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We present here additional data on the 727 me-
son.'»? We find that this meson decays via all-
neutral, 7t7~n, and® 7t7~y modes, and most
probably has the quantum numbers T JPG - 00,
This result follows from the analysis of the de-
cay correlations in the 777~y mode. The all
neutral decay mode is observed to yield ~8 pho-
tons on the average, from the direct observation
of the gamma rays associated with these events.
Branching ratios for the various decay modes
have been determined.

In the current 72-inch hydrogen bubble-cham-
ber experiment, the chamber has been exposed
to 2.45-, 2.55-, 2.63-, and 2.70-BeV/c K~ me-
sons from the Bevatron. Approximately 525000
pictures have been taken to date. The reactions
of interest in this paper are

K +p=A+n(nt+77) forn=z1 (1)

~A+n(@t+n )+ (@ or y) for n=1 (2)
and

~A+m(rt+77)+ MM for m=0, (3)

where “MM?” denotes missing in those channels
which are kinematically underdetermined, i.e.,
where two or more neutrals are missing. We
have selected a subset of the events from Reac-
tions (1) through (3) in which the mass of the
system recoiling against the A is in a wide band
about 958 MeV [0.80 < M?< 1.04 (BeV)?], and fit-
ted these events to the final states A7"7™y and
An*r7n [including subsequent decay of the 7 for
Reaction (2) with »=2] in addition to the usual
hypotheses.! We can separate out the Art77y
and Antr~n final states without a momentum-
transfer selection in this way. However, for the
analyses of this paper, we use only those events
with low momentum transfer [Ap, A <0.5 (BeV)?]
in order to substantially reduce the background.
We summarize here the conclusions found for
the possible JP assignments from an analysis of
the 1r+1r'77 decay mode, as done by ourselves!
and by the Syracuse-BNL collaboration.® Our
data (not shown) for the 124 7t7~n events, con-
taining less than 5% background, are very simi-
lar to the first 61 events shown in Fig. 3 of our
preceding paper.! The 7ty systems show no ap-
parent structure, whereas the 7t7— system in-

dicates a possible peaking around 350 MeV. All
JP states except 0% are allowed. We consider
all J < 2, The angular distribution of the decay
as viewed in the di-pion rest frame is essential-
ly isotropic.* This rules out =17 and 27 for
charge conjugation C=+1, and 0~ for C= -1,
The momentum dependencies of the decay are
not favorable to the assignments JP-1%for C
=+1 and 2~ for C=-1.> We conclude that ¥ =0~
and 2~ for C=+1, and 1% for C = -1 are all com-
patible with the 7t77n decay of this meson.®

We now turn our attention to the evidence for
the 777~y mode in our data.* The M3*(n*7™y or
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FIG. 1. (a) Distributions of the effective mass
squared of nt7™y and 7*7 10 in the reactions K~ +p
—A+7t+7~+7% The 7¥n~y events in which the vy is
not observed are represented by the unshaded region,
while those where the y =1y, is “visible” are indicated
by the vertically lined region; the ntr~n? events are
shown as the shaded region. The straight lines indi-
cate the estimated background levels. The ntr ™y
resolution function is also shown, normalized to the
number of events in the peak. (b) Distribution of the
missing mass squared, MMz(y or 7%, for the 40 1r+1r"y
and 32 777~ 7" events in (a) having 0.90 (BeV)? < M2
x (xt77y or 7t n~ 1) < 0.94 (BeV)? and for the two
1r+1r"yv events. The sum of the appropriate, nor-
malized resolution functions for MM?(y) and MM?2(n%
is shown.
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FIG. 2. Dalitz plot of the events of Fig. 1(b), with
M2 ™y or n~n°) plotted versus M¥(nty or 7*7%. The
quantity M3(7* 7~y or ntr~n" has been normalized to
0.918 (BeV)2 for each event. The kinematic envelopes
are shown for the two different sets of events.

7tn~n°) distribution for all A7*7™y or Ant 7™ 7°

events that do not fit A7*7~ and (or) Z°7*7~ are

shown in Fig. 1(a). These events fit both the y
and 7° hypotheses. The better fit is chosen as
correct, however. We see that the M(n 7 ™y)
peaks at a mass of 958 MeV [0.92 (BeV)?], where-
as the M(n*tm~n°) does not. In addition, we have
searched for gammas that are “visible” due to
pair conversion or Compton scattering in the
liquid hydrogen of the chamber, or make Dalitz
conversions, associated with all passing and
failing events in our selected sample (see above)
for Reactions (1) through (3). The search has
yielded four events that fit the four-constraint
Antn~y hypothesis, but do not fit either Z°n*n~
or A7 71~ 7°, where the 7° decay yields a nonzero
energy for the second “invisible” gamma. These
four events all have M%(n*n~y) in the range 0.88
to 0.94 (BeV)?, with two also having Ap,AzS 0.5
(BeV)?. (These last two events are shown in
Figs. 1, 2, and 3 as 7*77yy.) The 40 7777y
and 32 7777 7° events in the interval 0.90
< M?(n*tn~y or 7t~ 1°) < 0.94 (BeV)? along with
the 2 7777y, events are shown in Figs. 1(b) and
2. The MM? distribution [Fig. 1(b)] shows two
barely resolved peaks at the ¥ and m° masses.
We conclude that the 7t7™y mode exists, and is
fairly separable from 37 events. The back-
ground in the accepted 7t7~y events is less than
~30% (see Fig. 1).

The Dalitz plot of the nt7~y system is shown,
along with the 37 events, in Fig. 2 [we use the
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FIG. 3. (a) Distribution of the effective mass
squared of the 777~ system in the 40 nt7 ™y events
with 0.90 (BeV)?<M%*(r*7~y) <0.94 (BeV)? and in the
two 7t yy (“visible” gamma) events. The estimated
background contribution to these events is cross
hatched. Shown are the curves for the predicted dis-
tributions corresponding to (JP=0",C=+1, nop) and
(J7 =07, C =+1, with p) matrix elements (see Table I).
The curves are normalized to the number of events,
excluding background. (b) Distribution of the events
(a) in the angle 67[+y between the 7t and the y, mea-
sured in the di-pion rest frame. The normalized
curves of sin%0 and 1+ cos?9 represent the two ex-
treme cases for the matrix elements of Table I.

events selected for Fig. 1(b) in the remaining
discussion]. The data show a striking deviation
from uniformity, which is not attributable to
biases involving the 7tn~y /37 separation, as the
37 events attest. The simplest matrix elements
and angular dependencies for electric- (ED) and
magnetic-dipole (MD) transitions into 7*7~y for
J < 2 given in Table I (! denotes the “spin” angu-
lar momentum of the di-pion system).” We have
ignored JP = 0* since it is not allowed for the
7t77n decay mode. Only JPC =0~* vanishes all
around the boundary of the Dalitz plot as do the
data. However, the observed depopulated area
at high gamma energy also requires a strong
7*7~ interaction, which can only be the p for the
(n*7~) masses available in the decay.® Thus C

= -1 is ruled out by the Dalitz plot. With a
strong p final-state interaction, the vanishing of
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Table I
p= p,,+—p,r-. kg =ax

Simplest matrlx elements for decay mto the tr y system, via ED and MD transitions.

Here we have

kM (ax py) X p.y, qE p X kE- and qM p X kM, a is a unit pseudovector along the direc-

tion of the magnetic fleld of the photon, and 6 is the angle between the 7" and y in the di-pion rest frame.

C JP l Mode Matrix element Angular dependence
+1 0~ 1 MD PRy sin%g
1t 1 ED aE 1+cos?g
1” 1 MD ay 1+cos?9
2* 1 ED pl:E +kEp ~§kaﬁ 6 +sin%9
27 1 MD pKy +Kpp—41p-kpy 6 +sin%0
-1 0~ (Forbidden via dipole mode)
1t 0 MD km 1
1- 0 ED kg 1
2t 2 MD pay +app 1+cos®0
2~ 2 ED Bdg +4gd 1+cos?9
the density on the boundaries can only be checked and 3.°

along the mty axes, and the data are not convinc-
ing without a subtraction of the estimated back-
ground. The M?(w*7~) and coseﬂ+y distributions
are shown in Fig. 3, along with the estimated
background subtraction. The 0~ (with p) and
sin®f curves agree well with the data (the angu-
lar distribution is not changed by the p enhance-
ment’s inclusion in the matrix element). Com-
paring Table I and Fig. 3(b), we see that JF = 1%
is definitely ruled out for C =+1; 2% is not fa-
vored, and is quite unlikely in view of the back-
ground subtraction. Only the assignment JPC
=0~* completely agrees with the data in Figs. 2

For the n2m system, C =G =+1 implies T =0 or
2 for the final state of the decay. The absence of
37 decay [see Fig. 1(a)] implies that the decay in-
to 7*77n is not electromagnetic.'® Thus this me-
son decays strongly into 77777 as well as elec-
tromagnetically into 7*77y, yielding T =0, since
T =2 is ruled out by the production reaction,!

The branching fractions for the various modes
are given in Table II. The assignment of T =0
implies that the major portion of the all-neutral
decay is 7°7°n; a 2y mode is allowed, but should
be very small. The search for “visible” gamma
rays discussed above has yielded 25 all-neutral

Table II. Decay branching ratios of the 958-MeV meson.
DetectionP Branching
Mode Events? factor fraction
All neutrals 54 +£11 0.30 0.25 £0.05
777 neutrals 108 0.27 0.05 + 0. 04
N © 68 £9 0.27 0.36 £0.05
LAt o Pot 44 7 0.55 0.12 £0.02
rtnTy 42 £ 7 0.27 0.22 = 0. 04
Total 218 £19 e 1.00
A o 7T+6 0.27 <0.1
AP L 3+7 0.27 <0.1
2nt2n— 0 0.55 <0.01
27t %27 0 0.55 <0.01
3rt3n~ 0 1.0 <0.005
2nt2n%2n— 0 0.55 <0.01
2y\d 2 0.15
(or) 0 (or) x(~0.04) x0.30 <( or )
70y 1 0.3

aNumber of events above background with AP.Az <0.5 (BeV)2.
Number of events in the appropriate topology which were measured and which passed all acceptance criteria
divided by the number found in t.he first scanning of approximately 525 000 pictures.
"C stands for'n— 7 7%~ and 1r Ty, and "N stands for n — all neutrals.
These are of course a part of “all neutrals” listed earlier, but this is an independent result from the gamma-

ray search (see text).
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(a) 0O A+ (A) neutrals (b)
A+y +(B) neutrals
O A+2y+(C) neutrals
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FIG. 4. (a) Distribution of the square of the effec-
tive mass of the (ny +neutrals) system in the reaction
K~ +p— A +ny+neutrals, wheren=0, 1, or 2 is the
number of “visible” gammas. These three cases are
represented by the unshaded, shaded, and cross-
hatched areas, respectively. The over-all estimated
background is indicated by the dashed straight line,
and the normalized resolution functions are also given.
(b) Distribution of the effective mass squared of the
neutrals in the 25 events in (a) having 1 and 2 “visible”
gammas. The curve represents an equal mixture of
the phase-space distributions for five out of six and
nine out of 10 gammas, normalized to the number of
events.

events.'? Figure 4(a) shows the distribution of
M?[neutrals + (0, 1, or 2)y]. It is apparent that
the neutral mode of decay of this meson involves
a larger number of photons on the average than
does the background. Using a detection efficien-
cy of ~4% per gamma ray,’® and estimating the
background as less than ~8 events (out of the 25),
we find (25 +2-8)/0.04 = 475 photons associated
with the 54 all-neutral decays, or 9+ 3 photons
on the average. The MM? of all the remaining
“invisible” photons in the all-neutral decay is
shown in Fig. 4(b), along with a phase-space
curve (which ignores the “7° resonances” among
the photons in the decay). Both pieces of data
are consistent, with most of the all-neutral de-
cay being due to 7°7°n. No events were observed
that correspond to 2y or 7% decay; the upper
limits for such decay are given in Table II.
These decay modes and branching ratios are in
reasonable agreement with the theoretical rate
calculated by Brown and Faier.!*

In summary, we conclude that the 958-MeV
727 meson*® has the quantum numbers TJPG
=00"", a heavier etalike meson. It remains to
be seen whether it is the ninth pseudoscalar me-
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son—i.e,, a unitary singlet as conjectured by
Gell-Mann and Schwinger and others'®—or the T
=0 member of a heavier pseudoscalar octet as
conjectured by Zemach.®

We wish to acknowledge the support and co-
operation of all Bevatron and bubble chamber
personnel, and of the scanning and measuring
staffs, as well as the many other physicists in-
volved in this K~ experiment. We especially
thank Professor Luis W. Alvarez for his stimu-
lation and encouragement, Dr. Joseph J, Mur-
ray and Dr. Janice Button-Shafer for providing
the K~ beam, and Professor Charles Zemach
for helpful discussions.

*This work was done under the auspices of the U. S.
Atomic Energy Commission.

!G. R. Kalbfleisch, L. W. Alvarez, A. Barbaro-
Galtieri, O. I. Dahl, P. Eberhard, W. E. Humphrey,
J. S. Lindsey, D. W. Merrill, J. J. Murray, A. Rit-
tenberg, R. R. Ross, J. Button-Shafer, F. T. Shively,
D. M. Siegel, G. A. Smith, and R. D. Tripp, Phys.
Rev. Letters 12, 527 (1964).

M. Goldberg, M. Gundzik, S. Lichtman, J. Leitner,
M. Primer, P. L. Connolly, E. L. Hart, K. W, Lai,
G. London, N. P. Samios, and S. S. Yamamoto, Phys.
Rev. Letters 12, 546 (1964).

3We note that the Syracuse-BNL collaboration has
given evidence for the 7777y decay mode also |M. Gold-
berg, M. Gundzik, J. Leitner, M. Primer, P. L.
Connolly, E. L. Hart, K. W, Lai, G. W. London,

N. P. Samios, and S. S. Yamamoto, Phys. Rev. Let-
ters 13, 249 (1964)].

4The 7™y Dalitz plot and related distributions are
given in Fig. 3 of reference 1 and Fig. 4 of reference
3.

5The matrix elements for n*r—n decay are given in
reference 3 (except for one error: the JP=2', 7=1,

C = -1 matrix element should be made traceless; the
correct angular distribution then is 1+ §cos? instead
of 1). We point out that the conclusions of the Syracuse-
BNL collaboration for the J¥ assignments are not in-
dependent of ours, since their analysis of 102 ntr ™y
events includes our first 61 events of reference 1. In
addition, we note that the 27~ matrix element for 7=0,
C =+1 is a linear combination of two terms correspond-
ing to (I,L)=(0,2) and (2, 0). Consequently, JPC=2"%
is compatible with the data, contrary to the conclusions
of reference 3.

8C. Zemach has shown that the zeros on the Dalitz
plot for higher JP values are very similar to those
considered in the text, for AJ=2,4, -+ [Phys. Rev.

133, B1201 (1964)].

"We use here the suggestion of H. -P. Duerr and
W. Heisenberg |[Nuovo Cimento 23, 807 (1962)], ac-
cording to which the matrix element for an electric-
dipole transition must contain the factor EE =q XB ,
and that for a magnetic-dipole transition must contain
EM=(3 X E.Y) X By. Here a is a unit pseudovector along
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the direction of the magnetic field of the photon, so
that EE is a vector and EM a pseudovector.

8The only 7tn~y matrix element that approximates
the 777~ spectrum is JP=2" for C = —1; however, the
angular distribution predicted by this matrix element
does not agree with the data.

*For dipole transitions to py, only J=0, 1, or 2 is
possible.

'Reference 3 gives a more detailed argument in
regards to determining the G-parity of the meson.

11 the current experiment we have also taken about
80 000 pictures of 2.63-BeV/c K~ in deuterium. The
(expected) absence of an effect in this sample will be
significant enough to confirm the isotopic-spin assign-
ment.

12The 23 1y and two 2y events contain 17 conversion
pairs, eight Compton electrons, and two Dalitz pairs.

13An approximate detection efficiency was determined
from a sample of 199 Aw events, which yielded 13
“visible” gammas, as well as from the two 1r+1r‘yv in
the 42 T~y events. We have ignored differences in
the gamma energy spectra of the various samples in

this zero-order correction.

4The decay rate into 1r+7r"y is estimated at ~5 % hy
L. M. Brown and H. Faier, Phys. Rev. Letters 13,
73 (1964), which is lower than the ~20 % rate observed.
They assume that the TJPG=00"*, two-pion enhance-
ment (“o”’) plays an important part in the n2r-decay
mode. Without this enhancement, the "7~y decay
would represent a larger fraction of the total decay
rate. The n'n~ spectrum associated with the n27-
decay mode does not lend support to the “‘c’’ hypothesis,
unless the mass of the “¢’’ is lowered from the usual
~400-MeV value down to ~350 MeV.

15With the improved resolution of the An'n ™ fits and
the larger sample, our best value of the mass is

M =958 +1 MeV and of the width is ' <7 MeV.

18\, Gell-Mann, California Institute of Technology
Synchroton Laboratory Internal Report No. CTSL-20,
1961 (unpublished); M. Gell-Mann, Phys. Rev. 125,
1067 (1962); J. Schwinger, Phys. Rev. Letters 12,
237 (1964); A. Pais, Phys. Rev. Letters 12, 634
(1964); C. Becchi and G. Morpurgo, Phys. Rev.
Letters 13, 110 (1964).

SEARCH FOR FRACTIONALLY CHARGED PARTICLES PRODUCED BY 27.5-GeV/c PROTONS*

w. Blum,T S. Brandt, V. T. Cocconi, O. Czyzewski,I J. Danysz,I M. Jobes,§
G. Kellner, I D. Miller,** D. R. O. Morrison, W. Neale,** and J. G. Rushbrooke T
CERN, Geneva, Switzerland
(Received 4 August 1964)

A bubble chamber experiment has been per-
formed to search for fractionally charged parti-
cles, following the suggestions by Gell-Mann!
and Zweig® that long-lived particles, “quarks”
or “aces,” might exist with electric charge +}
and +§ of that of the electron, and with masses
small enough to be produced by present-day
accelerators. The result of the experiment may
be summarized with the statement that long-
lived quarks of charge between 0.2 and 0.7¢ are
not produced in nucleon-nucleon interactions
with a cross section greater than about 10735
cm?, if their mass is <2.5 GeV, and about 10—32
cm?, if their mass is <4.0 GeV.

The 27.5-GeV /c circulating beam of the CERN
proton synchrotron was allowed to strike an in-
ternal copper target. A secondary beam of nega-
tive particles with momentum p,p, =20 GeV/c
emitted at 76+ 6 mrad was selected and passed
through the Saclay 81-cm hydrogen bubble cham-
ber located 140 m from the target in a magnetic
field of 20.6 kG. If particles, g, with fractional
charge, z, were produced at the target in re-
actions, the simplest of which is

p+N~N+N+q+q, (1)

their momentum would be p, .. /z, i.e., 6.7 GeV/

c for z = e and 13.4 GeV /c for z = ¢. The upper

limit of their mass, if produced on free nucleons

at rest, would be 2.54 GeV and 2.48 GeV, respec-
tively.

The chamber was operated in conditions such
that pions produced tracks with 20 bubbles/cm,
on the average. As the bubble density is pro-
portional to z%, a quark of z = 3¢ would produce
a track with 2-3 bubbles/cm and a quark of z = §e
about 10 bubbles/cm.

A search for fractionally charged particles
using a hydrogen bubble chamber, as described,
meets with two systematic difficulties: (a) If no
tracks of subnormal bubble density are observed,
one has no information on the scanning effi-
ciency; and (b) the observation of a track of
subnormal bubble density is not sufficient to
prove the existence of a particle with fractional
charge. In fact, conditions may occur in which
a particle of normal charge leaves in the cham-
ber a track with bubble density lower than nor-
mal. Ideally, the beam, of short duration (0.4
msec in our case), is made to enter the cham-
ber during the period of the expansion cycle
corresponding to the plateau of minimum pres-
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FIG. 4. (a) Distribution of the square of the effec-
tive mass of the (ny +neutrals) system in the reaction
K~ +p— A +ny+neutrals, where n=0, 1, or 2 is the
number of “visible” gammas. These three cases are
represented by the unshaded, shaded, and cross-
hatched areas, respectively. The over-all estimated
background is indicated by the dashed straight line,
and the normalized resolution functions are also given.
(b) Distribution of the effective mass squared of the
neutrals in the 25 events in (a) having 1 and 2 “visible”
gammas. The curve represents an equal mixture of
the phase-space distributions for five out of six and
nine out of 10 gammas, normalized to the number of
events.



