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The electroweak Lagrangian in compact form

L = −1
4
−→
Wµν ·

−→
Wµν − 1

4
BµνBµν

+Lγµ

(
i∂µ −

g
2
−→
Wµ · −→τ −

g′

2
BµY

)
L

+Rγµ

(
i∂µ −

g′

2
BµY

)
R

+

∣∣∣∣(i∂µ −
g
2
−→
Wµ · −→τ −

g′

2
BµY

)
Φ

∣∣∣∣2 − V (Φ)

−(λdLΦR + λuLΦCR + H.c.)



Only particles, no interactions

L =

+Lγµ

(
i∂µ

)
L

+Rγµ

(
i∂µ

)
R

+

∣∣∣∣(i∂µ

)
Φ

∣∣∣∣2 − V (Φ)



Adding the weak hypercharge U(1)Y

U(1)Y gauge symmetry

ψ(x) → ei g′
2 α(x)Yψ(x)

Bµ → Bµ −
g′

2
(∂µα)

∂µ → ∂µ + i
g′

2
BµY

Y eigenvalues

(
νeL
eL

)
: −1 , eR : −2 ,

(
uL
dL

)
:

1
3
, uR :

4
3
, dR : −2

3
, Φ : 1

The new gauge boson Bµ

No mass term
Kinetic term (−1/4)BµνBµν (Bµν = ∂µBν − ∂νBµ)
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SM Lagrangian with U(1)Y
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2
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)
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Adding the weak isospin SU(2)L

SU(2)L gauge symmetry

ψ(x) → ei g
2
−→α (x)·−→τ ψ(x)

−→
Wµ →

−→
Wµ −

g
2

(∂µ
−→α )

∂µ → ∂µ + i
g
2
−→
Wµ · −→τ

SU(2)L eigenvalues (T3)

+
1
2

: νeL,uL,Φ
+ , −1

2
: eL,dL,Φ

0 , 0 : eR ,uR ,dR

The new vector gauge boson
−→
Wµ

No mass term
Kinetic term (−1/4)

−→
Wµν ·

−→
Wµν

(
−→
Wµν = ∂µ

−→
Wν − ∂ν

−→
Wµ − g

−→
Wµ ×

−→
Wν)
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SM Lagrangian with SU(2)L × U(1)Y
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Only possible interactions: Yukawa

qL =

(
uL
dL

)
: (2, 1

3 )

uR : (1, 4
3 ), dR : (1,− 2

3 )

lL =

(
νL
eL

)
: (2,−1)

eR : (1,−2)

Φ =

(
φ+

φ0

)
: (2,1)

ΦC = iτ2Φ∗ =

(
φ∗0
−φ−

)
: (2,−1)

Only possible interaction terms:
qLΦcuR, qLΦdR, lLΦeR (+ h.c.) expand...
No masses yet...



Mass terms for bosons and fermions

Equation of motion from lagrangian

∂α

(
∂L

∂(∂αΨ)

)
=
∂L
∂Ψ

Cpmplex scalar field

Lagrangian: L = (∂µφ)†(∂µφ)−m2φ2

Equation of motion: ∂α∂
αφ−m2φ = 0 Klein-Gordan

Gauge bosons

Lagrangian: L = −1
4FµνFµν + 1

2m2AµAµ

Equation of motion: ∂α∂
αAβ −m2Aβ = 0 Klein-Gordan

Fermions

Lagrangian: L = ψγµi∂µψ −mψψ
Equation of motion: i∂αγ

αψ −mψ = 0 Dirac



Gauge boson and Fermion mass terms forbidden

Gauge bosons
1
2m2

BBµBµ violates U(1)Y

1
2m2

W
−→
Wµ ·

−→
Wµ violates SU(2)L

Fermion masses

muuLuR, mddLdR, meeLeR

Violate both, SU(2)L as well as U(1)Y
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Electroweak symmetry breaking

V (Φ) = µ2Φ†Φ + λ(Φ†Φ)2

Φ =
1√
2

(
φ1 + iφ2
φ3 + iφ4

)
µ2 < 0⇒ V (Φ)min at µ2 = −2λΦ†Φ

Minima on the surface of a 3-sphere:

Φ†Φ =
1
2

(φ2
1 + φ2

2 + φ2
3 + φ2

4)

Break symmetry⇒ choose a point⇒ φ1 = φ2 = φ4 = 0, φ3 = v
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Symmetry broken: SU(2)L × U(1)Y → U(1)Q

Φ =

(
0

v + h(x)

)

v 6= 0 in vacuum⇒
T3 not conserved [T3(Φ0) = −1/2]
Y not conserved [Y (Φ0) = 1]
However, conserved quantity in new vacuum:

T3(Φ0) +
Y (Φ0)

2
= 0

Electric charge Q = T3 + Y
2 conserved by vacuum

Administrator
Pencil

Administrator
Pencil

Administrator
Pencil

Administrator
Pencil



Symmetry broken: SU(2)L × U(1)Y → U(1)Q

Φ =

(
0

v + h(x)

)

v 6= 0 in vacuum⇒
T3 not conserved [T3(Φ0) = −1/2]
Y not conserved [Y (Φ0) = 1]
However, conserved quantity in new vacuum:

T3(Φ0) +
Y (Φ0)

2
= 0

Electric charge Q = T3 + Y
2 conserved by vacuum

Administrator
Pencil



Terms relevant for EWSB

L = −1
4
−→
Wµν ·

−→
Wµν − 1

4
Bµν · Bµν

+

∣∣∣∣( − g
2
−→
Wµ · −→τ −

g′

2
BµY

)
Φ

∣∣∣∣2 − V (Φ)min
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Mass for W + and W−

∣∣∣∣(−g
2
−→
Wµ · −→τ −

g′

2
BµY

)
Φ

∣∣∣∣2

=
1
8

∣∣∣∣( gW3 + g′B g(W1 + iW2)
g(W1 − iW2) −gW3 + g′B

)(
0
v

)∣∣∣∣2
=

1
2

(
1
2

gv
)2

|W1|2 +
1
2

(
1
2

gv
)2

|W2|2

+
1
8

v2 ( W3 B
)( g2 −gg′

−gg′ g′2

)(
W3
B

)
Diagonalize⇒
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Mass for W + and W−

∣∣∣∣(−g
2
−→
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g′

2
BµY

)
Φ

∣∣∣∣2
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1
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g(W1 − iW2) −gW3 + g′B

)(
0
v

)∣∣∣∣2
=

1
2

(
1
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1
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B
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Mass for Z , no mass for A

Eigenvalues: 0, (g2 + g′2)

⇒ 1
8

v2 ( A Z
)( 0 0

0 (g2 + g′2)

)(
A
Z

)
Eigenvectors:(

A
Z

)
=

(
cos θW sin θW
− sin θW cos θW

)(
B

W3

)
Mixing angle: tan 2θW = 2gg′/(g2 − g′2)⇒ tan θW = g′/g

MW =
1
2

gv , MZ =
1
2

v
√

g2 + g′2 , ρ =
M2

W

M2
Z cos2 θW

= 1
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Fermion masses in SM: Dirac masses

Interaction terms:

λuqLΦcuR , λdqLΦdR , λelLΦeR

After electroweak symmetry breaking:

(λuv)uLuR , (λdv)dLdR , (λev)eLeR

Dirac masses

mu = λuv , md = λdv , me = λev

Administrator
Pencil



Fermion masses in SM: Dirac masses

Interaction terms:

λuqLΦcuR , λdqLΦdR , λelLΦeR

After electroweak symmetry breaking:

(λuv)uLuR , (λdv)dLdR , (λev)eLeR

Dirac masses

mu = λuv , md = λdv , me = λev

Administrator
Pencil



Fermion masses in SM: Dirac masses

Interaction terms:

λuqLΦcuR , λdqLΦdR , λelLΦeR

After electroweak symmetry breaking:

(λuv)uLuR , (λdv)dLdR , (λev)eLeR

Dirac masses

mu = λuv , md = λdv , me = λev

Administrator
Pencil

Administrator
Pencil



No mass for neutrinos yet !
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