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Quantum Field TheoryQuantum Field Theory

Small 

Classical mechanicsClassical mechanics
e.g. F = mae.g. F = ma

Quantum mechanicsQuantum mechanics
e.g. Heisenberg e.g. Heisenberg 
uncertainty principleuncertainty principle

Relativistic Relativistic 
mechanicsmechanics
e.g. E = mce.g. E = mc22

Quantum Field Quantum Field 
TheoryTheory
e.g. force carriers e.g. force carriers 
(or mediators)(or mediators)

Fast 



The Four Forces in NatureThe Four Forces in Nature

Long range:Long range:
GravitationalGravitational
ElectromagneticElectromagnetic

Short range:Short range:
Strong (binds atomic Strong (binds atomic 
nuclei together)nuclei together)
Weak (responsible for Weak (responsible for 
radioactive decay)radioactive decay)



Quantization of the force Quantization of the force 
fieldfield

Forces can be understood as a result Forces can be understood as a result 
of: of: 
(1) Force field (e.g., EM field)(1) Force field (e.g., EM field)

(2) Exchange of force carrier particles (2) Exchange of force carrier particles 
(e.g., photons exchanged between (e.g., photons exchanged between 
electrons) electrons) 



Force carriersForce carriers

Each of the four forces has a force Each of the four forces has a force carrier(scarrier(s))



Early theory of strong Early theory of strong 
forceforce

What holds the nucleus together?What holds the nucleus together?
(EM repulsion between protons in the (EM repulsion between protons in the 
nucleus)nucleus)

Hideki Hideki YukawaYukawa predicted the existence predicted the existence 
of a particle that would mediate the of a particle that would mediate the 
strong forcestrong force——the meson (1934)the meson (1934)



Early theory of strong Early theory of strong 
forceforce

MuonMuon was discovered in 1936 and was discovered in 1936 and 
mistaken for the mesonmistaken for the meson
Meson was finally discovered in 1947 Meson was finally discovered in 1947 
YukawaYukawa’’ss particle is now known as a particle is now known as a 
pionpion



The Standard ModelThe Standard Model

Fermions Fermions BosonsBosons
LeptonsLeptons electronelectron

neutrino (e)neutrino (e)
muonmuon
neutrino (neutrino (µµ))
tautau
neutrino (neutrino (ττ))

Gauge Gauge 
bosons bosons 
(force (force 
carriers)carriers)

photonphoton
WW±±

ZZ
GluonGluon

HadronsHadrons

Baryons Baryons 
((qqqqqq))

proton   proton   
neutronneutron

Mesons (Mesons (qqqq)) pionpion



Cosmic RaysCosmic Rays

High energy particles High energy particles 
from outside Earthfrom outside Earth’’s s 
atmosphereatmosphere

Primary cosmic rays Primary cosmic rays 
enter atmosphere and enter atmosphere and 
collide with atomscollide with atoms

Produce showers of Produce showers of 
secondary cosmic rays secondary cosmic rays 
(e.g., (e.g., pionpion and and muonmuon))



Cosmic Ray Cosmic Ray MuonsMuons

MuonMuon decays into an decays into an 
electron and neutrinos: electron and neutrinos: 

__
µµ -- ee-- + + ννee + + ννµµ

__
µµ ++ ee++ + + ννee + + ννµµ

Average lifetime of Average lifetime of 
muonmuon decay:decay:

ττµµ ≈≈ 2.2 x 102.2 x 10--66 ss



Time dilationTime dilation

MuonMuon reaches ground because of time reaches ground because of time 
dilationdilation

EinsteinEinstein’’s relativity theory: as a particle s relativity theory: as a particle 
approaches speed of light, its lifetime is approaches speed of light, its lifetime is 
measured to be longer than when it is at measured to be longer than when it is at 
rest by a factor rest by a factor γγ

t t = = γτγτ = = ττ/[1 /[1 –– vv22//cc22]]½½



WorkedWorked--out Exampleout Example

ExEx. What is the lifetime of . What is the lifetime of muonmuon
traveling at traveling at vv = 0.60= 0.60cc = 1.8 x 10= 1.8 x 1088 m/sm/s
relative to an observer? How far does relative to an observer? How far does 
the the muonmuon travel before decaying? travel before decaying? 

t t = = γτγτµµ = 2.2 = 2.2 µµss ÷÷ [1 [1 –– 0.360.36 cc22//cc22]]½½
∴∴ t t = 2.8 = 2.8 µµss

λλ = = vtvt = (1.8 x 10= (1.8 x 1088 m/sm/s) x (2.8 x 10) x (2.8 x 10--66 s) s) 
∴∴ λλ = 500 m= 500 m



Why do Why do muonsmuons decay?decay?

TABLE 1     The three generations of leptons

Generation Particle 
name

Symbol Rest Mass 
(MeV/c2)

Lifetime (s)

Electron e- 0.511 Stable

Neutrino (e) νe <4 x 10-6 Stable

Muon µ- 105.7 2.20 x 10-6

Neutrino (µ) νµ <0.17 Stable

Tau τ- 1777 2.91 x 10-13

Neutrino (τ) ντ <18 Stable

Third

Second

First



MuonMuon DecayDecay

Lifetime depends on which force is Lifetime depends on which force is 
predominant in decaypredominant in decay

MuonMuon decay is a weak force decay: decay is a weak force decay: 

(1) (1) µµ -- ννµµ + W+ W--
______

(2) W(2) W-- ee-- + + ννee



Radioactive DecayRadioactive Decay

Rate of decay, or number of decays Rate of decay, or number of decays 
per second, in a sample is: per second, in a sample is: 

AA((tt) = ) = AA00e e --tt//ττ

AA00 is initial rate of decay at is initial rate of decay at tt = 0 = 0 
AA((tt) is rate) is rate after a time after a time tt
ττ is lifetime of particleis lifetime of particle



ExperimentExperiment

Measure Measure muonmuon lifetime lifetime ττµµ

Method: plot rate of Method: plot rate of muonmuon decay decay 
versus timeversus time
We expect the rate to decrease We expect the rate to decrease 
exponentially in time: exponentially in time: 

A A ((tt) = ) = AA00e e --tt//ττµµ



Experimental SetupExperimental Setup

Coincidence circuitCoincidence circuit
●● ScintillatorScintillator ●● Coincidence gate Coincidence gate 
●● Photomultiplier tube (PMT)    Photomultiplier tube (PMT)    ●● Anticoincidence gateAnticoincidence gate
●● Discriminator (D)Discriminator (D) ●● QVT pulse analyzerQVT pulse analyzer



Photomultiplier tube Photomultiplier tube 
(PMT)(PMT)

Photocathode releases electrons when struck by Photocathode releases electrons when struck by 
scintillatorscintillator emitted photonsemitted photons
Electrons accelerated through a series of dynodesElectrons accelerated through a series of dynodes
Dynodes release secondary electronsDynodes release secondary electrons

Amplification of signalAmplification of signal



QVT pulse analyzerQVT pulse analyzer

Receives Receives muonmuon (start) and electron (stop) (start) and electron (stop) 
pulses pulses 

Measures time interval between pulsesMeasures time interval between pulses

Histograms time intervals in a plot of decay Histograms time intervals in a plot of decay 
rate versus time: rate versus time: 

A A ((tt) = ) = AA00e e --tt//ττµµ

From this histogram, we can determine the From this histogram, we can determine the 
mean mean muonmuon lifetime lifetime ττµµ



Noise ReductionNoise Reduction

Coincidence circuitCoincidence circuit

DiscriminatorDiscriminator
PM

T 
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PMT voltage power supplyPMT voltage power supply

Applied Voltage



ResultsResults

Is dataIs data fit by exponential fit by exponential AA((tt) = ) = AA00e e --tt//ττµµ ??

Rate of decay versus time
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Fitting FunctionFitting Function

lnln AA((tt) = ) = lnln AA00 + (+ (--1/1/ττµµ))tt

ln Ai(t) versus t
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Solving for parametersSolving for parameters

lnln AA((tt) = ) = lnln AA00 + (+ (--1/1/ττµµ))tt

ττµµ = 2.1 = 2.1 ±± 0.092 0.092 µµss

lnln AA00 = 5= 5
AA00 = 170 = 170 ±± 7.97.9



Observed & Expected Observed & Expected 
DistributionDistribution

AA((tt) = 170) = 170e e --t/2.1t/2.1µµss (Series 2)(Series 2)

Observed & Expected Histograms of A(t)
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chichi--squared squared χχ2 test 2 test 

Is dataIs data fit by fit by AA((tt) = 170) = 170e e --t/2.1t/2.1µµss??

Test agreement between observed and Test agreement between observed and 
expected distribution by computing the expected distribution by computing the 
reduced chi squared: reduced chi squared: 

~~
χχ2 = 0.462 = 0.46

~~
χχ2 2   ≤≤ 11, so the observed and expected , so the observed and expected 
distributions are compatible distributions are compatible 



Statistical AnalysisStatistical Analysis

ττµµ = 2.1 = 2.1 ±± 0.092 0.092 µµss
Is result statistically consistent with Is result statistically consistent with 
accepted value of accepted value of ττµµ 2.1970 2.1970 ±± 0.00004 0.00004 
µµs? s? 
Yes; discrepancy is 0.10 Yes; discrepancy is 0.10 µµs, which is s, which is 
1.1 times the uncertainty in 1.1 times the uncertainty in ττµµ



Systematic Errors?Systematic Errors?

cosmic ray background radiation,cosmic ray background radiation,
instrumental noise,instrumental noise,
muonmuon does not produce a decay does not produce a decay 
electron for detection in the electron for detection in the 
scintillatorscintillator
–– discarded events in which double pulses discarded events in which double pulses 

arrived more than 5.3 arrived more than 5.3 µµs aparts apart



Final ThoughtsFinal Thoughts

"Rossi coincidence circuit""Rossi coincidence circuit" represented represented 
the introduction of electronics to the introduction of electronics to 
cosmic ray research (1939)cosmic ray research (1939)
For about 20 years, cosmic rays For about 20 years, cosmic rays 
provided only way of discovering new provided only way of discovering new 
subatomic particlessubatomic particles
Today, main focus of research on Today, main focus of research on 
cosmic rays is their nature and origin cosmic rays is their nature and origin 
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