
p—A2 and cut contributions become increasingly important with decreasing Kx
mass.

In the course of describing the t dependence of the K7 production using
Eqs. (6), we also obtain results for the Kr scattering amplitudes. The I=3/2
S wave phase shifts, 62, obtained by imposing elastic unitarity in the fits to the
t dependence of the K+1r+ moments are shown as open circles in Fig. 7a. The

exotic P and D waves were found to be consistent with zero, 6%=6]3)= 0. The

3

*These parameters were obtained from fits in which € of Eq. (8) was left as a

free parameter while ep was set equal to 1.0.
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I=1/2 phase shifts, GS and 5 pr In the elastic region, MK‘7r+ < 1.3 GeV, are
_shown by the open circles in Fig. 8a.

3.2 Kr Production in Kp — KrA'"

Isolation of the r exchange contributions to the A" recoil reactions (3) and
(4) is complicated by the larger number of possible helicity states of the A. We
use LZ:EN to represent the amplitude for angular momentum L, helicity A K
production by natural (+) or unnatural (-) parity exchange with A helicity of %
and with N = + corresponding to proton helicity of +1/2. | We have shown in
ref. [3] that the momentum transfer and K* helicity structure of K*(890) and

K*(1435) production in reaction (3) can be well described by (i) strongly

exchange degenerate m-B Regge exchanges coupling only to the t-channel ampli-

tudes L1 + (and L° 1 ); (ii) EXD p-A contributions coupling to the t-channel spin
flip amplitudes Lé + and L _ in the ratio L =3 L _, as expected from the

Stodolsky-Sakurai model [13] of p exchange; and (iii) nonfactofizing ‘cut' con-
tributions to the s-channel net helicity nonflip amplitudes (S)Lé + and (S)Li_
For K*(890) and K*(1435) production, the MK7r dependence of the ratios of non-
pi/pi exchanges was seen to be almost identical to that observed in 7N — 7N
and in KN — K7N. |

For each M_, interval, we parametrize the n-B contﬁbutions to the

K

(t-channel) amplitudes as

Jor AMY? -

L 2

Ly (n-B) =g (9)

while the p—A2 contributions are given by

Lyt (p-a,) = ﬁLéI(p-Az) = J2 7, (-t) VLTAD g, (10)
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where g1, is given by Eq. (12) below. The factor of J3 is motivated by the
_ Stodglsky-Sakurai model. In addition to the pole exchange contributions of
equations (9) and (10), all t-channel amplitudes also have contributions obtained

by crossing the s-channel cut contributions, parametrized as

- \/_2

J3 3+
to the t-channel. In general, the cut contributions to the two different s-channel
amplitudes need not be related by the J3 of Eq. (11), but we found that the data
at small |t'| could not determine the ratio of the two cuts so we chose to relate
them as in Eq. (11). The simplified parametrization of Egs. -(9) - (11) is a good
small [t| approximation to the more general description used in ref. [3]. The

Kr scattering amplitudes, as ., of Eq. (8) are related to g, by

2
M, by (t-17)
g = C/VO?Z) 7_(-171aL e T _ (12)

As in the neutron recoil reactions, ,/I/OA is determined by requiring the K+7r—
P-wave in the 900 MeV region to be an elastic Breit-Wigner resonance; ./1”2A is
then calculated from C/Vgx and the relative K~ and K+ experimental normaliza-
tions.

The parametrization of Eqs. (9) - (12) provides a good description of the

small t behavior of the moments, N<YL>, of the K 1~ angular distribution in

M

all MK7r bins, as demonstrated, for example, in Fig. 5b for the 0.94 MK7r< 1.0

GeV bin. In fact, we find that all the bL of Eq. (12) cannot be determined from

D:bPEb'

In Fig. 6b, the values of the production parameters* bs’ b, Yo YA

the small t' data, so we set bF=b

‘describing the t~dependence are plotted as functions of K+7r" mass. For the

*These parameters were obtained from fits in which € of Eq. (8) was leftas a

free parameter while ep was set equal to 1.0,
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K 7 reaction, only the S-wave is significantly nonzero so bs’ shown by the
~open _circles in Fig. 6b, is the only reliably determined parameter. As in the
Km case, these fits also produce Kr scattering amplitudes. The values of 62,
and 6;, 611) for MK+7r' < 1.3 GeV, resulting from fits with elastic unitarity
imposed, are shown by the open circles in Figs. 7b and 8b, respectively.

4, Kg Partial Waves from Single t Bin Analyses

A detailed study of the K7 partial waves as a function of K7 mass can be
carried out by using the experimental K7 moments evalﬁated in small Kr mass
intervals for a single wide momentum transfer bin in the r exchange dominated
small t region. The procedure used to extract the Kz partial wave amplitudes
from these single wide t bin K7 moments is presented in Section 4.1. The
results of separate analyses of the purely 1=3/2 K+7r+ and K 7 scattering are
given in Section 4.2. Results from independent analyses of the K—1r+ and K+1r—
data in the elastic region (MK’IT < 1.3 GeV) are presented in Section 4.3. In
Section 4.4, after a discussion of the discrete ambiguity problem that occurs
at higher Kn mass, we present the results of the separate K_7r+ and K+7r_ partial
wave analyses in the inelastic region, MK7T > 1.3 GeV. Finally in Section 4.5,
we present the results of a simultaneous partial wave anaiysis of both the neutron
and delta recoil data, allowing for the different t-dependences of the two reac-
tions.

4.1 Method of Analysis

Consideration of all the moments of the K7 angular distribution in a broad
t bin permits a more detailed investigation of the MK7r structure of the Kr partial
wave amplitudes. The M=0 K7 moments to be used in the following analyses
"have been presented for reactions 1-4 in Figs. 1-4 respectively. The momentum

transfer cuts used are It'| < 0.2 GeV? for K+p K a™ and 1t <0.15 GeV?
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for the other reactions. The calculation of the Kr partial waves from these t
_averaged moments is straightforward since the t-dependence of each amplitude
is known. The analytic form of the t-dependence is given by Eqs. (6) and (9)-
(12). In the preceding section the values of the parameters contained in these

expressions were determined at different values of Kr mass by independent
fits to the observed t-dependence of the moments. In this section, we assume
that the K7 mass dependence of these t structure parameters is given by low
order polynomial fits to the independently determined pc;ints shown in Fig. 6.
Thus the actual values of the t structure parameters used in the subsequent
single t bin analyses correspond to the curves* shown in Fig. 6.

We have verified that the results obtained for the Kr partial waves are
unaffected by this smoothing of the mass dependence of these parameters
describing the t structure of the moments. This was done by repeating the
charge zero Kr analyses of the previous section with the paraﬁleters bs’ b, Yo
and vy A fixed at values corresponding to the smooth curves in Fig. 6. We found
no significant differences between the resulting phase shifts and those obtained
in the previous section. This indicates that the correlation between small
changes in the values of the parameters describing the production processes
and the quantities which describe Kr scattering, the partial wave amplitudes,

is quite small.

*Since b and bs for the A recoil reactions are not very well determined at
high Mqu’
' respectively for reaction (3) for Mqu > 1.5 GeV. These values are consistent

we assume that b and bS have constant values of 0.5 and 1.5

with those obtained in the t-dependent fits of Section 3. 2.
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The K7 moments in the t bin 0 < -t' < T can now be expressed in terms of

_the partial wave amplitudes, a

A

L’ and t integrals, <1L! L;‘; >, as demonstrated,

for example, in the appendixi of ref. [ 14], where

(o]

] 1 1 * (+1
fT dt L)\(t) Ly(t)
<L!L*>= —

| L (13)

£
a1 2y, T

In each MK7r interval, the <L;\ L;'; > can be calculated explicitly and the a; are
then determined from a least squares fit to the K7 moments.

4.2 KTt and K™~ Results

For K+7r+ and K~ 7 , we assume elastic unitarity so that |aSI is just
Isin 6g| . The negative sign of 62 is selected in the K-7r+ and K+7r— partial wave

analyses by requiring that the I=1/2 S wave be elastic in the low Mqu region.

3
S

seen to be in excellent agreement with those (open circles) obtained from the

The results for & are shown as the solid points in Fig. 7a and b and can be
t-dependent fits of the previous section. Here also, the exotic P and D wave
phase shifts are always smaller than three degrees for MK'R’ < 1.8 GeV. The

Kt (K™ 7 ) total cross section can be calculated at each M., value using these

K
phase shifts; the cross section decreases from 4.8 + 0.7 (4.4+0.4) mb at
0.9GeVto2.4+0.3(1.8+0.2)mbat 1.6 GeV.

We have fitted these results for 62 to an effective range form

2141 21 1 121 2
q cot o, =57 +t35 7L 4 , (14)
We find that 52 is well described by Eq. (14) with the low energy Kr parameters

shown in Table 1la; there is good agreement between the parameters calculated

1

tThe conversion from the density matrices of ref. [14] to the notation used

C s L'L _ * R
here is given by p}\u = Re [aL, aj, <L7\LH> .



- 15 -

from the K r'n phase shifts and those from the K 7 A analysis. These
~ parameters yield the curves shown in Fig. 7.

4.3 Elastic K 7 and K 1~ Results

In K r and K n scattering, the I=1/2 D wave is known to be inelastic [15].
The I=1/2 S and P waves could also become inelastic for MK7r > 1.3 GeV.
Therefore we only impose elastic unitarity for MK7r <1.2GeV. Thel=3/2 P
and D wave phase shifts are assumed to be zero while the I=3/2 S wave is given
by the effective range curves* of Fig. 7. In the region from 1.2t0 1.3 GeV,
we require the P and I=1/2 S waves to be elastic but allow inelasticity in the
D wave. Since the P wave is small (and not well determined) in this mass
region, forcing it to be elastic is not overly restrictive. Thus, the imposition
of elastic unitarity for S and P waves is, in practice, simply a prescription for
determining the overall phase. The results for Gé and 6%) in the region
0.7< MK7r <1.30 GeV are shown by the solid points in Fig. 8. They are in
good agreement with the (extrapolated in t) results (open circles) of the previous

section. The curves on the 5113 plot represent Breit-Wigner fits to the phase

shifts
sl r
p .1 °p_ Mp
— = Sin (SP e 2 5 -
J3 Mg MKW—lMRI‘
3 1+ (q R)

T = (ﬁ.) FR R "

dr 1+ (qR)

from 0.8 to 1.0 GeV. The resulting resonance parameters are listed in Table

1b; the K+7r— and K_7r+ results are in good agreement. The K* widths quoted

1

*These are the exotic phase shift values which were also used in the t-dependent

K_1r+ and K+7r— analyses of the previous section.
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have been corrected for the small effects of the experimental mass resolution,
. which is estimated to be 5 MeV.

The curves on the S wave plots represent the results of effective range
fits of the form of Eq. (14) to éé. The resulting low energy K 7 parameters,
listed in Table 1c, again demonstrate the excellent agreement between the K—7r+
and K+1r_ results. We note that, at every MK1r value, there is another possible
value of the S wave magnitude and phase relative to 611) but it is in such violent
disagreement with unitarity (except right at the P-wave Iresonance) that there
can be no question that it is unphysical. In addition, it is of course impossible,
as in any energy independent phase shift analysis, to rule out rapid 180° changes
in the phase shifts between any two neighboring mass bins.

4.4 K~r" and K’ Partial Waves in the Inelastic Region

In mass regions where the Kr partial waves may be inelastic, it is no
longer sensible to impose elastic unitarity. Without accuraté information on
the total cross section or on inelastic channels, the data determine only the
magnitudes and relative phases of the different partial waves. Fortunately, in
nonexotic channels such as K-vr+ or K+1r_, the existence of resonances in the
leading partial waves, coupled with unitarity and continuity requirements,
provides strong constraints on this phase. There is also a problem of discrete
ambiguities* in the inelastic region. This is most readily apparent as an
indeterminacy in the signs of the imaginary parts of the (Barrelet) zeros [16],
Zs of the scattering amplitude and, in fact, the signs of Im z; pi'ovide a con-

venient [17] means of distinguishing and classifying the various solutions for

. *We truncate the partial wave expansions at L=3. Small nonzero higher partial

waves lead to the usual continuum ambiguity patches around our solutions.
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the partial waves. Moreover, only when one of the Im z; approaches zero is

_ it pogsible to change from one solution to another. In the Kz case, since
elastic unitarity allows only one solution up to about 1.3 GeV, the possibility
of discrete ambiguities does not arise until one of the Im z; approaches zero.
From Fig. 9 where the real and imaginary parts of the zeros have been plotted
(for one choice of sign for Im Zi)’ it is apparent that this cannot occur before
M, ~1.45 GeV. However, in the region from 1.4 to 1.5 GeV, both Im zy and

Kr
Im Zo could change sign so that although below 1.4 GeV lthere is only one pos-
sible solution, above 1.5 GeV there are four which can be specified by the signs
of Im z, and Im Zgy, @S indicated in Table 2. *

In Figs. 10 and 11 we present the magnitudes and phases of the K_7r+ and
K+1r- partial waves for all four solutions. Although the solution is unique for
MK7r< 1.5 GeV, for clarity we show each solution in the mass interval 1.3 to
1.9 GeV, and include the magnitudes and phases for the full fnass range with
solution A. The S and P partial waves below 1.3 GeV were calculated from the

I=1/2 and I=3/2 phase shifts shown in Figs. 7 and 8. In this M., region the

Krm
imposition of elastic unitarity determines the overall phase. Above 1.3 GeV,
the data determine only the relative phases of the different partial waves.

For 1.3 < MK7r < 1.6 GeV, the S, P and F wave phases ai'e shown relative to
the (absolute) D wave Breit-Wigner phase. This was obtained by fitting the D
wave magnitudes from 1.25 to 1.6 GeV to a Breit-Wigner form (curves on Figs.
10 and 11), yielding resonance parameters listed in Table 1d whére, once again,

the good agreement between neutron and delta recoil reactions is evident.

Above 1.6 GeV the phases are measured relative to (j)F. For plotting purposes,

*We have chosen to label the K7 solutions in the same way as the 77 solutions
of ref, [17].
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the F wave phase has been chosen to correspond to that of a resonance [4] of

~mass 1.78 GeV and width of 175 MeV. We emphasize that at each mass value
the choice of overall phase is arbitrary and all values provide identical values
of dO'K 7]/dQ.

4.5 Simultaneous Neutron/Delta Analyses

The results of the previous subsections indicate good agreement between

Kr partial waves calculated from the neutron recoil reactions (1) and (2) and

those obtained using the delta recoil reactions (3) and (4). Moreover, it is
straightforward to apply the analysis techniques of section 4.1 to a combined
neutron/delta analysis. As before, we express the Kr moments in terms of

A

however, the a; are common to the neutron and delta recoil reactions while

the <L;\ Lz;> are calculated separately for each reaction.

the partial wave amplitudes and the t averages <L! L;;> of Eq. (13). Now,

The I=3/2 S wave phase shifts obtained from the combined K+7r+/K—7r_

analysis are plotted in Fig. 12a. As before, we find that the I=3/2 P and D

3
K S

is well described by the effective range formula of Eq. (14) with the parameters

waves are negligible (always less than 30) and that the M T dependenée of &

listed in Table 1la. This fit is represented by the curve on Fig. 12a and also
serves to specify the 63 input in the elastic K+7r_/K_7r+ analysis.

The I1=1/2 S and P wave phase shifts obtained from the joint K+7r-/K_7r+

analysis are shown in Fig. 12b for M

1/2
S 3

form with the parameters of Table 1c. Apart from the single Mqu bin at 895

K < 1.3 GeV. Once again, we see a

steady increase with MK7r of 6 which is well described by an effective range

MeV, we find no evidence for the up solution for 6;. It is, of course, not pos-

'sible to rule out sudden 180° changes in any phase shift. The K*(890) resonance
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parameters resulting from a Breit-Wigner fit to 6; for 0.8< MK7r < 1.0 GeV
‘are listed in Table 1b.

In the inelastic region, MK7r > 1.3 GeV, there is still not a unique solution
for the partial wave magnitudes and relative phases for K7 masses above 1.48
GeV. We therefore present, in Fig. 13 and Table 3, all four possible solutions
for the Kr partial waves for MK7r> 1.48 GeV, as well as the unique solution
for lower masses. As before, we choose the overall phase in the region
1.3« MK7r < 1.6 GeV so that ¢D corresponds to a D Wa\Ire Breit-Wigner, the
parameters of which are obtained by fitting the D wave magnitude to a Breit-
Wigner form in the region 1.25 < Mer < 1.60 GeV. These parameters are
listed in Table 1d. For plotting purposes for Mqu> 1.6 GeV, ¢>F is chosen to
have the phase associated with a resonance of mass 1780 MeV and width 175
MeV [1], as shown by the curves in Fig. 13. Taking these values for the mass
and width of the 3~ resonance, we calculate an elasticity of (19 +2)%. We
emphasize once again that for each value of MK7r the choice of overall phase is
arbitrary.

A comparison of all the partial wave results presented in Figs. 7, 8, 10,
11, 12, and 13 and the results listed in Table 1 illustrates the consistency of the
separate K_1r+, K+7r-, and combined analyses. We also found that the magni-
tude of xz obtained from the individual fits to determine the partial waves at
each K1 mass was similar for the separate neutron recoil and delta recoil
analyses, and that in the combined analysis fits the contribution to xz from the
two different input data sets was comparable. It should also be pointed dut that
at high K7 mass the statistics of the neutron and delta recoil data are similar.

Figure 13 shows not only the presence of resonances in the leading 1, 2+

and 3~ partial waves but also interesting structure in some of the nonleading
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partial wave amplitudes. For instance, in solutions B and D there is a bump
~in Iap |, coupled with a fairly rapid increase of ¢p , in the 1.6 to 1.8 GeV
region. Furthermore, in all four solutions, there is a rapid decrease in Ias |
just above 1.4 GeV. This effect is more obvious in Fig. 14 where we compare
the S wave magnitude and phase of solution B with the extrapolation (dashed
line) of the effective range fits. Figure 14 also compares the P wave magnitude
and phase with the extrapolation to higher masses of the K*(890) Breit-Wigner
fits. These effects and their interpretation will be disc;lssed at greater length
in the next section.

5. Discussion of Results

Before discussing the new features of Kr scattering resulting from our
analysis, we first compare our results with those of other experiments. In
subsection 5.1 we discuss the I=3/2 Kr scattering results, in 5.2 we compare
results for I=1/2 Kr scattering in the elastic region,and in 5.5 we discuss
briefly the spin-parity o k* (1435) resonance. In 5.4, we present Argand dia-
grams for the four possible K7 solutions and discuss their structure in terms
of resonances in the nonleading partial waves. We find evidence for a new
I=1/2 S wave resonance and also, in two of the solutions, for a new 1~ Kx reso-
nance. In subsection 5.5, we compare Kr and 7w scatterﬁlg and in 5.6 we
discuss possible methods for solving the ambiguity problem.

5.1 I=3/2 Kt Scattering

We have already remarked that charge two Kr scattering is dominated by
the S wave, with 62 and 6]3) always less than three degrees. The I=3/2 S wave
phase shift, 62 , is well described by an effective range form and corresponds

'to a total cross section decreasing from 4 mb at 0.9 GeV to 2 mb at 1.5 GeV.
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This calculation depends on the assumption that the S wave is elastic. If some
. inelagticity were allowed, the cross section would be larger.

Our phase shifts are somewhat larger but, in general, consistent with
previous measurements [7]. These previous measurements, which individually
have large statistical and systematic uncertainties, are usually collectively
represented as corresponding to a constant total cross section of 1.8 mb.

Since our I=3/2 normalization is extremely well known from (i) the existence
of the elastic P wave K*(890) resonance and (ii) the direvctly measured relative
'K+/K- experimental normalization, our results should be much more reliable.

5.2 Kr Scattering in the Elastic Region

Our results for the I=1/2 S wave phase shift, 6; , in the elastic region
(MK7T< 1.3 GeV) are in good agreement with, but of much higher statistical
significance than, other [8, 18] experimental results. We note that our deter-
mination of the neutral K*(890) mass and width agrees with thé currently
accepted values quoted in ref. [ 15]. It is amusing to note that our value of
a;/az =~ ~2.4 agrees with the current algebra prediction [19] of -2, although
each individual scattering length is approximately twice as large as expected
from current algebra. Scattering length comparisons are complicated by
(i) the difficulty of extracting the r exchange signal from the large background
in reactions (1) to (4) in the threshold region below 800 MeV,-and (ii) by the
large current algebra predictions for the effective range parameters, T

5.3 The K*(1435) Resonance

In contrast with the good agreement of our phase shifts with other results,
our best estimate of the mass of the neutral 2+ resonance is some 15 MeV higher
than the Particle Data Group [ 20]. This effect, which is also noted in another

recent K7 analysis [18], can be attributed to the fact that most previous
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determinations of the K*(1420) mass came from fits to Km mass spectra in
) Whi(?}} the background was parametrized as a low-order polynomial. It is

apparent from Fig, 13 that for M < 1.4 GeV, the S wave is at least as large

K

a contribution to the K7 cross section as the D wave is, and is a slowly varying

function of Mqu'

just above 1.4 GeV results in a cross section which peaks at a Kr mass below

However, the rapid decrease (in all four solutions) of [asl

the D wave resonance. We conclude that our result, 1434 + 2 MeV, based on
fits to the extracted D wave amplitude, yields a more réliable measurement
of the resonance parameter values; it follows that the JP=2+ K7 resonance
should more properly be designated the K*(1435).

5.4 Argand Diagrams and Nonleading Resonances

The K7 partial wave results of the preceding section, as well as demon-
strating the existence of the leading 1, 2+ and 3~ resonances, exhibit inter-
esting new structure in the 0+ wave and also, for solutions B-and D, in the P
wave. These effects are perhaps more readily apparent in the Argand diagrams

of Fig. 15. The points for M > 1.48 GeV shown in Fig. 15 were obtained from

K
a joint partial wave analysis of the K+1r- and K-1r+ data in overlapping 120 MeV
bins at 40 MeV intervals. The results of this overlapping bin analysis are
given in Table 4. In each Mqu interval above 1.3 GeV, the overall phase was
chosen by requiring approximate Breit-Wigner behavior of the leading partial
waves as well as satisfying unitarity and continuity. The amount of rotation
from the initial Breit-Wigner phases is listed in Tables 3 and 4. The I=1/2

S wave was calculated by subtracting from the full K+7r_/K—7r+ S wave the elastic
1=3/2 contribution given by the effective range fits shown in Fig. 12.

Figure 15 clearly shows the circular motion of the S wave in the Argand

diagrams for all four solutions. Moreover, in all solutions, the speed is
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greatest in the region of 1.4 to 1.5 GeV. Although the distance between adja-
_cent points on the Argand diagrams is obviously very sensitive to the choice of
overall phase at each point, it seems extremely likely that almost all reason-
able phase choices will exhibit resonant S wave behavior similar to that of
Fig. 15. We therefore conclude that, in all four solutions, there is an S wave
resonance with a mass of 1.4 to 1.45 GeV, width of 200-300 MeV, and branching
ratio to Kr of about 0.8, 0.9, 0.5 or 0.8 for solution A, B, C or D, respectively
as listed in Table 5. Historically, the 0" k meson has been associated with the
point where 6i finally reaches 90°. We find that this point occurs at a mass of
about 1.35 GeV. It is difficult to quote a width for this so-called resonance due
to the existence of the relatively narrow 0" resonance above 1400 MeV, The
'width! calculated from the 45° point at 900 MeV would be about 900 MeV.

Figure 15 also shows, in solutions B and D, a resonance-like circular
motion of the 1™ partial wave. As we have just discussed Wlth reference to the
S wave, the details of this behavior, in particular the speed, are sensitive to
the choice of overall phase. We estimate that this effect could be due to a P
wave resonance with a mass of 1.65 GeV, width of 250-300 MeV, and branching
ratio to Kz of 25 to 30%. In view of the present lack of understanding of the
problems of resonance definition and the determination of resonance pole
parameters, we eschew a more quantitative determination of these S and P wave
resonance parameters.

An additional way of displaying the structure in these partialvwaves is
shown in Fig. 16 where for solution B we have plotted the projections of the
real and imaginary parts of the partial wave amplitudes along with their Argand

i diagrams normalized to unitarity circles of unit diameter. It is important,

when attempting to infer resonance behavior from these plots, to remember
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that nonresonant backgrounds can severely affect the mass dependence of the

partial waves.

-

5.5 Comparison of K7 and nr Scattering

The similarity between the Kr partial waves of Fig. 15 and the nr partial
waves (see, for example, Fig. 6 of ref. [17]) is truly remarkable:
both K7 and nr systems have leading P, D and F wave resonances
both systems show evidence of S wave resonance behavior in the
region of the leading D wave resonances
both systems indicate a P wave resonance in the region of the
leading (highly inelastic) F wave state for solutions B and D
both systems have large S wave backgrounds in both exotic and
nonexotic charge states, while little (nonresonant) background is
present in the L >0 partial waves.
It is indeed pleasing that the detailed dynamical behavior of the Kr and =7
systems is so consistent with the naivest considerations of symmetry ideas.

5.6 Resolution of Ambiguities

It is important to determine which of the Kx partial wave solutions is the
physical one. Unfortunately, as discussed in section 4, all four solutions give
rise to the same Kr differential cross section. Moreover, none of the four
solutions strongly violates unitarity. We also expect that, as in the 7r+7r- case,
analyticity in the form of fixed u dispersion relations will severely constrain
the overall phase but not rule out any of the possible solutions. Data on
inelastic channels could help to rule out solutions., For instance, observation
of a large P wave cross section (of the order of 1.5 mb) in Krr or some other
iinelastic channel in the mass region around 1.6 GeV would eliminate solutions

A and C from the realm of possibilities. On the other hand, nonobservation of
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such a large P wave cross section would only be useful in resolving the ambi-
guity if all inelastic channels had been observed. Even if such considerations
do not distinguish between solutions, they will certainly provide strong con-
straints on the overall phase.

Another possible way of resolving the ambiguities would be to measure the
K°7° final state produced via 7 exchange. These states have relative I=1/2 and
I1=3/2 couplings which are different from those in Kivr:*:. Figure 16 shows the
predictions of each of the four Kr solutions for the differential cross section
and unnormalized M=0, L<3 moments for the reaction Kp— R°7°n at 13 GeV/c
with |t'] <0.15 GeVz. We illustrate the sensitivity of the K°7° predictions to
the choice of overall phase by plotting bands of values corresponding to varia-
tions of +10° from the phases as plotted in Fig. 15. It is apparent from Fig. 16
that an accurate measurement of K°7° production for 1.4 < MK1r < 2 GeV could
distinguish between solutions.

One might also hope that, in view of the striking similarity between the mr
and K7 partial waves, resolution of the ambiguity problem in 7, for instance
by measurements of 1’ production, would, via SU(3), also resolve the Kr
ambiguity.

6. Summary and Conclusions

Data on reactions (1) to (4) have allowed us to calculate the Kr partial
waves for both the neutral and doubly charged K7 systems. The observed
agreement between the Kr partial waves calculated using only the neutron re-
coil reactions (1) and (2) and those calculated using only the att recoil reac-~
tions (3) and (4) indicates not only that the relative experimental K+/K' nor-
malization is correct but also that we understand the production mechanisms

at least well enough to extract the physical Kr scattering amplitudes. A joint
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analysis of neutron and A++ recoil reactions clearly provides the best estimate
_of the K partial waves. We find evidence for a JP =O+ resonance at 1425 MeV
with a width of about 250 MeV and a K branching fraction of between 0.5 and
0.9, depending upon the solution. This reopens the question of the status of the
O+ nonet. We also find, in two solutions, evidence for a 1~ resonance at about
1650 MeV; this is presumably the SU(3) partner of the p'(1600). Accurate
measurements of KOr° production for K7 mass between 1.4 and 2.0 GeV should
make it possible to establish which of the four possible pﬁrﬁal wave solutions is

the physical one.
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- Table 1

The values of the parameters describing the MKﬂ dependence of
(a) the I = 3/2 S wave, (b) the I = 1/2 P wave for 0.8 < Mo < 1 GevV,

(c) the I = 1/2 S wave for MKTr < 1.2 GeV and (d) the D wave magnitude

in the mass range 1.25 < My, < 1.6 GeV. The errors reflect the systematic,
as well as the statistical, uncertainties,

[}

[

Parameter Neutron Recoil ATt Recoil Combined
Only Only Analysis
(a) a3(cev'1) -1.03 * 0.10 -0.92 + 0.08 ~1.00 + 0.05
S
r3(Gev 1) -0.94 + 0.5 -1.30 + 0.4 -1.76 + 0.3
S
(b) Mg (MeV) 896.0 + 0.7 895.3 + 0.3 895.7 + 0.3
I (MeV) 50.5 + 1.1 52.5 + 0.4 52.9 + 0.4
R(Gev™ 1) 6.9 * 2.7 3.7 * 0.5 4.3 % 0.4
() ai(GeV_l) 2.4 + 0.1 2.28 + 0.05 2.39 + 0.04
L (Gev ™1y “1.7 + 0.3 ~2.2 + 0.1 ~1.76 + 0.10
S
d) x 0.51 + 0.03 0.48 * 0.03 0.49 + 0.02
My, (MeV) 1431+ 5 1439  + 4 1434 2
T (MeV) 88 £ 9 109 +8 98  + 5

2.4

14

o
O
w
w
1+
it
o
1+
(@]
o)

R(Gev'l) 2.0




- 29 -

Table 2

-+
The definition of the four possible K ® partial wave solutions according

to the signs of the Im z; at My = 1.6 GeV. The existence of the K*(1435)

resonance requires Im z9 < O below about 1.5 GeV and the K*#(1780) resonance
requires Im zg < 0 everywhere.

Solution Im zl(l.6) Im 22(1.6)
A - -
B + -
c - +




Table 3

The Krm partial waves of Fig. 12 and 13, as calculated from

t fits to the neutron and delta recoil reactions.

join

the

3/2 S, P, and D wave phase shifts.

The 1 =

(a)

M

-1.5 + 0.2

~1.3

-0.6 £ 0.3

~0.6 %
-0.1

-0.7

0.6
0.7

-23.5

1.22
1.26
1.30
1.34
1.38
1.44
1.52

0.5

-10.0 =
~-14.5
~-16.5
-17.0

0.73
0.82
0.90
0.94
0.98
1.02

.06

0.3

0.3
0.4
0.4

-23.9 #
~23.8
-26.4

1.5
1.5
0.6

+

0.3
-2.5 + 0.3
-1.5 + 0.4
-2.3

~1.7
~1.5

0.7
0.7

+t

+

-0.3 + 0.4

-1.2

0.9

+

~-25.0
-27.4
-26.7

1.2
1.0

-18.0 +
-18.5
-18.2
-21.4
-21.1
-22.4

0.3
0.3
0.4

+H o+ A+

-0.5 = 0.2

-1.4

0.3
0.3
0.4

0.4

~2.4
-2.1
-2.4

+ 0.6
* 0.7
+ 1.0
£ 1.0

.6 -25.6
1.72 -22.8

+ 0.2

-0.6 = 0.2
-1.3 £ 0.2
+ 0.2

0.2

~0.7
-1.2

0.2
0.3
0.3
+ 0.3

-0.8
-0.2
-0.9
-1.1

0.7
0.5
+ 0.5

+

+1 +t

0
1.14
1.18

-1.3

0.3

-0.6

+ 0.5

ion.

ic reg

1/2 S and P wave phase shifts in the elast

The I =

(b)

MKn

MKW

MKn

162.9 * 0.4

0.8
0.8

53.9 #

1.020
1.060
1.100
1.140
1.180
1.220
1.260
1.300

* 3.1

96.2
108.3
122.4

39.6 +1.5

0.895
0.905
0.915
0.925
0.935
0.945
0.955
0.980

6.0 * 0.9
10.0 0.7

3.0
2.8

+ 0.9

21.0

0.730

165.2 + 0.4

57.8 =
60.2

1.3
0.8
0.7

34.7 1.3

by

27.2

0.780
0.820
0.845
0.855

167.5 + 0.5

0.9

0.9
2.0
1.4

+
+ 4,8

+

33.5 1.7

0.5

14.0 *

40.7

168.5 = 0.6

*

61.2

*

134.6
140.4
147 .4

37.2 £1.8

0.5
+ 0.5

+

23.9

1.4
1.6

+
2.3

36.8

173.0 = 1.8

*

66.3

0.6
0.6
0.7

*

40.9 1.7

28.3

+

40.4

69.3 ¢ 170.8 = 1.6

*

42.8 +1.7

0.5
0.6

+
+ 1.1

39.5

s

38.0

0.865
0.

+ 4.2

166.7
176.3 = 8.8

71.7

+

150.9
157.0

46.9 +1.6

38.1 £ 1.1 49.6 =
1.2

875
885

+ 1.8

79.3

0.3

+

48.4 0.7

70.6

*

39.1

0.
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0.02
0.09
0.06
0.14

0.01
0.09
0.04
0.01
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+

All four solutions are identical below MKﬂ = 1,5 (
169.

, required to give the overall phase shown in Fig. 15.
osen as the reference wave and that in the region MKTT > 1.¢

h

0.35 + 0.02
0.21

0.28

is ¢
+ 1.

ference wave.
73.

0.01
0.01
0.01
0.03
0.02
0.062
0.02

< 1.60 the D wave
0.01

+

hosen as the re
0.87

Kn partial waves in the inelastic region.
0.

column is the phase rotation, ero

1.28 < MKn

18 C
rot

(c)

Table 3, continued

1.14
1.18
1.22

Solution A

MKﬂ

.

— —~

+i

5.

+

0.05
0.05
0.12
0.03
0.05

0.93 =

0.

~N
+!

2.

+

2.

+i

171.

0.96 ¢
0.98
1.01

coooco coocoo

0.08 +
0.12 +
0.29 +
0.43 +
0.43 +
0.09 +
0.11 +
0.28 +
0.43 +
0.43 +
0.09 + 0O,
0.12
0.28

7.
+ 4.
7.
8.
7.

+

10.

+
+
+

14,

22.

39.

74,
115.
138.
152,
135.
148.
183.
138.
152.
141.
138.
165.
138.

+ 0.03
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.03
0.04
0.02
0.02
0.03
0.03
0.04
0.02

0.35 + 0.02
0.40 + 0.04
.

+

0.75
1.02
1.02
0.71
0.58
0.48 =+
0.44
0.48
0.58 =
0.50
0.30 ¢
0.23 ¢
0.33
0.67
0.48
0.31

5.

+17

+ 9.
+10.
+ 8.
+11
+10
+18.
*11.
+18.

157.
1-7.
164,
154.
163.
169.
209.
222.
177.
160.
189.
h
103.
114.
111.
144.
75.
83.

0.01
0.07
0.05
+ 0.03

0.02
0.04
0.07
0.05
0.02
0.02
0.07
0.05
0.03
0.02

0.19 + 0.03
0.20 + 0.02
|lap|
*

0.30 + 0.04

0.40 *
0.13
0.20 ¢
0.21
0.30
0.32
0.22
0.23
0.28
0.16
0.22
0.50 *
0.53
0.17
0.20

+ 3.
+ 2.
+ 1.
+ 3.
+ 8.
*£10.
+10.

1.

99.
104.
109.
126.
146.
164.
143.
153.

g
190.
122.
114.

0.03
0.02
0.02
+ 0.03
0.03
0.04
0.03

+
*
+
*

1.05 *
1.06
1.00 +
0.52
0.40
0.33
0.48
0.27
0.14
0.36

-10.
-11.
13.
-18.
B
rot
-16.
-16.
-27.

1.26
1.30
1.34
1.38
1.42
1.46
1.50
1.56
1.65
1.75
1.85
1.50
1.56

Solution
MKn

1.65
1.75
1.85

+|

152.

+10.

+

122.

0
0
0

0.41 *
0.43 ¢t

8.
6.
8.

+

141.
139.
149.

0.02

0.29 =+ 0.01
b

0.29

: 9.
8.

98.
119.
115.

ks

0.20 +
0.23

117.
127.
152.
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Solution C

MKn

Otot(mb)

g

Ornt
12,

18

23,
12.

7.
29.
30.
70.

127.

0.09 * 0.04

0.12 *
0.28

. 0.67 * 0.03 138.

t 0.07 75. +18
83.
98.
119.

+ 1. 0.17

0.01 114.

0.64 +

»

-3.

16
14
16
16

0.03
0.03

152.

0.48 * 0.04

0.31
0.29
0.29

+10.

0.20 *+ 0.05

0.20 *+ 0.03
0.23 *+ 0.02
0.30 £ 0.04

+ 2.

0.01 122.

0.59 +
0.55
0.56
0.61

0.02 141, + 8.

0.01
0.02

117. 6.

0.02
0.02 127.

1.65

0.41 *+ 0.02
0.43 + 0.03

6.
* 8.

+

139.

bt
t

+ 9.

+ 3.

10. *
-12.

1.75
1.85

149,

8.

115.

+ 3.

0.02 152.

+

_zg...

Solution D

Otot(mb)

rot
18.
10.
13.

!
rKu

20
17

24,
23.

2.
17

0.04

0.08

138

0.03
0.04
0.05
0.02
0.03

0.64

0.49 ¢
0.60

4,
+10

127.

0.03
0.03
+ 0.03

0.45 =
0.24
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0.38
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1.56
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0.04
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0.03

0.11 = 0.03

0.31
0.42
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0.13

5.

+

70.
99.
132.

*

121,

+

15

30.
70.
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0.02
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+12,
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+

+I
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£13,
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91.
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b

+11.
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113.
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+
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0.03

1.75
1.85

16

0.42 ¢

7.

+ 8. 0.27 ¢

159.

0.36 *

+I
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Table 4

The Krm partial waves in the mass region above 1.48 GeV, as calculated from the joint fits to the neutron and delta

recoll reactions using data in overlapping 120 MeV bins.

Note that for 1.28 < Mgn < 1.60 the D wave is chosen as

the reference wave and that in the region Mygn > 1.6 GeV, the F wave 1is chosen as the reference wave.

Solution A

op

lag]

%

laD!

¢p

|ap!

g

!asl

rot

|4

31 £ 6

0.12 * 0.03
0.16 = 0.03
0.21 + 0.03

0.

138
148

0.82 + 0.01
0.62 * 0.01
0.46 * 0.02
0.51 + 0.01
0.45 * 0.02

4

210 =+
205
213
151

0.30 = 0.04
0.20 = 0.03
0.23 * 0.04
0.19 = 0.01
0.22

149 £ 2

* 0.01

0.57

- 6
-10
~10

1.50

43 + 5
35
24
32

7
8

17

+

155 + 2

0.49 = 0.02
0.40 = 0.03
0.36 £ 0.01
0.30 = 0.02
0.33 + 0.02

1.54
1.58
1.62

154

159 + 4

29 = 0.03

5
6
4

124 ¢

*

134 = 6

17

0.31 £ 0.02

139 +
133

180 + 14

0.02

148 £ 7

12

1.66
1.70
1.74
1.78
1.82
1.86

45

0.02

0.42 = 0.02
0.45 £ 0.02
0.46 * 0.02
0.46 + 0.03

0.37

+l

0.23 + 0.01 155 *+ 12 0.48 * 0.01
0.43 = 0.02

0.25 % 0.02
0.24 + 0.02

130 £ 5

11

65
90
113
130

4
+ 4
+ 6

144 =+
162
174

0.43 + 0.02
0.40 + 0.02
0.38 = 0.02

* 9
+ 7
8

157
168
0.23 + 0.03 173 +

3

139 + 2

+|

130
148 + 2
151

0.40 %+ 0.02
0.40 * 0.02
0.46 + 0.03
0.48 + 0.03

5
- 8
~15
~-18

5

178 *

0.22 + 0.03 167 + 11

4

+

Solution B

rot

MKn

30 + 10
38 +
16

+ 0.03

0.12
0.16

138
148

+ 0.02

0.50 + 0.03
0.30 £ 0.02

0.77

103 + 15

+ 0.06

0.34 + 0.03
0.45 * 0.02
0.48 + 0.02
0.45 + 0.03
0.55 £ 0.02

0.17

2

+
172 + 2

164

0.69 + 0.01
0.53 £ 0.02
0.35 + 0.03

~-16
-19
-13
-3
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1.66
1.70
1.74
1.78
1.82
1.86

0.03
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4

93

0.21 + 0.03

154

98
94
116 *

121

176 £ 5
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0.29 + 0.03
0.33 = 0.02

7
7
7

131 =

0.02

0.29 = 0.02

+

0.31 *

7
7

170 #10

0.2% + 0.02
0.22 + 0.02
0.10 + 0.04
0.15 = 0.03

140 *
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191 +11
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65

0.37 £ 0.02
0.42 * 0.02
0.45 = 0.02
0.46 = 0.02

*

0.02
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5
4

+

169 *20

6

7

135 +
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0.53

104 + 7
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6
5
8

+
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3
4
6

159 +
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0.02

+

101 +10

0.21 £ 0.03
0.34 + 0.03
0.33 = 0.04
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+
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+
+

0.48 * 0.02

0.46 = 0.03

116 + 3
121
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+
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* 5




Table 4, continued

Solution C

rot

Kmn

+ 20

13
35

+ 0.04
+ 0.03
+ 0.02

0.07
0.14
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+ 0.01
+ 0.02
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9
4
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+
+
+
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0.19

1
3
5
4

+
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+

+
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7
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7
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+
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12

+

+l

120

0.01
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0.44

4
6
7

+

*
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7

8
7

+i
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0.02
0.03
+ 0.04
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2
2
3
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+ 0.02 140
9 + 0.02

0.53
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* 0.01
+ 0.02
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136 *

122

+
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+
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Solution D

rot

MKn

23

12
34

0.07 + 0.04

0.16
0.21
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148
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0.02
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Table 5

Resonance parameters for the non-leading I = 1/2 Kr partial waves.
These parameters have been estimated by ascribing circular motion

in the Argand diagrams of Fig. 15 to resonances.

Partial Solution A B c D
Wave

ot M, (MeV) 1400 1450 1400 1450

Iy (MeV) 250 325 225 250

x 0.8 0.9 0.5 0.8

1 Mp (MeV) —— 1650 —— 1650

T, (MeV) — 250 — 300

x <.05 0.3 <.05 0.25

2+ M, (MeV) S— S ——- —

Iy (MeV) — —— —— ——

X <.02 <.02 <.02 <0.1
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Figure Captions

_ 1.

Jhe (unnormalized) t-channel moments of the K—1r+ angular distribution in

the t' range 0 < -t' < 0.15 GeV2 as a function of Mer‘

The (unnormalized t-channel moments of the K+1r+ distribution in the t'
range 0 < -t' < 0.15 GeV2 as a function of MKn'
The (unnormalized) t-channel moments of the K+7r— angular distribution in
the t' range 0 < -t' < 0.2 G‘reV2 as a function of MK1r' The data shown have
not been corrected for the non-A"F background in thé missing mass cut

1.0 < MM < 1.4 GeV.

The (unnormalized) t-channel moments of the K™m angular distribution in
the t' range 0 < -t' < 0.15 G‘reV2 as a function of MK'IT. The data have been
corrected for the non-A"t background in the missing mass cut 1.0< MM <
1.4 GeV.

The moments (unnormalized) of (a) the K"1r+ angular dist.ribution, and (b) the
K+7r— angular distributions as a function of t' in the mass range

0.94 < MK1r < 1.0 GeV. The curves represent the t-dependent amplitude
parametrization described in section 3 of the text.

The MK7r dependence of the parameters of Eqgs. (6) and (9) to (12) describing
the t dependence of (a) the Km, and (b) the KrA production amplitudes. The
open circles of Fig. 6a (6b) refer to K7 (K" ) production, the solid points
to K_7r+ (K+7r—) production. The curves are the polynomial fits used in the
single t bin analyses of section 4.

The =3/2 S wave phase shift calculated from (a) K+p — K+7r+n data, or
b)Kp — K 7 A data. The open circles were obtained by extrapolating

the production amplitudes to t=u2, the solid points are from the single t bin
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analysis. The curves represent effective range fits with the parameter
yalues of Table 1la.

The I=1/2 K7 phase shifts in the elastic region calculated from (a)

Kp— K_7r+n, or (b) K+p ~ K A" data. Open circles represent results
from extrapolating to 1:=u2, solid points come from the single t bin analysis.
The input values of 62 were taken from the effective range curve of Fig. 7.
The curves through 6]}:; represent Breit-Wigner fits to the points from 0.8
to 1.0 GeV, yielding the resonance parameters shox;vn in Table 1b, The
curves through 6; represent effective range fits (for M < 1. 2 GeV) yielding
the parameters listed in Table 1c.

The (complex) zeros of the non-exotic Kr scattering amplitude as calculated
from the partial waves of Figs. 12 and 13, resulting from the simultaneous
analysis of K+1r— and K-1r+ data. The solid points (open circles) represent
the real (imaginary) parts of the zeroes. Either Im zZy ar-ld/or Im z 9 could
change sign at MK’[{' ~1.5 GeV.

The magnitudes and phases of the K'7r+ partial waves. The curves for IaDl
and ¢D represent Breit-Wigner fits to laDI with the parameters listed in
Table 1d. Below 1.3 GeV, the overall phase is fixed by elastic unitarity.
For 1.3 < MKn <1.6 GeV, c[)D is chosen to have the Breit—Wigner phase
shown by the curve; for M

K

shown by the curve representing a resonance of mass 1.78 GeV, width

e 1.6 GeV, ¢F is chosen to have the values

175 MeV. Below about 1.5 GeV, all four solutions are identical. Above

1.5 GeV, all solutions have Im Zg< 0, whilein AIm z, < 0 and Im Zg < 0;

1

inBImz1> 0, Im z <0;inCImz1<0, Im z >O;andinDImz1>0,

2 2

Im zz> 0.
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The magnitudes and phases of the K+7r— partial waves. The curves for
J.aDl and ¢>D represent Breit-Wigner fits to IaDI with the parameters listed
in Table 1d. The curve for g represents the phase associated with a reso-

nance of mass 1.78 GeV and width 175 MeV. For M . < 1.3 GeV, the over-

K

e T D o T - 1 02 AT
urL 1,9 \lV.l.K N .U Ty,
T

(MK7r > 1.6 GeV) the phases are measured relative to qu (ch) chosen to

w
r

o
et
i—y
o
=
o
74]
(o]
=
[¢4]
=

have the Breit-Wigner phase shown by the curve.

(a) The I=3/2 S wave Kr phase shift obtained from a simultaneous analysis
of single t bin K™ 7 and K rt data. The curve represents an effective

range fit with the parameters listed in Table 1a. (b) The I=1/2 S and P
wave Kr phase shifts obtained from the simultaneous K+1r_ and K“7r+ analysis
of section 4.5 of the text. The input values of 62 were taken from the
effective range curve of Fig. 12a. The curve through 6; .represents an
effective range fit (for MK1r < 1.2 GeV) yielding the parameters in Table lc,
while the parameters of the Breit-Wigner fit to 6; can be found in Table 1b.
The magnitudes and phases of the Kr partial waves calculated in a joint
K+7r"/K-7r+ analysis. The curves for \aD! and q’>D represent Breit-Wigner
fits to IaDI with the parameters listed in Table 1d. The curves for (,bF
represent a Breit-Wigner description of an F-wave resonance of mass

1.78 GeV, width 175 MeV. Below 1.3 GeV, the overall phase is fixed by
elastic unitarity. For 1.3< Mer <1.6 GeV (NLK'II' > 1.6 GeV) ¢D (¢F) is
chosen to have the Breit-Wigner phase shown by the curve. Below about

1.5 GeV, all four solutions are identical. Above 1.5 GeV, the four solutions
are classified according to their Barrelet zeros,

The magnitudes and phases of the S and P partial waves of Solution B as

calculated from the combined K-7r+n and K+7r—A++ single t bin analysis of
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16.
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section 4.5. The choice of overall phase in the inelastic region is identical
te that of Fig. 13. The solid S wave curves correspond to effective range
fits to 5; and 6?. The dashed curves above 1.2 GeV are extrapolations of
these curves and the dashed-dotted curve represents the I=3/2 S wave con-
tribution to las I. The P wave curves correspond to a Breit-Wigner reso-

. < 1.0 GeV and the extrapolation of this fit

nance fit to 6p for 0.8 < MK

outside that M . region.

K
Axgand plots for solutions A-D from a combined K+7r- /K_7r+ partial wave
analysis. The points for Mer > 1.48 GeV, plotted at 40 MeV intervals,
were calculated using data in overlapping 120 MeV MK7r bins. At each point
the overall phase was chosen, as far as possible, to satisfy unitarity,
continuity, and approximately Breit-Wigner behavior for the leading 2+ and
3" resonances. The diameters of the unitarity circles are J2L+1. The
I=1/2 S wave was obtained by subtracting from the full S wave amplitude

the I=3/2 S wave amplitude calculated from the effective range curve of
Fig. 12a.

Argand diagrams and projections of the real and imaginary parts of the Kr
partial waves of solution B obtained from a combined K+7r—/K_1r+ partial
wave analysis. For M., < 1.3 GeV, the points are calculated from the

Kt
phase shift results of Fig. 12b (and Table 3b). The points for M, > 1.3

Kr
GeV are the same as those of Fig. 15. The unitarity circles are chosen to
have unit diameter. The S wave plotted is the I=1/2 S wave obtained by
subtracting from the full S wave amplitude the I=3/2 amplitude obtained
from the effective range curve of Fig. 12a.

Predictions for the L <4 moments of the R°7° angular distribution in the

reaction K p — I—(owon at 13 GeV/c in the region [t'] < 0.15 GeVz, as
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calculated from our Kr partial wave results. The L >3 moments are the
game for all four solutions and equal to one half the corresponding

Kp— K 7'n moments of Fig. 1. The shaded bands shown for each of the
four solutions represent the range of values obtained if the overall phase of
Fig. 15 is changed by +10°. Below 1.46 GeV the overall phase is fixed by

the imposition of elastic unitarity.
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PARTIAL WAVE MAGNITUDES

PARTIAL WAVE PHASES
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