
Quick Reference to Quantum Field Ver.0.8g

Lorentz vector

gµν= gµν=

(

1
−1

)

xµ= (c t , xS ) ∂µ=

(

1

c

∂

∂t
,∇
)

pµ=

(

E

c
, pS

)

kµ=
(

ω

c
, kS
)

jµ=
(

cρ , jS
)

Aµ=

(

φ

c
,AS
)

Lorentz scalar: d4x= d x0d x1d x2d x3 d3p

E/c

d3k

ω/c

pµ= i∂µ E = i
∂

∂t
pS =−i∇

Electro-Magnetic Field

F µν= ∂µAν − ∂νAµ=















0 −Ex

c
−Ey

c
−Ez

c
Ex

c
0 −Bz By

Ey

c
Bz 0 −Bx

Ez

c
−By Bx 0















− 1

4 µ0
F µνFµν=

1

2µ0

(

ES
2

c2
−BS

2

)

=
1

2
(ε0ES

2− µ0HS
2
)

1

µ0ε0
= c2

L=− 1

4 µ0
F µνFµν − jµAµ

∂µF
µν =�Aµ− ∂µ(∂νA

ν) = µ0j
µ ∂µj

µ= 0

H= πµ(∂0Aµ)−L=
1

2
(ε0ES

2
+ µ0HS

2
)+ ε0ES · ∇φ

πµ=
∂L

∂(∂0Aµ)
=− 1

µ0
F 0µ=− 1

µ0

(

0, ε0cES
)

∂tAµ=

(

−∇ ·AS , 1
c

(

ES +∇φ
)

)

Gauge transformation

Aµ→A′µ=Aµ− ∂µΛ

∂µA
µ=0 � �Λ = ∂µA

µ : Lorenz gauge

∇ ·AS = 0 � ∆Λ =−∇ ·AS : Coulomb gauge

Heaviside-Lorentz unit: ε0 = µ0 =1 Natural unit: ~ = c= 1
e2

4p
=

1

137

Euler Equation

S=

∫

L(φ, ∂µφ)d4x=

∫

L d3xdt=

∫

Ldt action

δS= 0 �

∂L
∂φ

− ∂µ
∂L

∂(∂µφ)
=0 Least action principle

Proca Equation

L=−1

4
F µνFµν +

1

2
m2AµAµ− jµAµ

∂L
∂Aµ

− ∂ν
∂L

∂(∂νAµ)
= 0 ⇒ �Aµ− ∂µ(∂νA

ν)+m2Aµ= jµ ⇒ m2∂µA
µ= ∂µj

µ= 0

⇒ (�+m2)Aµ= jµ
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Fock Space

â , â† : rising and lowering operator [â , â†] = 1

N̂ = â†â : number operator N̂ |n〉=n|n〉

â†|n〉= n+ 1
√

|n+1〉 â |n〉= n
√ |n− 1〉 â |0〉= 0

|n〉=
1

n!
√ (â†)n|0〉

e.g. [x̂ , p̂] = i p̂ , x̂ : Hermitian

â =
1

2mω
√ (mωx̂ + ip̂) â†=

1

2mω
√ (mωx̂ − ip̂) [â , â†] = 1

Ĥ =
1

2m
p̂2 +

1

2
mω2x̂2 =ω

(

â†â +
1

2

)

Invariant Delta Function

∆(x;m2) ≡ 1

i(2p)3

∫

d4p ǫ(p0)δ(p
2−m2)e−ipx

=
1

i(2p)3

∫

d3p
1

2 m2 + p2
√ [e−ipx− eipx]

=− 1

2 p
ǫ(x0)



δ(x2)− m2

2
θ(x2)

J1

(

m x2
√ )

m x2
√





{

ǫ(u)≡ sgnu≡ u/|u|
ǫ(0) =0

∆(−x;m2)=−∆(x;m2) x2> 0: timelike x2< 0: spacelike

Canonical Quantization

pi=
∂L(φi, ∂φi)

∂[∂tφi]
H= pi∂tφi−L H =

∫

d3xH

i∂tφ= [φ,H ] i∂tp(x)= [p, H ]

T µν=
∂L

∂[∂µφi]
∂νφi− gµνL: Energy-momentum tensor

T 00=H pi=

∫

d3xT 0i ∂µT
µν= 0

Neutral Scalar Field

L=
1

2
∂µφ ∂

µφ− 1

2
m2φ2 (� +m2)φ(x)= 0

p=
∂L

∂[∂tφ]
= ∂tφ

H= p∂tφ−L=
1

2
[(∂tφ)2 + (∇φ)2 +m2φ2]

[φ(t, xS ), p(t, xS ′)] = iδ(xS − xS ′) canonical quantization

[φ(t, xS ), φ(t, xS ′)] = [p(t, xS ), p(t, xS ′)] = 0

φ(x)=

∫

d3p

(2p)3 2E
[a(pS )e−ipx+ a†(pS )eipx]

a(pS )=

∫

d3xe−ipS ·xS [Eφ(0, xS )+ ip(0, xS )]

H =

∫

d3p

2(2p)3
1

2
[a†(pS )a(pS )+ a(pS )a†(pS )] =

∫

d3p

2(2p)3
a†(pS )a(pS ) +

1

2
δ3(0)

∫

d3pE

[a(pS ), a†(pS ′)] = (2p)3 2Eδ(pS − pS ′) [a(pS ), a(pS ′)] = 0
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4-dimensional commutation relation

[φ(x), φ(y)] = i∆(x− y;m2) invariant delta function

Complex Scalar Field

L= ∂µφ
†∂µφ−m2φ†φ

φ=
1

2
√ (φ1 + iφ2) φ† =

1

2
√ (φ1− iφ2) φ1, φ2 : Hermitian

π=
∂L

∂[∂tφ]
= ∂tφ

† π†=
∂L

∂[∂tφ
†]

= ∂tφ

H= π∂tφ+(∂tφ
†)π†−L= ∂tφ

†∂tφ+∇φ† · ∇φ+m2φ†φ

φ(x)=

∫

d3p

(2p)3 2E
[a(pS )e−ipx+ b†(pS )eipx] π(x)= i

∫

d3p

(2p)3 2
[a†(pS )eipx− b(pS )e−ipx]

a(pS )=

∫

d3x e−ipS ·xS [Eφ(0, xS )+ ip†(0, xS )] b(pS ) =

∫

d3x e−ipS ·xS [Eφ†(0, xS )+ ip(0, xS )]

[φ(t, xS ), p(t, xS ′)] = iδ(xS − xS ′) [φ(x), φ†(y)] = i∆(x− y;m2)

[φ(t, xS ), φ(t, xS ′)] = [φ, φ†] = [π, π] = [π, π†] = [φ, π†] = 0

[a(pS ), a†(pS ′)] = [b(pS ), b†(pS ′)] = (2p)3 2Eδ(pS − pS ′)

[a, a] = [a, b] = [a, b†] = [b, b] = 0

H =

∫

d3p

2(2p)3
[a†(pS )a(pS )+ b(pS )b†(pS )] =

∫

d3p

2(2p)3
[a†(pS )a(pS )+ b†(pS )b(pS )] + δ3(0)

∫

d3pE

Neother’s theorem

δS=

∫

d4x
∑

i

∂µ

[

∂L
∂(∂µφi)

δφi

]

Jµ=
∑

i

∂L
∂(∂µφi)

δφi � ∂µJ
µ= 0

Q≡
∫

d3xJ0 dQ

dt
=0

e.g. L= ∂µφ
†∂µφ−m2φ†φ φ→ φ′= eiαφ→ (1+ iα)φ δφ= iαφ

Jµ= i[φ†(∂µφ)− (∂µφ
†)φ]

Q =i

∫

d3x [φ†(∂tφ)− (∂tφ
†)φ] =

∫

d3p

(2p)3 2E
[a†(pS )a(pS )− b(pS )b†(pS )]

=

∫

d3p

(2p)3 2E
[a†(pS )a(pS )− b†(pS )b(pS )]− δ3(0)

∫

d3p

Quantization of Electro-magnetic Field ( Lorentz gauge ∂µA
µ= 0 )

Aµ(x) =

∫

d3k

(2p)3 2ω

∑

λ

[

aλ
(

kS
)

ελ
µ
(

kS
)

e−ikx+ aλ
†
(

kS
)

ελ
µ∗
(

kS
)

eikx
]

k2 =0 kµε
µ= kµε

µ∗= 0 λ=± for real photon

[aλ(kS ), aρ
†(kS

′
)] = (2p)3 2ωδλρδ(kS − kS

′
) [a, a] = [a†, a†] = 0

H =

∫

d3k

2(2p)3

∑

λ

aλ
†(kS )aλ(kS )+

∑

λ

δ3(0)

∫

d3k
ω

2
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Polarization Vector of Spin 1 Particle

εµ(λ= +)=
1

2
√ (0,−1,−i, 0) λ : helicity on traveling along the z-axis

εµ(λ=−)=
1

2
√ (0, 1,−i, 0)

εµ(λ= 0)= (0, 0, 0, 1) εµ(λ= s) = (1, 0, 0, 0)

εµ(λ)εµ∗(ρ) = gλρ (λ, ρ= s,+,−, 0)

pµ=(E; 0, 0, p) ⇒ εµ(p;λ=0)= (p, 0, 0, E)/M M2 =E2− p2

εµ(p;λ= s)= (E, 0, 0, p)/M = pµ/M

εµ(p;λ=±)= εµ(λ=±)
∑

λ=±,0

εµ(p;λ)εν∗(p;λ)=−gµν+ pµ pν/M2

γ matrixes

γ0 =

(

1 0
0 −1

)

γi=

(

0 σi
−σi 0

)

γ5 =

(

0 1
1 0

)

1− γ5 =

(

1 −1
−1 1

)

{γµ, γν}= 2 gµν gµνg
µν= 4

σ1 =

(

0 1
1 0

)

σ2 =

(

0 −i
i 0

)

σ3 =

(

1 0
0 −1

)

γ5 = i γ0γ1γ2γ3 (γ5)2 = 1 {γ5, γµ}= 0 (1± γ5)2 = 2 (1± γ5)

γ0† = γ0 γi†=−γi γ5†= γ5 γµ†= γ0γµγ0

γµγ
µ= 4 γµaγ

µ=−2a γµab γ
µ= 4a · b γµab cγ

µ=−2cb a

Tr[γµγν] = 4gµν Tr[ABC] =Tr[BCA] Tr[S−1AS] =TrA Tr1=4

Tr[γµγνγργσ] = 4[gµνgρσ+ gµσgνρ− gµρgνσ]

Tr[γ5γµγνγργσ] =−4i εµνρσ (ε0123=−ε0123= 1 convention)

Tr[γ1γ2
� γ2n+1] = 0

Tr[γ5] =Tr[γ5γµ] =Tr[γ5γµγν] =Tr[γ5γµγνγρ] = 0

εµνρσεµν
γδ=−2(gργgσδ− gρδgσγ)

γµγνγρ= gµνγρ− gµργν+ gνργµ− iγ5εµνρσγσ

Dirac Field

L= ψ̄ (γµi∂
↔

µ−m)ψ=
1

2
[ψ̄γµ(i∂µψ)− (i∂µψ̄ )γµψ]−mψ̄ψ ψ̄ ≡ ψ†γ0

(γµi∂µ−m)ψ(x) =0

L(ψ, ∂µψ)= ψ̄ (x)(γµi∂µ−m)ψ(x) : Use this hereafter

p=
∂L

∂[∂tψ]
= iψ†

H= π∂tψ−L=−ψ̄γii∂iψ+mψ̄ψ= ψ†i∂tψ

ψ(x)=

∫

d3p

(2p)3 2E

∑

s=1,2

[cs(pS )us(pS )e−ipx+ ds
†(pS )vs(pS )eipx]
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ψ̄ (x) =

∫

d3p

(2p)3 2E

∑

s=1,2

[cs
†(pS )ūs(pS )eipx+ ds(pS )v̄s(pS )e−ipx]

us(pS )=N





φs
σS · pS
E+m

φs



 vs(pS ) =N





σS · pS
E+m

χs

χs



 N = E+m
√

cs(pS ) =

∫

d3x e−ipS ·xSus
†(pS )ψ(0, xS ) ds(pS )=

∫

d3x e−ipS ·xSψ†(0, xS )vs(pS )

{ψα(t, xS ), ψβ
†(t, xS ′)}= δαβδ(xS − xS ′) α, β=1∼ 4: Dirac spinor suffix

{ψ, ψ}= {ψ†, ψ†}= 0

{cs(pS ), cr
†(pS ′)}= {ds(pS ), dr

†(pS ′)}= (2p)3 2Eδsrδ(pS − pS ′) s, r= 1, 2

{c, c}= {c, d}= {c, d†}= {d, d}= 0

H =

∫

d3p

2(2p)3

∑

s

[cs
†(pS )cs(pS )− ds(pS )ds

†(pS )]

=

∫

d3p

2(2p)3

∑

s

[cs
†(pS )cs(pS )+ ds

†(pS )ds(pS )]−
∑

s

δ3(0)

∫

d3pE

Jµ= qψ̄γµψ ∂µJ
µ=0

Q =

∫

d3x J0 = q

∫

d3xψ†ψ= q

∫

d3p

(2p)3 2E

∑

s

[cs
†(pS )cs(pS ) + ds(pS )ds

†(pS )]

=q

∫

d3p

(2p)3 2E

∑

s

[cs
†(pS )cs(pS )− ds

†(pS )ds(pS )] + q
∑

s

δ3(0)

∫

d3p

Dirac Spinor

φ↑(z)=

(

1
0

)

φ↓(z)=

(

0
1

)

χ↑(z)=

(

0
1

)

χ↓(z) =

(

−1
0

)

φ↑(θ, ϕ)=









e−iϕ/2cos
θ

2

eiϕ/2sin
θ

2









φ↓(θ, ϕ)=









−e−iϕ/2sin
θ

2

eiϕ/2cos
θ

2









: particle

χ↑(θ, ϕ)=









−e−iϕ/2sin
θ

2

eiϕ/2cos
θ

2









χ↓(θ, ϕ) =









−e−iϕ/2cos
θ

2

−eiϕ/2sin
θ

2









: anti-particle

σ(θ, ϕ)φ↑(θ, ϕ)= φ↑(θ, ϕ) σ(θ, ϕ)φ↓(θ, ϕ) =−φ↓(θ, ϕ)

σ(θ, ϕ)≡ sinθcosϕσ1 + sinθsinϕσ2 + cosθσ3 =

(

cosθ sinθe−iϕ

sinθeiϕ −cosθ

)

us
†(pS )ur(pS )= vs

†(pS )vr(pS )= 2Eδsr us
†(pS )vr(−pS )= vs

†(pS )ur(−pS ) =0

ūs(pS )ur(pS )=−v̄s(pS )vr(pS ) =2mδsr ūs(pS )vr(pS )= v̄s(pS )ur(pS )= 0
∑

s=1,2

us(p)ūs(p)= p+m
∑

s=1,2

vs(p)v̄s(p)= p−m

(p−m)u= 0 (p+m)v=0 ū (p−m) =0 v̄ (p+m)= 0

Rotation of 2 component spinor

Ri(θ)= e−iσiθ/2 (Rotation of coordinates: R̃i(θ) = eiσiθ/2)
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R1 =









cos
θ

2
−isin θ

2

−isin θ
2

cos
θ

2









R2 =









cos
θ

2
−sin

θ

2

sin
θ

2
cos

θ

2









R3 =

(

e−iθ/2 0

0 eiθ/2

)

R(θ, ϕ)=R3(ϕ)R2(θ)=









e−iϕ/2cos
θ

2
−e−iϕ/2sin

θ

2

eiϕ/2sin
θ

2
eiϕ/2cos

θ

2









Magnetic moment of dirac particle (gyromagnetic ratio)

qeψ̄γµψAµ → qeūs(p)us(p)
pµ

m
Aµ(x)+

qe

2m
ūs(p)σ

µνus(p)∂νAµ(x)

on conditions of |pS |≪E∼m, us∼N

(

φs
σS · vSφs/2

)

, N = 1

→ qe
(

φ− vS ·AS
)

− qe

m
sS ·
(

BS − vS ×ES
)

, where sS ≡ 1

2
φs
†σSφs

µS ≡ g
qe

2m
sS = gqµBsS g=2 µB≡ e

2m
: Bohr magneton

Covariance of Dirac spinor

xµ→ x′µ= aµνx
ν

ψ(x)→ ψ ′(x′) =S(a)ψ(x) ψ̄ (x)→ ψ̄ (x)S(a)−1

S−1γµS= aµνγ
ν S−1 = γ0S†γ0

boost with 4 momentum pµ= (E, pS ), m= p2
√

S(pS )=
E +m

2m

√









1
σS · pS
E+m

σS · pS
E+m

1









σS · pS =

(

p3 p1− i p2

p1 + i p2 −p3

)

boost with n̂, coshα= γ

S(α) =







cosh
α

2
n̂ ·σS sinhα

2
n̂ ·σS sinhα

2
cosh

α

2





=
γ+1

2

√









1 n̂ ·σS γβ

γ+ 1

n̂ ·σS γβ

γ+ 1
1









charge conjugation of Dirac spinor

C = iγ2γ0 =

(

0 −iσ2

−iσ2 0

)

C(γµ)TC−1 =−γµ C{γµ(1− γ5)}TC−1 =−γµ(1+ γ5)

C =C∗ =−C−1 =−CT =−C †

ψC=Cψ̄ T = iγ2ψ∗ ψ̄ C =−ψTC−1 =−iψ̄ ∗
γ2

u=





φs
σS · pS
E +m

φs



→ uC = iγ2u∗=





σS · pS
E+m

χs

χs



, where χs=

(

0 −1
1 0

)

φs
∗

v=





σS · pS
E+m

χs

χs



→ vC = iγ2v∗=





φα
σS · pS
E +m

φs



, where φs=

(

0 1
−1 0

)

χs
∗

parity transformation of Dirac spinor
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P = ηPγ
0 = ηP

(

1 0
0 −1

)

P 2 = 1 ηP
2 = 1 P−1 = ηPγ

0

P−1γµP =(γ0;−γi)= γµ

Pus(pS ) =us(−pS ) Pvs(pS )=−vs(−pS ) ηP ≡ 1

PL=
1− γ5

2
PR=

1 + γ5

2

PL+PR= 1 PL,R
2 =PL,R PLPR=PRPL= 0 P−1PL,RP =PR,L

Formula














u↑
†
σ1v↑ u↑

†
σ2v↑ u↑

†
σ3v↑

u↑
†
σ1v↓ u↑

†
σ2v↓ u↑

†
σ3v↓

u↓
†
σ1v↑ u↓

†
σ2v↑ u↓

†
σ3v↑

u↓
†
σ1v↓ u↓

†
σ2v↓ u↓

†
σ3v↓















=









cosψ −i −sinψ
−sinψ 0 −cosψ
−sinψ 0 −cosψ
−cosψ −i sinψ









ψ

q−axis

y

z

x

where u↑(ψ)=−v↓=





cos
ψ

2

sin
ψ

2



, u↓= v↑=





−sin
ψ

2

cos
ψ

2





=









cosθcosϕ+ i sinϕ cosθsinϕ− i cosϕ −sinθ
−sinθcosϕ −sinθsinϕ −cosθ
−sinθcosϕ −sinθsinϕ −cosθ

−cosθcosϕ+ i sinϕ −cosθ sinϕ−i cosϕ sinθ









where u↑(θ, ϕ)=−v↓=









e−iϕ/2cos
θ

2

eiϕ/2sin
θ

2









, u↓= v↑=









−e−iϕ/2sin
θ

2

eiϕ/2cos
θ

2









Chirality(Weyl) Representation

ψ=

(

ψL
ψR

)

γ0 =

(

0 1
1 0

)

γi=

(

0 σi
−σi 0

)

γ5 =

(

−1 0
0 1

)

ψL≡PLψ=

(

ψL
0

)

ψR≡PRψ=

(

0
ψR

)

PLγ
µ= γµPR

ψ̄L= ψ̄PR ψ̄LψL= ψ̄RψR= 0 ψ̄Lγ
µψR= ψ̄Rγ

µψL= 0

ψD=TψW γD=TγWT
−1 T =

1

2
√
(

1 1
−1 1

)

T−1 =
1

2
√
(

1 −1
1 1

)

SW(pS )=
E+m

2m

√









1− σS · pS
E+m

0

0 1+
σS · pS
E+m









Bilinear Expression

ψ̄ψ ψ̄γ5 ψ ψ̄γµψ ψ̄ γµγ5 ψ ψ̄ σµνψ

(S) (P) (V) (A) (T)
1 1 4 4 6

σµν =
i

2
[γµ, γν] = i[γµγν− gµν]
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ū (p′)γµu(p)=
1

m+m′
ū (p′)[(p+ p′)µ− iσµνqν]u(p) q≡ p− p′

Propagator

i∆F(x′−x) =〈0|T (φ(x′)φ†(x))|0〉
=θ(t′− t)〈0|φ(x′)φ†(x)|0〉 ±

boson

fermion

θ(t− t′)〈0|φ†(x)φ(x′)|0〉

θ(t) =
−1

2p i

∫

dk0 e
−ik0t

k0 + iε

i∆F(x′− x) = i

∫

d4k

(2p)4
i∆̃F(k) e−ik(x

′−x)

Klein-Gordon: i∆̃F (p)=
i

p2−m2 + i ε

Gauge field: iD̃F (p)=
−igµν

p2−m2 + i ε

Dirac field: iS̃F(p) =
i(p+m)

p2−m2 + i ε

Local Gauge Transformation: scalar field with U(1)

Dµ= ∂µ+ iqAµ (pµ→ pµ− qAµ)

L =(Dµφ)†(Dµφ)−m2φ†φ− 1

4
F µνFµν

=(∂µφ)†(∂µφ)−m2φ†φ− 1

4
F µνFµν − jµA

µ
jµ= qJµ= iq[φ†∂µφ−(∂µφ)†φ]

Gauge Field

U(1): eig1β(x)·Y /2 Bµ : Abelian

SU(2): eig2αS (x)·τS /2 Wµ : non-Abelian
[

τa
2
,
τb
2

]

= ifabc
τc
2

Dµ= ∂µ+ i g1
Y

2
Bµ+ i g2

τa
2
Waµ

Bµ→Bµ
′ =Bµ− ∂µβ Waµ→Waµ

′ =Waµ− ∂µαa+ g2fabcWbµαc

Bµν≡ ∂µBν − ∂νBµ Waµν≡ ∂µWaν − ∂νWaµ− g2fabcWbµWcν

SU(3)
[

λa
2
,
λb
2

]

= ifabc
λc
2

Tr(λa) =0 Tr(λaλb) =2δab fabc=
1

4i
Tr([λa, λb]λc)

λ1 =





0 1 0
1 0 0
0 0 0



 λ2 =





0 −i 0
i 0 0
0 0 0



 λ3 =





1 0 0
0 −1 0
0 0 0





λ4 =





0 0 1
0 0 0
1 0 0



 λ5 =





0 0 −i
0 0 0
i 0 0



 λ6 =





0 0 0
0 0 1
0 1 0





λ7 =





0 0 0
0 0 −i
0 i 0



 λ8 =
1

3
√





1 0 0
0 1 0
0 0 −2





f123=1

f147=−f156= f246= f257= f345=−f367=
1

2
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f458= f678=
3

√

2

Jacobi identity fabcfckℓ+ fbkcfcaℓ+ fkacfcbℓ=0

S-Matrix

H0|n, t〉= i
∂

∂t
|n, t〉 |n, t〉=U0(t)|n〉

(H0 +V )|ψ, t〉= i
∂

∂t
|ψ, t〉 |ψ, t〉=U(t)|ψ〉 V (t)=−

∫

d3xLint(x)

U(t)=U0(t)T exp

[

−i
∫

t0

t

dt′U0
†(t′) V (t′)U0(t

′)

]

U0
†(t0)

S≡U(∞)U †(−∞)=U0(∞)T exp

[

i

∫

d4x′U0
†(t′)Lint(x

′)U0(t
′)

]

U0
†(−∞)

Tfi ≡ 〈f ,∞|S |i,−∞〉=

〈

f

∣

∣

∣

∣

T exp

[

i

∫

d4x′U0
†(t′)Lint(x′)U0(t′)

]∣

∣

∣

∣

i

〉

= δfi+ i

∫

d4x′〈f , t′|Lint(x
′)|i, t′〉

+
i2

2!

∫

d4x′

∫

d4x′′
∑

n

T [〈f , t′|Lint(x
′)|n, t′〉〈n, t′′|Lint(x

′′)|i, t′′〉] +�

≡ δfi− i(2π)4δ4(pf − pi)Mfi

Matrix Element for −iM
|ψ̄f Γ ψi|2 = ψ̄f Γ ψi ψ̄i γ

0 Γ† γ0 ψf =Tr[Γ ψi ψ̄i γ
0 Γ† γ0 ψfψ̄f ]

X = (xi), Y = (yi)�XTY =Tr[YXT ]

γ0γµ†γ0 = γµ γ0(1− γ5)†γ0 = 1 + γ5 γ0(ψi ψ̄j)
†γ0 = ψj ψ̄i

External Lines

spin 1/2 incoming: u(p, s) or v(p, s) outgoing: ū (p, s) or v̄ (p, s)

spin 1 incoming: εµ(p, λ) outgoing: εµ
∗ (p, λ)

Internal Lines

spin 0
i

p2−m2 + i ε

spin 1/2
i(p+m)

p2−m2 + i ε

spin 1
i

p2 + i ε

[

−gµν+ (1− ξ)
kµkν

k2

]

ξ= 1 for Feynman gauge

i

p2−m2 + i ε

(

−gµν+
pµpν

m2

)

Unitary gauge

i

p2−m2 + i ε

[

−gµν+ (1− ξ)
pµpν

p2− ξm2

]

R gauge

Vertexes

EM current for charge +e −ieγµ

EW charged current −i g
2

√ γµ
1− γ5

2

3 gluons vertex −gsfαβγ[gµν(k1− k2)
λ+ gνλ(k2− k3)

µ+ gλµ(k3− k1)
ν]
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ε

ε

ε
µ

ν

λ

,

,
,k

k

k

2

1
3

,
,

,

λ

λ

λ

β

α
γ

γ(kγ , εµ)-W
+(k+, εν)-W

−(k−, ελ) vertex

ie[gνλ(k+− k−)µ+ gλµ(k−− kγ)
ν + gµν(kγ − k+)λ]

Conservation law

Q num\Int. Strong EM Weak

Isospin I O X X
I3 O O X
Parity P O O X
C-parity C O O X
G-parity G O X X
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