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and the weighted mean is

A =1520+50 sec '.
C

The rate measured by Falomkin et al. using a
He' diffusion chamber' (Ac =1410+140 sec ')
is consistent with our results. On the basis of
the universal Fermi interaction, and using the
most recent values of the He~ rms radius ob-
tained from electron-scattering experiments, 4

Wolfenstein predicted a rate of

A =1450 sec '
C

The error in the theory is difficult to estimate,
but including the uncertainties in the triton ft
value, the He~ radius, and the magnitude of the
induced pseudoscalar coupling, it may be as
high as 10$.' The result of our experiment
agrees well with the prediction of the universal
Fer mi interaction.

We are pleased to acknowledge the support
and interest of Professor Emilio Segrh, the
advice of Professor Norman E. Booth, and the
sustained effort of the target group -in particular,
Mr. William Pope, Mr. Richard Schafer, and

Mr. Raymond Fuzesy, who engineered and tested
the high-pressure gas target. The crew of the
184-in. cyclotron under Mr. James Vale main-
tained a steady and reliable beam throughout the
experiment.

~cwork done under the auspices of the U. S. Atomic
Energy Commission.

'L. %olfenstein, in Proceedings of the International
Conference on High-Energy Nuclear Physics, Geneva,
1962 (CERN Scientific Information Service, Geneva,
Switzerland, 1962), p. 821. The theoretical A is
given here as 1400+ 140 sec ~.

2F. J. M. Farley, T. Massam, T. Muller, and
A. Zichichi, in Proceedings of the International Con-
ference on High-Energy Nuclear Physics, Geneva, 1962
(CERN Scientific Information Service, Geneva, Switzer-
land, 1962), p. 415.

3I. V. Falomkin, A. I. Filippov, M. M. Kulyukin,
B. Pontecorvo, Yu. A. Scherbakov, R. M. Sulyaev,
V. M. Tsupko-Sitnikov, and O. A. Zaimidoroga, Phys.
Letters 3, 229 (1963).

H. Collard and R. Hofstadter, Stanford Internal
Report HEPL-285, January 1963 (unpublished).

L. %olfenstein (private communication).

RESOLUTION OF THE Z -MASS ANOMALY

Walter H. Barkas, John N. Dyer, * and Harry H. Heckman
Lawrence Radiation Laboratory, University of California, Berkeley, California

{Received 29 May 1963)

The masses of the charged Z hyperons and the
R meson are determined most accurately from
range measurements in emulsion on the products
of the following processes: (1) Z+-p+w', (2) Z
-n+m+, (3) K +P-2++m, a,nd (4) K +P- Z
+~+. Prior to 1960 the masses were determined,
but not overdetermined, from the ranges of the
charged baryons alone. The Z+ mass was found
from the proton range in Reaction (1). The K
mass was determined from the Z+ range in Reac-
tion (3), and the Z —Z+ mass difference was de-
duced from the Z+- Z range difference in Reac-
tions (3) and (4). For such measurements, events
are used in which the Z+ decays at rest and in
which the K is captured by a free proton after
it comes to rest.

In 1959-1960we began measurements of the pion
ranges with a dual purpose: to confirm the meas-
urements by overdetermining the masses, and
to study further the high-velocity range-energy

relation in emulsion. We soon found' that there
was an apparent lack of momentum balance in
Reaction (4), although the other reactions seemed
to balance satisfactorily.

We have recently carried out new measurements
in a large emulsion stack. The results are prac-
tically identical with those reported previously,
and we cannot doubt now that a real effect ex-
ists, ' ' In this Letter we present our data, and
propose that a physical effect not heretofore ad-
duced is the reason for the measurement contra-
dictions. We suggest that slow negative hyperons
lose energy at a lower rate than do positive par-
ticles of the same velocity. We believe that an
inequality in the energy-loss rates of positive
and negative particles can be explained by extend-
ing the theory of stopping to include second-order
Born approximation terms. This means that the
existing range-energy (RE) relation, '&' which is
based on positive-particle ranges, will not give
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Table I. Observed ranges.

Process

(1) ~ -P+"
(2) Z+-n+~+

(3) &+P- ~++ &

(4) E+P-Z +z

Measured

144P

48m

Mean range

92.74 ~ 0.34 mm

818.8 ~1.7 p
88.58 +0.51 mm

708 9 +1 5 p
78.45 ~0.25 mm

Number of emulsion
stacks used

correct values for quantities derived from the
Z range in (4). We are led to this conclusion
after rejecting several alternative possibilities,
none of which could be made at all compatible
with our understanding of the measurement errors.

Our ranges in emulsion of specific gravity 3.815
are given in Table I. The standard deviation of
each range is in close agreement with Bohr's
straggling theory except in the case of the Z,
where theory predicts 10 p. and we observe 1.5 p. .

The pion ranges were measured independently
by two observers with an automated coordinate
readout microscope. Some ranges were also
measured graphically by plotting the grid coor-
dinates (a 1-mm grid is photographed on each
pellicle) of the pion track. The two methods of
measurement agreed within 1$ for each track.
The baryon ranges were measured in accord with
our previously established' standards. The data
from all stacks are consistent. By careful meas-
urements, the collinearity of tracks from proc-
esses (3) and (4) also was tested. There is, in
any case, no possibility of mistaking K capture
by a bound proton for one by a free proton because
of the large difference in Q values.

The low-velocity (P & 0.28) portion of the proton
RE relation has been much studied, and in connec-
tion with the present program was rechecked.
There is less empirical data on which to base the
high-velocity range table needed for the pions.
The original tables' »' were calculated from theory
using a mean excitation potential, I, of 331 eV and
the shell corrections calculated by Walske. ' Later
high-velocity data by Barkas and von Friesen'
gave a range of I values from 304 to 328 eV, and
other information cited by them indicated that
331 eV might by somewhat high. In the meantime
range tables with more elaborate shell correc-
tions at a series of I values were prepared. '
These tables and the measurements of Table I

now enable us to improve our estimate of the
emulsion I value.

Reaction (1) uses only the well-established por-
tion of the range-energy curve. From it we ob-
tain for the mass of the Z+ hyperon 1189.36+ 0. 17
MeV. In order to obtain the same Z+ mass from
Reaction (2) as from Reaction (1), we assume
that I is an adjustable parameter. To obtain
agreement between Reactions (1) and (2) we must
take I= 319+9 eV. We also require momentum
balance between the hyperon and pion in Reaction
(3). To bring the pion momentum into agreement
with that deduced from the Z+ range and mass,
we must choose I =329+ 20 eV. The best estimate
is therefore I=321+ 8 eV. It is notable that rais-
ing the I value raises the calculated mass from
Reaction (2) and lowers it in Reaction (3).

In what follows we used the existing'»' RE tables
for P & 0.28, and for high velocities use the new
table of reference 9 with I=320 eV. They agree
at P = 0.28. We estimate the uncertainty of the
tabulated ranges at high velocities to be +';~j&.

Derived masses. —We combine the Z+ mass
estimate from Reaction (2) [which is partially
dependent on Reaction (1)] with the value from
Reaction (1) to obtain a best estimate of the Z+
mass. It is 1189.35+ 0. 15 MeV. The K mass
is best obtained from the Z range in process (3).
For it we find 493.7+0.3 MeV.

The Z hyperon mass is now determined from
the pion ranges of Reactions (3) and (4) and the
mass of the Z+. We find

=1197.6+ 0. 5 MeV.

The error includes the uncertainties in the Z
and K masses, and the uncertainty in the pion
energy difference (T - T„+). The Z mass is
insensitive to the RE relation and to the K mass.
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This result changes substantially our mass
estimate for the Z hyperon and also that for the
Z', which is tied to it. (The new value for Z' is
1193.2+ 0.7 MeV. ) In a recent tabulation" of
particle masses a footnote reference to the anom-
aly was made, but the Z mass was derived us-
ing its own range in Reaction (4).

The energy-loss defect of the negative hyperon. —
The momentum of the pion in Reaction (4) is
172.74' 0. 38 MeV/c. Were the stopping cross
sections of positive and negative particles equal,
a Z hyperon with this momentum and the above
mass would have a range of 684+ 5 p. . We observe
708.9+ 1.5 p, .

It is well known that stopping theory based on
the first Born approximation fails when the par-
ticle velocity becomes comparable to the veloci-
ties of many of the electrons in the stopping ma-
terial. It is perhaps not surprising that there
should appear a small difference between the
stopping cross sections of positive and negative
particles in this region, because their predicted
equality is also a first Born approximation result,
while a difference exists in the second approxima-
tion. At high velocities this effect is not expected.
At intermediate velocities it is interesting to note
that this effect probably is the explanation for an
apparent difference between the positive and nega-
tive pion masses, which has remained unex-
plained for many years. "&" We know of no other

measurements of sufficient accuracy for the effect
to have been observed before. A quantitative
estimation of the effect is being attempted.

~Now at the Naval Post Graduate School, Monterey,
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