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Lectures PP1

L0 :  Introduction

L1 :  Particles and Fields (historical overview)
L2 :  Wave Equations and Antiparticles
L3 :  The Electromagnetic Field
L4 :  Perturbation Theory and Fermi’s Golden Rule
L5 :  Electromagnetic Scattering of Spinless Particles

L6 :  The Dirac Equation
L7 :  Solutions of the Dirac Equation
L8 :  Spin 1/2 Electrodynamics

L9 :  The Weak Interaction 
   (Fermi 4-point scattering: an analogy with QED)

L10: Local Gauge Invariance 
   (the role of symmetries in interactions)

L11: Electroweak Theory
L12: The Process: e+e- → γ,Z → μ+μ-

QED of Spinless Particles:
Scattering Theory and 

Cross Sections

QED for
Fundamental Fermions

The Standard Model for
massless particles

SU(2)L x U(1)Y

}

}

}



Material

Lecture notes
• we use lecture notes written by Prof. Dr.  Marcel Merk
• will hand out notes at beginning of each lecture
• you can also find those notes on the web:

http://www.nikhef.nl/~wouterh/Lectures/PP1

  
Books (one of these)

• Griffiths, Introduction to Elementary Particles (2008)
• Halzen and Martin, Quarks and Leptons (1984)

(See lecture notes for many other books. )

http://www.nikhef.nl/~wouterh/Lectures/PP1
http://www.nikhef.nl/~wouterh/Lectures/PP1


Exercises, exam

• each lecture is followed by a tutorial session

• exercises can be found in the lecture notes

• answers count for final mark!

• grade (1-10) given by assistents (Panos and Sim)

• receive 2 bonus points if you hand them in within one week of lecture (at start of 
lecture, or in my mail box downstairs)

• average exercise grade counts as 1/3 of your final mark

• final exam 

• Tuesday October 22th

• open book exam (but no computers, pets, ... )



Nikhef

OCW
Ministery of Education Culture and Science
Minister: Jet Bussmaker
Staatssecretaris:Sander Dekker

FOM 
Foundation for Fundamental Research of Matter
Director:  Wim van Saarloos
Institutes:
• Differ: Plasma physics 
   director: Richard van de Sanden
• Amolf: Atomic and Molecular Physics
  director:  Albert Polman
• Nikhef: Dutch Institute for Particle Physics
  director: Frank Linde
• KVI:  Nuclear Physics  (closed)
  director: Klaus Jungmann

Universities
Nijmegen:     RU   Sijbrand de Jong
Utrecht:       UU   Thomas Peitzmann
Amsterdam:  VU    Jo van den Brand

    UvA  Stan Bentvelsen

+...Groningen, Twente, Leiden, Eindhoven...

Nikhef Collaboration:
Nikhef institute + 4 Universities
Real basis for all particle physics 
in the Netherlands
Director: Frank Linde

LHC:
Atlas: Stan Bentvelsen
LHCb: Marcel Merk
Alice: Thomas Peitzmann

Astroparticle Physics:
Antares: Maarten de Jong 
Auger: Charles Timmermans
Grav Waves: Jo van den Brand
Dark Matter: Patrick Decowski

Other:
Theory: Eric Laenen
Grid: Jeff Templon

NWO 
Dutch organisation for Scientific Research
Voorzitter algemeen bestuur: Jos Engelen
General director:  Hans de Groene
   *  Aard- en levenswetenschappen (ALW)
    * Chemische wetenschappen (CW)
    * Exacte wetenschappen (EW)
    * Geesteswetenschappen (GW)
    * Maatschappij- en gedragswetenschappen (MaGW)
    * Medische wetenschappen (ZonMw)
    * Natuurkunde (N)
    * Technische wetenschappen (STW)



Nikhef

• about 150 physicists: staff, post-docs, PhD students

• 2/3 on LHC experiments (ATLAS, LHCb, Alice)

• neutrinos, gravitational waves, dark matter, theory, detector R&D, ...

• engineering

• electronics

• mechanics



Example: LHCb vertex detector

design production and assembly

installation in LHCb at cern
physics



LHC



Testing a particle theory

measurements
• scattering

• decays

• bound states

theory (or model)
• particles

• interactions



Figure 1.1: The discovery of the positron as reported by Anderson 
in 1932. Knowing the direction of the B field Anderson deduced 
that the trace was originating from an anti electron. Question: how?
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1.3. The Eightfold Way 17

In the years 1950 - 1960 many elementary particles were discovered and one started
to speak of the particle zoo. A quote: “The finder of a new particle used to be awarded
the Nobel prize, but such a discovery now ought to be punished by a $10.000 fine.”

1.3 The Eightfold Way

In the early 60’s Murray Gell-Mann (at the same time also Yuvan Ne’eman) observed
patterns of symmetry in the discovered mesons and baryons. He plotted the spin 1/2
baryons in a so-called octet (the “eightfold way” after the eighfold way to Nirvana in
Buddhism). There is a similarity between Mendeleev’s periodic table of elements and
the supermultiplets of particles of Gell Mann. Both pointed out a deeper structure of
matter. The eightfold way of the lightest baryons and mesons is displayed in Fig. 1.5
and Fig. 1.6. In these graphs the Strangeness quantum number is plotted vertically.
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Figure 1.5: Octet of lightest baryons with spin=1/2.
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Figure 1.6: Octet with lightest mesons of spin=0

Also heavier hadrons could be given a place inmultiplets. The baryons with spin=3/2
were seen to form a decuplet, see Fig. 1.7. The particle at the bottom (at S=-3) had not
been observed. Not only was it found later on, but also its predicted mass was found to
be correct! The discovery of the Ω− particle is shown in Fig. 1.8.



18 Lecture 1. Particles and Forces
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Figure 1.7: Decuplet of baryons with spin=3/2. The Ω− was not yet observed when
this model was introduced. It’s mass was predicted.

Figure 1.8: Discovery of the omega particle.
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Concepts in lecture 1

• natural units

• observables

• Yukawa potential

• crossing

• strangeness, associated production

• the particle zoo: baryons, mesons, the “eightfold way”

• colour

• the standard model



Standard Model for particles

νe               νµ              ντ
e-                       µ-              τ-

Strong interaction                8 gluons
Weak interaction                  W+    W-    Z0

Electromagnetic interaction   γ
Gravity                                 g

u , u , u       c , c , c       t , t , t
d , d , d       s , s , s       b , b , b

Vector Bosons (Spin 1 particles).  force carriers

Fermions (Spin 1/2 particles)  : The basic constituents of matter

Quarks only occur in colour 
neutral objects:  “Hadrons”
Baryons:  qqq
Mesons:   qq
⇒  Hadron particles occur in multipletsLeptons:

Scalar Boson (Spin=0 particle). 
Generates fermion masses via the Higgs mechanism

Quarks: 

Only 3 generations of fundamental 
particles are known 

(      ) (      )(      )

(   ) (   ) (   )
Grand Unification?

⇒Forces originate from principle of local gauge invariance
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Matter Waves for Particles without Spin
Relativistic:Non relativistic:

Kinematics:

Quantum Mechanics:

Wave Equation:

⇧⇤ ·⇧j = �⇥�

⇥t
or ⇥µ jµ = 0Continuity Equation:

Probability density and current:

Negative Energy solutions: 

The negative energy solution of a particle traveling backwards in time = 
the positive energy solution of the antiparticle traveling forwards in time

jµ(+e) = 2e|N |2 (E, ⌥p) = �2e|N |2 (�E,�⌥p)

E2 = �p2 + m2

E ⇥ i
⇥

⇥t
and �p⇥ �i�⇤

� ⇥2

⇥t2
� = �⇤2� + m2�

� = ⇥�⇥ = |N |2

�j = � i

2m

�
⇥��⇤⇥ � ⇥�⇤⇥�

⇥ |N |2

m
�p

� = i

⇤
⇥� ⇤⇥

⇤t
� ⇥

⇤⇥�

⇤t

⌅
= 2|N |2E

⌦j = �i
�
⇥�⌦⇤⇥� ⇥⌦⇤⇥�

⇥
= 2|N |2⌦p

E =
�p2

2m

E ⇥ ⇥

⇥t
and �p⇥ �i�⇤

i
⇥

⇥t
� =

�1
2m
⇤2�
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Matter Waves and EM Field

E2 = ⌥p2 + m2

� ⇥2

⇥t2
� = �⇥2� + m2�

E ⇥ i
�

�t
; ⌃p⇥ �i⌃⇤Non-relativistic: Relativistic:

⇥µjµ = 0 jµ = i (�� ⇥µ�� � ⇥µ��)Continuity: with:

Matter Waves

EM Field ⌥⌅ · ⌥E = �
⌥⌅ · ⌥B = 0

⌥⌅⇤ ⌥E +
⇥ ⌥B

⇥t
= 0

⌥⌅⇤ ⌥B � ⇥ ⌥E

⇥t
= ⌥j

 B =  ⇤⇥  A

 E = �⇥  A

⇥t
�  ⇤V

Aµ =
�
V,  A

⇥

j⇥ = ⇥µ⇥
µA⇥ � ⇥⇥⇥µAµ

Maxwell Equations:

Gauge Invariance:

Lorentz Condition:

Coulomb Condition:

Aµ ⇥ A�µ = Aµ + ⇥µ�

⇥µAµ = 0

A0 = 0 ; ⌅⇤ · ⌅A = 0

Photon has 2-polarizations!

Bohm - Aharanov Experiment!

}

E =
�p2

2m

i
⇥

⇥t
� =

�1
2m
⇥2�

Maxwell 1+4 
-> continuity



A + B � C + DCross Section:

Decay Rate:

d⇤ =
(2⇥)4 �4 (pA + pB � pC � pD)

4
�

(pA · pB)2 �m2
Am2

B

·|M|2· d3pC

(2⇥)3 2EC

d3pD

(2⇥)3 2ED

d� =
(2⇥)4 �4 (pA � pC � pD)

2EA
·|M|2 · d3pC

(2⇥)3 2EC

d3pD

(2⇥)3 2ED

A� B + C
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Kinematics : E2 = �p2 + m2 ; E ⇥ i
⇥

⇥t
�p⇥ �i�⇤

Klein�Gordon :
�
⇥µ⇥µ + m2

⇥
�(x) = 0 ; �(x) = N e�ipµxµ

Current : jµ = �ie [�⇥ (⇥µ�)� (⇥µ�⇥) �] ; ⇥µjµ = 0

The Story Sofar...

Maxwell : ⇥µ⇥
µA⇥ � ⇥⇥⇥µAµ = j⇥ or ⇥µFµ⇥ = j⇥

GaugeFreedom : Aµ ⇥ A⇥
µ = Aµ + ⇥µ�

LorentzCondition : ⇥µAµ = 0 ⇤ Maxwell : ⇥µ⇥
µA⇥ = j⇥

PlaneWaves : Aµ = NEµ( p)e�ipµxµ

⇤ 2 polarizations

1) Plane Waves

2) Electromagnetic Field

3) Scattering:  Ai+Bi →Cf + Df + ...

d⇤fi =
Wfi

Flux
d�

Wfi = lim
T, V ⇤⌅

|Tfi|2

TV
; Tfi = �i

⇥
d4x ⌅�

f (x) V (x) ⌅i(x)

Tfi = �iNANBN�
CN�

D(2⇥)4 �4(pA + pB � pC � pD) M

d� =
N�

i=1

V

(2⇥)3
d3pi

2Ei
; Flux = 4

⇤
(pA · pB)2 �m2

Am2
B / V 2

Today: Electromagnetic Scattering
• A particle in a potential
• Spinless π-K scattering 
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Quantum Electrodynamics1) Free particle wave equations

K.G.:

Dirac:

Plane wave solutions: Current:

2) Electromagnetic field

3) Scattering Perturbation Theory

4) Electromagnetic Scattering

Gauge freedom: Lorentz condition: Plane wave solutions:

A: non-relativistic derivation:

B: relativistic extension:

1-st order:

Maxwell

C: cross section:

V(x)
φi

φf

A B
C

D

A

B

C

D
Spin 0 case:

Plane waves

(2 polarizations since m=0)

“Feynman rules”
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2

E2 = ⌅p2 + m2 E2 = (⌃� · ⌃p + ⇥m)2
E ⇥ i

�

�t
; ⌃p⇥ �i⌃⇤

�
⇥µ⇥µ + m2

⇥
�(x) = 0

(i⇤µ⌃µ �m) ⌅(x) = 0
with : ⇤µ = (⇥,⇥↵�) ; {⇤µ, ⇤⇥} = 2gµ⇥

�(x) = Ne�ipx

�
⇥µ⇥µ + m2

⇥
�(x) = 0

jµ = i [�⇥ (⇥µ�)� (⇥µ�⇥) �]

⇥(x) = u(p)e�ipx ⇥ = ⇥†�0

�
i⇤µ⇥�µ + m⇥

⇥
= 0 ;

jµ = ⇥�µ⇥

Solutions

: C.C.              Adjoint :

�µjµ = 0

jµ
fi = i

⇤
�⇥f (⇥µ�⇥i )�

�
⇥µ�⇥f

⇥
�i

⌅

= �eNiN
⇥
f

⇧
pµ

i + pµ
f

⌃
ei(pf�pi)x

jµ
fi = ⇥f�µ⇥i

= �e uf (p) �µ ui(p) ei(pf�pi)x

Particles with Spin = 0 Particles with Spin = 1/2

Q.M.:

Klein Gordon: Dirac:

Feynman rulesTransition currents
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Lectures PP1

L0 :  Introduction

L1 :  Particles and Fields (historical overview)
L2 :  Wave Equations and Antiparticles
L3 :  The Electromagnetic Field
L4 :  Perturbation Theory and Fermi’s Golden Rule
L5 :  Electromagnetic Scattering of Spinless Particles

L6 :  The Dirac Equation
L7 :  Solutions of the Dirac Equation
L8 :  Spin 1/2 Electrodynamics

L9 :  The Weak Interaction 
   (Fermi 4-point scattering: an analogy with QED)

L10: Local Gauge Invariance 
   (the role of symmetries in interactions)

L11: Electroweak Theory
L12: The Process: e+e- → γ,Z → μ+μ-

QED of Spinless Particles:
Scattering Theory and 

Cross Sections

QED for
Fundamental Fermions

The Standard Model for
massless particles

SU(2)L x U(1)Y

}

}

}



Solutions to the Dirac Equation

(i�µ⇤µ �m) ⇥(x) = 0 ⇥ ⇥ =

⇤

⌥⌥⇧

⇥1

⇥2

⇥3

⇥4

⌅

��⌃ =
�

UA(p)
UB(p)

⇥
e�ipx

⇤ �
11 0
0 �11

⇥
E �

�
0 �i

��i 0

⇥
pi �

�
11 0
0 11

⇥
m

⌅ �
uA

uB

⇥
=

�
0
0

⇥

(⌃� · ⌃p) UB = (E �m) UA

(⌃� · ⌃p) UA = (E + m) UB
UA =

�
�
�

⇥
; UB =

�
�
�

⇥

1)choose : U (1)
A =

�
1
0

⇥
; U (2)

A =
�

0
1

⇥

2)choose : U (3)
B =

�
1
0

⇥
; U (4)

B =
�

0
1

⇥

⌅� · ⌅p =
�

pz px � ipy

px + ipy �pz

⇥

U (1)
B =

�
pz/(E + m)

(px + ipy)/(E + m)

⇥
; U (2)

B = ... etc

⇥p = 0

⇥p �= 0
U (3)

A = .... ; U (4)
A = ...

1) Solutions are orthogonal
2) Normalisation: 
3) Adjoint:

4) Completeness:

5) Helicity:
(⇤p �m) u = 0 ⇥ u (⇤p �m) = 0
(⇤p + m) v = 0 ⇥ v (⇤p + m) = 0

�

s=1,2

u(s)(p) u(s)(p) =�p + m

� =
1
2

⌅� · ⌅p ; ⌅� =
�

⌅⇥ 0
0 ⌅⇥

⇥

N =
�

E + m

U (1) =

�

⇧⇧⇤

1
0
0
0

⇥

⌃⌃⌅ ; U (2) =

�

⇧⇧⇤

0
1
0
0

⇥

⌃⌃⌅ ; U (3) =

�

⇧⇧⇤

0
0
1
0

⇥

⌃⌃⌅ ; U (4) =

�

⇧⇧⇤

0
0
0
1

⇥

⌃⌃⌅ · e�ipx
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QED

�µF µ⇥ = j⇥ with : F µ⇥ = �µA⇥ � �⇥Aµ

�µ ⇥ �µ � ieAµ ⇤ Tfi = �i

�
jfi

µ (x) Aµ(x) d4x

�
⇥µ⇥µ + m2

⇥
�(x) = 0

�(x) = N e�ipx

jµ = i [�⇥ (⇥µ�) � (⇥µ�⇥) �]

Tfi = �i

⇤
d4x �⇥

f(x)V (x)�i(x)

ie(pA + pC)µ

�iM = · � igµ⇥/q2

· ie(pB + pD)⇥

ie(uC�µuA)
�iM = · � igµ⇥/q2

· ie(uD�⇥uB)

S=0 S=1/2

Solution:

Wave equation:

Conserved current:

Perturbation Theory

(i�µ⇤µ � m) ⇥(x) = 0
⇥(x) = u(p)e�ipx

jµ = ⇥�µ⇥

Tfi = �i

�
d4x ⇥†(x)V (x)⇥i(x)

d⌅

d�
=

�2

4s

�
3 + cos ⇥

1 � cos ⇥

⇥2

⇥
d⌅

d�
=

1
64⇤2

1
s

|M|2 ⇤
d⌅

d�
=

�

2s

4 + (1 + cos ⇥)2

(1 � cos ⇥)2

Electromagnetic Field:

QED:

Feynman Rules: A

B

C

D
Cross Section:

Mandelstam Variables & Crossing: e+e� � µ+µ� =
�2

4s
(1 + cos2 ⇥)
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Electromagnetism / Weak Interaction

i (�µ⇤µ � m) ⇥(x) = 0 ; ⇥(x) = U(p)e�ipµxµ

; ( ⇥p � m) u(p) = 0
�µ ⇥ �µ � ieAµ �µ � �µ + igBµ

Tfi = �i

�
jfi
Weak,µ Bµ(x) d4x

jfi
Weak,µ = ⇥f

1
2

�µ(1 � �5) ⇥f

Tfi = �i

�
jfi

EM,µ Aµ(x) d4x

jfi
EM,µ = ⇥f�µ⇥i

ie(uC�µuA)
�iM = · � igµ⇥/q2

· ie(uD�⇥uB)

A

B

C

D

i g�
2
(uC

1
2
�µ(1 � �5)uA)

�iM = · � igµ⇥/(M2 � q2)
· i g�

2
(uD

1
2
�⇥(1 � �5)uB)

Matter Waves:

QED Weak

Substitution:

Field Equation:

Perturbation
Theory

Matrix Element:

e+e� � µ+µ�

d⌅

d�
=

�2

4s

�
1 + cos2 ⇥

⇥
µ� � e�⇥µ⇥e

� =
G2

F m5
µ

192⇤3

Aμ

S = ⇤⇤ ; V = ⇤�µ⇤ ; T = ⇤⇥µ⇥⇤ ; A = ⇤�5�µ⇤ ; P = ⇤�5⇤

General Matrix Element:

Weak Interaction:

Bμ

M =
S,V,T,P,A�

i,j

Cij (uCOiuA) · prop · (uDOjuB)

�µ�µA⇥ � �µ�⇥Aµ = j⇥
EM

�µ�µB⇥ � �µ�⇥Bµ + m2B⇥ = j⇥
Weak

Leptons :
�

⇥e

e

⇥
;

�
⇥µ

µ

⇥
;

�
⇥⇥

⇤

⇥
�

⇤

⇧
⇥e

⇥µ

⇥⇥

⌅

⌃ = VP MNS

⇤

⇧
⇥1

⇥2

⇥3

⌅

⌃

Quarks :
�

u
d

⇥
;

�
c
s

⇥
;

�
t
b

⇥
�

⇤

⇧
d�

s�

b�

⌅

⌃ = VCKM

⇤

⇧
d
s
b

⌅

⌃
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Symmetries
Lagrangian density is the basic object for physics: L (�(x), ⇤µ�(x))

Symmetry: Require that the Lagrangian
                  remains invariant under a
                  symmetry  operation.

4 Basic symmetry groups:
• Permutation symmetries
• Continuous space-time symmetries (“external” symmetries)
• Discrete symmetries: C, P,  T
• Unitary or Gauge symmetries (“internal” symmetries)

Unitary Phase Symmetry U(1) Yang Mills Symmetry SU(2)

�(x) � ��(x) = eiq�(x)�(x) �(x) � �⇥(x) = ei 1
2⇧⇥ ·⇧�(x)�(x)

⇥ (i�µDµ � m) ⇥

Dµ = �µ + iqAµ(x)

Aµ(x) ⇥ A�
µ(x) = Aµ(x) � ⇥µ�(x)

�(x) =
�

p
n

⇥

⇥ (i�µDµ � m) ⇥ = ⇥ (i�µ⇤µ � m) ⇥ � q⇥�µ⇥Aµ

LU(1) = Lfree
U(1) + jµAµ

⇤ (i�µDµ � m) ⇤ = ⇤ (i�µ⌅µ � m) ⇤ �
g

2
⇤�µ⌦⇥⇤ ⌦bµ

LSU(2) = Lfree
SU(2) + ⌦jµ ⌦bµ

⇥ (i�µDµ � m) ⇥=

Covariant Derivative:

Gauge Transformations:

Covariant Derivative:

Gauge Transformations:

Dµ = ⇥µ + igBµ(x) with Bµ(x) =
1
2

�� ·�bµ

U(1) Lagrangian:

SU(2) Lagrangian:

(Maxwell gauge invariance)

Bµ(x) ⇤ B⇥
µ(x) = GBµ(x)G�1 +

i

g
(⇥µG) G�1

 bµ(x) ⇤  b⇥
µ(x) =  bµ �  � ⇥ bµ �

1
g
⇥µ�(x)

“non-Abelian”
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Standard Model of Electroweak Interactions
Origin of interactions is described via the principle of local  gauge invariance
Recipe:  Take the Lagrangian of free Dirac particles:

U(1)Y : ⇤(x) ⇥ ⇤⇥(x) = eiY �(x)⇤(x) ; Y = hypercharge , Q = T3 +
1
2

Y

SU(2) : ⇤L(x) ⇥ ⇤⇥
L(x) = ei⌥T ·⌥�(x)⇤L(x) ; �T =

1
2

�⇥ = weak isospin , ⇤L =
�

1 � �5

2

⇥
⇤

LDirac = ⇥(x) (i�µ⇤µ � m) ⇥(x)

C.C. : W +
µ =

b1
µ � ib2

µ⇥
2

N.C. : Zµ = �aµ sin �W + b3
µ cos �W

W �
µ =

b1
µ + ib2

µ⇥
2

Aµ = aµ cos �W + b3
µ sin �W

and impose that it should remain invariant under:

To keep the Lagrangian invariant compensating gauge fields must be introduced which transform 
simultaneously with the Dirac fields:

The physical currents are:

aµ = hypercharge field

b1
µ, b2

µ, b3
µ = weak isospin field

g�/g = tan �W
e = g sin �W

gz = g / cos �W

Cf
V = T f

3 � 2Qf sin2 �W

Cf
A = T f

3

T3 = 1/2
�1/2

�
u
d

⇥ �
�
l

⇥

The interaction Lagrangian is:

�µ ⇤ Dµ = �µ + g� Y

2
aµ + g �T ·�bµ

L = Lfree � g� Jµ
Y

2
aµ � g �Jµ

L ·�bµ

L = Lfree �
g

⇤
2

⇥u �µ 1
2

�
1 � �5

⇥
⇥d W +

µ

�
g

⇤
2

⇥d �µ 1
2

�
1 � �5

⇥
⇥u W �

µ

� e Q ⇥ �µ ⇥ Aµ

� gz ⇥ �µ 1
2

⇤
Cf

V � Cf
A�5

⌅
⇥ Zµ



Feynman Vertices

N.C.:
Z0

f

f

E.M.:
�

e+, µ+, ⇤+

e�, µ�, ⇤�

�

q

q

W

eL

�eL

W

µL

⇥µL

W

⇥L

��L

W

d�

u

W

s�

c

W

b�

t

Q

gz =
g

cos �W

Cf
V = T f

3 � 2Qf sin2 �W

Cf
A = T f

3

g/
�

2 g/
�

2 g/
�

2

g/
�

2 g/
�

2 g/
�

2

�

⇤
�e

�µ

�⇥

⇥

⌅ =

�

⇤ VP MNS

⇥

⌅ =

�

⇤
�1

�2

�3

⇥

⌅

�

⇤
d�

s�

b�

⇥

⌅ =

�

⇤ VCKM

⇥

⌅ =

�

⇤
d
s
b

⇥

⌅

Q
�

⇥

⇥

C.C.:
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