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Multiple muons in the Utah detector. I. Measuremente
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Final and more extensive data on multiple-muon events deep underground in the Utah muon detector are
presented as rates for multiphcities 1 to 5 in a fiducial plane of 80 m'. New results are presented for showers

having muon multiplicities from 10 to 50 in a fiducial plane of 100 m . The measurements are taken at depths

ranging from a minimum of 1.5X10' gcm ' to a maximum of 1.0X10 gcm '. The energy per nucleon of the
primaries which create the muon shower ranges from 10" to 10' eV.

I. INTRODUCTION

The advent of the CERN-ISR and Fermilab
machines, together with recent theoretical develop-
ments of limiting fragmentation and scaling, make
it especially interesting now to look for cosmic-
ray measurements sensitive to the detailed fea-
tures of the models of hadronic interactions under
consideration. Multiple muons observed deep
underground offer special promise in this regard,
for they carry rather direct information about the
particles produced in the early stages, often from
the very first collision, in the hadronic cascade
produced by a cosmic-ray primary. Their inter-
pretation is greatly facilitated by the scaling the-
ory, which provides a framework against which
the observations may be tested. The framework
is anchored by accelerator results near 1 TeV,
and scaling provides a clear prescription for ex-
trapolation to cosmic-ray energies. Deviations
from the scaling prediction, should there be any,
may then be interpreted in terms of the onset of
some new phenomena.

However, the predictions depend not only on the
collision model, but also on the spectrum and
composition assumed for the primaries. The de-
gree to which the spectrum effects can be sepa-
rated out from the effects of the collision model
is not yet fully known, although the richness of
the multiple muon data, together with the avail-
ability of information from other sources about
the spectrum, indicates that some separation can
be carried out.

In this paper, we describe the techniques where-
by the multiple muons are studied with the Utah
cosmic-ray detector and summarize results ob-
tained with expanded 80-m' and 100-m' fiducial
planes. Earlier work' has been limited to a re-
stricted area of the detector much smaller for
the most part. Comparisons with scaling pre-
dictions are given in paper II along with implica-
tions of the results for the spectrum and composi-
tion of the primaries.

II. INFORMATION CARRIED BY MULTIPLE MUONS

UNDERGROUND

In order to see how muons observed deep under-
ground may be used to study the properties of
hadronic collisions high in the atmosphere, it is
useful to consider the schematic diagram shown
in Fig. 1. A primary (say a proton of 10" eV)
strikes the top of the atmosphere and initiates a
hadronic cascade. Pions (and kaons) in the cas-
cade may decay to produce muons, the average
decay probability for high-energy pions produced
by nucleons being PD = (90 GeV/E, ) sec8. The
rock above the Utah detector acts as a muon range
analyzer; by looking in different directions, muon
energy thresholds from 0.5 to 20 TeV may be im-
posed.

The quantities actually observed are (a) the
rates J(nz, 8, h) of events where nD muons traverse
the 80 m' or 100 m' fiducial area of the detector
at a slant depth h and a zenith angle 8, and (b) the
lateral separation distribution of the muons. A

later paper will give further results on the separa-
tion of the muons.

Ideally, one would like to extract from the ob-
served quantities information about the basic para-
meters of the collision model: the total cross
section, the multiplicity, the distribution in lon-
gitudinal momentum of the produced particles,
and the transverse momentum, all as a function of
the primary energy. The muons observed come,
of course, from a random sample of the produced
pions and kaons, and it is necessary to investi-
gate with the aid of a Monte Carlo calculation the
degree to which this sample is sensitive to the
assumed hadronic collision model.

III. APPARATUS

The detector has been described in some de-
tail. ' ' Briefly, it consists of 600 cylindrical
spark counters arrayed in 15 vertical planes,
each 6X10 m' as shown in Figs. 2 and 3. A trig-
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FIG. 1. Schematic diagram of the high-energy muon component of an energetic cosmic-ray event.

ger is provided by water-filled Cherenkov count-
ers. The spark counters resemble oversized
Geiger counters, 15 cm dia. x i0 m long, but
operated in a pulsed mode at a higher pressure

so that the discharge is a sharply localized cor-
ona spike which is detected by means of a sonic
ranging system. The location along the axis of
the spark counter is known to within a 3 mm.

UNIVERSITY OF UTAH NEUTRlNO DETECTOR

FIG. 2. The Utah neutrino detector. The detector is 12 m by 10 m by 6 m. Its mass is 1.8x 10 kg. The three major
components of the detector are (1) four directional Cherenkov tanks indicating the passageof aright-or left-go&g muon,
(2) 15 stacks of 40 sonic ranging cylindrical spark counters which provide muon trajectory information, and (3) ~Q i'ron
magnets which determine the charge of the muon.



MULTIPLE MUONS IN THE UTAH DETECTOR. I ~ MEASUREMENT 653

Originally the detector had a ferrite core mem-
ory capable of storing information from as many
as 108 sparks in the cylindrical spark counters
for any given event. Since, on the average, each
muon in the detector has associated with it 10
sparks, the ferrite core memory severely limited
the maximum observable multiplicity. In early
1973 the ferrite core memory was replaced with

a semiconductor shift register memory capable
of storing information from 1000 sparks. These
data were recorded on magnetic tapes, which pro-
vide the basis for computer reconstruction and
analysis of muon showers in the detector.

The data analysis is divided into two sections
which overlap somewhat:

(I) Hates for J(n~) in 80 m', n~ & 10 with zenith
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FIG. 3. Plot of an event containing six muons. The coordinates of the sparks in the top vicar are obtained from the
time delays of the acoustical pulses.
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angles greater than 35 and less than 108 sparks
in an event (low multiplicity). The data were tak-
en in three blocks with run times of 1.81x10'
sec, 2.523&&10' sec, and 1.855X10' sec from
February 1969 to June 1974. Other than the
statistical treatment of bins with a low number
of counts, ' details of the analysis are available
elsewhere. '

(II) Rates for J(nL, ) in 100 m', n~~10 with an
average zenith angle of 30' (high multiplicity).
The data were taken with the new enlarged mem-
ory over a period from May 1973 to June 1974
with 2.031&&10 sec live time. Details of the analy-
sis can be found in the Appendix. Description of
Analysis I (low-multiplicity events) follows below,
and description of Analysis II (high-multiplicity
events) begins in Sec. V.

IV. ANALYSIS I (LOW-MULTIPLICITY EUENTS)

A pattern-recognition computer program is
used for event detection. The efficiency of the
recognition program was measured and found to
range from greater than 99% for events which con-
tain one muon in the detector to 96+ 5% for events
which contain five muons in the detector. Effi-
ciency of the recognition program drops off con-
siderably for muon trajectories separated by 0.25
meters or less. At least 100 events of every
muon multiplicity were hand-scanned and in total
more than 6000 events were hand-scanned to check
event recognition efficiency. The angle between
muon tracks within the detector was on the aver-
age less than 1 degree and no evidence of conver-
gence or divergence of the tracks was found.

The actual area of the detector perpendicular
to muons which pass through three or more groups
of spark counters varies considerably in both size
and shape as the zenith and azimuth angles of in-
coming muons are varied. However, the Cherenkov
triggering walls of the detector, when projected
into a plane perpendicular to the direction of
travel of the muons in an event, form a figure
which is fairly constant in area and shape. The
mean area of this figure is somewhat greater than
80 m' at zenith angles greater than 30 .

All muons in an event are required to pass
through an imaginary plane of 80 m2 independent
of angle which is superimposed on the detector.
If this "superplane" were sensitive over its entire
area, the acceptance criteria for all events would
be the same for the same zenith angle bin. How-
ever, there are insensitive holes in the superplane
for which corrections to the above simple aper-
ture must be made. With muons which pass
through only two groups of spark counters accepted
in the analysis (the pattern-recognition program

picks up greater than 90%%uo of the two-group muons
which are parallel to a three-group muon) only
small parts of the imaginary 80-m' plane are in-
sensitive to a through-going muon.

The corrections to the aperture are made as-
suming muons in events on the average are dis-
tributed uniformly over the detector. Earlier
measurements' have shown that the rate of pairs
in two 1-m' detectors distance x apart (the "de-
coherence curve") can be characterized approxi-
mately by the form Ae "~'o, where x, =10 m at
I9 =45', depth=2. 4X10' gcm '. The rate of in-
clusive doubles (inclusive here used in the same
manner as in accelerator experiments) is given
by

R(2's inclusive) = n, !Z(n, )

ne
n~&1

2
exp(-x/x, ) dA, dA, ,

A

area of detector

where x is the distance between the two small
detectors dA, and dA, . Calculations were made
of the integral using measured values of the de-
coherence curve. With a value of x, of 10 m,
changing the shape of the detector from 980 m
x~80 m to 5x16 m changes the rate of inclusive
doubles by 8%. Thus, one expects the assumption
of uniform distribution to be accurate for the
much smaller changes in detector shape in the
experiment.

The rates were tested as a function of the size
of the correction factor applied to the data. No
discernible effect was disclosed. However, only
data where the correction to the aperture was
small were used in the final analysis.

The triggering efficiency of the detector was
measured in the following manner. For Cherenkov
tanks, a muon was required to pass within pre-
scribed boundaries on the inside of the tank and an
independent trigger associated with a muon must
have been produced by tanks other than the one
being measured. Spark-counter efficiencies were
measured by requiring that a trajectory be re-
cognizable without the presence of the counter
being measured. Extensive tests were made of
the consistencies of the triggering logic.

The rates were corrected for the measured
detector triggering efficiency. As the number of
muons passing through the detector in an event
increases, the average amount of light in each
Cherenkov tank increases and the triggering effi-
ciency of the detector approaches 100%. With the
new Cherenkov triggering system installed in
1970, the average single-muon event triggering
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efficiency was 90% (see Ref. 3) at the beginning of
1971 and deteriorated to 83% by 1974. The aver-
age double-muon event efficiency was 91% and
showed no change with time. Single spark-counter
efficiency averaged 90%. With the redundancy of
spark counters, less than 4% of the single muons
and fewer multiples were lost.

The first block of data (1989) was not used for
single muon rates due to relatively low Cherenkov
efficiencies. Rates for muon muItiplicities great-
er than one showed no systematic change between
the three data blocks.

Rock depths for different 8 (zenith) —p (azim«h}
bins were determined from 7.5 minute series topo-
graphical maps of the U. S. Geological Survey to
an accuracy of 6 m. ' These depths were converted
into grams per square centimeter by multiplying
by the rock density. Direct measurements of the
density are limited in the number of points of
access where samples may be taken, but an aver-
age of 2.61 was adopted by Keuffel et a1.' Cassiday
et cI,.' measured the vertical muon intensity at
10 locations along the access tunnel to the detec-
tor, and by comparison with the worM survey
curve deduced a density of 2.55~0.04. The Cassi-
day measurements surveyed the rock which cor-
responds to a slant depth around 2.4& 10' g cm '
for the detector. In order that the muon-flux data
fit a survey of the world depth-intensity curve, "'~
it was assumed that for depths less than 2.8x 10'
g cm ' the density was 2.55 and for greater depths
the density was 2.59. A Z*/A correction has been
made in order to convert the Utah rock which has
a Z'/A of 5.85 to standard rock which has a Z'/A of
5.50." Atmospheric depth traversed has been
added on to the rock depth in grams per square
centimeter to give total depth.

Since the data are scattered over a wide range
of depths and zenith angles, it is necessary to
consolidate them in some way. The first step in
this procedure is to study the depth dependence
of the rates. Rates at fixed 8 and n~ were fitted
as a function of depth using the method of maxi-
mum likelihood. A Gaussian probability distribu-
tion was used' where the number of counts are
large (-40/bin) and a Poisson' when the number of
counts are small. This function of depth was then
used to center the data in 8 x 10'-g cm ' bins and
5' 8 bins. Systematic errors due to rock-density
fluctuations, rather than statistical error, dom-
inate in depth-angle ranges where the number of
counts is high. Each depth-angle range has a num-
ber of contributions from different azimuthal
angles. The most likely value of the rate for each
depth-angle range was found, and the errors for
the bin were multiplied by root reduced X' for re-
duced X' greater than one.

Rates for the presented data were consistent
within the three blocks of data. Rates for multi-
plicities in the range 5& n~ & 10 were found to have
significant contributions from events which had
greater than 108 sparks. Analysis of these data
is underway. The rates for n~ =5 at 2.4x10I'gem~
are corrected for the small contribution from
events having greater than 108 sparks,

Table I summarizes the data. The indicated
errors are Gaussian and take into account depth
centering errors. Figure 4 shows sample depth
dependences and relative intensities at angles
used for the Monte Carlo analysis in paper II.
The similarity of the depth dependences for all
multiplicities is immediately obvious. Note that
the muon flux (intensity of inclusive singles} is
given by

I(inclusive singles) = g nQ(ne) 80 m'. (2)

However, the contribution from multiples greater
than one is small since the rate of doubles in 80
m' is one to two percent of that of singles.

V. ANALYSIS II {HIGH-MULTIPLICITY EVENTS)

The pattern recognition program discussed in
Sec. IV proved to be inefficient and inaccurate in
analyzing events with more than 100 sparks in the
counters. These events tended to have muons at
small zenith angles. A new analysis scheme was
developed to handle these more complex events
using a program which w'orked on groups of sparks
instead of individual sparks. Details are given in
the Appendix. Muons which were closer together
than 0.29 m were considered to be one muon for
purposes of the analysis.

Events which proved too difficult for the pro-
gram were hand-scanned. The scanning showed
the average muon count to be good to within 10%.

At zenith angles less than 45 the detector
has over 100 m' of sensitive area. The actual
counting area was limited to 100 m2 since the
muon detector efficiency falls off near the edge
of the detector.

Detector triggering efficiency was greater than
9+ with dead time excluded. Spark counter effi-
ciency corrections were negligible due to the
large counter redundancy at small zenith angles.

A total of 6&&10' events were observed. These
events were binned at a mean zenith angle of 30
in the depth ranges (1.4-1.8}x 10' g cm ',
(1.8-2.2)x10' gcm ', (2.2 3.0)xlO' gcm ',
(3.0-3.8)x 10' gem ~ and multiplicity ranges
10-14, 15-19, 20-29, 30-49, and «50.

The data were centered by the same means as
,analysis I except that only Poisson statistics
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TAQI. E I. Rates in 80-I detector (sec ~sr ').

Depth
(105 gem 2)

Zenith angle
(deg)

-2

na 2 nD=5

{2.~ -. 0.3 ) - '.. 0 "'

47.5

52.5

57.5

62.5

{7.86+ {}.4v~x 10 2

(8.44+ 0.53) x10 '

(2.14+ 0.15)x 10

(2,39+ 0.18)x10 2

(2.76~ 0.20) x10 2

{3.13~0.22) x10 2

(1.58+0.10)x10 (1.82+0.14)x10 ' (5.9 ~0.9 )x1p 5 {2,5 +0.7 )x1p ~

(1.55+0.11)x10 3 {1.84+0.17)x10 (5.2 +1.3 )x10 (2.6 + Q.7 )x10
(3.98+0.34)x10 4 (4.4 +0.8 )x10 ' (1.6 +0.4 )x10 ' (4.0 +2.0 )x10
{4.29+0.38)x10 (5.3 +0.6 )x10 5 (1.9 +0.3 )x 10 ~ (5.9 +1 1 )x10 6

(4.49+ Q.37) x 10 (5.2 + p.5 ) x 10 5 (1.3].+ p.16)x 10 5 (4.3 + p.9 ) x 1p

(4.25+0.33)x10 (4.24+0.48)x10 (1.6 +0.5 )x10 5 (2.8 +1.1 )x10-6

4.0 62.5

67.5

(9.12+0.80)x10 3 (1.38~0.12)x10 4 (1.7 +0.2 )x10 (3.5 +0.9 )x10 ~ (1.3 +0.6 )x10
(1.11+0.09) x 10 (1.34+ 0.].4) x 10 (1.38+ 0.30) x 10 5 (3,2 + 2.1 ) x10 {0.93+ Q.44) x 10

4.8
72.5

62.5

(1.46+ 0.11)x10 2

(3.31+0.70) x10 '
(1.34x 0.24)x10 4 (1.28+ 0.4p) x10 5 (0.78+ p.97)x 1p 6

(5.52+0.80) x10 (5.3 +1.9 ) x1Q

(4.41+ 0.42) x 10 (5.58+ 0.62) x 10 (5.2 + 1.2 ) x 10 (0.43+ 0.35) x10 6 (p 49 0 35) 1p 6

72.5 (4.65 + 0.44) x 10 3

(1.39+ 0.16)x 10

(5.2 +0.6 )x 10 5 (3.4 +0.9 ) x10 (1.4 pp. 6 )x 1p 6

(1.5 +0.4 )x10 ' (2.p + p.9 ) x1Q 6

72.5

77.5

(1.90+0.22)x10 (2.0 +0.4 )x10 '

(2.42+0.26)x10 3 (0 99+0 19)x10
(1.5 + 0.6 ) x 10 (0 17+ 0.24) x 10

(0.75+ 0.46) x 10 '

6.4

7.2

72.5

77.5

72.5

(7.7 +1.2 )xlp (1.2 +0.3 )x10 ~ (1.8 +1.0 )x10 (0.5 +0.6 )x10 6

{8.8 +1.1 )x10 ' (0.37+0.12)x10 ' (0.23+0.28)x10 6

(3.3 +0.5 )x10 (0.35+0.13)x10 5 (0.42+0.50)x10 6

77.5 {3.5 + 0.5 )x10 4 (0.25+0.11)x10 '

8.0

82.5

{1.34+ 0.25) x 10 4 (0.15+ O.Q7) x 10 &

(2.0 + 0.3 )x10 4

could be used because of the low numbers of
counts in individual bins. No obvious zenith angle
dependence could be discerned, so a mean zenith
angle of 30' was used and events at all angles were
combined for events in the depth range 1.4-2.2
&10' g cm '. Mean zenith angles are indicated
for greater depths. Table 0 summarizes the
data. The indicated errors include depth center-
ing errors arid are Gaussian.

VI. DISCUSSION

These results have been shown' to be consistent
with earlier measurements' made at Utah. They
are, however, considerably more extensive, have
a larger detector area, and are not dependent upon
model calculations. Comparison of the earlier re-
sults at Utah with a model of the shower interac-
tions can be found in papers by the Durham cos-

mic-ray group. " Other multiple muon measure-
ments and analysis of them have been made by a
group from the University of Tokyo." Their ex-
periment was carried out at an average depth of
1.38& 10' g cm ' with a detector area of 8.4 m'.
The highest observed muon multiplicity was 18.

The size of the Utah detector might be called
intermediate compared to the size of a typical
shower. The rate of events with multiplicity n~
should be proportional to the area of the detector
to the power n~ in a small detector and proportion-
al to the area in a large detector. In work done at
Utah' the ratio of inclusive doubles in 80 m' to in-
clusive doubles in 20 m' was shown to be about 13
at a zenith angle of 4?.5' and a depth of 2.4x10'
g cm '. With both areas small (large} compared
to the size of a shower this ratio would be 16 (4}.
The observation of decoherence curve exponential
falloff lengths g, around 10 m alsoindicates that the
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FIG. 4. Rates of multiplicities 1-5 as a function of
depth at three different zenith angles.

dence of the muon flux (inclusive singles} is in
agreement with a sec8 enhancement, which is
based upon pion and kaon parentage of the muons. "

Although the muon flux is dependent upon the in-
tensity of primaries at a given energy per nucleon,
multiple-muon events are more dependent upon
the intensity of primaries at a given total energy
or energy per nucleus. A rough estimate of the
primary energies which generate muon showers
can easily be made relating the energy of the
muons to the primary energy by taking into ac-
count detector size and decay probabilities. This
yields about 2&&10" eV for the primary energy of
a 30-muon event at a depth of 1.6x10' g cm '.
The Monte Carlo calculation in paper II gives
6&10" eV for the median energy of the incident
protons which would create the 30-muon event.
Since the range of energies which contribute to
high-multiplicity events is quite large, a signifi-
cant fraction of the detected events come from
energies above 10" eV. These measurements
offer a unique chance for a preliminary peek at
the properties of the initial hadronic interaction
at energies considerably above the energies of
present accelerators (up to a factor of 10'). The
Monte Carlo calculations in paper D indicate that
Feynman scaling and simple assumptions about
the cosmic-ray spectrum provide reasonably good
agreement with these multiple-muon results.
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TABLE II. Bates in 100-m detector (sec sr }.

Depth
(105 gcm 2)

Average
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2.0

2.6
3.4
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50
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APPENDIX: ANALYSIS OF HIGH-MULTIPLICITY EVENTS

The Utah detector was optimized for the study
of low-multiplicity muon events with roughly hori-
zontal trajectories. However, it turns out to be
effective for high-multiplicity events (~10 muons)
with zenith angles between 22 and 45'. If one also
requires an azimuth angle of less than 55 as mea-
sured from a normal to a detector plane, then one
can always find a 100 m' area normal to the tra-
jectory (the "impact plane" ) in which one has near
100% efficiency for muon detection. The minimum
zenith angle and the maximum azimuth angle re-
quirements guarantee that each trajectory within
the fiducial 100 m' will pass through at least two
cylindrical spark counters (CSC) groups with
enough absorber between them to reject electrons.
Those passing through only two spark-counter
groups will be steep enough to penetrate several
counters in each group, thus producing enough
sparks for trajectory reconstruction. It is virtual-
ly certain that different muons will satisfy the
triggering requirements of a coincidence between
corresponding walls of two Cherenkov tanks.

The high-multiplicity computer program worked
on groups of sparks, instead of individual sparks
as was the case in the low-multiplicity pattern-
recognition program. Two parallel muon trajec-
tories are found by doing least-squares fits to
these spark groups in the top, front, and side
views. These two parallel trajectories were then
assumed to define the direction of all muons in the
event and a projection was made into the impact
plane. Once in the impact plane the spark pro-
jections for a given muon cluster together in a
tight group. The computer then searched for these
groups. To qualify as a muon there must be at
least three sparks which lie within a 7.5 cm
x12 cm box in the impact plane. The exact di-
mensions of the box vary slightly with direction
of the muons with respect to the detector and are
asymmetrical because of the greater precision in
the determination of the spark position along the
length of the spark counter. In addition, if the
projected trajectory passes through more than
two CSC columns it is required that there be
sparks within the box in at least 50% of the col-
umns traversed. Furthermore, sparks are re-
quired in at least two groups, except in cases
where the muon passed through columns 5, 6, and
7, or 9, 10, and 11. In this manner the computer

counts the number of muons in the event.
Since muons frequently have soft accompani-

ment it is possible for the program to falsely
identify 2-3 muons in close proximity. From a
visual scan it was found that as the separation be-
tween two muons became less than 29 cm there
was an increasing probability that one of them
was not a muon but rather electron accompani-
ment. To avoid having several knock-on electrons
falsely simulate a muon, tracks closer together
than 29 cm were consolidated and considered as a
single muon. Beyond this distance it is very un-
likely that knock-ons will cluster in the impact
plane well enough to meet the criteria imposed.
A similar criterion was applied for the theoretical
Monte Carlo calculation (for events with multiplici-
ty of 10 or more only) presented in paper II.

The question of whether a single accompanying
electron could simulate a muon at separation
greater than 29 cm was considered. In order to
simulate a muon an electron must traverse at
least five CSC walls in order to produce the mini-
mum three sparks needed for each muon. This
represents 0.6 radiation length and the electron
must be more energetic than 10 MeV. It cannot
deviate by more than 10 from the track of the
original muon or it will be rejected. Since its
projected trajectory almost always takes it
through other CSC groups it must produce at least
one spark in another group, which is separated
from the first by concrete, iron, or water absorb-
er. Electrons produced by muons in the detector
will have a negligibly small probability of getting
29 cm away from the producing muon to simulate
a muon. It is possible for knock-ons produced in
the ceiling to satisfy the separation criterion. It
was calculated that 3.+ of the muons have knock-
ons associated with them of greater than 10 MeV.
However, because of the short radiation length,
to simulate a muon these electrons must strike
the CSC directly without passing through con-
crete, water, or steel. In addition, if the elec-
tron strikes in the main portion of the detector its
projected trajectory will carry it through addition-
al spark counters separated from its entry point
by more than 10 radiation lengths. It is nearly
impossible for such electrons to produce the addi-
tional required sparks. These restrictions leave
less than 30% of the area of the 100 m' in which
the electron could simulate a muon. Thus, less
than 1% of the muons striking the detector will
have associated knock-on electrons successfully
masquerading as muons. These calculations cou-
pled with meticulous scanning of plots indicate
that the individual counts are good to about 10%.
Average numbers should be considerably better.
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