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Concepts of modern theoretical physics

Lectures: 2 hours each week: room 511, Tuesday 1300 to 1500

and 2 hours for discussions: room 511, Monday 1100 to 1300

day Subject

09/10 Overview, Introduction; assignements of seminars

09/10 Special Relativity Repetition: Invariants, Lorentztransformations, Poincaré group [1, 2, 3]

09/11 Special Relativity: Spinors [2, 3, 4]

09/18 Quantum Field Theory: Approaches: canonical, path-integral [3, 5, 6, 7, 13]

09/25 Quantum Field Theory: Feynman diagrams [2, 5, 6, 7, 8]

10/02 Quantum Field Theory: Renormalisation [5, 6, 7, 9]

10/09 Quantum Field Theory: Gauge theory [3, 5, 6, 7, 10]

10/16 Quantum Field Theory: QED [5, 6, 7, 10]

10/23 Quantum Field Theory: QCD [5, 6, 7, 10]

10/30 — Break / Rest / Questions —

11/06 The Standard Model: Particle content [2, 3, 11, 12]

11/13 The Standard Model: Higgs Mechanism [2, 3, 11, 12]

11/20 The Standard Model: Particle detection [2, 11]

11/27 Outlook: Supersymmetry (SUSY) — MSSM [5, 10, 14]

12/04 Outlook: Strings, Stringtheory, Superstrings [15, 16]

12/11 Questions, review of homework

Attendance optional; will count towards the grade

Homework suggested; will count towards the grade; less credit for late homework;

Grading: 100 points = 100%,
available points:

15 attendance

15 seminar presentation

20 homework

60 final exam: written and oral; 50% required to pass the course.

email: tgajdosik@yahoo.com

webpage: http://web.vu.lt/ff/t.gajdosik/mtf/

Capital and small letters are important!

Books are available
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Reading assignments

The understanding of Special Relativity is needed for most parts of modern physics, although it might be
hidden, like in electro-magnetism. But it is essential for particle physics. Therefore I strongly recommend
the reading of the very short and very good introduction into Special Relativity by David Hogg [1]. In the
lecture I want to stress additional features, which are not covered by David Hogg, but I will rely on the
basic understanding, as it is taught by David Hogg.

A similar situation is with the presentation of Feynman diagrams. There the reading of Griffiths [2]
and Zee [5] is required. Of course, the questions resulting from the reading can be discussed in the weekly
discussion hours.

Seminar presentation

The idea of the presentation is to involve the students into the discussion about particle physics and related
areas.

The student chooses a subject for the presentation and clarifies with me, if the subject is suitable or
not. If it is suitable the student will get a time during the discussion hours to present the subject to the
fellow students. The presentation can be given in English or in Lithuanian. The presentation should be
rather short, i.e. about 5 minutes, and it has to be presented using the computer.

• The presentation has to be prepared in a computer readable format:

– .pdf or .ps are recommended, as the presentation will look the same, independent of the
computer.

– a powerpoint presentation might work, too, but then it has to be done for Windows XP;

• The presentation should be given orally. It is recommended, that the student does not just read a
text, but explains the subjects freely in his own words.

• The student should be able to answer questions from his fellow students. That does not mean, that
he has to have all the answers.

The presentation helps also practicing the necessary presentation of the masters thesis at the end of the
students masters studies.

Homework

Without calculating some problems any lecture in theorectical physics remains a fairy tale. In that sense
the homework is required to profit from this lecture. The solving of problems helps to understand, whether
the student has understood the material or not. At the exam it is too late to recognise, that one has not
learned the required material.

The students are invited to come before the homework is due to discuss the problems and ask. I will
gladly help them to understand the problem and guide them to the solution. The best way to arrange for a
meeting is to write an email to arrange a time, as I can not guarantee that I will have always immediately
time for the questions or that I will be always in my room (305).

I plan to give less points for homework that is brought later than its due date. It will nevertheless help
to do the homework, even if it is late, as the exam will have questions and problems to solve similar to
the homework, too.

Exam

The exam will be a written test, that I want to discuss afterwards with the student.
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Homework: Poincaré group — due 2018/09/25, 13:00

P.1. Using the generator for Lorentz transformations (Mαβ)µν = −i(δµαgβν − δ
µ
βgαν)

(a) On what quantities do these generators act? 0.2 points

(b) How would the generator look when it should act onto a scalar? 0.2 points

(c) Using xµ as a column vector, write the the six matrices (Mαβ)µν for α < β. 0.6 points

(d) Check the Lie algebra of the Lorentz group

[Mαβ ,Mγδ]
µ
ν = i(gαγMβδ − gβγMαδ − gαδMβγ + gβδMαγ)µν

using the matrices from (c). 1 points

P.2. Using the two Weyl-spinor generators

(σαβ) b
a = − i

4 (σασ̄β − σβ σ̄α) b
a

and (σ̄αβ)ȧ
ḃ

= − i
4 (σ̄ασβ − σ̄βσα)ȧ

ḃ

(a) On what quantities do these two different generators act? 0.1 points

(b) In what do these quantities from (a) differ? 0.1 points

(c) Writing the two spinors from (a) and (b) as column vectors, write two sets of six matrices for
(σαβ) b

a and (σ̄αβ)ȧ
ḃ
, each, taking α < β. 0.6 points

(d) Check the Lie algebra of the Lorentz group

[Mαβ ,Mγδ] = i(gαγMβδ − gβγMαδ − gαδMβγ + gβδMαγ)

using the matrices from (c): Mαβ = σαβ or Mαβ = σ̄αβ . 1 points

(e) Comment on the differences between σαβ and σ̄αβ and on the relation between boosts and
rotations. 0.2 points
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Reading assignment: David Griffiths, Chapter 7.1 to 7.3, The Dirac equation, etc.
for more interested students: P. B. Pal, Dirac, Majorana and Weyl fermions, arXiv:1006.1718 [hep-ph].

Homework: Spinors — due 2018/10/09, 13:00
David Griffiths, Chapter 7, pp. 251-255, 7.2, 7.3, 7.4, 7.6, 7.11, 7.12, 7.13, 7.14, 7.15, 7.22, 7.27

7.2. Show that γ0 =

(
12 0
0 −12

)
, γi =

(
0 σi

−σi 0

)
, satisfy {γµ, γν} = 2gµν . 0.2 points

7.3. Derive the normalization N (and show that it is the same) for the spinors

u(1) = N


1
0
pz

E+m
px+ipy
E+m

 u(2) = N


0
1

px−ipy
E+m
−pz
E+m



v(1) = u(4)(−E,−p) = N


px−ipy
E+m
−pz
E+m

0
1

 v(2) = −u(3)(−E,−p) = −N


pz

E+m
px+ipy
E+m

1
0


using the normalization condition u(i)†u(i) = v(i)†v(i) = 2E. 0.2 points

7.4. Show that u(1) and u(2) are orthogonal, in the sense that u(1)†u(2) = 0. Likewise, show that v(1) and
v(2) are orthogonal. Are u(1) and v(1) orthogonal? 0.1 points

7.6. If the z-axis (= 3-axis) points along the direction of motion, calculate the spinors u(1), u(2), v(1) and
v(2). Confirm that these are eigenspinors of Sz = h̄

2γ
0γ3γ5, and find their eigenvalues.

0.3 points

7.11. (a) Starting from S(Λ) = a+ + a−γ
0γ1 with a± = ±

√
1
2 (γ ± 1) and Λ being a Lorentz transforma-

tion only along the 1-axis, calculate S†S, and confirm that it is not the unity matrix.
0.1 points

(b) Show that S†γ0S = γ0. 0.1 points

(*) Show that S̄(Λ) := γ0S†(Λ)γ0 = S−1(Λ) 0.1 points

7.12. Show that ψ̄γ5ψ is invariant under ψ → ψ′ = Sψ with S from 7.11.a. 0.2 points

7.13. Show that the adjoint spinors ū(1,2) and v̄(1,2) satisfy the equations 0.4 points

ū(γµpµ −m) = 0 and v̄(γµpµ +m) = 0 .

7.14. Show that the normalisation condition from 7.3., expressed with the adjoint spinors, becomes
ūu = −v̄v = 2mc. 0.2 points

7.15. Show that V µ = ψ̄γµψ is a four-vector, by confirming that its components transform according to
the Lorentztransformation V ′µ = ΛµνV

ν by transforming the spinors. 0.4 points

7.22. Using u(1), u(2), and v(1), v(2), prove the completeness relations 0.2 points∑
s=1,2

u(s)ū(s) = (γµpµ +m) and
∑
s=1,2

v(s)v̄(s) = (γµpµ −m) .

7.27. (a) Show that γ0γν†γ0 = γν , for ν = 0, 1, 2, or 3. 0.1 points

(b) If Γ is any product of γ-matrices (Γ = γaγb · · · γc) show that Γ̄ = γ0Γ†γ0 is the same product
in reverse order, Γ̄ = γc · · · γbγa. 0.2 points
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Homework: Particle kinematics best done as early as possible — due 2018/10/23, 13:00
David Griffiths, Chapter 3, pp. 100-102, n. 3.14, n. 3.16, n. 3.18, n. 3.19, n. 3.22 and n. 3.22:

3.14. Particle A (energy E) hits particle B (at rest), producing particles C1, C2, . . .Cn. Calculate the
threshold (i.e. the minimum E) for this reaction, in terms of the various particle masses. 0.4 points

3.16. Particle A, at rest, decays into particles B and C (A→ B + C).

(a) Find the energy of the outgoing particles in terms of the various masses.
0.3 points

(b) Find the magnitude of the outgoing momenta. 0.3 points

(c) |~pB | goes to zero when mA = mB +mC , and ”runs imaginary” when
mA < mB +mC . Explain. 0.1 points

3.18. (a) A pion at rest decays into a muon and a neutrino (π− → µ− + ν̄µ). On the average, how far
will the muon travel (in vacuum) before disintegrating? Calculate the speed of the muon!

0.4 points

(b) The length in the muon track in Figure 1.7 is about 0.6 mm (the photograph has been enlarged).
How do you explain this? 0.2 points

3.19. Particle A, at rest, decays into three or more particles: A→ B + C +D + . . . .

(a) Determine the maximum and the minimum energies that particle B can have in such a decay,
in terms of the various masses (mA,mB ,mC ,mD, . . . ). 0.5 points

(b) Find the maximum and minimum electron energies in muon decay, µ− → e−+ν̄e+νµ. 0.2 points

3.22. In a two–body scattering event, (A+B → C +D), it is convenient to introduce the Mandelstam
variables

s = (pA + pB)2 t = (pA − pC)2 u = (pA − pD)2

(a) Show that s+ t+ u = m2
A +m2

B +m2
C +m2

D. 0.2 points

The theoretical virtue of the Mandelstam variables is that they are Lorentz invariants, with the same
value in any inertial system. Experimentally, though, the more accessible parameters are energies
and scattering angles.

(b) Find the CM energy of A, in terms of s, t, u, and the masses. 0.2 points

(c) Find the Lab (B at rest) energy of A. 0.2 points

(d) Find the total CM energy (ETOT = EA + EB = EC + ED). 0.2 points

3.23. For elastic scattering of identical particles, A + A → A + A, show that the Mandelstam variables
(Problem 3.22) become

s = 4(|~p|2 +m2) t = −2|~p|2(1− cos θ) u = −2|~p|2(1 + cos θ)

where ~p is the CM momentum of an incident particle, and θ is the scattering angle. 0.4 points
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Reading assignment: A. Zee, Chapter I.7. Feynman Diagrams and
David Griffiths, Chapter 6.3, The Feynman Rules for a Toy Theory

Homework: Feynman Diagrams best done soon after 2018/09/25 — due 2018/11/06, 13:00
David Griffiths, Chapter 6, p. 212, n. 6.11 and n. 6.12 (a):

6.11. (a) Is A→ B +B a possible process in the ABC theory? 0.5 points

(b) Suppose a diagram has nA external A lines, nB external B lines, and nC external C lines.
Develop a simple criterion for determining whether it is an allowed reaction. 1.5 points

(c) Assuming A is heavy enough, what are the most likely decay modes, after A→ B + C? Draw
a Feynman diagram for each decay. 1 points

6.12. (a) Draw all lowest order diagrams for A+A→ A+A. (There are six of them.)
1.2 points

Reading suggestion: Romao and Silva, A resource for signs and Feynman diagrams of the Standard
Model [8] or Stefan Pokorsky, Gauge Field Theories [10], Appendix C, pp. 563 to 582. You should get the
idea, how the parts of Feynman diagrams in the Standard Model look like. You can get these Feynman
rules from other sources, too — where ever you like.

Homework: Processes in the Standard Model
possible to do it after 2018/09/25 — due 2018/11/27, 13:00

Use the Feynman Rules for the Standard Model.

SM.1 Draw all lowest order diagrams for e− + e+ → t+ t̄. 1 points

SM.2 Draw all lowest order diagrams for H → γ + γ. You will notice that the Higgs particle does not
couple directly to the photon. Nevertheless, this channel is one of the most promising channels for
the Higgs discovery at the LHC. 2 points

SM.2 Draw diagrams for the LHC with p+p→ t(t̄) +X. Treat the proton as a bunch of different partons,
i.e. parts of the proton, like up-quark, down-quark, gluons, sea-quarks, and other virtual particles.
And the outcome should be either a top- or an antitop-quark and something, where this something
is not specified. In the specific Feynman diagram, this X will be something specific, but think of all
possibilities.

2 points


