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Measurement of the Speed and Energy Distribution of Cosmic Ray Muons
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The time of flight distribution of cosmic ray muons was measured for various spacings of de-
tectors filled with plastic scintillator, allowing for a determination of the mean speed, as well as
constraint of the energy spectrum below 0.95¢. The use of a time-to-amplitude converter allowed for
precise timing measurements and resolution of the shape of the timing distribution for each spacing,
necessary for constraining the energy spectrum. The mean speed of cosmic ray muons was found
to be (2.978 +£0.007) x 10°ms™! = (0.993 £ 0.002) c. The energy spectrum below 0.34 GeV was
found to be consistent with a flat distribution and was parameterized with a power law of the form
n(E)dE o« E~*dE, with « best fit by (=7.94£9.1) x 10™%.
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I. INTRODUCTION

Cosmic rays, energetic particles from deep space
that penetrate Earth’s atmosphere, were discovered
in 1912 by Victor Hess through the use of a balloon-
borne electroscope. Consisting primarily of energetic
protons and nuclei produced by supernovae, cosmic
rays are constrained by the Galactic magnetic field,
forming a relativistic gas with particle energies of
up to 102* eV.% Upon entering the atmosphere, the
primary cosmic rays interact and decay through var-
ious other particle species, changing the population
from hadrons to leptons, such as muons, which were
first detected by cosmic ray physicist Bruno Rossi in
1932.

The very existence of muons at sea level indicates
the effects of special relativity. A second generation
lepton with properties analogous to the electron,
muons have rest mass m,, of 105.7MeV /c? and rest
frame lifetime 7 &~ 2.2 us. Experimental evidence in-
dicates, however, that muons are produced high in
the atmosphere, with travel time to sea level much
greater than 7 in the rest frame of the Earth. The
~ GeV energies of cosmic ray muons at sea level'!
imply speeds greater than 0.999¢, so that relativistic
time dilation must be taken into account.

In this experiment, a time-to-amplitude converter
(TAC) was used to measure the muon time of flight
between detectors, which was on the order of a few
ns. This device allowed for more precise measure-
ment of the timing distribution than was obtained
in prior measurements of cosmic ray muon speeds
at MIT and the University of Minnesota.?® In these
prior experiments, the distribution was parameter-
ized by a single speed and was limited in precision
(~ 10% relative error for Ref. 6). Finally, three scin-
tillator paddles were used for coincidence testing; the
use of three paddles decreased the total solid angle
over which muon events were collected, which led

to greater precision of the measurement. The three-
paddle configuration also lessened the probability of
independent random background events being incor-
rectly counted, thereby improving the reliability of
the result.

I1I. THEORY

The special theory of relativity, developed by Ein-
stein over a century ago, governs the behavior of
objects moving at relativistic speeds. In particular,
Lorentz contraction and time dilation imply that
observers will see distances and times in frames in
motion relative to them contracted (respectively,
lengthened) by factors of 1/+ and ~, where v =

1/4/1 — (v/c)* .10 With relativity taken into account,
a muon with £ = 4GeV has v ~ 38. Hence, the
lifetime of the muon, as seen from the Earth, is
71 = 83 us, allowing 4 GeV muons to reach the sur-
face from a height of over 20 km. The observation of
the speed of cosmic ray muons, which is close to c,
provides an interesting opportunity to observe mas-
sive particles in the relativistic limit.

In order to determine the mean speed of cosmic
ray muons, a linear fit was calculated. The average
time to,,s between detections of a muon in paddles
separated by a given vertical distance y was mea-
sured. This vertical spacing corresponds to an aver-
age muon path length [, as not all muons are verti-
cally incident. With [ plotted as a function of s,
the resulting line has slope equal to the mean speed
v, and the horizontal intercept tqelay corresponds to
the inherent delay in the detectors and cables:

| = Uy (tobs - tdelay) . (1)

Cosmic ray muons are not restricted to a single
velocity, but are distributed in a spectrum of energies
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Figure 1: Examples of prediction for various cosmic ray fluxes (figures reproduced from Refs. 12 and 7). Note that the
muon distribution does not vary strongly with energy below 1 GeV and is dependent on geographical and atmospheric

conditions, such as altitude, location, pressure, etc.

(see Fig. 1). For cosmic ray muons below 1 GeV, the
energy spectrum is fairly flat.* This statement may
be parameterized by a power law:'

n(E)dE x E=*dE = n(v)dv o v* *vdv. (2)

The conversion to the velocity distribution follows
from the relation E = ym,,c?. For a given mean path
length I, Eq. (2) may be converted into an expected
timing distribution:

2 0\ T
N (tyin) Atpin o< tp2 (1 - ;2) Atpin, (3)
Ctiin

where 1, is the time corresponding to a given bin
and Atpiy is the bin width. By comparing the ob-
served timing distributions with expectations de-
rived from Eq. (3), a fit for the parameter « can be
found. In this way, a characterization of the cosmic
ray muon velocity distribution allows for constraints
to be placed on the energy spectrum.

There exist several sources of uncertainty in the
measurement of the mean speed of cosmic ray
muons. The angular distribution of cosmic rays fol-
lows the empirical relation

I =1Iycos™ 0 (4)

where 0 is the zenith angle, Ij is the flux (counting
rate) per unit area per unit solid angle for vertically
incident muons, and n ~ 2.5 Angular distribution
is a source of uncertainty in measurements of muon
speed, due to the variation in possible path lengths.
In addition, the variance in path length traversed by
signals propagating within the scintillator paddles
contributed another source of error in the timing dis-
tribution for a given paddle spacing. Other sources

of error included electronic jitter and thermal noise
in the apparatus. These sources of uncertainty are
treated in greater detail in Section IV.

I1I. EXPERIMENTAL APPARATUS AND
METHODS

This experiment involved analyzing the observed
time differences between light pulses generated by
cosmic ray muons interacting with plastic scintilla-
tor material, which was encased in light-tight pad-
dles (see Fig. 2). These pulses were transformed into
electrical signals and amplified by photomultiplier
tubes (PMTs) to voltages on the order of 102~ mV.
For the scintillator paddles and PMTs used in this
experiment, which possess improved sensitivity over
those used in Ref. 2, the optimum operating voltages
(on the order of —1kV) had been previously deter-
mined. Three scintillator paddles were used, labeled
A, B, and C from top to bottom; the perpendicu-
lar distance y between paddles A and B was var-
ied among seven different spacings by mounting the
paddles on the rungs of a ladder and varying the po-
sition of paddle B. For each spacing, data was taken
with integration time of approximately 24 hours at
a minimum.

The direct signal of a PMT is short in duration,
on the order of a few ns, and the shape of the sig-
nal pulse is curved, not containing a clean rising
or falling edge. In order to produce a longer square
pulse more suited to analysis in NIM-standard logic,
the signal of each PMT was input into a LeCroy
821 Quad Discriminator. When the PMT voltage ex-
ceeds the minimum threshold of 31.5 £ 1.5 mV, the
discriminator outputs a square pulse; pulse widths
of 64, 24, and 27ns were used for the outputs of
scintillator paddles A, B, and C, respectively. The
outputs of the discriminators were used to create in-
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Figure 2: Experimental apparatus for the measurement of the speed of cosmic ray muons, using coincidence Setup
I (left) and II (right). Three scintillator paddles (far left) are mounted on a ladder at different spacings. When a
muon passes through the paddles, signals from the photomultiplier tubes (PMTs) are re-output by discriminators
(Disc.). The time-to-amplitude converter (TAC) measures the interval between events at A and C (plus tgelay) and
the resulting voltage is input to the multichannel analyzer (MCA) and recorded on a computer (PC).

puts for the START and STOP lines of an ORTEC
566 TAC, which outputs a voltage pulse proportional
to the time difference between input pulses. These
voltages were then binned and stored using an OR-
TEC EASY-MCA 1,024-bin multichannel analyzer
(MCA), which transferred the data to a computer.

Three-paddle coincidence testing was used both
to reduce the probability of a measurement being
triggered by independent, unrelated muons and to
decrease the relevant solid angle for small y. Com-
plete data sets were taken for two different imple-
mentations of the coincidence test (see Fig. 2 for
schematics). In Setup I, the clean pulses generated
by the discriminators for paddles A and C were in-
put to a C.A.E.N. Model N455 Quad coincidence
logic unit (essentially an AND gate), the output of
which was sent to the ENABLE line of the TAC.
The output from A was sent directly to the START
line of the TAC, while the signal from B, delayed
by 46 ns using coaxial and LEMO cables, was sent
to the STOP line. The signal from paddle A to the
AND gate was delayed by a 36ns coaxial cable, to
ensure that it arrived after the signal from C. It was
found that Setup I produced significant noise peaks
in the timing distribution at high values of y.

In Setup II, which produced less noisy data, the
signals from paddles A and C were input into a co-
incidence gate as before. The signal from A was de-
layed by a 14ns LEMO cable, so that, as in Setup I,
the signal from A always arrived after C. The coin-
cidence signal was input into the START line of the
TAC, with no ENABLE used. The TAC used in this
experiment has an inherent limitation on the range
of times it can measure: any measurement must be
in excess of 10ns. Therefore, as in Setup I, it was
necessary in Setup II to delay the signal from pad-
dle B; in order to accomplish this, B was input to

the STOP line with a 36 ns coaxial delay cable. In
both Setups I and II, all electronic components were
matched at 50 2 impedance.

As a result of the coincidence tests, this exper-
iment required triple coincidence (A ABAC) for
a muon to be counted. Following the reasoning of
Ref. 8, the expected number of background counts
in each bin in our experiment is

Nb = 3nAanC,TtotAt%ina (5)

where na, ng, and nc are the count rates in paddles
A, B, and C individually (over the solid angle sub-
tended by A and C), Ty is the integration time, and
Atpin is the timing width of a bin (approximately
49 ps). With the total observed background rates of
approximately 50Hz for A and B and 25 Hz for C,
Ny, < 1, even for integration times of several days.
The mean path length is dependent on the ge-
ometry of the scintillator paddles and the angular
distribution of cosmic ray muons, given in Eq. (4).
A Monte Carlo simulation was used to calculate the
mean path length [ for varying y. Pseudorandom co-
ordinates were generated for the location of muon
incidence on the top paddle, as well as for the az-
imuth and zenith angles of the muon’s velocity vec-
tor. If the muon’s trajectory intersected paddles A,
B, and C, the muon was ruled successful and [ was
computed geometrically. After generating 10° suc-
cessful muons for each spacing y between paddles A
and B at 1 mm intervals, [ was known to a precision
on the order of 1076 for a given value of y. Due to the
constant solid angle formed by paddles A and C, the
relation is well represented by a linear scaling of the
perpendicular distance. In Setups I and II, respec-
tively, (I —y) /y was fit as (9.0001 & 0.0007) x 10~3
and (8.9503 £ 0.0007) x 10~3, with the difference be-
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Figure 3: Distribution of accepted lengths from a Monte Carlo simulation of over 4 x 10° muons, with normal spacing

y of 202.009375 cm.
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Figure 4: The timing distribution for a mean slant length of 115.80 +0.16 and 114.64 £ 0.16 cm for integration times
of 48.6 and 50.9 hours, from Data Set I (left) and II (right), respectively. Multiple Gaussian fits for the peak regions
of the observed timing distribution (above 20% and 60%, respectively, of the smoothed peak height) are also shown.
The reduced x? values for the fits shown are 1.14 and 1.41 for I and II, respectively.

ing due to the 0.64 cm variation between the two Se-
tups of the perpendicular distance between paddles
A and C. Though small, in effect lengthening the
mean path length by less than 1% over the perpen-
dicular distance y, this correction factor is necessary
for an accurate determination of muon speed, given
the level of precision in our experiment. A length dis-
tribution for a particular y, from a simulation of over
4 % 10° virtual muons, is shown in Fig. 3. Additional
Monte Carlo simulations were conducted to assess
the effect of misalignment (e.g. paddle B not directly
aligned with A and C). It was found that this ef-
fect introduces relative errors on the order of 10~°
or smaller, which are dwarfed by the 0.16 cm uncer-
tainties in y itself, which was measured directly.

IV. ANALYSIS AND RESULTS

Before the spectrum of speeds (equivalently, en-
ergies) could be fit, it was necessary that the in-
herent delay fgelay in the apparatus be found. This
was possible by performing a linear fit between the
set of mean distances [ and the representative times

for the respective timing distributions, effectively
finding the mean speed of the observed cosmic ray
muons. Since the observed timing distributions were
non-Gaussian, a multiple (two or three) Gaussian
fit was used to parameterize their shapes. In all fits
over timing distributions, the error in a particular
bin with N counts was taken to be v/N, by Poisson
statistics. Due to the long tails of the distributions,
the range of data used for these fits was restricted
to the subset with count totals above 20% or 60% of
the peak of the distribution for Data Sets I and II,
respectively; the eligible regions above the thresh-
old were found by smoothing the data with a local
average over five bins. This fitting procedure pro-
duced reduced x? values between approximately 1.1
and 2.2 for Data Set I and between 0.8 and 1.4 for
Data Set II, indicating fairly good correspondence
between the shapes of the timing distributions and
those of the fits (see Fig. 4).

For each fit, the peak of the primary Gaussian was
taken to correspond to the mean time of flight be-
tween paddles A and B for muons passing through
the apparatus. For Data Set II, the primary Gaus-
sian corresponds to a shoulder feature near the peak
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Figure 5: Total least squares linear fit for the mean speed of cosmic ray muons, based on Data Set I. Also shown are
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Figure 6: Total least squares linear fit for the mean speed of cosmic ray muons, based on Data Set II. The residuals
in time and distance are also plotted, indicating goodness of fit and a lack of clear systematic trends.

(see Fig. 4). In Data Set I, the secondary Gaussian
corresponds to a noise peak, possibly due to an in-
ternal reflection in the wiring, appearing at nearly
the same bin for each spacing. The secondary Gaus-
sian in Data Set II parameterizes the non-Gaussian
shape of the distribution, though its origin remains
unclear.

The error in the fit time was found using the x?+1
method, i.e. varying the mean in both directions un-
til x? is increased by unity. The relative errors in
both time and length are on the order of 1073, Due
to the comparable size of the errors in length and
time, a linear fit among the seven data points re-
quired the implementation of the total least squares

method, detailed in Ref. 9. Since this method is
not analytically tractable for general errors, the pa-
rameters v, and fgclay Were numerically varied un-
til x¥? was minimized, with the x? + 1 method used
for error estimation. For Data Set I, the best fit
mean speed was v, = (2.983 +0.002) x 10 ms™*
(0.9950 + 0.0006) ¢ and the timing offset was telay
10.036 £+ 0.008 ns (see Fig. 5). For this fit, the re-
duced x? value was 1.43 for 5 degrees of freedom,
at 21% probability. The linear speed fit for Data
Set II yielded v, = (2.969 & 0.002) x 10®ms~! =
(0.9902 + 0.0008) ¢ . For configuration II, the tim-
ing delay in the apparatus was best fit with tqelay =
17.5740.02 ns (see Fig. 6). The reduced x? value for
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Figure 7: Total least squares linear fit for the speed distribution width of cosmic ray muons, based on Data Sets I
and II. The error bars reflect the full widths of the primary Gaussian curves from the multiple Gaussian fits and are
overestimates of the true dispersions in the timing distributions caused by velocity variation.

the total least squares fit of Data Set IT was 0.29, at
8% probability.

Before calculating the true distribution of veloc-
ities, it is instructive to examine what one would
obtain for the width of the velocity spectrum, if the
errors in the mean time for each spacing are simply
taken to be the widths of the Gaussians fit to the
timing distributions. Though this method provides
an overestimate of the width of the speed distribu-
tion, it yields a sense of the tightness of the con-
straints placed on the distribution by our measure-
ment. In this case, a total least squares fit yields v, =
(2.997937) x 108 ms =t = 0.99670 0% x ¢ for Data Set

Iand v, = (2.977017) x 10 ms~1 = 0.9917003% x ¢
for Data Set II (see Fig. 7). In this way, our results
yield tighter constraints on the speed of cosmic ray
muons than other measurements of muon speed in

undergraduate laboratories.?¢

Finally, the energy spectrum parameter « (see
Eq. (2)) can be calculated by an analysis of the shape
of the timing distributions. However, the timing dis-
tributions observed (as in Fig. 4) are not direct rep-
resentations of the expected function of Eq. (3).
Rather, the timing spectrum in Eq. (3) was con-
volved (i.e. blurred) with all the sources of error in
this experiment. These sources of error included the
variance in path length depicted in Fig. 3, as well as
thermal noise, jitter in the electronics, variance in
the lengths of paths of propagation within the scin-
tillator paddles, and other sources of uncertainty; in
effect, these multiple error sources were themselves
combined in convolution to give a total effective res-
olution for our timing distributions.

The total resolution from the combined errors may
be parameterized by a Gaussian kernel, though the
individual sources are non-Gaussian. The kernel was

fit from the timing distributions above a threshold
of 25% of the smoothed peak, over bins such that
Ctpin < [, so that the counts observed in those bins
could not correspond to physical particle detections.
It is important to note that the method of fitting
the Gaussian kernel does not account for system-
atic errors, such as deviation from expectations of
the dependence of muon flux on zenith angle (i.e.
I x cos™ 6, with n # 2) and errors in the tape mea-
sure used to determine the perpendicular spacing.
The kernels were well fit by Gaussians for Data Set
I, with reduced x? values between 0.9 and 1.4; the
kernel region of Data Set II was less well fit by Gaus-
sians, with reduced x? ranging from 1.1 to 4.2. For
each spacing [, the Gaussian kernel, after being nor-
malized to unit area, was numerically convolved with
the distribution given in Eq. (3), with the time for
a given bin (tohs) corrected to an absolute time by
subtracting tgclay. The amplitude of the spectrum
was numerically fit for each timing distribution by
minimizing x?; in this case, analytical fitting of the
amplitude was not practicable, due to divergence of
the integral of Eq. (3).

The exponent « in the spectrum was fit numeri-
cally over all spacings simultaneously by minimizing
the total Y2, with uncertainty found using the y?+1
method. In this experiment, o was fit over bins cor-
responding to muon speeds less than 0.95¢, since the
power law exponent is very different at higher ener-
gies, where the spectrum is no longer nearly flat.
Sample fits for two representative timing distribu-
tions are shown in Fig. 8. For Data Set I, it was
necessary for the noisy region of the data to be ex-
cluded from fitting; the fit for Data Set II appears
in good visual agreement with the observed timing
distribution.
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Figure 8: Examples of spectrum fitting for mean slant lengths of 56.94 + 0.16 cm (left) and 56.62 + 0.16 cm (right)
for Data Sets I and II, respectively. The observed data are plotted, with ¢pin corrected by fdelay. Also shown are the
curves for the Gaussian kernel fitting, the theoretical, noise-free curve from Eq. (3), and the convolution of the pure

timing spectrum with the Gaussian resolution.
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For these fits, the Poisson error in the number
of counts in a given bin dominated over the uncer-
tainty in the absolute time. The method used for
analyzing the timing distributions assumes that the
resolution is the same for fast and slow muons, i.e.
that the Gaussian kernel width is constant over the
timing distribution. This is the most straightforward
a priori assumption that allows for the finite reso-
lution of the timing measurement to be taken into
account. For Data Set I, the best fit value of a was
found to be (—1.1 £ 1.5) x 1073, with a reduced x?
value of 3.84 over 1,001 degrees of freedom. The
fitting process for Data Set II, where the noisy re-
gions of Data Set I did not require exclusion, yielded
a = (—0.6 £1.1) x 1073, for which the reduced >
value was 4.21, with 1,641 degrees of freedom. For
both Data Sets, the behavior of x? upon varying o
was investigated and found to be quadratic about
the best fit value, as expected (see Fig. 9).

V. CONCLUSIONS

In this experiment, the mean speed of cosmic ray
muons was measured using two independent imple-
mentations of the coincidence test, to a precision of
~1073. The x? values for both linear fits were consis-
tent with the number of degrees of freedom. The dis-
crepancy between the mean speeds found from Data
Sets I and II was Av, = (1.4+£0.3) x 10ms™! =
(4.8 +1.0) x 1073c. The energy loss per unit at-
mospheric depth,®> ~ 2MeV g~! cm?, can only ac-
count for approximately 102ms~! of this discrep-
ancy, based on differences in air pressure over Data
Sets I and II. The velocity discrepancy was used
as an estimate of the systematic uncertainty in our
measurement: o, sys = A’UM/Q =71x%x10°ms™! =
2.4 x 107 3c. In the interest of making a conserva-
tive estimate of the mean speed, this systematic un-
certainty was applied to neither speed individually;
instead, a weighted mean was taken over the two
values of v, with o, sys added in quadrature in the
uncertainty. This yielded a best combined value of
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v, = (2.978 £ 0.007) x 103 ms~! = (0.993 £ 0.002) c.
In this way, no assumptions were made about which
measurement was more reliable (if one Data Set were
favored, the best value of v, would shift toward the
value from that Data Set and the estimated error
would be smaller). The best value of v, was con-
sistent with an energy of 1 GeV and within approx-
imately 2.6 standard deviations of the velocity (in
excess of 0.999¢) corresponding to the mean ground
level cosmic ray muon energy of ~ 4 GeV.* Further-
more, muon energy losses within the several floors of
building material above our detectors can partially
account for the slightly lower observed speed.

The behavior of the energy spectrum below 0.95¢
(0.34 GeV) was parameterized with a power law:
n (E) x E~*dE; the velocity restriction ensures that
higher energies were excluded, at which the energy
spectrum changes to a different, steep power law.
The two Data Sets yielded consistent values of «,
with the best value of a calculated from a weighted
mean of the two: (—7.9 £ 9.1) x 10~*. This result is
consistent with expectations of a nearly flat distribu-
tion Ref. 4, though more specific predictions are not
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available, due to the dependence of the muon energy
spectrum on meteorological and geographic condi-
tions, illustrated in Fig. 1. However, the reduced x?
values for the spectrum fitting were high for both
Data Sets, with the largest discrepancies near the
peak. This possibly implies that, contrary to predic-
tions, the muon spectrum does not follow a single
power law over the low energy range or, alterna-
tively, that the timing resolution of our apparatus
cannot be parameterized by a single Gaussian, in-
dependent of the time interval. In total, the results
of this experiment demonstrate overall consistency
with expectations regarding the mean speed and en-
ergy distribution of cosmic ray muons.
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