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ABSTRACT
We report experimental evidence for a spin of 3/2 and negative
parity for the Yj( 1660), based on a study of a production experiment,
Kp~ Y1660 + 17 > 2% «¥ "1, in the region 2.4 to 2.7 GeV/e.
The spin was determined by an Adair analysis of the Y’;( 1660) decay
angular distributions, and the parity determination was based on a
Dalitz-Miller type of analy51s of the Y. (1660) decay into Ewm, involving

three interfering processes and some background.
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Of the many established hyperon resonances, the Yri(ibe) has

a peculiar history in that although its existence has long since been
established, 12 attempts to measure its spin-parity quantum numbers
have as yet been..inconclus‘ive, and in some instanées have provided
contradictory results. > In this letter we report experimental evidence
for a spin 'of 3/2 and negative parity'bfor thevYZ:(i()E)O) or 2(1660). 4
‘The data were obtained from an analysis of the reactions

‘K—p - Z+1T+TT_TT—, : (1)

Kp— =t l (12
for incident K beam momenta in the reAgion 2.1to 2.7 GeV/c. The
pictures were taken in the Berkeley 72-inch hydrogen bubble chamber
and ap.alyzed by use of the Alvarez Group program system. > The ex-
posure had a K~ path-length equivalent of about 20 events/pb. We
.found 2814 and 2253 events which fifted Reactions (1) and (2), respectively.
The events have been Wej,gh‘;ed to correct for biases in detecting short-
lived and small-angle decay Z's. From this sample, we were able to

(435 events)
select a rather large and clean subsampleﬁ of the quasi-two-body reaction

Kp—2(1660)" + 77 >=%" v7n” (3)

- by use of several criteria for the (E"rTTT)Jr particle combinations:

(a) a (Zﬂﬂ)+ mass selection; criterion: that the (Zwm)  invariant
mass be between 1.58 and 1.74 GeV;
(b) a A(1405)'selection; criterion: that the (ZWTT)+ system include a

6
(ZW)O combination with an invariant mass between 1.36 and 1.45 GeV;
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(¢) an zmguiar scl_c'ctionﬁ ‘C riterion: that the (Emr)'}' productioﬁ ;-mgie
with respect to the incidént K - in the c. m. system, 0*, be sfuch that
cos 07 < _-O."i for the events af 2.1 GeV/c and cos 0™ <-0.8 for the
higl.xer incident momenta (2.45 to 2.7 GeV/c). 7 ‘v | » -
No event of Reaction (1) had more t.han one =¥ n*n” combination
satisfying criteria (a) and (c5 or (b) ana (c) at the éame time.
Figure 1a shows the (Smm)’ mass plot of combinations satisfying
criteria (‘b)' and (c) only. A pror;ouriced enhancement around 1.66 GeV
is clearly visible above é rather small backgrouﬁd. Figure 1b shows
thé' =ta” mass distribution for events of Réaction (1) satisfying the
cfiteria (a) and (c) only. It shows an enhancement at 1.405 GeV that

demonstrates the dominance of the [ A(1405) + ] decay mode of the

=(1660), as reported previously but with smaller statistics.

Spin Determination '

In a formation experiment, Bastien and BergéC) studied the
Z(1660) and concluded that its spin was not 1/2 but was most likely 3/2.
~Using the Adair analysis 0 in our production experiment, we find spin

1/2 and spin 5/2 inc‘dmpatible with our data, whereas the spin 3/2

. hypothesis fits the data extremely well,

. In 'Fig. 2 we used only those events with incident beam momenta
in the region 2.45 to 2.7 GeV/c7 and satisfying the selecf.ion criteria (a)
4anvd (b). Figure 2a shcsws the decay angular distribution of the Z(1660)
events whose produ'_cti.o‘n cos 0 < -0.9, p;l.otted as a function of the cosine .
B of the angle « between the d_irecfion of the (Z TT)O system in the (ETTTT)+

rest frame and the direction of the incident proton in the overall c.m.
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syston. H The predicted distributions for spin 1/2, 3/2, and 5/2
hvpotheses, assuming the Adair condition1o is valid and thé dominant
decay mode is [ A(1405) + ] for these events, are shown in Fig. 2a
normalized to the total number of events. The fit for either spin 1/2

or 5/2 has a X ° confidence level < 0.1%, whereas the spin 3/2 hypothesis
fits .the data with a ¥ % confidence level'o\f 50%.

The Adair analysis seems justified, as Fig. 2b shows that t}.1e
production of Z<i660) .does not tend to vanish or even decrease in the
very backward direction but, on the contrary, most of the events are
produced at the extreme backward angles. Moreover, the same type
of decéy distribution (not shown) as in Figv. 2a, but for the events of
vFig. 2b lying between cos 6% = - 0.9 and cos 0" = - 0.55, shows much

less anisotropy than the one of Fig. 2a. Therefore the distribution

g. 2a can be considered as having the features characteristic of

in Fig.
the préduction at 180° where the Adair analysis is truly valid.

The predicted Z(‘l‘660) decay distributions for spin 3/2 and 5/2
are based on assumption of a spin 1/2 for the A (1405), as determined
by Kim. 1z It should v,be noted that in Fig. Za each bin of the histogram

. represents a sum over all possible decay angles of the (ZTT)O system,
so that interference effects between the [A(1405) + 7] decay mode and
other decay modes with a (ZTF)O system of different spin-parity from
that of the A(1405) are integrated out, whilg those with the (Zl'n')o
system havihg the same spin-parity as the A(1405) give the same pre-

dictions as shown in Fig. 2a for the [A(1405) + ] decay mode alone.

Henceforth, spin 3/2 is assumed in this paper.
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Parity Dctermination

Previous efforts to measure the parity of the Z(1660), in both

. 15-1 .
3,14 and production ! experiments,. have yielded some

18

.1
formation~

~ contradictory results.

Our method consists essentially of a Dalitz-Miller type of

.. 20
analysis of

the 2(1660) decay, which p'redivcts' a depopulation of events
for negz{tive parity and a relative enhanéement of events for positiveA '
parity about the f)oint on the Dalitz plot where the £ 1is at rest in the
T aTn rest framez_.T We call that point the strategic point from now on.
Mo'lje specifically, we consider the distributions of the Zﬂ:, T, and ™
- particles 'with_;'espect to each other in the ’(Z'ﬂ.ﬂ)f combination satisfying
Cfiteria (a) and'_(c) and compare.them with the predictions?zwhen negative
of positive parity is assumed for the Z(1660). Those predictions are |
expected to be very different around the strategic point. Only informa-
e‘).t‘vicn pertaining directly to the 2(1660) decay p;opertie_s is included in
the analysisz,3aﬁd any inférfnation that would depend also on the pro-
vductivon mechaﬁism .i"s ignored. |
The 2(1660) decay into’ =tnta” ‘and = n" et was considered to

.oc;,cur viaa 7 and a ’(ZTT)O system, wvhich is thé superposition of
three states, namely:

I, A(1405) with spin 1/2, negative parit'y,l isospin 0;°

11, a nonresonant (Z_TT)O system li.e., a matrix element independent

. " of the (Z'ﬂ)o mass] with spin 1/2, negative parity, isospin 1 -- analogous

e § - +_¥ 24
to that deduced by Humphrey and Ross in the analysis of K +p = X" 7 ;

~and

S 111, 2(1385)0 with spin 3/2, positive parity, isospin 1.
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Uhose three states involve theee (iv\'uy‘ processes iun interference
with one another, o the SEEAEE combinations, there are two possible
(Lm)” syvstome, and the resulting matris clement has been symmetrized
.u‘\'o.rdi_ng to Rose s(atistics.. In addition, we considered that some of
the (?Jrrﬂ)l combinations in our sample were due to background processes
not involving the Z(1060) resonance. Bcca.usé most of them are (ZTm)
svetems o diffe rcnt.. spin-parity froni l‘hat of the Z(1060), they were
consideved as not’in(erfering with processes 1, JI, and I1I, and they are
of the following types:

IV, the bulk of backgrbxmd events in the sample of E+Tr+rr_, approxi-
mated by a phasc-space d.istributicm;‘

V, a phase-space background for the s bt system that could be
different in magnitude from that in i)l'ocess v bccﬁuse the reflections
of other final-state resonances _in Roaétions (1) and (2) are different;
S VI, A(1520) + wt phase-space di"stribution.followed by a A(1520) decay
into =%r7 with a'bra.nchir'ig"ratio expected from the ratio of available
phase space and a A(1520) width of 20 MeV.

A complete mathematical descriptibn of the model is given in
reference 22.

Process I has been shown as the dominant onc;s however, if
it were the only procevs's in the Z(1660) decay, the ratio of E+/E_ events
in our sample would be expected to be between 1.4 and 1.2, and not {.8

16, 2_5 A combination of

as found experimentally by us and by others.
‘Processes I, 1II, 1V, V, and VI alone cannot adjust that ratio and still
cxplain the rest of the data. Process 1I, though, can adjust that ratio

without perturbing any other distribution substantially. Process 111,

on the other hand, distorts the distribution oun the Dalitz plot and changes
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the prediction around the strategic point, as seen in Fig. 3, where two
curves for the positive-parity hypothesis are shown, resulting from two

26

fits--one with and one without introducing Process III. The presence
of Processes IV thx;ough VI is evident when one looks at distributions
(not shown) of events when.t‘h-e (=) mass_is >1.74 GeV and selection
(c) but not (b) is made.

Alternative modes were considered for Processes Il and III,
- where the (Emr)f system ha'd.the same spin-parity as the £(1660), hence
interferin'é with Process I, but w»as'not resonating at a (Z7T) mass of
166‘0 MeV. 217 Process II always gave a much'v.vorse fit to the data When
the.alternative mode :1 e., as non-2(1660)‘background] was considered,
-whéther Process Ill was in an alternative mode or not. Process IIl gave
~a slightly §vorse fit for the alternative mode in both cases of parity.
j.‘he curves on Figs. 1 and 3 all correspond to Pfocesse‘ér II and‘ II1 con-
sidered as decay modes of the Z(1660).

The intensi*t_ies22 <;f Processes I through VI and relative phases of
Processes I, 1I, and 111 were adjusted t‘o fit at the same time the 660 sTotn”

+

. and the = " combinations satisfying criterion (c) and Z77T mass range

from 1.58 to 1.86 GeV. The reason for using a broader selection than
selection (a) is to improve the determination of the parameters controlling

Processes 1V, V, and VI.

Results of the Parity Fit

- The width of the A(1405) was first considered as 35 MeV and

| the:”:Z'(1660) width as 610 MeV. Then the A(1405) width was added as a

' new,;pa.rameter. When the Z(1660) parity was considered as negative,

th'e best estimate became approximately 50 MeV whether or not Proccesses
11 ér_zd(or) III were considered with their a.lt.ernative mode. For positive

parity of the £(1660), the best estimate stayed around 35 MeV for all cases.
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The N (L105) width was then fixed at its best value for each case of
parity and the Z(10060) width was adjusted. The best estimate for it
became about 80 MeV in all cases ‘for negative parity and 110 MeV for
posit:ive parity. |

In either parity case, the natural logarithm of the likelihood28
I ciecreaSes by more than 7.3 if Process IIl is turned off, by more
thun 15 if both Processes Il and III are turned off. These results
illustrate‘ the necessity of including interference effects between

Processes I and II and between I and III, for the events around the
3{1‘660) mass.

More important is the difference Between the log‘arithm of ,7:_
obtaiﬁed for the p’ositivéand negative-parity hypotheses. The diffe‘rence
always favors negative parity. For the best {it for both parity assign-
.ments, that difference is 13.5.28, For the constrained fits--that is,
when the fits were constrained by either turning off Process III, or
Processes II and 1II and/“or' constraining the widt.h of the A (1405) to be
35 MeV and the 2(1660) width to be 60 MeV--the difference was always
greater than 11,favoring negative parity.

We also constructed a x 2 to compare the probability distributions
for both parity as signments.zg"?’ol We computed the x 2 for the saﬁnple
used in the fit [Z7% mass included between 1.‘58 and 1.86 GeV and
criterion (c)] and for the more restricted sample satisfying selection
criteria (a) (i.e., Zvﬁ mass between 1.58 and 1.74 GeV) and (c). Both
X 2 Were similar in each éase and we quote here the ¥ 2 referring to

the smaller sample, i.e., satisfying criteria (a) and (c). Comparing '

‘ 2 .
‘the best fits of each parity assignment, we obtain a x of 17.5 for an
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expected x 7 of 4 if the positive parity hypothesis was correct. = For
the constrained fits, described in the previous paragraph, the y ¢ for
positive parity are always greater than,15.4.29 On the other hand, the

best fit for the negative-parity hypothésis has a y 2 of 0.1 for an ex-
: 30,

4

pected yx = of 1., and all the constrained fits 'blfvla.ve X 2 less than 2.3.

We &‘:oncludg therefore that the parity of the Z(1660) is negative.
From the best fit for negative parity we obtain the following

results for the amounts of the various processes, ex’préssed as a per-

centage of the total numbers of events in our 2(1660) sample defined by
' )

selection criteria (a) and (c): |
69% for (1660) > [ A(1405) + 7] (i.e., Process I),
* F

4% for Z(1660)~[ (=™ w

1 .
- M1=1 g-wave T " ] (i.e., Process 1I),

5% for [ Z(1385) v,+v1T} background (i.e., Process III)
17% for the total noninterfering background (Processes IV-VI),
+11% for .fhe amount of inferference bétween various processes
in the =" eVe‘nts, : . |
-6% for the aimount of interference between various processes

in the Z._ events.

As an independent check of our ‘modlel, we have calculated from the
results of a study31‘df the reaction K-p~>ATT+TT~TTO, in the same bubble .
chamber exposure, that the amount of [ Z(41385) + T] in our data sample

should be <5.3%, which is consistent with the result for Process lII

- from our best fit.

Finally, we plotted for each fit, --using the program FAKE32 --
' the distributions expécted for various invariants in the (Emr)+ systein

and compared them with the data for real events satisfying criteria
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() and (¢). Some of the curves for the best fits are shown along'with

the histograms in Figs. 1 and 3. All positive-parity predictions--for

the best fit and for the constrained fits--fitted the data poorly, especially
in the-bins of the histograrﬁs corresponding to the strategic point on the
Dalitz plot. 21 With our determination of the widths and with all Processes
I throﬁgh VI turned on, the best fit for negative parity is acceptable on
every histogram (including the many histograms ﬁot shown) while the
expectations for the other cases fit poorly at one region or another of
_our'data.

Conclusions

1. The spin of theZ(1660) is 3/2 if the Adair analysis is valid
for our data.

2. The 2(1660). parity is negative if our model with Processes
I through VI can approximate the mechanism of decay Z(1660) = Z7m and
'~ the background in our sample.

| 3. The decay mod'e: 5(1660) — 21T is dominated by the process

(1660) -~ A(1405) + . | |

4. The decay Z(1660)—> Z7m cannot be characterized sollely by
the A(1405) + ™ decay‘.mode. Our model gives an excellent fit to the
) aata for negative parity.

5. Our best estimate for the width of the A(1405) is 50+ 8 MeV.

6.  Our best estimate for the £(1660) width is 7510 MeV.

We acknowledge' with pleasure the continuing stimulus and supporf

' of Professor Luis W.‘ A_lvarez and the €ssential work of tile Bubble Chambex
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Ww. P. S.‘ , and U. E. K.) would also like to thank Professor Edwin

- Goldwasser for his encouragement. We are indebted to Professor
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Thercefore the presence of Process 11 can quite possibly simulate

the wrong Z(1660) parity assignment if it is ignored in the Z‘,'Tr”LTr+

Dalitz-plot analysis. A proper analysivs of this process requires
that the =* data as well as the T data be fitted, since the inter-
ference term between Processes I and Il has opposite sign for the

o -
S and 2 events.

Our model here assumes that the effect of the processes in their

alternative modes can be averaged over all production angles and

beam momenta. This is valid if these processes act mainly via their

interference with the =(1660) decay. None of the fits attributed more

than 6% of the events to the noninterfering term of any process in its
alternative mode, in agreement with the above condition.
Since we are dealing with weighted events, we used a likelihood

such that its natural loga‘rithm is of the form

N —

Z/ (W Inp Y/ W,

. n - - - .

where Wn and p_ are the weight and probability, respectively, of
the nth event, and W is thé average weight (‘;\7 = 1.28 for our events).

The xz is defined as follows:

-+ (E SEDRS

v

with q = Tr? p /p ('r .

The summation over n extends to all eventsx'of the sample. Wﬂ is the
weight of the nth event and T, its configuration. p(T) [p+('r)] is the

probability function of the configuration r, for the parameters de-
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I p (1) were the true distribution of the weighted events, then

tx_,; qn-.’flé would. have an expectation value equal to’

/ s L : 1‘ s - ' -4}-"\ .
normalization} , . “p @) -p (T) _+ S

(\_ faCtOr >/\ ‘S T P (T) d.T = 0. .

‘ p (r) "

. ! . : ’ 4
The standard deviation ould then be approximated by (Z qn2>;/2

n

aud our X would have a one-degree-of-freedom probability distribu-

tion. . The exact expressions for p () and p+(7) are given in Ref. 22.
if p—('rn) and p+(7n) are interchanged in the definition of q, {hence

in the definition of XZ) in Ref. 29, then 2;1 q, is expected to be
zero and XZ_ is expected to have a one-degrce-of-freedon XZ
distribution if the negative parity hypothesis is true.

Daniel M. Siegel (Lawrence Radiatioﬁ Laboratory), private
communication. ‘

G. R. Lynch, Program FAKE: Monte Carlo Simulation of Bubble
Chamber Events, LaV{/r‘énce Radiation Laboratory Report

UCRL-10335, July 1962 (unpublished).



Fig. 1.

.(b) and (‘c)f;'

“15- 7 UCRL-17590 Rev.

L _»-‘f. Eigm;(_:__(?_,aptiohs o " .
a. -Mass plot of the (Zwm) system satisfying selection criteria

¢

A : + -
b. Mass plot of the (£ 7 ) system satisfying selection criteria -

{a) and (c);

. o - + .
‘c.. Mass plot of the (£ T ) system satisfying selection criteria

(2) and (c), two combinations plotted per event.

'The solid cuxjvés are the results of the best fit for the

_negative parity hypothesis for the £(1660). The dashed curves

. Fig. 2.

Fig. 3.

ina and b are the corresponding estimates of the non-2(1660)

‘background, and the dotted curve in-c is the result of the best

fit for positive parity for the Z(1660).

Z(1660) angular distributions for incident K~ beam momenta

in the region 2.45 to 2.7 GeV/c and satisfying selection criteria

(2) and (b).
2 Decay angular distribﬁtion Pl.Otvte_d_‘-‘;s a function of the Adair
- angle as defined. in the text, for évents whose production
cos 0" <'-0.9 (Ref. 11). The curves represent the Pre—.‘:‘ SR
dictioﬁé Aof the different spinvz hyp_otheses as labeled.
b. Produétion cos 6* di‘étribution. '_'_:}i‘

e . - . - _t_+
Distribution of £ kinetic energy in the 2 7 7 rest frame

 for 2(1660) events satisfying selection criteria (a) and (c) de- =

fined in the text. "The solid curvé- is the result of the best fit | :,_t_‘
for the negative parity hypothesis. The dashed curve is the .
result of the best fit for positive parity and the dotted cufvé
corresp)on;is to the fit for positive parity but with Prdéess Ir _

turned off.
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-

mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.








