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ABSTRACT

0

anom)’ decay events observed

Eighteen anomalous e°, (e
in the magnet cloud chambers have been analyzed. Some of
the major problems involved in the analysis are discussed
and the methods used to resolve them are described. The
results indicate that anom decays involve 3 or more second-
ary particles, and probably arise from a K° meson having
approximately the mass of all other known K particles, viz.
966 m,. Many of the decays are found to be dynamically
inconsistent with the't9~—> 'nj + 7 + 77° scheme, but most
are consistent with the decay processes: ggnom —_—
o+ o+ Y, MY o+ H"T+1/,andﬂi' + et v,
However, at least one event is inconsistent with each decay
scheme. From the locations of the decays in the cloud cham—‘
ber, the lifetime is found to be significantly longer than
that of the normal e° particle, called here the 9%2 par-
ticle. Other differences in the behavior of the ngom and

@;2 particles were also observed in the (a) momentum dis-

tributions, (b) origin locations, (c) relative numbers of

@)

e
anom

and 9%2 particles traveling upward, and (d) the types
o

n
anom and

of V particles produced in association with the ©

o) . o)
Qﬂ?' It is concluded that not all the Qanom decays can re-

sult from alternate decay modes of the QSE‘ Moreover mahny

decays can be neither 1ro decays nor alternate decays of
0

the QNQ'
The characteristics of the Qg particle proposed by

Gell-Mann and Pais are consistent With those of the egnom



particle,‘with the possible exception of the observed types
of associations. An estimate was made of the relative num-

o] o] .
ber of ganom to Qﬂ2 particles observed to decay in the

cloud chamber. If all anom decays are assumed to arise

from decays of the @g particle, then a lower limit for

o]

the 92

lifetime 1s found to be about 10'9 sec.
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'I. INTRODUCTION

Previous to 1953, the only known v° particles consisted

° *
of the /\,(1) a hyperon decaying by the scheme

° -
N ——>p+m + 37 Mev (1)
o ¥ . (1)
and the 9"2, a K meson which has the decay mode

6;5—9 Tl’*-o- Tl'—-l- 214 Mev (2)

*
Each of these V° particles decays into only two secondary
particles., In addition, there were known to exist several
' *
charged hyperons and K mesons, most of which decayed into

only two secondaries, but a few of which decayed into at

(1)

1east 3 secondaries, e.g.

+ + - +
T ——>T + T + T +75 Mev(3)

The first strong evidence that v° particles do not always

(2)

decay by a two-body mode was presented by Van Lint,

(4)

Thompson,(3) and the Princeton group. They found among

the many v° decays, a few cases 1n which the positive second-

ary was clearly not a proton, and yet the @ value calculated

for the 9%2 decay was markedly lower than 214 Mev.(5) More-

*
See p. 2 for terminology.



D
\Terminology for Fundamental Particles

1. Classification According to Rest Mass
a. Hyperon: an elementary particle heavier than
a neutron, always decaying finally
into a neutron or proton.
b. Baryon: a hyperon, neutron or proton.
¢. K Meson: any known particle having a mass inter-
mediate to the T meson and proton
masses. All presently knoWn K mesons
have a mass of about 966 m,.
d. L Meson: a light meson, i.e. a T or[.c meson.
2. V Particles
"V particle'" is a description which -includes all
fundamental particles which are observed to decay
in cloud chambers,. other than W or [J mesons.
3. Sign of Charge
The sign of charge is usually denoted by a super-
script, e.g. V+, V™, and K° for charged V particles,
and a neutral K particle.
kL, @9"2 is used to denote the particle from which the
Tt + 97 decay arises, instead of 6° as previously
used. This convention is in accord with the present

notation for charged K mesons. Correspondingly,

o)

ganom

denotes the particle from which the anomalous

o° decays arise.
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over, in most of the cases in which an origin was observed,
the origin did not lie in the plane of decay formed by the
two éharged secondaries. Since the secondaries could some-
times be identified as L mesons,* and no evidence existed

that any secondary was heavier than an L meson, the new v°
was presumed to be a K° meson, and was called an "anomalous

Qon (QO

anom) particle.

It is reasonable to argue that these events were not
new types of decays, but were merely cases in which theré
existed extraordinarily large distortions of the tracks,
leading to erroneous Q values, and that the origins were

incorrectly identified, leading to apparent non-coplanarity.

o}

" However, this cannot be the explanation of all Qanom

decays,
since some events having the most anomalously low § values
are those which are notably free from any evidence of dis-
tortions; furthermore, there appears to be a strong cor-

relation between the apparent § value and the extent to

which the origin is non-coplanar with the decay. These

)

characteristics strongly suggest that the ganom

decay in-
volves more than two secondaries, implying the existence of
one or more heutral secondaries.

Several possible decay schemes have been proposed to

explain the ggnom decay. Two early suggestions were that
(a) the ggnom decay was the neutral counterpart of the decay
3, viz. ’[9—-)1? +7 +7°, or (b) that the anom decay

See p. 2 for terminology.
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was a 3—body alternate decay of the 9%2 particle.(g) Re-
cently, an explanation has been proposed(6) based upon cer-
tain unique properties of the 0° meson. According to this
idea, both the e® and its antiparticle, @O, aré particle
"nixtures," each exhibiting two distinct lifetimes, and
decaying at_least half of the time by a 3-body decay mode.
These ideas and others are investigated in the present
analysis in an effort to describe the 6 op PArticle and its

decay modes, and this leads to the first evidence for the

~existence of a v° particle other than the AO and 932(7).



L

Pt,1+,M+
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LIST OF SYMBOLS

magnetic field strength in MKS units (webers/
metere).
chord length of arc of a cilrcle.

the momentum, lonization, and mass, respectively.

‘of the positive or negative secondary.

vector sum of the momenta of charged second-
aries as measured in the laboratory system.
vector sum of the momenta of charged second-
aries as measured in the center-of-mass system.
P¥ is also the magnitude of momentum of the
neutral secondary or secondaries in this system.
the component of P perpendicular- to the line

of flight of the &°

anom Particle. P is also

equal to the component of momentum transverse
to the anom line of flight of any neutral
secondary or secondaries, and is the same in
both the laboratory and center-of-mass systems.
the momentum and mass of the parent particle,
which undergoes decay.

the Q value computed on the assumption of a two-
body decay into the charged secondaries 1 and 2.
masses of charged secondary particles.

mass of neutral secondary particle

mass of electron = .511 Mev.

momentum of any particle observed in cloud

chamber.



pmax

eM,eD,eS |

g,
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maximum detectable momentum of particle ob-
gserved in cloud chamber.

sagitta distance for arc of a circle.

= assigned measurement, distortion and scattering

errors in S, respectively, corresponding appro-
ximately to one standard deviation.

the total relative or fractional error in S.

= the relative or fractional errors in S cor-

responding to SM’ SD, SS, respectively.

the angle between the assumed line of flight of

0O

the ganom

particle and the plane determined by
the tracks of the charged secondaries.

the included angle between the v° charged
secondaries.

radius of curvature, in centimeters.

the angles between the ©° line of flight

anom
and P or P¥, respectively.
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II. ANALYSIS OF EVENTS
A. Problems of Analysis.

The analysis of an events, which occur only rarely

om
among v° decays, requires a somewhat different approach
than the analysis of the more abundant decays, such as /\O

and 9;2 decays. It 1s relatively easy to select AQ or

o] . . . o)
@"2 decays with only a small contamination, since the ganom
decays are rare. However, in seeking to analyze the o2

anom
decays, the contamination now consists of the more abundant

@;2 and .Ao decays, and so a rigorous method of selection
must be employed to insure that the contamination is small.

Moreover, the problem is made doubly difficult by setting

O

a high standard for selection of events, since some ganom

events of poorer quality which would nevertheless be use-
ful, are certainly rejected along with the contamination.
This further reduces the number of events in the desired
sample, and increases the statistical error.

The nature of the 3-body decay of GO

iele i
anom particle 1s

also very troublesome in many respects. Because the momen-
tum of the neutral secondary is unknown, the direction of
motion of the anom particle 1is uncertain when no origin

is observed. If several possible origins are closely
grouped, it is usually impossible to identify the correct
origin. Even with an unambiguous origin present, it 1is

usually not possible to compute a unique value for the mom-

0 .
entum of the Qanom particle, Po’ because the component of
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o}

anom line of

momentum of the neutral secondary along the ©
flight cannot, in general, be determined. The calculation
of PO will be described more fully in part V on Lifetime
Analysis.

In order to discriminate between o2 and Qﬁg decays

anom
it is usually necessary to rely on the Q value computed for

the eﬁ? decay. As a consequence of the errors of measure-

ment, it is usuvally impossible to distinguish between a

o)

anom decay having an apparent Q value over

932 decay and a ©
100 Mev.

B. Selection Criteria

'In order to select as objectively as possible the

o
anom

standard selection criteria should be established which

o events to be used for the analyses, it seemed that
must be rigorously fulfilled by each acceptable event. For
this purpose certain error formulae were developed by which
the measurement errors could be reliably and quickly com-
puted. These formulae will be discussed in the following
section.

The selection criteria may be divided into two dis-
tinct groups, according to their function. Starting with
the complete sample of all v° events observed in the cloud
chambers, the criteria in group A are designed to eliminate

o

0 . o]
all A\~ events, while keeping as many 9"2 and eanom events

as possible. From the events which remain, the QO decays

anom



are selected by the requirements of group B. In order to
be acceptable as a anom event, each v® event must satisfy

at least one requirement both in group A and in group B.

Group A
1. The ionization and momentum of the positive second-
ary restrict its mass to be less than the proton
mass.
2. The quantity P-sin6 exceeds 118 Mev/c by an amount
outside experimental error.(S)
3. &K<0 ror an event for which P % 300 Mev/c(g)
No ordinary /f decay event can satisfy any of these cri-
teria. In addition, it was required that no event could be
interpreted as a charged V, 7f~,u s Or /l—e decay,* or a scat-
tering. There were found to be 256 events satisfying these

criteria.

; Group B

1. (I, ) <21k Mev(5) by at least 2 standard devi-
ations.

2. For events having a well-defined origin in the
material immedlately adjacent to the chambér in
which the decay occurs, the origin lies outside
the plane of decay by more than two standard

deviations.

% S +
One event (69328) could be a decay in flight of a travel-

ing upward, but this interpretation seems very unlikely on
the basis of the long lifetime of the /t*'
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Eighteen events were found to satisfy the above criteria
of group B and gqualified as ggnom events; all except one

of these qualified under requirement 1.
*
C. Error Formulae

The selection or rejection of events to be used in

o)
the sample of Qanom

upon the computed value of Q(ﬂ#,nr), which in turn depends

decays depends to a very large degree

upon the measurements made upon the v° decay. The basic
measurements made upon a v° decay event are P+, P_, and 9.(10)
Quantities that are derived from these measurements, such
as Q(ﬂ*,ﬂF) and P_, normally are little affected by an
error in 6 as compared to the effect of errors in P+ and
P_. This is because measurements of purely geometric
guantities, such as ©, can be made very accurately with
the present reprojection system. Therefore, it is important
to establish a good method of assigning momentum errors.

The determination of momentum 1s based upon the formula
for curvature of a track perpendicular to a uniform
magnetic field,

P(Mev/) =3Bp | (4)

Appropriate corrections, which are usually small, are made
for the known inhomogeneity of the field, and for the effect
of conical projection in the photographic process.(ll)

Since the measurement of a chord length and its sagitta

*
See Appendix A for a more detailed treatment of the for--
mulae discussed in this section.—



-11-

uniquely determine the circle's radius by the relation

P= 8Ls + S (5)
the momentum can be easily computed from L and S. This is
done by tracing the image formed by an anisotropic projec-
tor,(le) which magnifies the sagitta 10 times more than the
track length. By this procedure, relatively little error
is introduced in the measurement process, and the measure-

ment can be made quickly and conveniently.
1. Measurement Error

A constant random error, SM’ has been assumed to exist
in the measurement of the sagitta. SM has been determined
empirically by selecting several tracks of various momenta
and plotting for each the distribution of many measure-
ments made on the track. A value for Sy of 1/5 of a track
width, or S == 0.02 ¢m, seems to represent about 1 standard
deviation. The fractional measurement error in S 1is there-
fore given by

TY

2, Distortion Error

The errors arising from convection currents within the
chamber are difficult to ascertain to a high degree of re-
liavility, because such distortions change frequently in

a more or less unpredictable manner. One cannot accurately
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assign a distortion error based upon the general appearance
of tracks in a single photograph, for frequently there is
no way to distinguish between slightly distorted and badly
distorted tracks. Furthermore, the absence of distortion
in one part of the chamber is not strong evidence that dis-
tortions are not present elsewhere in the chamber. Never-
theless, it was felt that a formula could be found which
would give a reliable estimate of distortion errors in a
statisticél sense,

The formula for distortion error was developed by
finding first a reasonable relationship between SD, Pﬁax’
and L. For moderately large L, the maximum detectable
momentum, Pmax’ is determined almost entirely by distortion
error. Furthermore, it is known from experiénce that Pﬁax

increases with L. By combining equations 4 and 5 we findv

2
Pmax = BBBLS (7)
° 2
Evidently, SD cannot be proportional to L~, or Fhax would
not depend on L, Furthermore, SD cannot be independent of
L, since SD must vanish for small L. Since SD clearly in-

creases with L, the simplest possible assumption is that

SD is proportional to L, given by
L
S, = 0.036('2—0) cm, , en=—ss—’ (8)

This formula has been normalized to give F%ax = 3.3 Bev/b
for L = 20 cm, which 1is observed experimentally.(ll) This
relation has been checked for internal consistency with a

group of about 50 932 decays, and the résult indicates that
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the assigned distortion error is at least as large as a

standard deviation.
3. Scattering Error

The scattering error has been calculated from a for-

mula based upon an analysis by Bethe.(13)

Apl| _ c10-%) & L [2NA
LEE— (16.5x10 ) B B n (9)

where: N = moles of gas in chamber
cm
Z = Atomic number of gas

A = dimensionless quantity near unity, and

slowly varying.

For most cases, h%£2L< 10%, and the following relation is

approximately true:

o= S — ‘A(—é)l ~|—AE-|' (10)
S S -f'T I

This permits eg to be combined quadratically with ey and eps

which are directly proportional to the error in sagitta,

and the result is the total relative error in S:

2 2 2 (11)
The errors s €ps and eq are readily calculated using the
equations 6, 8, and 10. The total error e is proportional

]
to -F (except for very small P ), and since the errors in
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S are expected to be distributed symmetrically about S
the errors in p are not symmetric, unless e is small. The
positive error in p is always as large or larger than the

negative error, the errors being given by

iAp:(,——F (12)

The errors in @ value were calculated from the rela-
tions(lo)
20 _BE -Pcsd. 29 _EE: ~Rcoso
ok m,+m_+Q oP = Mm.t+tm_+ Q

- .

(13)

+80=3E(AR), :0Q=-3R(:4P) Q= (EATHALY (1)

The derivatives were evaluated using the measured values

of P, and P_. Only an approximate value for +AQ is ob-
tained from relations 13 and 14. This is because Q is a
complicated function of P+ and P_ , and only the first

term in the Taylor's series expansion for AQ has been
used. However, it was found that higher terms in the ex-
pansion are sufficiently small that the results are not
altered by using the approximate relations 13 and 14, Since
the errors in P+ are non-symmetric, so also are the errors

in Z\Q, as can be seen from relations 14,
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IITI. DATA
A. Tables of Measurements

In table I are listed the results of measurements made

upon the secondaries of each o2 decay and table II gives

anom
some of the principal features of the events.

The ioﬁization estimates in table I are based upon the
independent estimates of 3 observers, and are used with the
momentum measurements to find mass limits of each secondary
particle. It should be noted that in every event the posi-
tive secondary is found to be less massive than a proton.
Of particular interest are 6 events where one secondary 1is
identified as an L meson, and one event where both secon-
daries are identified as L mesons. This is ﬁhe only known
case of anom decay into two L mesons. Also of interest
is one event having an identified electron secondary.

In table II, the angle of non-coplanarity, 8 , and
the momentum unbalance, P were calculated only for those
events having a clearly defined and unambiguous origin.
There are several characteristics of conslderable interest
in table II: (a) Most origins are markedly non-coplanar,

and the degree of non-coplanarity appears to increase as

the Q(r',7F) value decreases. (b) 3 o°

anom particles appar-

ently occur in association with other V particles, and (c)
4 anom particles can definitely be identified as traveling
in an upward direction. These characteritics will be dis-
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Table I. Main features of ggnom secondaries
Event P, I, M, P_ I_ Mo (2]
No. (Mev/c) (Ipyn) (mg ) (Mev/c) (Tyin ) (mg) (deg)
48" Chamber
04480 105740 ¢2.0 <320 120113 <17 <220 118
191432 250t23 <1.5 <500 8gts 1.6-3.2 170-320 4047
31855 15656  <2.0 <400 8825 1.5-2.5 160-260 21.5
35045 132124 <21 <330 3301339 <2.0 <1500 25.3
36537 === <1.5 - 206112 <1.5 <400 92.9
36894 233219 <1.2 <310 75222 1.5-3.0 110-330 118
3663 655142 <2.0 <1800 360235 <2.0 <900 30.7
39522 562'920 <2.0 <1800  s7iE < 2.0 <1700 17.2
45766 192412 <1.5 <350 3044 6.5-10.0 150-250  46.2
47202 10146 1.5-3.0 185-350 946 1.5-3.0 170-320  61.8
56500 51720 3.0-6.0 150-340 8977 <2.6 <380 65.2
56791 355750  <1.5 <800 12013 2.0-4.0 150-500  77.6
57680 107411 <1.5 <300 6107923 <1.5 <1000 19.9
€134 22699  <2.0 <550 389718 <1.5 <900 65.8
69328 11.9+.9 <1.5 <12 2003?; <15 <380 461
21" Chamber

10475 59457 <2.0 <1500 12477453 <2.0 €3000 16.0
12500%  595'170 <2.0 <1500 24373 <2.0 <600 34.2
20023 554334 <2.0 <1400 198733 <1.6 <400 52,2
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Table I - continued

2 Given are the results of remeasurement of Events 19143 and 12590 which
were published in reference 2. Event 15329 upon remeasurement seems to

be somewhat dubious and has been omitted from this sample.
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: o
Table IT. Decay dynamics of 8 anom events

Event Q (11‘+ ) é ‘ P Comments
No. (Mev) (deg) (Mev?c)
48" Chamber
+21
04480 60_72 —— —

19143 3542.5 29.5%4, 181430 Probable Ggpassociation
31855 10.3+1 33.5+4 175£18 Probable K association
+58 +100 ‘

35045 32735 11.722 1073,

36537 — 19.449 ~ 150 Travels upward

36894 96+12 -— -— Travels upwardb

37663 112:3%3 2eltl, 46:22 Probable V' associat ion
+16 +80

39522 4575 1.6+2 90,7

45766 34x4 —— —

47202 1745 16.4+1 10845 Travels upward

56500 1o*§ — —

56791 123127 12.743 89124 Travels upward
+4,8 +35

57680 90_39 L.32 73_5¢
+28

60134 152°57 -— —_—

69328 8.3+ R i 3.312 21414 A° decay also present

probably not associated
21" Chamber

10475 9g*42 0.6%5 49:2%

12590 92133 3.5 58+50

20923 147718 —- —-

~14




Table II ~ continued

& The value given is Q(, e+), since the positive secondary is identi-

fied as an electron.

b Based on decay dynamics, since no origin is observed. A‘gznom

mass of 966 me is assumed.
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cussed later in more detail.
B. Events of Particular Interest

Shown in figure 1 through figure 4 are several events

of particular interest. Figures 1 and 2 show a o0

snom decay

which is manifestly out of line with its only apparent
~origin, and is also apparently associated with a K+ particle.
The decay in figure 3 arises from an upward moving ggnom

*
particle, and is clearly out of line with the origin. This

o]

decay event is the only known ganom

decay in which both
chafged secondaries are identified as L mesons, and is one
of the few events consistent with the tzp_ﬂi"-}- w+ w®  decay.
The negative secondary in figure 4 is very slow, and
lonizes quite heavily. It appears to stop in the front
glass of:the cloud chamber. Closely coincident with the
end of the heavy track there appears a lightly ionizing
negative track, which 1is identified as an electron. This
presumably indicates that the secondary is a M meson,
since a W 1is strongly absorbéd in solids and does not
decay. However, the secondary is so slow that it could have
stopped in the argon gas before reaching the front glass.
There is insufficient knowledge available at present to de-
termine the probability of ¥ absorption in argon gas, but
there seems to be reason to believe that an appreciable

chance exists of 7r decay; if this is so, a 7 —/J— decay

*
This event was obtained during an experiment conducted by
Dr. C. A. Rouse, and is used with his permission.
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1
Fig.



Fig. 2
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may have occurred unobserved in the poorly illuminated
region near the front glass, and the /[’ stopping in the
glass, would have decayed into the observed electron. Al-
though it is impossible to say with certainty that the
negative secondary is a./[} this identification is strongly
suggested. Furthermore, there is good reason to believe
such a decay scheme exists by analogy with the recently

established decay:(lu)

+
Kys—> p+mlew
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IV, DYNAMICAL ANALYSIS
A, Methods of Analysis

The analysis of the ngom events is done in two funda-
mentally different ways. (1) The decay products and dyna-
mics were analyzed to determine whether the decays are
compatible with certain suggested schemes, and (2) the

lifetime is found and other properties of the anom par-

o)

ticle are investigated to determine if the ganom

decay 1is
an alternate decay of the 9;2 particle, or if not, what
is the nature of the particle. 1In this section, the in-
vestigation of decay products and dynamics will be dis-
cussed.

One method of determining decay modes is by identifi-
cation of the secondary masses, using the estimated ioni-
zations and measured momenta. Unfortunately, the secon-
daries are normally too fast to ionize heavily and one
usually cannot distinguish between electrons, W and M mesons
among the decay products.

.A more fruitful approach makes use of the decay dyna-
mics by plotting Py vs ©(1,2) for each event having an
origin. This i1s done for various assumed decay schemes
having secondaries 1 and 2, and depends on the fact that
different Q values exist for different schemes assuming
that all e° decays arise from parent particles of the

anom
same mass. Conseguently, in the center-of-mass system



27—

(C.M. system) the secondary particles are emitted with dif-
ferent average momenta for different schemes. Figure 5
illustrates the decay processes as seen in the C. M. system

and the laboratory system. Assuming all e°

s aris
anom decays a e

from a particle of mass Mo’ then the following relation ex-
ists between the Q(1,2) value and P* for each decay process,

for a 3-body decay:

P* — \/{Ll]_;-l- ”L; - [m| "’mg + Q(')a);'_z}i- m:

2M, (15)
This reduces to a simpler form when m3 = 0:
* 2 2 2 2
p*— Mo = [m,+ m,+Q(1,2)] - _M-M
2M, 2M, (16)
Since the component of momentum transverse to the anom line

of flight is the same in both the laboratory and C.M. sys-

tems,
" x .
F) __’3 -— F) si 6*

Hence P* is an upper limit on B , which can be measured.
Furthermore, if the decay 1s isotropic in the C.M. system
(which is expected 1f these are x° particles of zero spin,
as some results indicate), then the angular decay distribu-
tion is proportional to sin g*, enhancing the decays with

Py close to P¥. Thus, most decay points should tend to

*
See Appendix B.

*
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cluster closely below the curve for P¥, giving a gsensitive
indication of compatibility. This dynamical method will

be used here in the discussion of four decay schemes. For
this purpose, the mass, Mo’ has been chosen equal to that
of all presently known K particles, 966 m,. An additional

Justification of this choice will be discussed later.
B. Results of Dynamical Analysis

(a) &  ET—sT +m +7 + 80 Mev

The decay scheme A is the neutral counterpart of the
‘taL and ‘T decay schemes. One anom event, pictured in
figure 3, 1s best interpreted aé an example of this decay
on the basis of dynamics and the identification of both
secondaries as L mesons. However, there was early evi-
deﬂce that not all decays could be of this type,(2’3) and
strong evidence exists from the present data that most
decays cannot be of scheme A. There is one event (see
table I) which decays into an identified electron secondary.
Four.other events have Q(ﬂ#,ﬂ’) values greater than 100 Mev
(see table II), and are guite unlikely to be'to decays.
Additional proof 1is provided by a study of figure 6, where
P, vs. QT , 1) is plotted for 10 events having origins and
measurable § values; curve A gives P¥ as a function of
Q@ , ) for the T° decay. Of the 10 plotted points, 9 lie

outside curve A, and Y4 fall outside by 2 or more standard

deviations. Altogether there are 8 events clearly incon-
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sistent with scheme A, and 5 more which probably are not

examples of this decay. Thus, most, 1f not all of the

e}

Qanom

events do not decay by scheme A,

(B) 65y om ————> T+ T+ Y+ 214 Mev

This decay suggests a radiative decay of a 9;2. How -~
ever, 1t has been shown(15) that it 1s exceedingly un-
likely that a radiative correction to the 9%2 decay could
give rise to the low QCﬂ*;ﬂ’) values observed. Perhaps,
however, the 4 ray may play a more fundamental role in the
decay process, and may be on an equal status with the other
secondary particles.

Curve B in figure 6 shows P¥ vs. Q(N+,ﬂ’) for scheme B.
Although 3 points lie outside curve B, none of these lies
as much as two standard deviations from the curve, so that

the events, as a group, are not inconsistent with scheme B,
o + +
(c) @anom_—>f" +TT + 2V + 248 Mev

Evidence for the decay KF3+;—>fﬁ' +~np +2/ has been
found(lu) with the use of emulsions. The scheme C then
appears reasonable as the neutral counterpart of thé QZ;
decay.

Figure 7 shows the result of the analysis based upon
scheme C. Since Q(Tf,f.l) depends only slightly on which
charged secondary is the r and which the /4, the average

of the two possible values of Q(Tr,’.t) is plotted in figure 7.
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The agreement between the plotted points and the curve is
entirely satisfactory, and somewhat better than for

scheme B.
o * +
(D) Sgpom™——> TN +€ + V + 354 Mev

This decay scheme may be the neutral counterpart of
the well-established KZB decay scheme. Event No., 69328,
which has an identified electron secondary, may be an
example of scheme D. There is also recent evidence(16)
from work at Brookhaven for the existence of a v° particle
decaying in this way. However, it appears that not all of
the events presented here can be explained in this way,
since in event 47202 both secondaries are identified as
L mesons.

Figure 8 shows a graph similar to the previous ones,
constructed by assuming scheme D. For the five events in
which either secondary could have been an electron, the
value of Q(,€) lying below and closest to the P* curve
was chosen. Again, the events are evidently compatible
with scheme D on a dynamical basis.

The conclusion which is drawn from the foregoihg analy-
sis is that most of the present events cannot be explained
by the 1:0 decay scheme A, but that most, but not all, of
the data are consistent with each of the decay schemes B,

C, and D.
If the e° particle is assumed to be a K meson, the

anom

choice of its mass as 966 Mg is reasonable in view of the
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close agreement between all currently established K-particle
masses. However, some additional justification of this mass
for the @gnom particle can be made on the basis of the pre-
viously discussed graphs. The curves A through D are rather
sensitive to the value assumed for the primary mass. Fur-
thermore, as previously noted, most of the experimental
points should cluster close to but below these curves. Thus,
if the mass is assumed too small or too large, the data be-
come incompatible with the curves. For example, curve E in
figure 6 based upon decay scheme A with an assumed primary
mass of 1400 me, is clearly incompatible with the experimental

points.

The interpretation of the e° decays as some form of

anom
hyperon decay into a neutron secondary is a possibility that
should not be overlooked. However, if the present data are
to be explained in this way, one would expect to find a com-
parable number of corresponding events with a proton second-
ary, which would be observed as anomalous /\O decays. Few

if any such anomalous ﬁ@ events have ever been detected.

A 1T: internal conversion into a wide-angle electron

o

anom decay if

pair may have the general appearance of a ©
both electrons are too fast to be identified. The‘np might,
for example, be produced in the neutral decay mode of a AP.
However, it is found that 2/3 of the present events cannot

have origilnated from ﬂo conversion, based upon the‘np—decay

dynamics and mass estimates of the secondaries.
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V. LIFETIME ANALYSIS

The results of part IV indicate that ©°

anom decays arise

from a K° particle of about the same mass as the 9%2. This

suggests that @O decays may be alternate decays of the

anom
Gﬁg particle, in which case the lifetimes as measured for

the two particles should be the same. Since the eﬁg life-~
(17)

time has already been measured falirly accurately using

the Caltech cloud chambers, a measurement of the anom

lifetime should establish the identity or distinctness of
0 o} .

the ganom and Gﬂ? particles.

From a sample of 18 90 events or less, one cannot

anom
hope to measure a precise value for the lifetime, but if

o}

the 9%2 and @anom

lifetimes are quite different there is at
least a good chance of distinguishing between these life-

times.
A. Procedure

In calculating the mean lifetime, the assumption is made
o) . 0 .
that the Qanom particle has tThe same mass as the 9"2 particle,
viz. 966 m,. It is also assumed that the decay probability
per unit time is a constaht,:%-, independent of the par-
ticle's history, so that the resulting distribution of decay

times is a decreasing exponential, which for a decay time

t and @ gate time T is

~-t/T
Plf)dt':LT '—Le-'rﬁdt (17)
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Symbols Used in Further Analysis

apparent mass of o0

N

decay length, distance frdm point where particle
enters illuminated region to decay point.
gate length, distance from point where particle

enters illuminated region to point on line-of-

flight extended where particle could have de-

cayed and still have been ldentified.
. X
decay time = —=m—
- ¥pc
D
gate time = _Xﬂ_—
C

the component of P or P¥, respectively, in the

direction of the 90 nop Line of flight.

anom Particle =Mm+my+ Q(1,2),

ﬁ*+

detection probability for a given decay event

= e—T;'/TX (I— e.T Tx) , Where

mean lifetime of particle X.

i

distance from origin to point where line of flight
enters illuminated region ("distance in lead").

proper time spent by particle in moving distance
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The decay and gate times for each particle are computed
from the particle's momentum, P =b'ﬁM° and 1ts decay and

gate lengths:

(18)

- ~_ _D
t — T— ch

The maximum likelihood function for N decay events is then

-*hﬁv
_lnT‘-T - € 7T (19)

L=l

X
Ygc '’

and the maximum likelihood estimate is obtained by putting

oL _ .,
oT
! < T;
= Tz eT T-]) (20)

The: assignment of statistical errors was made by the method

of Bartlett, (18)

which is a convenlent and reliable pro-
cedure, even for small samples. In this method, the sta-

tistical error, S, is given by the relation

(21)

JE e

aal

where for any value of T, S(T) gives the number of stand-
A

ard deviations by which T differs from ¢ . Equation 21

assumes that S(T ) has a Gaussian distribution, which is

nearly true, even for small values of N,
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Several important considerations were encountered 1in

the calculation of t; and T,: (a) x, and D; are not unlguely

i
determined if no origin 1s present, since the line of flight
of the anom particle is unknown, and (b) nﬁ'usually cannot
be uniquely determined because the decay scheme is not

known, and because the momentum of the neutral secondary

is unknown. These difficulties will be discussed.

B. Decay and Gate Lengths

If an origin is present, x is measured along the line
of flight (L.O.F.) from the edge of the illuminated region
of the chamber to the decay point, and D is also measured

along the L.O.F. from the same initial point to the last

o
anom

orientation and still have been idehtified. If an origin

point where the © might have decayed with the same

is not present, the event may still be useful for the life-
time sample. From figure 5 it 1s seen that the L.O.F.

must be within an angle ) of the direction of P, if P¥* < P,

where
=sin” B

‘Frequently A is sufficiently small so that the L.O.F. 1s
limited to a narrow cone of directions, making possible

measurements of x and D with relatively small error. In
such a case, an origin is not necessary, and the event is

useful in the lifetime sample.
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. Ccalculation of ¥B

To calculate the lifetime of each Q:n . particle in

o}
its own reference frame, it is necessary to know the value
R _
of ¥p= "’\',f' , which can be found from the relations*
0

. E'R-ER"
373- -—-Faijr?i?--’ (23 )

xﬁ__: E JP -P‘MS.',EPJf P )‘B . P)P* (238)

2 me_ o2
,p=;§1______7___. W ‘lg;)P*. P<P* (230)

A1l but one of the terms in equation 23 depend upon the
choice of the decay scheme. Moreover, even if a particu-

lar scheme is assumed, and an origin is present, Pi =

+ \[(P*)2 _ P2 1is still indeterminate within a plus or
minus sign. If no origin is present, only upper and lower
limits can be placed on P, PL and Pi.
These difficulties were handled as follows: Scheme C,
* - .
© --)'ﬂ'ﬂl*-le, was used as the basis of calculation for

anom
¥* %
all events, and then two lifetime calculations were made,

e

one using the maximum value of YF ( Yﬂmax) for each event,

and one using the minimum value (Ypmin)' This procedure

*
See Appendix C.

* ¥
Except for event 69328, for which scheme D was assumed,
since in this decay one secondary is identified as an
electron.
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was based upon the hope (which was later verified) that the
results of the analysis would not be changed if an appreci-
able number of decays followed schemes B or D instead of
scheme C.

The actual lifetime value was expected to lie between
the 1imits established by the two lifetime calculations.*
It was also hoped that the lifetime limits obtained using
¥ nax and ¥B_, would be sufficiently close so that 67
lifetime determination would not be seriously limited in
precision by the uncertainties in Xﬁ. For a discussion of
how ngmin and nemax are determined, see Appendix C.

Occasionally, mﬂcmn_be determined uniquely, if, for
example EL- = P¥, in which dase the ambliguous term in equa-

tion 23gvanishes, or if Py < \I(P*)2 - P_,_g, in which case

one .value of Wg is negative, and must be rejected.
Table III gives a list of lifetime measurements made

upon the events in the lifetime sample.
D. Results of Lifetime Analysis

The anom decay events were selected not by requiring

a specific decay scheme, but rather by requiring them to be

incompatible with the @%2 and AP decay schemes. For this

It is possible for a decrease in QS for one event to
yield a decrease in the calculated lifetime value for the
sample of events if the decay time of the event i1s much
shorter than the calculated lifetime value. This is be-
cause of the change in the statistical weighting of the
event, which also depends upon ﬂB .
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Table III. Lifetime Measurements
Event Qg P ¥pax ¥Pmin X Dty trew Tmin  Toax
No. (Mev) (Mev/c) (cm) (cm) (Tn wnits of 100 sec)
48" Magnet
19143 L0 322 775 10.6 28.8 45T 12.4
31855 9 240 662 396 5.6 19.4 2.80 4.68 9.80 16.4
35045 36 452 2.35 840 2.4 3.3 338 994 465 1.30
36537 ~80 ~230 472 2.1 18.3 1.46 13.0
36894 125 208 914 25 5.0 12.4 1.85 6,60 L.60 1644
37663 126 984 3.44 2.00 9.5 20.6 83 1.59 1.80 3.44
39522 55 1095 5.18 2.28 10.6 16.2 68 1.55 1.04 2.37
47202 21 167 1.02 9.5 38.8 3.10 12.7
56791 133 398 1.16 820 Red 19.2 .70 98 5.55 7.80
57630 a8 712 3.18 1.29 5.3 6.3 55 1.37 +66 1.64
60134 168 523 1.59 .985 5.2 7.3 1.096 1.77 1.53 2.46
69328% 8.3 208 5.06 7.2 16.2 AT76 1.07
21" Magnet
10475 115 1827 6.6 3.76 7.1 12.7 36 63 .65 1.13
12590 102 807 ,3'16 1.61 2.0 9.5 21 41 1.00 1.97

3#*

(nféﬁ decay was assumed since positive secondary

is identified as an e*.
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reason, it 1s quite possible that the present data represent
a mixture of different particles having different lifetimes,
(see section VII.B). Accordingly, the calculated mean life-
time value is called't;V, and is some "average" of the life-
times of the particles present. If a mixture of particles
is involved, not all lifetimes can be greater than the upper
limit on T:av’ and not all lifetimes can be smaller than

the lowerrlimit on qrav’ Figure 9 shows the resulting like-
lihood and S functions plotted against reciprocal mean life-

time. The result obtained is:

+3.0 +5.3 -10
2.9_1.0 < ’tav < 4'4—1.6 x 10 sec

(max. XF) (min.tﬂ )

Standard deviations reflecting the statistical uncertainty
are quoted on each lifetime limit. It should be emphasized
that the above result does not necessarily preclude the pre-
sence of long-lived particles, because (a) this sample prob-
ably does contain a mixture of particles of different life-
times, and (b) even if the sample consists of particles of
a unique lifetime, the statistics are insufficient to rule
out a relatively long lifetime,

The curves G and I in figure 9 provide a quantitative
measure of the agreement of the data with any assumed value
for the lifetime. When the Caltech value for the 932 mean

lifetime, 1.3 x 10~ 1°

gsec, is chosen, then curve G forqﬂ%ax
gives S = 2.5 standard deviations. Consequently, the ob-

served lifetime data are incompatible with the hypothesis
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that this lifetime sample conslists entirely of particles
having the 9;2 lifetime, to a 98 percent significance level.

Moreover, this significance level is raised if the 932 life-

time is actually less than 1.3 X 10“1O sec; this is likely

to be the case if the sample of 932 decays previously used

for the lifetime determination was contaminated with a

o)

number of high-Q ganom

decays, which are experimentally
indistinguishable. The above results are taken as evidence

for the existence of a anom particle having a lifetime sub-

stantially greater than the Q;Q lifetime and for the con-

clusion that not all @gnom decays can be alternate decays

o) .
of the ng particle.
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o

o) *
anom VS+ Spp EVENTS

VI. OTHER FEATURES OF ©

Certain other properties of the g° and 922 particles

anom
P . ‘ *
have been compared, with significant results. Considerable

care always was taken to avold any influence upon the re-
sults by biases resulting from the nature of the 3-body
decay.

Table IV summarizes the measurements made upon the

0

o) .
anom and @ﬂz particles,

origin locations and momenta of ©
while table V summarizes the statistics gathered on two

. . . o) o \
other properties: the fraction of ganom and Qﬂ@ particles

observed traveling upward, andlthe V particles observed 1in

. o] o) .
asgsociation with ganom and an particles., These four proper-

ties are of particular interest as further evidence against

the identity of @°

o) . ,
— and 9”2 particles, and will be dis-

cussed in some detail.
A. Momentum Distributions

As a consequence of the 3-body decay, the average

0
anom

than is a 9%2 decay, when the parent particles are of equal

a] event is more readily distinguished from a AO decay

momenta. This is a result of lower average momentum of

emitted secondaries in the C.M. system, for the ©°

anom decay.

The features discussed in VI.B and VI.C were first pointed
out by Dr. G. H. Trilling, while the significance of the
assoclations (section VI.D) was first noticed by Dr. R. B.
Leighton.
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Table IV. Momentum and Origin Measurements

ggnom Particles | 0;2 Particles

Event No. P,  Dp  Tf(ogz) Event No. P, Dy TI(ofp)

(Mev/e) (cm) (Mev/c)  (cm)

04480 Wb - — 04417 1410

19143 382 7.0 «10 04559 1000
31855 327 8.4 025 12633 578 8,2 207

35045 1160 5.1 248 16393 1775 ;

#*36537 233 Ted 019 19143 1112 7.0 440

3689/ 451 - - 19731 1195

37663 1700 5.4 .661 22332 1022
*¥309522 2560 24.9 .162 ##327100 13100 7.1 352

45766 870 - — 32704 390
47202 504 8.9 o142 33280 850 2.8 660

56500 651 — - 33416 507
56791 571 5.5 . 286 35104 1213 5.4 +«592

35286 886

57680 1570 1.3 692 40874 2260
60134 785 —-— —_ 40922 1470 10.0 435
69328 2500 7.8 .378 41657 2120 L5 701

42317 1189

524,66 882

52687 1385
*#55/32 970 8.0 400

56094, 3120

56614 2010
60882 427 3.2 428
61265 855 2.6 .618

61793 1103

62803 1935

63386 1410

63948 655

¥*
Not used for origin analysis.

**Not used for momentum analysis.
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Table V. Statistics on Ogpop vs. 85

A, Numbers of Observed ng and 62

om o Decays in Which Parent Particle

Travels Upward

) )
9"2 ganom
Total Number of Observed Decays 238 18
Number in Which Particle Travels Upward 1 4
B. Associations of gznom and Gﬁz Particles
0 o
Type of Associated Qﬂ2 ganom
Particle Associations Associations
Group A A° 10 0
v° 9 0
v 4 0
K 1 1
v 1 1
0
Group B 0 1
K~ 0] 0
o+
V- 1 0
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On the other hand, if the Qﬁﬂ*,7r_) value for the decay is

much above 100 Mev, the identification bias becomes quite

0

anom decays, since they cannot be distin-

strong against ©

guished easily from Q;Q decays. These effects have been
o}

carefully considered, and in the separation of ganom and
9;‘).2 events from /\o decays for a comparison of momentum

spectra, the criteria discussed below were used. These
criteria are felt to be efficient in selecting the most
events while not introducing bias in such a way as to influ-

ence the result.
1. Momentum vs. Ionization of Positive Secondary

This selection criterion separates A° from K° parti-
cles by the identification of the positive secondary as
not a proton. Therefore, a strong bias is present against
any particle whose positive secondary has a momentum above

about 700 Mev/c. This by itself is no obstacle, since the

o

o}
— and @ﬂQ momen-

bias is expected to affect equally the ©
tum distributions. However, an important bias 1s present

due to the difference in the decay processes, as discussed

o

anom de-

above, Hence, in the higher momentum range, the ©

cays are more easlly distinguished from AP decays than

o

anom distri-

are 9;2 decays, enhancing this part of the ©
bution relativé to that of the 9%2 particle.

*
These criteria were suggested by Dr. G. H. Trilling.
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2. o vs., P

For /\O decays, & = = > O whenever

PO = P >»300 Mev/c; this is a consequence of the decay

dynamics.(9) Consequently, this criterion is quite useful
in separating Ko from /\O decays at higher momenta, and
provides an effective complement to the first criterion.

Since & is expected to be negative in about half the

o) o)
cases for both ganom and 9"2 decays, there is probably no

bias 1ntroduced by this criterion.
Having separated out the K° particles, it remains to

separate them into e°

anom and 9%2 particles with a minimum"

of intermixing. The following requirements were made{

4 o
1. For all 6. events, Q(W 7 )€ 125 Mev and

Q(n*,n’) < 214 Mev by at least 2 standard devi-

ations.

2. For all 9;2 events, QOT+

LT ) D 125 Mev by at least
> standard deviations, and Q(F ,7T ) is within one
standard deviation of 214 Mev.

These requirements probably eliminated most mixing of the

0o
anom

O

anom decays from

o and 9;2 events; only a few of the C
the upper tail of the § value distribution would be ex-
pected to fall into the group with 932 events.* In addition,
the requirement was made that © )'50, so that no electron

pairs be included in the samples,

* .
See Appendix D for Q value distribution.
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Figure 10 shows the results of the momentum analysis.

The histogram gives the number  of o2

o) .
— and Gﬂz particles

whose momenta lie within momentum intervals of 400 Mev/c,

and is plotted assuming the maximum momentum (nemax) for
o) o) .

each ganom event. The ganom particles clearly have a

lower average momentum than the 9%2 particles; the dif-

ference becomes much more evident if the minimum momentum

o}

anom event, TFurthermore the

(Xpmin) is used for each ©
blases which may be present due to criterion 1, or due to

intermixing of o°

o)
anom and 9”2 decays, would tend to make

the distributions more nearly the same, and therefore can-
not account for the observed difference. A statistical

test based upon the number of primary particles of each

type having Po above and below 800 Mev/b shows with 99% sig-
nificance that the data are inconsistent with the assumption
that the momentum distributions of the anom and @32 are the
same. This result can be understood in terms of a large

lifetime difference between the 9;2 and anom particles,

and this interpretation will be discussed in part VII.C.
B. Origin Distributions

It is evident from table IV that the origins of low
momentum anom particles are located generally higher in
the producing layer of lead above the cloud chamber than
are the origins of 932 particles in the same momentum range.

The events used for this comparison were selected according

to the criteria discussed in the preceding section. The
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o]

uncertainty in the line of flight of the Qanom

particles
could conceivably lead to incorrect identification of some
origins, but an investigation of this effect showed that
there is only a small chance of such a mistake (see Section
D). 1In order to minimize this chance, only events were
used 1in which the origin lay within 10 ecm. vertical dis-
tance of the illuminated region of the chamber.

A more quantitative result was obtained from a sta-
tistical test made on the 6y o 2Nd O, samples. To do
this, a quantity called TT(G%Q) was calculated for all
sample events. TT(QSQ) for an event is the a priori proba-
bility of decay within the chamber for that particle, based
on its origin location and 1ts momentum,* and assuming it
to have the 6p, lifetime. For 9 out of the 10 Gn, events,
7TYQ%2) was greater than 30%, while in only 3 out of
8 anom events was 7T(9§2) greater than 30%. There is less
than one chance in fifty that the values of 771922) should
be divided as asymmetrically as this if the anom and Q;E
decays actually arise from the same parent particle. This

result can also be accounted for by a large lifetime d4if-

ference.

.
The maximum momentum, P = XﬁmaxMo’ was used for
each event. The contrast in the distributions becomes

even more striking if mamin is used.
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C. Upward Moving Particles

One interesting feature of the ngom decays is that
the @gnom particle is often found to be traveling upward,
while 9%2 particles do not appear to share this feature.
These upward-moving particles are readily detected with
the three cloud chambers in the 48" magnet, since inter-
actions frequently occur in the lead plates which separate
the chambers. Particles resulting from such an interac-
tion may therefore be seen in the chambers above and below
the interaction. To determine the direction of travel of
the anom particle, it is, of course, necessary to make
allowance for the neutral secondary in the three-body
decéy process. Table V shows that at least 4 out of the
18 anom events are found to be traveling in the upward
direction. This result is to be compared with the 9%2

events where at most 1 particle is found going upward out

of 238 observed 9%2 decays, and it is quite conceivable

0

anom particle.

that this one may be a high-Q ©
Here, then, is a very strong distinction between the
0 o) . :
@anom and Qﬂ? particles, which may be due to production
dynamics, lifetime difference, or possibly other factors.
The interpretation of this result is postponed till a later

section.

It is interesting to note that in reviewing all the

o

anom events which

VO events in an attempt to find more ©

might have been missed on the first scannings, 2 of the 3
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additional egnom particles discovered were spotted because

they were moving upward.
D. Associated Decay Events

If the ggnom and 9;2 decays arise from the same par-
ticle, then they should be associated with the same types
of V-particle decays. Among the 18 events, there are 3
where another V particle decays and appears to be associ-
ated with the anom particle. These associations are
summarized in table V. Even though the statistics are
limited, the differences in associations are rather strik-

ing.

Due to the uncertainty in the line of flight, the

O

assignment of the correct origin for a Qanom

particle 1is
more uncertain than for a 9%2 particle. Consequently,
there is reason for legitimate concern regarding the
authenticity of the 3 assoclations., It was found that
all 3 events are dynamically quite consistent with what
appear to be their correct origins. However, in order to
seek greater confidence in the results, a detailed inves-
tigation was made to determine the probability of incor-
rect origin identification. An examination was made of
all events where 2 or more V particle decays of any kind
were seen together in the same chamber. Since these
events consist almost entirely of two-body decays,

the lines of flight are well defined, and it was relatively

easy to determine in what fraction of the cases the par-
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ticles were not truly associated, but happened to come from
different origins which were closely spaced. The results

of this examination are:

Number of Associations 68
Number of Probable Associations 11
Number of Probable Non-assoclations 6
Number of Non-associations 13

Average Distance Between Origins of
Non-associated Particles 13 cm
These figures indicate that probably not more than about
1/5 of the multiple V events have non-associated decays.
By defining for each of the 3 anom associated events a

region including all visible interactions from which the

0

e
anom

particle could have originated, and by comparilng these
regions to the 13 cm. average distance between origins of
non-associated particles, an estimate was made of the chance
of non-association. The result was that the maximum num-
ber of non-assoclations expected from the 3 events was
only 0.3. '

An estimate was made also in another way, by examining
all multiple V events in which a @%2 decay was ldentified,
or where a V° decay occurred which could have been a 9;2.

A total of 73 such events was found. Among these 73 events,

the maximum number was found of non-associlated events which

0o

could have been mistaken as associations if a @anom

decay

had occurred instead of a @%2 decay. Nine such events were

found. Therefore, not more than about 1/8 of the anom as-
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sociations should be false, or about 3/8 2 0.4 of the pres-
ent @gnom associations. This agrees well with the previ-
ous estimate.

An effect which may be of importance but has not been
discussed is that of correlation between origin locations.
Since V particles are frequently produced in penetrating
showers, an appreciable chance might exist that more than
one V particle origin might occur within the core of a
shower, or even within the same nucleus, soO that the closely
localized origins would be indistinguishable. It 1s dif-
fiecult to estimate this effect, except to say that out of
18 associations involving ‘AP particles,(l9) there is not
one case of ( /\O, /\O) association, indicating that origins
may not freguently occur close together.

In order to express in more quantitative terms the
apparent difference between the associations, a statistical
test was made in the following way. Two groups of associl-
ated events were formed: group A consisted of the most
prevalent assoclations of the @;?, viz. the AO, VO, and the

V™, while group B consisted of the remaining associations

in table III. While 23 out of the 26 9%2 associated decay

O

a iation
anom ssociations

events occur in group A, none of the 3 ©

falls in group A. If we assume that the types of associ-

0

, ) o)
ations should be the same for the 9"2 and ganom

events, then
the probability that a disparity as great as this should
exist between the observed assoclations is only 0.005. A

discussion of the possible effects of production dynamics
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upon the observed associations, and of a lifetime bias on
all of the pfeceding results of part VI will be given in
part VII.D.

In summary of the foregoing analysis, 1t is concluded
that e° and 9%2 decays are not alternate decay modes of

anom

the same particle.
. : o}
E. Mixture of 1? Decays and Alternate Decays of 9ﬂ2

The previous discussion does not rule out the possi-

O

bility that the ganom

decays may be explained partly by
the 'tp decay scheme, and partly by alternate decay modes
of the 9;2 particle. However, some of the previous argu-
ments may also be used to show that this explanation 1is
not adeqguate, since a number of anom decays do not fit
either interpretation:

1) The lifetime has been calculated from 10 anom events
which are inconsistent with the ﬂro decay scheme by at least
one standard deviation in Q@ and P, from the values appropri-
ate to the ‘tp decay scheme. The resulting likelihood func-
tion and S function are shown in figure 11. Even though
the statistics are limited, it was found that with 94 per-
cent significance, the lifetime data are inconsistent with
the @3, lifetime of 1.3 x 107" seconds.

2) As was pointed out in section IV.3.3, the four
events in which the anom is traveling upward are gulte

unlikely to be alternate decays of a @%2. However, two of

these events are also dynamically inconsistent with ’che"l:’O
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decay scheme by more than two standard deviations, and a
third has a Q(ﬂ&,ﬂr) value greater than 80 Mev by more than
one standard deviation.

3) In the previous section, it was shown that the
observed associations are very unlikely if the anom events

with associations were alternate decays of the 9%2. More-

o)

over, the decay dynamlics are such that all three ganom

events with associated decays are inconsistent with the'ro

decay scheme by at least two standard deviations.
From these arguments, one concludes that all anom

events cannot be explained as simply a combination of the

¢D decay scheme and the alternate decay modes of the

o)
normal @"2.
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VII. INTERPRETATION OF Qanom EVENTS

Inasmuch as the experimental evidence strongly opposes

explanation of 62 decays on the basis of any known par-

anom
ticles, a new A particle must be acknowledged. However,
the nature of this new particle is still rather obscure,
and considerably more information should be forthcoming on
1ts properties, such as cross-section, associations, decay
modes, and precise lifetime and mass, before it is con-

sidered a well-understood particle. In the following dis-

. . . o
cussion, various interpretations of the nature of the @anom

particle will be explored.

s . o . 0 ) ¥
One possibility is that the Qan is the T~ particle

om
decaying by one of the modes B, C or D (see section IV.B),

since these decays are more probable than mode A on the
basis of the phase space available to the decays. However,
another explanation very unique in nature appears to show
considerable evidence of being correct and will be dis-

cussed 1n some detail.

(6)

A. The Gell-Mann, Pais Theory of @g and @g Particles

A set of experiments first performed at the Brookhaven

(16)

National Laboratories indicate that the QO meson and its

antiparticle, QO, are distinct in strong interactions, such

Recent experiments on parity indicate that the ¥ and ©
particles may be identical, in which case this paragraph
loses its significance.
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as the production process. The reaction
T+P —> AN + 8 (24)

was observed to occur with large cross-section, while the

reaction

N+ N —a AN+ A (25)

was unobserved, and presumably forbidden. However, the
Yukawa process T + P ;;::2,N together with reaction 1 per-

mits the reaction

N + N —SN+AN+8°+6 (26)

Irf @OEE 90, then the 56 and 6° mesons may annihilate in
virtual states, and the result is reaction 25. The absence
of reaction 25 is therefore indirect evidence for the con-
clusion that -Q_O = ¢°.

However, this conclusion seems not to be rigorously

binding, for the decay process

6 —> T + T (27)

is changed‘by application of the charge conjugation opera-
tion into

_3 - +

6 ——>T + T (28)

where the mesons are in same state, and so the process
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=T+ T =86° (29)

exists, at least as a virtual process, and the distinctness
of @O and.zp is apparently not preserved in the weak pro-
cesses, such as decay.

This seems to be a novel situation, for previously
all neutral elementary particles appeared to be always
elther distinet from or identilical with thelir antiparticles.
The neutron, for example, 1s apparently always distinct
from the antineutron, due to the rigorously exact (so far
as is known) conservation of baryon number. In the present
instance, however, the 6° and 56 states are mixed by the
weak I1nteractions.

By assuming charge conjugation to be invariant in both
weak and strong interactions,* it becomes clear that the
@%2 particle has a definite charge conjugation guantum num-
ber, C, while the 6° and EO do not have, Let C = charge
conjugation operator, and ?’: wave function for the &°
meson; then ‘l'*= C‘f' is the hermitian of w , and repre-

5 +
sents the antiparticle, 6~ . By combining V'and q’suitably

Recent experiments indicate that charge conjugation and
parity may not be invariant in the presence of weak in-
teractions. However, this will not alter the conclusions
if parity and charge conjugation together form an invari-
ant, Furthermore, it has been shown by Lee, Yang, and
Oehme, that even 1f CP is not an invariant, the observed
long lifetime of Gg o Buarantees that the situation is
not much different®?®8m what is described here.
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(mixing &° and 6°), two states,@i and 62, are created having

definite values of C:

o = (¥+¥7), COI=+6F, C=xl (30)

6. =rm(v- ¥'), ee:=-6z, c=-i (31)

One of these states, and only one, decays by the R
§ ¢

mode, which has C = (-1) , where A% is the spin angular

momentum of the Q%Q particle. Assume,l==(L so that for

0
the @"2 decay, C = +1, and

0 t -
6, —m+w (32)
Since the 98 must have the same spin as the 93 (here taken

as zero), the Gg cannot decay by the mode 32, and therefore
decays by other modes, such as three-body decays, and prob-
ably has a much longer lifetime than the 9? lifetime.

On the other hand the 0° and 56 mesons are composed

of mixtures of the @g and Qg states,
I | 0 . O t_ [} o +pn0 ‘
‘/’-7?(9,+L6,)' ‘i’-:,—-;(&,-—l.ez) (33)

and thus have no definite value of C. Since the value of

C determines the observed types of decays, the unique life-
time must be ascribed to the states with definite values
for C, i1.e. the @i and Qg. The term '"particle" is properly

reserved for the entity having unigue lifetime, and so the

~0

o4 and @g are particles, while the e° and 90 are particle
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mixtures by relations 33. However, the Qi and Qg should
have identical spin, momentum distribution, angular dis-
tribution, associations, and all features related to the
production process, for they are'élways produced together
according to relations 33, and they are expected to have
nearly identical masses. According to this scheme, the

an decay can originate from either the 90 or 90 mesons.

It is apparent that most of the features of the 8
events can be readily explained by interpreting the anom

o) o) o) o)
as the @2, and the @“2 as the 91: the Qan decays clearly

om

have three or more secondary particles, and the lifetime
is longer, perhaps much longer, than that of the 9%@. Fur-
thermore, a pronounced lifetime difference between the Gﬁg

and anom might well be sufficient to account for the ob-

served differences in the momentum distributions and origin

. . . 0 .
locations, the comparatively large fraction of @anom pri-
maries traveling upward, and perhaps even for the apparent

¢}

. . . . 0
differences in assoclations of the @"2 and Qanom'

B. Lifetime Estimate of @g

o} X : o
If the Qanom decays are assumed to arilise from the @2

varticle, and 9%? decays from the @i particle, then an
estimate can be made of the @g lifetime, based upon the

. 0 o]
relative numbers of observed ganom and 9"2 decays. For

this purpose, the following symbols are defined:

NO = total number of 6° and 6° mesons produced,

expected to be half o] and half 7 particles.
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_ o)
Nl = number of 9"2 decays observed.
o) . .
N2 = number of Qanom decays observed which arise

from Qg particles.
Brackets around the last two symbols indicate the expected

number, e.g. {No> .

fraction of @i or Gg decays whilich occur by

R
’._J
.
o
I

O

Anom modes, respectively.

the @%2 or ©

@)
anom

=
N
il

detection probability for 932 and ©

decays, respectively.

0O
anom

e
no
Il

gate time for 9%2 and © particles, re-

spectively.
A bar over the last two symbols indicates the statistilcal
average over all observed particles, e.g. ;i
13’2 = mean lifetime of Qi and Qg particles, re-
spectively.

The following relations are expected to be true:

<N =3 N, 'olﬁ
<Ny> =3 NPT

0

events
anom ?

If T, 1s at least somewhat less than’té for all o

then the approximation can be made:

-Ta 7-
o= (-6 /%)= =

The averages are made by welghting each event inversely as

its detection probability:
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_?I
A
N
g
|

Similarly:

since

Combining these relations, and using N1 and N2 to estimate

<Nl)ar1d <N2) , respectively,

.1!3 Avigjhﬁi::: a T ~N Ta L
N, <N> -':";—-EN-%'-E'T;

or 'l—z"—v--& Ta -N—' 34)

An estimate of “Ta can be obtained, provided the gquantities
on the right of equation 34 can be determined. However,
NP is really an upper 1limit on the number of observed Qg

decays, since an decays may, and probably do, arise

om
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from sources other than the @g particle (e.g. 9§-A>1T%+ll;+1l
may have the same decay rate as the @g particle decaying
by this mode). Also, F& and f@ are not accurately known
at present, but Fé is probably quite close to unity, and
f’l cannot be greater than unity. Thus, a more meaning-
ful result is obtained by finding a lower limit on Tg by
letting —éh- = 1 and using for N, the number of all ob-

Pi

served an m decays, selected according to suitable criteria.

o)
Since certain particles and decay modes are much more

readily identified than others, 1t was necessary to con-
sider the effects of various bilases, arising from such

characteristics as lifetime and the 3-body nature of the

(o]

ganom

decay. Because of the relatively short and long

o

* 2 O
lifetimes of the @"2 and @anom

particles, respectively,

most 9%2 decays occur near the top of the chamber, whereas

o)

Qanom

decays are distributed more or less uniformly through-
out the chamber. However, a particle which decays near the
bottom of the chamber can seldom be classified because of
the short secondary track lengths, Therefore, only par-
ticles which decayed in the upper half of the chamber were
used., Since anom particles tend to be slower thah 9%2
particles, the criteria by which events are selected must

be uncorrelated with the particle's momentum. Also, the
criteria must not depend to a large degree on whether the
decay occurs by a 2-body or 3-body mode. One criterion

used was that &®€0 for P> 400 Mev/c. The number of events

found in this way must be doubled to obtain the total num-
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-

ber of decays, since as many are expected to have &> O as
® < 0. For events with P & 400 Mev/c, all events are
sufficiently easy to identify that little bias exists, and
any of the methods of identification may be used. The
additional requirement was made that &> S8°, to avoid any
electron pairs from x'conversion, and an origin was re-
gquired within 10 cm. vertical distance of the illuminated
region. The latter reguirement insured that the particles
originated in the same producing layer of lead. The separa-
tion into anom and 9;2 decays was made by dividing all
events 1nto two groups, having QC"*,ﬂ') values above and
below 65 Mev. When the Q(7T+}n’) of an event was not
accurately measurable by momentum measurements, the fol-

lowing relation between P and © was used, which is a good

*
approximation for a reasonably large group of events:

Ptan @ € 400, for Q(mW T )<E5Mev (35)

A correction can now be made for the two-thirds of the

O
anom

* -
based upon the @ value distribution, to obtain an esti-

o) decays expected to occur with Q(ﬂ#,ﬂ’) > 65 Mev,

o] 0
mate of the true numbers of observed Qanom and 9"? decays.

A summary of the calculations made for each event used is

o}

found in table V. Although only two @anom

events qualified

for the analysis, three more were found which did not

*
See Appendix D.
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gqualify because of origin or § value requirements. These
additional events were used to obtain a more significant
value of ﬁ;, since no important correlation is expected to
exist between T2 and these requirements. The results of

the calculations are:

N, =52, Ny = 65T = 0.42, T, = 3.3x107'" sec.
Ne T 52 3.3x10°%° -8
72> -N"; T‘ = —6— W— sec = 0.7 _0.33)(10 sec

where a probable error has been quoted for the lower 1limit;
no upper 1limit is given since this would require knowledge
of how many decays arise from particles other than the Qg.

However, if all 90 decays arise from the Qg particle, an

anom
upper limit on ’Cé is ~1077 sec.
Because of the large statistical uncertainty, the

lower 1limit on 72 is not completely inconsistent with ’C;V,

but is sufficiently greater than Trav to indicate that

)

anom 1ife-

some short-lived events may be present in the ©
time sample. As proposed earlier, such events may be

3-body decays of the Qi particle.



-71-
C. Influence of Lifetime upon Experimental Results

From the preceding discussion, it appears likely that
if the Qg exists as postulated, 1t probably has a much
longer lifetime than the @g particle, and the preceding
experimental results have been re-examined in the 1light of
this evidence to see 1if they can be explained solely by

the existence of the Qg particle.
1. Momentum Distributions

The lower average momentum observed for the 62

anom 2T~

ticle than for the 932 particle can be easily understood
qualitatively as a consequence of a large lifetime differ-
ence between the particles. Since the mean decay length
of a 800 Mev/c 9%2 particle 1is aboﬁt 6 cm, while the average
origin distance from the chamber is somewhat over 6 em, it
is clear that the flux of O, particles will be rapidly
attenuated by decay before reaching the chamber as Po drops
below 800 Mev/c. On the other hand, the detection prob-
ability for Qg particles, TT(QS), will be inversely pro-
portional to momentum, nearly, since

e~ L-= L 2

T R ¢t

Because ‘té appéars to be large compared with T in most

cases, eVidently only the slowest Qg decays have an ap-
preclable chance of being observed. In such a way, the
lifetime difference causes an effective separation of the
92 and Qg decays into high and low momentum groups, re-

spectively.
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2. Origin Distributions

The same lifetime bias discussed above also discri-
minates against slow @i particles whose origins are located
high in the production layer, since few such particles sur-
vive to reach the chamber. There is no such discrimination

against the long-lived @g particle.
3. Upward-Moving Particles

The effect of lifetime bias upon the observed direc-
tion of travel can be very large, since the speed of the
particle produced depends to a large degree upon its direc-
tion of travel relative to the path of the producing par-
ticle. Since most V particles are produced by downward-
moving particles, the 90 mesons emitted upward have rela-
tively low momentum, while those emitted downward have
high momenta. In the light of the discussion of the
preceding sections,'one would expect a lifetime bias to
favor long-lived particles, such as the Qg, among the ob-
served slow, upward moving particles, while the shorter-
lived Qg particles should have a greater detection prob-
ability when emitted in the downward direction.

Although table V shows the disparity between the frac-
tion of anom and @32 particles observed traveling upward
to be very great, a more significant comparison should be
between particles in the same momentum range, in view of

the correlation between momentum and direction of travel.
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Among the particles having momenta less than 600 Mev/c,

for example, U4 out of 7 &° and at most 1 out of 4 %32

anom

particles travel upward. The discrepancy is not so large
now, and can be understood by a lifetime bias.

Another approach is to compute from the events in which
the'anom particle i1s moving upwards, the expected number
of @;2 decays. A correction was made for the difference
in deﬁgction probabilities for the two decays by computing
—:”-Tr-((e?;)s for each of the 3 events having origins. The
result is that about 2 9%2 decays should have been observed
from upward-moving particles, not allowing for the possible
decays ngqf)4-ﬂp, which may occur as often as the Q;Q

(20)

decay. If such decays do occur, about one 932 decay

should be seen, and one 1s observed.

. o o
4, Associations of ganom and og,

Since the associations of the Qi and @g particles

should be identical, the very large difference between the
observed types of associations, summarized in table V, is
difficult to explain purely on the assumption that @gE 93.2
and 63 == 6, _ . Neither can the results be easily ex-
plained as being accidental associations, as was previously
pointed out. Consequently, an attempt was made to ascer-
tain the possible influence of various biases. If such
biases do not provide an adequate explanation, then some

other physical basis for the effect must be sought.

o) . g . . .
The 9"2 assocliations are in approximate agreement with



-7h-

the expected results. Associations of the Q%? with the
shorter-~lived hyperons, such as /\O, 2_ are expected to be
seen more frequently than K+ associations, because of the
lifetime bias. Furthermore, K particles are discriminated
against not only because of lifetime, but because of higher
threshold energy required and probably because of smaller
production cross-section, since a K~ can be produced only
with another K particle. The presence of one (9;2, K+)

and absence of any (9;2, @;?) can be partly understood on
the basis of the large probability of a 6° meson decay
through the "invisible! modes 93—)1‘? + ‘11p and Qg_’geomom
decay (indeed, one of the latter decays has been seen).
Based upon the strangeness classification in figure 12,

and the preceding discussion a reasonable guess can be made
as to the nature of unidentified 9;2 associations: The V°
are*nearly all AO decays, while the Vt are nearly all

z- decays.

o} s .
The absence of ganom associations in group A of

table V is unaccountable except by a very strong bias,

since the 0° meson produced with the hyperons of group A

should decay as often via the Qi route as by the Qg'or

anom mode; furthermore, a significant branching ratio for
o o 0 (20) , )
the 91———;1r+7rdecay increases the chance of Qanom

associations in group A by perhaps a factor of two. On
the other hand, for origins which are more than a few
centimeters from the illuminated region of the chamber, a

lifetime bias affects the assoclations to cause long-lived
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UNSTABLE PARTICLE DECAYS

STRANGENESS CHARGE STATE
NUMBER

- o 4+

o— p—

Baryons:

S=-2

Mesons: S= + |

Figure 12

Predicted but unconfirmed particles are indicated
by dashed lines
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particles to be observed primarily with long-lived par-
ticles, and short-lived with short-lived. This is because
the V particles produced together are correlated in momen-
tum; if the production is caused by a very energetic pri-
mary, both V particles have high momentum on the average
(assuming isotropic production in the C.M. system) while
production just above threshold results in low-momentum
particles. As has been seen previously, the lifetime bias
18 quite effective in separating varticles of different
lifetime, according to thelr momenta. An additional ef-
fect probably reinforces this bias: this is preferred
backward emission of /\O particles in the C.M. system
during production, which has been reported by at least three

(21’22’23) This would cause an even

different sources.
greater discrimination between the observed ,AO associlations,
since the @° being thrown forward has a higher momentum,
and the result is that TRG?) is increased and 7T(@g) de-
creased.

In order to estimate the effects of these biases, all
the Q%E assoclations of group A were studied in detall.

Assuming that the branching ratio is % for the process

0 ©
93_;1r+w and unity for Gg-—) charged secondaries, and

assuming 6 and 03 lifetimes of 1.3 x 10717 sec. and
1.0 x 10_8 sec., respectively, the ratio 2 Ir—(.eo) com-
m(e,

puted for each Q;Q event is an estimate of the chance that

a anom decay would have been observed instead. The sum
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of these ratios for the 23 932 associlations of group A

was 1.14. However, only the high-momentum 9%2 particles
are'observed, because of lifetime bias, and so an estimate
was also made in the low-momentum range by examining the
(K+, A°) and (k*, v°) associations. Only 3 such associ-
ations have been observed. Here 1t was assumed that the

K+ was produced with about the same cross-section as the

O

e
anom

-+ o] . .
and that the K: and ganom lifetimes are about the

same. The result of this examination predicted only 0.8

o

associations. Thus, the total predicted number of ganom

associations for group A is not more than about two, which
is not in serious disagreement with the total absence of
any observed associations.

Using the technique discussed above, it is not pos-
sible to predict reliably how many @:ném associations
should be expected in group B, since the available statis-

]
ties are much too poor. It is of some interest, however,

@)

+ 0 + .
anom’ K') and (9"?, K') associations

to note that the (©
have nearly the same detection probability, indicating
(on the basis of very poor statistics!) that comparable
numbers of these associations might be expected. ‘
Although it 1s not possible to explain the associlations
guite perfectly on the basis of lifetime biases alone, the
result of the preceding investigation does not mean that the
discrepancy in observed associations cannot be entirely due
to a lifetime bias. Unfortunately, the available number

of ggnom associations is too small at this time to make any
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definite conclusions.
It is interesting to note that a crude description of

the observations can also be made solely by assigning the

o
anom

S = -1 and 8 = +1, respectively. This accounts for the

0 and 932 particles strangeness quantum numbers of

presence ofA(Ggg, hyperon) associations, and the correspond-

O

anom’ hyperon) pairs. It accounts for the

ing absence of (@

o}
anom’

Only the (@,072, K

o s o) 0
(o sz)assoc1atlon, and the absence of (QFE’ 9”2).

*) observation seems to be in disagreement,
but this could be explained by a case of (=, @22, k)

[4 —
or (=, 9%2, K") production, where the = particle passes

*
undetected. In addition, there is further evidence from
emulsion work(gu) that several particles all having S = -1

are produced by interaction of an m particles in emul-

O

sions. However, it may be that such particles are much
more easily produced in emissions than, for example, K+
particles.

FSince there 1s no known theoretical basis for the de-

seription just discussed, while most of the features of the

o}
anom

Mann and Pais, it would be rather surprising if the’former

8 particle seem to agree well with the theory of Gell-

description were correct. However, this description‘may be
tested by using cloud chambers or bubble chambers in con-
junction with the large accelerators to search for the

charge exchange reactions:

" -
See figure 12 for classification of X particle.
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K~ + P—>K° + N, KO——>Q,?.2 decay (36)
+ O O o]
K* + N—»K° + P, K°—>o_  decay (37)

0

. . . o}
These reactions should be forbidden if the @”2 and ganom

particles have S = +1, and S = -1, respectively. In fact,

the reaction 36 now appears to have been confirmed by the

Berkeley bubble chamber group.(25) Moreover, additional

(

evidence has recently been provided 25) by the observation
of K+ particles produced in emulsions exposed to a beam
of anom particles; this reaction is the inverse of reaction

37. These results rule out the present conjecture.
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VIII., CONCLUSIONS

The above analysis of 18 @°

anom decay events indicates

that these involve 3 or more secondary particles, and
probably arise from a K° meson having approximately the

mass of presently established K particles. Most of the de-

cays cannot be explained by the scheme ¥° ' +7 +m°.
However, all are consistent with the schemes anonl————f>
4
+ = o ¥
m +w +¥ and o) ——>T + M +¥ , with the

exception of one decay having an identified electron second-
ary. All the decays are also consistent with the scheme
gfa’non;—% Trﬁ & + 2/ , with the exception of one which
has two identified L-meson secondaries. The anom events
cannot be entirely explained by merely a combinétion of
‘1:0 decays aﬁd alternate decay modes of the 9;2 particle.
From the distribution of the decays in the chamber, the
lifetime of the anom particle is found to be longer than
that of the 6, particles. There are also observed dif-
ferences in momentum distripbutions and origin locations for
the anom and @;2 particles, and a large disparity exists
between the fractions of each type of particle found travel-
ing upward in the cloud chamber. However, a @gnom—particle
lifetime much longer than the lifetime of the 932 particle
can readily explain all these differences. The existence
of the Gg and Qg particles proposed by Gell-Mann and Pais

is in accord with these observed results. However, there

is also found to be a consiliderable difference between the
. .
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o}

types of particles observed in association with the Qanom

and 932 particles. An examination was made of the pos-
sible effect of a strong lifetime bias upon the observed
associations. Although the explanation of the observed
associations by purely a lifetime bias is not entirely
satisféctory, there is no strong evidence against this
explanation. It 1s felt that further experimental work
needs to be done to clarify the matter of anom vs. 9;2
assoclations.

Assuming that P decays arise from the @g particle

anom
and qﬁz decays from the Qi particlie, a lower limit to the
Qg lifetime is found from the relative number of observed

decays to be 0.7_, 33 ¥ 10—8 sec.
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APPENDIX A
MOMENTUM MEASUREMENT AND ASSIGNMENT OF MOMENTUM ERRORS
1. Anisotropic Projector

The photograph of the cloud chamber track is repro-

(12) and the lmage is

jected by the anisotropic projector,
traced on paper at least 3 times for subsequent measurement.
The projector magnifies the photograph image by 5 in the

longitudinal direction (along chord of track), and by 50 in

the transverse direction.
2. Notation

Symbols defined on pp. 5 and 6 are used. A prime mark
attached to one of these symbols, e.g. S', indicates the
guantity as measured from the image formed by the projec-
tor. Since the magnification of the photographic system
is 1/9, the following relations exist between primed and

unprimed quantities:
! 50 ’
3. Momentum Measurement

The apparent radius of curvature of the track, uncor-

rected for conical projection or dip, is given by

L .S L
=3t 3> ¥Bs (39)

where the approximation is valid for all tracks much above
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100 Mev/c. f% is found directly from the tracings by

combining equations 38 and 39:

/2 / 2

SL'}V | 19 v_9L", 95 gl
P =5 o)t T 50 S = F et T =g )
(11)

The momentum is found by applying suitable corrections

to the formﬁla

P(Mev£) = 38ps (41)
where B is in MKS units, and f@a in cm.
4, Measurement Error

The error incurred in the measurement process arises
from inaccuracies in tracing the track, and especially
from the uncertainty in the location of the center of the
track, to which St' is measured. The projected track image
is typically 5 mm. wide at its midpoint. It was found
that one standard deviation in measurement error is approxi-

mately equivalent to an assigned error in S' of

/
SM= 0.l cm,

The relative measurement error is then

’
enz—éﬁ',l:—g—!-_—_—’so—,(?,) (42)

5. Distortion Error

The distortion error is obtained by assuming an un-
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certainty,\Sﬁ, in the measured sagitta, S', corresponding

to the observed maximum detectable momentum, p ,which is

max
observed to be about 3,300 Mev/b for a 20 em track. As
discussed in section II.C.2, Sb is taken to be proportional
to L', and by equation 7 of that section, using B 0.8

is approximately
2

L
8s,

Normalizing to a 20 cm track and using equation 38

3300~ 485 So = 0.036 cm,
S50
S = (0036) 0.20 cm ,

Sn.( +)=o0. 20(—6‘)

The relative dlstortlon error is then, by equations38 and

4o, !
es g': =~ 020 (35) -%ﬁzﬁ —0.008 £2
&, =084 () )

2
webers/m", Do x

6. Scattering Error

The relation for scattering error is based upoh work

of Bethe, (13)

oo BT
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where Z = atomic number of absorber,

3

N = moles/cm” of absorber,

A = near unity, and slowly varying.

Ir Jgﬁ is less than about 10%, as is usually the case, then

P
_ S _lalFl o a
e = ] - (45)

7. Total Error

All three errors are assumed to be independent, and

the total relative error in the sagitta is:

2 2 2
e-—d;M +ep + eg

Since the momentum 1s inversely proportional to S, the

momentum errors are asymmetric, and given by

AP:(e F|
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APPENDIX B
P* vs Q(1,2)

For a three-body decay into charged particles 1 and 2,
and neutral particle 3, from a parent particle of mass Mo’

the following relations are true:

P +B+B'=0, R+R+B =R (46)
E'+ Es +E3=Mo, E,+E, + Ey=E, 1)

The calculated Q value on the basis of a two-body decay

is related to equations 46 and 47 by

(E,+E,) — (R +fg)2= [Q(-J.Z)+m.+mg =M

where M is the apparent mass of the parent particle, based
upon the assumption of a two-body decay. As a result of

relativistic invariance,
(E,+E2) — (B + B) =(E*+ ENV—(F"+ B")
1*E2)—(R+R) =(E +E;)-(R+ R ),

P+ B =P=-§ )

From equations 47 and 48:

[T + [P =M
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Solving for P* 1n terms of Q(1,2):

M2+ (P = M2-2Mpfmi+ (P +md+(P*)
4M3[m§+(P*)2]=[M, +m} -M‘]‘ (
49)

2 2

If m3 = 0, as in decays B, C, and D of part IV, then equa-

tion 48 simplifies to
2

P= M;'ﬁ[q("c::x m,+mzj (50)
o

Relations 40 and 50 have been used in plotting the curves

in figures 6-8.
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APPENDIX C
Formula for We

Several different forms of the relation for EB may
be derived, involving PL, PL*, E, and E¥ in different ways.
However, the most useful relation appears to be the follow-

ing, derived from the Lorentz transformations:

x * * 3

R=¥R+upE, E=YE"+1R
Eliminating )

x * R
L PR wlEer-e]-Ereed

_ E'R-EP* _ E'R-ER" (51)
= feley = e e

where E¥* = \/(P*)2 + M2, E =\’P2 + M°, and M and P* are

found from Q(1,2) (see Appendix C). In the calculation

of )7? , various special circumstances may arise:
1. The Origin is Observed
In this case, PL and By may be determined, but the

sign of

R*=4(P*)- R (52)

is ambiguous and there are, in general, two corresponding

values of X,B , which are called )"Bmin and Ypmax' How-
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ever, 1f P £ Pf then the lower sign in equation 52 must be
taken, and ’79 is uniocuely determined.

2. The Origin 1s Not Observed

Only upper and lower limits on nﬂ can be set in this
- . L . — _P¥-
case. ’?gmax 1s determined by assuming PL* = -P¥; )?znin
is most easily found by trial of wvarious values of Pg 1in
the equations:

*
-EPTR +EfPT-R"
Yrin= L0 M%‘fé,’ B, pep’

_ ENFR-ElPT-E  pyp*
x,gnﬁn - Faiiifa? !
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APPENDIX D
DECAY DYNAMICS
1. Estiﬁate of PO for 9"2 Decay

In many 932 decay events in which one or both second-
ary momenta are unmeasurable, it 1s nevertheless possible
to estimate the momentum of the 9%2 particle fairly closely
by measuring only ©. This is because of the symmetric
nature of the two-body decay. Since both secondaries have
equal masses, the angle © tends to be independent of the
decay orientation for a wide range of ©%, and depends

P

primarily upon Xﬂ:ﬂ.— This can be seen as follows:
Define: plL,pQL”= longitudinal component of momenta

of secondary particles in laboratory system.

p¥ = momentum of secondary particles in C.M.

system.

e¥ = energy of secondaries in C.M. system.

@1,92 = angles made by secondaries with L.O.F.
o
of 9"2.
¥ = angle of emission in C.M. system of
particle 1.

Pn= XP*cos 6"+ 1B e’, Pa=-— XP*COS 6* +JB e

=y P smG prsing"
tan 0. = yp%es s 3pe” * t3M 027 Sypvos 6Maipe

2¥6 e* *sme -
tan 0 = tan(o 02) (xﬂ *)’- (x’:&osﬂ -(P*SIne )2
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Let: a= ?" —g—g=12)5

b= ¥p

then:
. %
an a*b*-1-b'cos 6"
Since the probability of decay is proportional to sing*,
most decays will have 9*v~u900. However, tano is approxi-
mately constant for any ©% near 900

d(tan 6) _ 2abcosé [_a b*—|-p*(1+sin" 6 )]
06

(@*b'~1-bcos*6’)"

d(tan 8) - 0

——
ae 6‘2 300

As an example, figure 13 shows © plotted vs. 6% for LB==2,
or P & 1000 Mev/c; many Q%? particles have momenta of
about this value. For ¥B = 2, over 90% of the decays

occur with tan® within 20% of the mean value, <tané :

<tan 0>=8T(I~\i- b= ) x 890, P> 700 Meyt

or
R% Zeand>

For nearly all decays, then
P —Bns

An upper limit on Po is given by this relation in the few



-94 -
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cases where |Q*|72 1505 when this happens, it is usually
apparent from the difference in the observed momenta of
the secondaries that the estimate is no longer valid. For

o° decays where Q(TTT, 77) < 65 Mev, p* & 100, and

anom
RolMeve)s L

T ¥
. . o)
2. Q value Distribution for @anom_97T+,“+ y 74

In the absence of any detalled knowledge concerning
the angular dependence of the decay, 1t is assumed that the
decay distributions depend upon statistical factors alone.
The @-value distribution depends only upon the distribution

(11)

in energy of the neutral secondary, since:

—_ 2
Q,2) = \[(M,~m; F—2M.T" —(m,+m,)
where T3* = kinetic energy of neutral secondary in C.M.

o) b < F
system, or for the decay 6,  —=——>TF T v,

Ql1,2) =\IM: ~2MB"  —(m,+ m,)

The distribution of P3* is known for a three-body decay,(

11)

and is used to plot the distribution for Q(1,2) shown in
figure' 14, From this distribution, it is found that about

1/370f the decays occur with a value of Q € 65 Mev.
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