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In a recent paper Bergeson et al. ' have de-
scribed measurements of the intensity of cos-
mic-ray muons as a function of zenith angle
and depth underground. The results are of
considerable interest in that they show almost
no dependence of intensity on zenith angle, in

strong contradiction to the sec8 enhancement
expected if the muons derive from pions and

kaons. Bergeson et al. conclude that the ma-
jority of cosmic-ray muons of energy above
1000 GeV are produced either directly or as
decay products of very short-lived secondar-
ies (~ «10-'sec), and their published results
indicate that direct production is dominant as
low as 500 GeV.

The purpose of the present work is to exam-
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ine other experimental data relevant to this
conclusion, in particular, the direct measure-
ments of near vertical and inclined muon spec-
tra at ground level by the authors' research
groups. Some of the data to be presented have
been published previously and some are giv-
en here for the first time.

The early work of Barrett et al.' and Jake-
man' showed that the nature of the secondar-
ies of high-energy interactions, whose decay
gives rise to the ground-level muons, could
be examined by studying the relative intensi-
ties of near-vertical and inclined muons. Un-
der the assumption that the parents of muons
are a mixture of pions and kaons, the ratio
of kaons to pions produced in high-energy in-
teractions has been determined by the Durham
and Nottingham groups from measurements
of the momentum spectrum of muons as a func-
tion of zenith angle. The ratio has been esti-
mated to be in the region of 20% for interac-
tions giving muons at sea level having energies
up to about 1000 GeV (see, for example, Judge
and Nash, ' Ashton et al. ,' and MacKeown et al.').
The conclusion that this ratio is small arises
because the muon spectrum at large zenith an-
gles is close to what would be expected assum-
ing that the parents of the muons are only pi-
ons. Implicit in the calculation of the expect-
ed spectrum is the assumption that the spec-
trum of near-vertical muons is known to fair
accuracy, ' in point of fact, direct measurements
are only available to about 400 QeV, above
which the intensities have been inferred from
measurements of the variation of muon inten-
sity with depth underground. This point will
be referred to again later.

Clearly, if muons are produced directly in-
stead of by way of pions (or a mixture of ka-
ons and pions), the sec8 term which comes
from the enhanced w-p (or K- p) decay prob-
ability at large zenith angles will be absent,
and the expected intensity at large zenith an-
gles will be considerably reduced, this reduc-
tion being greater as the zenith angle increas-
es. Calculations have been made by the pres-
ent authors for a mean zenith angle of 87', and
the results are shown in Fig. 1. (It is seen
that the value of g =0.1 which correspqnds to
no sec8 enhancement is only reached asymp-
totically at very high energies. ) Comparison
is made with the summarized results from the
Durham horizontal spectrograph, ' covering
the range 85'-90', and from the Nottingham
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FIG. 1. Ratio of intensity at 8 = 87' to that expected
for pions alone as parents. Circles, Nottingham data
(W. F. Nash and N. Palmer, to be published); squares,
Durham data (Said, Ref. 7); crosses, Durham data
(MacKeown et al. , Ref. 6, included in Said, Ref. 7).

spectrograph for the range 75'-80'. '
The Durham results include the earlier da-

ta reported by MacKeown et al.' shown dotted
in Fig. 1, and it will be seen that the sugges-
tion of a reduction in the ratio above 500 GeV
was not confirmed by the later measurements.

It is apparent that if the assumptions made
in our calculations are correct, then the re-
sults do not support the suggestion of direct
production of muons, at least for secondary
muon energies below several thousand GeV.
This is at variance with the conclusions of Berge-
son et al. , since they find virtually complete
direct muon production as low as 500 GeV (for
zenith angles in the range 40'-50'). The most
important uncertainty in our analysis is prob-
ably the adopted vertical muon spectrum. If
this were underestimated seriously in the re-
gion above 400 GeV, then the points on the fig-
ure would drop accordingly. However, a fac-
tor of 5 increase in the vertical intensity could
not be achieved without destroying the near
agreement between the vertical sea-level in-
tensity inferred from the depth-intensity mea-
surernents and those derived by Krasilnikov, '
Higashi et al. ,

' Barog et al. ,
"and more recent-

ly by Ozaki et al." (It should be rema, rked
that there is the well-known, anomalously flat,
near-vertical muon spectrum, derived by Ver-
nov et al."from burst measurements. This
spectrum taken with our inclined measurements
would be consistent with virtually complete,
direct muon production at 1000 QeV and, in-
deed, these authors suggested direct produc-
tion as a possible explanation of their results.
However, the results of Vernov et al. are clear-
ly inconsistent with all other burst experiments. )

The only remaining source of error concerns
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the inclined measurements themselves. At
high momenta the spectrograph measurements
become increasingly uncertain due largely to
Coulomb scattering in the solid iron magnets
causing a spill-over of particles into neighbor-
ing momentum groups. This means that there
is conceivably an additional error as 1000 GeV
is approached. Furthermore, above 1000 QeV
there is only the one inclined intensity measure-
ment from the Durham results, and this can-
not be regarded as having been checked in any
way. Thus, we can say very little from our
experiments about the behavior of muons above
1000 GeV.

In the range 500-1000 QeV, however, where
Bergeson et al. find a marked inconsistency
with expectation on the basis of pions as par-
ents, the spectrum measurements are at vari-
ance. Furthermore, from the underground
results one might expect a transition region
below 500 GeV where direct muon production
is partly responsible, but here the inclined
muon data (and the vertical measurements)
are thought to be reasonably firm and there
is no evidence for any significant direct muon

production.
We conclude that the inclined muon-spectrum

measurements do not support the suggestion
of an appreciable fraction of the muons of en-
ergy below 1000 QeV having been produced
directly.

Further direct measurements of muon spec-
tra as a function of angle and to higher ener-
gies are extremely desirable to resolve this
problem. In addition, measurements of the
charge ratio would be particularly valuable,
since it is very unlikely that the measured ra-
tio at energies to several hundred GeV (1.25)
would persist if direct muon production is im-
portant.
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