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Multiple muon event rates measured at the Utah Muon Detector are

presented for showers with 1-5 paraliel muons detected in an area

of 80 m2 at depths 2.4 - 8.0x10°% g cm™? and also for high multi-
- 2

s

plicity showers with 10-30 muons detected in an area of 100 m° at
depths 1.6 - 2.0x105 g ecm~2. Monte Carlo calculations based upon
scaling and a primary spectrum and composition extrapolated from
lower energies agree well with observed rates as a function of
multiplicity alone, but predict a too narrow distribution of muon
pairs as a function of separation (decoherence curve). Scaling up
transverse momentum (x 1.5} improves agreement with the decoher-
ence curve, but agreement with the rates is then poorer.
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detailed scaling model which makes predictions of muon rates
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2. Experimental. (For a description of the Utah experiment and additional
references, see Lowe et al. 1975.) The present work represents one in a con-
tinuing series of analyses which have paralleied the accumulation and reduc-

tion of the muon data. The data may be grouped into three groups for pur-

poses of discussion: 1} multipiicities 1-5 observed in an 80 m2 fiducial
area, 2) multiplicities 10-29 observed in a 100 m2 fiducial area, and 3}
distributions of separations of muons. (See Figures 1, 2, and 3.)

The data of group 1 were presented in comparison to a scaling model at the
Denver Conference {Mason and Elbert 1973, Lowe et al. 1973}, though they
appear here with better statistics for ail points. Briefly they consist of
rates of events for which a given number of muons, ng, is detected exciu-
sively in an 80 m? area. The rates are accumulated as a function of zenith
angle, 8, and slant depth of overburden, h. The detector was Yocated under
a rugged mountain range so that a variety of combinations of slant depth and
angle were possible, but for purposes of presentation they have been cen-
tered in three angular bins (47.5, 62.5, and 72.5 degrees} and eight depth
bins (2.4, 3.2, 4.0, 4.8, 5.6, 6.4, 7.2, and 8.0x105 g cm~2 standard rock].
The data of group 2 are presented here for the first time. These "super-
Ttiple" events involve observations of >10 muons in a fiducial area of
100 m? at a depth of either 1.6 or 2.0x10° g cm™2 and a zenith angie of 30

degrees. These large events were not detectable until 1973 when an enlarged
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ized as a decoherence curve, i.e., the rate of pairs of coincident muons in two

small detectors as a function of their separation, divided by the product of the
areas of the detectors. These data are discussed in more detail in an accompany-
ing paper (Lowe et al. 1975).

3. Theoretical Model. Calculations of the expected rates depend on the nuclear
physics assumed for the collision processes as well as the shape and composition
of the primary spectrum. The nuclear physics of the present calculation is
based on scaling (Feynman 1969). The essential features are:

1) proton-Berryl1lium and proton-Aluminum production cross sections at 19.2 GeV
(Allaby et al. 1970) are used for an interpolation to obtain p-air cross sec-
tions. Distributions for production of protops, pions, and kaons are suitably
parameterized as functions of Py and x = 2P| /s (P1, PL are transverse and lon-
gitudinal momentum; s is the square of the center of mass energy). Scaling
behavior is then assumed.

2) We include production of nucleons,
antinucieons, pions and kaons (Elbert ! :
et al. 1975). The multiplicities of - .
the produced particles vary asymptot- :
jcally with primary energy as In s. N

3) The p-air inelastic cross section oo N B
rises with energy according to: 5§§f§%

Op-gir = 280 + 2.5 Int-8 (E/100 GeV) FoNXG
mb ' (Yodh et ai. 1972).

4) Meson-induced collisions are simu-
lated from p-air distributions according

L s S A -
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to a prescription suggested by the quark AN

model and supported by accelerator mea- i A'//A\\i>}\ T ]

surements (Elbert et al. 1971). A | NN

“leading meson” is provided. - J\\\\{
5) The average Py value for all pions ) N R R R A

with x 2 0.01 is 0.38 GeV/c. 02 oty
6) The mean inelasticity of the inci- :

dent nucleon is 0.58. Fig. 3. Muon deccherence

data. See text for des-
cription of the curves A-D.

We assume the spectral shapes of the primary components (protons, alpha par-
ticles, etc., up to and including iron) follow power laws of the form AE™Y (A
will be referred to as the amplitude and y as the spectral index). Because the
present analysis is not very sensitive to the location of a "kink™ or break in
the primary specirum we have used air shower results to give the approximate
location (3x10!5 eV for protons) of a rigidity dependent break in the spectrum
of all primaries. Above the break the spectral index is assumed to be 3.3
(Greisen 1365).

4. Analysis. We group the primaries into three groups (protons, Z = 3-14, 7 =
15-26), with the relative amounts of each element maintained within a group at
values from low energy measurements (Z = 2, Ryan et al. 1972; Z = 2-9, Cart-
wright et al. 1971; Z = 10-28, Shapiro and Silberberg 1970; Z = 26, Balasubrah-
manyan and Ormes 1973). The primary spectrum is segmented (1-2, 2-4, 4-8 .
TeV). Monte Carlo predictions assuming spectral indices of 2.7 are made
separately for each of the primary groups and each of the spectral segments.
These "building blocks" can be weighted to approximate various assumptions
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about the primary spectrum and composition. Previously we fitted our model to
the data described above except for muon separations (Mason and Elbert 1973;
Elbert et al. 1975). 1In doing so we found that an extrapolation of spectral
and compositional parameters from below 1013 eV provided predictions that were
in very good agreement with rates including the "supermultiples" which orig-
inate with the highest energy primaries in our experiment (-5x101° eV). The
best fit, with x2 = 36.5/30 yields y = 2.75 = 0.02 and Ap = (2.3 +0.2) x 10
mis-lspr~1Gev=1. In our fit the heavier compo-

nents of the composition are held constant rela- T
tive to the protons as a function cof energy at

values taken from measurements at energies rang- or j/ ]
ing from 2 GeV/nucleon to 500 GeV/nucleon. Th )

amplitude of the resulting spectrum of all pri- T / )

maries on a total energy basis (below the break /
mentioned above) is 2.5 times the amplitude,

A, of the primary proton spectrum. The results
of the fit are strikingly close to the param-

Depth (|O5 q cm'z)
wn

eters measured (Ryan et al. 1972) near 10!2 eV. ak / // , ]
The Ryan parameters are: vy = 2.75 = 0.03, A, = / / VA

(2.0 + 0.2)x10%m 25" 1sr-IGev-1. 1In Figure 4 we al, /S S J
show approximate relationships between primary / /75

proton energy, detected muitiplicity and depth 2r 0 20.251
for the Ryan parameters. If the primaries are e 7|
iron nuclei and energies are plotted per nu- T T ém
cieon, the Figure is qualitatively similar but ' Median Primary Energy (eV)

5 4 o ¢ 13, ¢ it ayi/nuct i N .
compressed to the range 10 2x101* eV/nucleon. Fig. 4. Estimated rela-

tionship between primary
proton energy, detected
muon muitiplicity and
depth underground.

Recently we have compared the predictions of our
model to the deccherence curve calculated from
the muons. Both data and Monte Carlo calcula-
tion indicate that the deccherence curve may be
roughly parameterized as an exponential, Rgexp {-x/xg), where x is the separation
of the muons. However, the model discussed above predicts an exponential failoff
parameter, xg, which is consistentiy smaller than that exnibited by the data. An
example of this may be seen in Figure 3 where curve A represents the decoherence
curve predicted by our parameters for the spectrum. It is not practical, at
present, for us to include in toto the decoherence curves in our fitting proce-
dure. Instead we have made use of the decoherence curve integrated once over
area. The resulting "pair rate" is the rate of coincident pairs of muons, one
of which passes through a small detector, divided by the area of that detector.
For an exponential decoherence curve this is equal to 27Rgx?. We have, there-
fore, added as "data points" pair rates at 2.4 x 10° and 3.2x10%> g cm™2 at 47.5
degrees and 3.2x10%, 4.0x10% and 4.8x10% g cm~? at 62.5 degrees to represent the
decoherence curves in the fits.

Physically, the exponential falloff parameter of the deccherence curve is closely
related to the transverse momentum of pions and kaons which produce the observed
muons. The simptest way of brimging the decoherence curve shape intc agreement
with the data would be to scale up the transverse momenta in the model by a con-
stant factor. When only this change is made, the showers spread out of a finite
detector, the predicted ratios of higher multiplicities to singles decreases,

and the predicted pair rates, which are independent of Py, remain too Tow. We
have applied a scaling factor to Py of 1.5 which was estimated to bring about
agreement with the shape cof the decoherence curve. The resulting decohererce

© MPE ¢ Provided by the NASA Astrophysics Data System



. 6. 2055B

19751 CRC. . .

2059
curve is shown as curve B in Figure 3,
where again the spectral parameters of 'm;&ﬂ T
curve A have been used. As expected,
Xo is much improved, but the normali- 1.0 b g,ﬂ ]
zation, Ry, is not as good. Most ser— 4
iously affected is the ratio of double n=10-14  n=I5-19 n =202
to single muons which decreases by as 2 051 15| ° ° °1
much as 40-50%. If the spectral param- 3 s o] l &
eters are relaxed, one can ailow the 3 ° <§ % § . i
overall normalization of the proton 3 ooyt $'“i """"""
componprt at 1 TeV, the spectral index @ -
of the protcn component, and the spec- 2 o5l ol L i A, 1 1 A, I
tral index of the component containing ° 16 20 16 20 8
iron to vary. The resulting fit yielded 2 ny=2 Depth{i0”g cm )
x2 = 85/34. The normaiization favored 2 1of-—- R S e B
was 90% of the Ryan et al. {1972) value b . % b 9 ¢
a proton index of 2.66 and an iron index & 12 f tod
of 2.62. An example of a resulting de- I3 Qj: T
coherence curve is shown as € in Figure 3. % ¥
This fit was used to construct the “ L . 4
curves in Figures 1 and 2 and is the B Lo Loe
basis for Figure 5. One favorable by- T i ¢ 1 L
product of this spectrum, as oppesed to Lo §§~"~§ ——————————————————————————————
an extrapolation of the Ryan spectrum, H
is that when evaluated at the assumed | | | | . | ) |
break location at 3x101° eV per par- 05724 32 40 48 56 64 72 80
ticle, the all particie integral spec- Depth (10% g cm 2}
trum is enhanceﬁ a factor of 1.4 to
within a 3 of that esti- Fig. 5. Ratios of predictions
mated from air shower ﬂeaSUrements to measured values for the mod-
(Mason et al. 1975). el of curve C of Figure 3.
It h if scaling is to provide agreement with air shower devel-
opme measured at Mt. Chacaltaya, the primaries would need to
be he (Gaisser 1974). Such 2 pOSS?bTT'ty would occur if the
flattiey i bserved up to 100 uev/nuc?ecn {Balasubrahmanyan and Ormes
1973) were to continue with a spectra’ index of 2 compared to protons with 2.7.
Iron primaries would provide a wider muon decoherence curve than protons for the
same mean P and primary energy because the showers develop faster producing
mucns at higher altitude. If we assume that iron dominates the primary spectrum
at the ion of the break at 3x10'5 eV {iron break model), the break on an
enargy b on scale occurs at about 60 TeV per nucleon. We tried a fit of
the 3-par r type tried for curve C of Figure 3 with the result that ¥2 =
92/34, th era}§ amplitude was 87% of the Ryan et al. (1972) value, the proton
index was 2.64 and the iron index was 2.55. The resuiting improvement in the

decoherence LJPVE is labeled D in Figure 3. Again the fit to the doubles rate
is most seriously affected.

5. Discussion and Conclusions. Underground muon data of the type obtained with
the Utah muon detector can pe used to place restrictions on possible assumptions
about high energy nuclear physics and the cosmic ray spectrum and composition.
We have used the data to test a detailed medel involving scaling, a feature of
which is an energy independent Pt distribution taken from accelerator measure-
ments ?ng a mean Py for pion {x 2 0.01) of 0.38 GeV/c. We found that the
model dicts well the rates of underground muons as a function of multiplicity
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and depth, but predicts a muon decoherence curve which is too narrow. The data
are restrictive enough to prevent bringing about compiete agreement between model
and data by the simple process of scaling up the transverse momentum in the model
by the constant factor of 1.5 which the decoherence data alone requires. In this
latter process the rates in a finite detector of events with several muons are
substantially changed in a way that cannot be corrected by acceptable changes in
the assumed spectrum and composition. If the factor 1.5 is, however, approxi-
mately correct, then the data tentatively reguire a mean Pt for pions of ~0.6
GeV/c. This is in agreement with the conclusions of other workers who have
analyzed portions of the Utah data using a CKP model (Adcock et al. 1969) and
both CKP and scaling (Goned et al. 1975).

The uncertainties associated with the lateral spread of the muon showers can be
avoided by selecting a part of the data. The muon pair rates add to the muon
intensities additional information which can be predicted independently of the
Tateral structure of the muon showers. An example of such an attempt is given
in Mason et al. (1975).

In view of the many uncertainties in parameters of the overall model, among which
are uncertainties in the production distributions, nuclear breakup in the atmo-
sphere, muon energy 1oss in rock (particularly at the larger depths) and the
shape of the transverse momentum distribution as a function of energy, we view
the model as largely successful in its predictions of the Utah data. It is

quite possible, for example, that a changed shape of the transverse momentum
dependence might improve agreement of the predicted rates while maintainin
agreement with the decoherence curve, but it is clear that the data are restric-
tive enough that such a change cannot be arbitrary.
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