
Measurement of Muon Lifetime and Mass Using Cosmic Ray Showers 
 

Angela Hansen 
Physics 4052 

School of Physics and Astronomy, University of Minnesota 
May 4, 2001 

 
Abstract 
 In this experiment, we used a scintillation mechanism to measure the lifetime and the 
mass of the muon with data collected from cosmic ray showers.  We determined the lifetime with 
a QVT pulse analyzer in t-mode to bin the times between a muon entry and its decay in the 
scintillator. Our final data was a plot of the decay rate vs. bin number. From that curve, we 
calculated the muon lifetime to be 2.16 +/- 0.15 µs.  To measure the mass, we switched the QVT 
to q-mode to record the energies of electrons produced during muon decay.  With the maximum 
electron energy value, we could calculate the muon rest mass to be 138 +/- 27 MeV.  
 
Introduction 
 In 1912, Austrian physicist Victor Hess discovered cosmic rays, which are very high-
energy charged particles, including ionized atomic nuclei, protons, electrons, positrons, and some 
antiprotons, from space.  Those particles receive their energy from “cosmic accelerators” 
including magnetic fields and shockwaves.  Intense magnetic fields are formed in space by white 
dwarfs, radio galaxy lobes, galactic clusters and compact objects, such as neutron stars and 
active galactic nuclei.  Charged particles or nuclei traveling through these fields can be 
accelerated to great speeds.  Shockwaves from supernovae, galaxy collisions and high-speed jets 
in some powerful radio galaxies also impart energy to particles and nuclei, accelerating them and 
forming cosmic rays.  Each cosmic accelerator is characterized by a total power and a maximum 
energy per particle; each also produces a mix of different kinds of particles that reflects its 
environment.  Therefore, by studying cosmic rays, we can learn about the area in space from 
which they came and the properties of particles at speeds higher than we can produce on Earth.    
 Cosmic rays hit the top of the Earth’s atmosphere at a rate of roughly 1,000 particles per 
square meter per second, where they generate cascades of lower-energy particles.  Figure 1 
shows a simplified development of an air shower.  The majority of the particles that reach the 
ground are electrons and muons (+ or -).  The muon was first discovered by American physicist 
Carl D. Anderson in 1936 and has a mass that is 206.8 times larger than that of the electron.  
Previous measurements of the muon lifetime yield t0 = 2.1970 +/- 0.00004 µs (from the Particle 
Physics Data Book).  Despite its short lifetime, the muon is able to travel the 10 km from where 
it is formed in the atmosphere to the ground below.  This is a result of relativistic time dilation 
and length contraction.  The broad distribution of muon energy peaks at around 3000 MeV which 
means they are traveling at about 0.9989 times the speed of light.  Thus, the muon seems to have 
a longer lifetime, t = 46.2 µs, as described by the equation for time dilation: 
 
    t = γt0  where γ = 1/√1-(v/c)   (1) 

 
of course, to the muon, it still only lives about 2.2 µs.  A lifetime of 46.2 µs still seems awfully 
short to travel L0 = 10 km, and that is where path length contraction comes in: 
 



 
Figure 1:  Air Shower Development and Propagation (from the Pierre Auger Observatory Design Report) 

 
L = L0/γ      (2) 

 
So the muon’s path is shortened to only L = 0.476 km, a distance it can easily cover in a few 
microseconds traveling close to the speed of light. 
 Muons decay by the processes (see Appendix A for the kinematics of the decay): 
 

µ+  →  e+ + νe + νµ    and    µ-  →   e- + νe + νµ 

      
The µ- can also be captured by a nucleus with the emission of a neutrino and a neutron, and the 
probability of this occurring increases rapidly with the increasing Z of surrounding matter.  
Therefore, the measured mean lifetime in matter of the µ- decreases slightly in the presence of 
other matter.  
 Outside at ground level, muons arrive at roughly 110 per square meter per second per 
steradian.  Inside with about 4 floors of shielding overhead, that number decreases to about 
80/m2/s/sr at our detector.  Only 10 – 25% of those muons decay, so we expect a count rate of 
about 8 – 20 muons per second. 
  
Experimental Apparatus 
 

Figure 2:  Original Experimental Apparatus 
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 We began with the construction of a stand for the scintillators that allows one solid 
paddle to be placed under the liquid scintillator and one paddle to be suspended above it.  We 
pumped the liquid scintillator into our container and suspended a THORN EMI photomultiplier 
tube type 9870 in it.  When we tested the PMT, we did not get any signals so we pulled it out of 
the scintillator and tested several similar tubes and bases by putting -40 V across the base and 
looking for signals on an oscilloscope with the tube in semi-darkness.  We used the tube and base 
that produced the strongest, cleanest signals in the liquid scintillator and made the connection 
light-tight.   
 The solid scintillator paddles needed to be tested and plateaued to find the correct 
operating voltages for them.  We ran negative high voltage through the PMT’s and looked at the 
signals on an oscilloscope.  We fixed any light leaks and used the signals to guess at operating 
voltages and discriminator threshold values.  For better estimates of the operating voltages, we 
plateaued each paddle: over a range of voltages, we recorded the number of counts per 30 
seconds.  In a graph of number vs. volts, we expected a plateau around the operating voltage of 
the scintillator.  We used that value as a rough estimate when we plateaued all three scintillator 
components together.  In this final plateau, we set all discriminator thresholds at the minimum 
value, 30 mV, guessed at two scintillator voltages and plateaued the third.  For instance, to 
plateau the bottom paddle C, we set up the logic shown in Figure 3. 
 
 
 
 
 
 
 
 
 

Figure 3:  Plateauing Logic 
 

We varied the voltage on C until the ratio of the counting rates, RAB/RABC ≈ 1.  We repeated the 
process for scintillators A and B.   
 Now with all the scintillators at their correct operating voltages we connected the 
electronics.  The outputs from the three PMT’s went into three separate discriminators where we 
could set the threshold voltages and the pulse widths.  Table 1 shows the operating voltages, the 
discriminator thresholds and the pulse widths for each scintillator.  
 
Table 1:  PMT operating voltages, discriminator thresholds and pulse widths for each scintillator 

       
  Top  Liquid  Bottom   
  Paddle A  Scintillator B Paddle C   
         

PMT Operating 1880  1350  1600   
Voltage (V)        

         
Discriminator 30  50  30   
Threshold (mV)        

         
Pulse  20  20  75   

A 

B 

C 

RAB 

RC

RABC 



Width (ns)         
 
II. Muon Lifetime Experimental Methods 
 
For the QVT t-mode start signal, we used ABC on a delay with a longer cable.  Our stop signal 
was B, hopefully the muon decay.  We connected the QVT to an oscilloscope to observe our data 
and let the experiment run overnight.  The preliminary results did not fit with the expected 
exponential decay curve.  A large symmetrical peak at the end of the data was probably due to 
He ion contamination in the liquid scintillator PMT and appeared to be unavoidable but could 
probably be ignored in final data analysis. 
 Attempting to clean up our signal and hopefully reveal an exponential, we looked at the 
individual pulses and checked the timing and coincidence.  We put in cable delays on A and B so 
those pulses arrived together on the scope.  On Professor Ruddick’s advice, we decided to ignore 
the bottom scintillator, paddle C, as it was too narrow to be of any help.  To lessen the noise 
from the liquid scintillator, we turned down the operating voltage from 1350V to 1000V.  This 
had little effect on the PMT signal pulse while greatly reducing the noise pulses.  With these 
adjustments, we set the experiment up to run overnight with AB our start signal and B our stop. 
  The resulting display on the oscilloscope was a fairly flat line with the same large 
symmetrical peak.  Because there was a tremendous amount of noise on the top paddle PMT, it 
was possibly adding more noise than it was eliminating background counts, so we decided to run 
the experiment using the liquid scintillator only and eliminate the background counts in the data 
analysis.  A discriminator threshold of 100 mV on the liquid scintillator PMT greatly reduced the 
large peak and our data displayed on the oscilloscope after running overnight had the downward 
slope we were looking for.  Because the QVT memory was set to full, the bin width was only 
1ns, so the number of counts in each bin was fairly low, ranging from about 10 to 30.  We 
decided to run the experiment again with the memory set to ¼, in which case the bin width is 
about 4ns.  This resulted in a higher number of counts per bin, ranging from about 40 to 90.  This 
final data run was 26 hours long and resulted in a total of 4114575 counts as displayed on the 
scalar.  Figure 4 shows what the oscilloscope display looked like; it is clear that the symmetrical 
peak can be eliminated in the data analysis by simply ignoring those bins. 
 



Figure 4: Oscilloscope Plot
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 III. Muon Mass Experimental Methods 
 
 Now in q-mode, we tried a calibration and found that the QVT scale was too short.  
Therefore, we attenuated the signal; we put in a voltage divider with two resistors (R1 = 40Ω and 
R2 = 10Ω) which decreased the signal coming from the liquid scintillator by a factor of 5.  In 
order to determine the rest mass energy of the muon, we needed to measure the energy of the 
electron created in the muon decay (see Appendix A and Data Analysis II).  Therefore, we 
wanted to open the gate and take a measurement when the muon had actually decayed.  To 
accomplish this, we sent the attenuated signal into a discriminator.  Then we split the 
discriminated signal so that we could send half through a very long cable to delay it 300 ns.  We 
AND'ed the delayed signal and the non-delayed signal and sent that to the gate input.  Ideally the 
delay would have been 2200 ns, the typical muon lifetime, so that we could be certain the muon 
had entered our detector and decayed, producing the electron whose energy we want to measure.  
However, because the muon decay is exponential, some decay in much less time than 2200ns so 
a 300ns delay worked just fine.  Now with the gate opened by a muon decay, we needed to 
measure the resulting electron energy.  Therefore, we sent a signal from the attenuator straight to 
the q-input.  We took data for 51 hours with the discriminator threshold at 30 mV and the PMT 
at 1250V. 
    
Data Analysis 
 
I. Muon Lifetime Data Analysis1 
 
 To analyze our data, we needed to accurately know the bin width for the QVT memory at 
¼.  We used a pulse generator to create pulse pairs of known separation and recorded the time 

                                                 
1 Much of this analysis is from Reference #5. 



between those pulse pairs along with the corresponding bin number.  Then we performed a least 
squares fit to the data with the equation: 
 

t(i) = t0 + i∆tbin      (3) 
 
Where t(i) is the time between pulse pairs, i is the bin number, and ∆tbin is the bin width.  From 
the fit, we obtained: ∆tbin = 3.83 +/- 0.01 ns.  
 Full scale on the QVT is only 1µs so we saw little of the exponential decay curve, 
however, we could still calculate the lifetime.  We grouped 10 bins together for higher count 
rates; these larger bins were now 38.3 +/- 0.1 ns wide.  To correct for background counts Nrandom, 
we used the number of counts, Ntotal detected by the scalar and the length of the data run, ∆Ttotal: 
 

Nrandom = Ntotal
2/∆Ttotal     (4) 

 
Then we multiplied this value by the bin width to get a value of 6.93 +/- 0.03 for the number of 
background counts per bin.  We corrected for these random counts by subtracting them from the 
total number of counts in each bin. 

To determine the mean life τ of the muon, we began with the characteristic equation of 
exponential decay: 
 

N(t) = N0e-t/τ      (5)  
     

Differentiating gives an equation for the decay rate, dN/dt: 
 

(dN/dt) = -(N0/τ)e-t/τ     (6) 

 

In order to use our Least Squares fit program, we needed to adjust equation (6) to account for the 
binning and find a fitting function with which to fit the data to a straight line.  We defined Ni to 
be the number of decays for a particular bin and corrected for bin width: 
 

Ni = -N0∆tbine-(t0 + i∆tbin)/τ    (7) 
        τ 

 
Now to have a linear relationship between Ni and i, we took the natural log of Ni as our fitting 
function: 
 

fi = ln[ Ni ] = ln  N0∆tbin  -  t0 + i∆tbin  (8)  
τ τ 

 
So the slope b of this graph gives us the muon lifetime: 
 
    b = ∆tbin       (9) 
             τ 
 



To find the error in fi, we took the derivative with respect to Ni and used the fact that the error in 
Ni is statistical and so is equal to the square root of the number of counts.  This gave an 
expression for σfi: 
 

σfi =  d ln[ Ni ] = (1/Ni)σNi = √Ni/Ni = 1/√Ni (10) 
                dt 
 
Now we were able to do an LSQ fit of fi vs i using weighted errors σfi.  We eliminated one 38.3 
ns bin with the large peak.  A plot of this data is shown in Figure 5.  The LSQ fit gave a value for 
the slope:  –0.018 +/- 0.001.  This in turn gave a value for the muon lifetime of 2.16 +/- 0.15 µs. 
 

Figure 5: Muon Lifetime Fit Function
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II: Muon Mass Data Analysis 
  
 To calibrate the QVT in q-mode, we found the zero-energy bin and the maximum-energy 
bin.  To find the zero bin, we set the gate width to 100 ns, and used a pulse generator as the input 
to the gate on the QVT while the attenuated signal from the scintillator went into the q-input.  
With the pulse generator operating the gate, the QVT essentially took data randomly in which 
case the majority of the samples were zero.  This put the zero point in bin 5 +/- 5.  The maximum 
pulse from the scintillator results when the muon passes all the way through without decaying.  
Using the fact that the muon deposits 2.019 MeV/cm of scintillator and that our scintillator was 
60 +/- 5 cm high, we calculated the maximum energy to be 121 +/- 10 MeV.  We found that this 
energy corresponded to bin 140 +/- 5.  Now these two points gave a bin width of 0.89 +/- 0.2 
MeV/bin with an offset of –3.6 +/- 10.3 MeV (corresponding to a “y-intercept”). 
 Figure 6 displays our final data for the mass calculation.  This plot shows the spectrum of 
electron energies created in the decay.  From our kinematics calculation (see Appendix A), we 
knew that the maximum electron energy was equal to half the muon rest mass energy.  



Therefore, in the plot, we looked for the point where the graph leveled out but was still above the 
background.  This point is indicated by the arrow on the graph and is in bin 82 +/- 5.  Now we  
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found the electron energy by multiplying this bin by the amount of energy per bin and 
subtracting the offset: 
 

(bin#82)(0.89MeV/bin) – (3.56MeV)  (11) 
 
which gave the maximum electron energy: 69.4 +/- 13.5 MeV.  Multiplying this by 2 gave the 
muon rest mass energy: 138 +/- 27 MeV. 
 
Conclusions 
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