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Fys4170, 2005. Description of the course

(Version of 29/11)

In the tentative teaching plan are given some keywords. Below you can find where to

read about these subjects. QP means the book by Quang Ho-Kim, MS means the book by

Mandl and Shaw, and EX refers to the notes “Exercises”(-or “Problems for Fys4170, 2005”).

In the cases where the lectures deviate considerably from the book(s), some short version

lecture notes are given below:

Relativistic wave equations. The Dirac equation.

This subjects are covered in QP at the pages 31-32, 57-59, 64-69, and in MS at the pages

43-45, 63-67, 335-336.

We focused on the relativistic relation between energy E and spatial momentum p

E2 = (c p)2 + (mc2)2 , (1)

with the standard substitutions

E → i~∂t ≡ i~
∂

∂t
; p→ ~

i
∇ , (2)

to obtain the quantum wave equation. In the following we will put ~ = c = 1. Using (1)

and (2) one obtains the Klein-Gordon (KG) equation

(i∂t)
2 φ = ((−i∇)2 +m2)φ ⇐⇒ (−∂µ ∂µ +m2)φ = 0 , (3)

from which one obtains the current

jµKG = i
(
φ†(∂µφ) − (∂µφ)† φ

)
; ∂µ j

µ
KG = 0 , (4)

with ∂µ = (∂t, ∂) (NB: Note that ∂ = −∇ due to our metric gµν = diag(1,−1,−1,−1)).

The norm of φ is the spatial integral over the zeroth (µ = 0) component of jµKG. This is

written explicitely down in eq. (25) in EX. The plane waves are given in eq. (23) in EX.

Note that the plane waves are normalized to one within a (big) box V , and therefore the

momenta are in principle discrete. However, making the box very big, the momenta are

almost continuous, and one can switch between continuous and discrete description as in eq.
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(9) in EX. Because the norm can be both positive and negative (it is not positive definite),

φ can not be intepreted as a quantum mechanical wave function, and the KG equation was

therefore rejected. However, within quantum field theory it was reintroduced, describing

spin zero particles (with opposite charges in the complex case).

In the lectures we followed historically Dirac, who required an equation of first order in

the time (and space) derivative

i∂t ψ = hD ψ ; hD = α · p +mβ , (5)

with p given as in (2), and αj (j = 1, 2, 3) and β are matrices not depending on time and

space or the derivatives of time and space. To be in accordance with (1), one has to require

h2
D = p2 + m2 , (6)

which gives the well know anti-commutation relations for β and the three αj’s. Later, we

defined the Dirac matrices γµ from β and the αj’s and found the covariant Dirac equation.

In the Dirac case, the current density

jµD = ψ γµ ψ ; j0
D ≡ ρ = ψ† ψ (7)

gives a positive definite norm as in the Schrödinger case. It can be shown that the Dirac

equation also describes correctly the deviation from the non-relativistic Hydrogen levels

obtained by the Schrödinger equation.

Lagrange formalism for Fields. Noether’s theorem.

These subjects are covered in QP at the pages 47-54, 73-75, and in MS at the pages

27-40. In this case the lectures followed the description in the books (QP and MS) relatively

closely. (Noether’s theorem for Lorentz symmetry is not explicitly discussed).

Quantization of free fields

These subjects are covered in QP at the pages 34-46, 76-82, and in MS at the pages 44-50,

61-63, 67-69, 84-88.

For quantization of the free Klein-Gordon and Dirac fields the lectures followed the books

relatively closely. The description was a bit closer to MS. One deviation from QP was that

we also in this case normalize like the plane wave solutions in (23) for KG and (4)-(6) for

Dirac. The Fourier expansions of the field operators will be expanded as shown in eqs. (22)

and (34).
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For the free electromagnetic (Maxwell) field, quantization is complicated due to gauge

invariance. In general one has to specify a gauge in order to quantize. The Lagrangian

density for the free Maxwell field is

LMax = − 1

4
Fµν F

µν ; F µν ≡ ∂µ Aν − ∂ν Aµ , (8)

which gives the canonical momentum πµ = F0µ which is zero for µ = 0. This is unacceptable

because the commutator between πµ and Aν should in general be nonzero according to the

commutation rules. There are mainly two ways out:

1) Covariant quantization with unphysical degrees of freedom at intermediate levels. In

this case (as described in MS), one modifies the Lagrangian in (8) and uses

LMM = − 1

2
∂µ Aν ∂µ Aν , (9)

which gives the canonical momentum πµ = −∂tAµ, and the commutator between πµ and

Aν is mathematically acceptable. In this case the gauge constraint ∂µA
µ = 0 has to be

introduced in a sofisticated way at operator level (in order to be in accordance with eq. (8)).

2) Non-covariant quantization where the space part A (with the gauge condition∇·A = 0)

represent the physical photons and A0 is an integral over ρ = j0
D and takes care of the

Coulombic interaction (including Dirac operators as in (7) by A0(x) ∼
∫
d3y ρ(y)/|x− y|).

This method is used in QP.

Anyway, we use the expansion

Aµ(x) =
∑

kλ

(
akλA

(+)
µ (x; k, λ) + a†kλA

(−)
µ (x; k, λ)

)
. (10)

Here the plane waves (with frequences ±) are

A(±)
µ (x; k, λ) =

1√
2ωkV

e∓ik·xεµ(kλ)(∗) , (11)

where ωk = |k|, and the (∗) means a complex conjugate for the negative frequency (corre-

sponding to outgoing photons according to Feynman rules). The polarization vectors εµ(kλ)

with helicity λ = ±1 are given in EX (problem 6) correspond to physical photons. In case 1)

there is also a sum over longitudinal and time-like photons (a certain combination of these

correspond to the Coulomb interaction). The commutation relations will be

[akλ , a
†
k′λ′ ] = δk , k′ δλλ′ , (12)



4

and so on, as given in the textbook(s).

In any case, the propagator will be (T denotes the time ordered product):

iDF (x− y)µν ≡ 〈0|T (Aµ(x)Aν(y)) |0〉 = i

∫
d4k

(2π)4
DF (k)µν e

−ik·(x−y) , (13)

where the propagator in momentum space is

DF (k)µν =
−gµν + rµν
k2 + iε

, (14)

and rµν is a gauge dependent term (depending for instance on kµ and the time like vector

aµ = (1, 0)) which might be dropped in most calculations.

Electromagnetic interactions. S-matrix expansion.

These subjects are covered in QP, pages 89-96 , 118-123, 127-130, 133-138, and in MS,

pages 95-126, 53-58, 73-79, 90-92.

The lectures follow the book(s) relatively closely up to the derivation of the scattering

operator

S = T exp(−i
∫
d4xHInt(x)) =

∑

n

S(n) ; (15)

S(n) =
(−i)n
n!

T

∫ ∫
...

∫
d4x1d

4x2...d
4xnHInt(x1)HInt(x2)....HInt(xn) , (16)

where T is the time ordering operator. HInt(x) is the interaction Hamiltonian density in the

interaction picture which can be replaced by the interaction Lagrangian density LInt(x) :

HInt(x) = −LInt(x) = e jµ(x)Aµ(x) ; jµ(x) = N
[
ψ(x) γµ ψ(x)

]
, (17)

where the symbol N [...] means normal order of the operators inside the parenthesis.

At this stage, MS developes Wicks theorem which states that the time ordered product

of operators are equal to a sum of operators in normal order and with all possible contrac-

tions. Contractions within the same HInt(x) are excluded. (MS, section 6.3 , pages 102-106

which are copied and delivered to the students) The only non-zero contractions are the

Dirac(electron-positron) propagator SF (x− y) and photon propagator DF (x− y)µν. Wick’s

theorem is not explicitly considered in QP.

Obviously,

S(0 = 1 ; S(1) = −ie
∫
d4x jµ(x) Aµ(x) . (18)
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The second order term is a sum of 6 terms:

S(2) = S(2N) + S(2eγ) + S(2ee) + S(2eS) + S(2V P ) + S(2V B) . (19)

The following term with no contractions (corresponding to disconnected diagrams) do not

give contributions to physical processes:

S(2) = − 1

2

∫
d4xd4yN [HInt(x)HInt(y)] . (20)

The following term gives contributions to e− e−, e+ e− and e+ e+ scattering:

S(2ee) = −1

2

∫ ∫
d4x d4y N [e jµ(x) iDF (x− y)µν e j

ν(y)] . (21)

For e±γ scatttering, e+ e− → γγ annihilation or γγ → e+ e−, we obtain contributions from:

S(2eγ) = −
∫ ∫

d4x d4yN
[
ψ(x) eγµAµ(x) i SF (x− y) eγν Aν(y)ψ(y)

]
, (22)

where

iSF (x− y)αβ ≡ 〈0|T
(
ψ(x)α ψ(y)β

)
|0〉 = i

∫
d4p

(2π)4
SF (p)αβ e

−ip·(x−y) , (23)

is the Dirac propagator, and

SF (p) =
γ · p + m

p2 −m2 + iε
(24)

is the propagator in momentum space (i.e. its Fourier component).

The operator with two fermion contractions

S(2V P ) = − 1

2

∫ ∫
d4x d4y Tr

(
eγµ iSF (x− y)eγν iSF (y − x)

)
N [Aµ(x)Aν(y)] , (25)

correspond to vacuum polarization, and

S(2eS) = −
∫ ∫

d4x d4yN
[
ψ(x) eγµ iSF (x− y) eγν ψ(y)

]
iDF (x− y)µν , (26)

gives contribution to electron self energy. The last quantity

S(2V B) = − 1

2

∫ ∫
d4x d4y Tr

(
eγµ iSF (x− y)eγν iSF (y − x)

)
iDF (x− y)µν , (27)

is just a number which is a part of an overall phase factor obtained from all orders. Above

the factor 1/2 has disappeared in front of S (2eγ) and S(2eS) which means that in this case

there were a priori two equal contributions. Vacuum polarization and electron self energy
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does not correspond to physical processes, but their effects will be part of higher order

processes.

Feynman rules. Scattering cross section and desintegration rate.

These subjects can be found in in QP at the pages 97-103, 124-127, 130-133, and in MS

at the pages 137-165.

In an experiment one chooses the initial state |i〉 at the time t = −∞. After the process

(scattering, decay) corresponding to the time t = +∞ the system is in another state |f̃i〉,
which contains all possibillities the dynamics allow for:

|f̃i〉 = S |i〉 . (28)

In an experiment, one asks for the probabillity amplitude to measure a (also chosen) state

|f〉, which is

〈f |f̃i〉 = 〈f |S |i〉 ≡ Sfi . (29)

Taking such matrix elements means that the creation and annihilation operators in the

various pieces of S annihilate particles in the initial state and creates particles in the final

state. (Creation of particles in the “ket” |f〉 is mathematically equivalent to annihilation of

particles in the “bra” 〈f | ). The expressions for Sfi for different processes will then be the

same as for the operators above, if the quantum field operators are replaced by the various

corresponding plane wave expressions for electrons, positrons and photons in the initial and

final states. For instance, for the process ab→ cd where a, b, c, d are all electron states , i.e.

a ≡ e−(pa, σa) etc, we obtain

S(2ee)
fi = − e2

∫ ∫
d4x d4y

(
jµca(x) jνdb(y) − jµda(x) jνcb(y)

)
iDF (x− y)µν , (30)

where

jµgh(x) = ψg(x) γµ ψh(x) , (31)

and the anti-symmetrization c ↔ d is due to the Pauli principle which is built into our

formalism by using anti-commutators for fermion fields. Note also that the factor 1/2

has disappeared (because there is also an antisymmetrization in the initial state). Ingoing

electrons are represented by ψ
(+)
p , and outgoing electrons by ψ

(+)
p′ . Ingoing positrons are

in principle negative frequency(energy) outgoing fermions and are represented by ψ
(−)
q , and

outgoing positrons are ingoing negative energy fermions represented by ψ
(−)
q′ .
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Integration over the interaction point coordinates gives conservation of four momentum

in each vertex. After the coordinates for the interaction points have been integrated out,

the S-matrix element Sfi has in general the structure

Sfi = (2π)4 δ(4)(P f
tot − P i

tot)
∏

n∈i
(

1√
2EnV

)
∏

n∈f
(

1√
2EnV

)Mfi . (32)

For instance, for the case ab→ cd above, we obtain

M(2)
fi (ac→ bc) = (−ie2)

(
uc γ

µ ua

)
DF (pa − pc)µν

(
ud γ

ν ub

)

− (−ie2)
(
ud γ

µ ua

)
DF (pa − pd)µν

(
uc γ

ν ub

)
, (33)

where DF (k)µν is the photon propagator for virtual photon momentum k = pa − pc or

k = pa − pd. Similarly, for Compton scattering, e−(pi)γ(ki)→ e−(pf)γ(kf), one finds

M(2)
fi

(
e−γ → e−γ

)
= (−ie2) uf γ

µ εµ(kf)SF (pi + ki) γ
νεν(ki) ui

+ (−ie2) uf γ
µ εµ(ki)SF (pi − kf) γνεν(kf) ui , (34)

where the polarization degrees of freedom are not explicitly shown. SF (pi+ki) and SF (pi−kf)
are the momentum space Dirac propagator for virtual momenta p = pi + ki = pf + kf and

p = pi − kf = pf − ki, respectively.

In developing the general formulae for decay rates and cross sections we did not use

the distributions as in QP (pages 96-99). We used a simplified version using the auxilary

quantity V (the normalization volume), which goes as follows:

The transition probabillity for |i〉 → |f〉 is |Sfi|2, and the transition probabillity per time

unit is

wfi =
|Sfi|2
Tr

, (35)

where Tr is the “reaction time”, another auxilary quantity at the same footing as V . The

total transition probabillity per unit time is therefore given by the multiple integral

Γi =
∑

f

wfi =
∑

pol∈f

∏

n∈f

(
V

∫
d3pn

(2π)3

) |Sfi|2
Tr

, (36)

where the substitution rule in eq.(9) of EX has been used. In order to square the delta-

function we use f(x)δ(x) = f(0)δ(x) which implies

(
(2π)4 δ(4)(P f

tot − P i
tot)
)2

= (2π)4 δ(4)(0) (2π)4 δ(4)(P f
tot − P i

tot) . (37)
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With our normalizations of plane waves we have:

(2π)4 δ(4)(P f
tot − P i

tot) =

∫

Tr

dt e−it(E
f
tot−Eitot)

∫

V

d3x eix·(P
f
tot−P itot) , (38)

which means that we have to identify:

(2π)4 δ(4)(0) =

∫

Tr

dt

∫

V

d3x = Tr V . (39)

Combining (36), (37), and (39), we obtain:

Γi = V
∏

n∈i
(

1

2EnV
)
∑

pol∈f

∫
d3nfΦf |Mfi|2 , (40)

where

d3nfΦf ≡
∏

n∈f

( d3pn

2En(2π)3

)
(2π)4 δ(4)(P f

tot − P i
tot) , (41)

and nf is the number of particles in the final state. We observe that the auxilary quantity

Tr has disappeared from (40) and that V has cancelled in (41). Removing the sums and

integrals we obtain the differential form of the transition probabillity per unit time

d3nfΓi→f = V
∏

n∈i
(

1

2EnV
) d3nfΦf |Mfi|2 , (42)

For a decaying particle there is only one particle in the initial state (ni=1) and Ei = M , the

mass of the decaying particle. Then the differential probabillity per unit time for a decay

process is:

d3nfΓDi→f =
1

2M
d3nfΦf |Mfi|2 . (43)

Here, what one does not want to measure is integrated out. Vi observe that the auxilary

quantity V has disappeared from this expression.

For a collision between two particles (ni = 2), the scattering cross section is defined as

σi =
Γi
F

=
V

v
Γi , (44)

where F is the flux associated with of the incoming particle colliding with the other, the

target. If the target is at rest, the flux is F = vρ, where v is the velocity of the particle

hitting the target and ρ is the probabillity density, which within our normalization is ρ =

ψ†p ψp = 1/V . Within a statistical intepretation in an experiment, ρ is the density of particles

in the beam, and Γi is the number of scattered particles per second. For two colliding

particles(beams), v has to be replaced by the relative velocity vrel. Removing also here the
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sum and integral over the final states, we obtain the differential scattering cross section

(independent of V and Tr):

d3nfσi→f =
1

4 f(p1, p2)
d3nfΦf |Mfi|2 , (45)

where p1 and p2 are the momenta of the two ingoing (colliding) particles, and

f(p1, p2) ≡ E1 E2 vrel =
√

(p1 · p2)2 − (m1 m2)2 . (46)

Note that d3p/(2E) is Lorentz invariant, such that both d3nfΓi→f and d3nfσi→f are Lorentz

invariants. Note also that due to the delta function in d3nfΦf , it is always trivial to do the

first spatial momentum integration. However, then one should remember that the remaining

delta function; δ(Ef
tot − Ei

tot) has an argument which might be a complicated function of

the remaining momenta, and one might have to use δ
(
f(x)

)
= δ(x)/|f ′(0)| to obtain the

correct result.

Some group theory, including the Lorentz group

Some lecture notes, “Some GROUP THEORY for Fys4170”, (7 pages) are available at

the web. The notes contain a list of definitions and formulae. Only a short presentation of

the main points from these notes were given in the lectures.

Gauge invariance in QED. Non-abelian gauge theories.

Quantum chromodynamics.

Our description of gauge theories in general follows ruoghly the description at pages 266-

276 of QP. We also follow the description of QCD from 276-283 in QP, but we do not focus

on the details of the gluon propagator at the pages 281 and 282.

Gauge invariance in QED is described at the pages 77-79 and 262-263 in the book of MS,

but a description of QCD is absent there.

Electroweak theory.

The lectures followed to large extent the description of electroweak theory in chapter

9 of QP (pages 305 to 342, but some details were not given, for instance the structure of

the neutral current in the quark sector.) The lectures also covered spontanous symmetry

breaking and the Higgs mechanism, to a large extent as discussed at the pages 283-301 in

QP.
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The GIM mechanism was discussed, taking the process K0 → µ+ µ− as example. The

C-, P -, and T -symmetries were discussed shortly at a very qualitative level. CP -violation

in weak interactions were discussed in connection with the KM quark mixing matrix. It

is not expected that the students know the very details of the origin of the quark mixing

matrix. But is should be known that it leads to decays of quarks to lighter quarks (through

non-leptonic decays, say) and to CP -violation.

In MS, electroweak theory was covered at the pages 263-327.

Effective field theories.

Generalized Fermi theory (including corrections from perturbative QCD) for non-leptonic

decays, heavy quark effective theory, and chiral perturbation theory for mesons were men-

tioned. (see chapter 16 of QP for a description of the two first subjects)

Elementary description of renormalization

Renormalization is covered at the pages 483-492 and 507-511 in QP, and 182-191 in MS.

It should be emphasized that the following description of renormalization is rather (over-)

simplified, but catches the important points.(For example, more diagrams than considered

below should a priori be included in the analysis).

An important observation is that a free electron should be stable, which means that

S|e−(p, σ)〉 = |e−(p, σ)〉. This implies that the matrix element of S (n) (for integers n > 0)

between an ingoing electron e−i and an out going electron e−f should be zero. In particular,

the self energy diagram corresponding to (26) should have zero effect for physical, on-shell

electrons. However, a direct calculation gives a result ∼ δ(4)(pf − pi) uf uiA, where A is

proportional to e2, and is also given by a divergent loop integration over four momenta.

Parametrizing the divergence by an ultra-violet quantity ΛUV , one finds A ∼ e2ln(ΛUV /m).

In order to obtain a zero value of 〈e−f |(S − 1)|e−i 〉, one redefines the mass, writing m =

mR+δm. Then mR, the renormalized mass is intepreted as the physical mass. The remaining

mass-like term from the Lagrangian, −δmψψ is taken as an interaction. When this new

interaction is added to the self-energy diagram, the total result is proportional to (A− δm),

which means that we obtain the rquired zero for δm = A. In this way we obtain no

contribution (to order e2) from the renormalized theory. For bound electrons(which are off-

shell), however one obtains a contribution to Lamb-shift from the (renormalized) electron
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self energy (The remaining part when A = δm is subtracted).

For vacuum polarization (which might also be called photon self energy) corresponding

to (25) there is also a renormalization. The vacuum polirazation is (to order e2) given by

〈γf |(S − 1)|γi〉 = SV Pfi ∼ δ(4)(kf − ki) (εµf )∗ενi Π(k)µν , (47)

where Πµν is the vacuum polarization tensor. Dictated by current conservation, ∂µ(ψγµψ) =

0, this tensor should satisfy kµ Π(k)µν = 0, and have the form

Π(k)µν = (kµkν − k2gµν)B(k2) , (48)

where the the quantity B obtained from the loop integration is ∼ e2. Let us now consider

a process corresponding to photon exchange between two different particles 1 and 2, with

matrix element

M(2)
fi ∼

e2

k2
jµ(1) jµ(2) (49)

Using now (47) and adding a diagram of fourth order with a vacuum-blob (e+ e− pair) on

the photon line, we obtain the total result

(
M(2)

fi + M(4)
fi

)
∼ e2

k2

(
1 +B(k2)

)
jµ(1) jµ(2) (50)

Now, the effective measurable fine structure constant is

αemeff (k2) = αem
(
1 +B(k2)

)
; αem =

e2

4π
(51)

Now, the physical, renormalized fine structure constant, measured at k2 → 0, is

αemR = αemeff(0) = αem (1 +B(0)) ' 1

137
(52)

Here e is called the bare charge (sometimes called e0). Splitting B(k2) = B(0) + e2 b(k2),

the effective fine structure “contant” at arbitrary k2 is (to fourth order in the charge)

αemR (k2) = αemR
(
1 + e2

Rb(k
2)
)

+ O(e6
R). (53)

One should note that , using a cut-off regularization of the divergent integrals, B(0) ∼
e2 ln(ΛUV /m), while b(k2) is finite. It is know that, if all vacuum blobs, including all possible

charged fermions and W± in the loop, one has αemR (M2
Z) ' 1/128.

Going beyond QED, there are also similar renormalization procedures which has to be

performed, in electroweak interactions as well as for QCD.
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Concerning QCD, there is “vacum polarization” due to quark anti-quark pairs. BUT:

Because of the triplet gluon coupling, there is also a “gluonic vacuum polirization” which

turns out to have the opposite sign of the corresponding diagram for quark anti-quark pairs.

This has the dramatic consequaence that for high energies, QED and QCD has opposite

properties: For high energies αs(k
2)R goes to zero (assymptotic freedom), and it will become

of order one for |k| ∼ 1 GeV.

A summary of Fys 4170:

Relativistic quantum field theory

1. Lagrangians for free fields

• One writes down the Lagrangian density for free fields φj at classical level, which has

the generic form

L(φj , ∂µφj) (54)

Here the fields φj ; j = 1, 2, ...N might in general contain Klein-Gordon fields, Dirac

fields, and gauge (vector) fields. One needs the Lagrangians for the Klein-Gordon field

φ (complex or real), the Dirac field ψ and the Maxwell field Aµ(- or more general, some

vector field.) The Lagrangians must be constructed such that they reproduce the well

known field equations by employing Euler-Lagrange’s equations (p.48 in QP, and p. 30

in MS). Note that the Lagrangian may be multiplied with an arbitrary constant and

still give the same field equations,- but the constant is fixed such that the Hamiltonian

density makes sense. For instance , it will be HD = ψ† hD ψ for the Dirac field and

HM = (E2 +B2)/2 for the Maxwell field.

• Note that global symmetries in the Lagrangians correspond to conserved quantities,

according to Noether’s theorem. The conserved quantities are four momentum, total

angular momentum (including the boost generators), and various charges correspond-

ing to various global symmetries: electric charge for U(1)em symmetry, weak hyper-

charge Y for U(1)Y symmetry, weak isospin I iW (corresponding to τ i/2) for SU(2)L

symmetry, and colour charge T a (corresponding to ta) for SU(3)c symmetry, and so

on.
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2. Lagrangians for coupled fields at classical level

Here we will present the Lagrangian of the Standard Model (SM) of elementary particles.

The SM is a gauge theory based on the gauge group SU(3)c × SU(2)L × U(1)Y .

• The SM was inpired by the sucess of Quantum Electrodynamics (QED), the gauge

theory of electrons, positrons and photons:

LQED = ψ γµ iDµ ψ −
1

4
Fµν F

µν , (55)

iDµ ≡ i∂µ − eAµ ; Fµν ≡ ∂µAν − ∂νAµ , (56)

where ψ and Aµ are the electron-positron and the photon fields respectively. The

Lagrangian is invariant under the combined local gauge transformations:

ψ(x)→ ψ(x)′ = eiα(x) ψ(x) ; Aµ(x) → Aµ(x)′ = Aµ(x) − 1

e
∂µ α(x) . (57)

• The description of weak interactions as exchanges of charged W ± bosons is also inspired

by the effective theory of isospin (I) invariant pion-nucleon interactions. This theory

was introduced as an early attemt to describe strong interactions. Here an exchange

of a charged pion converts a proton to a neutron, or a neutron to a proton, just like in

weak interactions, where also an electron is converted to a neutrino or vice versa by

W -exchange. The interaction term of this pion-nucleon effective theory is

LπN = GπN N γ5 τ
j N Φj , (58)

where the sum runs over j = 1, 2, 3. Here Φj is the pion triplet, where Φ3 corresponds

to the neutral pion and Φ± = (Φ1±iΦ2)/
√

2 correspond to the charged pions. Further-

more, τ j/2 is the generator of isospin transformations, and N is the nucleon isospin

doublet:

N =


 p

n


 ; p ≡ ψp , n ≡ ψn . (59)

Isospin is a good symmetry in strong interactions, but it is broken by electromagnetic

interactions which knows the difference between the electrically charged proton and

the electrically neutral neutron. The interaction (58) is invariant under the SU(2)I

invariant transformation(s):

N → N = U N ; Φ ≡ τ jΦj → Φ′ = U † ΦU (60)
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• The fact that the currents in weak interactions were found to be left-handed lead

physicists to include just the left-handed parts of the fermion fields in the charged weak

currents. A priori, there is not obvious that weak interactions could be described by

a gauge theory, because the W ’s must be very heavy (compared to the nucleon, say),

and explicite mass terms are forbidden in gauge theories. Furthermore, nature sees

the difference between the electron and its neutrino, such that the gauge symmetry of

weak interactions must at some point be broken. The answer to this was the Higgs

mechanism, where one postulated the existence of a doublet of complex field, i.e. four

real fields. Three linear combinations of these fields could be swollowed by the gauge

fields and give masses to W+, W−, and Z, and also to the fermions.

2.1 Gauge symmetric Lagrangian of the Standard Model

In this subsection the complete gauge symmetric Lagrangian is presented. In the next

subsection (2.2) it is described how the symmetry will be broken by the unsymmetric vacuum

of the Higgs part of the Lagrangian. The total Lagrangian for the Standard Model, containing

electroweak interactons and QCD, is

LSM = Lf + LG + Lφ + Lfφ . (61)

which is symmetric under SU(3)c × SU(2)L × U(1)Y gauge transformations.

• The fermionic part of the Lagrangian has the generic form:

Lf =
∑

f

f γµ iD(f)
µ f , (62)

where the sum runs over all left-handed fermion SU(2)L doublets and all right-handed

SU(2)L singlets. In addition, both left- and right-handed quarks are colour triplets.

The left-handed fermions, i.e. the lepton and quark doublets are the following for the

first generation.

fL : χ
(1)
L =


 νe

e



L

; q
(1)
L =


 u

d



L

, (63)

and the right handed singlets of the first generation are

fR : (νe)R , eR , uR , dR . (64)
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Here νe , e , u , d are shortages for the corresponding Dirac spinors ψνe , ψe , ψu , ψd,

respectively. In the limit of zero neutrino mass, the right-handed component of the

neutrino field does not exist. One introduces the consept “weak isospin” IW , such

that IjW = τ j/2 for weak isospin 1/2. Then the upper components ((νe)L and uL)

have I3
W = +1/2, and the lower components (eL and dL) have I3

W = −1/2. All the

right-handed singlets have I3
W = 0

Under a local SU(2)L transformations, the left-handed doublets fL in (63) transform

as

fL(x) → fL(x)′ = U(x) fL(x) ; U(x) ∈ SU(2)L . (65)

Similarly, under U(1)Y transformations, the left- and right-handed fermions (64) trans-

forms according to different phase factors

f(x) → f(x)′ = exp[i Yf α(x)] f(x), (66)

where the weak hypercharge Yf has different values for for f = fL and f = fR,

respectively. They are also different for quarks and leptons. The gauge parameter

α(x) is a real function of space time.

The quark doublets qL and singlets qR also transforms under local color transforma-

tions:

q(x) → q(x)′ = Uc(x) q(x) ; Uc(x) ∈ SU(3)c . (67)

(Remember that SU(2)L and SU(3)c transformations commute!)

• Interactions between fermions mediated by gauge bosons are introduced by the gauge

principle by replacing the derivative by a covariant derivative of the generic form

i∂µ → iDµ = i∂µ − g Aµ (68)

This is the generalization of “minimal substitution” for introducing electromagnetic

interactions in classical particle Lagrangians.

As examples, for U(1)em symmetry g → Qfge where Qf is the fermion charge in units

of ge ≡ |e|, the elementary electric charge, as in eq. (56). For weak hyper-charge,

g → (g′/2)Yf (Yf being the weak hypercharge of the fermion f), and Aµ → Bµ,
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the weak hypercharge gauge field. . For weak isospin, Aµ → (τ i/2)Aiµ (sum over

i = 1, 2, 3), and for QCD, g → gs and Aµ → taAaµ (sum over a = 1, 2, ..8).

The gauge transformation for the gauge field in the non-Abelian case can be written

Aµ(x) ≡ taAaµ(x) → Aµ(x)′ = U(x)Aµ U(x)† +
i

g
(∂µU(x)) U(x)†, (69)

where ta are the generators for an SU(n) group, being SU(2)L or SU(3)c in our case.

For Abelian U(1) gauge groups, U(x) has to be replaced by the phase factors in (66),

which means that there are no rotation of the U(1) gauge fields, only an additional

term −∂µα(x)/g.

• In the most complicated case, for quark doublets, the covariant derivative D
(f)
µ contains

the eight SU(3)c gluons, the three SU(2)L bosons, the weak hypercharge field, and is

given by:

D(f)
µ = i∂µ − gs t

a Aaµ − g

(
1

2
τ j
)
Ajµ −

1

2
g′ Yf Bµ . (70)

Note that the non-Abelian terms have always the same coupling for all fields (the

non-Abelian couplings are universal), while the U(1)Y coupling is different for different

particles, parametrized as different values for Yf (analogous to different electric charges

for different particles).

The electroweak interactions between fermion fields and vector fields can be read off

the eqs. (62), (63), (64), and (70), are given by :

LintfEW = − g jkµ Ak,µ −
1

2
g′ jYµ B

µ , (71)

where the currents are (for the first generation)

jkµ = χL γµ

(
1

2
τk
)
χL + qL γµ

(
1

2
τk
)
qL ,

jYµ = Yχ χL γµ χL + YqL qL γµ qL +
∑

fR

YfR fR γµ fR . (72)

• In general, one defines the gauge field tensor Fµν by

[iDµ , iDν] = −igFµν , (73)

which gives

Fµν = ∂µAν − ∂νAµ + ig[Aµ , Aν] . (74)
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For Abelian gauge fields (QED and for hypercharge Y ), the commutator in gauge group

space is zero: [Aµ , Aν] = 0. For non-Abelian theories, Aµ = taAaµ and (remember

[ta, tb] = if abc tc):

F a
µν = F (0)a

µν − gf abcAbµA
c
ν ; F (0)a

µν ≡ ∂µA
a
ν − ∂νA

a
µ , (75)

where a = 1, 2, .., 8 for SU(3)c and a = j = 1, 2, 3 for SU(2)L. Note that the g

appearing here must be the same as the one appearing in the covariant derivative

(otherwise gauge symmetry would be lost. Non-Abelian couplings are universal, as

mentioned above). A non-Abelian gauge field transform as

Fµν ≡ ta F a
µν → F ′µν = U Fµν U

† ; U = U(x) = eit
aαa(x) , (76)

where {αa} is a set of (real) gauge parameter functions.

The invariant Lagrangian for gauge fields have the generic form:

LG = −1

2
Tr[Fµν Fµν ] = −1

4
F a
µν F

a,µν = −1

4
F (0)a
µν F (0)a;µν + LintG , (77)

where LintG contains interaction terms of order g and g2.

For the SM, we have

LG = −1

4
Ga
µν G

a,µν − 1

4
F j
µν F

j,µν − 1

4
Bµν B

µν , (78)

where we have used Ga
µν for the gluon tensor, F j

µν for the SU(2)L tensor, and Bµν =

∂µB
a
ν − ∂νB

a
µ for the hypercharge tensor. It should be strongly emphasized that

this Lagrangian, in addition to the “free part” L(0)
G , quadratic in the field tensors,

also contain an interaction Lagrangian LintG containing terms of third order for the

SU(2)L and SU(3)c gauge fields proportional to gs and g, and terms of fourth order

proportional to g2
s and g2, respectively.

• The (Klein-Gordon) Lagrangian for the Higgs doublet φ is:

Lφ =
(
iD(φ)

α φ
)† (

iDα
(φ) φ

)
− V (φ) ; V (φ) ≡ µ2

(
φ† φ

)
+ λ

(
φ† φ

)2
, (79)

where λ is a positive coupling constant, and the Higgs doublet is

φ =


 φ+

φ0


 ; φ̃ ≡ φc = iτ 2 (φ†)T =


 φ†0

−φ†+


 . (80)
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Here, we have also shown the charge conjugated field φ̃ needed below. At this point,

if the parameter µ is positive, it looks like the mass of the particles associated with

the complex spin zero doublet φ. The covariant derivative iDα
(φ) has the same form as

in (70), but without the gluonic part gst
aAaα, and with a different hypercharge Yφ.

• The Lagrangian generating fermion masses has the form:

Lfφ = −
∑

fL,fR

[
CfLfR

(
fL φ fR + fR φ

† fL
)

+ C̃fLfR

(
fL φ̃ fR + fR φ̃

† fL
) ]

, (81)

where the double sum runs over left-handed doublets and corresponding right-handed

singlets. Remember that there are two right-handed singlets per left-handed doublet.

2.2 Symmetry breaking. The physical spectrum

It should be emphasized that all the parts of the SM Lagrangian in eq. (61) are all

completely gauge symmetric under SU(3)c × SU(2)L × U(1)Y gauge transformations. In

the following we will see how the symmetry is broken by a non-symmetric vacuum of the

Higgs field φ. The unsymmetrical vacuum is obtained from the minimum of V (φ) when

the apparent squared mass parameter is assumed to be negative, that is, µ2 < 0. This

symmetry breaking results in three Goldstone bosones, which will be transformed into three

linear combinations of gauge bosons of SU(2) × U(1)Y , namely W±, Z, and make them

massive.

• For µ2 > 0 in (79), the minimum of V (φ) would correspond to φ = 0, which means

〈0|φ|0〉 = 0 for the quantum case. However, if µ is assumed to be imaginary, such that

µ2 < 0, spontaneous symmetry breaking (SSB) will occurr, and the vacuum value of

the field φ in (80) is taken to be

〈0|φ|0〉 =
v√
2
χV ; v ≡

√
−µ2

λ
, χV ≡


 0

1


 . (82)

The chosen form of χV will turn out to be essential to obtain a massless photon. With

SSB, a triplet ξj(x) of massless neutral (Goldstone) boson fields and one massive

neutral field (the Higgs particle η = H) appear. It can be shown that the field φ in

(80) can be reparametrized as

φ = G(ξ)
(v + η)√

2
χV ; G(ξ) ≡ exp(−i ξj τ j/2v) ≡ U−1

ξ . (83)
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Now the Goldstone triplet fields can be used as gauge parameters and transformed

into three linear combinations of Aj
µ and Bµ to make them massive. This very special

gauge transformation is arranged such that

φ → φ′ = Uξ φ =
1√
2

(v + η) χV . (84)

After SSB and the transformation Uξ in (84) have been performed, the transformed

fields are given by eqs. (65) and (66) with U = Uξ. Then the transformed versions

of the triplet of SU(2)L gauge fields, together with the (un-transformed) weak hyper-

charge field form the physical W±, Z (all massive), and γ fields.

• After the SU(2)L transformation Uξ, the electroweak interaction between fermion fields

and vector fields should be given by the following expressions:

(
LintfEW

)′
= − ge jemµ Aµ − gZ j

Z
µ Z

µ − gW
(
j(+)
µ W (−)µ + j(−)

µ W (+)µ
)

(85)

where the physical weak and electromagnetic currents are known to be (for one gen-

eration)

jemµ =
∑

f

Qf fγµ f = − e γµ e +
2

3
uγµ u −

1

3
d γµ d (86)

j(+)
µ = e γµ Lνe + d γµ Lu ; j(−)

µ = νe γµ L e + uγµ Ld , (87)

where L = (1− γ5)/2, (Note that in the weak currents, d will actually be a mixing, a

linear combination of the d, s, and b quarks, as will be described later, see eq. (107))

To obtain the correct weak currents, the W± fields have to be following linear combi-

nations the Uξ transformed A1,2 bosons:

W (±)
µ =

1√
2

(
A1
µ ± i A2

µ

)′
, (88)

while gW = g/
√

2 and the weak currents must be

j(±)
µ =

(
j1
µ ± i j2

µ

)′
. (89)

Furthermore, the electrically neutral bosons (the photon field Aµ and the Z-boson

field Zµ) are linear combinations of the transformed A3
µ and the (untransformed) hy-

percharge gauge boson Bµ:

Aµ = cW Bµ + sW (A3
µ)′ ; Zµ = − sW Bµ + cW (A3

µ)′ , (90)
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where sW ≡ sinθW and cW ≡ cosθW , and θW is the weak mixing angle. In order to

obtain the correct electromagnetic current (86), the weak mixing angle is fixed, and

the weak hypercharges has to be chosen as the sum of the third component of the

weak isospin and half of the weak hypercharge, in analogue with the corresponding

formula in strong interactions:

tgθW =
g′

g
; Qf =

[
(I3
W )f +

1

2
Yf

]
; jemµ =

(
j3
µ +

1

2
jYµ

)′
. (91)

Also, the electric charge will be g sinθW . The neutral current jZµ times the coupling

gZ is now completely determined. One chooses gZ = g/cosθW and then:

jZµ = j3
µ − sin2θW jemµ , (92)

j3
µ =

1

2
(νe γµ Lνe − e γµ L e) +

1

2

(
uγµ Lu − d γµ Ld

)
, (93)

where the fermion fields are understood to be the Uξ transformed ones.

We sum up the expressions for the three couplings ge, gW , gZ, which can be written in

terms of two couplings, which reflects the (partial) unification of electromagnetic and

weak interactions:

gW =
g√
2

; ge = g sinθW ; gZ =
g

cosθW
; tgθW =

g′

g
. (94)

• After the Uξ transformation, the interaction part of LGEW will contain tripple terms

of the type

g εijk
[(
∂µA

i
ν − ∂ν A

i
µ

)
AjµAkν

]′
, (95)

wchich is non-zero only for i, j, k = 1, 2, 3, and their permutations. Inserting the

linear combination in (88) and (90), one obtains triple bosons couplings for WWγ and

WWZ. (NB.! These couplings play an important role in the process e− e+ →W+ W−

studied experimentally at LEP). In addition there are vertices of fourth order in the

fields (Ajµ)′ (and second order in the coupling g) which can be converted to couplings

for the physical fields.

• The covariant derivative acting on the transformed Higgs doublet after the transfor-

mation Uξ will be:

(
iD(φ)

α φ
)′

=
1√
2


 −gW W

(−)
α (v + η)

i∂α + 1
2
gZ Zα (v + η))


 , . (96)
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where the linear combination corresponding to the photon field Aµ has disappeared.

From eq. (79) and (84), we now find the Uξ transformad Lagrangian

L′φ =
1

2
(∂αη)(∂αη) − 1

2
µ2 (v + η)2 − 1

4
λ (v + η)4 (97)

+
(g

2

)2

W (+)
α W (−)α (v + η)2 +

(gZ
2

)2

Zα Z
α (v + η)2 (98)

where the mass of the Higgs particle can be read off to be mη =
√
µ2 + 3λv2 =

√
−2µ2. From the expression in (98) and the generic form of the mass term for a

vector filed Vµ with mass mV (for neutral fields there is an extra factor 1/2 at the

right hand side):

LVMass = m2
V V

†
µ V

µ , (99)

we can from (96) read off the masses of W and Z which will be

MW =
1

2
g v ; MZ =

1

2
gZ v ; ⇒ MZ

MW
=

1

cosθW
(100)

At this stage it is natural to make contact with the phenomenological Fermi “theory”

LF = − 4
GF√

2
j(+)
µ j(−)µ , (101)

where GF ' 10−5/m2
N . Comparing with W -exchange between two weak currents one

obtains

4
GF√

2
=

(
gW
MW

)2

,⇒ v =
(
GF

√
2
)−1/2

' 246 GeV . (102)

• The issue of fermion masses are the most cumbersome part of the symmetry breaking.

Fermion masses are obtained from Lfφ. But we have to consider two steps, the sym-

metry breaking obtained from the unsymmetric vacuum of the Higgs filed combined

with the Uξ transformation. Second, the fermion mixing of fermions having the same

charge.

The fermions appearing in the electroweak currents in are now the (upper or lower

component of the) Uξ transformed left-handed fermions and the corresponding right-

handed (untransformed) fermion, symbolically:

f = fW = f ′L + fR . (103)
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To be more concrete, after the Uξ transformation, the components of the doublets are

rotated among themselves:


 (νe)

′
L

e′L


 = Uξ


 (νe)L

eL


 ;


 u′L

d′L


 = Uξ


 uL

dL


 . (104)

Thus eW = e′L + eR, uW = u′L + uR, and so on.

After SSB and the Uξ transformation the fermion masses are of the form CfLfR v/
√

2

for the I3
W = −1/2 fermions and C̃fLfR v/

√
2 for the I3

W = +1/2 fermions. More

general, terms like (uRc
′
L + cRu

′
L) are not forbidden by the remaining symmetry group

U(1)em, containing elements of the form exp[i Qf α(x)], where Qu = Qc = Qt and

so on. Such terms will in fact appear. The mass part of the quark sector for three

generations can then be written:

Lmass(q)′ = −UWMU UW − DWMDDW , (105)

where UT ≡ (u, c, t) and DT ≡ (d, s, b) and the mass matrices M are proportional

to v and the coefficients C in Lfφ. Now, in order to get the physical fermion states

(mass eigenstates) the mass matrices must be diagonalized in the U -quark and the

D-quark sector. Such a diagonalization is done by a similarity transformation with

unitary matrices SU and SD, respectively:

Mdiag
Q = SQMQ S

†
Q ; QP = SQQW (106)

for Q = U and Q = D, respectively. The physical quark states, often called the mass

eigenstates are UP and DP . The mismatch of these diagonalizations leads to the quark

mixing. The weak currents in the quark sector for three generations may then be

written

j(+)
µ (q) = UW γµ LDW = UP γµ L DKM ; DKM ≡ VKM DP , (107)

where VKM ≡ SU S
†
D is the Kobayashi-Maskawa quark mixing matrix, and similarly

j(−)
µ (q) = DW γµ LUW = DP γµ LV †KM UP , (108)

The states QW for Q = U ,D are (sometimes) called weak eigenstaes. (Sometimes

this name is used for DKM). Having done the mass matrix diogonalization one may
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FIG. 1: Basic W-exchange diagrams generating various non-leptonic decays of B-mesons. (Here

q = d or s). Some quark lines have to be bended, and a “spectator quark” line has to be added in

order to obtain a diagram for a physical process.

drop the subscript P for convenience. The expressions in (107) and (108) mean for

instance that the quark field d in (87) should be replaced by the linear combination

dKM = Vud d+Vus s+Vub b. The quark mixing matrix is a unitarian matrix with three

real and one imaginary parameter. The imaginary part breaks CP -invariance. The

existence of the non-diagonal quark mixing matrix means that quarks can decay to

lighter quarks, which is “needed” in order to obtain the non-leptonic decays which are

phenomenologically known to take place, as in Fig. 1.

In the limit of zero neutrino masses, there are no mixing in the lepton sector. With

non-zero neutrino masses there is also mixing in the lepton sector, which by convention

is put in the neutrino part of this sector. In the neutrino sector there might, however,

be additional complications: The neutrino’s might have Majorana components. (A

Majorana particle is a neutral fermion which is its own antiparticle).

In the neutral current sector the quark mixing disappear because S†Q SQ = 1 leads (for

Q = U ,D to QΓQ = QP ΓQP , where Γ is some (product of) Dirac matrices. Thus

there are no flavour changing neutral currents (FCNC) in the Lagrangian, but they

might be generated in higher order by means of W -exchange. The neutral currents

(see eq. (92) are given by

jemµ (q) =
2

3
U γµ U −

1

3
D γµD , (109)

j3
µ(q) =

1

2

(
U γµ LU − D γµ LD

)
. (110)
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(Note that these expressions are valid both forQP andQW because the neutral currents

are diagonal in the quark fields)

• The electroweak gauge symmetry SU(2)L × U(1)Y is broken down to U(1)em by the

Higgs mechanism at the scale ∼ v. In contrast, masses for the W and Z- bosons are

generated by the Higgs-mechanism.

Note that the gauge symmetry in QED and QCD is exact. (This is so far in agreement

with experiment). This means that the masses of the photon and the gluon are exactly

zero, and there are no mass terms for these gauge bosons.

The physical spectrum is obtained in the very special gauge where the three (mass-

less) Goldstone bosons from the SSB are transformed into the gauge boson sector, and

only one neutral spin zero field η = H corresponding to the physical Higgs particle

remains.

3. Quantization of free fields

• Quantization of free fields is introduced by postulating a commutator between a field

φj and its canonical conjugate πl = ∂L/∂(∂tφl) for equal time coordinates:

[φj(x) , πl(y)]x0=y0 = iδjl δ
(3)(x− y) , (111)

as a generalization of the quantum mechanical commutator [x, p] = i. The φ’s and

the π’s commute among themselves for equal times. When the fields are expanded in

terms of plane wave solutions of the standard field equations (Dirac, Klein-Gordon,

Maxwell) , like in (10) and (11), this leads to commutation relations for the fourier

coefficients ak and a†k for a Klein-Gordon field:

[ak , a
†
k′] = δk,k′ , (112)

which will be intepreted as destruction and creation operators for spin zero bosons.

The commutators for two a’s and two a†’s are zero. If the KG field is complex, there

are in addition analogous operators bk b
†
k for anti-particles.

• For fermion (Dirac) fields the commutators are replaced by anticommutators among

particle and anti-particle destruction operators are called ckσ and dkσ respectively, and

their hermetian conjugates (see EX, eq. 34).
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For gauge fields, quantization is a bit cumbersome due to gauge invariance But for

physical photons ak is replaced by akλ where λ is the helicity. In the commutation

relation above there is then an extra δλλ′ as shown in eq. (12).

• The Hamiltonian operator for free (complex) fields have the generic form

H =
∑

k

Ek
(
Na
k + N b

k

)
, (113)

where Ek =
√
k2 +m2, and the N ’s are number operators for particles and anti-

particles respectively:

Na
k = a†k ak ; N b

k = b†k bk . (114)

Similarly, the charge operator is found to be

Q =
∑

k

(
Na
k − N b

k

)
. (115)

The quantized fields may be intepreted as an infinite sum over harmonic oscillators,

one for each momentum k.

• For fermion (Dirac) fields, H and Q has the same form, but now the sum should also

run over the spin quantum number σ.

For the photon field and one neutral KG-field there are just one number operator in

H and Q = 0 in this case.(There is also a sum overphoton helicities λ)

• It should be strongly emphasized that in order to obtain the expressions for Q and

H, normal order of operators are assumed (All creation operators to the left and all

destruction operators to the right, such that the vacuum expectation value of a normal

ordered product is zero).

4. Interacting quantum fields

• The Lagrangian is now split in a free part L0 containing products of two fields only,

and an interacting part Lint containing terms which are products of three or four fields.

Similarly, the Hamiltonian densities will be split analogously into H0 andHint. Within

QED, Hint = −Lint = eψγµψA
µ. The interaction Lagrangian Lint still contains terms

of the form “coupling × current × gauge field” (generic form g jaµ A
a,µ, which in the
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electroweak case might be rewritten in terms of currents coupling to physical bosons

W±, Z, γ), but also terms corresponding to a three gluon coupling, γWW and ZWW

couplings), and even terms with four interacting vector boson fields (proportional to

some g2). Couplings with Higgs fields are also appearing.

• Now one introduces the interaction picture, a description between the Schrödinger

and the Heisenberg pictures. In the interaction picture the field operators have a time

dependence like free operators. Thus the formulae for quantization of free fields can

still be used in the interaction picture. The time developement of the states are driven

by the interaction Hamiltonian. The “Scattering operator” S is then given by eq.

(15).

5. Feynman rules

• Using Wick’s theorem, the right hand side of eq. (15) is written as sums of normal order

product containing also contactions. For QED, the only non-zero contractions are the

electron-positron propagator and the photon propagator. This is shown explicitly for

QED in eqs. (19)-(27).

• Taking matrix elements between states containing particles with defiite momentum,

the non-contracted field operators will be replaced by plane wave solutions, as ex-

plained above and below eqs. (30) and (31). This leads to the Feynman rules in

coordinate space. Integrating out the coordinates gives four momentum conservation

in each interaction point(vertex) and further the Feynman rules in momentum space.

This is in practice only done explicitly for QED.

• Having done Wicks’ teorem for QED, one can extrapolate from the Feynman rules for

QED to the corresponding Feynman rules for electroweak and strong interactions from

the Lagrangians.For instance, going from QED to QCD eγµ is replaced by gst
aγµ, and

so on. However, some special care has to be taken for purely bosonic vertices.

• The Feynman rules can be found in QP at the pages 283 (for QCD) and pages 324,

325 and 330 for electroweak interactions. In MS, Feynman rules are given in Appendix

B for electroweak interactions.
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• Some special problems enter in QCD because the perturbative expansion breaks down

for energies lower than about 1 GeV (where non-perturbative confinement forces come

into play)


