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PROPERTIES OF THE 960-MeV BOSON*

P. M. Dauber, W. E. Slater, L. T. Smith, D. H. Stork, and H. K. Ticho
Department of Physics, University of California, Los Angeles, California
(Received 19 August 1964)

Recently two groups!'? reported the existence in addition to the A in the reactions
of a narrow nonstrange boson resonance with a _
mass near 960 MeV. This resonance (labeled K™ +p ~ A +neutrals 3)
temporarily) X° was produced in the reaction ~A+mtent (4)
K™ +p=A+X°, 1) ~A+mt+n" 47 (5)
and decayed mainly through —~ A + 7+ + 7~ +neutrals (6)
X0 —~m4men. (2) ~A+27t+ 27— (7
We wish to report the observation of X° in the - A +27% + 27~ + neutral(s). (8)
same reaction using the Lawrence Radiation
Laboratory 72-in. hydrogen bubble chamber, The effective mass of fitted events is used for
and incident kaons with momenta of 1.80 and Reactions (4), (5), and (7), and missing mass
1.95 GeV/c. Figure 1 shows histograms of the above A (MMA) for the others. For events of
invariant mass squared of the particles produced class (6) the additional requirement MM ;+7—
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FIG. 1. Effective-mass plots and missing mass above A plots for various reactions of the K~ + P— A +boson(s)
type.
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>270 MeV was imposed. The peak due to the X°
shows up most clearly in Reaction (8); the events
which fit the reactions 27127~ 7° and 2727~y are
indicated in Fig. 1(f). The X° peak is also dis-
tinguished in Reactions (3) and (6), but not in Re-
actions (4), (5), and (7). For Reactions (5) and
(7) the invariant phase space normalized to the
number of events is also shown.

Figure 2(a) shows a scatter plot of MM, vs
MM ,+,- for those examples of (6) which satis-
fy 890 <MM, <1030 MeV, 460 <MM} o, <640 MeV.
It is clear that a large fraction of the excess
above background due to the X° consists of events
where the emitted neutrals have the 7 mass; i.e.,
that X° undergoes m*71~7, decay. In view of this
all examples of (6) were fitted using the one-con-
straint hypothesis Ar*tr—n, Figure 2(b) shows
an ideogram of effective mass of the 7*7~ 7, sys-
tem for 85 events of type (6) which fit the
Antnn, hypothesis with x*<8.0. Also shown in
Fig. 2(b) is the resolution function based on the
a priori measurement errors of the events in
the vicinity of the X° peak. The resolution curve
has been normalized to the events above back-
ground and has been widened by a factor of (2)/2
such that it and the ideogram of the resonance
should coincide_for a resonance with I'=0. With-
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FIG. 2. (a) Scatter plot based on raw measure-
ments of the missing mass above A, MM A» versus
missing mass above Antr™, M p i+q—, for the reac-
tion K~ +p—A+7" + 7~ +neutrals. No fitting of the
events was carried out. (b) Ideogram of the effective
mass of the n*n‘no system for the same events fitted
tothe K~ +p—A+7t+71~ +m, hypothesis.
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in errors, the data are evidently consistent with
I'x°=0. Using a Monte Carlo procedure in which
the resonant peak was artificially widened in ac-
cordance with Breit-Wigner curves of known I',
we find I“Xo <4 MeV with a 90% confidence limit.
The peak lies at 957 MeV.

In view of the sharpness of the resonance and
the dominance of the 27 decay channel, all the
examples of Reactions (6) and (8) have been fit-
ted to the hypothesis “X” in which the event is
interpreted as a two-step sequence K~ +p - A
+X° X°~7n%+77 +7), assuming My0=95T7 MeV,
M, =548 MeV. In the examples of (6), n, decay
was postulated; 38 events fit both production and
decay with x?<8.0. For the examples of (8) there
exists an eightfold ambiguity: The n may be as-
sumed to decay either via 7*7~7° or 7¥7~y and,
in addition, there are two choices each for the
charged pions. Of the 20 events of Reaction (8)
which fit hypothesis “X,” 14 fit unambiguously
(11 as 77~ 7° and three as 7t7~y). In the six
ambiguous cases there exist two combinations
which fit 77, decay. These were adjudicated on
the basis of the lower x* fit. The fits using M yo
=957 MeV are used in the following analysis.

The production process insures that X° has iso-
spin T =0 or 1. The isoparity of the decay prod-
ucts of X°is G=+1. However, since I';,0=0
within experimental errors, the possibility that
the X° - 27 +7 decay is electromagnetic with |A7|
=1, AG =yes cannot be immediately discarded.

If the X°~ 27 +7) decay is electromagnetic, then X°
has G =-1. Such an object can decay strongly in-
to 37 for all spin-parity JP assignments (apart
from 0" which is forbidden to 2mm as well). The
phase space for 37 decay is larger than the 2mm
phase space by a factor of ~17. In addition, in
contrast to the 27y decay, 37 decay, if present,
would ‘be relativistic and angular-momentum bar-
riers would be expected to play a less significant
role. Finally, the approximate selection rule®
based on the conjectured quantum number A
would effect the 37 and the 27n decay equally
since both 7 and 7 are supposed to have A = -1,
Experimentally, using the data of Fig. 1, one
may set the branching ratio (X°—~37)/(X°~ 27 +7)
~0.0+0.2. Including the a® factor required for
electromagnetic 27n decay, this ratio is smaller
than expected by a factor of ~10°%, It seems very
likely therefore that X°—~ 27 +7 represents a
strong decay, and we shall assume that X° has
G=+1.

The Dalitz-Fabri plot of the X° is shown in
Fig. 3(a). All events have been fitted using hy-
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pothesis “X”; hence, the kinematic boundary is
sharp.? In order to increase the statistical pre-
cision, the data of reference 1, fitted in the
same way,’ have been added. The number of
background events in the plot is estimated to be
<9%. The third column of Table I gives the den-
sity D of points within the Dalitz “ellipse” for
T=0 and T =1 and for various J* assignments
with J<3. The quantities p, g, and 6 are, re-
spectively, the n momentum in the X° rest frame,
the pion momentum, and the angle between these
momenta, both in the di-pion rest frame. Only
the first terms of the expansions of the densities
in terms of p? and ¢° are retained in Table I. In
view of the low @ value of 129 MeV of the decay
this should be a good approximation provided
there are no strong final-state interactions. The
amplitudes @ and b in the T(JPG)=0(27") case
correspond to the (7, L)=(0,2) and (2, 0) choices,
respectively; ! is the interval angular momentum
of the di-pion and L the over-all orbital angular
momentum.

The data have been fitted to the densities D in
Table I by means of a maximum-likelihood

FIG. 3. (a) Dalitz-Fabri plot for the decays X"—=*
+7m +mq and X0—=nt4q~ +1, for events fitted to hy-
pothesis “X”: K—+p—A+X% XxX%—27+n. Charge
symmetry permits folding about the AB line. (b) His-
togram of the effective mass of the di-pion in X*—27
+n. The smooth curves represent phase space ¢ ap-
propriate to a 0~ particle, p*® for a 1% particle. The
dashed curves include the effect of the o.

Table I. Dalitz-plot densities for 77=0, 1, and various JP assignments, and results of maximum-likelihood
fitting procedure.

A/v A/v with o2
This expt. plus data This expt. plus data
T JP DJ,P, T This expt. of Kalbfleisch et al. b This expt. of Kalbfleisch et al. b
1 0~  p2q’cos?e -13.7 -16.7
1t gq - 3.0 - 4.3
1—  p2g®sin? - 4.0 -10.1
2t plgPsin?e 6.5 ~14.5
2= p2g%(1 +4cos?e) 1.2 - 3.2
0 o 1 + 1.6 + 0.9 -1.3 -2.3
1t 2 - 4.3 - 8.4 —-0.5 -2.7
1~ piq*cos®osin?o -11.5 -16.7
2t pPgtsin%g - 6.2 -12.4
27 {lal®*+ 5%}

+3Reab *p*q%(cos?6—1)

3Using D’ =DMy, 2-MH?+(M,T ;)% ™! with M ;=380 MeV, T ;=80 MeV.
See reference 1.

CBecause of the availability of the fitting parameter b/a, the procedure is different in this case. The data fit
well for b/a~ 3.
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procedure. Let

f c d

52,7 C5,0,79°%5,p, 1

where C normalizes f such that [[fdg%d cosf =1
and g=4Myapq/(My*+q*)''? is the Jacobian such
that der+2deT--2 =gdqg®d cosf. Then

N

1 2
:—-—E f 0
AJ,P,T Nz’ [an,P,T(qi » €08 i)

-nf, 5 T>]’ (9)
VJ,P,T2= (l/N)[<(1an’P’T)z)—(lan’P’TV], (10)

where (g)=[[fgdq®d cos8. The sum ranges over
the N experimental (g;%, cosf;) pairs. The quan-
tity A/v given in Table I is the mean deviation of
the experimental likelihood from the theoretical
value for each JP and T value measured in terms
of the appropriate variance.

An examination of Table I shows that the data
fit well for 0(0~*). They can also be made to fit
the 02~ %) hypothesis —but in this case there is
an adjustable parameter b/a available. The data
fit for b/a~3. The best T =1 fit is obtained for
127"). To check whether the quantity v can be
treated as a standard deviation in the usual
sense, 1731 “experiments” of 111 counts each
were generated by Monte Carlo techniques ac-
cording to the 1(2”7) density. Of the 1731 “ex-
periments” only 2 exceeded A/v=3.2. The 1(2™7)
assignment is therefore very improbable.

Figure 3(b) shows the projection of the decay

data on the M+, - axis. Also shown are curves
for phase space, ®Msy,;), and p*®Msy,), appro-
priate, respectively, to JP-0" and 1" in the
absence of 7-7 interaction. To first approxima-
tion in both these cases the final state 7-7 sys-
tem is emitted in an s state. Present evi-
dence®”® suggests the possibility of a T'=J=0
7-7 resonance® 0 with M ;=380 MeV, I';~80
MeV. In the remaining two curves of Fig. 3(b)
the effect of this possible resonance is included
by means of a resonance denominator [(Mg,?
-M#2)? +(MsT5)?]~%. This resonance denomina-
tor was also used as a factor in the Dalitz plot
densities used in maximum likelihood fits. The
results for this case are given in the last two
columns of Table I. It seems likely that within
the present uncertainties in the o parameters
suitable values may be chosen to effect a good
fit for 0(0~"), 0(1*"), or 0(2™).

The production angular distributions for 1.80
and 1.95 GeV/c are shown in Fig. 4(a). As was
already noted's? the X°’s generated in (1) are
sharply peaked forward which suggests the dom-
inance of a peripheral production mechanism.
An object with JP =07, 1%, or 2~ cannot result
from K exchange. It seems likely, therefore,
that the production process should be described
by K* exchange. Figure 4(b) shows a scatter plot
of the direction of the normal to the X° decay
plane. The angles B and ¢ are the polar and
azimuthal coordinates in a reference frame in
which the X° is at rest and the z and y axes are
the incident K~ direction and the normal to the
production plane, respectively.

For a 1% particle the distribution function of
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FIG. 4. (a) X"-production angular distribution. (b) Scatter plot (and its projections) of the direction of the
normal to the decay plane. For definition of coordinate system see text.
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the normal has the form®
w(cosB, ¢) = N{(1-2p, ,) cos?8
+py,,8in’f-p, _, sin’p cos2¢

—\/§Re(p1,0)sin23 cos@)}, (11)

where p;,j are the elements of the density matrix
of the decaying particle and N is a normalization
constant. The assumption of K* exchange does
not produce a simplification of the relation. A
27 particle formed in a K-K* collision cannot
have z components of angular momentum m = +2;
hence, the density matrix elements referring to
m =+2 vanish when K* exchange is invoked.

After integration over ¢, the distribution func-
tion™ becomes

W(cosB)=N{7+5(1-2I @, 1%) (1 +p 401 P,(cosp)

+(51ayl?+1)(5p,—2)P,(cosp)}, (12)
where a, is the probability amplitude that the
component of angular momentum along the decay
normal vanishes; 0<lq,l?<1.

The experimental distribution in cosp, ¢ ap-
pears flat within statistics. Parity conservation
permits folding of the scatter plot both about
cosf=0 and about ¢=180°, A flat distribution is
consistent with the 0~ assignment to X°. Accord-
ing to Egs. (11) and (12) it can also be made con-
sistent with the 1" and 2~ assignments for spe-
cial choices of the density-matrix elements and
of the decay parameter |a,l? in the 27 case.

At 1.80 GeV/c 28 X°~n* +1~ +1 decays were
observed. If T=0, then 14+ 3 X°~ 27°+7 decays
are expected, or 10+ 3 via X°—~21°+7,. Using
Fig. 1(a), 21+ 5 events are estimated to be in the
all-neutral X, peak. Because of the low statistics

it is not clear whether the excess of 11+ 6 is real.

However, it is perhaps worth noting that 47° de-
cay would be more strongly inhibited by angular-
momentum barriers than 2727~ decay for T =0,
JP =07, 1%, or 27. From Fig. 1(e) the ratio
(xX°=2r++27~)/(X°~7nt+7~ +1)=0.00+ 0.04.
Furthermore, 7% and 2r% decays are entirely
forbidden for these quantum number assignments;
thus, second-order decays such as 2y or 72y
would have to be invoked.

Finally, a search was made for the X°—~n*+7~
+y decay. With this in view an attempt was made
to fit all events of the A two-prong topology which
did not fit Am*7~ to the hypotheses An*7~y and
An*r~1°, Figure 4(a) shows that 64% of AX®
events have cosfg—yC-™M-=>0.70. Therefore, to
reduce backgrounds only events with cosfg— Ac.m

< —0.70 were used in the search for the ntr~y
decay. Events with x*> 8 for both hypotheses
were rejected (as presumably due to the emis-
sion of more than one neutral particle). Region
A in Fig. 5(a) was defined as unambiguous for
Amtn~y events, while in region B Antr~y and
A 7™ 7° events could not be distinguished on the
basis of x*’s. Figures 5(b) and 5(c) show the ef-
fective 7™y mass histograms for these two
classes of events. The shaded events in both
histograms are those which also satisfied the
=°7*1~ hypothesis (2C) with a x*< 16. Clearly,
most unambiguous An*7™y events are in fact
Z%r*7~ events. If all the excess events above
background in both regions A and B are inter-
preted as due to X°~7*+7~ +y decay, then the
ratio of decay rates (X°—nt+71"+y)/(X°%= 21 +7)
=0.25+ 0.14.

The 1.80- and 1.95-GeV/c data therefore sup-
port the existence of a nonstrange boson with mass
957 MeV. Its width is I'yo <4 MeV with 90% con-
fidence limit. The absence of intense 37 decay
strongly suggests that the decay is strong; hence,
G =+1, The Dalitz plot is consistent with 7 =0,
the JP=0" and 2~ assignments, and also 17 if
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FIG. 5. (a) Definition of unambiguous and ambigu-
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the o resonance is invoked. The distribution in
the decay normal is consistent with 07, It is
also consistent with 1" and 27, but only under
rather special circumstances. These findings
agree with the work of the other groups!»? wher-
ever the data can be compared. For T =0, and
correcting for neutral A decays, the X° produc-
tion cross section averaged over the 1.80- to
1.95-GeV/c momentum range is 54+ 8 ub.
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s-WAVE 77 INTERACTION AND K,°K,° MASS DIFFERENCE*

Sharashchandra H. Patilt
University of California San Diego, La Jolla, California
(Received 31 August 1964)

In a recent paper?! the s-wave 77 interaction
was analyzed with reference to various pieces of
experimental data, in particular, the K,°K,°
mass difference which was assumed to be due to
the 27 decay mode of K,°. Various models'™3
have been discussed in connection with this mech-
anism of the mass difference. Recently, however,
there has been an alternative proposition*® that
the mass difference comes from the pole due to
m and n intermediate states in the self-energy
graphs of K,°. In one version* of this scheme the
K,° is heavier than K,°, while in the other ver-
sion® the K,° is heavier than K,° by almost an
equal amount. In both the versions the magnitude
of the mass difference is approximately propor-
tional to gg,® where gx is the K7 weak coupling.
If one calculates gy, ? from the p*v decays of K*
and 7* and assuming the AZ=3% rule, the &Kn® Ob-
tained is found to be too small®* by a factor of
about 30 to explain the K,°K,° mass difference.
On the other hand, arguments are presented in
reference 4 to show that this coupling can be
large.
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In this paper we study the 37 decay mode of K,°
via a single-pion pole and hence try to get infor-
mation about the Km coupling directly without re-
course to leptonic decay modes. We first assume
that in the decay K,°~7°~ 7t +7~ +7°, the 7+ and
7~ are in the /=0 s-wave state, and given the
partial width for this decay we discuss the Kn
coupling for various models of s-wave 77 interac-
tion. In all the models we discuss, the gy, *
coupling comes out to be of the same order as ob-
tained from p*v decay modes of K* and 1r+, and
hence in disagreement with the 7,7 pole mecha-
nism for explaining the K,°K,° mass difference.
We also calculate the effect of p-wave 77 interac-
tion in the form of the p meson and find its effect
to be negligible.

Consider the decay width for the reaction

KL =nF+n™ 470 (1)

via the 7° pole diagram of Fig. 1. This is the
most important diagram contributing to the above
reaction from the dispersion-relation point of



