VOLUME 52, NUMBER 24

PHYSICAL REVIEW LETTERS

11 JUNE 1984

Observation of the Decay n. — ¢¢ and Determination of the . Spin and Parity

R. M. Baltrusaitis,® J. J. Becker, G. T. Blaylock, J. S. Brown, K. O. Bunnell, T. H. Burnett, R. E. Cassell,
D. Coffman, V. Cook, D. H. Coward, H. Cui,'® C. Del Papa,‘® D. E. Dorfan, A. L. Duncan,
K. F. Einsweiler, B. L. Eisenstein, R. Fabrizio,'¥ G. Gladding, F. Grancagnolo, > B. Haber, "
R. P. Hamilton, J. Hauser, C. A. Heusch, D. G. Hitlin, D. Hutchinson, P. M. Mockett, L. Moss,
R. F. Mozley, A. Nappi,®’ A. Odian, J. Perrier, S. A. Plaetzer, J. D. Richman, J. R. Roehrig, ™
J.J. Russell,'" H. F.-W Sadrozinski, M. Scarlatella, T. L. Schalk, R. H. Schindler, A. Seiden,
J. C. Sleeman,” D. B. Smith, A. L. Spadafora, J. J. Thaler, W. Toki, Y. Unno,? F. Villa,
A. Wattenberg, N. Wermes, H. J. Willutzki, D. E. Wisinski, W. J. Wisniewski

(Mark III Collaboration)

California Institute of Technology, Pasadena, California 91125, and University of California at Santa Cruz,
Santa Cruz, California 95064, and University of Illinois at Urbana-Champaign, Urbana, lllinois 61801, and
Stanford Linear Accelerator Center, Stanford, California 94305, and University of Washington, Seattle, Washington 98195
(Received 9 April 1984)

In a study of 2.7 million J/y decays with the Mark III, a new magnetic detector at SPEAR,
we have observed the sequential decay J/&— ym., n.— ¢¢é. The product branching frac-
tion is (1.02 +£0.25 +0.14) x 10~ % where the quoted errors are statistical and systematic,
respectively. Analysis of the final-state angular distributions provides the first experimental
determination that the spin and parity of the n. are 0.

PACS numbers: 14.40.Gx, 13.25.+m

The pseudoscalar state associated with the J/us,
the m., was an immediate prediction of the char-
monium model. The first observations of an 7,
candidate state with mass (2984 +4) MeV/c? were
published by the Crystal Ball' and Mark II? collab-
orations. The Crystal Ball collaboration observed
this state in the inclusive photon spectra of both the
J/¢ and the ¢’ and also obtained evidence for its
decay into mm ¥ 7 ~. The Mark II collaboration ob-
tained evidence for this state in ' decays by com-
bining several hadronic modes. Although these ob-
servations of this state at 2984 MeV/c? were con-
sistent with its being a pseudoscalar, there have
been no direct tests of its spin and parity. It has
been suggested® that ¢¢ would be a clean channel
for observing the m, and would also provide a
powerful test*3 of its spin and parity. Searches in
fixed-target experiments® for the m, in this mode
have been unsuccessful.

This paper presents results from a high-statistics
study of J/¢ decays with a new detector, the Mark
III, at SPEAR. We have obtained events from the
previously unobserved decay sequence

J/p— YNe
b
Lx+x-
K*K~, (1

and have measured the spin and parity of the 1, by
analysis of the decay angular distributions.

The Mark III is a general purpose solenoidal
detector’ optimized for reconstruction of exclusive
hadronic final states produced in the SPEAR energy
range. A low-mass inner drift chamber surrounding
the beryllium beam pipe provides tracking and a
first level trigger. The main drift chamber system,
in a 0.4-T magnetic field, measures momenta of
charged tracks with a resolution of 2% at 1 GeV/c¢
over 84% of the solid angle. Charged particle iden-
tification is obtained with a system of 48 time-of-
flight (TOF) counters of 5-cm-thick scintillator.
These counters, which cover 80% of the solid angle,
have a time resolution of approximately 190 psec
for hadrons. Between the TOF counters and the
solenoid coil is a highly segmented gas sampling
calorimeter consisting of 24 layers of alternating
%-radiation-length lead sheets and proportional
counters. End-cap shower counters of similar
design extend the photon detection to 94% of the
solid angle. For 100-MeV photons, the shower
counters are fully efficient, and have an angular
resolution of 10 mrad and an energy resolution of
0.17EY2, where Eis in gigaelectronvolts.

The data sample used in this analysis corresponds
to (2.7 £0.23) x 10® produced J/¢’s. This number
was calculated from the number of observed ha-
dronic events and the J/y triggering efficiency
which was measured to be 93% with a sample of
' — Yt~ decays from a separate run.

In the Mark IIlI detector, ¢ mesons are easily
identified via their K* K~ decay mode with use of
TOF. The J/¢— y¢¢d events were selected as fol-
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lows. Events were required to have four well-
reconstructed tracks. Pions and kaons are separated
at the 30 level by the TOF counters below 800
MeV/c, which is the relevant range for the kaons in
Reaction (1). Events with tracks having TOF infor-
mation consistent with the pion hypothesis
(| measured — !Tedicted | < 30°) were rejected. In addi-
tion, each K* K~ pair was required to contain at
least one track with positive TOF kaon identifica-
tion (ltmeasumd - tgedicled | = 30’) . Events with
small missing mass, e.g., y4K, were selected by re-
quiring | Episs— Prmiss| =< 0.15 GeV, where the miss-
ing energy and momentum are computed from the
charged tracks only. Evidence for ¢¢ production is
given in Fig. 1 which shows the scatter plot of the
mass of one K+ K~ pair versus the mass of the
other pair.

The decay J/y — yp¢ has no background from
J/y— ¢ or J/y — ¢d7¥ since both are forbidden
by charge conjugation invariance. Hence even
without shower counter measurement of the pho-
ton, a clean sample of y¢$¢ events can be obtained
by requiring both K+ K~ pairs to have the ¢ mass.
These events, selected on the basis of charged-track
information only, were then required to have a
shower counter signal from the associated photon.
The events in the n, region were all found to have
photon signals. Finally, a four-constraint (4C)
kinematic fit by J/y— yKt*K~K*t*K~ was ap-
plied. The resulting ¢¢ mass spectrum, Fig. 2,
shows a prominent signal in the 1.(2980) region.
Our mass resolution of 20 MeV/c? and the low
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FIG. 1. The mass of one K* K~ pair vs the mass of

the other pair. There are two entries per event if both
combinations satisfy the TOF requirement.

statistics do not permit us to improve on previous
measurements of the mass and width of this state.
A maximume-likelihood fit to the data with a Gauss-
ian yields a mass of 2976 + 8 MeV/c? which is con-
sistent with previous measurements."? The ob-
served width is consistent with our resolution. The
estimated background is 1-2 events.

To calculate the branching fraction for the
sequential decay (1), we estimated the reconstruc-
tion efficiency by Monte Carlo technique to be
(5.8 £0.6)%, including the branching ratio for
¢— K* K~. The major losses in efficiency are due
to the solid angle coverage and the decays in flight
of the kaons. Decays in flight cause the efficiency
to fall rapidly at lower values of the ¢¢ mass.

From the sixteen events in the m, signal we ob-
tain

B(J/4— yn ) xB(n.— ¢¢)
=(1.02 +0.25 +0.14) x 104,

where the first error quoted is statistical and the
second is systematic, arising from the uncertainties
in the efficiency and the number of produced J/y’s.
Using the Crystal Ball result! for the branching ratio
BJ/Yg— yn.)=(1.27 £0.36)x 1072, we obtain
B(n,— ¢¢)=(8.0+2.0 £2.5)x103.

The angular distributions of the final-state parti-
cles in Reaction (1) can be used to determine the
spin and parity of the intermediate ¢¢ state. In a
generalization of Yang’s parity test® for the =°,
Chang and Nelson* pointed out that a ¢¢ decay
mode of the n, would provide a maxima parity sig-
nature for a spin-0 particle. That is, the ¢ decay
planes are preferentially orthogonal for odd parity
and parallel for even parity. The analysis of the ¢¢
system was extended by Trueman’ for arbitrary
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FIG. 2. The ¢¢ mass spectrum. The curve is a fit by a
Gaussian with a linear background.
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TABLE L. Likelihood ratios of 0~ with respect to J%.

Likelihood Likelihood
ratio ratio

JP Lgg B (x) (X,61,6,)
0~ 1 -1 1 1
0+ 0 +0.667 1.8x 108
1- 1 0 2200
1* 2 0 2200
2% 0 +0.07 5100 .
2- 1 —-04 55 4400
2~ 3 —-0.6 12 120
spin.

Seven angles are required for a complete descrip-
tion of this decay, if the et e~ beams are unpolar-
ized. However, the azimuthal angle between the ¢
decay planes, X, provides the greatest sensitivity to
the ¢ spin and parity. When integrated over the
other angles, this distribution takes the form*

dn/dXx=1+Bcos(2X), (2)
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FIG. 3. (a) The distribution of events as a function of
the angle between the ¢ decay planes. (b) The polar an-
gle of the K* in the ¢ rest frame. The curve is the 0~
prediction in both plots.
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where, if the acceptance is sufficiently uniform, the
coefficient B is a constant which depends only on
the spin and parity of the ¢¢ system and is in-
dependent of its polarization. Values of 8, which
range from —1 to 1, are given in Table I for J =2
for the lowest allowed values of Ly, the relative
orbital angular momentum of the ¢’s. As em-
phasized by Trueman,® 8 is zero for odd spin, and
nonzero for even spin. Its sign is the parity of the
¢¢ system.

The acceptance of the Mark III detector is flat in
X and is sufficiently uniform in the other angles so
that the integration over them in (2) is valid. The
X distribution is shown in Fig. 3(a) overplotted with
the pseudoscalar prediction, which corresponds to
B= —1. The data agree well with this prediction.
The value of B prefered by the data is —1. The
logarithm of the likelihood relative to 8= —1 is
shown as the solid line in Fig. 4. This negative
value of B implies that the ¢¢ system is in a JP
(even) ~ state. The ratios of the likelihood of 0~ to
other spins and parities as determined from this dis-
tribution are given in the Table L.

Further discrimination between the 0~ and the
2~ hypotheses is obtained by including in the
description of the decay the polar angles, 64, 6,, of
the two K*’s in their respective ¢ rest frames rela-
tive to the ¢ momenta in the 7, rest frame. The
data, with two entries per event, are shown in Fig.
3(b) along with the prediction for 0. For this case
the prediction is simply sind since the ¢’s are po-
larized along their direction of motion. To combine
the information given by the X distribution with
that of 6, and 6,, we consider the joint distribution
of these three angles, which for even spin and odd
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FIG. 4. The logarithm of the likelihood relative to
B= —1. The solid curve corresponds to the X distribu-
tion [Eq. (2)]. The dashed curve corresponds to the joint
distribution of X, 61, 8, [Eq. (3)].
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parity is given by
d’n
dX dcosbt dcosb,

= — Bsin%0, sin%0, sin?X
1 2

+ 5 (1+8) (sin%); cos?, + cos?; sin%h, + + sin26, sin26, cosXx). (3)

The preferred value of B is again —1. The loga-
rithm of the likelihood function relative to 0~ is
shown as the dashed curve in Fig. 4. The likelihood
ratio of 0~ to 27, as computed from this distribu-
tion, is 4400, assuming Lg,=1. However, a
JP=2" state can also have an F-wave component.
A pure F-wave state would have 8= — 0.6 and for
this we find a likelihood ratio of 120. (The P wave
and F waves could interfere and produce a 8 rang-
ing from —1 to 0.) Aside from this possible mix-
ing, the addition of the polar angles thus confirms
that 0~ is preferred over 2~. The remaining angu-
lar distributions have been examined and were
found to be consistent with 0~, but do not signifi-
cantly change the likelihood ratios.

In summary, we have observed the decay
J/y— m¢, me— d¢ with a product branching frac-
tion of (1.02 +£0.25+0.14)x10~%. We find that
the pseudoscalar assignment of this state is strongly
favored. This provides confirmation for the identifi-
cation of this state as the 1S, state of charmonium.
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