
 
LYukawa = i L i ej

c H * Yij
l + i Q i d j

c H * Yij
d + i Q i u j

c τ 2H Yij
u + c.c.

LWD = La †σ µDµLa + e
ca †σ µDµea

c +Qa †σ µDµQa + u
ca †σ µDµua

c + dca †σ µDµda
c( )

a=1
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∑

Global symmetries of   LWD : SU(3)L × SU(3)R ×U(1)L ×U(1)R( )5

....broken to U(1)B ×U(1)e ×U(1)µ ×U(1)τ  by LYukawa

Standard Model symmetries 



  
M l

ij = Yij
l < H

0
>

Masses and mixing angles 

Lm =ULQ, dm
c = VRd

c

 
L =UL

†Lm L ≡ LTσ 2 = Lm UL
†( )T

M l =UL
TMdiag

l VR

 
L i Yij

lej
c H * = Lm UL

†( )T Y lVR
† em

c H * = Lm Mdiag
l em

c H * / < H
0
>

 
LYukawa = i L i ej

c H * Yij
l + i Q i d j

c H * Yij
d + i Q i u j

c τ 2H Yij
u + c.c.

Invariant under U 1( )3 : Lm,i → eiαi Lm,i , em,i
c → e− iαi em,i

c

i.e.  Conserves 3 lepton numbers 

 

i mj
l∑ Lm, jem, j

c



Masses and mixing angles 

 
LYukawa = i L i ej

c H * Yij
l + i Q i d j

c H * Yij
d + i Q i u j

c τ 2H Yij
u + c.c.

Qm
d =UL

dQ, dm
c = VR

ddc

 
Q =UL

d †Qm
d Q ≡ QTσ 2 = Qm

d
UL

d †( )T

M d =UL
d ,TMdiag

d VR
d

 
Q i d j

c H * Yij
d = Qm

d
UL

d †( )T Y dVR
d † dm

c H * = Qm

d
Mdiag

d dm
c H * / < H

0
>



Masses and mixing angles 

 
LYukawa = i L i ej

c H * Yij
l + i Q i d j

c H * Yij
d + i Q i u j

c τ 2H Yij
u + c.c.

Qm
u =UL

uQ, um
c = VR

uuc

 
Q =UL

u †Qm
du Q ≡ QTσ 2 = Qm

u
UL

u †( )T

Mu =UL
u ,TMdiag

u VR
u

 
Q i u j

c τ 2H Yij
u = Qm

u
UL

u †( )T Y uVR
u † um

cτ 2H = Qm

u
Mdiag

u um
c H / < H 0 >

Invariant under baryon number UB 1( ) : Bm,i → eiαBm,i , u,d( )m,i

c → e− iα u,d( )m,i
c



Qm
d =UL

dQ, Qm
u =UL

uQ

Diagonalising up and down masses simultaneously is not a symmetry of LWD

LWD ⊃ j
W ±
µ Wµ

± + j
W 3
µ Wµ

3

j
W ±
µ = dL ,i

† σ µuL ,i → dm
†Udσ µUu †um = dm

†UCKM
† σ µum

j
W 3
µ =

1
2
uL ,i
† σ µuL ,i − dL ,i

† σ µdL ,i( )→ 1
2
uL ,i
† Uuσ µUu †uL ,i − dL ,i

† Udσ µUd †dL ,i( )

=
1
2
uL ,i
† σ µuL ,i − dL ,i

† σ µdL ,i( )
The GIM mechanism – no FCNC at tree level 

Gauge interacAons in the mass eigenstate basis 



Yukawa couplings in the current basis 

 
LYukawa = i L i ej

c H * Yij
l + i Q i d j

c H * Yij
d + i Q i u j

c τ 2H Yij
u + c.c.

Qm
d =UL

dQ, um
c = VR

uuc

 
Q =UL

d †Qm
d Q ≡ QTσ 2 = Qm

d
UL

d †( )T

Mu =UL
u ,TMdiag

u VR
u

 
Q i u j

c τ 2H Yij
u = Qm

d
UL

d †( )T Y uVR
u † dm

cτ 2H = Qm

d
UL

d †( )T UL
uTMdiag

u um
cτ 2H / < H

0 >

 
LYukawa ⊃Qm

d
UCKM

T Mdiag
u um

cτ 2H / < H
0 > UCKM =UL

uUL
d †



CKM matrix  UCKM =UL
uUL

d †

n × n complex matrix 2n2  real parameters

Unitary U †U = I    n2  constraints ... n2  real parameters

U = P†U 'P ', P, P '  diagonal matrices of phases : 2n −1 relative phases 

can be absorbed in field redefinition   uL → P†uL ', dL → P 'dL '

⇒ n2 − (2n −1) = (n −1)2  parameters 

•
•
•

n × n orthogonal matrix : 1
2
n(n −1) parameters

(n −1)2 −
1
2
n(n −1) = 1

2
(n −1)(n − 2) phases n = 3⇒1 CP  phase



e.g. UCKM =
1 0 0
0 c2 s2
0 −s2 c2

⎛

⎝

⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟

c1 s1 0
−s1 c1 0
0 0 1

⎛

⎝

⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟

1 0 0
0 1 0
0 0 eiδ

⎛

⎝

⎜
⎜

⎞

⎠

⎟
⎟

1 0 0
0 c3 s3
0 −s3 c3

⎛

⎝

⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟

=

c1 s1c2 s1c3
−s1c2 c1c2c3 + s2s3e

iδ c1c2s3 − s2c3e
iδ

−s1c3 c1s2c3 − c2s3e
iδ c1s2s3 + c2c3e

iδ

⎛

⎝

⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟

NB Many possible convenAons possible c.f. hep‐ph/9912358 Fritzsch & Xing 

Wolfenstein parameterisaAon 

 

UCKM 

1− λ2

2 −λ Aλ 3 ρ − iη( )
−λ 1− λ2

2 Aλ2

Aλ 3 1− ρ − iη( ) −Aλ2 1

⎛

⎝

⎜
⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟
⎟

, A, ρ,η are of O(1)


