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and the radiation carries off the energy

E = (2&@+3)m'v'c'TA'/2G,

The magnitude of the spin-0 radiative component
of the Riemann tensor is given by

R, = (2Am'v'/xc') sin2vvu.

Morganstern and Chiu" give approximate values
of 7 and v for the two reasonable limiting masses
of a neutron star. For the upper limit on the
mass, T=6.3~10 ' sec and v=10' cps, which
leads to

R,=10 "/r cm

For the lower mass limit, ~= 83 sec and v=10'
cps, which gives

R, =10 "/x cm

The thermal noise level of Weber's apparatus
corresponds to

R =10 "cm
His instrumentation is sensitive to radiation
above this level. Consequently, if the Brans-
Dicke theory and present models for neutron

stars are correct, neutron star events with fa-
vorable parameters which occur in our galaxy di-
ameter = 10"cm) would be in the detectable
range.
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EVIDENCE FOR THE EXISTENCE OF TWO Y, *(1660) RESONANCES'
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The production angular distribution of the reaction K p Y~*+(1660)7t around 2.6
GeV/c, measured by using the (Zx)+ and (Zwm)+ decay modes, is interpreted as evi-. -

dence for two distinct Y~*(1660) resonances.

The production properties of the I', *(1660) or
&(1660) discussed here were studied in the reac-
tions

E P —Z+m+n

—Z-n+v+n-,

-Z'm+~-,

-Z+~'m-.

(1)

(2)

(2)

(4)

The data were obtained from an exposure of the
Berkeley 72-in. hydrogen bubble chamber to a

beam from the Bevatron at momenta of 2.58,
2.61, and 2.70 GeV/c. The total K path-length
equivalent for these momenta is 12.8 events/pb.
The events in Rea, ctions (1), (2), and (4) have
been weighted to correct for biases in detecting

short-lived and small-angle decay Z's. The Z

events in our sample have been weighted to cor-
rect for undetected short-lived A"s and for A"s
that decayed outside our fiducial volume. ' The
separation of the Z m+m final-state events from
A v+v and A v+m n final states has been des-
cribed by Siegel. 2

From Reactions (1)-(4), we have analyzed the
Z(1660) production in a quasi-two-body reaction
of the type

E p X m

where X+ is the (Z&w) or (Zw) particle combina-
tion with an overall charge of +1. The production
angle, 0*, is the angle of the X+ system with re-
spect to the incident proton in the overall c.m.
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from Reaction (4), for the same intervals of
cos8* as for (a) and (b). Pronounced enhance-
ments around a mass of 1660 MeV are seen in
Figs. 1(a), 1(d), and 1(f) [i.e., for the (Zmw)+ sys-
tem in interval I and for (Z'~+v+~0) in interval III].
The contribution from the Z(1660) resonance is
much less evident in Figs. 1(b), 1(c), and 1(e)
[i.e., for the (Zwm)+ mode in interval III and the
(Zo~+w+8) modes in interval I]. Thus the Z(1660)
production is apparently more peripheral in the
Zwv channel than in the Zr channel, or, in other
words, the relative branching ratio Zwv/Zv
seems to depend upon the production angle of the
resonance.

Quantitative results have been obtained by fit-
ting the X+ invariant-mass distributions for vari-
ous intervals in cos8* to a function of the form

20—
P = (phase space)(a+ b[Breit-Wigner

form for the Z(1660)]f, (6)

o
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FIG. 1. Mass plots of the Zmm and Zm systems for
various production cose*.intervals. The events in the
(Z n+) spectra have not been weighted to correct for
the unseen neutral decay of the A in the Z . decay. The
curves shown are the results from the fit described in
the text.

system of Reaction (5).
Figures l(a) and 1(b) show the invariant-mass

distributions of the (Zsw)+ particle combination
for those events of Reactions (1) and (2) with 0.95
& cos 8» & 1.0 (interval I) and 0.7 & cos8*& 0.9 (inter-
val III), respectively. s'4 Figures 1(c)-1(f) show,
respectively, the invariant-mass plots of the
Z'v+ system for Reaction (3) and the Z+v' system

where the width of the Breit-Wigner term was
considered as energy independent. Kinematical
effects may cause shifts in the peak of the Z(1660)
mass distributions; therefore we have deter-
mined the mass, width, and amount for each fi-
nal state separately, using in each case a sam-
ple of events with cos9*~0.5.

The masses and widths determined in this way
were then fixed and used in subsequent fits to
smaller cos0* intervals. All fits were made in
the mass range of 1580 to 1800 MeV. The fits
with fixed mass and width were made for the
cos9* intervals listed in Table I and the curves
resulting from these fits are shown in Fig. 1.
From the fits we have determined the differen-
tial cross sections, in pb/sr, corresponding to
the fraction of events due to the Breit-Wigner
term. These cross sections are listed in Table I.

If these cross sections are due to the produc-

Table I. Results of fit to Z(1660) production in Z7Iv and Zm modes.

Mode
Interval III

0.7& cos0* & 0.9
Interval I

0.95 & cose* & 1.0

Amount of Z(1660) in interval
fpb/sr)

Interval II
0.9 & cos0* & 0.95

Resonance
parameters
used in fit

Mass Width
(MeV) (MeV)

Z+m m

Z'~+
Z+~'

57.0 +4.1
7.5 +4.6a
6.0 +5.5

21.1 + 3.8
13.5 +5.5a
6.4 +4.4

8.1 +1.4
8.9 +2.5a

11.1 +2.7

1651
1667
1667b

70
80
80b

Includes correction for unseen neutral decay of the Ao.

Values taken from fit of Zom+ mass spectrum.
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tion of a single Z(1660) resonance, then the re-
sults for the Z&m and Zv modes confirm the sur-
prising and striking feature mentioned above that
the Z(1660) relative branching ratio, Zvw/Zv,
varies significantly with production angle. How-
ever, the (Zow+)/(Z+w') relative branching ratio
is consistent with unity, as expected, in all cosH
intervals.

In Fig. 2, the measurements from each of the
two cos8~ intervals I and III are represented by a
point whose abscissa is our value of dv/dQ for
the Z(1660) resonance in the Zv mode as obtained
from Reaction (3) only, ' and whose ordinate is
da/dQ for the resonance in the Z+m+n'+ mode. On
such a plot the errors are uncorrelated and ap-
proximately Gaussian. A one-standard-deviation
ellipse surrounds each of the two points. The
relative branching ratio (Z w+w+)/(Zw) is the
slope of the line from the origin to the plotted
point.

For our results in regions I and III to be mea-
surements of the same branching ratio would re-
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FIG. 2. Fitted amount of Z (1660) production in. the
(Z Pm+) mode versus that in the (Z7r)+ mode, for bvo
production coso* intervals 6, IH) defined in the text
and in Table I. The (dashed) ellipse around each of the
tyro plotted points represents a one-standard-deviation
error limit on the cross sections. The slope of the sol-
id straight line from the origin to each of the tvro
points is equal to the relative branching ratio (Z+7t+7r+)/
(Zm)+, in the respective cos8* interval. The slope of
the dashed straight line from the origin is equal to the
branching ratio result from the CHS formation experi-
ment {H,ef. 6).

quire a statistical accident equivalent to more
than a three-standard-deviation fluctuation. For
comparison, we also show in Fig. 2 the line for
this branching ratio determined from the forma-
tion experiment of the CERN-Heidelberg-Saclay
(CHS) groups. ' Although our result in interval III
is consistent with the CHS value, our result in in-
terval I is not.

The variable branching ratio can be explained
by the presence of two resonances —one produced
at very low momentum transfers (decaying pri-
marily to Zww) and a second resonance (decaying
primarily to Zz) also produced peripherally but
at higher momentum transfers. The CHS data'
would also contain both these resonances, but
probably mostly the latter, judging from their
branching ratio in Fig. 2.

We have also explored the possibility that the
variation of our measured branching ratio could
result from an interference effect between the
background' and the Z(1660) signal. We found
this explanation quantitatively possible; however,
it would require the following conditions: (a) A
large fraction (say, 30 /0) of the background
would have to have the same spin, parity, and
spin orientation as the Z(1660); (b) the interfer-
ence would have to be nearly the maximum pos-
sible in both cosH* intervals for both the Zmm and
Zn modes; and (c) the relative phase between the
resonance and background would have to change
by more than 150 deg in going from interval I to
III for both the Zwr and Z~ modes. This explana-
tion, involving all these various conditions,
seems very unlikely to us. We therefore con-
clude that the most probable hypothesis is the ex-
istence of two hyperon resonances (with isospin
1) contributing to our mass enhancements in the
1660-MeV region.

This hypothesis could also account for some of
the inconsistencies among the measured branch-
ing ratios of the Z(1660) in other production ex-
periments'~' —a possibility already suggested by
Primer et al. ,

' who speculated that there might
be another resonance in the 1660-MeV region in
addition to the Z(1660) and Z(1690). However,
with regard to the Z(1690) reported seen in the
Am mode, ' we have studied the Ar+ mass spec-
trum (not shown here) in the reaction K—

p -Aw+w

and we find an enhancement in the 1660-MeV
mass region with a relative branching ratio A~+/
Z ~ @+=0.4+0.13, in cosH* interval I. This ra-
tio disagrees significantly with the results quot-
ed' for the Z(1690).

The two-Z(1660) hypothesis, in addition to ex-
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plRinlng the significant branching-rRtio VRriRtion
with production angle in our data and being a pos-
sible explanation of the branching-ratio discrep-
ancies in other production experiments, could al-
so account for the inconsistencies between our
results and those of the CHS formation experi-
ment' —such as the inconsistency within the Zvw

mode regarding the relative branching ratio of
Z(1660) —A(1405)w/[(Zw)l lm]."~"

%ith regard to the spin and parity of these two

resonances, the analysis of Ref. 4, using the en-
tire data from the same bubble-chamber expo-
sure used in this work, gives a spin and parity
of 2 for the Zn~ mode. Furthermore, in the
analysis of the Z'r+ mode in another production
experiment, Button-Shafer concludes" that a
spin and parity of & is also favored for this lat-
ter mode. Finally, the results of the CHS forma-
tion experiment also favor & for the Z~ mode

of the Z(1660). The results, therefore, from
these production and formation experiments indi-
cate that the two resonances would have the same
spin and parity, namely, 2

Two such resonances of the same isospin, spin,
and parity could have their masses and widths

quite different from each other and still interfere
strongly with each other, so long as their Breit-
%igner shapes are overlapping. Therefore, the
masses and widths of the two Z(1660)'s listed in
Table I, resulting from our simple fit of the Znm

and Zr mass spectra, would not necessarily re-
present the true and unperturbed values of these
resonances. In fact, any enhancement of spin
and parity 2 seen in the Z(1660) region would in

principle contain a linear combination of two ba-
sic resonances. For example, this would be true
of the objects which we observed to decay into
the Zvw and Zn final states; also the Z(1690)
could be a linear combination of these two basic
resonances if its spin and parity is &

%'e gratefully acknowledge the continued en-
couragement and support of Professor Luis Al-
varez and the many useful discussions with Pro-
fessor Robert D. Tripp.
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~The average weight of the Z+ events in Reactions (1)
and (4) is 1.40; that of the Z events in Reaction (2)
and the Z events in Reaction (3) is 1.14 and 1.10, re-
spectively. The Z~ weights do not include the correc-
tion for the unseen neutral decay mode of the A. How-

ever, the results of the fit in Table I do include this
latter correction.
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