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We present the results of a study of the de-
cay process

=Tt T 4y (1)

The establishment of the existence of this de-
cay mode of the eta, and a preliminary value
for

R=T(n=mt+71~+9)/T(n=at+7~ +7°)

was given in an earlier paper.!

Based on an almost background-free sample
of 33 events of type (1), we obtain the follow -
ing results:

1. The branching ratio is

R=0.30£0.06. (2)

Our result (2) is fairly consistent with those
previously reported.!~*
2. The charge asymmetry is

fio=f—=-0.02£0.11, (3)

where f, is the fraction of events with 7+ more
energetic than 7~ in the eta frame, and f_=1
—f.. We conclude that reaction (1) exhibits no
large violation of C invariance.’

3. The angular distribution of the y ray in
the di-pion rest frame shows that the di-pion
has J=1. Other values for J are strongly re-
jected.

4. The assumption that the rho meson dom-
inates the decay mode gives a good fit to the
gamma-ray energy distribution, whereas the
assumption of a nonresonant J =1 di-pion fits
rather poorly.

5. We find no evidence for the enhancement
at low gamma-ray energy (<60 MeV) reported

" by Pauli and Muller.*

The remainder of the paper is devoted to ex-

perimental details and a more detailed discus-

sion of the results. Our initial sample of events
consists of about 4000 four-pronged events pro-
duced by 1170-MeV /c 7t in the Alvarez 72-in.
hydrogen bubble chamber. Protons are identi-
fied on the scanning table on the basis of their
bubble density. All events are fitted to a num-
ber of hypotheses (described below), and then
a series of cutoffs is applied. The effect of
the cutoffs is estimated using the Monte Car-
lo program FAKE.” The cutoffs are as follows:
(A) Four-constraint (4C) fit. If x2 for the
reaction

mrip=atiprnt T (4)

is less than 35, we reject the event.®
(B) m*7—7° production. The events are fitted
(1C) to the reaction

mr+p—=atipratea™ 470 (5)

and are removed if x2 is less than 7.
(C) mt7~y production. If x2 for the fit (1C)
to

mrip~atipratenT 4y (6)

is greater than 8.6, the event is discarded.
It is also discarded if x2 for Reaction (5) is
less than that for Reaction (6).

(D) Coulomb scatter. One of the four final
tracks is deleted, and the remaining tracks
are then fitted (1C) to reaction (4). Events for
which x? is less than x2 for reaction (6) are re-
moved, provided that pg is less than 35 rad
MeV/c, where 9 is the space angle between
the fitted and measured momentum vector of
the deleted track, and pg is the fitted momen-
tum-velocity product for this track. This cut-
off removes 12 events, of which 1.7+0.3 are
good eta decays, according to FAKE.
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Table I. Details of 33 events. 6 is the angle between
the 7* and v in the di-pion rest frame; p is the y energy
in the eta frame.

Event Cos 8 p(MeV) Event Cos 6 ' p(MeV)
2153458 0.521 146.3 2180249 0.035 116.7
21592332 0.570 80.5 2183369 0.765 140.5
2159366 0.670 62.3 2184040 0.937 132.9
2462397 0.322 79.7 21951383 -0.434 123.1
2163095 -0.492 144.3 2196202 -0.149 107.8
2163288 0.288 117.4 2197247 0.176 193.5
2163466 -0.564 123.1 2197352 -0.444 176.0
2169380 -0.187 185.4 2198452 0.236 76.7
2172460 -0.387 63.3 2199275 -0.739 84.2
2175201 -0.750 99.1 2200242 -0.739 167.8
2175317 0.656 92.3 2202342 -0.167 103.4
2175441 0.229 69.5 2202417 0.251 77.0
2476531 -0.662 155.7 2202520 -0.269 147.14
2477476 0.197 112.7 2205066 -0.453 123.4
2177572 0.500 145.3 2208477 0.670 140.9
2179400 0.548 113.4 2211063 -0.273 166.8
2180190 -0.578 97.6

(E) Scanning-table examination. The remain-
ing events are examined on the scanning table
to search for possible electrons misfit as pi-
ons. Two events involve Dalitz-pair electrons
and are removed.

We are left with 38 good events of type (6).
These are fitted (2C) to

mtep=~atap+n®, nO=atim "4y, (7

using an eta mass of 548. Their x? distribution
agrees well with the theoretical x2(2C) distri-
bution® up to x% about 20. Five events have large
x%(2C) and are believed to be type (6), but not
from eta decay (7). We take the 33 events with
x%(2C) less than 20 as our final sample. In Ta-
ble I we give details of the 33 events.

From the same sample of 4000 four-pronged
events, using a similar method of analysis,®
we find 113 good events of the type

Trap—atap+n, =t +T" 47O, (8)

To illustrate the clean separation between
a+
a plot of the unfit missing-neutral mass (squared)
recoiling against the 7tp7t7~ for our 33 +5+113
events. To illustrate the lack of non-eta back-
ground for m*7~y production we show in Fig. 1(b)
a plot of m?(m*7~y), using the final 7+ that gives
a mass closest to the eta, for our 38 events of
type (6). We see that our selection criteria
based on x? give essentially the same sample
that we would obtain if we selected on missing-
neutral mass and on m(7t7~y). The x2 meth-
od carries less visual appeal than the mass
plots, but has the advantages that it takes the
measurement errors into account systematical-
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7~ 7° and 7t7 7y production, we show in Fig. 1(a)
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FIG. 1. Mass distributions. (a) Distribution in m?
(mass squared) of the missing neutral in 7t +p—71+p
+7T+7— +neutral. All events with m? less than 0.006
(BeV/c%? also happen to satisfy our x2(1C) criteria for
selecting gamma rays. The five shaded gamma rays
do not come from eta decay. (b) Distribution in m? of
ntr~y for 1T +p—at+p +nt+1—+y. [That 7" is chosen
which gives m(r*r—y) closest to the eta mass, 548
MeV.] The five shaded gamma rays do not satisfy our
x2(2C) criteria for n—n++r—+y. The three “good-eta
gamma rays’ that lie outside the main eta peak do sa-
tisfy our x® criteria and are used. (According to our
FAKE calculation, the sample contains an estimated
2.2 spurious gammas arising from neutral pions with
large measurement errors.)

ly, and that it is easier to calculate (using FAKE)
the effects of cutoffs based on x2 than of cutoffs
based on calculated errors in missing mass.!
We now turn to the results.

Angular distribution. —In Fig. 2 we plot the
(folded) angular distribution in Icosfl, where
6 is the angle between the 7t and v in the di-
pion c.m, system. From FAKE we find that
our detection efficiency is essentially indepen-
dent of cosf. Angular-momentum conservation
and zero eta spin demand that the di-pion have
Jz==1 for z along the gamma direction in the
di-pion frame. Thus for a pure di-pion state
J, the distribution in cosé is given by |V ¥ 2,
Normalizing to 33 counts and calculating'® x?2
for curves corresponding to J=1, 2, and 3,
we find x®=4.5 for J=1, 49.4 for J=2, and
102.0 for J=3; in each case the “expected”
x? is 4. We conclude that the di-pion is dom-
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FIG. 2. Folded angular distribution for n—nt+r—+y
Here 6 is the angle between the 77 and the v in the di-
pion rest frame. The three smooth curves correspond
toJ=1, 2, and 3 for the di-pion. (J =0 is forbidden by
angular-momentum conservation, since the eta spin
is zero.) We see that J=1 fits well, and J=2 and 3
fit poorly.

inated by J=1. The dominant decay amplitude
is therefore C-conserving (i.e., has odd J),'*
and the di-pion has the spin and isospin of the
rho meson,

Charge asymmetry. —If there is a small amount
of C-nonconserving amplitude, we may have
some J = 2 (or other even value) amplitude pres-
ent. The interference between the dominant
J=1 and any even J leads to odd powers of cosf
in the angular distribution, or, equivalently,
to a charge asymmetry f,—f_+0 in the pion-
energy distribution in the eta rest frame.5 Since
we have 17 events with cosf>0 and 16 with cosf
<0, the raw data give f,~f_=-(1/33)%0.17.
Using FAKE we find that the choice of the wrong
7+ in a small fraction of the events leads to a
small spurious asymmetry. Correcting for
this, we find the result given in Eq. (3).

Energy spectrum of the gamma ray.-In Fig. 3
we plot the distribution of the energy p of the
gamma ray in the eta rest frame, for the 33
events. We have no cutoff on gamma-ray en-
ergy. The detection efficiency €(p) depends
on the gamma energy and on our x? cutoffs;
it is calculated using FAKE,'? and plotted in
Fig. 3. We multiply any theoretical curve by
€(p) before fitting to the data.

The simplest matrix element corresponding
to a di-pion with J=1 is

|M 12=p%? sin?6, (9)

where ¢ is the momentum of either pion in the
di-pion frame, and p and 6 are as previously
defined. We have already verified in Fig. 2

that the angular distribution fits sin®. We there-

fore integrate over cosf and write
dN:Ce(p)pzqzdp,

where C is a normalization constant, and dN

is the number of counts expected in the inter-
val dp, taking into account the detection efficien-
cy. This “nonresonant J=1" curve is normal-
ized to 33 events in Fig. 3 and gives x%=13.2
with 6 degrees of freedom for a x2 probability®
of 4%, a rather poor fit.

Next we assume that the /=1, J=1 di-pion
phase shifts are dominated by the rho meson.!?
We then replace the factor ¢2 in Eq. (10) by a
resonance factor*:

(10)

m T
™
2_ 2y2 2172
q (mp mo ) +mp T

q*—~

where T" = (q3/q03)y, M. is the mass of the di-
pion, m is the rho mass (765 MeV), g is the
value of ¢ at resonance (357 MeV), and y is

the “reduced width” of the rho (124 MeV). This
“rho~-dominant” curve is normalized to 33 events
in Fig. 3 and gives x2=5.9 for a x2 probability*®
of 40%, a good fit. Thus we lend some support
to the rho-dominant model. (However, it is
apparent from Fig. 3 that any other model that
shifts the spectrum towards lower gamma-ray
energies would also fit.)

The fact that we find evidence for final-state
interactions in the di-pion system lends encour-
agement to the possibility of (eventually) detect-
ing the charge asymmetry, if a small amount
of C-nonconserving amplitude is actually pres-
ent. If there were no final-state interactions,
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FIG. 3. Energy distribution. The detection efficien-
cy €(p) is calculated using FAKE. The two theoretical
curves correspond to a nonresonant J =1 and to a rho-
dominant J =1 di-pion. Neither curve has any free pa-
rameter except for a normalization constant. The
curves are multiplied by €(p) before plotting and com-
paring with the data. The rho-dominant model fits
very well, the nonresonant model not so well.
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the interference term would necessarily van-
ish (by CPT invariance) and there could then
be no charge asymmetry even if C invariance
were violated.!®

Branching ratio. —Using the detection efficien-
cy €(p) and the “rho-dominant” curve, we cal-
culate'® that our total corrected number of de-
cays N~ 7 +7~ +y is 40.2+7.1. We calculate
using FAKE that this includes 2.2+ 0.5 events
of type (8) that were not removed by the cutoffs.
All other corrections are negligible.!” We al-
so calculate from our 113 good events of type (8)
a corrected number 128+ 11.3. We thus find
R =(40.2-2.2)/128=0.30+0.06. This is consis-
tent with the prediction of the rho-dominant
model,!8

Low-energy gamma rays. — Pauli and Muller®
find about as many decays n—nt+ 7~ +y with
gamma energy between 10 and 60 MeV in the
eta frame as they do between 60 and the max-
imum allowed value of 203 MeV; namely, they
find about 12 events above estimated background
in each of the two regions. If the “true” spec-
trum (corresponding to 100% detection efficien-
cy) gave equal numbers of counts in these two
regions, then, taking into account our detection
efficiency €(p) as plotted in Fig. 3, we would
expect to find 20 counts below 60 MeV, where-
as we find none. (For our best-fit curve in
Fig. 3 we expect two counts below 60 MeV and
find none; this is an entirely reasonable statis-
tical fluctuation.) We conclude that there are
no anomalous low-energy gamma rays.®

We are grateful to Earle C. Fowler, Ronald A.
Grossman, and L. J. Lloyd for their contribu-
tions to the data analysis, and to Luis W. Al-
varez for his interest and support.

*Work sponsored by the U. S. Atomic Energy Com-
mission.
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191 this experiment we would not detect a low-ener-
gy gamma-ray peak if it lay below 20 MeV in the eta
frame. Neither would we detect the decay n—7++7,
which is forbidden by parity conservation. Neither
would we detect £(560)—n" +7~, which would be nearly

indistinguishable from 7(548) —7*+7~, and is forbidden
only by the fact that the £(560) apparently does not
exist. [These processes are not detected because
events with zero or very low y-ray energy are re~-
moved by the same cutoffs which remove events of
type (4). When we examine the distribution in m2(r*tr—)
of these cut-off events, we see no enhancement near
the eta mass. However, an enhancement of order 20
or 30 counts would be unresolvable against the large
non-eta background of events of type (4).] All of

these possible processes would (if they occurred) be
included in the Class b events of Pauli and Muller.®
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Since the discovery of CP nonconservation
over a year ago,’ many attempts have been
made toward a reformulation of the discrete
symmetry operations in fundamental physics.?
In this paper we present a new definition of the
transformation properties corresponding to
space inversion and antiparticle conjugation.
This new concept leaves invariant the interac-
tion Hamiltonian involving the hadrons, includ-
ing the strong and electromagnetic as well as
weak interactions of the hadrons.

Parity invariance in this generalized sense
implies that a measurement of the hyperon non-
leptonic decays yields, at the same time, in-
formation on the structure of the baryon-meson
strong interactions. This unification of strong
with weak interactions will be particularly in-
teresting when accurate data on the hyperon
nonleptonic decays become available.

The situation becomes even more interest-
ing when we extend the generalized concept
of parity and antiparticle conjugation to the
leptonic decays of the hadrons. @ and € invar-
iance now lead to a new form of u-e universal-
ity, and could, in principle, explain the pu-e
mass difference, if we assume zero bare mass
for the leptons. The new form of pu-e univer-
sality is, stated simply, that if eV is coupled
to (V) +4,) baryon current, then uv’ is coupled
to (VA'AA)' As discussed below, we believe
that the p-capture data in hydrogen do not pre-
clude this possibility provided we allow for a
large induced pseudoscalar coupling constant.

. I. Hadron interactions.—We assume the group
SU(3) to be the fundamental symmetry of par-
ticle physics. We study the properties of the

interaction Hamiltonian within this framework
of SU(3). The free part of the Hamiltonian con-
tains the mass term for baryons and mesons.
This mass term, which transforms like a pure
Ags does not commute with the generalized par-
ity that is discussed below.® This is desirable
since otherwise the physical particle states
can be made eigenstates of @, the generalized
parity, and no asymmetry parameters can
ensue for hyperon decays.*

Let [Ba(x)]ji be a four-component field oper-
ator representing an SU(3) baryon octet (i.e.,
i,7=1,2,3; a=1,+++,4). Under a space inver-
sion, we postulate that

k

1 i o oarl
=-I, [(74)aBBB(—X, t)]k Hj , (1)

I
(P[Ba(x, t)]], ®

where II is a Hermitian 3 X3 matrix satisfying
the properties : k

nz=1,
[, @]=0.

@ is the charge matrix, taken to be

2
Q=§< -1 ) (1.3)
-1

An explicit representation for II is

1
= sing cose | (1.4)

detll = -1, (I.2a)

(I.2b)

cos@ —sing

For ¢ =7/2, it is clear that Eq. (I.1) implies
that the intrinsic parities of the baryon octet
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