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An investigation has been performed of some properties of Z{1660) produced in the reac-
tion E p Z {1560)~ at 2.87 GeV/c incident X momentum. The decay modes observed for
this state include A(1405)s and Zs. The spin and parity ars tnsasnrsd to bs J+= i . The
differential cross section of the A{1405)&decay mode is sharply peaked in the forward direc-
tion, falling exponentially with a slope of 5.6 + 0.7 {GeV/c) 2, while the slope for the Z'm' decay
mode is 2.1+0.4 {GeV/c) . The difference in the ratio of backward to total events for the two
decay modes also suggests that two Z{1660)'s exist.

There have been observations of a Z(1660) res-
onance in both formation and production experi-
ments. ' However, there is significant disagree-
ment between the two types of experiments as to
the branching ratios for different decay modes.
The formation experiments by the CERN-Heidel-
berg-Saclay collaboration (CHS) measure Z(1660)
-Zs as the dominant mode, whereas Z(1660)
-A(1405)w is less than 6% of the total rate. ' Spin-
parity analysis yields a value of ~ .

The situation for Z(1660}observed in production
appears to be reversed. Experiments by Eberhard
et al. ' and Aguilar-Benitez et al.~ observe the
primary decay to be Z(1660}-A(1405}s, partic-
ularly in the region of small momentum transfer.
The authors of Ref. 3 observe little Z(1660) —Zs;
however, they note that at large momentum trans-
fers the Zs/A(1405)s branching ratio is consistent
with that observed in formation experiments. The
results of this experiment tend to support these
conclusions.

Since the evidence strongly supports the hypoth-
esis that there are two Z(1660) resonances, we
choose to define two states: Z~(1660), with signif-
icant coupling to the IT.-nucleon system and with a
large decay rate into Zm, observed predominantly
in formation experiments; and Z~(1660}, produced
peripherally and having a large decay rate into
A(1405)s.

In this experiment, we have studied the reaction
X P -Z'(1660}s in the following final states:

Z+n' w

Z m+m

16.8 events/itb,

10.2 events/ttb,

(lb)

(2a)

(2b)

A m'+m

) 23.1 events/pb
A n'+n' m

(3)

(4)

(5)

I. EVENT SELECTION

The events used in this experiment are derived
from two distinct topologies observed in the bub-
ble chamber.

Reactions (1}and (2a) are selected by scanning
for a kinking track (the Z' decay) plus one or
three additional prongs. Reactions (2b), (3), (4),
and (5) are selected by scanning for a "V"plus
two charged prongs.

A. Charged Z events-selection criteria

The kinematic fitting probability distributions
for these events deviated significantly from uni-

from a 10'-picture exposure at 2.87 GeV/c in the
31-in. BNL hydrogen bubble chamber. Different
samples of the exposure were used for the study
of different reactions, and the sensitivity for each
is given in reactions (1}-(5).
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formity below 2% for the 4-prong events and below
5% for the 2-prong events. Hence, these became
the minimum acceptable values for the fit prob-
ability. Moreover, there is a low efficiency for
detecting charged Z's which decay close to the
production vertex, or for which the projected decay
angle is small. Examination of the scanning detec-
tion efficiency showed that a sharp decline in the
number of events found occurred when this angle
was less than O'. Finally, a fiducial volume,
which permitted an adequate distance for measure-
ment of the momenta of all tracks, was defined.

The final selection criteria for an event to re-
main in the sample are given below:

1. 4-Prong toPology.
(a) fit probability ~ 2% (4 constraints),
(b) kink projected length ~ 0.3 cm,
(c) kink projected angle» 5'.
Z. 2-Prong topoLogy.
(a) fit probability ) 5% (1 constraint),
(b) kink projected length ) 0.5 cm,
(c) kink projected angle )5;
(d} kink dip angle «60'.
Since the desired final state from the latter top-

ology has weakly constrained fits, the kinematic
fitting program may obtain several acceptable
solutions for each event. Approximately 50% of
the events have a unique solution, and an additional
30'fp have two solutions. The remaining events are
rejected because of multiple solutions, and a cor-
rection is made for their loss. As a check on the
purity of the sample we have examined the missing
mass. Since the momentum of the Z is generally
not measurable, because of its short track length,
and is calculated only from the decay angle and
momentum of the decay track, the missing mass
is poorly resolved. For events that fit, however,
this shows a peak at about the g' mass with a
broad flat background, indicating that there is no
sizeable contamination of multiple m' events.

Each acceptable event was then weighted by the
inverse of the probability that the geometric selec-
tion criteria were satisfied.

To check for scantling or selection biases, the
lifetime and center-of-mass decay angle distribu-
tion were calculated from the weighted events.
The lifetime distributions show exponential decay
with values of the mean lifetime in agreement with
those reported by the Particle Data Group. ' The
decay-angle distributions in the Z rest frame,
which are expected to be isotropic, show a smmi
loss of events at center-of-mass angles corre-
sponding to the cutoff at 5' for the projected decay
angle in the laboratory. As a final check we find
that the measured ratio of the Z'-Pv /Z'-nv' is
in agreement with the reported average value.

From an initial measurement of approximately

15000 events of each topology, the final sample
contained 3466 events of reaction (1) and 2137
events of reaction (2a}.

The scanning and measuring efficiencies were
determined from careful double scanning of a sub-
sample of the data. Physicists examined every
event of the single kink topology which failed to
fit reactions (1) or (2a) or reaction (1) with an
additional v or reaction (2a} without v'. The over-
all efficiency (the product of the scanning, mea-
suring, processing and geometric detection ef-
ficiencies) for observing events of reaction (1) is
0.57 +0.03 and that for reaction (2a) is 0.43 +0.03.

B. Neutral Z and A events-selection criteria

TABLE I. Fit ambiguities for events belonging to the
two-prong +V topology {0.70&K 'n' &]..0).

A'~+~-
z'~+~-

783 931
327

11
263

3100

3-fold = 85

The difficulty in the selection of events belonging
to reactions (2b), (3), and (4) stems from the large
number of ambiguities in the kinematic fitting of
these events.

An event is considered to have made a successful
fit if the probability (}t') is greater than 1% for re-
action (3}and greater than 5% for reactions (2b)
and (4), A count of the ambiguities based on fitting
alone is given in Table I. Since it is impossible to
completely separate these channels without any
losses, we have used a set of criteria which min-
imizes the contamination and results in a calcula-
ble loss of events. First we assume that any
event which makes a unique fit to reaction (3}be-
longs to that channel. The remainder of the events
are sorted without recourse to the quality of their
kinematic fits.

The events which are ambiguous between A'g'm

and Z'm+m belong mainly to the former reaction
since it is more tightly constrained. In order to
study the ambiguity we use the fitted quantities and
plot the cosine of the angle between the A' in the
Z' center-of-mass system and the direction

(A xf') xg'
i(A xZO)xE'i '

where the momenta are in the laboratory frame.
If a true Z' event is produced, the A is correlated
neither with the Z' direction nor with the normal
to the production plane. This distribution is shown
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for the events which are ambiguous in Fig. 1(a)
and for the events which uniquely fit Z'm'm in Fig.
1(b). It is expected that the true Z' events will
display a uniform distribution as is observed in
Fig. 1(b). This uniformity indicates that there is
no measurable contamination of the Z'g'n events
by the A m'n and that events displaying the kine-
matic ambiguity can be treated as belonging wholly
to the latter reaction.

The events which are ambiguous between Z'g'n
and A'm'n ~' belong largely to the former reaction.
This ambiguity was studied by assuming that the
reaction is A'm'g I, where X is the missing mass.
In the vicinity of zero, the M (X) distribution is a
Gaussian with a full width of -0.02 GeV/c'. Thus,
it is impossible to make a complete separation of
these two channels. In order to obtain as pure and
unbiased a sample of events from reaction (2b) as
possible, we have required that an event meet
three criteria: (I) a successful Z'w'w fit, (2)
1.10&M'(AX} & 1.70 GeV'/c', and (3) —0.04 &M'(X)
&0.02 Gev'/c'.

The data are displayed in Figs. 2(a), 2(b). The
contamination of the sample, as determined by
extrapolation of a flat background beyond the 2'
and y peaks, is less than 11%. This procedure re-
sults in a loss of those events which fail to make
the kinematic fit. Applying criteria (2} and (3} to
this sample shown in Figs. 2(c}, 2(d), and then
fitting the M'(X) distribution to a Gaussian cen-
tered at X=O, indicates that 321 events have been
lost. However, the effective mass of m'~ X for
these events shows that 81 are really g' decays,
reducing the number of Z' events lost to 240.

Since the A'g'm and A'm'n m channels show
small cross contamination and contain a large
number of events relative to the number in the
Z m'm channel, they are used without any further
selections.

The over-all detection efficiencies, including
the probability for charged A' decay, for reactions
(2b), (3}, and (4) are 0.23+0.03, 0.37+0.03, and
0.36 ~ 0.03, respectively.

Since there is negligible ambiguity between A'
and K' decays, events which fit reaction (5) are
accepted without further selections.

The flux for this topology in the data was de-
termined' to be 23.1 events/pb.

II. PRODUCTION OF Z+ (1660)~ Ao(1405) r+

The Z'm'w' effective mass spectrum from re-
action (I) shows a strong Z(1660) signal. In order
to determine the branching ratio

Z,'(1660)-Ao(1405) w'

Z~(1660)- (Z ww)'

&00- ~a)

9I7 EVENTS

200-

l 50-

0
u) l00-
z
4J

& 50-

0 I

~0- ")
405 EVENTS

20-

I 0-

l.0 - 0.5 0 +0.5 + l.0
(h ~ Z}Eo

FIG. 1. (a) Angular distribution A (see text for
definition of Z) for events which are ambiguous between
Aom+m and Z m'm . (b) Same as ta) for events which
satisfy Z ~'~ selection criteria.

we use only the Z m'm'z events for which
1630 &M(Z w'w') &1690 MeV/c'since the Z'w w'w

final state with two (Zww)' mass combinations is more
difficult to analyze. Since peripheral production
is the dominant process, we also restrict the pro-
duction angle to 0.7 & cos8*&1.0, where cos8*

The resulting data sample has only a
small amount of background in the Z(1660) mass
region, and studies of control regions are con-
sistent with this belonging to the A'(1405}w'w chan-
nel. A fit to the data gives 8=1.00+0.02, which
is consistent with all decays occurring via the
A'(1405) w intermediate state.

The determination of the differential cross sec-
tion for Z(1660) production is made by first select-
ing those events for which the (Zw)' mass, shown
in Fig. 3, lies near the A(1405) [1365&M(Zw)0
& 1445 MeV/c'] and then treating the final state as
A'(1405)w'w . This substantially reduces the back-
ground, as can be seen in the Ao(1405)w' mass
spectrum shown in Fig. 4.

The treatment of final state g'm m'm differs
slightly from Z m'~'m since in the former case
there are two possible Z'(1660) production angles.
In this case each event is treated as if it were
two events, each with a weight of 0.5. However,
this is a small effect since only 1% of these events
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FIG. 2. (a) Effective mass squared AOX from the state Ao~+~ X for events which have an acceptable kinematic fit to
the Zox'7). hypothesis. {b) Missing mass squared X for events in (a) with 1.1 & M (AX) —1.7. (c) Same as (a) for events
which do not have an acceptable Z 7r r fit. (d) Same as (b) for events which do not have an acceptab1e Z « fit.

have two Z's mass combinations near the A'(1405)
and at least one production angle in the forward
region.

The maximum-likelihood method was used to fit
the data in each of four production angular regions
to determine the number of ZJ,(1660) events. The
differential cross sections are given in Table 0
and shown in Fig. 5. The parameters of the
Z(1660) determined from a fit to all the events in
the angular region 0.7-1.0 are M, =1665+1.0

Me

V�/c',

1 = 67 + 2.4 Me V.
The differential cross section for the decay mode

Z'(1660) -A(1405) w' falls rapidly with momentum
transfer and can be represented as

—(K p -Z,'(1660)v-.) =— e
dt

'

dt

A(1405) w+

where b =5.6+0.'t (GeV/c) '. This distribution
displays a t dependence quite characteristic of
two-body processes. For example, in our data

—"(A p-Z v-)=— e '~'~,
dt dt

with b' =6.4 +0.3 (GeV/c) '. Such a strong t de-
pendence is typical of channels proceeding by sin-
gle-meson or Reggeon exchange, which in this
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case would be K*(890) and X**(1420). Direct evi-
dence for vector-meson exchange will be given
in the discussion of the parity of the Z(1660).

The above results suggest that this may be a
possible mechanism for production of the Z~(1660).
%ith the dominant coupling g~~~& but g~~& «g~«,P g
the Zi, (1680) would be difficult to observe in for-
mation experiments. A natural generalization of
this idea is that there exist entire multiplets of
particles which are coupled primarily to the vec-
tor or tensor mesons and peg be observed only in
production exPeriments. A mechanism for this
occurs naturally in at least one model within the
SU(6) &O(3) multiplet scheme. ' In the VO L, =1
multiplet there exist two octets, one of which has
a quark spin whose associated amplitude is subject
to possible destructive interference in the small-
momentum-transfer region we are observing.

III. Z(1660)~ Zm

O
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M

LIJ

LIJ

LL

O

LIJ
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O
LIJI-
x
C3

LLI

150

100

50

+
K p~x

0.7~ p'(Zvr~j& I.O

We have examined reactions (2a) and (2b) for
other evidence of a state in the 1660 MeV/c' mass
region. Again the maximum-likelihood method was
used to determine the amount of Z(1660) as a func-
tion of production angle. The mass and width were
fixed by the Zi, (1660), and no interference with
resonances in other channels was assumed. The
data are shown in Fig. 6 and the results given in
Table II.

0
1.5 1.7 2.1

M(Z-~-)

FIG. 3. Effective mass Z'~' from the final state
Z' m' ~+~-.
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FIG. 4. Effective mass Z ~+& for all events. Shaded region contains the same data with the Ao(1405) selected.
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TABLE II. Z(1660) differential. cross section (pb/sr)
for the reactions P Z'(1660)r .

K p —A (l405) ~+ a

Production-angle interval
cos8*

Final state -1.0-0.70 0.70-0.90 0.90-0.95 0.90—1.0

-t.o&cos 8 &0.7

A (1405)ff+
z'~+

0.2+ 0.1
1.6+ 0.3

6.5+ 0.8
7.2+ 1.0

23.4+ 2.4 27.1~ 2.2
12.6 ~ 2.1 15.9 ~ 4.0

The differential cross section for K p
-Z'(1660)w, Z'(1660}- Z'w' in the forward pro-
duction angle region can be represented by an
exponential:

—(K P -Z'(1660)w ) =— e '~'Id(T CkT

dt dt
20 (b)

0.7&cos 8~&0.9

with 5 = 2.1 ~ .04(QeV/c) '.
As a check on the Zm final state, we can com-

pare the differential cross sections in reactions
(2a) and (2b). While there is no obvious Z(1660)
signal in the Z'm' final state, this could be due to
two differences: the higher background resulting
from substantial Z'p production in the competing
channel, and the poor mass resolution of the
Z'g'm final state. For the purpose of comparison
only, we have made a determination of the dif-
ferential cross section for this process in the
production angular region 0.70& cos8*& j. .0, and
obtain

—(Z'(1660) -Z'v') =8.6+2.0 gb/sr,
d0'

10-

20.

(c)

0,9&cos 8 & 0,95

X=-tan ' 6RT EAT
(A(1405}w )

d( )
(Zw)+

Eberhard et al. found that this angle changed from
(75.0"", ,) ' in the production angular region 0.95-
1.0 to (24.4' ", ,'}' in the region 0. 10-0.90, in com-
parison to the CHS data, which give a value of less
than 15.9'for this angle. This is interpreted as
indicating the presence of two resonances.

where the error is only statistical. Since this is
consistent with the value 9.6 +1.0 pb/sr for the
Z'm' final state, we shall assume that the cross
sections measured in the Z'w'm channel give the
correct production rate.

In the experiment of Eberhard et al. ,' it was
concluded that there exists a Z~(1660) different
from the Zz(1660} since the ratio of Z(1660) de-
caying into Z'm'm' and Z'n' varied strongly as a
function of the production angle. For the purpose
of comparing data from various experiments we
define here a.s a quantitative measure of this varia-
tion the angle

0.95& cos 8'& i,O

Io

i.8 2.0
M( P(I~OS) ~')

2.2 2.4

FIG. 5, Effective mass for Ao(1405)~' for events with
production angle cos8*=E 7I in the range (a) -1.00
&cos8* &0.70; (b) 0.70 &cos8* &0.90; (c) 0.90 &cos8*
&0.95; (d) 0.95 &cos8* &1.00.

Our data for the same angular regions yield the
values g = (40.4' ",',')' and (24.2",',); which dis-
play less variation with production angle.

The other evidence for two Z(1660)'s in produc-
tion experiments is a measurement of the fraction
of events in the "backward" angular production
region (- 1.0& cos&*&0.'IO) obtained for the Z'v'v'
and Z'm' decay modes. Defining the ratio
a -="backward" events/total events, Aguilar-
Benitez et al.4 obtained
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FIG. 6. Dalitz plot and (Z~)+ effective mass projection for the final states Z'm ~ and Z ~+7( showing the results of
the fit for the amount of Z(1660}.

a(Zwv) = 0.00 +0.04,
a(Zov') =0.42+0.08 .

This result is supported by the work of the
Nijmegen-Amsterdam collaboration. ' We mea-
sure

a(Znw) =0.18 +0.05,
a(Zov+) =0.49 +0.11,

which provides evidence that this effect persists,
although it is less pronounced, at lower energies.

The result can also be expressed in terms of the
angle defined above. For this angular region we
calculate )I = (1.7',",); which is well within the
limit set by the CHS experiment.

Reactions (3)-(5) were also examined for evi-
dence of other decay modes for Z(1660). These
reactions result from different intermediate states,
making this extraction of the Z(1660) signal more
difficult. In the A'm'n channel, there exists a
Z(1765}which overlaps the Z(1660). The results
on the differential cross sections are sensitive

to the widths and positions of the resonances and
cannot be considered reliable.

In the A'7I'm m' channel, there is evidence for a
broad peripherally produced enhancement in the
A'v+v mass spectrum at about 1660 MeV/c', which
appears to be mainly Z'(1385)s'. This final state
also exhibits a number of two- and three-body
intermediate states with strong dynamical corre-
lations which may contribute to the bump in the
mass spectrum. The width of the peak, and the
change in its central value for different production-
angle regions indicates that this effect may not be
associated with the Z(1660).

Finally, no Z(1660) signal is seen in the JPPv
final state. The data for all these reactions are
shown in Fig. 7.

IV. SPIN

If two particles exist which have the same iso-
spin and mass, then it seems highly unlikely that
they will have identical spin. Previous evidence
for the —,

' spin assignment of Z~(1660) -A(1405)v is



8. P. APSELL et aI, . 10

2g.

c I.O-

1 f I

K p ~err-n'

~2P-

12C

OJ

& 1.0- '.k~4~~~~vQ

Kp~K n-p

1.0-

0

I

t=cy-

"-,, Kp Xmsn n
p

~ C

~ ~ ~ ~

I

150

20 a) 4g 5,0 eg
M Arr') (GeV2)

.7 &COS 86.9

4g . 5.0
M (Pp) GeV )

.7«COSe C.9

QO
4.0 50 6,0

M2e'n ) (GeV2)

.7~COS e~9

100- 40- 20-

(J}
20- IQ-

40- .85& cosesLo ~
~ ~ ~

~

~ ~ ~

~

I I I ~ I 1 ~ I

95~ COSe~ lO 95~COS e &I.O

20.
20- 20-

10-
II

II

o ~.
12 1,4 1,6 IP Pg Pg 2.4

MAn) Qev}

i
1.4 2.2 2.4

MW'I) (GeV)

10-

0, AZl
N 2g M 2.4

Mo'n ) (GeV)

FIG. 7. Dalitz plot and effective mass pro)ections for the strangeness equals -1 baryon, showing the results of a fit
for the amount of Z(1660), for the anal states: A m ~+, IY ~ p, Z+(1385}m m .

based in part on the Adair analysis. " In Fig. 8(a)
we show the experimental Adair distribution for

K p-Z'(1660)w

A(1405)w'

accompanied by the theoretical distributions for
several spin assumptions. From a least-squares
fit we find that the probability of -', spin assign-
ment is 0.17, while that of spin —, is 0.0S, which is
a weak indication for the former.

As a check on the validity of the Adair method
in the above state, we have also applied it to a
similar intermediate state of reaction (1):

Z p-Z'(1765)w

A(1520)w+ .

The Z'(1I65) is knocvn to have J'~ =-,' and decay
into A'(1520)w'; the A'(1520) has Z =-,' . The
Adair angular distribution for this reaction is
shown in Fig. 8(b) with the theoretical distribution
for J =-,' and P-wave decay. There is a clear
disagreement which persists when f-wave decay
and f-p interference are included.

The failure of the Adair analysis when applied

(IeP) ~ g(140$)~+ X (1765)~ A(1520) ~+
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FIG. 8. Adair angular distribution: cos(Adair angle)
A$ Ag
~g+cJli. ~total cJII.~
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to the Z(1765} may, of course, simply be due to
background or interference effects. On the other
hand, its apparent success for the Z~(1660) may
be fortuitous; the Z(1765) difficulties are a signal
for caution. In fact, a specific example of such
a failure is given by Stodolsky and Sakurai": If
vector-meson exchange is dominant, as is likely
in this case, and if the vector meson behaves like
a massive photon in that the reaction Z~+N- Z*
-Aow' (at the baryon vertex of the meson-exchange
diagram) is dominated by the Ml -P,~, transition,
then there will be no events in precisely that re-
gion in which the Adair analysis is valid. Bearing
in mind such a possibility, we seek to confirm the
Z~(1660) spin by also employing other methods of
spin-par ity analysis.

A more general procedure for determining the
spin and parity of particles that does not depend
on this limitation has been suggested by Byers
and Fenster and extended by Button-shafer. " This
method was applied to the Z(1765) and the results
are shown in Fig. 9. While the angular distribu-
tions do not distinguish a J =+ from a~' assign-
ment, explicit calculations of the tensor moments
do favor the former, giving confidence in this
procedure.

The application of the Byers-Fenster method
to the Ze(1660} is much more difficult since the
spin of the A'(1405) is —,', hence the single angular
distribution which distinguishes the spin for the
Z(1765) by measuring the relative population of
the +-,' to the +-,' projection is not available for the
Z(1660).

In the Byers-Fenster method there are two dis-
tributions we can study" to obtain information on
the tensor moments describing the production of
the Z~(1660). In both cases, the highest L, non-
zero tensor moment gives the louver limit on the
spin. The first distribution is that of the decay
angle of the A'(1405) in the Z~(1660) center-of-
mass system:

2 -1
I(8) = a~ cos'~8,

I'even = 0

where the a~'s are linear combinationsof the tensor
moments. Another distribution is derived from
the decay chain

K p-Ze(1660)w

Ao(1405}w+

which ends in the parity-violating Z -Nw decay.
The distribution of the angle X between the normal
to the production plane of the Z and the nucleon
is

K p~ X+(I765}w-

A$1520) w +

Z-+ w+

20- JP 7/~

(j I 5-
0)I-
4J
+ IO-

4J
5-

O.O 0.5
C0S 0

I.O

2g
f(8iifiX)=1+&q p az, cos'~8 cosp cosy,

where g is the decay angle of the Z in the A'(1405)
rest system, and az is the Z decay parameter.
Maximum-likelihood fits to these distributions
rule out spin & but fail to discriminate spin —,

'
from higher spins in our data. Thus, this method
cannot be used to confirm the assignment of J = —,

'
for the Z~(1660) from the Adair analysis.

V. Z {1660)PARITY

Previous experiments, using several methods,
have given conQicting results for the parity of the

Z~(1660).' As we have noted above, the decay of
the Z~(1660) -Ao(1405) w+ precludes the possibility
of a determination of the parity using the model-
independent Byers-Fenster method.

%e can, however, attempt to measure the parity
of the Z~(1660) using the following assumptions:

(a) The production process proceeds primarily
through K* exchange.

(b) The conjecture of Stodolsky and Sakurai that
vector mesons behave as heavy photons in strong
interactions is correct. Thus, photoproduction
data imply that the reaction K*+M- Z*(1660)-A*(1405)w (at the baryon vertex of the exchange
diagram) is dominated by the Ml multipole for a
—,
"intermediate state, and by the E1 and I 1 multi-
poles for the —,

' state "' '5

(c) The spin of the Z~(1660) is —,'.
Then the angular distributions for both parities

are given by

FIG. 9. Angular distribution for Byers-Fenster method
of spin-parity ~~a&ysis. Cosg = A(1520) &&&&&&)

~
RA&&520&.
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{b)

—= )El)'[1+3(q.e)']+4 )L1I'[1+3(q ft)']dg

—12 Re(El*L1) (q e) (q k),

where, for the reaction KP -Z*m„Z*-A*m„ the
vectors q, n, c, and k are defined using the mo-
menta of the particles in the Z* center-of-mass
system as follows:

k=K —n', ,
A

n=Kxg„

20-

IO-

(c)"

20-

0
(qen)

I.O 0 90 ISO 270 360
4 (deg)

Z=nxP,

and M1, E1, and L, 1 are the amplitudes of the
respective multipoles.

The results are shown in Fig. 10. The probability
for spin ~ and odd parity is 0.23, while the prob-
ability for even parity" is &10 4.

The goodness of fit for odd parity confirms the
assumptions made above. The excellent agree-
ment of our data with the E1,1.1-P,~, transition
also indicates that the Adair analysis should be
valid since this transition does not cause a deple-
tion of events at forward production angles. The
same method was applied to the reaction K p
-Z'm'w; however, the results are less reliable
because of the higher background in the Z(1660)
mass region. The data indicate a slight preference
for J =

~ rather than ~", but neither assignment
can be excluded.

VI. CONCLUSIONS

A. Concerning the existence of two Z(1660)'s

There are three sets of measurements on the
Z'n'n' and Z'w' decay modes which give rise to
the conjecture that two resonances exist at this
mass:

(1) The angle )(, measuring the ratio of differ-
ential cross sections for the two decay modes,
varies with the production angle and disagrees
with the value given by the CHS data in the most
forward region.

(2) The slope P of the exponential representing
the differential cross sections in the forward re-
gion differs for the two decay modes.

(3) The ratio a measuring the "backward" to total
fraction of events differs for the two decay modes.

The first measurement, which is contained in
the work of Eberhard et al. ,' is perhaps more dif-
ficult since it depends on the ratio of cross sec-
tions of different decay modes and thus on their
different efficiency corrections. Our data, when

0-
I l~

&r~
el ll

0
-I.O I.O -I.O 0„

qek)
I.O

FIG. 10. Anipxlar distributions for Stodolsky-Sakurai
method of spin-parity analysis: The unit vectors are
described in the text, with cosp = n ~ (kx q)/jk x q j. The
dashed (solid) curve is the prediction for 4 = (I' (N ).
The X 's for the (g k), (g. C), {ip n), and + distributions
respectively are: for J = g' 11.7, 49.1, 99.6, 11.9; for

TABLE III. Parameterization of differential cross
sections in the region 0.70& cos8*&1.0. do'/dp =do/dp~ p

e 8I'; p
=—1 —cos8*.

Decay mode

do'

dp p

X

(1 deg of freedom)

(Zr7(')

{Zxm')

{Zpm+)'

(ZP~')'

36.5+ 2.3
71 ~ 5+ 4.5
17.9+ 3.6
9.6+ 2.1

8.7+ 1.2
11.9+ 0.9
4.7 + 0.7
0.2+ 1.3

2.80
6.70
0.00
0.76

~This experiment.
Data of Bef. 3.

interpreted in this fashion, display less signif-
icant variation in two angular regions but are also
not consistent with the CHS results in the most
forward region.

The second measurement is independent of nor-
malization but it is not directly comparable to the
CHS data. The results of the fit to the differential
cross section assuming the exponential form are
contained in Table III. Again, the data of Eberhard
et aI, .' show very different slopes for the two decay
modes. Our data yield values for the slopes which,
although not equal, are not sufficiently divergent
to require the acceptance of the two-resonance
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hypothesis.
The third measurement yields dramatically dif-

ferent results for the two decay modes in our data
as mell as in those of Aguilar-Benitez eI; al.' and
the ¹jmegen collaboration. ' This is certainly
compelling evidence for the existence of Z~(1660)
and Z~(1660). In light of this result the second
measurement suggests that the Zj,(1660)-Zs decay
mode also exists, with the exponential slope per-
haps flattened by the contribution of the Zz(1660)
amplitude. Thus, we conclude that two Z(1660)'s
exist. Both are observed in production experi-
ments with the state having low momentum trans-
fer exhibiting decay modes into A(1405)w and Zv.

We cannot obtain clear evidence for the existence
of Am, Awe, or FY'P decay modes of this resonance.

B. Concerning the spin and parity of the X{1660)'s

It appears that there exist tmo Z states with the
same mass and identical spin parity. The Z~(1660)
is known to be a D» state. We have used tmo mod-
el-independent techniques to measure the spin of
ZJ, (1660), and both weakly fa.vor spin —,'. Moreover,
assuming spin -', and the applicability of the
Stodolsky-Sakurai model, we have obtained strong
evidence that the Z~(1660) has odd parity.
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