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Pentaquark in K*-d total cross section data
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An analysis ofK*-d total cross section data is undertaken to explore possible effects of the recently observed
resonance in th&=+1 hadronic system with mass around 1.55 GeV. It is found that a structure corresponding
to the resonance is visible in the data. The width consistent with the observed deviation from background is
found to be 0.9+0.3 MeV and the mass is 1.559+0.003 @AVar spin parity3* and 1.547+0.002 Ge\t?
for %‘. The errors are one standard deviation and statistical only.
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[. INTRODUCTION the same total cross section to be used later in this work and
observed a two standard deviation excess, but simply inter-
The theoretical study of the structure of a resonant state gjreted this as an upper limit on the width of 0.8 MeV. They
five quarks largely began with a paper by Strottniadh He  used a Hulthén form of the deuteron wave function to calcu-
studied systems in which all quarks are in sustate and  |ate the Fermi momentum correction and did not consider the
found the lowest lying state with strangeness +1 to have spisffect of double scattering or interference with the back-
parity %‘ and a mass of around 1.7 GeV with an estimatedground phase shift.
error on the mass of 50 MeV. If more modern values of The present work seeks to investigate carefully the signal
parameters(in particular the strange quark mass aroundto be expected in th&*d total cross section data, given the
150 MeV instead of 279 Me)/were used, the estimate of above information. It is found that, once the proper correc-
the pentaquark mass could be smaller. tions are taken into account to give the expected background,
Recently, Diakonov, Petrov, and Polyak{®j were able the signal is indeed observed and independent determinations
to use the presumed identification of a known nucleon exof the width and mass can be obtained.
cited state in the antidecuplet to predict the mass of the isos- The two principal corrections necessary are the inclusion
inglet member with strangeness +1 to be about 1.530 Ge\bf K* double scattering and the neutron Fermi momentum in
They suggested that this resonance would have a small widtine deuteron. Until now, double scattering corrections for the
(<15 MeV). This prediction led to a number of experimental extraction of K* amplitudes from the deuteron have been
studies which, in turn, led to the apparent disco&y8] of  used only at higher energi¢t3], even though its importance
a particle with about the right mass, strangeness +1, and vet low energies has been known for some tirh4]. Section
probably isoscalar. It remains to identify the spin and parityll treats this subject. The Fermi momentum of the nucleon in
of the observed particle, expected to %i‘efrom this predic-  the deuteron has been measufgs| and hence can be dealt
tion. The validity of the soliton model used in this prediction with rather accurately. Section Ill treats the averaging of the
has been questiondd]. amplitude over this momentum spread. Section IV deals with
The question is naturally raised as to why this particle waghe extraction of the background phase shifts from the proton
missed in the searches that were done decades ago in thed deuteron target data.
direct scattering of positive kaons from hadronic systems. The studies presented here will be treated in the usual
Since one must use an incident beamKdf mesons and a isospin formalism and the reader is reminded of the relation
neutron targeto have strangeness +1 and isospin pé&ttl between the charge and isospin amplitudes:
scattering is studied.
The answer to the question probably lies, at least partly, in
the very small width of the particle which appears to be A , =T, A :E(T +To), A :}(T - To)
. . . h K*p 1r AK+*n—K*n 1 01 AK*n—K% 1 o/
emerging from studies. The discovery experiments men- 2 2
tioned above are limited by their experimental resolution so (1)
that the best they can say is that the width is less than 9 MeV
[4]. Nussinov[10] estimated from the Fermi momentum of
the deuteron that the resonance must have a width of less
than 6 MeV in order not to have been observed. Artdal. Il. DOUBLE SCATTERING
[11] searched the data base and concluded that the resonance
must have a width of the order of 1 MeV or less to have Double scattering has a special role in its contribution to
escaped notice. the total cross section for scattering from a multinucleon sys-
Cahn and Trilling[12] calculated the widtlifrom the dis- tem at low energies because of unitarity constraints in the
covery experiment with &* beam which observed the reso- zero-energy limit. To illustrate this point, we first look at
nance in the charge exchange chanrd]) to be scattering from a simple two-body system, not very different
0.9+£0.3 MeV. They also compared a linear background withfrom the deuteron.
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A. Low energy-weak scattering limit In the lowest order irma andb, the contribution of double

Consider double scattering from a lightly bound two-bodyScattering to the forward amplitude becomes
system, ignoring the possibilities of spin and charge ex- ab dq v¥(q)
change. Take the the phase shifts to be represented by their fo(k,k) — o7 ——— k-0, (10
low-energy limiting form 2 q -k -ie

5,(K) = ak, 8,(k) = bk (2) SO its contribution to the total cross section is
X .

Since we are also considering weak scatterangndb are oD = 2ab | f dg v*(q) 2k - q)
also considered to be small. Tk -k -ie

In the single scattering approximatigwhich one might oab K2
think is appropriate for sma#l andb) and setting the bound- _<sab K dQ — 4mab (11)
state form factor to unity since we are considering the low- km 2k

energy limit, the amplitude for scattering is sincez(0)=1. With the factor of 2 which comes from the two

1 ik ok o orders of scattering, the missing bilinear term is found. The
f= ﬂ(ez -1+e-1) —a+b+ik@+b?)+ -, result is independent of the off-shell form factor; only the
on-shell scattering is needed.

3 We see that fom andb equal, the double scattering con-
so the elastic amplitude and cross section are, in the threstibutes half of the total cross section at threshold. Even
old limit when they are not exactly equal the contribution remains a

significant fraction of the cross section.
fe=a+b, o.=(a+b)2 (4)
The integral of the elastic cross section gives the total cross B. Realistic case
section For the application to the present case this analysis needs
several corrections. First, the scattering lengths are small, but
— 2 - 2 2 ’ ’
or = 4m(a+b)?= 4m(a+b?) + 8mab, (3 not so small that corrections can be neglected. Hence, the
since only elastic scattering is possible below the breakugmplitude is not purely real which means that the principal
threshold. value of the integral gives a contribution and the off-shell
From the optical theorem, the total cross section is form factor plays a role. Second, charge exchaiigéen
—KO% and its inversgis possible. While single charge ex-
or= am Im (0) = 4m(a? + b?). (6) change does not lead to elastic scattering, and so does not

contribute to the forward amplitude, double charge exchange

We see that the bilinear term aandb in Eq. (5) is missing ?hoee?é(;lggre;igt:)k;liengcklgﬁzceegcgsnge is not a small correction,

and the optical theorem might appear to break down. It is,
however, the single scattering assumption which is at fault 2f of = f)2( (12)

and the resolution of this seeming discrepancy is through
double scattering. wheref,, f,, andf, are the proton, neutron, and charge ex-

The double scattering amplitude is given 6] change scattering amplitudes. The factor of 2 comes from the
two orders of scattering, the charge exchange having only
fokk) = ij dg fb(Q.k/)fa(k.Q)Z<}(k k) - q) one possible order. The minus sign is due to the isospin zero
A 20 P-k-ie 2 ’ nature of the deuteron.
) Included also is thep-wave(S;; X Py;) double scattering
(on shell only which contributes a small negative correction
wherek andk’ are the initial and finalon-shel) momenta of  at the upper end of the momentum range in question. The
the scattering mesonz(p) is the two-body form factor, and notationL,,; whereL is eitherSor P, | is isospin, and is
f(k,q) andf(q,k’) are half-off-shell basic scattering ampli- total angular momentum of the partial wave, is used. The

tudes. charge exchange considerations are the same as above.
For s-wave scattering we write the off-shell dependence Figure 1 shows thes-wave-s-wave part of the double
of the amplitude as scattering as used in this analysis for three typical values of
, , A as well as the purely on-shell contribution. While the dif-
f(@,9") =fo(@u(@’), vk =1, (8)  ferences due to the off-shell form factor are visible, the resuit
where the form is not very sensitive to the value df chosen.
v(Q) = (—k2+A2>2 9) Ill. CORRECTION FOR FERMI MOTION
%+ A? IN THE DEUTERON

is assumed. For the limit we are considering in this section The momentum distribution of the nucleon in the deu-
the form is irrelevant but it is needed in the following sec-teron has been measurgib], and these data have been pa-
tion. rametrized[17] as
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FIG. 1. Double scattering contribution #*d scattering. The
common value ofA used for the dipole form factor employed in

this work is around 1.4 Ge\¢t/
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with p in MeV/c. Here, f(p) is the probability distribution
function of the magnitude of the momentum, Notice that
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unity) compared with the parametrization. Also shown is the
prediction of the square of the momentum-space wave func-
tion of the deuteron obtained from the solution of the
Schrodinger equation with a one-pion-exchange potential
[18]. This deuteron wave function has been shown to repro-
duce to a good approximation all of the low-energy observ-
ables[19,20Q.

In order to evaluate the scattering matrix in the case in
which there is both a background and a resonant phase, we
take the following form:

~M=-il/2 _

— 2idy(e) _€ i5r(e)
Sl = S19= Ty !
Sx(e) =tanrit _ (15)
R 2M-¢’

where e=1's and (e) and S¥(e) are the background and
resonant forms of th& matrix.

The totalS matrix including both the background and the
resonance is written as

Se) = L(e)(e). (16)

While this is the form standardly used, a discussion of the
representation of th& matrix in a product form may be
found in Ref.[21].

For a kaon with momenturk incident on a neutron in the
deuteron with Fermi momentuim, the square of the invari-
ant mass of the kaon-neutron system is given by

s= (Vu? + K+ VP + p?)? = (k + p)?

=@l +mP+ 2 2+ kAP p? -2k p (1)

where x and m are the kaon and neutron masses. Due to
axial symmetrys is independent of the azimuthal angle and
k-p=kpx

For the case of a given isospirand onlys and p waves,
we may write the total cross section as

2
o1 = (g RA(L =Sy, )+ (1=Sp, ) + 21 =Sp,)]
2T
= —5—0(e).
ke

The average over the Fermi momentum distribution will
give the observed cross section

(18

1 o
(oK) = f dxf dp f(pglekxp)]. (19
kc.m. -1 0

The slowly varying factor 1{2 .. has been factored out.
It is assumed that only one term will be resonant in Eq.
(18). Its contribution to the total cross section will be
2
5 {1 -cos 2a(e) + &r(e)]} (20)

.m.

which will be zero for some value af when the sum of the

FIG. 2. The measured Fermi momentum distribution comparedhase shifts is zero ofr. Since the background phase will
with the parametrization and that predicted from the one-pionfiormally have a magnitude smaller thanif it is negative,

exchange deuteron.

the zero will come before the true magshen the sum is
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18 l . . . w with an eye to what has been previously obtained in the
oL 152 153 154 155 156 157 156 GeV/ct | literature. We will need=1 andl =0 phase shifts fos andp
— waves. The phase shifts are expected to be very smooth
16 I ] (aside from the resonance, of coyrse that the scattering
15 F - length—scattering volumgs(k)=vk®] forms are used in all
@ 14 + i cases.
®13 F } @ -
H A. 1=1 phase shifts
12 -
1k i Thel=1 phase shifts are obtained directly frd#ip data.
K* proton total cross section ‘ The total cross section is shown in Fig. 3. It is seen that its

030 035 040 045 050 055  0.60 value is very nearly constant. There is no indication of a

P, (Gev/c) resonance, in agreement with the determination in [RGf.
that the observed resonance is isoscalar. A nearly energy de-
FIG. 3. K* proton total cross section compared with the fit usedpendent cross section is in reasonable agreement with the
here. The solid points are from Bowest al. [24] and the open simple representation of the phase shifts in @y. The cross
points are from Carrolet al. [25]. section calculated with this form drops slightly below the
data at the highest end of the current momentum range indi-
zerg and if it is positive the zero will come after the true cating that a small amount gkwave contribution is needed.
mass(when the sum igr). Thus, for a negative background In Ref.[22], experiments measuring angular distributions in
phase the visible peak will occur at a higher energy than thé¢his region were reported. They found a very nearly isotropic
mass and with a positive background phase it will occur at angular distribution, aside from the Coulomb peak at forward
lower value. While the Fermi averaging will smooth this angles. They were able to give an estimate pafvave
behavior so that there is no longer a zero, a shift of the peaktrengths, although inclusion pfwaves did not decrease the
from the true value of the mass remains and is increased dug of their fit in almost all cases.
to the positive and negative interference of the two phase The results of the present analysis are shown in the top
shifts above and below the resonance. three panels of Fig. 4. The solid lines give the phase shifts
used here. The scattering lengths and volumes are given in
IV. BACKGROUND PHASE SHIFTS Table I. Thes-wave phase shifts agree very well with Ref.
The phase shifts to be used in the analysis were obtaing®2] whose points are shown. Also shown are the results
by fitting data with the corrections discussed above includedrom the analysis of Hyslopt al. [23].
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FIG. 4. Phase shifts obtained in this work from theave fit(solid curve$ compared with previously obtained values. The solid points
for 1=1 are from Ref[22]. For1=0, the solid circles are from Ref28], the open circles are from RgR27], the solid squares are from Ref.
[29], and the dotted curve is from the “C” fit by RdB0].
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TABLE I. Scattering lengths and volumes for thavave fit. The
p-wave fit values are in parentheses. Only fe and Py, values
are different.

Sij2 (fm) Py (fm3) Payp (fm?)
=1 -0.328 -0.02 0.015
1-0 -0.060.00 0.1230.127% -0.010

PHYSICAL REVIEW (70, 045208(2004)

T T

T
K*d Total Cross Section

In summary, thel =1 s-wave scattering phase shifts are 18 - I=1 Contribution .
very well determined in this energy range and theaves, \ | | 1
i 16
although poorly determined, are small. They have often been o1 0.2 0.3 04 05 0.6

entirely neglected in previous analyses. Aside from the
s-wave scattering length, important for double scattering, the
only part needed from thé=1 phases is the proton total FIG. 5. Background fit used in this work. The highest and low-

cross section which could be taken directly as a parametriest momentum points were used. The solid points are from Ref.

P, (Gev/c)

zation of the data.

B. 1 =0 phase shifts

[24]. The dotted curve is only thie=1 contribution, the dash-dotted
curve includes that plus thie=0 contribution, and the solid curve
includes the double scattering as well. The horizontal bars indicate
the range of masses from Ref{3,8]. The ranges from all of the

The I=0 phase shifts must be inferred from analysis ofexperiments can be found on Fig. 7.
scattering from the deuteron, and hence are sensitive to the

corrections introduced in Secs. Il and Ill. The values deter-

mined here, and a summary of previous values, are shown
the lower panels of Fig. 4.

The most relevant data are the total cross secf{idfs2q
and the charge exchange differential cross secfidiis The
polarization data of Ragt al. [28] permit the determination
of the sign of thep-wave phase shift. The data of Stengér
al. [29] were taken from angular distributions in a bubble
chamber and are not as sensitive to the double scatteri
correction as the total cross section measurements.

For the total cross section data the eight points of Bowe

et al. [24] in this momentum range are the most accurate in_

terms of individual errors with a precision ¢1—2%. The
Carroll et al. [25] data are slightly less precise. While the

Krausset al.[26] data have larger error bars, they were taken
with a view to obtaining the ratio to other nuclei and hence
the normalization was a more important consideration. Com
paring the three data sets it is seen that there is a normaliz
tion discrepancy among them. In order to bring the normal-

ization into agreement with the Krauss$ al. data, without
changing the shape, the Bowenhal. data were renormalized

where the resonance is expected. The Fermi correction was
IQpplied only to the scattering-volume form of tRg; wave
since thePy; phase shift is very small and ti8g; wave gives

an energy-independent cross section and hence is not af-
fected by Fermi averaging. The result and the various con-
tributions are shown in Fig. 5. The solid curve is very similar
to that obtained by Garcilazo from a fully relativistic Fad-
deev calculatiorj14].

NJ The effect of the double scattering is to raise the cross

section at low momenta, lessening the contribution from the
wave. The value of the scattering length used hera¥s
0.06 fm(0.00 in the case of thp-wave fit; see beloyso it

is nearly zero, more in agreement with the single energy
values mentioned above.

The Py, partial wave obtained here agrees reasonably well
with the result of Hysloget al. [23]. The single energy values
are fairly scattered. Th®y5 partial wave is not well deter-
fhined but is very small.

V. RESULTS

by 1.06. This has almost no effect on the determination of the
mass and width of the structure obtained later but does affect It can be seen that the expected cross section obtained in

the value of thd =0 ss-wave phase shift.
The dominant =0 phase shift is in th®y, partial wave. It

the previous sectiorithe solid curve in Fig. bfalls well
below (50) the data in the region where the resonance has

is reasonably well determined from the total cross sectiobeen observed in Ref§3—8|, indicating the existence of a

data at the upper end of the range considered here.

The single energy values of I8, phase shift determined
previously are scattered. Note that several of tiisee Fig. 4
lower left panel are zero or positive while others are signifi-
cantly negative.

possible resonance effect.

The calculation of the cross section for the expected reso-
nance is now made as a function (@) the partial wave in
which it should appearb) the width assumed, ang) the
mass assumed. Only partial wav&g and Py, are consid-

To determine the phase shifts to be used here, the doubkred. When théy; partial wave was calculated, the fit to the
scattering and Fermi corrections were applied to proposetlackground had to be redone so that the high and low mo-
phase shifts derived from scattering lengths and volumes antientum points were fitted with the resonance since the effect

then these scattering lengths and volumes were adjusted to
the data at the higlitop three pointsand low (lowest two

it the interference extends much further. A calculation for
the Py3 partial wave would give essentially the same result as

pointg ends of the data set, avoiding the intermediate regiorfior the §; wave with a factor of 2 smaller width. If the
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29 T T T T ) 1.5 g
T T T T T T 3 ,"" 1.4 E— 2
28 | 152 153 154 1556 1568 157 158 GeV/cf_,' 1.3 éX
— A ~E
27 b . - L2 ¢
1 E
=226 4 z 10
3 = 0.9
25 | . . 08
24 | i 0.7
p 06 ¢
resonance E
23 oL 2 1 0.5
M=1.558 GeV/c o1 | . S
22 L 1 1 L 0_33.”‘|‘(~..|..‘..H/}|H‘|....3
25’-35 040 045 0.50 0.55 0.60 152 153 154 155 156 157 158
T T T T Mass (GeV/c?)
28 1.52 1,.'13 1.5;4 1.5:’) 1.5‘6 1.."!'7 1.5‘0 GeV/c?

—

FIG. 7. 2 contour plots as a function df and mass. The inner

—_—

27 ' . contour corresponds to one standard deviation, the next to two stan-
- : dard deviations, etc. The solid curves are for%he:ase(Pm partial
.Eze g , T wave) and the dashed curves are f8F (S, partial wave. The
s P i points at the top correspond to mass estimates given by the six
’ discovery experiments cited in the introducti@s-F correspond to
24 7 Refs. [3—8]). The vertical placement of these points has no
23 S, resonance | significance.
M=1.547 GeV/c?
29 ! ! L . those shown in Fig. 6with the eight points of Bowest al.
0.35 0.40 0.45 0.50 0.55 0.60 [24]. The input values of the mass and width were varied as
Pp, (GeV/c) shown on the axes of Fig. 7. The inner curve in each case is

. S _.one standard deviation from the minimuicentey, the next
FIG. 6. Comparison of Fermi motion corrected resonances Withy e ntric curve is two standard deviations, etc. The values
the data. The dash-dotted, solid, and dashed curves correspond 44 one sigma errors are read directly from the figure. Using
widths of 1.2, 0.9, and 0.6 MeV,, respectively. The dotted curve isipq f|| range of variation in the two fits a single valuelof
the background fit. The horizontal bars are the same as in Fig. an be obtained as 0.9+0.2 MeV, in agreement with Cahn
The vertical dashed line in each panel shows the input value of thﬁnd Trilling [12]. It has been assum,ed that the background fit
mass. For thes-wave resonance the theoretical peak occurs almosbreviously is correct, i.e., it was not allow to vary. By adjust-
at this value while, for thg-wave resonance, there is a noticeable ing the background ',[0 péss through the extremes of the error
change due to the fact that the background phase shift is consideé-ars, a shift of 0.2 MeV was seen. Combining the two un-

ably larger. certainties in quadrature the vallie=0.9+0.3 MeV is ob-
particle is indeed the one predicted in RE], it should be  tained.

seen in thePy, partial wave although there is re priori The masses obtained are 1.559+0.003 GB\(Py,) and
reason why a particle in th&, state could not exist. Indeed, 1.547+0.002 GeV& (S for the two cases, where the er-
it might be identified with the one predicted in REf]. rors are one standard deviation only. The change in the back-

Figure 6 shows results fdr around the value of 0.9 MeV ground has negligible effect on the masses or their errors.
expected12]. The mass assumed is given on the figure andiside from the statistical errors quoted, systematic errors in
marked with the vertical dashed line. It is seen that the exthe experimentor the analysigwill contribute as well. For
perimental deviation from the background curve is in goodexample, the beam momentum was used as given. To move
agreement with the expectation for the mass chosen. The twibe mass from 1.547 Me\¢f (obtained fors-wave scatter-
assumptions for partial wave lead to equally good fits sojng) to the nominal value of the mass obtained from the
from these considerations, one cannot distinguish betweegliscovery experiments, 1.540 Me¥# would require a re-
them with the present data. duction of beam momentum of 3.7%. To move

We see that the peak of the case Ryj is shifted to lower  1.559 MeV£E? (the value for thep-wave scattering to
values of the mass than the input value while for ¢  1.540 MeV£? requires a reduction of 9.2%. A loss in mo-
partial wave there is essentially no shtnce the phase shift mentum of the order of 3% from the beam to the center of
is very smal). In principle, this effect might be used as a the target is not uncommon.
method to distinguish between the partial waves if an accu- Estimates for the mass from the discovery experiments
rate determination of the mass is made by other means. Thted in the Introduction are also given in Fig. 7. The letters
error bands for the mass for two of the most recent experiA—F correspond to Ref$3—8] in order. We see that there are
ments(Refs.[7,8]) are given in the figure. some differences in the mass determinations.

One can now determine the global best fit parameters for
width and mass. Figure 7 show$ contour plots for thes,
(dotted and Py, (solid) partial waves. The? values were It has been seen that the strangeness +1 resonance re-
calculated by comparison of the theoretical curggsiilar to  cently observed in several experiments can also be seen in

VI. CONCLUSION

045208-6



PENTAQUARK IN K*-d TOTAL CROSS SECTION DATA PHYSICAL REVIEW 70, 045208(2004)
K*d total cross section measurements. JAeontours given recent experimenf8] had a very small error on the mass
in Fig. 7 indicate that the value of the background phasdrom the statistics alone, the large error bar shown being due
influences the mass extracted to a considerable extertb possible systematic errors. If this error were reduced
Hence, it may be possible to infer the parity of the state fromwithout changing the central valu¢hen this mass would
a comparison of mass values. agree with the%+ case. A second reason for caution involves
The question of the parity is a very important one. Boththe product form of the matrices, Eq(16). While this form
Karliner and Lipkin[31] and Jaffe and Wilczek32] have is commonly used, and probably incorporates the major part
proposed models in which the small width can be explaine@f the physics correctly, the sensitivity of the shift of the
by the partitioning of the structure into two clusters which resonance peak to this assumption merits further study. More
move relative to each other inmawave, requiring an overall accurate total cross section data would be very valuable to
positive parity. On the other hand, the lowest lying states argetter establish the background and to make a more precise
most often those with all constituents in teevave such as determination of the magss. While one cannotletermine
treated by Strottmarjl]. Some modern calculations also the partial wave in which a resonance occurs from total cross
show a theoretical preference for the negative parity statgection data alone, one can potentialiminateone on the
from both QCD sum rule$33,34 and lattice calculations basis of an interference which would occur in a given partial
[35,3G (although Ref.[37] finds a positive parity It has  wave and which is not observed in the data. It is the possi-
also been argued that the model of Jaffe and Wilczek shoulility of the elimination of thePy; partial wave that is con-
have a lower lying negative parity stgtés]. sidered here.
It is tempting to say from Fig. 7 that the negative parity
state(S); wave) is closer to the centroid of the masses deter-
mined from other measurements and hence is favored over
the%+ state. While this may be true, it would be premature to | thank William B. Kaufmann for important contributions
draw that conclusion. There is a spread among the masses @f several points and a very careful reading of the manu-
the discovery experiments and one should expect that thecript. This work was supported by the National Science
errors will be reduced as further work is done. The mostoundation under Contract No. PHY-0099729.
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