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A detailed calculation is given for the rate of stopping cosmic-ray muons underground.
An important source of such muons, dominant at depths = 1.5 x 10° g/cm?, is the decay of
slow pions which are the end products of hadronic cascades in the rock initiated by the photo-
nuclear interactions of fast muons. The cross section for the production of such cascades is
obtained by extrapolating accelerator data to higher energies. The multiplicity of stopping
pions is taken from a detailed Monte Carlo calculation. The results agree with the observed
rates of stopping muons and of identified stopping pions at shallow depths. An explanation is
offered for the Turin measurements of stopping muons made at shallow depths and various
inclined zenith angles. However, for the Turin point at 4.27x10° g/cm? (which is uniquely
sensitive to a possible anomalous source of stopping muons) the predictions fall short by a
factor of 4, and we are unable to account for the discrepancy even under the most extreme
assumptions for the conventional processes considered.

I. INTRODUCTION

Much interest has been generated by the Turin
observations!~? of a rate of stopping muons under -
ground greatly in excess of the rate expected from
the slope of the intensity vs depth curve of muons
originating in the atmosphere. There has been
some speculation that the excess stopping-muon
rate might be a manifestation of new high-energy
leptonic processes. A number of papers have
since appeared*-7 which seek to explain the excess
muons as the decay products of locally produced
pions. The calculations do not all agree, and the
interpretations of the effect differ in some respects
from one author to another.

In this paper, we present a detailed calculation
of stopping-muon rates from the following sources:
(1) atmospheric muons coming to the end of their
range, (2) muons from the decay of slow pions
generated locally by interactions of fast muons.
The local pion production is calculated using ex-
trapolations of accelerator data on inelastic muon
scattering data and a detailed Monte Carlo calcula-
tion of the stopping-pion multiplicity in hadronic
cascades. We do not consider muons induced by
neutrinos (which are negligible for depths up to
and including the deepest Turin point, as demon-
strated by Grupen et al.®).

The stopping atmospheric muons are expected to
have approximately the same angular distribution
as the through-going muons. However, the locally
produced muons are nearly isotropic (see Sec. III).
The approach used in this paper is to calculate the
intensity of stopping particles per g, regardless of
incident direction. The intensity of locally pro-
duced particles is derived from the calculated pro-
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duction rates and slow-pion multiplicities via an
equilibrium argument.

It is customary to quote results in terms of the
ratio R of stopping muons to through muons. To
avoid ambiguities due to differences in the angular
distributions of the various stopping particles and
of the through muons, the ratio R quoted by us is
for an omnidirectional detector under a flat earth.

The ratio R is not independent of detector size:
the rate of muons stopping in a detector is pro-
portional to the detector mass M, while the rate of
muons passing through the detector is proportional
to the area A presented in a given direction. The
ratio R is thus proportional to the effective thick-
ness M/A. In this paper, the calculations of R
will refer to a spherical detector of effective thick-
ness 100 g/cm? of standard rock (Z =11, A =22),
and all experimental results will be normalized to
such a detector.? The absolute intensity of stopping
particles per g will also be given.

It should be noted that most detectors used to
measure stopping underground particles have in-
cluded coincidence or anticoincidence counters.
The angular acceptances of these arrays, as well
as their response to complex hadronic cascades,
can in some cases dramatically affect the observed
R values. Such effects are taken into account in
Sec. VI when we compare existing experiments
with our calculations.

II. STOPPING ATMOSPHERIC MUONS

The ratio, R,(k), of stopping atmospheric muons
to penetrating muons has been calculated from the
muon intensity-depth curve by many authors.t-7:°
There is general agreement on R, (k) for the verti-
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cal case. We extend the calculations to the case of
an isotropically active detector open to muons in-
cident from all directions, using the flat earth ap-
proximation. The slant depth % at zenith angle 6 is
then h(9) =h, secd, where h, is the vertical depth.

Letting I (r, 6) denote the integral muon intensity,
the ratio of muons stopping in a detector of effec-
tive thickness Ax (9, ¢) and a projected area A (6, ¢)
in the direction 6, ¢ is

s.)= [ HEE2D s, 0106, )0

-m [ a 4q, @)
dx
where the detector mass M=AxA regardless of the

orientation.
The through-going muon intensity is

N@)= fg I(, 0)A @, ©)dQ

=4 f 1dQ
=AI,Q* 2)
and
R,()=S,(r)/N®). 3)

We note again that R, is proportional to the effec -

tive detector thickness = M /A, which for a

spherical detector of radius 7 (in g/cm?) is £».
To evaluate I(k, §) we express it as

101, 0)=Iv(h)G(h, 9), (4)

where I, () is the vertical intensity-depth curve
and G (, 9) is the conventional atmospheric muon
enhancement. For I, (k) at shallow depths (0-1000
hg/cm?), we have used the fit of Stockel'® to a
function originally proposed by Miyake!?

-a

h
Iy®) =4, h+h,
with A,=45, «=1.38, h,=162.5, $=7.05X10"* and
depths in units of hgem™2 (1 hgem~2=100 gem™32),
For the deep depths (1000-10 000 hg/cm?) we have
used the fit by Groom!2

e~B* sec-*em2sr-?, (5)

va) =I]_ exp(—h/xl) +12 exp(—h/kz) Sec-1 cm~2gr! ,

(6)

where I, =12.8x107¢, I,=1,13x107%, 1,=0.366

%x10% and X, =0.794x10% and again depths are in
units of hgecm~2. G (k, §) for the shallow depths is
taken from Barrett et al.'® and the effects of muon
decay are included. We have also modified the re-
sults to include a small admixture of kaons. For
k<500 hgem™2, G(h, ) is nearly one. For the deep
depths we have used the results of Morrison'* and

here G (, 9) is nearly secd; for these depths R, is
sensitive only to k. For the present, we have not
considered the deviations from the secéd law indi-
cated by the Utah experiment.!® At depths where
the Utah effect is appreciable, the muon intensity
falls off very rapidly with zenith angle.

The results for R, are shown in Fig. 4 (see Sec.
VI). Also shown are the values of R, obtained for
vertical muons. One can see that even for at-
mospheric muons the stopping ratio can vary by
a factor of 50% at shallow depths if a vertical trig-
ger is used instead of an isotropically active de-
tector.

III. STOPPING-PION MULTIPLICITIES
IN HADRONIC CASCADES

The second important source of stopping muons
underground is the decay of pions which have been
produced locally as a result of the photonuclear in-
teractions of through-going muons. A single such
interaction may produce many stopping pions as the
end products of a hadronic cascade. The multi-
plicity of stopping pions, m(v), to be expected
from a hadronic cascade of energy transfer v is a
crucial factor in determining the number of stop-
ping muons to be expected from local muon inter-
actions.

Since, at the time we began our work, there were
neither measurements nor calculations of m(), a
collaborative effort to calculate m(v) was under-
taken by one of us (J.A.T.) together with Jones and
Johnson of Louisiana State University. The pri-
mary results of this paper'® (hereinafter referred
to as JJT) are reproduced in Fig. 1. The fit actu-
ally used by us was a polynomial in InE, rather
than the line m()=0.8E%75 shown in the figure, but
the differences are negligible.

The sensitivity of m(@) to different input assump-
tions was tested extensively, and a wide range of
models with various single-collision multiplicities
and momentum distributions all gave the same
m(v) to within 10% for momentum transfers up to
a few hundred GeV. Since the inelastically pro-
duced particles carry only 40-50% of the incident
energy in a single collision, the results for m({)
do seem to be sensitive to the fraction of leading
particles (scattered incident particles) which are
charged. A prescription consistent with ioniza-
tion spectrometer work (Model II) has been used,
but also shown in Fig. 1 are the results from a
diffraction model (Model I: 100% leading particles
charged) and a quark model (Model III: 50%
charged). It is seen, for example, that the multi-
plicities of Model I exceed those of Model II by a
factor 1.7 at energy transfers = 100 GeV. Existing
analyses of accelerator data do not conclusively



2024

resolve the leading charged particle question, pre-
sumably because of the difficulties of measuring
neutrals and high-energy particles generally.
Strictly speaking, the JJT calculation is valid
only for cascades initiated by pions. However, the
same two limits of one and 3 leading charged parti-
cles also seem reasonable for the photon (p°); and
m (@) depends primarily upon the kinetic energy of
the particle, rather than upon details of its inter-
actions. Below 1 GeV, m(v) has been calculated
from known photon cross sections, assuming that
all produced pions stop without interacting.
Because of the multiplicative nature of the cas-
cade process, a change in the treatment of the
low-energy interactions could shift » () by nearly
a constant scale factor for all energy transfers v.
Although the calculation of JJT treats the low-
energy region carefully, one would like an experi-
mental measurement of m({) to check the calcula-
tion. There are no such direct measurements of
m(), but the stopping-pion rates measured at
shallow depths are an indirect measure of m(v) for
the low-energy transfers v important at these
shallow depths. The agreement of these shallow
depth measurements with our calculations (see
Sec. VIC and Fig. 3) support our values of m().
Angular distributions for the stopping muons are
also given by JJT, who find that one-fourth of the
stopping muons are going into the backward hemi-
sphere, with respect to the shower axis, at the
time they stop. Angular distributions are much
more sensitive to the nuclear physics details than
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are the stopping-pion multiplicities. However, it
seems clear that the distribution has in any case

a strong contribution at ~90°. This fact, and the
fairly broad spread in zenith angles of the high-
energy muons, argue that the locally produced par-
ticles will be quasi-isotropic.

IV. STOPPING MUONS FROM MUON
INELASTIC SCATTERING

A. Formulation of the Problem

The calculation of the rate of stopping muons
generated by through-going ones is greatly facili-
tated by an equilibrium argument. The number of
muons stopping in an underground detector is the
same as the total number produced by interactions
occurring in the detector regarded as a target.
This argument is valid if the attenuation length of
the through-going muons is much greater than the
range of the generated secondaries.

The rate of stopping muons (which give rise to
the 2.2 usec signature used in most of the ex-
periments) will then equal the rate of stopping
pions, multiplied by the fraction n of pions which
decay into muons. In condensed matter, essential-
ly all the 7~ undergo nuclear absorption, so that
(assuming equal numbers of 7+ and 7~) n=0.5.
However, if the detector is located in a cavern, a
fraction (typically 40%) of the 7~ decay in flight to
produce p~, which then mostly decay to give a 2.2
usec signature. Numerical results are quoted
using 7 =0.7.
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FIG. 1. Multiplicity of stopping pions (sum of 7* and 77) in photonuclear-induced hadronic cascades, as a function of
the energy E, of the initiating photon. For the case of the photonuclear interactions of a muon, E is the energy trans-

fer, v.

The multiplicities used in this paper correspond to Model II of JJT (for which approxnnately

of the leading

particles are charged) but the extreme leading-particle assumptions of Model I (all charged) and Model IIT (5 charged)

are also shown.
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The number of interactions with energy transfer
v produced in a target of effective thickness Ax
and area Aa normal to a muon beam of energy E
and differential intensity J(E, &, 0)dE is

N do
J(E, h, e)dEAa _Z AXx -d—l/ s

where do/dv is the muon inelastic scattering cross
section. The number of stopping pions eventually
resulting from these interactions is obtained by
multiplying by the cascade multiplicity m@) ob-
tained from Sec. III, and the number of pions per
g is obtained by dividing by the target mass AxAa.
Appealing to the equilibrium argument, we may
now write for the number of muons stopping per g,

a, (h)=an(E,h,6)—X— g;—om(u)dVdEdQ, 1)

where N is Avogadro’s number, A is the atomic
weight of the target material, and 7 is the fraction
of slow pions which decay. The integration is car-
ried out over all incident muon angles and ener-
gies, and with limits on v as discussed below.

B. The Local Muon Spectrum

The local spectrum is easily obtained from the
muon intensity-depth curve by differentiation. Let
I(h +x, 6) be the integral muon intensity in the
direction 6 at distance x beyond a detector at slant
depth # underground. Then

TE,h,0)= G- 0ex,0) / ®

is the muon spectrum at depth % differential in
local energy E. Clearly, x is simply the additional
range of a muon (Whose energy is E) beyond the
detector and dE/dx is its rate of energy loss. It is
convenient to introduce the normalized spectrum

j(Eyh’ 9)=J(Eyh’ 9)/I(h) 9)- (9)

To a very good approximation (within 5% at shallow
depths and 1% at great depths) j (E, &, 8) = J(E, h);
that is, the normalized spectrum depends only upon
slant depth regardless of zenith angle. A series of
plots are shown in Fig. 2 in order to illustrate the
depth dependence of j(E, k). We estimate the over-
all accuracy of j(E, k) to be about 10% for energies
less than 1000 GeV, the uncertainty coming from
uncertainties in the vertical intensity-depth curve.
At muon energies above 1000 GeV, straggling be-
comes important, and consequently, we somewhat
overestimate the local spectrum. However, less
than 25% of the stopping muon intensity from in-
elastic scattering comes from muons with energies
>1000 GeV, so we have made no attempt to correct
for the effects of straggling.

C. Inelastic Muon Scattering Cross Section

We take for do/dv the following expression

dt, (10)

do _ (tmx d20(v,t)
av f, dvdt

min
where { =|¢?|, the 4-momentum transfer squared
and

d?%

d’0 _ ¢
dvdt

% £5)
) o A 1)

P

r(, u)(l

Here, o, (K) is the real total photoproduction cross
section; K =v —2M, the momentum of the virtual
photon in the c.m. system of the final-state had-
rons; and M and m, are the nucleon and p-meson
masses, respectively. I'(f,v) is the flux of virtual
photons associated with the muon given by

__a (v-t/2M 2p® 2EE -v)-3t
o =g () (15 ),

12)

where E, p, and u are the lab energy, momentum,
and mass of the muon, respectively. We have
made the following fits for f(K) and o (K) to the
data of DESY, Santa Barbara-SILAC, and NINAY’

in the regions listed below:

4500,6000

NORMALIZED LOCAL SPECTRUM (GeV')
n

2k
|°_6 1 L 1 n 1 | 1 1
%2 5 02 5 022 5 32 5

LOCAL MUON ENERGY (GeV)

FIG. 2. Normalized local muon spectrum. The spec-
trum is differential in local muon energy and the areas
under the curves are normalized to the vertical muon
intensity at each underground depth shown.
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(a) Resonance region (K <1.15 GeV),

1.25mq2 2.40my>
o, )= [[(K 20327 +1m,?) T [ =077 +im,7]
2
& _14.63)81’12”.257,1,2]]%’ 3)
fK)=1.0; (14)
(b) nonresonance region (K >1.15 GeV),
oy(K)=o,’ +64.9/KY2, (15)
F(K)=0.20 exp[(1.15 - K)/37.5] +0.8.. 16)

In each region, o, = 98.7 ub. The above fits agree
with the data for K <20 GeV. The exponent of A
tends toward 0.8 at large K; we have taken this
limiting situation since it is currently believed
that in a high-energy y-A collision, the surface
nucleons will not completely shield the interior nu-
cleons from possible interaction. Complete shield-
ing, as exhibited in the vector-dominance model,
would predict a cross section varying as A%® at
large K. Finally the following limits of integra-
tion!® have been used:

@) v, =m,, the pion rest mass,
(i) Vmax =E[1 = (M/2E)(1 +p?/M?)],
(iii) ¢, =UWY/EE -v),

(iv) ¢, =2Mv.

amn

Extrapolations of the real total photoproduction
cross section (and particularly its A dependence)
to photon momenta greater than 20 GeV are esti-
mated to cause uncertainties in g, () of no more
than about 50%.

The results of the calculation will be presented
J
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in Sec. VI. The ratio of stopping muons from pho-
tonuclear interactions to the omnidirectional
through-going muon flux is obtained from R, = Mg, /
AL Q*=1q,/1,Q* wheret=M/A is the effective
detector thickness (taken as 100 g/cm? unless
otherwise stated) and I, Q* is as given in Sec. II.
Note that the same muon intensity-depth curve
enters in both the numerator and denominator of
R,, which is sensitive only to the slope of the
curve from which is derived the normalized local
spectrum,

V. LOCAL MUON PRODUCTION
BY REAL PHOTONS

In the electromagnetic case the problem is some-
what complicated since a two step mechanism is
involved, namely the initiation of an electromag-
netic shower by muon knock-on, bremsstrahlung,
or pair production followed by a low-energy had-
ronic cascade initiated by the photons in the elec-
tromagnetic shower. We ignore electroproduction,
which is depressed by a factor a. Simplicity is
achieved if we again use the equilibrium argument
of Sec. IVA. Let ¢(E, E,, x) be the probability per
unit length that a muon of energy E at distance x
from a detector will make an electromagnetic
shower of energy E,. Clearly, ¢ (=¢, +Q, +¢,)
is the sum of the probabilities for the above three
processes, and for interactions within a few show-
er lengths of the detector, the probabilities are
independent of x. Let ny(Eo, v, u) be the number of
photons of energy v at depth u from the shower
origin where the shower energy is E,. Then, the
number of pions generated in a target whose
thickness is df by a muon of energy E is

R x+dt
@)= [ [ 0@ Eunax [ [ 1 Eyv0 50 004 me)avau
0 E, x v

Eo

B N ) R x+dt
= @(E,E,) Y o, )A m(u)f dxf Ty (Eq, v, u)dudy
v (o] x

N R
- . (p(E,EO)fZUY(u)AI(v)m(V)f dxm (E, v, x)dtdv
o v 0

“[Z [ o@D [ £Eo ), 0™ miyav]at, (18)
! )

where R is the range of an electromagnetic shower
of energy E, and g(E,, v) =f0R1r7(Eo, v, x)dx

=f° 7, (o, v, x)dx is the track length of all the
photons in the showers. Thus, folding in the local
muon spectrum, we obtain for the local muon

source strength due to electromagnetic interac-
tions

q,(h)=nfELzm,e>jw,h,e)n,w>dEdn. (19)

The probability of muon knock-on, ¢,(E, E,), has
been taken from Rossi,'® the bremsstrahlung,
¢,(E,E,), has been taken from Petrukhin® and
Rozental,? and the pair production probability,
¢,(E, E,), has been taken from Kokoulin and Pet-
rukhin.?® Comparisons of the results obtained by
using all of Rossi’s probabilities with the above
showed no significant differences. For the track
length, we have used Rossi’s approximation A.
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For this case, g(E,, v)=0.572(E /v?)X,, where X,
is the radiation length of rock (30 gcm~2), We
have compared these values with those obtained
from numerical integrals of the shower distribu-
tions given in the Messel tables?® and have found
agreement to within 20%.

The results of the calculation of q, will be pre-
sented in Sec. VI. R7 is obtained from q, in the
manner indicated in Sec. IV for R, .

VI. SUMMARY AND COMPARISON WITH EXPERIMENT

A. Summary of Calculations

The results of the preceding sections for the

various underground stopping muon components are

summarized in Figs. 3-5. Figure 3 gives the rate
of stopping positive pions only, at relatively shal-
low depths, for comparison with experiments
which yield this quantity directly. Figure 4 gives
the results for all the sources of stopping muons,
expressed in the form of the ratio R of stopping to
through-going particles. Figure 5 gives the ab-

5 T T T T T T T Ty

RATE OF STOPPING POSITIVE PIONS (g'day™)
n

¢ GEORGE AND EVANS (1950)
2l ® GEORGE AND EVANS (1955)
g6 @ SHORT
5| & BARTON AND SLADE
¢ BASCHIERA AND BERGAMASCO
2§ KANEKO 1
'0'7 1 coaoa gl ) IS |
10! 102 103

DEPTH (hg cm?)

FIG. 3. Calculated rate of stopping positive pions
vs depth, compared with the results of experiments
where the 7* is identified as such. The solid line gives
the sum of the locally produced intensities, g, (k) and
ay( h), with n=0.5, as is appropriate for positive pions
only. Note that the units are g=! day “!. The experi-
mental results have been corrected after Grupen et al .’
for the loss of 7* in flight and for the relative stopping
power of the different detectors compared to rock.

solute intensity of stopping muons as a function of
depth, together with curves for the vertical muon
intensity and the omnidirectional muon intensity,
I,Q*. Figure 6 gives both the normalized stopping
rate and interaction rate as a function of energy
transfer. These latter curves allow one to esti-
mate the energies involved in either the observed
stopping rate or muon interaction rate under-
ground.

B. Comments on Calculations

The curves in Fig. 4 have several features which
are worthy of comment. For depths less than
~2000 hgem~2, the atmospheric muon contribution
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FIG. 4. Normalized rate of stopping muons (ratio R
of stopping muons to through-going muons for a standard
spherical detector with an effective thickness of 100
g/cm? of standard rock, A=22, Z=11). R, refers to
vertical atmospheric muons, R, refers to atmospheric
muons integrated over all zenith angles under a flat
earth; R, R, refer to the ratio of locally produced
stopping muons produced by virtual and real photons,
respectively, relative to the rate of atmospheric through-
going muons integrated over all zenith angles. Riot
is the total for all processes. The atmospheric curves
(R, or R,) used for comparison with experiment depend
upon the experimental triggering disposition.
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R, is inversely proportional to depth while the
local production contribution, R, +R, increases
linearly with depth. At depths greater than 3000
hgem~2, all ratios become depth-independent.
This is a reflection of the nature of the muon in-
tensity-depth curve, which is shaped mainly by the
power law spectrum of the primaries and the ex-
ponential form of the rate of energy loss of muons
underground. Moreover, the normalized local
muon spectrum (being proportional to the deriva-
tive of the intensity-depth curve) should have an
increasing fraction of high-energy muons with in-
creasing depth until ~3000 hgcm™~2, after which
normalized spectrum should become depth-inde-
pendent. Consequently, the local production
ratios should increase with depth up to ~3000

hg cm™2, at which point these ratios, too, would
approach a constant. The magnitude of these local
production ratios, of course, depends upon the

values of cross sections and cascade multiplicities.

C. Comparisons with Stopping Pion Measurements

Measurements of pion stopping rates are avail-
able only at relatively shallow depths. We have
plotted these measurements®~2° in Fig. 3, where
they may be compared with our calculated curve
for stopping positive pions. (Negative pions are
not detected in scintillator experiments, and in the
emulsion experiments the positive pions are sepa-
rately identified.) We have also corrected the
measurements (after Grupen e/ al.®) for the stop-
ping power ratio of the detector material relative
to standard rock and the losses by decay in flight
of the pions before they reach the detector.

It is seen that the experiments are in reasonable
agreement with the calculations. In addition to in-
dicating that there is no anomalous pion production
at these depths (<100 hg/cm?) within the experi-
mental and calculational errors, the agreement
provides some confirmation of the validity of our
calculations. Of course, the mean muon energy is
so low (10-30 GeV) at these depths that the calcu-
lations are tested only in the region of low-energy
transfers and low cascade energies. However, it
is just in the low-energy region that an experi-
mental test of the stopping pion cascade multiplici-
ty is most desirable, as pointed out in Sec. III.

The interactions of muons at shallow depths (50
hg/cm?) have been studied by Higashi et al.3° using
a cloud chamber. Our calculations have not yet
been put in a form suitable for detailed comparison
with these results. However, the cross section
found by these authors (again at a relatively low

mean muon energy) appears to be consistent with
what we would expect.
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FIG. 5. Absolute integral values of I, (the vertical
muon intensity), I ,Q* (the muon intensity integrated
over all zenith angles under a flat earth), and q, (the
muon stopping rate due to local interactions only) as
a function of depth underground. I, and I,Q* are read
from the left. (I,Q* has been divided by 1 sr to make
the I, and I,Q* curves dimensionally the same.) The
q, curve is read from the right. Muons from interactions
initiated by both real and virtual photons associated with
the fast muons are included in ¢ u» and the parameter 7
has been taken as 0.7.

D. Comparions with Stopping Muons at Shallow Depths

Inspection of Fig. 4 shows that at depths less than
about 2000 hg/cm? all measurements are in agree-
ment!~3.9.26.31.32 with calculations, with the excep-
tion of the 3 points of the Turin group at 110, 175,
and 300 hg/cm?. We wish to call attention to the
fact that these 3 points were derived from mea-
surements made at various inclined zenith angles
at the same station, whose vertical depth was 60
hg/cm?. Details are given in the paper by Berga-
masco el al.® The trigger for the four shallow
Turin measurements included a narrow 2-scintil-
lator telescope without absorber. This arrange-
ment is appropriate to study atmospheric muons
which arrive at inclined angles and stop in the de-
tector; the ratio R of stopping muons so selected to
the inclined through muons should be in agreement
with the expectation calculated on the basis of ver-
tical muons at a depth corresponding to the slant



7 CALCULATION OF THE STOPPING-MUON RATE UNDERGROUND 2029

depth in question. However, the response of this
arrangement to locally produced muons may differ
substantially from what would be expected in a
detector located at a vertical depth corresponding
to the given slant depth. The locally produced mu-
ons are caused essentially by the vertical muon
flux, and they are expected to be quasi-isotropic
in contrast to the atmospheric muons, whose dis-
tribution is peaked toward the vertical. In addition,
an open narrow-angle telescope would easily be
activated by shower particles associated with the
local interaction.

We estimate the ratio R, of locally produced mu-
ons to through-going muons actually registered by
the Turin inclined-angle disposition as follows.

We read from Fig. 5 the rate of local stopping mu-
ons, ¢,(60 hg/cm?). The fraction of these muons
accepted by the telescope, of solid angle AQ, is
AQ/4m, and if, in addition, a fraction f of them
are accompanied by shower particles which trigger
the telescope, we have

- Mq,(60)(AQ/47 + f)

R 1(0a8

From Bergamasco ef al.’ we obtain values of A
and 7(6). For example at 78° (slant depth 300 hg/
cm?), AQ=0.018 sr and one finds that a shower
triggering probability f =2% is sufficient to account
for the anomalous excess at this point. According
to Fig. 6, some 2% of locally produced stopping
muons are produced in events with energy trans-
fers >100 GeV, so that such a value of f is not at
all unreasonable. It is somewhat more difficult to
account fully for the 110 and 175 hg/cm? points,
but a strong effect undoubtedly exists.

A further enhancement in steeply inclined mea-
surements is due to the multiple scattering of slow
muons, originally coming in from the vertical,
which scatter and register as inclined muons. A
correction ranging from 5% at 60° to 75% at 78° has
been estimated for this effect by Grupen et al.’
These authors, however, apply their correction to
the observed point as though it consisted entirely
of stopping atmospheric muons, when in fact a
more appropriate procedure, in the light of the
foregoing, would be to raise the prediction for the
atmospheric muon component only by this amount.

The experiment of Bhat and Ramana Murthy® at
96 hg/cm?® and 417 hg/cm? was also performed
with a large volume liquid scintillator. A liquid
scintillation counter was located above the pri-
mary detector with 2.5 cm of lead in between.

The aperture was relatively large (zenith angles
<20°). Consequently, we would expect their ap-
paratus to be sensitive primarily to atmospheric
stopping muons (which are dominant at that depth)
and, indeed, their point falls close by the predic-
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FIG. 6. Integral muon interaction and stopping rates
(due to local interactions only) as a function of energy
transfer. The curves are normalized to the rate of
muons passing through a standard detector whose effec-
tive thickness is 100 g/cm? of standard rock (A=22,

Z =11). The curves labeled J are the interaction rates;
the curves labeled R are the stopping rates. The sub-
scripts refer to depth underground in hg em™2. The
R-curves may be used in the following way: at 4500

hg cm™? approximately 10% of the observed stopping
muons due to local interactions originated from inter-
actions with greater than 200-GeV energy transfer.

tion in Fig. 4. It should be noted, however, that
the through muon rate was not measured in their
experiment, so their quoted values for R depend
on a normalization to the through flux, and this can
lead to additional uncertainty.

The experiment by Kropp, Reines, and Woods,!
performed at a depth of 1568 hg/cm? also employed
a large volume of liquid scintillator. There was
no directional selection; however, the detector was
surrounded by a large volume of water and a thick
iron shield. We estimate n~0.5 for this case rath-
er than 0.7 as for an open cavity. The dense shield
also means that the interactions producing pions
would occur near the detector, in some cases
saturating the electronics and making the scope
picture unreadable. This measurement should lie
somewhat below our total prediction, and indeed it
does.
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The detector of Reilly ef al.** was triggered only
if a system of auxiliary counters on the top and
sides showed one and only one pulse, and a bottom
counter observed no pulse. The auxiliary counters
were very large (1.5 mx 2.5 m) and the thresholds
low, making it likely that stopping particles pro-
duced by the interaction of a fast muon would be
vetoed by the fast muon or shower activity ac-
companying it. Thus, we would expect the Reilly
et al. point to lie somewhat above the atmospheric
prediction and somewhat below the prediction for
atmospheric plus local effects. This is seen to be
the case in Fig. 4, although statistically the re-
sults are not in disagreement with the total pre-
diction.

E. Comparison with the Deep Turin Point

The most important point from the standpoint of
observing possible anomalies is the Turin point at
4270 hg/cm?, At this depth the atmospheric muon
contribution is well below the conventional local
production contribution. For this measurement a
500-liter spherical liquid scintillator was used
without a directional telescope in the trigger. The
results therefore correspond directly to our calcu-
lation with only a correction for the effective
thickness of the scintillator (69 g/cm? of standard
rock, as compared with our 100 g/cm?).

We give in Table I our expectations for this par-
ticular scintillator. Included also in Table I are
the probabilities for the Turin observation to have
occurred for our preferred and extreme models.
There is only one chance in twenty that the Turin
measurement agrees with our calculations. Since
about 90% of the local stopping rate comes from
energy transfers less than 100 GeV (see Fig. 6),
there seems to be little room for large increases
beyond our upper limit within the conventional
framework.

|3

F. Comparison with Other Calculations

Our results are in reasonable agreement with
those of Baschiera ef al.? and Grupen et al.,® al-
though we feel that the latter did not sufficiently
stress the uniqueness of the deep Turin point. We
disagree with Barton® mainly because he assumed
that the stopping pion multiplicity increased linear-
ly with the mean local muon energy, starting at
shallow depths. Our calculations would give an in-
crease more like the 3 power. Adair’s* estimate
disagrees with ours because his rough estimate of
the stopping pion multiplicity is higher than ours.

G. A Comment on Neutrino-Induced Stopping Muons

As pointed out especially by Grupen et al.,® at
very great depths (~8000 hg/cm?) the predicted
stopping-muon rate is predominantly from neutrino
interactions, and the observations of Reines et al.®®
are in reasonable agreement with prediction. It is
difficult to draw any conclusions about the existence
of an anomalous underground process at these
depths in view of our lack of knowledge of the depth
dependence of such a process and the uncertainty
of how the neutrino detectors would respond to the
(possibly very complex) events involved. It would
be interesting to investigate further the isolated
cases of very large events which have been seen in
the deep neutrino detectors and which appear to
have no ready explanation at present.

VII. CONCLUSIONS

We conclude that at shallow depths, where the
mean muon energy is in the 10-GeV region and
where the atmospheric stopping muon component is
dominant, no stopping muon measurements are in-
consistent with the calculations of this paper. The
stopping pion observations (available only at shal-

TABLE I. Values of the predicted and observed stopping-muon ratios for the Turin 4270-hgcm™2 experiment. The
upper bound prediction reflects an A1+ dependency of the photonuclear cross section (instead of A%-%) as well as a slow
muon multiplicity predicted from Model I, as outlined in Sec. III. Only the calculations of R u are affected, a factor of
1.6 coming from the photonuclear cross section and 1.5 from the multiplicity. Any further increases would involve
radical alterations in the photonuclear cross section. The R values quoted refer to the Turin detector (effective thick-

ness 69 g/cm? of rock).

Stopping-muon Prediction
ratio Best estimate Upper bound Observation

R, 0.88x 1073 0.88x 1073

R, 1.77x 1073 4.23x 1073

R, 0.18x107° 0.18x 1073

Rror 2.8 x107? 5.3 x107° 9.8-4:3x 107°
Number actual events 3 6 11
Probability of 0.003 0.03

observing =11
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low depths) are also in agreement with our calcu-
lations.

The Turin measurement at 4270 hg/cm? is
uniquely sensitive to a possible anomalous source
of stopping muons, and here we have seen that
there is a considerable excess relative to our pre-
dictions. We have examined the A dependence of
the photonuclear cross section and various models
for hadronic cascades without being able to ac-
count for the discrepancy under even the most ex-
treme assumptions.

Some confirmation of the low-energy end of our
hadronic cascade calculations does come from the

consistency of our predictions with stopping pion
rates observed (Fig. 3). A direct measurement of
m(v) in the accelerator range is important to check
the calculation. Knowledge of the number of stop-
ping pions produced in a y-initiated hadronic cas-
cade, even at a few low energies, would strengthen
our knowledge of m(v) for all energies, because of
the multiplicative nature of the cascade processes.

Needless to say, it is very important to obtain
additional Turin-type observations beyond, say,
3000 hg/cm?, and/or with improved visual identi-
fication of the events. Such measurements are in
progress in this laboratory.
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