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though many of these monopole excitations in-
volve muonic states with »>3 and low orbital
angular momentum, they may be detected by y-
coincidence techniques. We feel that the method
employed by Jenkins, Powers, and Kurselman®
would not be sufficiently sensitive for the cases
considered here.

A complete and detailed discussion of all of the
resonances investigated is in preparation.

The extensive numerical calculations carried
out in support of this investigation were done on
the Honeywell GE 635 computer at the University
of Kansas Computation Center.
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The zenith-angle distribution of high-energy cosmic-ray muons has been further inves-
tigated using a sample of 2 x 10° muons observed in the Utah underground detector. The
data have been analyzed in such a way that the angular dependence can be extracted with-
out substantial sensitivity to the parameters of cosmic-ray phenomenology. The zenith-
angle distribution is flatter than expected on the basis of muon production via pion and
kaon decay. An isotropic component (of unspecified origin) is required which rises to a
maximum contribution of about 0.5 of the vertical intensity in the muon energy range 1-3

TeV and thereafter decreases.

The Utah group has previously published evi-
dence indicating an anomalous zenith-angle de-
pendence for cosmic-ray muons observed at
depths in excess of 2x10° g/cm? '™ In this Let-
ter, we present a new analysis based on an order
of magnitude more data than were then available,
The methods of analysis have been revised in
such a way that the anomaly is more visible and
the result is almost completely independent of
the parameters of cosmic-ray phenomenology.

In addition, vertical muon intensity measure-
ments by Cassiday, Gilbert, and White®* provide
an absolute depth intercalibration which permits
inclusion of vertical intensity data from a world
survey in the analysis. When this is done, mean-
ingful results may be extracted to a slant depth
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of 8x10° g/cm of rock. The main result is great-
ly strengthened evidence for the existence of an
isotropic component in the zenith-angle distribu-
tion. Our conclusions depend very little on the
primary spectral slope, rate of muon energy
loss, fluctuations in energy loss, or, if we
choose to delete the vertical-intensity data from
the analysis, upon the rock density either.

The apparatus has been previously described
in detail.>” To trigger the apparatus and be ac-
cepted for scanning, a particle must have a min-
imum energy of 2 GeV and must have traversed
at least 10 geometrical mean free paths of mat-
ter in a straight line. Because of the irregular
mountainous overburden, the effective slant depth
of the rock varies considerably for a given zenith
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angle as a function of azimuth angle, with the re-
sult that the muon intensity can be explored over
a fairly wide range of zenith angle 6 and slant
depth %.

Each muon satisfying fiducial criteria was as-
signed to a bin corresponding to given values of
h, 0. The number of muons in each bin was cor-
rected for detector efficiency, in turn derived
from analysis of the way in which events passing
through several Cerenkov detectors triggered
the system. Data in bins within A%z/2 of a given
central slant depth # were then combined, after
correcting the numbers by the ratio of the inten-
sity at the depth for the bin to that at the central
depth. The muon intensity was obtained by divid-
ing the corrected number of muons by the appro-
priate area-solid-angle factors and by the run-
ning time.

In the usual picture of muon production,® muons
originate from the decay of secondary pions with
some admixture of kaons. The angular distribu-
tion which results from the process becomes
proportional to sec at high energies. (The en-
hancement with angle arises from the fact that
decay competes more favorably with nuclear in-
teraction at wider angles where the particle
spends a longer time in rarified atmosphere.)
We choose to fit our results with a function of the
form

I, 6) = I ((n)Glh, 6) +I(h).

The first term represents the distribution aris-
ing from the usual 7-K-meson decay picture,
with G(%, 6) defined as the ratio of slant to verti-

cal intensity for the meson-derived muons. Both
I, and Iy are treated as adjustable parameters
in fitting the data. One may interpret I, either
as the rate for an unknown isotropic production
process or as a measure of how well the data
can be fitted by the conventional model.

We wish to emphasize the importance of writ-
ing the conventional prediction in this factored
form. Although both I, and G are dependent on
details of muon production and energy loss, all
of the sensitive dependence is contained in 7,4.
An example of the degree of sensitivity of G(i, 6)
to these details is shown in Table I. Calculations
of G(k, 6)/sech are presented at a typical depth
over an extreme range of the parameters enter-
ing into the calculation; it is evident that only a
drastic variation in the assumed K /7 ratio has
any appreciable effect. Thus, G(k/6) may be tak-
en as exceedingly well-known without pretending
any great knowledge of the phenomenology.

Some of the results from slant depths up to 7.2
x10° g/cm?® are presented in Fig. 1. The data
are from a run of 8 months, during which time
2x10° muons entered the useful aperture. The
solid points on each graph are the muon intensi-
ties obtained in the way described above. Each
graph refers to a particular depth cut, corre-
sponding to a particular muon energy threshold.
The solid lines are fits by the function discussed
above with G(#, 6) calculated assuming a 20%
kaon admixture. Since the function is very nearly
linear in secd, it is convenient to display the
intercept Iy by extending the curves to secd =0,

In Fig. 2(a), we have plotted the ratio of I, to

TABLE 1. Sensitivity of G (, 6) to the parameters of cosmic-ray phenomenology at
h=3.2x10° g/cm?. The “normal” parameters assumed were y=2.7 for the integral
primary spectral index, b=4.0x10"¢ cmz/g for the coefficient of the energy-dependent
term in the rate of muon energy loss, C,/C,=0.13/0.87 for the ratio of the number of
charged kaons to charged pions among the secondaries [+ for (all kaons)/(all pions)],
and muon survival probabilities in standard rock as calculated by Mason (Ref. 9). In
the third column, Mason’s survival probabilities were replaced by a step function at
an average energy E, calculated with the given value of b. The perturbation of b was
done in conjunction with that of the survival probabilities as a matter of convenience.
G (r, 6) becomes more insensitive to perturbations in all parameters as k increases.

G(h, 6)/sect

Step~-function Step-function

“Normal” survival survival plus Cg_0.70

sec6 parameters y=3.2 probabilities 5=5.0 C, 030
0.0 1.134 1.140 1.110 1.094 1.324
1.0 1.000 1.000 1.000 1.000 1.000
2.0 0.916 0.912 0.927 0.936 0.825
3.0 0.852 0.846 0.871 0.885 0.710
4.0 0.801 0.793 0.824 0.842 0.627
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FIG. 1. Representative zenith-angle distributions at
several constant slant-depth cuts, with Ak/=0.8 x10°
g/cm?, Counting errors only are indicated. The solid
curves are fits to Utah data alone, while dashed curves
include the indicated points interpolated from the
world survey data.

the total vertical intensity, I(k, 0)=1I,;+14, at
several depths. An approximate muon threshold
energy scale is also shown. Except at the ex-
tremes, these independent fits indicate an iso-
tropic component significant by 3 to 5 standard
deviations.

Koshiba'® has found evidence for a large num-
ber of kaons in the forward cone in high-energy
primary cosmic-ray collisions, and has advanced
the hypothesis that ultrahigh-energy collisions
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FIG. 2. Ratio of the isotropic component to the ver-
tical intensity. The indicated errors include the ef-
fects of rock density fluctuations. Since a parame-
trized WSDI was used in (b), some correlation between
points exists.

result in copious ¢ production via an isobar
mechanism. 70% is a highly optimistic estimate
of the maximum kaon fraction possible from such
a process. We have made fits of the sort dis-
cussed above with this kaon fraction, and obtain
a plot similar to Fig. 1(a) with I, still nonzero
by 2 to 4 standard deviations, Even pure ¢ pro-
duction is thus insufficient to produce the degree
of flattening we observe.

We have investigated rates at different azimu-
thal angles at fixed zenith angle and depth for a
variety of depths. The results indicate depth
fluctuations of 1.4% from the nominal values,?

a number also obtained by Cassiday, Gilbert,
and White* and consistent with density variations
expected for the local geology. Except at the ex-
tremes of the curves, the data points shown in
Fig. 1 contain contributions from many different
directions, so that such fluctuations tend to can-
cel. The elimination of the extremal points from
the analysis does not substantially affect the re-
sults. In any case, good statistical fits to the
data are obtained when the density fluctuations
are taken into account.

Previous estimates of the average density!!
and hence the slant depth of the overburden were
uncertain by several percent. Conclusions based
upon the Utah data alone were unaffected by this
fact. However, it is evident from the lower
graphs in Fig. 1 that a great deal more could be
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learned if vertical intensities interpolated from
the world-survey depth-intensity data (WSDI)
could be included in the analysis. Using a count-
er telescope to obtain the vertical intensity at

ten locations in the access tunnel to the large de-
tector, Cassiday, Gilbert, and White* have pro-
vided the required intercalibration and found a
density of 2.55+ 0.04 necessary to obtain agree-
ment with the WSDI. Depths reported in this Let-
ter are calculated for this density.

The result of including the world-survey data
in the analysis is indicated by the dashed lines in
Fig. 1 (in some cases indistinguishable from the
solid lines), and the ratio of Iy to the vertical in-
tensity from these fits is plotted in Fig. 2(b).
Except at the greater depths, the ratios shown in
Fig. 2(b) were made with depth cuts of width 0.4
x10° g/cm? in order to minimize the errors
made in correcting intensities for the central
depth. Our main results concerning the existence
of Iy and the general behavior of Iy/I(%, 0) are un-
changed by the inclusion of the WSDI, but the
errors are smaller and the details better estab-
lished. We may conclude that Iy/I(%, 0) rises to
a maximum of about 0.5 near 2 =4Xx10° g/cm?

(E, =2 TeV), and thereafter apparently decreas-
es. The decrease may be an artifact induced by
uncertainty in the WSDI at depths greater than
5x10° g/cm?, but at least the ratio does not rise.

The increasingly unsuccessful competition of
meson decay with interaction at higher energies
asymptotically produces a 1/E factor in the spec-
trum of muons produced by this process. It is
therefore noteworthy that I,/I(z, 0) does not ap-
pear to approach unity, as it would if the isotrop-
ic intensity were not also reduced by at least an
additional factor of E.

An attempt was made to fit the data with a sim-
ple model in which the isotropic muons result
from decays, into a muon and another particle of
small mass, of parents with a differential energy
production spectrum which has a step threshold
at E, and then falls as E"°, The solid curve in
Fig. 2 represents the best fit to the data, ob-
tained with £,=1.9 TeV and 6=4.8. There is
thus some evidence for a threshold and a spec-
tral index which exceeds the primary spectral
index by at least 1. However, the evidence for a

threshold depends on the shallower-depth data
where our range of zenith angles is small, and
sensitivity to undetermined systematic errors
could be large. For this reason we do not regard
the existence of a sharp threshold to be nearly so
well established as is the existence of the iso-
tropic muon component at intermediate depths.

If the parent particles are produced in pairs in
nucleon-nucleon collisions, the 1.9-TeV thresh-
old implies a mass m =45 GeV for the parent.
One may also infer 7,<10"7 sec and a production
cross section 20.3 mb/nucleon.

*Research supported by the National Science Founda-
tion.

fPresent address: Graceland College, Lamoni, Iowa
50140.

{Present address: Department of Physics, Universi-
ty of Durham, Durham, England.

'H. E. Bergeson, J. W. Keuffel, M. O. Larson, E. R.
Martin, and G. W. Mason, Phys. Rev. Lett. 19, 1487
(1967).

H. E. Bergeson, J. W. Keuffel, M. O. Larson, G. W.
Mason, and J. L. Osborne, Phys. Rev. Lett. 21, 1089
(1968).

3J. W. Keuffel, J. L. Osborne, G. L. Bolingbroke,

G. W. Mason, M. O. Larson, G. H. Lowe, J. H. Park-
er, R. O. Stenerson, and H. E. Bergeson, in Proceed-
ings of the Eleventh International Conference on Cos-

mic Rays, Budapest, Hungary, 1969 (to be published).

‘G. L. Cassiday, P. C. Gilbert, and D. M. White,
following Letter [Phys. Rev. Lett. 27, 164 (1971)].

5J. W. Keuffel and J. L. Parker, Nucl. Instrum.
Methods 51, 29 (1967).

L. K. Hilton, M. L. Morris, and R. O. Stenerson,
Nucl. Instrum. Methods 51, 43 (1967).

"H. E. Bergeson and C. J. Wolfson, Nucl. Instrum.
Methods 51, 47 (1967).

®P. H. Barrett, L. M. Bollinger, G. Cocconi, Y. Eis-
enberg, and K. Greisen, Rev. Mod. Phys. 24, 133
(1952).

’G. W. Mason, Ph. D. thesis, University of Utah,
1969 (unpublished).

10p. Koshiba, T. Nozaki, Y. Totsuka, and S. Yamada,
J. Phys. Soc. Jap. 22, 1321 (1967). See also M. Koshi-
ba, in High Enevgy Collisions—Thivd International
Conference, Stony Brook, 1969, edited by C. N. Yang
et aql, (Gordon and Breach, New York, 1969).

1A geology handbook value of 2.47 was used in Ref.

1 and 2, and a value of 2.61, based on local rock sam-
ples, was used in Ref. 3.

163



