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"KSONIC x-rays have been shown by Koslov
- ~ et al.' and Stearns et al.' to provide accurately

de6ned limits to the values of the muon and pion
masses. Direct precision mass measurements have been
up to now several times more accurate than that deter-
mined from the x-ray limits. Barkas eI, al.' have ob-
tained x+ and z masses relative to the proton mass
which have been converted to electron mass units m, :

mass difference. The mesonic x-ray limits shown in this
table come from determining for a given mesonic x-ray
line the discontinuity in the absorption coefficient as
one varies the Z of an absorber placed between the
x-ray source and the poor-resolution NaI detector. The
break occurs when the x-ray energy is between the
E-absorption edges of the absorber material.

The measured values of the E-absorption edges for
some of the heavy elements have appreciable errors,
which in one particular case—the lead E edge used in
the p,-mesonic x-ray measurement —gave a poorly
defined limit. On re-examination of the errors of the
limits, . it was realized that it is better to use the meas-
ured energies' of the I edges and the E lines to arrive
at the E edge. The mass limits in Table I have been
recalculated with these revised data.

The value and the standard deviation for the pion
and muon masses as obtained from the x-ray limits and
the x —p, diGerence are calculated to be

Mr+= (273.34+0.33)ttt.,

Mr-= (272.8 &0.45)m, .
(1)

(2)

3E.= (273.34+0.13)m.,
M„= (206.93&0.13)nt..

(5)

(6)

All errors are standard deviations.
Crowe and Phillips' have obtained a m

—mass from
the x capture gamma-ray spectrum in hydrogen:

31r- = (272.74&0.40)trt .. (3)

Barkas et al.' also have obtained an accurate measure
of the decay momentum ps for the sr+—tt+ decay, and
deduce an accurate m —p mass difference:

M +—M„+= (66.41&0.10)ns, .

The purpose of this note is to point out that if one
assumes that the masses of the positive and negative
pions are identical, the mass difference combined with
the mesonic x-ray limits gives a much narrower limit
on the pion and muon masses than heretofore available.
Table I shows the limits and the combination with the

M = (273.25+0.12)rrt„

M„= (206.84+0.12)nt, .
(7)

In conclusion, we should like to caution the reader
with regard to the assumptions involved in arriving at
these mean values, as well as to the genuine statistical
uncertainties. We have assumed the exact equality of
the positive and negative masses. The accuracy of the
direct measurements does not itself justify such an
assumption as to the accuracy of the final result. To our

The situation with regard to the other pion mass
measurements is shown graphically in Fig. j.. There is
no evidence of disagreement other than that attributed
to the stated errors of the data.

If all the data are combined, the best light-meson
mass values are

TABLE I. Mesonic x-ray limits on the pion and muon masses. All errors are standard deviations.

Transition X-absorption edges Vacuum polarization Mass limit

P: 4F—3D
Al: 4F—3D
K: 4F—3D

C: 2I' —1S
P: 3D—2P
Si: 4F—3D

(a) Upper and lower limits on the pion mass

above Ce, 40.440~0.006 kev +0.100 kev
below Sb, 30.489~0.004 kev +0.065~0.003 kev
below Hf, 65.347+0.003 kev +0.190+0.010 kev

(b) Upper and lower limits on the muon mass

below Ir, 76.123+0.015 kev +0.38 kev
above Pb, 88.015~0.002 kev +0.325&0.016 kev
above Cd, 26.713+0.006 kev +0.045 kev

& (272.2 &0.03)m,
& (273.51&0.04)ns,
& (273.52+0.04)m.

& (208.95&0.04)m,
& (206.77~0.04)m,
& (206.47~0.04)m,

Method

272.2 ~0.03—273.51~0.04
273.18&0.11—275.36&0.10

(c) Summary. The s —n difference, Eq (4), has been. used to convert
pion measurements to muon values and vice versa.

205.8 ~0.10—207.10~0.11
206.77~0.04—208.95~0.04

(273.18+0.11)m, &3f & (273.51~0.04)m,
(206.77&0.04)m, &M„&(207.10&0.11)m,

~-mesonic x-rays
p-mesonic x-rays



LETTE RS TO TH E E D I TOR 267

w - MESIC X-RAY LIMITS

a s t t ~ t t I I s i ~ t I ~ c i I I t s

X-RAYS+a- iu, COMBINED

Mw s(273,34 + Qt3)m fSPl

BARKAS, BIRN BAUM, SMITH

Mw+ s(273.34 g 0,33)m [SDJ

BARKAS, BIRNBAUM, SMITH

Mw- = (2728 & O45) [SD

CROWE, PHILLIPS

Mw- &(27274 +

RESULTANT

M~*(273.25 f. O.I2)m (SD]

~ ~ I ~ I ~ ~ I I I I t I
27N 272D 2725 273,0 273,5 2'%0

Fn. i. Graphical summary of the data
on the pion and muon mass values.

knowledge, the x—p, mass difference is the only appreci-
able source of error in the derivation of masses from the
x-ray limits. However, even if the error of the m —p
difference were doubled, the Anal error would be raised
only to &0.15 m. . Errors in the E edges, and un-
certainties in and corrections to the mesonic x-ray
levels due to vacuum polarization, 6nite nuclear size,
pion-nucleon interactions, etc., contribute a negligible
error.

*A more detailed discussion will appear in Cohen, Crowe, and
DuMond, The FandanMntal Constants of Physics (Interscience
Publishers, Inc. , New York, to be published).
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m(Z —
)—ws(Z+) = (16.2+5.5) electron masses.

If we assume that the Z is a Dirac particle, we find that
the observed mass difference requires that the sum of
the magnetic moments of the Z+ and Z is positive and
of the order of 3 to 4 nucleon magnetons.

The self-energy contribution to the mass of a fermion
of charge e and anomalous moment Ic is given by (for
notation see reference 1)

g2 m
u(p) d4k

(2w)4i Z(P)

X v.— h,k —kv, )G(k)
4m

X(p—)'t —ns} ' q.+
4m

C(k)
X (y„k—kT,)G(k) u(p), (1)

k2

where G(k) and C(k) are invariant cut-off factors for the
divergent integrals. Performing the indicated integra-
tion leads to an expression of the form

&m/res= (n/47r)(2Io&3icIt+sic'Is)) (2)

where Io, I~, and I2 are positive functions of the mass of
the particle and of the cutouts; the ~ signs correspond
to positively or negatively charged particles, respec-
tively. We have chosen two typical forms of cutoG:

particles. One would then expect that the relatively
small mass difference between components of the same
multiplet is due to interactions which are electro-
magnetic in origin. In another connection I'eynman and
Speisman' and Peterman' have shown that the mass
difference between neutron and proton can be under-
stood in terms of electromagnetic self-energies, if their
anomalous moments are taken into account. Unlike
the pr'oton-neutron case, it will turn out that, since
Z+ are both charged, a much larger mass difference is
possible for comparable values of the anomalous
moments.

The mass measurements on the Z hyperon' indicate
that

Mass Difference of x+ and Their
Anomalous Magnetic Moments*

Type
(~)
(If)

C(k)
A'/(A' —k')
A.4/(A' —k')'

G(k)
)t'/ (X'—k')
) '/(), s—ks).

Prom (2), the mass difference of the charged Z
hyperons, can be written in the form
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(Received August 7, 1956) ~(z-)—~(z+)
= (~~/4 )(3It 4Is( + l )) (p++I—) (3)—

HE idea that the various hyperons constitute
de6nite isotopic multiplets is finding increasing We note that the sum of the anomalous moments has

use in the explanation of the interactions of strange to be positive in order to explain the observed mass


