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Today’s lecture

[ Fermions and bosons: spin-statistics
M Charged leptons and the leptonic number

[ Neutrinos, radioactive processes, and oscillations
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Fermions and bosons
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Fermions and bosons

In terms of their spin quantum number s, particles can divided into two groups:

Fermions: half-integer spin Bosons: integer spin
h 3nh
§=—, ... s=0,h2h, ...
2 2
Elementary
particles
Composite
particles
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Fermions and bosons

In terms of their spin quantum number s, particles can divided into two groups:

Fermions: half-integer spin Bosons: integer spin
h 3h
s =—, ... s=0,h,2n,...
2 2
Elementary Electron, muon, tauon, o h
particles neutrinos, quarks )
Composite
particles
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Fermions and bosons

In terms of their spin quantum number s, particles can divided into two groups:

Fermions: half-integer spin Bosons: integer spin
h 3h
s =—, ... s=0,h,2n,...
2 2
Elementary Electron, muon, tauon, o h
particles neutrinos, quarks )
. h
Composite Protons, neutrons s = E
particles
Some baryons 35
e.g. ATT § = 5
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Fermions and bosons

In terms of their spin quantum number s, particles can divided into two groups:

Fermions: half-integer spin Bosons: integer spin
h 3h
§ =—, . s=0,h,2n,...
2 2
Higgs boson s=20
Elementary Electron, muon, tauon, o )
particles neutrinos, quarks 9 Photon, gluon, W, Z s=h
Graviton (?) s =2h
. h
Composite Protons, neutrons § = E
particles
Some baryons 37
e.g. ATT § = B3
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Fermions and bosons

In terms of their spin quantum number s, particles can divided into two groups:

Fermions: half-integer spin

h 3h
S = ) Y e
2 2
Elementary Electron, muon, tauon, o — ﬁ
particles neutrinos, quarks 2
. h
Composite Protons, neutrons § = 3
particles
Some baryons 37
e.g. A++ S — 7

Juan Rojo

Bosons: integer spin

s=0,h2h, ...

Higgs boson
Photon, gluon, W, Z

Graviton (?)

Pions, kaons

Some mesons
eqg. p,w

s=0
s=h
s =2h
s =0
s =1
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Fermions and bosons

In terms of their spin quantum number s, particles can divided into two groups:

Fermions
Spin 1/2

Bosons

Spin 0
Higgs boson

Quarks:
up, down, strange,
charm, bottom, top

Spin 1
Photon (electromagnetism)

Gluon (strong force)

Charged leptons:
electrons, muons, tauons W,Z bosons (weak force)

Neutral leptons:
electron neutrino,
muon neutrino,
tau neutrino

Spin 2
Graviton (gravity)
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Spin & statistics

Fermions and bosons do exhibit vastly different properties due to their different spins
Consider a quantum system composed by two identical particles with position x1 and x2

Wiot(X1> X2) = wi(x)) wr(x,)

Now we can exchange the position of the two particles, and end up with:

fl/\/tot(xlaxz) — '//1(352) llfz(xl)

Wh\j *  How are these two total wave functions related among them?
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Spin & statistics

Fermions and bosons do exhibit vastly different properties due to their different spins

Consider a quantum system composed by two identical particles with position x1 and x2

Wiot(X1> X2) = wi(x)) wr(x,)

Now we can exchange the position of the two particles, and end up with:
W or(X1 %) = Wp(00) yr(xp)

Since the particles are identical, any physical measurements carried out in the system
should yield exactly the same result

In other words, the probability of finding the two particles at x1 and x2 should not change

2 ~ 2
|1//tot(x1,x2)| = | l//tot(xlaxzﬂ

What do we learn from this?
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Spin & statistics
| l//tot(xl’ x2) |2 — | fl/\;tot(xlﬂ x2) |2
|y (X)) wr(x) |2 = |y 00) Yy (x)) |2

So when we interchange the position of the two identical particles, the total
wave function must be unchanged up to a complex phase

() yr(xy) = e i W) o (xy)

th? What happens if we exchange again the position of the particles?
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Spin & statistics
| ot (x> X2) |2 = | Fl/\;tot(xb X)) |2
|y (X)) wr(x) |2 = |y 00) Yy (x)) |2

So when we interchange the position of the two identical particles, the total
wave function must be unchanged up to a complex phase

W (X)) yr(x,) = e & () (X))
What happens if we exchange again the position of the particles?
Wi (x) yr(x,) = e & () ys(x)) = e P (e & () llfz(xz))

Which implies that the complex phase can only take two values

e’ =15 ¢p=0,71 - ?=1,-1
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Spin & statistics

Therefore the basic principles of qguantum mechanics tell us that there exist two
kinds of particles depending on how they behave under exchanging them

Bosons: if we exchange two identical bosons, the wave function is unchanged

w1 (0) yr () = () wr(x;)

Fermions: if we exchange two identical fermions, the wave function changes sign

() Yo () = — () yr(xy)

Why this difference is so important?

What happens if two fermions occupy the same quantum state?
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Spin & statistics

Therefore the basic principles of qguantum mechanics tell us that there exist two
kinds of particles depending on how they behave under exchanging them

Bosons: if we exchange two identical bosons, the wave function is unchanged

w1 (0) yr () = () wr(x;)

Fermions: if we exchange two identical fermions, the wave function changes sign

(X)) Ya(x) = — () ynr(x)

Why this difference is so important?

What happens if two fermions occupy the same quantum state?

() yr(xy) = — () yr(xy) =0

Two fermions cannot occupy the same quantum state
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Radioactive decays
and neutrinos
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Radioactive decays

Atomic nuclei are sometimes unstable: they undergo radioactive decays,
transforming into a different chemical element and emitting energetic particles

a-particle =3He

a-decay (strong interactions)

20X =475 Y+, He



Radioactive decays

Atomic nuclei are sometimes unstable: they undergo radioactive decays,
transforming into a different chemical element and emitting energetic particles

)) neutrino

a-particle =iHe B~ particle= e

a-decay (strong interactions) B-decay (weak interactions)

AX—> Y+ He ‘%X—>’§+1Y+e_+17€



Radioactive decays

Atomic nuclei are sometimes unstable: they undergo radioactive decays,
transforming into a different chemical element and emitting energetic particles

3 neutrino

a-particle =iHe B~ particle= e

a-decay (strong interactions) B-decay (weak interactions)
A A A — —
X—> Y+ He X -, Y+e +v,

What determines the energy of the outgoing particles?

19



¢CiS€ Alpha decays

Let us evaluate the energy of the alpha particle in this type of radioactive decay
A A—4 4
72X =55 Y+ He

start by writing the four-momenta in the rest frame of the decaying nucleus X

Py = (mXc,6>

20



oxercis® Alpha decays
Let us evaluate the energy of the alpha particle in this type of radioactive decay

AX—>A4Y+ He

start by writing the four-momenta in the rest frame of the decaying nucleus X
Py = (mXc, 0 )
pY — (EY/C’ pY)

pl = (Ea/c, Fa)

First of all we impose conservation of four-momentum

—

?Y - = ?a =P
myc = Ey/c+E /c

We have one equation and three unknowns - what extra info can we use?

2



oxercis® Alpha decays

Use the mass-shell condition that relates the energy, mass, and linear momentum

_ 2.2 | =2
EY/C—\/WL cC+p Ea/c_\/mac TP
Now we have three equations and three unknowns - we can solve the system!

m§+m§—m12/ )
E = C

a

2mX

For a given element X, the value of E, is always fixed

Recall that here E is always the relativistic energy, which includes
contributions both of the rest mass and of the kinetic energy
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Beta decays

Experimentally beta decays were observed to take the following form:

Av A _
7X =7 Y t+e

Applying the same reasoning as for alpha decays, we would for the electron energy

2 2 2 2 2
mx‘l'me_my o) mX_mY 2)
E, = o~ C

2mX sz

So exactly the same electron energy in all beta decays!
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Beta decays

Experimentally beta decays were observed to take the following form:

Av A _
7X =7 Y t+e

However it was found that the electron energy had a range of possible values

0.02
0.018 C SUN + e (+7,)
0.016 -
0.014 -
0.012 -

0.01 -
0.008
0.006
0.004
0.002

0 . . [ , T . T
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16

electron kinetic energy (MeV)



Beta decays

Experimentally beta decays were observed to take the following form:
A A — —
X -, Y+e +v,

The neutrino was introduced to be able to describe the electron energy spectrum

0.02
0.018 C SUN + e (+7,)
0.016 -
0.014 -
0.012 -

0.01 -
0.008
0.006
0.004
0.002

0 . . [ , T . T
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16

electron kinetic energy (MeV)



Beta decays

Experimentally beta decays were observed to take the following form:
A A — —~
X -, Y+e +0,
The neutrino was introduced to be able to describe the electron energy spectrum

It took decades to be measured, but we knew its properties from the very beginning:

M Electric charge conservation implies that the neutrino should be electrically neutral

QV:QZX_QZ+1Y_Q6—=Z_(Z+1)_(_1)=O
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Beta decays

Experimentally beta decays were observed to take the following form:
A A — —~
X -, Y+e +0,
The neutrino was introduced to be able to describe the electron energy spectrum

It took decades to be measured, but we knew its properties from the very beginning:

M Electric charge conservation implies that the neutrino should be electrically neutral

M It does not experience the strong interaction
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Beta decays

Experimentally beta decays were observed to take the following form:
A A — —~
X -, Y+e +0,
The neutrino was introduced to be able to describe the electron energy spectrum

It took decades to be measured, but we knew its properties from the very beginning:

M Electric charge conservation implies that the neutrino should be electrically neutral

M It does not experience the strong interaction

M Normal matter is highly transparent to neutrinos: very weak interactions, small cross-
section with matter particles

Else it should have been observed as a decay product of beta decays

28



Beta decays

Experimentally beta decays were observed to take the following form:
A A — —~
X -, Y+e +0,
The neutrino was introduced to be able to describe the electron energy spectrum

It took decades to be measured, but we knew its properties from the very beginning:

M Electric charge conservation implies that the neutrino should be electrically neutral

M It does not experience the strong interaction

M Normal matter is highly transparent to neutrinos: very weak interactions, small cross-
section with matter particles

1 It should either be massless or have a tiny mass, much smaller than any other particle

— f the sh fth
my/me§5><10 5 rom the shape of the
electron energy spectrum

29



Charged leptons & the

leptonic quantum number
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Leptons

We denote as leptons all particles that do not experience the strong force

with electric charge: electron, muon, Charged

/’ tauon ( + antiparticles) g leptons
Leptons

N
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Leptons

We denote as leptons all particles that do not experience the strong force

with electric charge: electron, muon, Charged
. >
/ tauon ( + antiparticles) leptons
Leptons
\ electrically neutral: electron neutrino, muon Neutral

neutrino, tau neutrino ( + antiparticles) leptons
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Leptons

We denote as leptons all particles that do not experience the strong force

with electric charge: electron, muon, Charged
. >
/ tauon ( + antiparticles) leptons
Leptons
\ electrically neutral: electron neutrino, muon Neutral

neutrino, tau neutrino ( + antiparticles) leptons

m,=9.1x10"3kg=0511MeV/c?2  Q,=—e=-1.6x10""C
m, =19 x10"%kg = 107.7MeV/c>  Q,=-e=-16x10""C

m_=32x10"?"kg = 1.777 GeV/c? Q. =—e=-16x10"°C
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Leptons

We denote as leptons all particles that do not experience the strong force

with electric charge: electron, muon, Charged
/ tauon ( + antiparticles) g leptons
Leptons
\ electrically neutral: electron neutrino, muon Neutral
neutrino, tau neutrino ( + antiparticles) leptons
m,=9.1x 1073 kg = 0.511eV/c? Q,=—e=-16x107"C

In the world of elementary particles, convenient to measure mass in MeV/c2or GeV/c2

1 MeV/c? =1.79 x 10~"kg
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Leptonic number

Leptons have associated a new quantum number, called the leptonic number L, which
in the Standard Model is conserved by all reactions involving leptons

<e‘,,u_,r_,ye,vﬂ,v,[> - L=+1

As with other quantum numbers, antiparticles have the opposite value of L

What are the most important properties of the leptonic number?
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Leptonic number

Leptons have associated a new quantum number, called the leptonic number L, which
in the Standard Model is conserved by all reactions involving leptons

<e‘,,u_,r_,ye,vﬂ,v,[> - L=+41
As with other quantum numbers, antiparticles have the opposite value of L
<e+,//t+,1'+,17€,17 ,DT) - L=-1

The leptonic number is additive in a system of particles

e +u- - L=
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Leptonic number

Leptons have associated a new quantum number, called the leptonic number L, which
in the Standard Model is conserved by all reactions involving leptons

<e‘,,u_,r_,ye,vﬂ,v,[> - L=+41
As with other quantum numbers, antiparticles have the opposite value of L
<e+,//t+,1'+,17€,17 ,DT) - L=-1

The leptonic number is additive in a system of particles

e +u- - L=+14+1=+2
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Leptonic number

Leptons have associated a new quantum number, called the leptonic number L, which
in the Standard Model is conserved by all reactions involving leptons

<e‘,,u_,r_,ye,vﬂ,v,[> - L=+41
As with other quantum numbers, antiparticles have the opposite value of L
<e+,//t+,1'+,17€,17 ,DT) - L=-1

The leptonic number is additive in a system of particles

e +u- - L=+14+1=+2

e +et+17+17 > L=7
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Leptonic number

Leptons have associated a new quantum number, called the leptonic number L, which
in the Standard Model is conserved by all reactions involving leptons

(e_,,u T ,U, vﬂ,v> - L=+41
As with other quantum numbers, antiparticles have the opposite value of L

( TR I/ﬂ,D) - L=-1

The leptonic number is additive in a system of particles

e +u- - L=+14+1=+2

e +e +1+1t - L=+1+CFD+1+-=1)=0
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Leptonic number

Leptons have associated a new quantum number, called the leptonic number L, which
in the Standard Model is conserved by all reactions involving leptons

<e‘,,u_,r_,ye,vﬂ,v,[> - L=+1

As with other quantum numbers, antiparticles have the opposite value of L

The leptonic number is conserved in reactions involving leptons

e” +et e 4+ et allowed?
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Leptonic number

Leptons have associated a new quantum number, called the leptonic number L, which
in the Standard Model is conserved by all reactions involving leptons

<e‘,,u_,r_,ye,vﬂ,v,[> - L=+1

As with other quantum numbers, antiparticles have the opposite value of L

The leptonic number is conserved in reactions involving leptons

e +et e+ e yes: L. =L =0
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Leptonic number

Leptons have associated a new quantum number, called the leptonic number L, which
in the Standard Model is conserved by all reactions involving leptons

(e_,ﬂ_,r_,ye,vﬂ,u[) - L=+41
As with other quantum numbers, antiparticles have the opposite value of L
<e+,//t+,1'+,17€,17 ,DT) - L=-1
The leptonic number is conserved in reactions involving leptons

e +et e+ e yes: L. =L =0

U+ put > +pu +ou” allowed?
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Leptonic number

Leptons have associated a new quantum number, called the leptonic number L, which
in the Standard Model is conserved by all reactions involving leptons

(e_,ﬂ_,r_,ye,vﬂ,u[) - L=+1

As with other quantum numbers, antiparticles have the opposite value of L

The leptonic number is conserved in reactions involving leptons

e- +et se +e7 yes: L. =L. =0
U~ +ut > puT +u +put no: L. =0#L: =+1

Only scattering reactions that satisfy all conservation laws are allowed
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Leptonic number

In the Standard Model, not only the total leptonic number L is conserved: also the
individual leptonic nhumbers for the electron, muon, and tau are conserved

(e_,ye) - L=+1,L,=0,L,=0

(et,0,) - L,=-1,L,=0,L,=0
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Leptonic number

In the Standard Model, not only the total leptonic number L is conserved: also the
individual leptonic nhumbers for the electron, muon, and tau are conserved

(e_,ye) - L=+1,L,=0,L,=0

- L,=-1,L,=0,L,=0

(u ,yﬂ) > L,=0,L,=+1,L,=0

1
I
(W
-
1
-

<’u ’DM> — Le:O,Lﬂ

ﬂ
(\F

(77 2]
(¢*,9,) - L,=0,L,=0,L,=—1

Only reactions where Le, Ly, L, are separately conserved are allowed
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Conservation laws

Enumerate conservation laws satisfied in scattering reactions involving leptons

M1 Energy and linear momentum conservation
— —
Ein:Eﬁn & Pin= P fin

In particular energy conservation applied to particle decays requires that the
sum of particle masses in the final state should be smaller than initial mass

Mip 2 Z mj Whyq

iefin
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Conservation laws

Enumerate conservation laws satisfied in scattering reactions involving leptons

M1 Energy and linear momentum conservation
— —
l%n:::l%hl & Pin= P fin

In particular energy conservation applied to particle decays requires that the
sum of particle masses in the final state should be smaller than initial mass

m.. 2 Z m,

iefin

[ Electric charge conservation

2.2=29

=0 iefin
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Conservation laws

Enumerate conservation laws satisfied in scattering reactions involving leptons

M1 Energy and linear momentum conservation
— —
Ein:Eﬁn & Pin= P fin

In particular energy conservation applied to particle decays requires that the
sum of particle masses in the final state should be smaller than initial mass

m.. 2 Z m;
i€fin

[ Electric charge conservation Z L,;= Z Le,j

IEIn Iefin
Yo-Yo
Z L,;= Z L,

IE1n iEfin
o ) / I€1n IEfn
1 Individual lepton number conservation
\ Z LT,i — Z LT,j
I€in i€fin
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orcis€ Lepton scattering and decay

Determine if the following scattering reactions involving leptons are allowed

eX

e —u +r,+vu,
ur—>et+u,+ o,
- — e+,
U +ut > +17"

p +put—oet+et+u,+u,
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orcis€ Lepton scattering and decay

Determine if the following scattering reactions involving leptons are allowed

eX

e‘—)/,t_+l/e+ﬂﬂ NOZme<mM (Ein<Eﬁn)
ur—>et+u,+ o,

Iu_—>e++1/e
uH+put s+t

p +put—oet+et+u,+u,
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orcis€ Lepton scattering and decay

Determine if the following scattering reactions involving leptons are allowed

eX

e —pu +r,t+v, No :m, <m, (E, < Eg))
ut — et +v,+0, Yes : Q= OpnsLyin = L gins ---
U~ — e+,
poHpT >+

p +put—oet+et+u,+u,
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orcis€ Lepton scattering and decay

Determine if the following scattering reactions involving leptons are allowed

eX

e” > pu +uy,+u, No :m, <m, (E, < Eg,)
ur—>et+u,+ o, Yes t Qi = Ohins>Lyin = Ly fins -
u-—et+u, No:L,y,=+1#L,5 =0
U +ut > +17"

p +put—oet+et+u,+u,
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orcis€ Lepton scattering and decay

Determine if the following scattering reactions involving leptons are allowed

eX

e —u +r,+vu, No :m, <m, (E, < Eg))
ur—>et+u,+ o, Yes 1 Q= Opn»Lyin = Ly gins ---
No:L,y,=+1#L,5 =0

- —>e +u,

u +ut -1+ Yes : everything conserved

p +put—oet+et+u,+u,
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rcis® Lepton scattering and decay

Determine if the following scattering reactions involving leptons are allowed

exe

e —u +r,+vu, No :m, <m, (E, < Eg))
ur—>et+u,+ o, Yes 1 Q= Opn»Lyin = Ly gins ---
No:L,y,=+1#L,5 =0

- —>e +u,

u +ut -1+ Yes : everything conserved

- +put—se"+et+uy,+y, No:Q =0#Qp =+2
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