
misura della vita media del μmisura della vita media del μ
argomenti da trattare a lezione

• introduzione: i μ e loro vita media

• raggi cosmici
– storia ed esperimenti
– caratteristiche

• decadimento

• apparato sperimentale - eventi attesi

• sistema di acquisizione dei dati

• metodi di analisi dei dati

http://wwwusers.ts.infn.it/~martin/d_labfnsn/aa0809/



introduction: the μ lifetimeintroduction: the μ lifetime
μ  charged lepton 

leptons: elementary particles with spin 1/2  (fermion) that do not experience the 
strong force

form a family of elementary particles that is distinct from the other known
family of fermions, the quarks

mass
lifetime

ντ / ντνμ / νμνe / νe

τ – / τ+

1777 Mev/c2

2.9·10-13 s

μ – / μ+

105.6 MeV/c2

2.2·10-6 s

e– / e+

0.511 MeV/c2

> 4.6·1026 yr

μ
++ νν→μ ee

μ
−− νν→μ ee

~100% of cases, 2.2·10-6 s

“lifetime: time elapsed between some reference time and the decay of 
a particle/nucleus (muon) in the rest frame of the particle 

mean lifetime: arithmetic mean of the individual lifetimes”
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introduction: the μ lifetimeintroduction: the μ lifetime
the decay has a statistical nature

the lifetime has a well defined distribution function

λ decay probability per unit time (the same for all particles)
dp=λdt decay probability in dt

N0 particles at t=0 N(t)    particles at t

in dt the number of particles decreases: dtλN(t)dN ⋅−=

integrating over (0,t), particles at t t-eNN(t) 0
λ= exponential decay law

“radiactive”

(normalised) lifetime 
distribution function
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Cosmic Rays       a brief historyCosmic Rays       a brief history
1800: “atmospheric electricity”

an electroscope is “spontaneously” discharged 
1896, Henri Becquerel: discovery of radioactivity

→ atmospheric electricity is caused by radiation from 
radioactive elements in the ground

1900-1910: measurements of ionization rate at increasing heights above
the ground : it decreases, as expected!

1912, V. Hess:  carried three electrometers to an altitude of 5300 meters
in a balloon flight and found that the ionization rate
increased approximately four-fold over the rate at ground
level

"The results of my observation are best explained by the assumption
that a radiation of very great penetrating power enters our 
atmosphere from above."
Nobel Prize in Physics  in 1936 for his 
discovery of “cosmic rays”

…- 1925: they are not of solar origin
and they are coming from above
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1932, C. Anderson: unexpected particle tracks 
in cloud chamber photographs, created 
by a particle with the same mass as the 
electron, but with opposite charge:

the positron
predicted in 1928 by Paul Dirac

1932, B. Rossi: cosmic rays at ground level
"soft component" easily absorbed plus
"hard component" of penetrating particles

1936, S. Nedermeyer and C. Anderson: discovery of a new particle in cosmic 
rays with mass between the electron and the proton mass: the “muon”

1937, J. C. Street and E. C. Stevenson: with a cloud chamber measured mμ = 207 me

1935, H. Yukawa: an intermediate mass "meson" is responsible for the nuclear 
strong force mass of about 100 MeV/c2

the muon (mesotron) ?
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1939, Rossi, Van Norman Hilbery: study of absorption in different materials →

muon decay and indirect measurement of τμ ~ 2 μs

1940, Rossi and Hall: muon decay used to verify relativistic time dilation
Introduzione alla Fisica Nucleare e Subnucleare

1940, Williams and Roberts: observation of the decay of a muon in a e+

1941, Rasetti: τμ = 1.5 ± 0.3 μs first direct measurement from muon decay

1942, Nereson and Rossi: with time-to-amplitude converter, 
τμ = 2.3 ± 0.2 μs

1947-1948, Conversi, Pancini, Piccioni: muon capture

from muon decay in different materials, the capture in light materials is not as 
relevant as in case of strong interactions

the muon does not interact strongly with nuclei, 
it can not be the Yukawa particle

Bethe and Marshak suggested that the muon might be the decay product of the 
particle needed in the Yukawa theory

1947: first evidence of π→μx - discovery of the pion
mass 139.6 MeV/c2, mean life of 2.6×10−8 seconds 





C gives a signal which activates R if
(10-4 s)

R registers the amplitude of the signal from T 
prop to Δt between A and B

Nereson RossiNereson Rossi

L, A, B, M: Geiger-Muller counters
the 4 counters L are connected in parallel (OR)
the same for the 4 counters B and the 5 counters M

Br: brass plate 25.5x8x2.3 cm 
compromise: rate of muon decays vs
probability of detecting the electron

P1: 9 cm of lead 
to cut the electron component

P2: lead plate 1.4 cm thick
to decrease the probability of    
having a decay electron signal in M

μ

ν

e

L·A1·A2·B·M

good event:
muon gives signal in L, A1, A2

decays in Br → no signal in M, B
decay electron gives a signal in B



Nereson RossiNereson Rossi
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Cosmic Rays       some info from PDGCosmic Rays       some info from PDG

The cosmic radiation incident at the top of the atmosphere includes all 
stable charged particles and nuclei  (lifetimes ~106 years or longer)

Most of the cosmic radiation comes from outside the solar system
Technically: “primary” and “secondary” cosmic rays

protons 79%

those particles accelerated at astrophysical sources
electrons, protons and helium, as well as carbon, oxygen, iron, 
and other nuclei synthesized in stars
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“primary” cosmic rays

Major components of the primary cosmic radiation
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“secondaries” are those particles 
produced in interaction of the primaries 
with interstellar gas / atmosphere
nuclei such as lithium, beryllium, and boron, 
most of the antiprotons and positrons
pions

νμ→π ±±

“hard” component

γ→π 20

γ−+ ,e,e
“soft” component

em showers

B. Rossi



Cosmic Rays in the atmosphere  some info from PDGCosmic Rays in the atmosphere  some info from PDG

vertical fluxes of the major cosmic ray 
components in the atmosphere in the 
energy region where the particles are 
most numerous (except for electrons)

112
3

v srsm
ddtdS

Nd −−−

Ω
=Φ

except for protons and electrons near 
the top of the atmosphere, all particles 
are produced in interactions of the 
primary cosmic rays in the air

muons and neutrinos are products of the 
decay of charged mesons

electrons and photons originate in 
decays of neutral mesons

muons, electromagnetic component, protons 
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MUONS are the most numerous charged particles
at sea level 

most muons are produced high in the atmosphere 
(typically 15 km) and lose about 2 GeV to 
ionization before reaching the ground

the integral intensity of vertical muons above 1 GeV/c at sea level 
is I ≈ 70 m−2 s−1 sr−1 (I ≈ 1 cm−2 min−1 for horizontal detectors)

their energy and angular distribution reflect a convolution of 
production spectrum, energy loss in the atmosphere, and decay
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MUONS
the mean energy of muons

at the ground is ≈ 4 GeV

the energy spectrum is almost flat 
below 1 GeV, steepens gradually 
to reflect the primary spectrum in the 
10–100 GeV range

dpddtdS
Nd4

Ω
=Φ

B. Rossi

The overall angular distribution of muons at the ground is ~ cos2θ, which is
characteristic of muons with Eμ ~ 3 GeV.

at lower energy the angular distribution becomes increasingly steep, while at higher energy it 
flattens (at large angles low energy muons decay before reaching the surface)
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MUONS
the muon charge ratio is between 1.1 and 1.4 from 1 GeV to 100 GeV
it reflects
• the excess of π+ over π− in the forward fragmentation region of proton initiated interactions 
• the fact that there are more protons than neutrons in the primary spectrum. 

protons 
nucleons above 1 GeV/c at ground level are degraded remnants of the 

primary cosmic radiation. 

at sea level, about 1/3 of the nucleons in the vertical direction are neutrons 

the integral intensity of vertical protons above 1 GeV/c at sea level
is ≈ 0.9 m−2 s−1 sr−1       (70 for muons)
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Electromagnetic component
At the ground, this component consists of electrons, positrons, and 

photons primarily from electromagnetic cascades initiated by decay of 
neutral and charged mesons

Muon decay is the dominant source of low-energy electrons at sea level
Decay of neutral pions is more important at high altitude or when the 

energy threshold is high

The ratio of photons to electrons plus positrons is approximately 1.3 to 1.7, 
depending on the energy

The angular dependence is complex because of the different altitude 
dependence of the different sources of electrons 

The integral vertical intensity of electrons plus positrons is very 
approximately 30, 6, and 0.2 m−2 s−1 sr−1 above 10, 100, and 1000 MeV
respectively


