
The puzzle of the replicas/generations 

Where are they? How do we see them?

How do they communicate among each others?

How do we know how many there are?
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Is the proton forever?
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Is there an asymmetry between matter and antimatter?
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Where are they?
(How do we see them?)

t↑

cosmic ray collisions
in the atmosphere

high energy particle 
collisions

in the early
universe

The only thing you need is enough energy



✱

✱

Flavour “theorems”, to be proven

0. In QCD + QED no communication between different families

LY =  i�ij J + h.c.

2. The only communication between families in the weak changed 
current proportional to a unitary matrix

3. “CP violation” if and only if at least 3 families

u d
e⌫

gVij , V V + = 1 V (✓1, ✓2, ✓3, �)

1. Baryon (B) and individual lepton (               ) numbers conservedLe, Lµ, L⌧

(as anticipated)



✱

✱

In QCD + QED no communication between different families

Symmetry: SU(3)⇥ U(1)em
u = 32/3, d = 31/3, e = 1�1Particle content:

From this (in full generality?):

(and similarly for   and   )di ei

Inter-family communication from off-diagonal     ?�ij

 For any matrix �v ⌘ m = VLm
diagV +

R

NO! 

What happens with all interactions included?

LQCD+QED(ui) = iūLi /D
u
uLi + iūRi /D

u
uRi + (mu

i ūLiuRi + h.c.)

= iūi /D
u
ui +mu

i ūiui, u = uL + uR

LQCD+QED(ui) = iūLi /D
u
uLi + iūRi /D

u
uRi + (�u

ijvūLiuRj + h.c.)

so that, after: uL ! VLuL, uR ! VRuR (the “physical basis”)



✱

✱

Flavour in the lepton sector

As before:

L = iL̄Li /D
L
LLi + iēRi /D

e
eRi + (�e

ijh
+L̄LieRj + h.c.)

 = Q(3,2)1/6 uR(3̄,1)2/3 dR(3̄,1)�1/3 L(1,2)�1/2 eR(1,1)�1

�e = VL�
e
diagV

+
R , LL ! VLLL, eR ! VReR

L = iL̄Li /D
L
LLi + iēRi /D

e
eRi + (�e

ih
+L̄LieRi + h.c.)

individually conserved) Le, Lµ, L⌧

where
Le 1

eL eR⌫eL

1 1
and -1 for the antiparticles

µ� ! e� + ⌫̄e + ⌫µYES
⌧(µ ! e+ �)

⌧(µ ! e+ ⌫̄e + ⌫µ)
> 3 · 1012

(similarly for            )Lµ, L⌧

(part of Theorem 1)

µ± 9 e± + �

 = a� + b+

NO

⌧(µ) = 2.196 981 1(22)10�6 s



✱

✱

Flavour in the quark sector

Remember that, after ew symmetry breaking:

 = Q(3,2)1/6 uR(3̄,1)2/3 dR(3̄,1)�1/3 L(1,2)�1/2 eR(1,1)�1

one goes to the 

(completing Theorem 1 and Theorem 2)

L = iQ̄Li /D
Q
QLi + iūRi /D

u
uRi + id̄Ri /D

d
dRi + (�u

ijhQ̄LiuRj + �d
ijh

+Q̄LidRj + h.c.)

�
u
ijhQ̄LiuRj + �

d
ijh

+
Q̄LidRj ! (v +

Hp
2
)(�u

ij ūLiuRj + �
d
ij d̄LidRj)

Using again �u = UL�
u
diagU

+
R , �d = DL�

d
diagD

+
R

“physical basis” by uL ! ULuL, uR ! URuR, dL ! DLdL, dR ! DRdR

These unitary rotations go away in every interaction 

but stay in

with     (and         )Zµ Ga
µ, Aµ

No “Flavour Changing Neutral Current”)

gp
2
W+

µ ūL�µdL ! gp
2
W+

µ ūLU
+
L DL�µdL ⌘ gp

2
W+

µ ūLVCKM�µdL

VCKMV +
CKM = 1



Consequences of Theorem 1

In the quark sector what is conserved are not the 
individual quark numbers (unlike               ) but onlyLe, Lµ, L⌧

and -1/3 for the antiparticles
B

ui di

1/3 1/3

the overall “Baryon Number”

(with the normalisation chosen so that B(p)=B(n)=1)

The proton, the lightest particle with         ,B 6= 0 is stable

⌧(e) > 4.6 · 1026 years

as is the electron stable, being the lightest charged particle

⌧(µ) = 2.196 981 1(22)10�6 sFor reference



watching tens of kilotons of water for years and
making sure that not a single proton has decayed

Kamioka mine - Japan

p(uud) 9 e+ + ⇡0(ūu, d̄d)E.g.:
⌧(p ! e+ + ⇡0) > 1034 years

Are the protons forever?



Testing Theorem 2
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Parity (P), Charge Conjugation (C), and CP
On fermions:

P
 !

 !
ll

e�L , qL e�R, qR

e+R, q̄Re+L , q̄L
P

CC CP

) )

))

If CP were conserved, then e.g.
A reason to care about CP violation:

�(P ! p1 . . . pn) = �(P̄ ! p̄1 . . . p̄n) for any P and p1 . . . pn

In such a case, what would have caused the manifest
matter-antimatter asymmetry in the universe
if none, very likely, was there at the beginning?

With suitable definitions of P,C on vectors as well, are the
corresponding interactions invariant under P, C or CP?



Parity (P), Charge Conjugation (C), and CP
On fermions:

P
 !

 !
ll

e�L , qL e�R, qR

e+R, q̄Re+L , q̄L
P

CC CP

) )

))

Ga
µ Aµ Zµ Wµ

P

C

CP

YES YES
YES YES

YES YES YES

NO NO
NO NO

?

From the Lagrangian (again and again)

SU(3)⇥ U(1)em
u = 32/3, d = 31/3, e = 1�1

SU(2)⇥ U(1)Y
Q(3,2)1/6 uR(3̄,1)2/3 dR(3̄,1)�1/3

L(1,2)�1/2 eR(1,1)�1

Given the YES in the second column, the discovery of the NO
 in the fourth line in 1956 was a big surprise!



gW+
µ ūγµVd+gW�

µ d̄γµV
+u) gW�

µ d̄γµV
Tu+gW+

µ ūγµV
⇤d

n 2 3 4

angles 1 3 6

phys. 
phases 0 1 3

Q.E.D.

Theorem 3. “CP violation” if and only if at least 3 families

Under a CP transformation:

Hence CP violation requires V “intrinsically” complex

N(Vn⇥n, V V + = 1) = n2
N(On⇥n, OO

T = 1) =
n(n� 1)

2

N(phys.phases) = n2� n(n�1)
2

� (2n�1) =
1
2
(n2�3n+2)⇒
U(1)B2n quarks

In particular, with n = 3, VCKM (✓1, ✓2, ✓3; �)



Testing Theorem 3

VudV ⇤
ub +VcdV ⇤

cb +VtdV ⇤
tb = 0In particular

θ
➤

➤➤

irrelevant

complex plane

VCKM (✓1, ✓2, ✓3; �)If         in � = 0

the triangle in

would collapse to a line

CP IS violated⇒

(no CP violation)



Puzzle 2
Quark and lepton masses, rescaled by proper factors, as indicated 

All of them, as            , given by pure parameters!V CKM


