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An estimate of the 7t mean lifetime has been obtained by a method first attempted by Harris, Orear,
and Taylor in 1957. The decay distances of monoenergetic 7t-' mesons, produced by the E 2 decay at rest
(IC+~ v++z') and decaying via the Dalitz mode (z'~ e++e +y), were measured. In two sts,cks of
nuclear emulsion (Ilford K5), exposed to the 700-MeV/c E+ beam at the Berkeley Bevatron, 45 events of
this type were found. For the n' mean lifetime a value of r= (2.3 &, o ")X10 "sec has been obtained.

l. INTRODUCTION the branching ratios for the E+ decay' and the relative
frequencies for the Dalitz decay of the x' meson, it
follows that among the 18 960 E+ decays one should
have found 71+3 decays with one Dalitz pair and
0.27+0.01 with two Dalitz pairs. That results in a
scanning loss of (14+12)% for E+ decays with one
Dalitz pair. However, this scanning loss introduces no
serious bias, since the probability for overlooking a E 2

event cannot be a function of the ~ -decay distance
because the mean gap length between two grains of
an electron track is about 7 p whereas the mean m'

decay length is only =0.1 p.
By following the secondary tracks of the 61 E+

decays with one Dalitz pair, five could be identified as
r' decays, three as E,3 decays, and two as E» decays.
Two events were unmeasurable, and for five events it
could not be decided which ones of the secondary tracks
were the two Dalitz electrons. The remaining 44 events,
as well as the one E+ decay with two Dalitz pairs,
were considered as being E 2 decays and were measured.
From the branching ratios for the E+ decay, it follows
that about 25% of the 45 measured events should be
E,3 and E» decays. The effect of this background can
be estimated. Later on it will be accounted for by a
correction term.

'HE direct determination of the ~' mean lifetime
r has heretofore been attempted in a number of

experiments. However, until 1959 these experiments
did not result, practically speaking, in more than the
estimate of an upper limit for r. It was only in 1960
that Glasser et al. ' as well as Blackie et al. ,' and in 1961
Shwe et al.' succeeded in determining directly the mean
lifetime v by measuring the m -decay distances in nuclear
emulsion; the m' meson was identified by its Dalitz
decay. The single Dalitz decay (srs ~ e++e +y) occurs
with a relative frequency of = 1.2)&10 ' and the double
Dalitz decay (srs-+ 2e++2e ) with a relative frequency
of =3.5)&10 '. ' Glasser et aL'. , Blackie et al. , and
Shwe et al. obtained for r the values (1.9+0.5)&(10 "
sec, (3.3 i 4+")&(10 "sec, and (1.9 as+")&&10 "sec,
respectively.

In the present experiment a method has been applied,
which was 6rst suggested and attempted by Harris
et al. ' The E s decay at rest (E+~ sr++sr ) is used as
a production reaction for monoenergetic m' mesons.
Each of the two pions is emitted with a momentum of
205.3 MeV/c, corresponding to a kinetic energy of
110.7 MeV for the x' meson and of 108.6 MeV for the
m+ meson. In principle, one only needs to measure the
decay distance of the x' meson in a sufFiciently large
number of such events; from this one then directly
obtains the ~ mean lifetime. The details of our experi-
ment are described in what follows.

3. MEASURING PROCEDURE

The measurements were carried out with a Leitz-
Ortholux microscope, supplied with a special Zeiss
eyepiece filar micrometer. The total magnification of
the optical system was about 2000. A Cartesian coordi-
nate system was defined with its (x,y) plane parallel
to the plane of the emulsion. The x and y coordinates
of the grains of the two electron tracks and of the m+

track were measured, as well as the dip angles of these
tracks. For each event, the center of the last grain of
the E+ track was chosen as the origin of the system.

In order to reduce possible systematic errors as a
conse uence of thermal motion the coordinate measure-

2. EXPOSURE AND SCANNING

Two identical stacks, each consisting of 65 pellicles
of Ilford K5 emulsion having the dimensions 6 in.
&&7 in. &(600tt, were exposed to the 700-MeV/c E+
beam at the Berkeley Bevatron.

An area scan yielded 18960 E+ decays at rest.
Among these events there were 61 decays with one
Dalitz pair and 1 decay with two Dalitz pairs. From
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screw obtained in this way (i j—i)—, give two measured
values for each difference. The effect of the thermal
motion on these two values should be exactly opposite
and equal if the thermal motion is assumed to be
uniform, and therefore should cancel out when one
takes the average. Each coordinate difference was
measured three times in this way. The arithmetic mean
value was taken as the 6nal result. The grain coordinates
x and y follow by addition from the measured differ-
ences.

For the measurement error of a coordinate difference
in x as well as in y, a mean value of

F= (0.024+0.001) p,

has been determined. The measurement uncertainty
6; in the coordinates of the ith grain of a track is then
given by

5

v l0- sec

(The 6rst grain of a track is always the one lying next
to the origin of coordinates. ) On the average the
coordinates of six grains per track were measured.

In a few events the track of one of the two Dalitz
electrons was not measurable, and in a few other events
the two electron tracks were measured as being one
track since their opening angle was so small that it
was impossible to separate them inside the field of view.

4. ANALYSIS OF THE DATA
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The projections of the electron and x+ trajectories
into the (x,y) plane were reconstructed by 6tting a
straight line y=ax+b to the measured points (x,y).
The fit was done by the method of least squares,
minimizing the expression

5=p[w„(x;—x)'+w;(y; —y)'].

I'xo. 1. Likelihood function for our 45 events. The relative
likelihood Z(L)/2, is plotted logarithmically vs the mean
decay length L. The maximum of the function occurs at,
L=0.083 p,, corresponding to a mean lifetime r of 1.8)&10 "sec

8 is the dip angle. For (LV&, the following value was
estimated:

(6'), =0.00125 p'.

In this formula x;, y; are the measured coordinates, x, y
are the corresponding 6tted coordinates, m„and m„,
are the weights, and E is the number of measured
grains per track. The weights are given by the following
equations:

(1/w;)=i -'F+O'Ca' (/1 +G')] +(5' &Ca'/(1+a')]

(1/w. ;)=i~+D, [1/(1+")]+(~&..C1/(1+")].
In either equation the 6rst term is the pure measure-
ment error, the second term is the uncertainty in the
measured coordinates, resulting from multiple scatter-
ing, and the third term is the uncertainty which is
introduced by the deviation of the grain centers from
the true particle trajectories. With a mean pP of 61.4
MeV/c for the electrons and a pp of 169.7 MeV/c for
the m.+ mesons, one gets

D,'= 2.920&(10 'C(xp+y, ')'/cos8]' p' for c tracks,

0.4022X10—'C(xs+ys)t/cos8]' p' for s+ tracks.

This means a rms deviation of the grain centers from
the true particle trajectory of about 0.035 p.

The x starts at the decay point of the E+ meson.
This decay point is defined by the foot of the perpen-
dicular from the center of the last grain of the E+ track
to the m+ line. The x, y coordinates of the decay point
of the m are given by the intersection of the electron
line with the m+ line. The thus determined projection
of the s'-decay length into the horizontal plane C(x,y)
plane) has to be divided by cos8 in order to get the
true s'-decay length (8 =dip angle of the s+). For
those events of which both electron tracks could be
measured, one gets two different m' decay lengths this
way because of the uncertainties in the measured x, y
coordinates. The weighted mean will then give the
best estimate.

If the intersection of the electron line with the x+
line lies on the proper side of the K+ end, the m'-decay
length is counted positive; otherwise it is counted
negative.



1326 J. TIETGE AND W. PUSCHEL

Event
'As bi

L~7 b 7
Xi 8s

Event Pp7 [ju7
'As

Event

TABIE I. Compilation of the ~ -decay distances X;
and their mean errors 8;.

cannot be made unless the distance of their centers is
&~gdV3, that is, unless the diameter of their circle of
intersection is (-,d. The grain diameter has been

d = (0.55+0.12) p, .
M 1
M 2
M 3
M 4
M 5
M 6
M 7
M 8
M 9
M 12
M 13
M 14
M 15
M 16
M 17

+0.14 0.64
+0.86 0.59—0.32 0.36-0.89 1.13
+0.34 0.17—0.27 0.10—0.83 0.39
+0.48 0.54-0.25 0.19
+0.38 0.14
+0.03 0.35
+0.26 0.29-0.07 0.50
+0.03 0.28 .
—0.24 0.25

M 18
M 19
M 20
M 22
M 26
M 27
M 288 18 28 38 4
8 58 6
8 78 8

+0.18 0.34
+0.49 0.33—0.06 0.11

0.00 0.09
+0.75 0.26-1.16 0.94-0.14 0.13—0.17 0.17—0.79 0.58—0.09 0.18-0,28 0.38—1.75 3.31-0.12 0.40
+0.12 0.05
+0.56 0.60

8 9
810
811
812
8 13
8 14
8 15
8 16
817
818
819
821
823
824
825

—0.21 0.50-0.88 0.60—0.33 0.29
+0.48 0.29—0,24 0.21-0.92 0.94
+0.28 0.21
+1.67 0.49
+0,45 0.61
+0.34 0.30
+0.46 1.11
+0.81 0.30-0.33 0.28
+0.09 0.54-0.25 0.39

For the grain densities the following values were
determined:

g(g+) = (16.5+0.2) grains/100 p,

g (e) = (15.5&0.2) grains/100 tr.

From this the correction term is

Eg„, =+ (0.009&0.005) p.

As an estimate for the accuracy with which the E+
end of an event could be determined along the x+ line
the distance between the center of the last grain of the
E+ track and the m+ line has been taken.

The m' decay lengths X; and their mean errors 8; are
given in Table I.

From the 45 measured 7r' decay distances a mean
lifetime r has been calculated by the maximum-
likelihood method. For the ith event the probability
density P, that one measures the decay distance X;+6;is

1 " () —t)' E

I';= exp — +— dl
L8'(2g )~ o — 25/ L

L, is the mean decay distance, corresponding to the
mean lifetime w.

L=yPcr.

Then the likelihood function is

(b) Buckgrolnd correction. As mentioned in Sec 2, .
the 45 events which were taken as E 2 decays and
measured, still contain a 25% background of three-body
decays, namely, E,3 and E» decays with the ratio 1:1.
The maximum kinetic energy of the m' from the E,3

decay is 130.4 MeV and of the m' from the E» decay
119.1 MeV. The distribution of the angle between the
momentum vectors of x' and decay lepton e+ or p+,
respectively, has to be assumed somewhere between
isotropic and peaking at 180'. Then one obtains the
following estimate for the correction term:

Eb„kg„„„d=+ (0.014&0.014) P.

The two electrons from the conversion of a real y
from the m decay may be mistaken for a Dalitz pair if
the conversion takes place at a satisfactory small
distance from the E+ end (&5 p). However, it is not
necessary to correct for this effect because these cases
are very rare due to the relatively large radiation
length of 2.9 cm in nuclear emulsion.

Figure 1 shows a plot of this likelihood function. The
45 measured m -decay distances X;&8;give for the mean
decay length a most probable value of

L*=(0083 + '")p

This corresponds to a x' mean lifetime:

r*= (1.8 q.s+")&&10 "sec.

5. CORRECTIONS

The maximum-likelihood result still has to be cor-
rected for systematic errors. Two corrections must be
taken into account —a grain correction and a back-
ground correction.

(a) Grain correction. This correction is necessary
because the 6rst grain of the ++ track as well as that of
the two electron tracks can be so close to the last grain
of the E'+ track that it is practically impossible to
decide if it has been produced by the E+, ~+, or by one
of the two Dalitz electrons, respectively. It is reasonable
to assume that for grains with a diameter d this decision

Authors

Glasser et al.'
Blackie et al.'
Shwe et al.'

~ mean lifetime

(1.9~0.5)X10 '6 sec
(33 1,4+"}X10"sec
(1.9 o. +")X10 ' sec

It should be pointed out, that the four experiments are
different from each other either by the measuring
procedures applied or by the ~ production reactions.
From the good agreement of the results, it may there-

6. RESULTS AND DISCUSSION

For the corrected mean decay length I. of the m',

+Egrain+ E backgrounds

the experimental value

L= (0.106—0.04s+ .os') p

has been obtained. The corresponding corrected mean
lifetime of the x meson is

T= (2.3 & a+")&&10 "sec.

Within the error limits this value is in good agreement
with the results obtained by Glasser et a/. ,

' Blackie
et al. ,' and Shwe et cl.':
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fore be concluded that these experiments do not contain
unrecognized systematic errors of a magnitude essenti-
ally greater than that of the random errors given by
the error limits.

For the weighted mean 7 from all four experiments,
including the present one, the following value is
obtained:

f= (2.1+0.4) && 10 "sec.
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