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We have continued a study of the T =} =r reso-
nance at 1.530 GeV."? In this Letter, we report
a complete angular correlation study of the de-
cay sequence =*°~ =" +7F, E7 ~ A+7~ which al-
lows us to conclude that the simplest =* spin-
parity assignment?® is (2)*.

The resonance was produced by 1.80- and 1.95-
GeV/c K~ in the Lawrence Radiation Laboratory
72-in. hydrogen bubble chamber by means of the
reactions K~ +p - Z*%~ + K%, Table I illustrates
the production and decay systematics of =*°,
where, as in reference 1, events in the interval
1.515 < Mz, <1.545 GeV are defined as =™
events.? The relative decay rates of Z*° to =~
and Z° confirm the T =} assignment.’? From a
corrected number of 21+ 6 events, Z*" - =~ +7°
(not shown in Table I), also produced in our film,
we obtain a total Z*~ production cross section of
26+ 7 ub, to be compared with 53+ 8 ub for =*°
production. Thus the Z* production reaction
proceeds through both the T=0 and T =1 channels!
and the polarization states of Z*° and Z*~ need
not be the same. For these reasons, and also
because Z*°~ =~ is produced more copiously
than Z*~ ~ E7, the angular correlation analysis
is confined to the 80 examples of the former re-
action.

Figure 1 displays all 128 =~ +7 7 +K° events on

a Dalitz plot of Mgy® vs M=% At 1.95 GeV/c
there is some evidence for K*(885) production,
but the Z* and K* bands do not overlap. There
is no evidence for the K*(730)  either outside the
Z* band or inside as a Z* - K* interference.®
The M=, histogram of the events in the vicinity
of the =* region is shown in Fig. 2. A study of
the error assignments and x? distributions of the
events yields an experimental resolution function
with a width of 2 MeV. The best-fit Breit-Wigner
distribution has I'=(7+ 2) MeV. The distribution
folded with the resolution function is shown in
Fig. 2. A value of 7+2 MeV for I' implies that
the mean separation between =* and K° at the
time of Z* decay is ~30 fermis.® This distance,
as well as the lack of evidence for K* - E* inter-
ference, seems to justify the assumption that the
Z* decays as a free particle. The possibility of
E* interference with the constant background is
discussed below.

As discussed by several authors’ ® and, more
recently, by Byers and Fenster!® (referred to
hereafter as BF), the decay of a spin-J Y* into
a spin-} Y and a spin-zero meson leads, in addi-
tion to the usual maximum-complexity conditions,
to definite relations between the various moments
of the Y polarization distribution. In principle,
these relations permit a unique determination of

Table I. Production and decay systematics for EX0,

Predicted Production
Decay Topology Detection Number Corrected decay rate for T o
Production process  mode scanned for efficiency observed number? =3/2 =1/2 (ub)
P Er"  2-prong (kink) 1 80 9311 1 2
K +p—K'4 Z*0 with 1 or 2V’s 53 +8
=%%  0-prong with : 11° 36 £15 2 1

2V’s

a
Corrected for detection efficiency and backgrounds.
See reference 4.
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FIG. 1. Dalitz plot for K- +p—E"+7" + K%, Beam spread at each momentum 8P/P ~ +3 %.

the spin J and the (Y*-Y) relative parity. The
usefulness of these tests depends crucially on the
presence of some detectable spin alignment of
the initial Y*.

Following the treatment of BF, the spin state
of a spin-J E* at production is described by a
set of complex parameters ¢ (spin-multipole
moments) with L <2J. These are defined in
terms of the =* density matrix:

where the T_M are a complete orthonormal set
of (2J +1)? coOmplex matrices!! formed from the
components of the spin operator §, and ¢ L-

= (=M M* T 0is the unit matrix and £,9=1.
For a parity-conserving production process,
when the normal to the production plane, 7, is
chosen as the polar axis, ¢, =0 for M odd.”
Hereafter, the symbol M shall therefore refer
only to even values. The intensity and polariza-

. 2 +L M M tion distributions, 7(£) and IP(%), respectively,
Pex =37 71 2L + 1)tL TL , (1) are determined from the = density matrix pz
- L=0M=-L =Mlp5*Ml+, where M; is the appropriate transi-
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histogram with best-fit Breit-Wigner curve (I'=7 +2 MeV) folded with experimental resolution

curve (width 2 MeV). Four events in the K *(880) region have been removed.
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tion operator describing the parity-conserving decay =* - = + 7 with orbital angular momentum I. The
moments of these distributions are summarized by BF in the following set of relations:
Intensity distribution moments (L even only):
M J M
= . 2
(v, =n, "ty (2)
Longitudinal polarization moments (L odd only):
2y M J, M
P.ZY = . 3
( LTt 3)

Transverse polarization moments (L odd only):

(L +%)1/2

even

L(L+1)Z(L+L,+l)_l/2
L —-1

where

n

L

Iy —1/2<2J+1
v 4r

and y =+1 for /=J%% and thus is a measure of the
(=*=nm) relative parity; y appears only in the
transverse polarization distributions.® For the
sake of brevity, the spherical tensor form of the
polarization vector is retained: IP,'=-(IPy
+ilPy)/V2=-IP1"'*, and IP1°=IP;. In contrast
to maximum complexity arguments, a compari-
son between the polarization moments calculated
according to Eqs. (3) and (4) permits, with suffi-
cient data, a unique spin-parity measurement. '°

The normal to the production plane is defined
in terms of the incident K and outgoing =* direc-
tions: n=(KxZ*)/IKxZ*|. Each event is then
described by the direction cosines along (K,n
xK,n)=(x,y,z) of the two vectors = and A ex-
pressed in the Z* and = c.m. systems, respec-
tively. The experimental moments were evaluated
by means of relations such as

- - N
v, " =f1Gy M G- MLy e, ©

M = I 7 (P
YL )=a5f1P(:.)-xYL (Z)an

~ N M,z
=@/N) 25 (2-A)y T (E), (7)
. i L i
i=1
where N is the number of events in the sample
and, as an example, Eq. (7) shows the calcula-
tion of the Y [ ~moment of the polarization com-
ponent along direction ¥. Because of the size of
the sample, we average over beam momentum
and production angle in the analysis. The decay
distribution for a spin-; Z is given by (1 +a=P

+1
Z C(l,m,L’,M-m|1,L',L,M)(P1mY

M-m
LI

>=y(2J+1)nL"rLM, @)

V2
) cW,%,d,-%1d,J,L,0), (5)

-A) so that azP, =3%.-A. Consideration of Egs.
(3), (4), and (7) shows that J and ¥ may be de-
termined without knowledge of the numerical val-
ue of a—.

The statistical correlations that exist between
the various experimental moments were taken
into account by means of the error matrix: Uyxy
=(1/N3)%; - 1N(X -x;)¥ -v;), where X and ¥
are two moments and X; and Y; are the values
for the ith event. The chi squared (x?) for the
hypothesis that a set of experimental moments
X resulted from a population with moments
X' is given the standard way by

2 'Y -1 'Y
X _K?L(XK "X Wy THX =X ).

The results of the analysis are shown in Ta-
bles I and IOI. Table I contains the experimen-
tal evaluations of the moments in Egs. (2)-(4) for
L <3. Table II contains the x?, the associated
probabilities that various sets of moments are
zero, and the conclusions based on these prob-
abilities.

The moments of the intensity distribution give
strong evidence for the presence of ¢, The
probability that a x*=16.5 or larger (3 degrees of
freedom) would result from an isotropic distribu-
tion is seen to be ~0.0003. We may reasonably
conclude from this alone that J >3§. However, the
much larger x2 probabilities that ¢, and ¢, M are
zero show that the data do not require J>32.

The polarization moments given in Table II
have been obtained by dividing the experimental
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Table II. Multipole moments for L =1,2,3.

Intensity moments [Eq. (2)):

J 0

ny ty = 0.052=0.032

ﬂzJ Re(tzz) =-0.053£0.017

2
n;] Im(y, )= 0.006 £0.023

Polarization moments [Eqs. (3) and (4)]:

J=4 J=3
aEt1° -0.08%0.21 -0.18 £0.
ozEytlo -0.21%0.13 -0.24 %0,
ozEt3° -0.01 0.
aEytSO -0.14 0.
a_Re(t, ?) -0.18 £0
a:yRe(t32) -0.26 0
ozEIm(t32) -0.04 =0,
a._yIm(. %) +0.09 =0

I3
48 -0.26+0.73 -0
14 -0.25%0.14 -0
17 -0.02+0.30 -0
12 -0.18+0.15 -0
.08 -0.32+0.15 -0
.09 -0.31%0.12 -0
11 -0.08+0.21 -0
.09 +0.10x0.10 +0.

.36 0.
.25 0.
.03 0.
.18 0.

.45 0.
.32 0.
.12£0.:

J:-;

11x0.11

moments of Eqs. (3) and (4) by n LJ and (2J

+ l)nLJ, respectively, for the hypotheses J=1,

2, 2, and 7. Using these values together with
the complete error matrix, one can evaluate, for
each assumed J, the set of linearly combined ex-
perimental moments: (aEtLMh (OIEWLM), for
¢,% t,° and t,°. The x2 probability that a given
set (#) is zero gives a measure of the compati-
bility of the data with the assumed J and y =+1.
As indicated in Table III, the data are compatible
with P4,, while the chance that they resulted
from the decay of a D,, particle is &. For J=},

Dy, is compatible, while F, is unlikely by ;.
The situation is similar for J=%.
of data in this experiment makes it impossible
to decide between the J = 2 possibilities.

The simplest =* spin-parity assignment com-
patible with the data is Py,. Assuming P,, and

axz=-0.50,'% the best values for the ¢

t,0=-0.18+0.11,
Re(t,2)=0.19+ 0. 06,
Im(¢,2) =-0. 02+ 0. 08,

t,°=
£,0=0.20+ 0. 20,
Re(t,?) =

The paucity

LM are

0.47+0.28,

0.42+0.13,

Im(t,?) =-0.08+0.13.

Table ITI. x? summary of E* spin-parity analysis.

Degrees
Hypothesis x? of freedom Probability Conclusion
tM-0 16.5 3 0.0003
ts%: 12.0 6 0.036 J=4
tys =0 29.2 9 0.0002
t M 7.6 5 0.11
tsM—O 7.6 10 0.58 Data do not require J>%
tysM=0 18.2 15 0.20
_3
J=3
(1- y)tl’aM: 0 1.5 4 0.65 Data compatible with Py,
(1 +'Y)l1,3 =0 10.3 4 0.016 D:yz unlikely
_5
J=3
-yt sM=0 0.9 4 0.84 Data compatible with Dg,
(L+y)ty 57 =0 9.5 4 0.023 Fg/ unlikely
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These values as well as the corresponding values
for Dy, are consistent with the allowed ranges of
the tLM as discussed in BF. Therefore, addi-
tional potentially useful tests based on the theo-
retical limits of the ¢ yield no further state-
ments with the data.

As can be seen in Fig. 2, the background in-
tensity is ~5% of the =* intensity at its peak.
Therefore, one cannot disregard the possibility
that the observed anisotropies may be due to in-
terference between the resonance and nonresonant
background. However, interference effects de-
pend on the phase difference between the two pro-
duction amplitudes and therefore are expected to
vary strongly with the =r mass. For this rea-
son, the Z* events with M=, >1.530 and <1.530
GeV were examined separately. Within statistics,
the results for these two sets of data are consist-
ent with one another. Thus, there are no de-
tectable interference effects of this type. Fur-
thermore, no “impossible” moments were found
in the analysis; that is, neither odd M moments
nor odd (even) L moments were found in the in-
tensity (polarization) distributions.

As a check on the analysis and on the IBM-7090
computer program MOMENT which was used to
perform the statistical analysis, 100 experiments,
each with 80 events, were generated by Monte-
Carlo techmques assuming isotropic distribu-
tions of = and A. Each of these experiments was
analyzed by MOMENT. Histograms of the re-
sultant y? distributions for various hypotheses
were then compared with the theoretical x? dis-
tribution and found to agree within statistics. In
addition, 100 experiments were Monte-Carlo
generated assuming, inturn, a Py, and a Dy,

* spin state described by the values of ¢ LM ob-
tamed in the real experiment. Histograms of the
t LM obtained from the MOMENT analysis of these
“fake” experiments were found to agree in both
position and width with the real experiment. The
results of these Monte-Carlo experiments also
justified the x? probabilities given in Table III.

The simplest spin-parity assignment,® (3%,
agrees with the prediction of SU(3) symmetry.!3*
The existence of a second Zm resonance’ at 1600
MeV receives no support from this experiment.
Based on Fig. 2, the upper limit on the produc-
tion cross section of a =Z*(1600) at a mean inci-
dent momentum of 1.87 GeV/c is ~1 ub.

We wish to express our gratitude to Professor
Nina Byers and Stanley Fenster for numerous
very helpful conversations on the theoretical
questions in their analysis, and for prepublica-
tion information of their results. The support

of Professor Luis Alvarez is gratefully acknowl-
edged, as is the friendly cooperation of the en-
tire Lawrence Radiation Laboratory hydrogen
bubble chamber group.

tWork supported in part by the U. S. Atomic Energy
Commission.

*Now at the University of California at San Diego, La
Jolla, California.

g, M. Pjerrou, D. J. Prowse, P. E. Schlein, W. E.
Slater, D. H. Stork, and H. K. Ticho, Phys. Rev. Let-
ters 9, 114 (1962).

’L. Bertanza, V. Brisson, P, L. Connolly, E. L.
Hart, I. S. Mittra, G. C. Moneti, R. R. Rau, N. P.
Samios, I. O. Skillicorn, S. S. Yamamoto, M. Gold-
berg, L. Gray, J. Leitner, S. Lichtman, and J. West-
gard, Phys. Rev. Letters 9, 180 (1962).

3Assuming that the relative Z-nucleon parity is even.

4There are 21 zero-prong-plus-2V events which do
not fit K~ +p— E"+ K°, For these events, the missing
mass above the K? was calculated. For 11 of the events,
this mass is consistent with the =* mass. The remain-
ing 10 events form a smooth background.

5G. Alexander et al., Proceedings of the International
Conference on High-Energy Nuclear Physics, Geneva,
1962 (CERN Scientific Information Service, Geneva,
Switzerland, 1962), p. 322; S. Wojcicki et al., Phys.
Letters 5, 283 (1963); D. Miller et al., Phys. Letters
5, 279 (1963).

8The absence of final-state interaction is evidenced
by a fore-aft symmetry in the distribution of ==* in
the Z* rest frame, and by the absence of any significant
enhancements or depressions in a plot of My, for the
Z* events. This is to be contrasted with the presence
of significant interference observed in the same reac-
tion at higher K~ momentum. See P. L. Connolly et
al., Proceedings of the Athens Topical Conference on
Recently Discovered Resonant Particles (Ohio Univer-
sity, Athens, Ohio, 1963), p. 121.

"Richard H. Capps, Phys. Rev. 122, 929 (1961).

R. Gatto and H. P. Stapp, Phys Rev. 121, 1553
(1961).

9B, Sakita, Nuovo Cimento 22, 113 (1961).

10N, Byers and S. Fenster, Phys. Rev. Letters 11,

52 (1963).

gee, for example: U. Fano, Rev. Mod. Phys. 29,
74 (1957); A. R. Edmonds, Angular Momentum in Quan-
tum Mechanics (Princeton University Press, Princeton,
New Jersey, 1957).

2The value @z =-0.50 represents an estimate based
on existing world data. The convention for the sign of
@ is the one adopted by J. Cronin and O. Overseth,
Phys. Rev. 129, 1795 (1963). In = decay, this corre-
sponds to a A helicity +a =,

13M. Gell-Mann, Proceedings of the International Con-
ference on High-Energy Nuclear Physics, Geneva, 1962
(CERN Scientific Information Service, Geneva, Switzer-
land, 1962), p. 805.

43, Glashow and A. Rosenfeld, Phys. Rev. Letters
10, 192 (1963).

171



