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A search was made for examples of the beta-decay mode of the sigma hyperon, 2 * —> n-\-e±-\-v, among 
a large sample of sigmas produced by stopped K~ mesons in a propane-freon filled bubble chamber. A total 
of 23 000 negatively charged sigmas and 17 000 positively charged sigmas were observed which decayed 
via the charged ir mode, 2 ± —> w+x± . An electron track was distinguished from that of a ir meson by the 
observation that the track curled up in the chamber, or curved too much, or produced a d ray with too 
high an energy to have been produced by a ir from a sigma decay. No 2p+ decays, which are thought to be 
forbidden by the AS=AQ rule, were found. A total of 11 2 ^ " decays were found. The branching ratio for 
2/T decay, r (2J - -» w+e~+v) /T(2"-+n+iT) , was found to be (l.O-.o.s+^XlO'"3. The upper limit of 
the ratio of the Ŝ "1" decay rate to the Xf decay rate, T(Z+ —» « + e + + y ) / r ( S " —> n-\-e~-\-v), determined 
in this experiment was 0.4. 

INTRODUCTION 

THIS paper reports the results of a search for 
beta decays of sigma hyperons: 

2±->»+**+!' (1) 

among a large sample of sigma hyperons produced by 
stopped K~ mesons in a bubble chamber filled with a 
propane-freon mixture. There were two purposes for 
this experiment: the first, to find out the extent to which 
the AS=AQ rule1 is violated in sigma-beta decays by 
comparing the number of S^~ (allowed) to the number 
of S/3+ decays (forbidden by the rule and still un­
observed) ; the second, to measure the branching ratio 
r(S-~>»+er+j>)/r(S-->»+7r-) as a test of the 
theory of Feynman and Gell-Mann.1 

According to the AS = AQ rule, decays such as the 
following are forbidden: 

2+->e++n+v (2) 

K+->e-+T++<ir++v. 

The first evidence for the violation of this rule was 
found in a study of the time dependence of the Kes 
decay mode of neutral K mesons.2,3 This result im­
mediately suggested looking for direct violations of the 
rule among decays of other strange particles. 

There is no reason to expect the extent of the violation 
to be the same for all particles because of the different 
currents involved. If only vector or axial-vector 
couplings between the strongly interacting particles 
in the decay are assumed, the Ke£ decays are pure 

1 R. P. Feynman and M. Gell-Mann, Phys. Rev. 109,193 (1958). 
2 R. P. Ely, W. M. Powell, H. White, M. Baldo-Ceolin, C. 

Filippi, H. Huzita, G. Miari, U. Camerini, W. F. Fry, and S. 
Natali, Phys. Rev. Letters 8, 132 (1962). 

3 G. Alexander, S. P. Almeida, and F. S. Crawford, Jr., Phys. 
Rev. Letters 9, 69 (1962). 
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vector interactions, whereas the 2 ^ decays and the 
decay mode K+—»e++7r++7r-+j> involve both vector 
and axial-vector currents. The decay mode K+—>e~~ 
+7r++7r++z> involves primarily an axial-vector current. 

Other experiments4-6 have already shown that the 
branching ratios for leptonic decays of sigmas and 
lambdas predicted by Feynman and Gell-Mann are too 
low by an order of magnitude. Two very recent experi­
ments5,7 indicate that the AS=AQ rule is much less 
violated in the leptonic sigma decays and Ke4i decays 
than in the leptonic K° decays. The only evidence for a 
direct violation of the rule is a single example of the 
decay mode 2+—^fx++n+v reported by Barbaro-
Galtieri et al.8 

In the experiment reported here, no S^+ decays and 
112/3" decays were found. This data supplements that 
of the Cern-Maryland experiment5 on the validity of 
the AS=AQ rule for 2^ decays. Furthermore, a careful 
study of electron detection efficiencies, absolute 
abundances of 2J hyperons, and contaminations from 
background events in this experiment has allowed a 
determination of the 2/T-decay branching ratio with 
an error of about 40%. 

The use of a heavy liquid, rather than liquid 
hydrogen, permitted the detection of electrons through­
out the energy spectrum of electrons from Sp decays 
with an efficiency of approximately 50%. Therefore, 
the results are very insensitive to the shape of the 
electron energy spectrum. However, the elimination of 

4 B . Aubert, B. Brisson, J. Hennessy, P. Mittner, J. Six, C. 
Baglin, M. Bloch, A. Bressy, A. Lagarrigue, A. Orkin-Lecourtois, 
P. Rancon, A. Rousset, and X. Sauteron, Nuovo Cimento 25, 479 
(1962). 

6 R. A. Burnstein, T. B. Day, A. J. Herz, B. Kehoe, B. Sechi-
Zorn, N. Seeman, G. A. Snow, H. Courant, H. Filthuth, P. 
Franzini, G. G. Glasser, A. Minguzzi-Ranzi, A. Segar, and W. 
Willis, Proceedings of Sienna Conference, 1963 (to be published). 

6 R. P. Ely, G. Gidal, G. E. Kalmus, L. O. Oswald, W. M. 
Powell, W. J. Singleton, F. W. Bullock, C. Henderson, D. J, 
Miller, and F. R. Stannard, Phys. Rev. Letters 131, 868 (1963). 

7 R. W. Birge, R. P. Ely, G. Gidal, G. E. Kalmus, A. Kernan, 
W. M. Powell, U. Camerini, W. F. Fry, J. Gaidos, R. H. March, 
and S. Natali, Phys. Rev. Letters 11, 35 (9163). 

8 A. Barbaro-Galtieri, W. H. Barkas, H. H. Heckman, J. W. 
Patrick, and R. M. Smith, Phys. Rev. Letters 9, 26 (1962). 
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background events and the identification of sigmas 
were much more difficult problems in this experiment 
than in a hydrogen bubble chamber experiment. 

EXPERIMENTAL PROCEDURES 

The bubble chamber photographs used for this 
experiment were the same ones used in the recent 
determination of the A^-decay branching ratio.6 

Photographs were taken of about 500 000 K~ mesons 
which stopped in the Berkeley 30-in. heavy liquid 
chamber. The chamber was filled with a propane-freon 
mixture (45% CF3Br, 55% C3H8, by volume) which had 
a radiation length of 23 cm and a density of 0.89 g/cm3. 
Further details about the beam and chamber may be 
found in the report on the A^-decay experiment. 

Production of Sigmas 

The K mesons produced about 250 000 observable 
lambdas and 40 000 sigmas which decayed into charged 
7r mesons. Nearly all of the sigmas were produced by 
the four reactions shown in Table II. The production 
of a charged 2 and a w° was very rare: materialized 
gamma rays coming from the production origin were 
observed in only 3% of all the 2 productions. 

Identification of sigma productions rested mainly on 
the visual observation of the short track of a heavily 
ionizing particle emerging from a K interaction origin 
which decayed into a lightly ionizing particle (usually 
a 7r meson). Since the K mesons interacted mostly 
with heavy nuclei, one could not identify sigmas nor 
determine their momenta from production kinematics. 
A more precise description of acceptance criteria for 
sigmas will be found below. 

It was usually impossible to obtain the S momentum 
from decay kinematics because of the large error in the 
momentum of the T measured from curvature. The 
momentum distribution of these sigmas could, in 
principle, have been determined but was tremendously 
complicated by S~ captures at rest and 2+ decays at 
rest. Fortunately, it was not necessary to know the 
distribution well in this experiment. An average 
momentum at decay of 300 MeV/c for the 2~ hyperons 
and 250 MeV/c for the 2+ hyperons was consistent 
with the length distributions and decay angular 
distributions. When an approximate production mo­
mentum distribution was needed, the A momentum 
distribution6 was used, appropriately compressed to 
take into account the smaller energy release in the 
production of sigmas. 

The sigmas tended to be quite short: about 80% of 
them were less than 1 cm long. The length distributions 
for three of the production categories are shown in 
Fig. 1. 

Scanning 

Scanners were instructed to record those sigma 
decays in which the track of the charged decay product 
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FIG. 1. Experimental length distribution of charged sigmas 
observed decaying into charged mesons, for three production 
final states. The marked boxes are the US decays. 

showed possible evidence of being that of an electron, 
independently of the fact that it came from a sigma. 
Specifically, a track was recorded as possibly that of an 
electron if any one of the following characteristics was 
observed: (1) The track curled up and stopped in the 
chamber, or the length of the line joining the origin of 
the track to successive points on the track passed 
through a maximum before the last visible bubble of the 
track.6 (2) The sagitta of the track or of the last half 
of the track exceeded the sagitta of an ideal (no multiple 
scattering) stopping T meson by more than one 
"standard deviation." The precise statistical meaning 
of this "standard deviation" will be discussed later. (3) 
A 5 ray longer than 5 mm (corresponding to a kinetic 
energy of 1.1 MeV) was attached to the track. 

Events in these categories will be referred to as 
curl up, curvature, and 5-ray candidates, respectively. 
Events in which the possible electron became highly 
ionizing and stopped in the chamber, or scattered from a 
nucleus leaving a visible proton recoil, were rejected 
as T mesons by the scanners. 

About four candidates per roll were recorded, most 
of which were curvature candidates between 1 and 2 
standard deviations or 5-ray candidates with 1 to 2.5-
MeV d rays, none of which became a real candidate for 
a beta decay. Quite intentionally, there were about 
equal numbers of curvature and 5-ray candidates, in 
order to keep the efficiency high in both categories. 

With these scanning criteria, any examples in the 
film of the decay 2±—>A+e±+z> should have been 
found. However, there is a possibility that there was a 
bias in the scanning and editing against such decays, 
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especially if the sigma was positive. The lambdas from 
these decays would have tended to be quite slow and 
often would have decayed very close to the end of the 
sigma. The apparent three-prong vertex probably 
would not have been noticed as a 2 decay by the 
scanners. Examples of the positively charged mode of 
this decay would have been rejected as a ir+ —» n+ —> e+ 
chain in which the A came from the production origin, 
if the electron had a momentum less than 53 MeV/c 
(see E4, below) and the A pointed towards the origin. 
These two conditions usually would have been fulfilled 
because of the low Q value of the decay. 

ACCEPTANCE CRITERIA AND BACKGROUNDS 

Each event recorded by the scanners was examined 
and measured on the scanning table by physicists to 
determine whether the event was acceptable as a 0 
decay. Candidates which were not obviously rejectable 
were studied more carefully on photographic enlarge­
ments and measured with the digitized microscope. 

Whenever possible, backgrounds were eliminated or 
reduced to a tolerable level by drawing suitable ac­
ceptance cutoffs. The acceptance criteria may be 
divided into two nearly independent groups: require­
ments for the production vertex and track of the sigma 
and requirements for the electron. 

£ Acceptance Criteria 
The following acceptance criteria for sigma production 

were also adhered to in the determination of the absolute 
abundances (Table II) of mesonic sigma decays. 

(SI) The production origin was required to be 
inconsistent with a K scatter. This requirement was 
necessary to eliminate the background oiK—p scatters 
followed by a Ke% decay or by the production of an 
asymmetric Dalitz pair, in which the track of the 
scattered K looked like that of a 2 . The observation of a 
production x eliminated this possibility, since the beam 
momentum was below the threshold for the process 
K+p —> K+T+p. The process K+nucleus —* K+p 
+p-\- (unseen fragments) was found to be so rare that 
all apparent sigmas with two or more visible protons 
at the production origin were accepted as sigmas. In 
the ^p productions with only one visible (kinetic 
energy >7 MeV) proton, this background was elimi­
nated by observing that the outgoing energy was too 
much greater than the energy of the incident K meson 
to allow the hypothesis of K+p —» K-\-p: 

TR in < TK out+ Tp. (3) 
The kinetic energies of the proton (Tp) and outgoing 
sigma, hypothesized to be a K for this test (TK out), 
were measured by range. Unfortunately, the kinetic 
energy of the incident K (TK in) could not be measured 
even to 50% accuracy by any method. Therefore, the 
incident K meson was assigned an energy equal to a 
practical upper limit which was determined in one of 
two ways: (a) If the ionization of the K was consistent 
with that of a stopped K, the upper limit was taken to 

be 60 MeV. (b) If the K was clearly in flight, the upper 
limit was obtained by assuming that the incident K 
had a residual range which would have carried it to a 
line 25 cm below the center of the chamber. Only 2% 
of the K mesons traveled beyond this line. The effect of 
these selection criteria was that about 55% of the real 
^p events were rejected as possible K scatters. 

The remaining background from K scatters in this 
selection of events was determined from an experi­
mental study of the abundance of K scatters. The 
abundance of K scatters which would have been 
acceptable as sigmas, had the K decayed, was found to 
be 0.75X10-3 per incident K for single-proton scatters 
and 1.6X10-3 per incident K for two-proton scatters. 
The average probability for a Ke% decay was calculated 
to be 0.22 X10~3 per K scatter. Detection and scanning 
efficiency factors were included in this calculation. 
Since 470 000 K~~ mesons were observed in the experi­
ment, the probability of observing one such simulated 
2^ decay in the whole experiment was 0.24 for negatively 
charged decays. For positively charged decays, in 
which the background comes only from asymmetric 
Dalitz pairs, the probability was only 0.02. 

(52) The length of the track of the sigma, as measured 
in space from a microscope measurement, was required 
to be greater than 0.1 cm. 

(53) The angle between the tracks of the sigma and 
the electron was required to be large enough to rule out 
the possibility that the electron came directly from the 
origin (in which case, the 'sigma' was probably a proton 
accidentally colinear with an electron). This angle 
depended on the length of the sigma and was typically 
about 10°. 

(54) The ionization of the sigma was required to be 
great enough to make the possibility very unlikely that 
the track of the sigma was actually that of an electron 
which scattered, or that of a -K meson which underwent 
charge exchange, producing two gamma rays, one of 
which produced a Compton electron within 2 mm of the 
charge exchange point. In effect, this requirement 
allowed no gaps in very short sigmas (0.1 to 0.3 cm) 
and only about 4 per cm in longer sigmas. 

The amount of background expected from electron 
scatters was estimated from the number of events 
observed in which an electron came from an origin which 
was otherwise acceptable as a sigma origin (about 300 
events). The probability that one of these electrons 
would be Coulomb scattered through an angle greater 
than 15° and have no gaps within 0.2 cm of its origin 
was calculated to be 0.05. Similarly, the probability 
of one charge-exchange sequence, described above, 
occurring in the experiment was found to be approxi­
mately 0.03, by using typical charge-exchange cross 
sections9 and Compton electron cross sections.10 

9 H. Bethe and F. de Hoffmann, Mesons and Fields (Row 
Peterson & Company, New York, 1955), Vol. II, p. 27. 

10 B. Rossi, High Energy Particles (Prentice-Hall, Inc., Engle-
wood Cliffs, New Jersey, 1952), p. 178. 
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(55) The sigma was required to be 'moderately' 
straight. This was a subjective test applied to the 
longer (>0.6 cm) sigmas and consisted of the require­
ment that the sigma appear more like a stopping proton 
than a stopping w or K. Its only effect was to eliminate 
a few negative, and quite a few positive, ir—jx—e chains 
in which the T—JX track was mistaken for a sigma by the 
scanner. 

Unfortunately, the subjective nature of this test 
made it difficult to estimate the remaining background. 
The abundance of slow w+ mesons, which always stop 
and decay, was large enough that all apparent 2$+ 
decays with electron momenta less than 53 MeV/c, 
which is the maximum for electrons from fx decay at 
rest, had to be eliminated (criterion E3, below). To 
determine the background from negative x mesons, 
which decay only in flight, a careful study was made of 
the abundance of w~ mesons produced at acceptable 
origins and of their momentum spectrum. A computer 
program was written to compute the decay probability 
for this sample of T mesons as a function of the total 
length of the w—jx track. The probability that the w—n 
track would appear "moderately" straight was evalu­
ated in a semi-empirical fashion. The resultant proba­
bility for the occurrence of a spurious 2J/T decay in the 
whole experiment was 0.04 for an event with a produc­
tion 7r+ and 0.19 for an event with only protons from 
the origin. A detection and scanning efficiency of 0.5 
was used in the calculation. 

(56) The dip of the sigma was required to be less 
than 60°. 

(57) Events in which the end of the track of the 
sigma was closer than 0.3 cm to the top or bottom 
glass were eliminated in order to assure that no other 
charged particles emerged from the end of the sigma. 

(58) Those I^TT" productions in which the sigma and 
the incident K were sufficiently colinear so that it could 
not be determined which vertex was the production 
vertex were eliminated. 

(59) The gap between the end of the track of the 
sigma and the first bubble of the track of the electron 
was required to be less than 0.2 cm. 

(S10) The extrapolated trajectory of the track of the 
electron was required to cross the track of the sigma 
no more than 1 bubble width from the end of the track 
of the sigma. A bubble width was taken to be the width 
of the track of the sigma and was usually 0.05 cm. 

This last criterion eliminated most of the possible 
background from the decay S+ —> p+w° in which the 
7T° produced an asymmetric Dalitz pair and in which 
the proton was very short. From the assumption that 
To of all S+ —> P+TT° decays had protons shorter than 
0.05 cm, or which went backwards from the decay 
vertex, it was calculated that the probability of one 
such spurious event was 0.07. 

Criteria (S9) and (S10) together reduced the back­
ground from the process S~+ nucleus —» A (2J~~ capture 
at rest), followed by A —> n+ir° very near the end of the 

sigma, in which a gamma from the T° produced a 
Compton electron which appeared to come directly 
from the end of the sigma. 

By averaging the stopping probability over an 
approximate momentum distribution for the sigmas at 
production, the number of negative sigmas longer than 
0.1 cm which stopped and were captured was estimated 
to be 1.0 times the number of mesonic decays observed. 
The fraction of the lambdas which decayed into neutral 
T mesons within 0.1 cm of the S~-capture origin was 
calculated to be 0.026, from an estimate for the mo­
mentum spectrum of these lambdas.11 The probability 
of one of the two 85-MeV (on the average) gamma rays 
producing a Compton electron10 within 0.2 cm was 
calculated to be 1.0X10~3. By multiplying these factors 
by the total number of mesonic S~ decays in the experi­
ment and a detection and scanning efficiency of 0.40, 
the probability of observing one such background event 
was found to be 0.24. 

The only one of these selection criteria which elimi­
nated a large number of events which were really 
sigmas was (SI). The other criteria had the effect 
of rejecting about 12% of the mesonic sigma decays 
found in the scanning. 

Electron Acceptance Criteria 

The acceptance criteria for electrons were of two 
varieties: those which applied to all candidates and 
those which defined the acceptance cutoffs in each of the 
three categories (curl up, curvature, and 8 ray). The 
first 4 applied to all candidates. 

(El) The dip of the electron was required to be less 
than 60°, since ionization measurements became un­
reliable for tracks with greater dip angles. 

(E2) The ionization of the electron was required 
to be within the statistical error of 1.4 times minimum, 
or less, everywhere along the track. Relative ionization 
was measured by bubble counting in 3-cm segments. 
This requirement eliminated all tracks containing a 
Tr—>fj,—*e decay sequence. Since virtually all fx decays 
occur at rest, the change in ionization at the decay 
point was obvious. Slow pions which decayed into 
muons which were at rest in the laboratory were also 
eliminated by this requirement. 

(E3) In that portion of the track for which the 
momentum by curvature was greater than 100 MeV/c, 
no kinks greater than 30° were allowed. This require* 
ment eliminated most of the background from normal 
mesonic sigma decays in which the ir~ underwent 
charge exchange, producing two gammas, one of which 
produced a Compton electron within a few millimeters 
of the point of charge exchange. The probability that a 
real 2^ decay would have been rejected because of this 
criterion was calculated and found to be negligible. 

11 The spectrum was assumed to be the same shape as that for 
lambdas produced by K mesons (Ref. 6), but peaked at 290 
MeV/c, which is the momentum of a lambda produced by 2~~ 
capture by a free proton. 
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The probability of a charge exchange simulating an 
acceptable 2^ decay in the whole experiment was 
calculated to be 0.03. This result is based on differ­
ential cross sections for charge exchange at two ir 
momenta (150 and 220 MeV/c),9 the probability for 
producing a Compton electron within 0.5 cm of the 
charge exchange point10 (evaluated at the average 
gamma energy), an average track length of 15 cm, 
23 000 observed mesonic 2~~ decays, and a detection and 
scanning efficiency of 0.30. The expected background 
from charge exchange is at least ten times smaller in the 
case of mesonic S+ decays, since the background comes 
only from asymmetric Dalitz pairs or conversion pairs. 

(E4) In the candidates for S^+ decays, the electron 
momentum was required to be greater than 53 MeV/c 
in order to eliminate w—fx—e chains (see S5). Specific­
ally, this meant either that the electron range was 
required to be greater than 32 cm12 or that the mo­
mentum by curvature was required to be sufficiently 
greater than 53 MeV/c. About 25 candidates (all of 
which satisfied criterion S5) were rejected with mo­
mentum distinctly below 53 MeV/c. From this number 
and from the momentum spectrum of electrons from ix 
decay,13 it was determined that 1.5 standard deviations 
above 53 MeV/c, which was about 95 MeV/c in a 
typical case, was sufficiently greater than 53 MeV/c 
to reduce the T—fi—e background probability to 0.2. 
The application of this cutoff eliminated the remaining 
5 candidates for S^+ decay. This cutoff was the major 
source of a much lower detection efficiency for X^~ 
decays than for Xf~ decays. 

Curvature Candidates 

There were no further cutoffs for the curl-up 
candidates. The acceptance cutoffs for the curvature 
candidates were as follows. 

(E5) The electron track was required to have a 
length greater than 10 cm. 

(E6) The sagitta of the track was required to exceed 
the magnetic sagitta expected for a w, assumed to have 
a momentum of 85 MeV/c at the last visible bubble, by 
four times the root-mean-square projected sagitta 
(hereafter referred to as the standard deviation, or 
S.D.) expected from multiple scattering for the same T. 
The standard deviation, as calculated from multiple 
scattering theory,14 is given by the equation: 

2.16Z3'2 0.45L3'2 

<S2W2= -= , (4) 

in which L is the true track length in cm, LTad is the 
radiation length, and P(3 is the momentum times 

12 An average value of 1.65 MeV/cm was used for dE/dx in this 
momentum region. I am indebted to David Miller, University 
College, London, for the calculation of the energy loss for electrons 
in this liquid. 

13 B. Rossi, Ref. 10, p. 90. 
14 W. T. Scott, Phys. Rev. 76,212 (1949). 

velocity/c of the track in MeV/c. A study of 200 long, 
stopping JJ, mesons showed that the distribution of 
sagittas was Gaussian (at least out to 2 S.D.) and that 
the standard deviation was given by Eq. (4) with P/3 
evaluated at the center of the track, with 6% 
uncertainty. 

The effect of single-scattering, which normally 
introduces a large non-Gaussian "tail" to the multiple 
scattering distribution, can be shown to be negligible 
beyond 3 S.D. because of the fact that large kinks (e.g., 
greater than 10° in a track with P/3=90 MeV/c) could 
always be seen. Therefore, the probability of a TT 
exceeding 4 S.D. is the remaining fraction of the area 
under the Gaussian curve beyond 4 S.D., or 1/32 000. 
Actually, the probability that a w from a 2 decay would 
exceed 4 S.D. is about twice as small, since these T 
mesons left the chamber with an average momentum 
of 140 MeVA, not 85 MeV/c. Below 85 MeV/c, a T 
was distinguishable from an electron by ionization. The 
probability of a T from a S~ or S+ decay exceeding 4 
S.D. once in the experiment is, therefore, about 0.14 
or 0.09, respectively. 

The sagittas of all candidates found by the scanners 
were measured on the scanning table and compared with 
the standard deviation marks on one of a series of w 
templates according to the dip of the track. All candi­
dates above 2 S.D. were measured on the microscope 
and evaluated in the spacial reconstruction program, 
which removed optical distortions and magnetic field 
variations. About 20 candidates lay between 2 and 3 
S.D., 3 between 3 and 4 S.D., and 2 above 4 S.D. The 
latter two events were accepted as S/f~ decays. 

5-Ray Candidates 

(E7) The 8 ray was required to have a kinetic energy 
greater than 2.5 MeV. 

(E8) The 8 ray was required to be well attached to 
the track, which meant that (a) the angle between the 
8 ray and the track was less than 50°; (b) the first bubble 
of the 8 ray distinguishable from the main track was 
within 0.1 cm of the track, measured along the trajec­
tory of the 8 ray; (c) the trajectory of the 8 ray inter­
sected the main track in space, within the measure­
ment errors. 

These two criteria were necessary to reduce the 
large background which came from the many low-
energy Compton electrons in the chamber. If the first 
bubble of one of these Compton electrons occurred close 
enough to the track, it would simulate a 8 ray. From the 
three requirements (E8), it was calculated that the 
effective volume of the average track (15 cm in length) 
within which a Compton electron would have to begin 
in order to simulate a 8 ray was 0.02 cm3. The abundance 
of stray Compton electrons in the chamber decreased 
rapidly as the energy increased. Above 2.5 MeV, the 
average density was found to be 0.87 X10~~3 electrons 
per cm3. Therefore, the probability of observing such a 
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TABLE I. Summary of backgrounds. 

Background 

K scatter —> Kes 
electron scatterers 
S~ capture 
charge exchange 
2 + -> p+ir° 
7r~ —> fx~ —•> e~~ 

7r curves > 4 S.D. 
5 really Compton e~ 
8 from 7r or /x 

Totals 

Reference to 
discussion* 

SI 
S4 
SIO 
E3 
SIO 
S5 
E6 
E8 
E9 

S-7T+ 

0.03 
0.14 
0.02 

0.04 
0.08 
0.22 
0.10 

0.63 

Probability of one 
TTp 

0.24 
0.05 
0.10 
0.01 

0.19 
0.06 
0.16 
0.07 

0.88 

event in experiment 
S+7T-

0.01 

0.07 

0.09 
0.25 
0.11 

0.53 

2+p 

0.02 

0.01 
0.03 
0.02 

0.07 

Restrictions 

P 6-<55 MeV/c 
curvature events 
5-ray events 
5-ray events 

a See lettered paragraphs in text. 

background event is 0.66, since the total track length 
of 7r mesons from S* decays was 600 000 cm and the 
scanning efficiency for 8 rays was 65%. 

The observation of a 8 ray with kinetic energy 
greater than 2.5 MeV is not sufficient to prove that 
the track was that of an electron. A 8 ray with kinetic 
energy T$ can be produced by any T or n with a mo­
mentum greater than a minimum given by the equation 

(5) 
M*+2nteWmin+M* 

in which Pm\n and Wmm are the minimum momentum 
and total energy of the IT or p necessary to produce the 
5, M is the mass of the w or /*, and me is the mass of the 
electron. This equation follows from energy and mo­
mentum conservation in the collision of a T with a 
stationary electron. The T mesons from sigma decay 
in this experiment decayed in flight into muons fre­
quently enough that the hypothesis that the track was a 
ix had to be considered. Elimination of the possibility 
that the 8 ray was produced by a ju from a IT decay 
nearly automatically eliminated the possibility that 
it was produced by a T, since a JJL can produce a 8 ray 
with twice as much energy as a x with the same mo­
mentum. These considerations led to the last 
requirement: 

(E9) The momentum (at the 8 ray) of the track, 
assumed to be a /x, was required to be less than the 
minimum fx momentum, PM min (Eq. 5), necessary to 
produce the 8 ray. The momentum of the track was 
determined in one of two ways. First an upper limit 
to the momentum from the assumption that the event 
was a S—»7r, 7T—-> /x. chain was established from the 
kinematics of the two decay processes. An upper limit 
to the 2 momentum at the decay vertex was obtained 
from energy conservation at the production vertex.15 

The second method of momentum measurement was 
by curvature. However, this momentum was dis-

15 See paragraph (SI). If the event showed no evidence of a 
production ir, the Q value of the reaction was assumed to be that 
of two-nucleon production, K~-\-p-j-p —> X~-\-p. 

regarded if it was within 2 standard deviations (Eq. 4) 
of the minimum momentum necessary for a TT to 
produce the 8 ray (PT min). Otherwise, the event was 
accepted as a /3 decay if either of the two momenta 
was lower than PM min. 

Because of the 2.5-MeV minimum 5-ray energy (E7), 
the background from pions and muons comes only from 
pions with momenta greater than 225 MeV/c and 
muons with momenta greater than 158 MeV/c. From 
the sample of measured mesonic S decays, it was 
estimated that about 15% of the ir mesons had momenta 
greater than 225 MeV/c. The average probability that a 
T would produce a 8 ray with kinetic energy greater 
than 2.5 MeV and have a momentum by curvature 
equal to, or less than, PM miU and at least 2 standard 
deviations below Pv min was calculated to be 0.9X10-5 

per ST decay. An analogous calculation indicated that 
the probability was approximately the same that a ic 
would decay in flight into a /x and that the ju would 
satisfy the same conditions. From these numbers, the 
probability for the observation of one such accidental 
event in the experiment was found to be 0.30. The 
background probability would be much smaller for 
events established by the kinematic upper limit to the 
H momentum, because this upper limit is always an 
overestimate of the momentum. 

The energy of the 8 ray was measured from the range 
in space using Feather's rule in aluminum,16 scaled 
slightly for the different properties of this liquid. Care 
was taken not to overestimate the dip of the 8 ray. 
The error in the measured range was estimated to be 
about 0.10 cm for 5 rays between 1 and 3 cm long. The 
tests for attachment (E8) were carried out both by the 
use of photographic enlargements and by examination 
of the space-reconstructed points from the optical 
reconstruction program. 

Two j8 decays were identified by 8 rays. In both cases, 
it was the curvature measurement of momentum, rather 

16 B. H. Willis and C. V. Stableford, University of California, 
Lawrence Radiation Laboratory Report UCRL-2426 Rev., 1956, 
Vol. 2 (unpublished). 
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than the kinematic upper limit, which established the 
event. 

Summary 

The backgrounds mentioned above are summarized 
in Table I. The probability of observing a background 
event in each of the most common production classes 
is tabulated. The grand total of these backgrounds is 
1.52~~ events and 0.62+ events. The largest background 
occurs in the 5-ray events. 

One other process which is considered background in 
this experiment is the decay mode S~—>A+e~+v in 
which the A decayed into neutral particles. Since no 
2) decay of this type was observed in which the A 
decayed into charged particles, it may be said that the 
probability that one of the observed events is such a 
decay is less than 0.5. However, there was a possible 
scanning bias against such decays if the A did decay 
via the charged mode (see above). If the branching ratio 
for this decay mode measured by the Cern-Maryland 
collaboration5 is used, the probability is 0.6 that one of 
the events found in this experiment is a S~ —> A+e~+v 
decay. This probability raises the amount of background 
contamination to 2 Z~ events. 

Many of these background calculations have an 
uncertainty of about a factor of two. Furthermore, all 
the background probabilities are quite sensitive to the 
choice of cutoffs made. In some cases, it was rather 
difficult to apply the acceptance criteria rigorously to 
the candidates. Two candidates were on the borderlines 
defined by these criteria. These two uncertainties lead 
to an uncertainty of about a factor of two in the total 
number of background events expected. 

Accepted Events 

A total of 112 f decays remained which satisfied the 
acceptance criteria. There were seven curl-up candi­
dates, two 5-ray candidates, and two curvature candi­
dates. No 20+ decays were found. The laboratory 
energies of the electrons, measured by the method of 
Behr and Mittner,17 are displayed in Fig. 2. Subtraction 
of the expected background contamination reduces the 
total number of events to nine examples of the decay 
mode 2~ —» e~~+n+ v. 

DETERMINATION OF THE BRANCHING RATIO 

The accuracy of the branching ratio is limited mostly 
by the small number of events, which introduces an 
error of about 25%. Therefore, the other factors which 
enter into the branching ratio have been determined 
only to 10% accuracy. These other factors are the 
number of mesonic 2 decays in the film, the detection 

TABLE II . Numbers of acceptable mesonic 2 
decays in the experiment. 

Production reaction Number of events Totals 

17 L. Behr and P. Mittner, in Proceedings of the 1962 Conference 
on Instrumentation for High-Energy Physics at Cern, edited by 
F. J. M. Farley and M. E. Meyer (North-Holland Publishing 
Company, Amsterdam, 1963), p. 446. 

iT+nucleus -* 2T+7T+ 13 000± 1300 
-> 2"+protons 9800± 1250 

T o t a l s - 22 800±1900 
->S++7r- 14 700±1300 
-» 2++protons 2500±600 

Total 2+ 17 200±1500 

efficiency of the chamber for electrons, and the scanning 
efficiency. 

The Number of Sx Decays 

Seven rolls of film were scanned about six times by 
different scanners for all 2 ± —> -w±Jrn decays. All events 
were measured on the digitized microscope. The sigma 
acceptance criteria (SI through S10) were applied and 
the number of acceptable 2 decays determined. The 
number of A decays on each roll, obtained from the 
Berkeley and London scanning records, was then used 
as a measure of the beam intensity in these seven rolls 
and in the rest of the film and the number of 2 decays 
in the whole experiment determined by scaling. The 
results are summarized in Table II. 

The errors in Table II are the result mainly of the 
statistical error in the number of sigma decays counted. 
Also included in the error is a 5% uncertainty arising 
from the subjective judgment sometimes involved in 
applying the acceptance criteria. 

Since the acceptance criteria for the production 
vertex and the track of the 2 were the same for both 
mesonic and p decays, scanning biases and detection 
efficiencies relating to the properties of the track of the 
sigma should be the same for both the mesonic and the 
j3 decays. Therefore, in calculating the rate for 2f~ 
decay, one needs to correct the ratio of the number of fi 
decays to the number of mesonic decays only for the 
detection efficiency of the chamber for electrons 
compared with that for w mesons, and for the scanning 
efficiency for 0 decays relative to that for mesonic 
decays. 

The scanning efficiency in the determination of the 
number of mesonic 2 decays was taken to be 100%, 
on the assumption that an event with some peculiar 
topology not found in six scannings of a roll would 
never be found, even if the T were replaced by an 
electron. 

Similarly, the detection efficiency of the chamber for 
mesons from sigma decays may be taken to within a 
few percent of 100%, since the w was not required to 
stop in the chamber. Several corrections which were 
considered, such as the loss of events in which the track 
of the TV was very steep or in which 6^ was very small 
(see S3), either were the same for the mesonic and the 
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j8 decays or changed the efficiency only 1%. Background 
contaminations were similarly small. 

Scanning Efficiency 

The efficiency with which the film was scanned for 
2/3 decays was determined on the basis of about 75 
events which were either acceptable 2# decays or close 
imitations thereof. Candidates with 8 rays of energy 
less than 2.5 MeV and curvature candidates below two 
standard deviations, which constituted 95% of the 
events recorded by the scanners, were not used. A 
rescanning of those rolls containing these 75 candidates, 
in which the scanners were not aware that they were re­
scanning, was undertaken during the last few months 
along with the first scanning of other rolls. These rolls 
were scanned by three or four different scanners. From 
this, and earlier, rescanning, an efficiency was determined 
for each scanner in each category. The assumption was 
made that every electron satisfying criteria (El) 
through (E9) had an equal probability of being found. 
The efficiency with which the whole experiment was 
scanned was calculated to be (79±5)% for the curl-up 
and curvature events, (66±9)% for the 5-ray events. 
The calculation included the appropriate correction for 
the fact that 20% of the film was scanned twice. 

These numbers would be wrong if electron tracks 
with certain topologies were consistently missed, if 
these topologies had no analogy in the T tracks of the 
mesonic sigma decay sample. There was some suspicion 
that very high-energy 8 rays (>6 MeV) may have been 
missed. If this scanning bias actually existed, the true 
scanning efficiency for 8 rays would be twice as low as 
the number quoted above. 

Detection Efficiency 

A Monte Carlo program similar to the one used in the 
A^-decay experiment6 was written to compute the 
efficiency of the chamber for detecting electrons by the 
three different methods (curl up, curvature, and 8 ray). 

The program received as input the initial angles and 
origin coordinates of each of 180 w mesons from a random 
sample of mesonic sigma decays. In outline, the program 
replaced the ir by an electron and then generated its 
trajectory 20 times, making different random choices 
for the initial energy and radiation loss per centimeter 
each time. Each track was then analyzed in exactly 
the same way as the real candidates (El and E4-E6) 
to see if it was an acceptable curl-up or curvature event. 
If it was not acceptable, then the probability that it 
would produce a 8 ray larger than the maximum 
allowed for a tx (criteria E7 and E9) was computed, 
using an empirically determined 5-ray cross section. 

The 5-ray cross section was determined from 95 8 rays 
with energies greater than 2.5 MeV found on a sample 
of electron tracks from conversion pairs. The same 
attachment criteria (E8) and energy measurement 

TABLE III . Detection efficiencies for electrons from 
2* decay for P s = 250 MeV/c. 

Detection method Sigma charge Detection efficiency (%) 

Curl up 
Curvature 
5 ray 

Total S -
Curl up 
Curvature 
8 ray 

— 
— 
— 

+ 
+ 
+ 

37±1.5 
8±1.0 

10dbl.7 

12±1.0 
3±0.4 
6=bl.O 

Total 2+ 21d=2 

methods were used as were used with the S^-decay 
candidates. The result was averaged over variable film 
conditions which are known to affect the empirical 
cross section.18 The average mean free path was 
(55=h9) cm for negative electrons and (60±10) cm for 
positrons. The dependence of the mean free path on the 
minimum energy of the 8 ray was assumed to be linear.19 

The initial energies of the electrons in the sigma rest 
frame were chosen randomly in such a way that the 
usual 0-decay spectrum was produced in a large number 
of such choices. The initial energy was then transformed 
into the laboratory by using the measured angle between 
the tracks of the sigma and its decay product and an 
assumed sigma momentum. Varying this assumed 
momentum between 100 and 400 MeV/c was found to 
vary the detection efficiency by only 1%. A drastic 
change in the shape of the /3-decay energy spectrum 
had a similarly negligible effect. 

In order to test the basic validity of some of the 
methods used, the program was run once using the 
electron energy distribution, initial value choices, and 
dip criterion stated in the report of the A^-decay 
experiment,6 but with the random set of 2 origins from 
this experiment. The detection efficiency for electrons 
which curled up was 65%, as compared with 60% in 
the A^-decay experiment. The program used in the 
latter experiment was, in turn, partially checked with 
H~ —-> e~ decays. 

The efficiencies in the various categories are tabulated 
in Table III. The errors in these efficiencies are the 
result of the statistical error arising from the fact that 
only 180 sigma origins were used and the result of the 
uncertainty in the determination of the 5-ray cross 
section. The efficiencies are much smaller for 2Ĵ + decay 
because of the requirement that the positron have a 
measured momentum greater than 53 MeV/c (see E4). 
The detection efficiency as a function of energy, along 
with the theoretical energy spectrum for 2# decay and 
the energies of the 11 events in this experiment are 
shown in Fig. 2. 

If the detection efficiencies for each category are 
multiplied by the appropriate scanning efficiencies 

18 The cross section increases with the bubble density of a 
minimum ionizing track. See Ref. 6. 

19 B. Rossi, Ref. 10, p. 16. 
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ELECTRON MOMENTUM (LAB) (MeV/c) 

FIG. 2. Theoretical electron momentum spectrum for 2,3 decay 
and detection efficiency of the chamber for electrons as a function 
of energy from the Monte Carlo program. The spectrum curve was 
obtained by transforming the usual /3-decay phase-space spectrum 
from the 2 rest frame into the laboratory at three 2 momenta 
(100, 250, and 400 MeV/c) and averaging the results. The solid 
bars indicate the momenta of the events in this experiment. 

(above), the combined scanning and detection efficien­
cies are (42d=3)% for Xf~ decays and (16±2)% for 
2p+ decays. 

The Branching Ratio 

The total number of events, corrected for background, 
is divided by the average detection and scanning 
efficiency and the number of mesonic sigma decays to 
obtain the 2/T-decay branching ratio: 

T(2--*n+e~+v) 9 

T (2 - -> n+ir) (0.42) X (22 000) 

= (1.0_O.3+0-4)X10-3. (6) 

Only 15% of the error comes from factors other than 
the statistics of 11 events. 

For the 2^+-decay branching ratio, only an upper 
limit can be set: 

T(2+-+n+e++v) 1 
• < =0.4X10~3. (7) 

r(S+-»»+*•+) (0.16)X(17 000) 

The upper limit on the ratio of the two branching 
ratios is 

<0.4. (8) 
TC2r-+n+e-+v) 

The 90% confidence limit for the same ratio is 0.6. 

DISCUSSION 

Several points on the internal consistency of the data 
are worth noting. The ratio of the detection efficiencies 
for the three methods of detection (3.7:0.8:1) is quite 
consistent with the ratio of the number of events 
observed in each category (3.5:1:1). From Figs. 1 and 2 

it can be seen that the length and energy distributions 
of the 11 events are consistent with what is expected. 

The upper limit of the ratio of the 2+ and S~ decay 
rates [Eq. (8)] may be obtained in another way by 
counting only those 2f~ decays in which the electron 
had a momentum significantly greater than 53 MeV/c, 
as defined in (E4). There were 6 such events, or 5 after 
subtracting one as probably background. Thus, the 
result of the detection efficiency program is replaced 
by information from the experimental electron energy 
spectrum. The ratio is simply 

T(?+->n+e++v) 1 22 800 
< - X =0.3, (9) 

T(2-->n+e-+i>) 5 17 200 

compared with 0.4 from Eq. (8). 
The existence of a scanning bias against high-energy 

8 rays, a possibility which has already been mentioned, 
would increase the S^-decay rate only 10%. No other 
systematic biases considered would have more than a 
5% effect. An examination of the rescanning revealed 
no scanning bias dependent on the charge of the event. 

CONCLUSIONS 

The ratio of the rate for AS= — AQ transitions to the 
rate for AS= +AQ transitions in 2$ decays found in this 
experiment is less than 0.4. Neither this experiment nor 
any other experiment to date has produced an example 
of the decay 2 + —>n+e++v. The background calcu­
lations made in this experiment indicate that it would 
be fruitful to continue to search for this decay mode 
in heavy liquid chambers even if the rate is ten times 
smaller than the limit quoted here. 

The 2/T-decay branching ratio was found to be 
(1.0_o.3+0-4)X10-3. This is 60 times smaller than the 
rate predicted by Feynman and Gell-Mann.1 The A -̂
decay rate was found to be smaller than the prediction 
by about the same factor.6 

The rate determined in this experiment is not 
inconsistent with the tentative result of the Cern-
Maryland experiment5 in liquid hydrogen. 
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I. INTRODUCTION 

SINCE the first development of the subject by 
Goldberger and others,1 forward dispersion rela­

tions have been extensively used in the phenomeno-
logical analyses of ir-N,2 K-N,z and N-N* scattering 
data. The technique has had a somewhat limited suc­
cess, however, due to the presence of three adverse 
factors: (a) ignorance of total cross sections in the high-
energy region, (b) ignorance of the magnitudes of the 
residues at certain poles, and (c) the presence of un-
physical regions in the dispersion integrals. The dis­
persion relations have hitherto been used as identities 
for the real parts of the forward scattering amplitudes 
in terms of certain integrals over total cross sections. 
We wish to demonstrate in this paper that if these are 
converted into suitable inequalities, the factors (a) and 
(b) need no longer be problems while the difficulties 
associated with the factor (c) can be rendered much 
less severe. I t is, however, true that in this process, we 
lose some of the information which is in principle con­
tained in the canonical identities. 

Section I I begins with a derivation of these inequali-

* Work supported by the U. S. Atomic Energy Commission. 
1 M. Gell-Mann, M. L. Goldberger, and W. Thirring, Phys. 

Rev. 95, 1612 (1954); M. L. Goldberger, ibid. 99, 979 (1955); 
M. L. Goldberger, H. Miyazawa, and R. Oehme, ibid. 99, 986 
(1955). 

2 H. L. Anderson, W. C. Davidon, and U. E. Kruse, Phys. Rev. 
100, 339 (1955); U. Haber-Schaim, ibid. 104, 1113 (1956); T. 
Spearman, Nucl. Phys. 16, 402 (1960); F. Salzman and G. 
Salzman, Phys. Rev. 120, 599 (1960). See G. Puppi, Proceedings 
of the 1958 Annual International Conference on High-Energy 
Physics at CERN (CERN, Geneva, 1958), p. 43 for further 
references. 

3 See R. H. Dalitz, Proceedings of the 1958 Annual International 
Conference on High-Energy Physics at CERN (CERN, Geneva, 
1958), p. 191 and R. Karplus, L. Kerth and T. Kycia, Phys. Rev. 
Letters 2, 510 (1959). 

^Riazuddin, Phys, Rev. 121, 1509 (1961), 

grounds, analyzing candidates, and scanning. The 
difficult scanning job was done mostly by I. Ullestad, 
R. Firestone, L. Spitzer, J. VanHorne, T. Holke, T. 
Lane, and K. Maas. 

I am indebted to Professor Bunji Sakita and Professor 
Robert Sachs for theoretical illumination. 

ties for w±—p scattering under very weak assumptions 
regarding the asymptotic behavior of the amplitude. 
These results are then extended by observing that the 
T~—p total cross section seems to be always somewhat 
larger than the ir+—p total cross section beyond a certain 
energy. Still further inequalities can be proved if we 
are willing to assume that the real part of the amplitude 
does not increase like energy itself at large energies. 
Evidence for this assumption is somewhat ambiguous, 
but it seems intuitively rather plausible. 

Section I I I is concerned with the K±—p system which 
is a typical example where both unknown coupling 
constants and unphysical regions occur. We show how 
inequalities can be written down which do not involve 
coupling constants provided their signs are known. 
These signs depend essentially only on the relative 
parities of the particles involved and are rather well 
established for this system.5 The section concludes with 
some remarks on the unphysical region. 

The Appendix describes how one can derive a whole 
class of simpler inequalities from the previous results 
and follows the discussion of a similar problem by the 
author in a different context.6 

The extension of the foregoing considerations to 
other scattering processes is fairly trivial and is not 
therefore considered in this paper. 

For the benefit of the reader interested primarily in 
the results, we mention that these are contained in 
Eqs. (II.9), (11.16), (11.23), (III.4), (III.6)-(IIL10), 
and the Appendix. The principal conventions about 

5 A summary of the evidence and detailed references are to be 
found in G. A. Snow, Proceedings of the 1962 Annual International 
Conference on High-Energy Physics at CERN, edited by J. Prentki 
(CERN, Geneva, 1962), p. 795. 

6 A. P. Balachandran, EFINS-63-67 (unpublished); J. Math, 
Phys. (to be published), 
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We develop a class of inequalities involving the real parts of the forward scattering amplitude at arbitrary 
energies and certain finite integrals over total cross sections. These should prove useful in the resolution 
of phase shift ambiguities in the analyses of scattering data and are sufficiently flexible to be applied even in 
situations where, for instance, the magnitude of the residue at a pole is not known. 


