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AESTHACYT

A maximum-~likelinood rrocedure [or determining mean life-
pimes of V-particles (lrom cloud chnamber data 1s discussed and
applied to samples taken Trom a gzroup of 13/ neutral V-
particie decays. PFor (4 events which were consistent with =

ecay into 2 rroton and a negati pl meso a lifetime of

d 3 t " d a neg ve pil son, lifetime ol

: ey =10 . . . i~ s _ .
(2.5 * U.7) x 10 sec is obbtained. Dividaing tne data into

et

"Mow=-2" and "hign-o"

groups on the basis of tne calculated
energy release in tne decay, a value of 7:143 {2.9% 0.8) x
1071V see is found for tnose cases with 0 < ¢ <50 wev and
& value of Ty = (1.0 X 0.5) x 1071V sec is found for tnose
cases witn 50 < ¢ < 150 wev., .nile no significant difference
exlists between tnese two values, the difference 1s greater
tnan for other plausible division schemes which are considered.
A qualitative discussion of lifetimes Is gziven for tne
cazse of 23 caazrged V-particle decays. tor the cnarged V-
varticles cthese data suggest elthner a lifebime less tonan thnat
of tae neutral V-varticles, provided tne samrle is nomorene-
ous, or more 1likely an apparent average lifeitiue less tnan
tnat of the neutral V-particles, il tirne smnnle 1s a mixture
of two or more types of varticles. Tie possibllity of kappa

.

mesons making up a part of tnese decays 1is considered and
data Indicating Lifetimes appreximately egual to or longer
tnan 1077 sec for botn tue keppa and tau mesons are briefly

discussed,
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I. INTRODUCTION

S8ince the first report of tne discovery of neutral and
charged V-particles by Rochester and Butler(l) in 1947 and
the subsequent confirmation of the discovery by Seriff et
gi,(2) in 1950, a number of cloud chamber experiments(B'g)
have been poerformed to make further studies of tnecse parti-
cles. Although the findings have been more complex than one
might have expected and the need for a great deal more work
has become spparent, certain definite conclusions have been
reached and other possible results have been suggested.(T’ﬁ)
A1l of these experiments point to the existence of two or
more different types of neutral V-particles and one or more
types of charged V=-particles. Tnls thesis will be concerned
principally with that type of neutral V-particle which decays
with an energy release, (, in a manner consistent with the

scheme
=S+ T+ Q.

There is no assurance tnat additional neutral particles as
light as the pl meson are not among the decay products,.
Hevertheless, for tne purpose of tne lifetime determinations
to which thls thesis 1s devoted, tnis decay scheme will be
agssumed to hold for thnosc casges in which tne visible decay

products are consistent with a proton and a negative pil

meson. This procedure 1s justified by trne fact that the

numerical results are not greatly changed if other decay



scnemes, conslistent with the observed data, are assumed,
Tnose events whicn are discussed as cnarged V-particle decays
are cases in whicn a charged particle decays into a single
cnarged particle plus one or more neutral particles, Only
those events which can be shown to be inconsistent with known
processes such as the decay of a pil meson into a mu meson are
inciuded in the group of cnarged V's,

The average lifetime of Veparticles 1s one cnaracteristic
guantity for whicn estimates nave been made from tne above
experiments.(2’9) Altnough thne cloud chamber can be usged for
1lifetime determinations in principle, tne difficulty of ob-
taining & large unblased sample of V-particle decays of a
single type nas prohlbited accurate results., Tais difficulty
is still apparent in tne vpresent work, which treats the decay

Py
-

of 13 neutral V-particles and 23 cnarged V-particles, How=
ever, tne information now available on tne decay of neutral
V-particles 1is more extensive than in the previously revorted
experiments., Thus an attempt is made here to determine the
best value of tne mean lifetime obtainable from thls still
rather meager set of data.

Tne wmethod used 1s a maximum-likelinood procedure, wnich

essentially involves finding that value of tne mean lifetime

% A ratner complete analysis of tnese same events has
begen mede Ly obher workers whose findings ars glven in refer-
ences J, 10 and 11. Tnese revorts describe the expsrimental
tecnnicues and discuss the experlimental errors in more detall
than will be done here. waen information suchn as the masa of
the nesutral Ve-particle, decay schemes, etc. 1s needed for tne
purpose of a lifetime determination, the results given by
these workers will be usede
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wnich maximizes the probability of obtaining the observed
distribution of decay points in tne chamber.* Tnis procedure
is applied to btane case of the neutral V-particle decays.
Since 1t is apparent from the data that no significant treat-

ment of the charged decays can be made, only & qualitative

discussion of the mean lifetime 1s given in this case.

% Tne maximum~likelihood procedure was used at tne
suggestion of rProfessor Leverett Davis, Jr.
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IT. THo AFPALRATUS AND FIDUCIAL SURFACES

The apparasus ased in this exneriment(B’lo) was a counter-
controlled double cloud chamber operated in a masnetic field
of apvroximately 5,000 gauss. The experimental arrangement
is shown in figure 1. The lead blocks acvove and vetween the
two chambers served to filter out the soft radiation and pro-
vided a region in vhich the production of V-particles could
take place nesar the tops of the chambers. The trays of
counters above and velow tihe double chamber were used to
select penetrating showers. The chambers, lead and counters
were inclosed in a thermostatically controlled copner box
rlaced between ti e pole wleces of an electromagrn.s. Upon
eacn expansion, stereoscoplc photographs were taken of the
chambers, which were 1lluminated by the disciarge of a con-
denser cank through a gas-filled flash tube. Additional
information on the apparatus and its operstion is given in
rceference 10,

Also shown in figure 1 are fiduclal surfaces which are
used 1in the measurement of certain geometrical cuantities
needed for the lifetime determination. These surfaces were
drawn to include only well=-illuminated rezions of the cloud
chamber within which all V-particle decavs would be almost
equally likely to be detected. They were located at dis-
ZTances ranging from 4 cm to 5 cm from each of the inner walls
of the chambers. One might wish tc make this separation of

the fiduclal surfaces from the inner walls much zreater so
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that any track originating within these surfaces would have
sufficient visible lensgth within the chamber to allow all
necessary measuresents to be made; nowever, the already
critically small size of tie cpnambers orohiblts such a restric-
tion c¢n the usable volume. Althougn tracks and V-particle
decays were often clearly visible in much of the region
between the fiducial surfaces and the walls of the chambers,
the terms "visible" or "illuminated" reglon will be used %o

efer to the volume wlithin the fiducial surfaces.
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III. THE DATA

The experimental data which were used in the determina-
tion of the lifetime of the neutral V-particle are given in
table I. The quantities tabulasted are described briefly
below with a more detalled description immediately following
the table., When a knowledge of the decay scheme of the
neutral V-particle was required in order to determine some .
of the quantities given, a two=body decay into a proton plus
a negative pl meson was assumed,

X is the distance between the point of entrance of the
V-particle into the visible reglon ol the chamber
and the point of decaye.

d 1s the distance between the point of entrance of
the V-particle into the visible region and the point
at which it would have left this region if it had
not decayed. The term "gate length" or "potential
path length™ will be used to refer to this quantity.

P is the momentum of the V=particle.

t is the time taken to traverse the distance x. This
time is given in the rest system of the V-particle.

T is the time, measured in the rest system of the
V-particle, taken to traverse the distance d.

%] is the angle between the paths of the two charged

decay products of the neutral V-particle,

&

is the calculated energy releass as given in refer-

ence 10,
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No. serves to ldentify the photograrh on which the

decay was recorded,



TABLE 1

No. Q 8 p¥ x a 4 T
(liev) (Dez) (iev/c) (em) (em) (10710 sec) (10-10 se

o2l 05 152.0 712 8.1 1.1 L.2 7.
9200  -- 22,0 (220C) 1C.3 15.6 1.8 2.7
o285  -- 21,5 (230C)  C.2 15.0 0 2.0
ohdg L 5.5 ey V.0 15.M U5 12,3
16876 28  72.0 155 1.2 13.7 1.0 11.2
11326 76 2L.C 1600 0.8 9.1 0.2 2.1
11373 37 132.0 310 1.y 17.8 1.7 21.6
12717 63 71.C 850 0.1 10.1 0 7.1
13231 33 L1.6 568  6.;  13.8 2.8 5.9
1228 14,8 55,0 850 2.7 11.4 1.2 5.0
35 86 28.0 700 3.8 20.3 2.0 10.9
1h539 33 5.0 508 1.8 19.2 1.3 1h.1
15011 35  L9.c 1080 .7 il.C 3.3 .8
15181 20 15.C 1250 6,0  13.2 1.8 3.9
15543 91 28.0 922 2,1  10.5 0.9 .3
16631 -- 9.0 (90C) 13.5  1l.2 5.6 6.1
17078 --  15.C (3200 11.1 1.k 1.3 1.7
17407 31 39.0 $38 0.l 10.7 0 L3
175¢€2 26 26.0 378 .2 12.2 LL.o 5.2
1759 80 2.5 1390 0.1 17.0 0 1.6

% The values of T shown in parenthesis were estimated
from a knowledgeof 6 a3 described in the next section.
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TABLE I

{(Continued)

>

NO. & & P” X d t T
(ev) (Deg) (wev/e) (em) (em) (10710 sec) (10710 sec)

17685 1L 22,0 900  10.5 1.2 Iy 5.9
18675 ~--  LL.0  (1000) 0.7 1L.0 Ue3 5.2
19063R 34 3l.0 oo L.7 1. 1.2 3.7
19063¢C 41 151.0 3B 9.0 23.0 9.7 21,9
19063L 51 51.0 972 5.3 22,2 2.0 8.5
19286 18  16.0 1240 2.7 13.3 0.8 .0
19287 79 39.0 1570 1.1 16.} 0.3 3.9
19655 72 19,0 830 0.2 16.3 0.1 Ta3
19960  -- 3,0 (14oc) 2.L 10.6 0.6 2.8
20019 ~--  31.0 (1500) 5.3 1.8 1.3 3.7
21301 --  L7.0 (600) 1.9 L.t 0.8 1.9
21428  --  15.0  (2800) 6.8 16.bL 0.9 2.2
21910 10 19.0 1560 6.3 1l.5 1.5 3.
22578 25  L2.0 608 1.6 8.1 1.0 5.0
22895 57 32,0 8860 3.6 11.0 1.5 Le7
23159 L2 37.2 B0 5.2 16.2 2.2 6.9
23865 33 32,9 1180 4.0 13.3 1.3 .2
B9L2T  -- 35,0  (1300) 0.1 1.2 0 L1
239428 37 05,0 291 3.5 9.8 .5 12.6
21,026 3L L5.0 862 0.7 1.8 G.3 2.1
2hihl 35 72.0 411 1.8 3.h 1.6 3.1

20358 73 31.0t 1300 3.1 11.2 0.9 3.2
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TAELE 1

{Continued)

No. Q 6 p¥ x a t T
(Mev) (Deg) (uwev/c) (em) f{cm) (10-10 sec) (10190 sec)

2390 22 28.0 1072 5.0 13.0 1.9 .5
2550l 32 1.8 816 5.1 1.6 243 0.7
25587 31 Lhe.o 853 1.9 8.5 0.8 3.7
25686 10 52.7 Loz .10 13. a7 12.5
20585 32 3¢.1 1ol 5.3 18.5 1.9 0.7
20655 75 05,0 1074 11.2 15.7 3.9 5.5
26709 50  2L.0 &2l 3.6 15.3 2.2 9.2
26867 32 52,4 1188 3.7 5.5 2.8 .2
26912 29 10.L 5580 .5 1h.3 0.3 1.0
27529 60 62,0 693 0.1 1L.0 0 7.5
27875 97  78.5 1030 2.7 13.2 1.0 ;.8
28187 79 1il.0 770 0.4 13.3 0.2 6.
28225  -- 16,0 (3000) 6.3 10.1 0.8 1.3
28569 37 27.8 1970 3.2 15.1 0.6 3.4
29U1B -~ 3244 (970) 0.8 1.6 0.3 5.6
29637 97  L2.8 750 .1 15.9 2.0 7e9
30045 59 30.3 1160 2.8 12.7 0.9 .1
30047 33 41.8 790 1.l 15.3 0.7 7e2
30095 Lo 4.6 1250 5.1 15.8 1.5 L7
30117 -~ 12.3 (350C) 3.2 11.8 0.3 1.3
30129 3L ©7.0 552 0.7 17.0 .5 11.5

0
3033l 67 13.5  190C 12.8 1.6 2.5 2.9
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TABLE 1

{Continued)

o (Mgk) (Dgg) (ﬁes/c) (?m) (Sm) (10”10tsec) (lO'lOTsec)
30770 28 28.0 882 0.8  11.7 0.3 5.0
30403 L6 39.0 1350 5.9 14.0 1.6 3.9
308l 81 0.0 990 0.2 15.7 0.1 5.9

30925 - 90.0 (3ho) 6.5  11.7 7.1 12.8
3090l L1 31.0 1600 8.1 1.6 1.9 3.5
30986 -- 22,0 (2200) 5.0 16.1 0.8 2.7
310L 36 32.0 8h2 1.0 10.0 0.l Il
31200 Iy 29.0 12,0 0.8 16.1 0.2 .8
31216  --  13.0  (3800) 7.3 1lL.6 0.7 1.k

31337  -- 1L.0  (3600) 7.6 11.3 0.9 1.2
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1V. DISCUSZION OF THD DATA

£

x and 4 were wmeasured from the predetermined fiducial
surfaces which were shown in figure 1 and discussed in part
I1. The values of x and d were obtained from the two stereo-~
scopic photograrhs of the chamber. The two views were
pro jected through a lens system ldenticel to that of the
camera onto a single screen following the orocedure described

in retference 8. The projection was such that points lying

the chamber were superimrosed upon the

=

on the back plate o
screen, while points which were forward in the chamber were
separated by an amount dependent c¢n their distance from the
vack vlate. Figure 2 illustrates this for a V-particle which
was produced in the lead vlate between the two chambers. The
particle had an origin determined from O' and 0", a point of
entrance through the top fiducial surface determined from A'

', a decav voint determined from B' and B", and =

and A'
"potential point of exit" from the illuminated region at the
back fiducial surface determined from C' and C". The point
D, at which bhe separzblon becumes zero, lles In bthe back
plate. Filgure 3 1s a photograph showing one view of a decay
in which the V-particle was following a trajectory of this

kind.

P, the momentum of the V-particle, was dectermined in

%  Much of the »rocedure used in collecting data and in
making 1lifs3ime determinations is due to Professor Robert
Leighton. Although developed indevendently, the zeneral
procedure is ?imilar to that suggested by J. CG. ¥ilson and
C. C. Batler.\12)
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Figure 3., Two examples of the decay of a neutral V-
particle. The decay products are consistent with a
proton and a negative pi meson. The trajectory of the
V-particle in the lower chamber is describedin nart IV,
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3.2

one of two ways devending on the information which was avail-
able. If the momenta of the two decay products could be
determined, P was calculated as the vector sum of these mo-
menta., If the momenta of the decay vroducts could not be
determined, P was found from © under the assumptions: (1)
that the energy release in the assumed two body decay was
50 ilev and (2) that the decay products were emitted at right
angles to the line of flight of the V-particle, in the center-
of -mass system. Figure l| shows that, if the decay oroducts
have a randow agvular ilstribution in the Ci system of the
V-particle, the second of tie above assumvntions could lead to
a considerable serror In any one case but statistically should
be a falr vrocedure. Also, it might be noted that P was
qulte large for most of the cases for which this procedure
was used and, as shown later, such cases have very listle
welght In the determinalbion of the lifetime.

The times, t and T, are given in the rest systems of the

V-particles and are related to the distances, x and d, by the

equations

e
i

(x/c) (1/Pc) and T = (d/c) (¥/Pec).

S
n

" and Pc are given in liev so that PCZ/M is the product of
the velccity of the V-particle and the time dilstion factor.
In addition to the quantities ziven in btable I, one

nay feel that a knowledge of the tiwme interval between the

% The value of the mass of the neutra% g-particle used
in forming table I was taken to be 1120 Lev'lt ).
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Figure I, A two-body decay of a neutral Verarticle
into a rroton and a negative pi meson with an enor-
pv o relsase of 50 lev is zssumed, 60 1s tre
neasured In the CM system of the Veparticle, whi
5 proton maves with the llne of flisht of the Ve
icles, Prand © are defined in part III .
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production of the V-particle and its entrance into the
visible region of the chamber is necessary for a lifetime
determination. However, it is assumed that the probability
of decay follows an exponential law, and this assumptlon
implies that the decay is spontaneous and 1is independent of
the past history of the V-particle. Thus one is justified

in treating each particle as if it were created at its point
of entrance iInto the visible reglon and in measuring t and T
from the time at which the particle passed this point. This
procedure has advantages in that: (1) it allows the use of
many cases for which approximate points of entry into the
chamber can be obtained, but for which no clearly identifi-
sble origin can be found in the lead a2bove the chawber, snd
(2) it eliminates the necessity for considering the unknown
number of particles which decay before reaching the visible
region. <The only use which was made of the origins that were
identified was in the determination of the direction along
which to measure X and 4. For those V-particles which had no
identifiable origin, x and d were measured along the line
determined by the vector sum of the momenta of the two decay
particles. For fifteen per cent of the events, for which
neither an orilgin could be ldentified nor a momentum measure-
ment made, the directlion of flight of the neutral V-particle
was caken to be along the line bisecting the angle between
the paths of the two decay products. For most of the cases
included in this last category the general directlon of travel

of the V-particle was clearly from the top of the chamber
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toward the bottom, and the angle between the paths of the
decay products was small. These two conditions made the
resulting error in x, d, and x/d quite small., Such would not
be the case 1f the V-particle were traveling obliquely across

the chamber or 1f the angle between the paths of the decay

products were large.
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V. UZTHCD CF CALCULATING THE MEAN LIFETIME

In treating methods of determining the nean lifetlme of
radicactive substances, Peierls(lB) in 1935, Eartlett(lh)
in 1936 and Hole<15) in lQh? nave discussed the application
of the maximum~likelihood prooedure(lé) to counter experi-
ments. The rssults miven by these workers are almost
immediately applicable to the present sibuation with th
principal exception that each of these has treased the problem
in which the gate time, T, 1s a constant, whereas the data
obtained by use of tne cloud chamber contaln U's which vary
cver a rather wide range. From takle I 1t is seen that the
range in values of T 1s due to a difference in toth the
votentlzel vath lengths and tne velocities of the V°~particles.
in spite of this difference the proecedure with constant T
is readily exbtended to cover the case in which T varies over

a range of values.
A. The ksximum~Likelihood Frocedurs

An unstable particle, which follows an sexvonential
decay law with mean lifetime T and which 1s known to be

alive at time t = 0, has the probability

(dph‘z(l/Tﬂ e~t1/7T g4 (1)

of decaying at time t; In the time interval dt. If the decay

1s known tc have Caken place within the time Ty, the proba-
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bility of decay in that time can be normalized” to unity so
that

o-t1/T

(@01 0/ —
l-e )

dt, (2)

For a set of N independent decays which follow the
probability law of eguation (2), the probability of having
obtained the particular set of exverimental data is propor-

tional to

N

L - ) g (3)
U( )<1-e'Ti;T>
l—-

L will be referred to as the likelihood function. The
maximum=-likelihood procedure 1s based upon the assumption,
much used in statistical methods, that the best value of a
parameter on which the likelihood function depends is that
value of the paramefer which makes this functlon a maximum.
Hence cne wishes to find that value of T for which L, or
more conveniently 1lnlL, is a maximums

dl1lnk ) ()
o T +

Carrying out tne differentiation of 1InL one obtains for the

best value of the mean 1lifetime

24,

% This normalization to unity essentially corrects for
those particles which passed through the chamber and decayed
after time T4. Peieris(13) does not proceed in this way but
rather uses a procedure which reguires assumptions a8 to the
a priorl probabllity of having had a given total number of
decays for each particle which decayed in time T;.



N
Tz:-4i (b + 1 ). (5
i Z i —',f,jrt—"' 5)
i=1 e -1

Hence, in principle, bthe mnean lifetime can be debermined from

data obtalned in c¢loud chumber exneriments. Glven a set of

N L - N @ O 5
ti and Ti such as table I cenbtains feor the V- -narticle,

1

equation (5) can be scolved by Iteratlon to find the bhest value
of T. The actual worth of such a determination will depend
of course cn the statistical and systematic errors involved.
The next section will be devoted to a discussion of these

errors.
E. Errors

Following Bartlett's discussion of the maximum-~likeli-
hood nrocedure, one 1s led to tne statlstical error in T

given by

- l/‘ﬁ" (6)

in which I 1s defined by the equation

o 2 i
I =-3°%InL = z 1 - i oT1/T . (7)
LT 2 (eT1/ T2

Equation (0) is derived on the assumption that the estimates
of tne paramcter, T , are normally distributed as the
variance of Q&Eé(l*). Although this condition is only apvproxi-

oT
mately met in the vresent exveriment becsuse of the small
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sample avallable, this equation probably furnishes the best

meansg of arriving at some estimete of the statistical error.
To gain some feeling for the effect of Che finite gate

time, it 1s interesting to consider the case for which all

of the Ti are the same and to look at the quantity, n, which

is given by

cT/T

: 2:"? P 2
n=Ivg m{l (1/0? i (8)

and which 1s the number of decays with an infinite gate
required to produce the same stabtistlcal accuracy as N cases
with a given finite gate, I'. The guantity N/n is plotted
versus T/T in figure 5. As an example, 1f T/T is equal

to unity, N/n is found to be 12.5; so that 10 decays observed
with T Infinite would yleld a lifetlime with the same statis-
tical accuracy as 125 decays for which T/T was unity.

Since one assumes a knowledge of T 1in using the quan-
tity T/T discussed above, the ratioc t/T, which can be found
directly from the experimental data, 1s more readily given
as a measure of significance. For gate times which are
small compared with T one expects the decay points to be
uniformly distributed throughout the chamber so that t/T
would be equal to one-half. Thus, one can hope to use the
cloud chamber to measure mean lifetimes only if the ratio

t/T = x/d is significantly less than one-half,

% This grarh was also quite useful in evaluating the
terms in equation (7) %o find the statistical error when T
was allowsd Lo bake on many different valuess
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Further uncertainty in the lifetime 1s due to the limita-
tions of the experimental technigue and to a lack of know-
ledge of the decay process or processes which are taking
place. In each of the 1ifetime determinations which are given
later, 1t is gqgulte possible that the samples contain a mix-
ture of particles of different lifetimes so that the "lifetime"
calculated is actually some sort of an average value of two
or more characteristic lifetimes. Efforts which were made
to seperate such possible mixtures will be discussed. Apart
from the faect that the errors in tho measurements of momontum
prevent an accurate classification of the V-particle decays
into homogeneous groups and may bhereby vrevent us from
making a proper calculation, the srrors in the guantities
P, %X, and 4 do not contribute very large errors to the mean
1ife, 'C + For most ceses x and d can be measured with suffi-
cient accuracy that the error can be neglected, and if selec-
tion criteria are used such that the momentum of each V-
particle in the sauple 1s measurable Lo wlthlin twenty or
thirty per cent, the resulting probable error in the mean
lifetime should be small compared with the statistical error

glven by equation (6)¥

o

% woince such a selection might tend to discriminate
agalnst the decay of long lived particles near the walls of
the chamber, care must be taken that blaes 18 not introduced
into the sample.
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Vi. THEE MEAN LIFETINE OF NEUTEAL V-PARTICLES

In a series of 23,000 cloud chamber photograrhs taken
at Pasadena and on Mount Wilson, 13l examples ol the decay
of neutral V-particles have been obtained. Data on T of

these examples which were consistent with the decay scheme
+ - g
VO—PT 4+ T™ + Q (9)

were given in table I. The remaining 00 decavs have been
eliminated from considerstion for at least one of the
following reasons:

(1) the decay occurred outside the fiducial surfaces,

{2} the total angle between the paths of the two decay
products was < 10°,

(3) the decay did not seem to fit the proton plus negative

il meson decay scheme.

These criteria were established in an attempt to obtain an
unbiliased ssmple of events for which maximum Information was
avallable. Nineteen decays between the walls of the chambers
and the fiducial surfaces were discarded because of the non-
uniform 1llumination and the reflections whlch made 1t doubt-
ful that 2l1l1 of the V-decays in thils reglon were detected.
The arbitrary restriction on the total angle eliminated
twenty=-three cases for which the V-partlicle momentum was
unmeasurably high and eliminated no case for which the V-
particle momentum was accurately known. This restriction

was chosen sinece the angle messurements could be made almost
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irrespective of the track length avallavle and of the posi-
tion of the decay point in tre chamber. Thus there was no
apparent discrimination against decays occurring near the
bottom of the chamber. 5Such would not be the case 1f mo-
mentum measurements were recqulred in making the selection.

Hore of the cases for which the momentum had fLo be estim~
ated could have been eliminated by throwing out those cases
with © =<20°; however, this much greater restriction would
have caused the lo3s of several events with known V-particle
momentum. The final group of sighteen decays was removed
because of the apparent inconslstency with the decay scheme
given by equation (9). This group included such cases as
those 1in which the positive decay particle was definitely
lighter Than a vroton or in which the calculated energy re-
lease was greater than 150 lMev.

Assuming that the remaining 7l examples follow the two-
body decay scheme gilven above, a mean lifetime has been
calculated Irom the set of ©T; and Ti in teble I, The average
velue of thne ratio ti/‘l’i was 0.30, with a statistical error
of approximately 0.05, so that there was at least an indica~-
tion of a result with some significance. Substituting from
table I into equation (5), the first term gives a value of

1.6 x lO'lO g8ec, for the average value of t Since the

io
gsecond or correction bterm is alwavs additive, this places a
lower limit on the mean 1lifetime, subject only to the ordinary

statistical fluctuations. TFollowing an iterative vrocedure

to solve equation (5), one obtains for T the value



T = (2.5 * 0.7) x 10710 sec, (10)

The statisticsel error has been computed by use of eqguations
(6) and (7)., Although the effect of additional errors in
the experimentally determined guantities is difficult to
estimate, an attempt has been made to determine the magnitude
of the resulting error in T . For three-fourths of the Th
cases the error in the V=particle momentum was approximately
twenty per cent or less, while Tor the remalning cases there
was an appreciable probability of errors as large as one
hundred per cent in the momenta debtermined solely from the
value of ©, The errors in x and d were small compared with
these errors in P. A consideration of these facts leads to
an estimated probable error of sbout ¥ 0.2 x 10‘.lO sec, in
the value of the 1lifetime. If this error is assumed to be
independent of the statistical error given above, the com~
bined error 1is still given approximately as +0.7 x 10710
sec.

This leaves to be considered the uncertainty due to the
possibilities that the sample of 7l cases is a mixture of
two or more types of particles with different lifetimes and
that sources of blas are present in the data. Although 1t
is impossible to reach any definite conclusions as to the
actuality of these possibilities, the following checks were
made in an effort to detect any such sources of error.

(1) & procedure was used which in effect reduced the volume

enclosed by the fiducial surfaces,
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{2) A separate lifetime determination was made for 32 decays
occurring in the upper chamber and for L2 decays occurring
in the lower chamber.,

(3) A4 separate lifetime determination was made Ior those
V-particles with identifiable origins and for those without
clearly identifiable origins,

() A comparison of the lifetime calculated for cases with
an energy release between 30 Mev and 110 Mev was made with
the 1ifetime calculated for the remalning cases with §
either less than 30 Mev or greater than L0 Mev.

{(5) Lifetimes were calculated for the two groups formed by
placing those cases with 4 less than or equal to 50 Hev in
one group and those cases with § greatver than 50 Mev in a
second group.

The first of these checks was almed at testing whether
or not the fiducisl surfaces really eliminated bias due to
observational difficulties in the reglon near the walls of
the chamber. The method used was approximately equivalent to
moving in the flducial surfaces by reducing each gate time

LS
A

by ten per cent. The mean lifetime was then redetermined
and found to agree within ten per cent with the above value.
The same result was found when each gate time was reduced by
thirty-three per cent.

The separate lifetime determinations for the 32 decays

occurring in the upper chamber and for /.2 decays occurring

% Any event for which the decay time was then greater
Chan the new zZate Llme was removed from Lhie sample.
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in the lower chamber were compared. sSince the 1llumination
improved slightly from top to bottom for the upper chamber
and conversely for the lower chamber, it was felt that this
check might indicate bias in the dsta. However, the two
values of the lifetime fell within ten per cent of the result
given above for the combined data. Because of the distances
of the principal source of V-particles in the lead asbove each
chamber to the respective illuminated regions (fig. 1), it
was thought that this test might also indicate the presence
of a mixture of two different lifetime particles with the
upper chamber favoring the detection of the longer-lived
particles and the lower chamber favoring the detectlon of the
shorter-lived ones. The negative result which was found
could mean among many possibilities that the V's were all
or almost all of one kind or that differsent kinds, if present
in comparablc numbors, were of very nearly the seme lifetime.
There was no significant difference between the 1life-
time calculated for the decays with identifisble crigins and
that calculated for those without clearly ldentifiable origins.
The fourth peint was checked because of the suggestion
that part of the V's which were cbserved might follow the
decay scheme of eguation (9) with & near 35 Mev while the

remalinder followed the scheme
o + - A
Vi—>P « M+ v +4 (11)

with the apparent energy release calculated on the basis of



the decav scheme of equations (9) varying over a range of
values, Agein the result was negative with no significant
difference appearing in the two lifetimes.

The final division of the data arose from the analysis
of the 13l neutral V-particle decays reported in references
8 and 10. This analysis suggests the possible existence of
two groups of V-particles which follow the decav scheme of
equation (9), but with different values of the energy release,
G, and with different 1lifetimes. There was a concentration
of & number of decays with § near 35 Mev and with § near 75
wev, This suggested g division of the data such that 37 cases
with @ less than or egual to 50 Mev were placed in a low §
group and 20 cases with @ less than 150 Mev, but greater than
50 Mev, were placed in a high ¢ group. Substituting the data
for the 37 low ¢ cases into equation (5), a lifetime of
’tL Z (2.9% 0.8) x 10710 was obtained. Again the error has
been computed by using equations () and (7) and does not
include an estimate of the blas due to the failure to consider
the remaining 17 cases for which § could not be determined.
If the 17 ceases were added to the low § cases but weighted
by the Iactor 3]/51,% the resulting lifetime was found to be
T = {(3.0% 0.8) x 10710 sec. A similar treatment of the

L
high § cases yielded a2 mean lifetime of ’E}

1

(1.3 * 0.5) x 100

sec. for the 20 cases of known £ value and a mean Yifetime of

’UH': (1.6 0.5) x 10710 sec. when the 17 cases of unknown

52,

- % This weighting factor divides the cases in proportion
to the mumber of cases of known ¢ value in sach group.
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§Q value are added in but weighted by the factor 20/57. Other
vossible division schemes were tried in the treatment of the
17 cases to determine the range of lifetime values which
resulted Tfrom varlous ways oI addling Iin these cases, IT
those divisions which give the greatest possible range of
values conslstent with the date are included, the values
found in units of 10‘3‘0 goconds werc l.3 < ,-CH < 2.3 and

2. < ’C'L < 3.5. Thus on the basis of these results and of
the large statlstical errors one would hesitate to place any
real slgnificance on trhe difference between the lifetimes of

the low { and high @ £f‘rc::ups.‘17)

¥ D
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VII, THE WBAN LIFETIME OF CHARGED V-PARTICLES

In the same series of 23,000 vhobographs which contalned

the 13l examples of neutral V-particles, 23 examples of

€23

charged V-particle decay were observed. For most of those
cases, both the incldent charged V-particle and the visible
decay product had high momenta with the result that very
few data could be obtained and no significant lifetime
determination could be made. The distribution of decays as
shown in figure 7 is suggestive of the existence of at least
two different tyvpes of varticles 1In the group. The events
shown 1n the figure with a dot at the apex to indicate their
production in the lead nlate between the chambers were decays
which occcurred predominantly near the top of the lower cham-
ber, A qualitative comparison of these events with the

£ 3

neutral V-decavs shown in figure © indicates a somewhat shor-

&
%

ter msan Ifree path for the charged V-particle. Since loniza-

B

tion estimates show that P/l is, on the average, greater for
the charged V's than for the neutral V's, a mean lirfetime of
less than 2.5 x 1010 sec, possibly by a factor of from 2 to

ted for this particular type of charged V-decay.

Also in support of this short lifetime 18 a conslideration of

the ratio of the number of V-particles produced in the lead

% The arguments based on this overall comparison of
neutral and charged V's are weakened somewhat because of the
unegual efficiency of observing the two types of decay. A
small deflection in the treck left by a very fast particle 1Is
often the only indication of a charged V-decay. Such a deflec-
tion is much more difficult to detsct than is the inverted V
which characterizes the decays of the neutral variety. This 1s
especially true of events near the walls of the chambers.
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Figure O, The distribution of the neutral V-

particle decay points. &4 dot at the apex indicsabes
productlion in the lesd plate bstween the two cham-
bers., A dashed track signifies a hidden apex.



(oY)
A

Figure 7. The distribution of the charged V-particle
decay points, A dot at the sgpex indicates produc-
tion in the lead plate beiween the two chambers.
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between the two chambers to the number vwroduced in the lead
above the upper cnamocer. For the cnarged V-particles with
identifiable origins this ratio 1s esprroximstely 1 comvared
wlthh 1/2 Cfor Lhe neubral Ve-partlcles., Tnis comnparison polnts
to a 3slhiorter aversase lifetime for the combined cases of
charged V's than for the neutresl V's.

On the other hand, the decays shown in fipure 7 without
a dot at the arex were avvarently produced in the lead above
the upper chamber and were distributed more uniformly through-
out the cnambers. BSeveral of the particles decaying in the
lower chamber traversed completely tne uvper chamber indica-
ting 2 long lifetime, provided P/ is not Loo rmuch greater
for thnese particles than for the neutral V's, In addition,
two examples, in which a relecively slow particle of estima~-
ted mass between thsat of the rroton and the 1l meson has been
observed to decay into a particle consistent with = pil or
mu mescn after a tinme greaber Lhan 10"9 sec, also suggest
the presence ol g comparatively long-1lived varticle ol such
mags accompanying penetrating showers. Thus 1t is felt that
at least some of the charged V's are identicsl with these two
examples and are rrobably kapova mesons(lB’lg) with a mean
lifetime of 1077 sec or sreater.

In addition to those events which nave been described

as charged V-dscavs and which may in part be zapvs mesons

decaylng into a mu meson vlus one or more neubtral particles,

.

two examples have been obtained(la) of a charged particle

by

decaying into three charged particles. FEach of the three decay
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products in these two events had a mass consistent with that
of a pi meson and the primary varticle appeared to be identi-
cal with the tau mesons which had previously been observed

in nuclear emulsions.(go)

Although no good estimate of the
lifetime of this particle can be made from only two cases,
the relatively long paths of the tau's in the chamber before
decay =nd the estimates of P/M indicate a mean lifetime grea-
ter than that of the neutral V-particle. Just as for those

particles which were thought to be kappa's, this mean life-

time 1s probably 1077 sec or longer.”

ahe

¢ Aprroximately twlce the amount of data discussed in
this section is now available and these additional data lead
to essentially the same conclusions as those gilven.
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Vill. CONCLUSION

In the present attempt Lo delermine the mean lifebtime
of V-particles, a worthwhile numerical analysls is permitted
only for those cases in which the decay is consistent with
equation (9). Although the accuracy of this analysis is some-
what limlted because of the present state of knowledge con-
cerning the exact type of decay Iinvolved, assuming any one of
several alternative decay prccesses, which are conslistent with
the data, should not greatly alter the given results. For
example, the results would be changed very little 1f a three-
body decay proved to be the actual process rather than the
assumed two-body decay.

Considering apparatus which is soon to be in operation,
it is quite possible that many of the difficulties encountered
here will be overcome because of the larger chambers which are
to be used, the stronger magnetic field which is avallable,
and other improvements which have been made in the apparatus
and in the experimental techniguesy It 1s likely that further
investigation of lifetimes can be made, particularly for the
neutral V treated here and for the short-lived charged V if
additional evidence of 1ts existence is found. There should
alsc be an opportunity for investigation of the one or more
additional types of neutral V's which have been proved to exist
(7,8) but which have essentially been ignored in this thesis
because of the small number of cases observed., For the appar-
ently longer-lived tau and kapps mesons, the direct method

here used 1ln determining lifetlimes 18 of doubtful value 1in
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obtaining good statistical accuracy since the gate times for
useful events must be long and the frequency of observation
of such decays has been guite low. Perhaps however, even
this difficulty will be elimlnated by the use of these larger
chambers or Dy the use of technicues which will Increass the

frequency of observing slow particles.
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