
VOLUME 13, NUMBER 7 PHYSICAL REVIEW LETTERS

DECAY MODES AND PROPERTIES OF THE XOT

17 AUGUST 1964

M. Goldberg, M. Gundzik, J. Leitner, ~ and M. Primer
Syracuse University, Syracuse, New York

and

P. L. Connolly, E. L. Hart, K. W. Lai, G. W. London, N. P. Samios, and S. S. Yamamoto
Brookhaven National Laboratory, Upton, New York

(Received 23 June 1964)

In two recent Letters, 'y' evidence was pre-
sented for the existence of the "X'," a meson of
strangeness 0, mass 960 MeV, and narrow width.
In this note we discuss the evidence pertinent to
the detailed nature of the X' decay modes and
quantum number assignments including G-parity,
isospin, spin, and parity.

In reference I we reported observation of three
final states of X' decay, namely (A) X'- neutrals,
(8) X -w++w++w +w +wa, (C) X -w++w +neu-
trals, which occur'&' in the ratio -4:1:4. The de-
tailed nature of these final states is discussed
below.

The mode (8) can be ascribed to either of two
decay chains:

X'- 5w (direct)

X' -q'+ w++ w

1T +77 +'F

Direct evidence against X'- 5m comes from con-

siderations based on the distribution of the four
possible (w+w wo) mass combinations for each
5-pion final state. The outstanding feature of
the distribution is that every one of the 45 X
events' contains at least one M(w+w wo) combina-
tion consistent with the qo mass (taken to be 550
+ 25 MeV for these well-measured events). It is
easy to see that this circumstance is inconsistent
with the assumption X'- 5~. Firstly we estimate
from the appropriate 3n phase space the probabil-
ity P that three pions from 960-5w have M(3w)
= 550+ 25 MeV. Including resolution broadening,
we find P„=0.2+ 0.05. Then, ignoring correla-
tions among the four possible mass choices, the
expected number of events with at least one "suc-
cessful" mass combination is only 45[1-(1-0.2
+0.05)~]=27+ 3 events which is (45-27)/3 =6
standard deviations from the observed value.
A study of the entire distribution of observed
M(3w) favors X -qa+w++w by 10 standard devia-
tions, so we shall ignore the 5m possibility from
here on.
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FIG. 1. (a) The mass subspectrum, M2{neutrals) from "960"-m.++ x +neutrals (peripheral) events and control
events. (b) The mass subspectrum M2(m+m ) from 960"-m++ w +neutral (peripheral) events and control events.
The 960 spectra are compared with expectations from the possibilities X g + x + 7( and Xo go+ g.
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Turning now to an examination of the final
state (C), we have two possible contributing I70IIw

modes:

and/or

X' —g +m'++a

L neutrals (70%)

X'- g'+ n'+ m'

L v++ ~-+ ~0 (24%).

Assuming the X' decay to be strong, only the
first of these possibilities is allowed for I=1,
while both are allowed for I = 0 with a ratio' (8)/
(o.) = ~. Both the M'(neutrals) and M'(II+m ) spec-
tra from (C) are shown in Figs. 1(a) and 1(b) and
compared with suitable control spectra. ' The
control spectra are consistent with 2m phase
space from the background A4m reaction. The
960 spectra are consistent with a 30% contamina-
tion of this background, as determined in refer-
ence 1. The neutrals spectrum exhibits a strong
g' contribution; the data are consistent' with
either (n) alone or (o.)/(J3) =6/1. In the w+II

spectrum there is some indication of a possible
"cenhancement" of the type suggested to ex-
plain final-state interactions in v and q decay',
but no strong conclusion can be drawn.

In addition to the modes (A), (B), and (C), we
have searched for 2n, Sn, and 4m decay modes in
the final states A'(Z0)2II', A03w, and A04w, respec-
tively. No evidence for any of these modes was
found. From all available data we can set an
upper limit of =15% to the relative rates nw/

[(A}+(B)+(C)].In order to search for a possi-
ble m+w y decay mode of the X', we studied a
select subgroup of the reactions

A n+n', Z n+m, and A v+m m,

where kinematic fitting gives no unique identity
on the basis of X', i.e., the event is consistent
with either the last two, or all three of the re-
actions (1}. The (MM)2 spectrum of 399 such
candidates analyzed as "A+ missing mass (MM)"
is shown in Fig. 2. Aside from the u peak due
to the Am+a n contribution, one sees an enhance-
ment at 960 MeV containing 24+,~ events. On the
basis of our selection criteria these events might
be interpreted either as X -m++n +v or X -m+
+v +y (for simplicity, we ignore a, possible
small contribution for X -w++7I' +wo+y). How-
ever, the absence of any indication of a three-
pion mode in our study of the unique Am+a n'

sample rules out the first possibility. We con-

elude that these events are due to X'-m +~ +y.
[Observation of 114+33 X events corresponds to
o(K +p —X +A) =100+29 gb. ]

We shall now consider possible quantum num-
ber assignments of the X', starting with the G-
parity. Let us first assume that G is +1. With
this assumption, the g ~ n decay is G-allowed.
Also the 3n mode is forbidden and, in fact, all
observed decay rates are in agreement with esti-
mates based upon phase space and the known q'
decay rates (see Table I). On the other hand, if
we assume G = -1, the 3m mode is G-allowed for
all permissible J& values, and its expected dom-
inance is in significant disagreement with the ob-
served upper limit to its relative rate. Similarly,
with G = -1, gem decay is G-forbidden occurring
electromagnetically with a rate =o.', while 7t+m y
decay is allowed with a rate =e. Ignoring barri-
ers, we estimate" (X,—w++ v +y)/(K —q+ IT+ II')

=10'. This predominance persists" even if we
assume two-body phase space corresponding to
a "o enhancement" for the denominator and none
for the numerator (X -o+y is forbidden for J=O).
Since the observed m+~ y/pm' ratio is ~-'„we con-
clude that the X'-p+m+m decay is strong, i.e. ,
that G =+1.

To investigate possible I,J+ assignments, we
turn now to an analysis of the Dalitz plot data
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FIG. 2. Missing mass (MM) spectrum from ambig-
uous A+2m events treated as A+MM events (see text).
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Table I. X decay modes. X decay final state.

All neutrals (A) x'x 7
Decay Expected Decay Expected
chain rate chain rate

~+~-~+~ ~'(B)
Decay Expected
chain rate

n+g neutrals (C)
Decay Expected
chain rateI,J

0, 0 g'm'x'

+m +r
and

~'g'z

~ neutrals
q'r'F
~ neutrals

v)'m'x'

L.neutrals

direct0. 560.16

-small

+~'r x
0

+7r +X

direct-0.20.60.2

0.4 ~ 0. 1 0.4+ 0. 20.1+ 0, 04Observed
rate

representing all availa, ble yon+~ decays. These
data consist of 102 events from channels (2) and
(3) which satisfy restrictive selection criteria
defined in detail in references 1 and 2. %e esti-
mate that the background contribution consists of
somewhere between 17 and 27 events. The data
(not shown) can be plotted in terms of coordi-
nates which are generalizations of those used in
T-decay analysis, ' i.e.,

center of mass. The simplest of all the per-
missible configurations of l and I. and their cor-
responding nonrelativistic matrix elements
sit(q, p, coss =p q) are listed in Table II, for all
possible spin-parity assignments with J &3. The
observed variations in y and 8 are compared with
theoretical distributions in Figs. 3(a) and 3(b).

In spite of the uncertainties contributed by
background and final-state interaction effects,
the density distribution for all the assignments
(E, J' ) except (0, 0 ), (1, 1 ), and (0, 2 ) disagree
so markedly with the data that they may be re-
jected with a high degree of confidence. On the
basis of statistical errors only, analysis yieMs

probabilities considerably less than 0.1% for
all the assignments except the three listed above.
The evidence against (0, 2 ), although weaker, is
still substantial —here the X probability is =1%.
In contrast to these results, very good fits (=50%
}t' probability) are obtained for both's (0, 0 ) and
(1, 1+). Unfortunately, either of these assign-
ments is consistent with the observed decay-
rate pattern. The decay-rate predictions for

~'T, -r &t ~M+2 &'"

where m, m, M, T+, T, and T, are the masses
and kinetic energies of the m, n, and q, respec-
tively. The I, J dependence of the Dalitz plot
density (i.e., the square of the X decay matrix
element) is analyzed in standard fashion. We
describe the yon+a final state in terms of the
di-pion (s+n ) with relative momentum q and
relative angular momentum I, together with the
q, characterized by its momentum p and angu-
lar momentum 1 with respect to the over-all
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FIG. 3. (a) and (b) Angular and momentum dependence of the square of the (simplest) X decay matrix elements
compared with theoretical predictions (see Table I). Background has been subtracted from experimental points.
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Table II. X decay matrix elements.

Simplest
L, l 5R(q, p)

3R (q, p)
momentum
dependence

OR 2(0)
angular

dependence

0

0

0
1
0
1
0
1
0
1
0
1
0
0
1

0, 0

1, 1
0, 1
1,0
2. 2

1, 1
2, 1
1,2

2, 0

0) 2
1 1

Forbidden
Forbidden

1
q'p

p
q

(q p)(qx p)
qxp

(q x p) ~~&+ &~(q x p) p
(exp)&p+Po(exp) p

Ql
2

p2

P ~op+ voPp

1
QP
p'
g

2

q4p4

Q 2p 2

(q2p)
2

(qp2) 2

q4

q4

p2q2

1
Cos28

1
1

sin28 cos20
sin20
sin20
sin20

1
1
1

(0, 0 ) and (1, 1+) are compared with observation
in Table I. Finally, we have found no evidence
for a charged counterpart of the X' in the Z +m

+neutrals system. (This constitutes very weak
evidence against 1=1.)

It is interesting to speculate as to the role of
the X within the framework of SU(3).' If the as-
signment (1, 1 ) should be verified, the X' pre-
sumably heralds the existence of a new unitary
multiplet. On the other hand, if (0, 0 +) is proved
correct, the X' might be accomodated as a uni-
tary singlet accompanying the rf', i.e. , the I=0
member of the pseudoscalar octet. In analogy
with the co-cp situation in the vector-meson octet,
the X' and q' presumably would be mixed. " In
this case, however, since the observed q' mass
is within 3% of the octet mass-formula predic-
tion, ' the mixing must be negligible. It is also
of interest to note that recent generalizations"
of SU(3) have predicted the existence of a ninth
0 meson.
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Since Gell-Mann and Pais first pointed out the
necessity of a minute mass difference between
the K,' and K, mesons in 1955,' there have been
six measurements of this quantity reported in
the literature. 2 ' These measurements have
yielded values ranging from 0.50+ 0.15 to 1.9
+ 0.3 (in units of 8/r, where r, is the mean life-
time of the E,o meson). Although no two experi-
ments were truly identical, they can all be put
into two general classes; viz. , those which study
the development of the K component in an ini-
tially pure K beam 5 and those which study co-
herent regeneration of K, mesons by a K,
beam. '" With the exception of reference 5, there
is a marked tendency for experiments of the first
type to give significantly higher values than those
of the second type (see Table l). Because most
of the experiments are complicated and require
elaborate analyses, it is not yet clear whether
this discrepancy is due to some new, but unrec-
ognized, phenomenon or is simply a result of the
experimental difficulties. In an effort to clarify
the experimental side of this problem, we report
here a new measurement of the mass difference
obtained from a spark chamber study of coherent
regeneration as a function of regenerator thick-
ness. This method is relatively simple, in-
volves no subtle corrections, and can be shown
to be insensitive to small violations of CP invari-
ance in neutral K decays.

The principle of our method is as follows.

When a K, beam passes through an iron slab of
thickness x, the K, intensity builds up behind
the slab due to the difference in strong interac-
tions between the K and EP components with
the iron nuclei. In the forward direction, the
K, amplitudes regenerated from different parts
of the slab add up coherently and the intensity
depends on the mass difference 5 as given first
by Good, 9

I xNf „(0,P)A I
' -x/g

+ 4

x [1-2e cos(x6/A) +e ],

where x(=h/p) is the wavelength of the incoming
K,' of momentum P, N the number of nuclei per
cm', f»(0) the amplitude for forward regenera-
tion by a single nucleus, A(= cr, P/mc) the mean
decay length of the K,o, and p. the nuclear mean
free path in iron. We have determined the value
of 5 by measuring the relative magnitude of
I(x, 5) as a function of x. For this purpose, it
was necessary to know the momentum of each
event, to measure the nuclear mean free path p, ,
and to separate the coherent regeneration from
the diffraction regeneration. It should be empha-
sized that this method does not require a knowl-
edge of the regeneration amplitude f»(O, P) and
is free from any multiple-scattering correction
to the diffraction regeneration. '
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