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Lifetime and width of a particle
Unstable particles

A particle can decay into few (n) decay channels i

The transition rate for each i can be computed : Γi

Starting with N particles, the number dN which decays during dt is

𝑑𝑁 = −𝑁∑ Γ'(
')* dt= NΓdt

⇒N(t) = N(0)e-Γt = N(0)e-t/τ

Definition : 
branching ratios:     BRi=Γi/Γ Σi BRi=1



Partial widths and full width: Z0 example

Mode BRi
ee ~3.4%
µµ ~3.4%
ττ ~3.4%
hadrons ~70%An Najah, Nablus , Palestine, Nov 

2019 2
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The faster the decay, the larger the uncertainty of on m

Stable particle ↔ well defined mass state

Heisenberg :
Δ𝐸 - Δ𝑡~ℏUnstable particle (finite lifetime) +

A set of identical unstable particles : measurement of their mass
⇒ range of values with a width Γ

Lifetime and width

Δmc2 τ

⇒ uncertainty in the rest energy = rate of its decayΓ𝑐2 =
ℏ
𝜏
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Schrodinger Eq. (free particle with an energy E0) : 

Stable particle : 

Unstable particle : 𝜓 𝑡 = 𝑎*𝑒
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Lifetime Width
10-23s 65 MeV

10-17s 6.5 eV 

10-12s 0.000065 eV

Numerically : 

ℏ𝑐 = 197	MeV	fm

Particle Mass Width Lifetime
K* ~892 MeV ~50 MeV
π0 ~135 MeV ~ 8. 10-17 s
Ds ~1969 MeV ~0.5 10-12 s
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Lifetime Width
10-23s 65 MeV

10-17s 6.5 eV 

10-12s 0.000065 eV

Numerically : 

ℏ𝑐 = 197	MeV	fm

Particle Mass Width Lifetime
K* ~892 MeV ~50 MeV 1.3 10-23 s
π0 ~135 MeV 8 eV ~ 8. 10-17 s
Ds ~1969 MeV 10-3 eV ~0.5 10-12 s

Computed from the measured values

But how to measure the width and lifetimes ? 

Measuring widths, one is able to have information on very small lifetimes. 
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Search for a K- and a π+ in the detector and computation of the invariant mass

BaBar

Fitted by a Breit-Wigner Γ =50 MeV 

892 MeV

K-π+ experimental spectrum:

This is a K* ! 

« combinatorial » background
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π0 experimental spectrum :

2 γ  reconstruction and computation of the invariant mass.

PDG à τ = 8.4 x10-17 s
Fit by a gaussian

135 MeV

« combinatorial » background

σ ~ 7MeV ???
(we said 8 eV)
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L = βγcτ∼ γcτ

τ ~ 10-12 s

We want to measure for each particle it decay time  

𝑡 =
𝐿
𝑣
=
𝐿×𝑀
𝑝

Production 
« vertex »

Decay
« vertex »

L

This is the particle lifetime in its rest frame

In the lab frame the particle is moving with v ~ c (β~1) ⇒ special relativity

τ cτ βγcτ
E = 5 GeV 10-12 s 0.3 mm 0.3 mm
E = 50 GeV 10-12 s 0.3 mm 3 mm

M = 5 GeV

𝛾 =
𝐸
𝑀

𝛽2 = 1 −
1
𝛾2 =

𝑣
𝑐

2

Lifetime measurement



Lifetime measurements: impact parameter technique 

Production 
« vertex »

B Decay
« vertex »

particle 1

particle 2

Bà 1 2
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Bà 1 2

L

particle 1

particle 2
ρ

φ
θ
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Bà 1 2

θ

Large boost situation  

𝜃
2 ≈ 𝜙

L

particle 1

particle 2
ρ

φ
θ
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Energy – momentum conservation : 

𝑀d
2 = 𝑀e

2 +𝑀2
2 + 2𝐸e𝐸2 − 2𝑝e𝑝2 cos𝜃

Ei >>mi i = 1,2 

𝑀d
2 = 2𝐸e𝐸2 1 − cos𝜃 = 4𝐸e𝐸2 𝑠𝑖𝑛2

𝜃
2 = 4𝐸e𝐸2 𝑠𝑖𝑛2 𝜙

small angles ⇒ sinε ~ ε

𝑀d
2 = 4𝐸e𝐸2𝜙2 ≈ 𝐸d2𝜙2

𝜙 =
𝑀d

𝐸d
= 	
1
𝛾

Special relativity : L = βγcτ∼ γcτ

ρ = L sinφ∼ Lφ = γcτφ = cτ  The measurement of ρ  = measurement of τ

L

particle 1

particle 2
ρ

φ
θ

ρ
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True lifetime = 1.55 ps

ρ/c=t
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What we see !

ρ/c=t
An Najah, Nablus , Palestine, Nov 2019 15

For each reconstructed decay : 
measure ρ
compute t and fill the histogram



t=ρ/c

e-t/τ⊗ G
e-t/τ

An Najah, Nablus , Palestine, Nov 2019 16

effect of the 
detector  resolution



σ=0.01

σ=3

σ=1
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e-t/τ⊗ G

𝐺 ∝ 𝑒
=:l'mn @

2o@

t=ρ/c t=ρ/c

t=ρ/c
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σ=1 tau = 1.552 +/- 0.019 

σ=0.01

tau = 1.561 +/- 0.016 

σ=3

tau = 1.541 +/- 0.038

t=ρ/c

t=ρ/c

t=ρ/c

10000 events

10000 events

10000 events
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τ=
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Either from direct lifetime measurements or from translation of 
width measurements we observe a hugh variety of lifetimes ! 

Log10 pmax (MeV)

-L
og

10
τ

(s
)

characterize the 
available energy in the 
reaction
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Fermi Golden rule

initial state

set of final states

Vfi

density of final states

Example of a spin 0 particle A decaying in B + C 

When pB is fixed due to (E,p) conservation (mA known) pC is
fixed

No preferred direction ⇒

⇒ ⇒
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Γ =
1
𝜏
∝ 𝑉q'

2
∝ coupling	constant	2
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Δ (uud ) M~ 1230 MeV/c2

Σ (uus ) M~ 1190 MeV/c2

𝜏 Δ → 𝑛𝜋
𝜏 Σ → 𝑛𝜋 ≈

10:2}𝑠
10:e*𝑠

Same final state and very similar phase space ! 
𝜏 Δ → 𝑛𝜋
𝜏 Σ → 𝑛𝜋 ≈ 1	?	

Both Δ and Σ decay into nπ

Measurements: 

𝛼�
𝛼n

~	10:�
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Lifetime as function of phase space


