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Exercises survey
Day/time with largest availability
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Preliminary schedule

The first exercise is therefore scheduled for next week Tuesday, 11:30;

Room to be announced.

Day/time with largest availability
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Experimental basics cont.
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Which collider?
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Which collider?
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Kinematics at colliders
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Transverse quantities
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Transverse quantities
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Pseudorapidity
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Pseudorapidity
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Pseudorapidity
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Missing transverse momentum
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Missing transverse momentum
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Missing transverse momentum
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Theoretical basics
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Notations (Reminder)
Vectors          3-vector:

                              4-vector:

Contravariant xμ and covariant x
μ
 representation connected via metric tensor:

Einstein convention: Summation over identical indices is implied! 

Lowercase Roman indices:       a, b, c, …  = 1, 2, 3

Lowercase Greek indices:          μ, ν, ρ, … = 0, 1, 2, 3

Uppercase Roman indices:        A, B, C, … = 1, 2, … , 8
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Notations
4-vectors:

Time-space:

4-momentum:

4-current:

electromagnetic 4-potential:

4-gradient: contravariant

                                covariant

Laplace & d’Alembert operators:

Field-strength tensor:
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Notations
4-vectors:

Time-space:

4-momentum:

4-current:

electromagnetic 4-potential:

4-gradient: contravariant

                                covariant

Laplace & d’Alembert operators:

Field-strength tensor:

Remark: Units
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Quantum mechanics

Classical: Energy-momentum of free particle:

Canonical operator replacement:

→ Schrödinger equation (free particle):

Observation:

1st order derivative in time2nd order derivative in space

Cannot be Lorentz invariant → no solution for relativistic QM



Klaus Rabbertz Karlsruhe, 05.05.2023 TP II – WZH 22

Relativistic extension

→ Relativistic: Energy-momentum of free particle:

Recall 3-dim. scalar product: invariant under rotations in 3-dim. space

“4-dim.” scalar product: invariant under Lorentz transformations

Operator replacement →

Klein-Gordon Equation
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Klein-Gordon Equation

Spin-0 particle wave eq.:

Relativistic, i.e. Lorentz-invariant? OK

But:

Free wave solutions:

Possibility of negative energy

has non-positive definite probability density ρ = j0, 
e.g. for plane wave solution with E < 0:

Probability current

Meaning for single-particle states … ???
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Dirac’s Approach 1927
Find representation of energy-momentum conservation that is linear in both, 
space and time derivatives!

Ansatz: with

What are these α and β? They cannot be simple numbers … !

Re-apply both operators and require Klein-Gordon eq. to be fulfilled:

Anti-commutator relations
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Dirac: Properties of α
i 
and β 

Operators α
i 
and β can be expressed by matrices:

must be hermitian since      should have real eigenvalues

must be traceless

must have at least four dimensions

         ,             → has only eigenvalues ±1

Dimension must be even to obtain zero trace

In two dimensions only 3 independent traceless matrices:                             
Pauli matrices σ

i
, fourth matrix    is not traceless

four dimensions required 

unity matrix cyclic permutation anti-commutation
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Representations of α
i 
and β 

α
i 
and β matrices:

γμ matrices:

 

(                           are the Pauli Matrices)

compact notation of algebra

1 matrix

4 matrices

6 matrices

4 matrices

1 matrix

● Basis of 4x4 matrices
● Orthonormal
● Traceless (apart from      )
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γ matrices
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Dirac equation: Solution
Final formulation:

Solutions:

 

(free wave)

(at rest)

+m solution

-m solution

These are Dirac spinors



Klaus Rabbertz Karlsruhe, 05.05.2023 TP II – WZH 29

Dirac equation: Solution
Final formulation:

Solutions:

 

(free wave)

(at rest)
Lorentz transformation
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Transformation behaviour 
Classification of physical objects according to transformation behaviour

With Lorentz-Transformation Λ:
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Dirac equation: Solution
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Dirac equation: Interpretation
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Discrete symmetries
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Observables from spinors
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Helicity and chirality
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Analogously one finds:

The spin and helicity operators for the Dirac equation are:

Spin and helicity

In general Dirac spinors are not eigen states of the spin or helicity operators, 
but they are eigen states of Sz. For particles moving in z direction:

A spinor with spin against movement direction has negative helicity
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Chirality
Formally, chirality (handedness) is defined through the operator γ5.
It can be shown that kinetic terms of the Lagrangian are covariant under γ5.
With its help one can define projection operators for the chirality:

The following relations can easily be demonstrated:

projection operators projections perpendicular 
to each other 
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Chirality

Righthanded components are suppressed for particles of negative helicity:
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Summary
Relativistic quantum mechanics incorporates relativistic energy-
momentum relation:

                                                   or

Most important equations of motion:

Spin-0 particles (scalars): Klein-Gordon

Spin-1/2 particles:              Dirac

Spin-1 particles (vectors): Proca

 

From canonical operator replacement:

                                                               or

for completeness
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