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Recap: lecture I

QED as a role model

QED as quantized gauge field theory of dynamical fields Aµ and ψ

⇝ minimal coupling photon field with charged fermions (matter)

LQED = −1

4
FµνFµν −

1

2ξ
(∂µA

µ)2 + ψ̄(i/∂ + qe /A−m)ψ

QED is a renormalizable QFT

⇝ all UV divergences absorbed into field/parameter renormalizations

the road ahead

lift gauge symmetry to construction principle for weak & strong forces

⇝ SU(2) and SU(3) symmetries

however, while QED is parity conserving, the weak force is not

⇝ charged weak interaction maximally parity violating
[Wu experiment 1956; Nobel price Lee, Yang 1957]

⇝ need to consider chiral fermions
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Towards EW SM: chiral fermions

consider massless Dirac fermion ψ satisfying i/∂ψ = 0

⇝ based on {γ5, γµ} = 0 it then also holds i/∂γ5ψ = 0

define superpositions ψR/L of definite chirality (γ5ψR/L = ±ψR/L)

ψL =
1

2
(1− γ5)ψ = PLψ and ψR =

1

2
(1 + γ5)ψ = PRψ

Lagrangian for chiral fermions (using PLPR = PRPL = 0, P 2
R/L = PR/L)

L = iψ̄ /∂ψ = iψ̄L /∂ψL + iψ̄R /∂ψR

⇝ exhibits invariance under global phase trafo ψL/R → exp
(
iαL/R

)
ψL/R

∂µJ
µ
L/R = 0 with JµL/R = ψ̄L/Rγ

µψL/R

however, mass term breaks chiral symmetry

mψ̄ψ = mψ̄LψR +mψ̄RψL

⇝ breaks SU(2)L gauge invariance, need different source for mass term
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Towards EW SM: non-abelian gauge symmetry I

consider doublet of fermions and a unitary transformation U

Ψ =

(
ψ1

ψ2

)
→ Ψ′ =

(
α β
γ δ

)(
ψ1

ψ2

)
≡ UΨ

with

UU† =

(
α β
γ δ

)(
α∗ γ∗

β∗ δ∗

)
= 12×2

⇝ 4 constraints for 4 complex elements: leaves 4 real parameters αi
⇝ employ traceless, hermitian Pauli matrices τi with: [τi, τj ] = 2ϵijkτk

U = exp (iα012×2 + iα1τ1 + iα2τ2 + iα3τ3)

= exp (iα0) exp (iα1τ1 + iα2τ2 + iα3τ3)

define unit-determinant matrices V = exp (−iα0)U

det(V ) = exp (iTr(α⃗ · τ⃗)) = exp(0) = 1

V = exp (iα⃗ · τ⃗) ≈ 12×2 + iα⃗ · τ⃗ +O(α⃗2) ∈ SU(2)

⇝ note, V1V2 ̸= V2V1, SU(2) is non-abelian
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Towards EW SM: non-abelian gauge symmetry II

consider small local SU(2) transformation, i.e. αi = αi(x) =
g
2ωi(x)

Ψ =

(
ψ1

ψ2

)
→ Ψ′ =

(
12×2 + i

g

2
ω⃗ · τ⃗

)
Ψ

as for QED minimal coupling to vector fields Wµ
1 , W

µ
2 , W

µ
3

Dµ = ∂µ + i
g

2
W⃗µ · τ⃗

for covariant derivative it has to hold

DµΨ → D′µΨ′ =
(
12×2 + i

g

2
ω⃗ · τ⃗

)
DµΨ

⇝ dictates gauge transformation of fields Wµ
i

W⃗ ′µ = W⃗µ − ∂µω⃗ − gω⃗ × W⃗µ

gauge invariant kinetic terms for the vector fields

Lgauge
SU(2) = − 1

4G
µν
i Gi,µν

Gµνi = ∂µW ν
i − ∂νWµ

i − gϵijkW
µ
j W

ν
k
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Towards EW SM: non-abelian gauge symmetry III

Lgauge
SU(2) contributes to W

µ
i propagator and gives rise to self interactions

VWiWjWk
= −1

2
gϵijk (∂

µW ν
i − ∂νWµ

i )Wj,µWk,ν

VWjWkWlWm = −1

4
g2ϵijkϵilmW

µ
j W

ν
kWl,µWm,ν
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Towards EW SM: weak interactions

represent two charge states of lh lepton/quark species as SU(2) doublet

describe weak interaction by SU(2) gauge theory: weak isospin Iw = 1
2

ΨlL ≡ PLΨ
l =

(
ψνe
ψe

)
L

, ΨqL =

(
ψu
ψd

)
L

, ΨL → exp

(
ig
1

2
ω⃗ · τ⃗

)
ΨL

right-handed fermions have Iw = 0, invariant under isospin trafo

ψe,R → exp(0)ψe,R = ψe,R

interaction via minimal coupling (fermion mass term forbidden)

Lint ⊂
g

2
Ψ̄lLγ

µW⃗µ · τ⃗ΨlL =
g

4
Ψ̄lγµ(1− γ5)W⃗µ · τ⃗Ψl

with

W⃗µ · τ⃗ =

(
Wµ

3 Wµ
1 − iWµ

2

Wµ
1 + iWµ

2 −Wµ
3

)
defining Wµ,± = 1√

2
(Wµ

1 ∓ iWµ
2 )

Steffen Schumann The Electroweak Standard Model 6 / 16



The Glashow, Weinberg, Salam theory (1961-1968)

unifying electro-magnetic and weak interactions

electroweak symmetry given by SU(2)L ⊗ U(1)Y , weak hypercharge Y

Yw = 2(qf − Iw,3)

particle qf Iw,3 Yw

νe,L νµ,L ντ,L 0 1
2 −1

eL µL τL −1 − 1
2 −1

νe,R νµ,R ντ,R 0 0 0
eR µR τR −1 0 −2

uL cL tL + 2
3

1
2

1
3

dL sL bL − 1
3 − 1

2
1
3

uR cR tR + 2
3 0 4

3

dR sR bR − 1
3 0 − 2

3

weak isospin singlets of three fermion generations

ψR ∈ {eR, µR, τR, uR, cR, tR, dR, sR, bR}

discard right-handed
neutrinos in SM

}
ΨlL

}
ΨqL
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The Glashow, Weinberg, Salam theory (1961-1968)

The Electroweak Standard Model Lagrangian

kinetic terms for the gauge fields

Lgauge
EW = Lgauge

SU(2)L
+ Lgauge

U(1)Y
= −1

4
Gµνi Gi,µν −

1

4
BµνBµν

kinetic terms for leptons and quarks & minimal coupling to gauge fields

Lmatter
EW =

∑
ΨL

Ψ̄Li /DΨL +
∑
ψR

ψ̄Ri /DψR

with the covariant derivatives for left-/right-chiral fermions

DµψR =
(
∂µ + i

g1
2
YwBµ

)
ψR

DµΨL =
(
12×2

(
∂µ + i

g1
2
YwBµ

)
+ i

g2
2
W⃗µ · τ⃗

)
ΨL

GWS Lagrangian exhibits exact SU(2)L ⊗ U(1)Y symmetry

however, fermion & boson mass terms would break gauge invariance
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Interlude: the fate of symmetries I

the various ways of symmetry breaking

explicit breaking by (small) terms that are not invariant

⇝ for example proton/neutron isospin broken by finite quark masses

symmetry of classical theory might have an anomaly at quantum level

⇝ global axial U(1) symmetry broken, π0 → γγ decay

symmetry might be hidden: Lagrangian invariant, but ground state not

⇝ symmetry not manifest in the spectrum of physical states

⇝ e.g. via vacuum expectation value of scalar field(s): Higgs-mechanism

mn −mp = 1.51(16)(23)MeV

[Borsanyi et al. Science 347 (2015) 1452]
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Interlude: the fate of symmetries II

hidden symmetry

let Q be symmetry charge from Noether theorem, global vacuum state trafo

|0⟩ → eiαQ|0⟩ , invariance , i.e. eiαQ|0⟩ = |0⟩ ∀ α, implies Q|0⟩ = 0

⇝ vacuum is unique, symmetry manifest

assume new state |α⟩ is reached, i.e. Q|0⟩ ≠ 0, however, Q̇ = i[H,Q] = 0

H|α⟩ = HeiαQ|0⟩ = eiαQH|0⟩ = eiαQE0|0⟩ = E0|α⟩ ∀ α

⇝ continuous symmetry results in family of degenerate ground states

what’s the meaning of states obtained from continuous symmetry trafo?
excitations about ground state get quantized, interpreted as particles
minimal excitation given by particle’s mass
⇝ zero energy excitations correspond to massless particles

Goldstone’s theorem (1961): for a continuous symmetry of the Lagrangian,
that is not a symmetry of the vacuum, there must exist one or more

massless bosons, called Goldstone bosons
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The Higgs mechanism

add minimal scalar sector to the GWS theory to arrange for mass terms

⇝ complex SU(2) doublet of weak hypercharge Yw = +1

Φ =

(
φ1

φ2

)
kinetic terms, potential and couplings to the SU(2)L ⊗ U(1)Y gauge fields

LHG = (DµΦ)
†
(DµΦ)− V (Φ)

DµΦ =
(
12×2

(
∂µ + i

g1
2
YwBµ

)
+ i

g2
2
W⃗µ · τ⃗

)
Φ

V (Φ) = −µ2Φ†Φ+ λ
(
Φ†Φ

)2
with µ2, λ ∈ R > 0

Yukawa interactions with fermion fields (here for 1st generation)

LHF = −fuΨ̄uLΦ̃uR − fdΨ̄
d
LΦdR − feΨ̄

e
LΦeR + h.c.

with Φ̃ = iτ2Φ
∗ (charge conjugate to Φ), fu,d,e arbitrary coupling constants
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The Higgs mechanism: fermion masses

consider electron contribution for definiteness

feΨ̄
e
LΦeR + h.c. = feν̄e,Lφ1eR − feēLφ2eR + h.c.

⇝ provides electron mass for ⟨Φ⟩0 =

(
0

v/
√
2

)
with fev/

√
2 ≡ me

⇝ φ2 neutral (Q = 0), φ1 carries positive charge (Q = +1)

⟨Φ⟩0 vacuum expectation value of Higgs field Φ

⇝ non-trivial minimum of potential picked (SSB)

dV

dΦ† = Φ(−µ2 + 2λΦ†Φ)
!
= 0 ⇝ ⟨Φ†Φ⟩0 =

1

2

√
µ2

λ
≡ v2

2

SU(2)L ⊗ U(1)Y symmetry hidden by non-trivial vacuum state ⟨Φ⟩0
⇝ τ1, τ2 and τ3 − 1

2Yw generators broken, i.e. eiατ1⟨Φ⟩0 ̸= ⟨Φ⟩0 etc

⇝ only linear combination Q = τ3 +
1
2Yw preserves vacuum state (cf. p7)

SU(2)L ⊗ U(1)Y
SSB−→ U(1)Q + 3 Goldstone bosons
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The Higgs mechanism: gauge boson masses

vector field masses from minimal coupling terms (∂µ⟨Φ⟩0 = 0)

LHG(⟨Φ⟩0) =
(vg2

2

)2
W+
µ W

−,µ

+
v2

8
(W3,µ, Bµ)

(
g22 −g1g2

−g1g2 g21

)(
Wµ

3

Bµ

)
2nd term diagonalizes for basis states rotated by Weinberg angle θW

Zµ = cos θWW
3
µ − sin θWBµ

Aµ = sin θWW
3
µ + cos θWBµ

with tan θW =
g1
g2

can read-off masses for the U(1)Q photon (Aµ), the Z
0 and W±

Mγ = 0 , MW =
v

2
g2 , MZ =

v

2

√
g21 + g22

note, the W±-to-Z0 mass ratio fixed by

MW

MZ
= cos θW
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The Higgs mechanism: gauge boson fermion interactions

the interactions of the gauge bosons with fermionic matter become

Lmatter
EW =

∑
f

ψ̄f i/∂ψf +
g2

2
√
2
(J+
µW

−,µ + h.c.) +
g2

2 cos θW
JZµ Z

µ + eJem
µ Aµ

with the currents given by

J+
µ =

∑
l∈{e,µ,τ}

ψ̄νlγµ(1− γ5)ψl + (ψ̄u, ψ̄c, ψ̄t)γµ(1− γ5)VCKM

 ψd
ψs
ψb


with VCKM =

 Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb

 Cabibbo–Kobayashi–Maskawa matrix

JZµ =
∑
f

ψ̄fγµ(vf − afγ5)ψf with vf = Iw,3 − 2qf sin
2 θW , af = Iw,3

Jem
µ =

∑
f

qf ψ̄fγµψf
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The Higgs mechanism: ... and finally the Higgs boson

consider excitations of the Higgs field above the ground state

in unitary gauge, i.e. Φ → exp(iαiτi)Φ, the Higgs doublet reads

Φ(x) =

(
0

v+h(x)√
2

)

⇝ note, ΨL and W⃗µ transform accordingly

mass for the Higgs boson from potential V (Φ)

Mh =
√
2µ = v

√
2λ

LHG and LFG induce kinetic and interaction terms for Higgs boson h

LWWh = g2
4 W

−,µW+
µ (2vh+ h2)

LZZh =

√
g21+g

2
2

8 ZµZµ(2vh+ h2)

Lhhh = λ(vh3 + h4)

Lff̄h = −mf

v hψ̄fψf
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Summary lecture II

EW Standard Model gauge group SU(2)L ⊗ U(1)Y
⇝ non-trivial ground state for SU(2) scalar field doublet (SSB)

⇝ gauge symmetry hidden in the spectrum of the theory

⇝ finite masses for matter fermions and W±, Z0 bosons

strong interaction modelled by SU(3)c color symmetry

⇝ parity conserving, massless gauge bosons – the gluons
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