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A search for Ez decaying into the 6nal state m.+sr m' has been made by studying the time distribution
of 3m decays of neutral E mesons produced in the reaction E+d —+ Eopp. On the basis of 99 3~ events,
we 6nd for the complex parameter x+iy, the ratio of the amplitude Ez —+ 3~ to the amplitude EL,~ 3x,
x=0.47+0.20, y= —0.10 0.32 ".Our result is consistent with no E8 decays into m+~ x' and no CP violation.
Assuming x=y= 0, we obtain Fz, (3~) = {2.71+0.28) &(10' sec '.

I. INTRODUCTION The I=2 state is suppressed by a combination of
angular momentum barriers and the LU=~ rule by a
factor of about 10 '. Since all searches to date have
looked for a EB amplitude comparable to the known

EI, amplitude, we shall ignore the I=0 and I=2 states
in Ez decay, leaving only the CE-violating I=1 and
I=3 states. The technique used to find these decay
amplitudes is to examine the time distribution of
neutral E decays into x+x +', looking for an inter-
ference between the known EI, amplitude and the
possible Eq amplitude. With the amplitude ratio
defined as

as(&s ~ 3~)

aL(EL -+ 3)r)
=x+vy,

the approximation

I
&'& = (1/~~) (I &s')+

I
&L'))

and starting with an initial E' state, the intensity of 3x
decays as a function of time is given by

E(x,y, t) = ',NvrL(3~)$(st'+-y')e "e'+e "Lt

+2(x cosQ —y sin5t)e A'j, (1)

where Xv is the number of E"sproduced, I'L(3)r) =
~
aL

~

'
is the decay rate for ELv —& 3)r, and &= a (&s+&L). We
have used the following values'.

S =m(Z L) u(E s) =0.46. —
its= 1/Ts=1.16X10"sec ',

1/L1T.L86X10' sec '.
Since the experimental data cover a range of decay
configurations, averages of x' and y' are measured. The
assumption, made in the analysis, that (st') =(x)'
and (y')=(y)' is reasonable if the decay proceeds
predominantly via 5 waves.

4 Particle Data Group, Phys. Letters 33B, 1 (1970).
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S TUDIES of the decay El, ~m+m x' have been
quite extensive. The AI= —,

' rule has been tested
by comparing properties of neutral-E' decays (partial
decay rates and slopes) with those of the charged E-
decay. ' There is some evidence that a AI =-,' amplitude
of a few percent of the AI=~ amplitude exists, but
there is no evidence for a AI =—, contribution. Violations
of CI' invariance in the decay EL, —& x+~ x have been
searched for by looking for an asymmetry between the
charged-pion distributions. No asymmetries have been
found, and the limits are on the order of a few parts per
thousand. ' Furthermore, the spectrum of x"s is linear
with respect to the energy and there is no evidence for
a quadratic term. Since the total isospin of the three
pions in the final state can be I=O, 1, 2, or 3, these
results imply that the pions in EI, —+ x+x m decay are
predominantly in the CP-conserving, symmetric I=1
state; i.e., angular momentum states higher than the
S states are suppressed by barriers.

CI' invariance forbids Ez —+x+~ x decay into S
states. We assume that the I=O state is considerably
suppressed by angular momentum barriers, perhaps by
a factor of 10 ' relative to the known El, amplitude. '
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If we make the additional assumption that M=~
transitions do not occur, the I=3 6nal state may be
neglected. Glashow and Weinberg' have shown that if
the decay proceeds by the symmetric I=1 state and
CI'T invariance is valid, then

Re(asar, *)
&0.0j..

a82 CL,
2

If
~
as j is not much smaller than

j uL, (, the amplitudes
u8 and al, must be relatively imaginary and x=0. Thus,
if symmetry, angular-momentum-barrier considera-
tions, and isotopic-spin selection rules are invoked, the
time distribution of ~++ m' decays depends, to a good
approximation, only on the CE-violating parameter y.

Four experiments~9 on the time distribution of
E —+3m decays have been reported; statistically the
most signi6cant of these is that of Behr et al. ,~ based on
samples of $3/ Eo~ ~+~—~0 and 54 EO ~ 3~0 events
All four experiments are consistent with no CP' violation
in E' —& 3m decay. In this experiment we report on the
analysis of 99 events resulting from E' —+ x+m x' decay.

II. EXPERIMENTAL PROCEDURE

The events were obtained. from the 30-in. BNI
bubble chamber 61led. with deuterium, exposed to a
separated 600-MeV/c E+ beam at the AGS. In a
previous publication, '0 hereafter referred. to as I, we
reported. on the leptonic decays of neutral E mesons
obtained from the same exposure. Since our method
for 6nding three-pion decays was similar to that used
for leptonic decays, we shall only emphasize the essen-
tial features.

The neutral E mesons were produced in the reaction

where p, is a spectator proton. The neutral E can have
a visible decay into x+x, x+~ x, x+x y, xp, v, or mes.

The pictures were scanned for all V's and possible
production vertices. No criteria concerning the asso-
ciation of V's to production vertices were imposed in
the scanning. The over-all scanning efFiciency for the
entire experiment was better than 95%.
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Since the fraction of three-body decays expected. was
only about 1% of the two-body decays, extreme pre-
cautions were necessary to ensure complete removal of
any background two-body decays. Once a V was found,
the most likely production vertex was assumed to be
its origin, and the whole event was measured. These
events were processed through standard geometry and
kinematic 6tting programs and were then subjected to
preliminary geometrical criteria, , which were later made
more restrictive.

Each V was 6tted to the two-body decay mode
EB—+x+m under the hypotheses that it was not
associated with any production origin (one-constraint
fit) and that it was associated with the production
vertex (three-constraint fit). An event for which the X'

probability was greater than 0.01% for the three-
constraint 6t was classi6ed as a two-body decay and
an over-all production and decay 6t was attempted.
About 50 000 Eq —+ m+m events were obtained in this
experiment. The X' distributions for a sample of the
three-constraint and one-constra, int 2m 6ts, shown in I,
are in agreement with the predictions. A V which failed
the three-constraint 6t was fitted to other possible
production origins. A small number of V's made the
one-constraint decay 6t at a probability of better than
2X10 ' but failed all production 6ts. These events came
from three sources. Some two-body decays came from
charge-exchange interactions in the chamber window.

Some came from Eo's produced in the chamber which

scatter before decaying; these events have been
analyzed separately. The remaining events are true
three-body decays which make the one-constraint 2m

6t. Most of the events lost are xyv or xev,' loss of 3x
events, estimated by Monte Ca,rlo techniques to be
(0.'7+0.3)%, was necessary in order to guarantee the
removal of the dominant 2m. mode. within the 6nal
6ducial volume, this loss is unbiased with respect to
proper time and therefore does not affect the analysis
of the time distributions, but necessitates a correction
in the calculation of the total 3x decay rate.

An event which failed both the one- and three-
constraint 2x 6ts was re6tted to all possible production
vertices under the assumption that the neutral E
decayed by any one of the three-body decay modes

m8v, xp, v, m+x m, and xx'y. The class of three-body
events with visible spectators has four constraints for
the over-all 6t, while that with the invisible spectator
has one constraint. The over-all X' probability for a
production of a E' followed by a three-body decay was

required to be at least 2%. Each three-body candidate
was remeasured twice, and was rejected if the X' proba-
bility for the one-constraint 2m 6t was greater than
2&10 5, unless the 6tted Eo momentum had an un-

reasonable value. Neither of these cuts on X' causes

any time bias. For all three-body candidates the
associa, tion with a production vertex was unique. The
resulting uncertainty in the 6tted Eo momentum was

approximately 5%.
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The final geometrical criteria for the sample of three-
body events were as follows: (a) The minimum pro-
jected K' length was 3 mm and the maximum projected
length was 20 cm; (b) the dip angles of the K' and of the
charged legs of the V were required to be less than 65',
(c) the opening angle between the charged legs of the
V was required to be less than 170'. In addition, the
Eo momentum was required to be in the interval 100—
650 MeV/c.

III. LIMITS ON BACKGROUND IN 3z SAMPLE

After rejecting all possible two-body decays we
required that the event fit the x+x m' decay mode at
least at the 4'% confidence level.

Monte Carlo calculations show' that less than one
event of the other three-body decay modes will fit the
m+x mo decay mode, and no time-dependent bias is
introduced.

The accidental association of a stray track simulating
a V with a production vertex and surviving our criteria
is negligible.

The dominant E8~ x+m decay mode can give rise
to three types of contamination in the sample of events
from which the ~+m x' decays are selected. The most
serious type is caused by nuclear scattering of a decay
pion near the vertex of the V. This nuclear scattering is
completely dominated by the h(1238). Although half
of the m e scatters give rise to events with no visible
spectator, we estimate that less than one event remains
in the sample. The other two sources of background
come from Coulomb scattering and decay in Aight of
pions. For an in-flight decay of a ~ into a ti, p tang
must be less than 38 MeV/c, where p is the momentum
of the x and 8 is the space angle between the ~ and the
p. All events were subjected to a two-vertex fit to the
E' production followed by a two-pion decay in which
first one and then the other pion was considered un-
measured. When we used the fitted momentum of the
unmeasured track for p and the angle between this
fitted track and its measured direction for 8, all m

decays in Right were rejected by the above criteria.
The small Coulomb scatters were removed in a similar
manner; all events for which pfifpfif8(2500 MeV/c
degrees were rejected, where pi;i and pi;i are the fitted
momentum and velocity of the unmeasured track and
8 is the space angle between the fitted and measured
direction. From Monte Carlo calculations, we estimate
that less than one Coulomb scatter will survive.

Since Dalitz pairs tend to be produced with low
effective masses, the background from E~ —+x mo is
completely negligible in the 3m sample. When a low
effective mass is calculated from the charged tracks of
a 3m decay, assumed to be electrons, the bubble density
is always inconsistent with that of electrons.

IU. MAXIMUM-LIKELIHOOD ANALYSIS

An estimate of the parameters x and y can be ob-
tained independently of the 3n. decay rate Fz, (3n). The

probability for the ith event is given by

L;(x,y) =N(x, y, t,) N(x, y, t)dt, (2)

where N (x,y, t) is given by Eq. (1), t, is the proper time,
and t', '" and t,™"are the limits of the detectable time
interval for the ith event. The likelihood function is
then given by

(3)

3f(x,y) =eg N(x, y,t).(t)dt,

where e(t) is the geometric detection efficiency deter-
mined from two-body decays and e& is the efficiency
for retaining 3m decays after geometric cuts are imposed.

The advantage of using L(x,y) is that the final result
is insensitive to any absolute detection ef6ciency
calculation, but requires only that the events be ob-
tained in a way unbiased with respect to the proper
time. The advantage of using L' is that the total
observed number of events adds a constraint to the
result.

Since the number of events in this experiment is
small (99 events), it is instructive to obtain estimates,
with both likelihood functions, of the Quctuations
expected in an analysis of this size sample. A large
number of Monte Carlo experiments was generated,
each consisting of 100 events. For each simulated event,
the production-vertex coordinates and the E kine-
matics were randomly chosen from a sample of fitted
charge-exchange events. The decay time t; was gen-
erated according to Eq. (1), assuming the decays were
all Ec's (i.e., x=y=0)'. The coordinates of the simu-
lated 3m decay vertex were calculated and, if this
vertex lay within the fiducial volume, the event was
accepted. Samples of generated events having a geo-
metric detection efficiency identica, l to the actual data
were thus obtained.

Each 100-event Monte Carlo experiment was then
analyzed independently of Fz, (3m) using L(x,y) for the
likelihood function. Approximately 75% of the experi-
ments yielded a single maximum in the likelihood
function with standard deviations in x and y of the

where m is the number of events in the sample.
It is also possible to construct a likelihood function

taking into account the 3m decay rate Fz, (3~) and the
total number of events observed. The extended likeli-
hood function I' is

L'(x,y) = $e ~&' iI'M(x y) "/e!]L(x,y),

where L(x,y) is given by Eq. (3) and e is the observed
number of events. For M(x,y), the expected number of
3+ events, we take
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FrG. 1. Time distribution for 99 E—+ 7r+m mo decays. The solid
curve is the expected distribution assuming all the decays come
from EI,'s, and the dashed curve is for our best estimates of
x and y.

order of 0.2 and 0.6, respectively. The remaining 25%
of the experiments exhibited two likelihood maxima of
comparable magnitude. One maximum always occurred
near the assumed x=y=O values while the second
maximum occurred at large and predominantly negative
values of x and y. As the sample size was increased, the
frequency of occurrence of the two maxima decreased.
In those experiments where two maxima occur, the
solution further from x=y=0 generally led to values
of Fr, (3n-) which were inconsistent with the measured
rate. However, by using I'(x,y), thus including Fl. (3w)
in the likelihood function, the Monte Carlo study
showed that unique solutions for x and y were always

——10
EXTENDED LIKELIHOOD

CONTOURS
99 Events

I l I I l I

-50 -30 -10 10 30 50 (Me Y)
2T(m')- TMAx

FrG. 3. Kinetic-energy spectrum of the ~o in the Eo rest frame.

obtained and the precision of the estimates of x and y
was improved.

U. RESULTS

The distribution in proper time of the x+x m' events
is shown in Fig. 1; the solid curve is the distribution
expected for x=y=O, and is essentially the geometric
detection eKciency. The X' probability for x=y=O is
30%.

Using the likelihood function l. (x,y), which frIclldes
the decay rate Fr. (3~), we obtain as our best estimates"

@=0.47&0.20, y= —0.10 0.82+0'3r
& (5)

-0.5
I

)
I

-2
e LMax

1.0

where the errors include the statistical uncertainty in
I'1, (3s.). The dashed curve in Fig. 1 is the distribution
expected for our best estimates, Eq. (5).

For the decay rate we have taken I'1, (3s.) = (2.44
&0.10)X10' sec ', the result obtained by Budagov
et a/. "in an analysis using the most precise experimental
data. A systematic increase (decrease) in the value of
1'r, (3') of 0.1&&10' sec ' would leave x unchanged and
would increase (decrease) y by about 0.15. Figure 2

shows the likelihood solution with the 1- and 2-

FIG. 2. Likelihood contour plot for 99 E—+ x+w m decays. The
solid curves are the e '"I, and e I,„contours.

"An analysis of our 99-event sample without incorporating rL,
into the likelihood function yields the following two solutions:
(I) x =0.36&0,30, y =—0.75&0 54; (II) x = —2 38-o.so+2.3o

y= —1.60&0.37. Solution I gives rz, = (2.00&0.20))&10' sec ',
which is in reasonable agreement with the measured value. Solu-
tion II leads to rL, = (1.33&0.14) )& 10' sec ', which is inconsistent
with the measured value."I. A. Budagov, H. Burmeister, D. C. Cundy, W. Krenz,
G. Myatt, F. A. Nezrick, H. Sletten, G. H. Trilling, W. Venus,
H. Voshiki, B. Aubert, P. Heusse, I. Le Dong, E. Nagy, C. Pas-
caud, L. Behr, P. Beillier, G. Boutang, and J. van der Velde,
Nuovo Cimento 5'/A, 182 (1968).
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standard-deviation contours. From our Monte Carlo
study, we conclude the probability of obtaining a value
of (x'+y')I"&0 5 is 25% in an event sample of this
size. We therefore have no evidence that either x or y
is different from zero. This is consistent with the results
of the previous experiments. ' '

If we now assume the 6nal state of the decay is the
symmetric I=1 state, then the decay only depends on
the parameter y. Under that assumption we obtain

y = —0.66~0.27,

where the error includes the statistical uncertainty in
FL(3sr). A systematic shift in the value of 1'L(3sr) of
0.1&10' sec ' would change y by about 0.1.

Since our result is consistent with x=y=0, we can
calculate I'L(3sr) assuming the observed events are due
entirely to EL + Ir+w sr—o. We find 1'L (3sr) = (2.71
&0.28) X10' sec ', which is in excellent agreement with

the value obtained by Budagov et al."The m' kinetic-

energy spectrum in the E rest frame is shown in Fig. 3.
Variation in the detection eKciency as a function of x
energy is negligible. The straight line drawn is from a
fit using the matrix element squared:

I
M I' 1+2ct(MK/3f ') (2T 0 2' )

We find 0.= —0.26+0.07, which agrees with the known

slope of the El, decay, 0, = —0.20~0.014.'
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New data on the reaction E d ~E rr PP. at 5.5 GeVjc are presented. The experimental distributions
are analyzed in terms of a double-peripheral Regge-pole model. The events were assigned to two dominant
diagrams using the Van Hove angle. These diagrams, involving Pomeranchuk and meson exchanges,
provide a good description of the reaction without additional form factors of the momentum transfer.

I. INTRODUCTION
' 'N recent years the extension of the Regge-pole model
~ ~ from two-body and quasi-two-body reactions to
reactions involving many particles has been studied by
several groups. ' 7 In particular, the double-Regge-pole
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model (DRM) has been successful in describing many
three-body final states. Because the Regge model was
originally introduced as an asymptotic expansion, some
of these fits were restricted to the relatively small
fraction of events where all two-particle subenergies
were larger than some prescribed limits. Berger' ex-
tended the model down to the threshold of one of the
two-body subenergies involved and obtained satis-
factory descriptions of several reactions.

Cuts in the subenergies can also provide a mechanism
for selecting events appropriate to the different periph-
eral diagrams. This is not a unique method of selection,
and Alexander et ul. ' used the four-momentum transfers
at the beam and target vertices. Recently, Van Hove'

8 L. Van Hove, Nucl. Phys. B9, 331 (1969).


