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Syllabus

1. Introduction to strong interactions in the perturbative and non-perturbative regimes.

2. Hadrons and Nucle1

3. Electron and neutrino scattering experiments on hadrons and nuclei: form factors,
elastic and 1nelastic scattering, resonances, deep inelastic physics.

4. Experimental methods and facilities with focus on MAMI and MESA at JGU Mainz.
5. Dark Matter
6. Search for dark matter with "intensity frontier" experiments, in particular, electron scattering
experiments.
7. Search for dark matter with “direct detection” experiments with focus on argon.
8. Nuclear astrophysics and nuclear reactions of astrophysical relevance (in the Big Bang and
stars).
9. Experiments for measuring astrophysical reactions with accelerators.
10. Discussion of a relevant published scientific paper on one of the topics discussed
during the course.

Luca Doria, JGU Mainz Advanced Subatomic Physics



Lecture Plan

1 Wed. 20. Apr. 2022

2 Th, 21. Apr. 2022

3 Wed, 27. Apr. 2022

4 Th, 28. Apr. 2022

5 Wed, 4. May 2022

6 Th, 5. May 2022

7 Wed. 11. May 2022

8 Th, 12. May 2022

9 Wed. 18. May 2022

10 Th, 19. May 2022

11 Wed. 25. May 2022

12 Wed, 1. Jun. 2022

13 Th, 2. Jun. 2022

14 Wed. 8. Jun. 2022

15 Th, 9. Jun. 2022

16 Wed. 15. Jun. 2022

17 Wed, 22. Jun. 2022

18 Th, 23. Jun. 2022

19 Wed. 29. Jun. 2022

20 Th, 30. Jun. 2022

21 Wed, 6. Jul. 2022

22 Th, 7. Jul. 2022

23 Wed, 13. Jul. 2022

24 Th, 14. Jul. 2022

25 Wed, 20. Jul. 2022

26 Th, 21. Jul. 2022
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Exam format

1.General questions about the course topics

2.Di

3.Di

SC
SC

Ussion of one of the topics presented during the lecture

Ussion and presentation of a published physics paper (seminar+slides)
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Preliminary Definitions
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Natural Units

Consider the two fundamental constants from quantum mechanics and relativity:

Planck’s constant: 7
Speed of light 1n vacuum: ¢
and a typical subatomic scale: GeV (rest-mass energy of the proton)

Expressing the SI units in terms of these constants: Simplify calculations setting 71=c=1:

Energy: GeV
Mass: GeV/c2
Momentum: GeV/c

Length: (GeV/he)l
Time: (GeV/nh)1

Energy: GeV
Mass: GeV
Momentum: GeV
Length: GeV-l1
Time: GeV-l1

Example: E2 - p2=m?Z ...
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Mandelstam Variables

Particle scattering 1s a fundamental process to study 1n particle physics.

Since Lorentz invariance 1s a fundamental physical property, it 1s convenient to express particle scattering

amplitudes with Lorentz-invariant quantities. A convenient choice is th use of the Mandelstam variables.
Considering the 2-2 scattering: 3

the Madelstam variables are: 4

S = (P1 +p2)2 L= (pl —P3)2 U = (p1 —p4)2

which have the property: s+t 4+ u = m?T +m3 + m% + mj

Example: s can be seen as the CM energy, since: p; = (E7,p") p5=(E;,—p")

and thus s = (B} + E3)*

Since these variables are scalar products of 4-vectors, they are the same 1n every reference frame.
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Cross Section

Differential cross section:

# of interactions/time/target

incident flux

flux = # of incident particles / area / time

do

df)

detector

= d(cos 0)d¢

The cross section can be differential also 1in other variables like do
the energy, or even differential with respect to more variables: AdQdE. .
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Standard Model

mass —» =2.3 MeV/c?

charge - 2/3

spin > 1/2

U

up

=4 .8 MeV/c?

-1/3

1/2

0.5

-1

1/2

0

1/2

LEPTONS

d

down

11 MeV/c?

e

4
electron

<2.2 eV/c?

Ve

electron
neutrino

=1.275 GeV/c?

2/3

1/2 (;/

charm

=95 MeV/c?

-1/3

strange

105.7 MeV/c?

O
1/2 j/

muon

<0.17 MeV/c?

D

1/2

muon
neutrino

1/2 S/

=173.07 GeV/c?

2/3
1/2 Bl

top

=4 .18 GeV/c?

b

bottom

-1/3

1/2

1.777 GeV/c?

1

1/2 [

tau

<15.5 MeV/c?

. Do
"

1/2

tau
neutrino

0
0
1
0
0
1
photon

91.2 GeV/c?
0
1

Z boson
80.4 GeV/c?

=126 GeV/c?

GAUGE BOSONS
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Quantum Chromo Dynamics (QCD)
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QCD

Quantum field theory of the strong interaction

Based on a non-abelian symmetry group: SU(3)

Degrees of freedom: quarks and gluons (where are e.g. protons and neutrons?)
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QCD: Free quark lagrangian

f: flavour C: colour

Hd : 9 : Jt

charm
-1/3 : -1/3 | -1/3 .
2 _ 1/2 g 1/2 b
down strange bottom

Quark field

Luca Doria, JGU Mainz Advanced Subatomic Physics
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SU(3) symmetry

The quark fields (given a flavour 1), can be arranged 1n triplets:

eliminating the colour sum 1n the previous lagrangian.

Quark fields transform under the SU(3) group: @b/f — ¢Wata @Df

1 0
where the A4 are the Gell-Mann matrices %y = ( 0 0
0 0

0
1
. 0
and [)\a, )\b] — Zfabc)\c o
| |

“structure constants”

“Local symmetry”: § — 6(x)

]
)
3

0
1
0
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(Local) Gauge Symmetry

Step back: consider U(1) theory for simplicity (like QED). »
Key observables invariant under a global phase transformation: U = ¢°°©
Examples:

Prob. density or charge density: P — w w

Electric current: [ = @%ﬂﬂ

are invariant if ¢ — U

The same happens with the Dirac lagrangian £ = /(" 0, — m)yY
Densities and currents are also invariant under LOCAL transformations {J (aj) — etet(z)

...but the lagrangian is not!

Luca Doria, JGU Mainz Advanced Subatomic Physics
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(Local) Gauge Symmetry

Why the lagrangian 1s not invariant under local gauge transformations?

L — Pe” 0 (ir" 8, — m)e™ " = P [iy" (0, + ied, 0| m)] ¢
0,

The problem 1s that the derivative 0,y 1s not locally gauge-invariant.
For fixing this problem, we have to change the derivative introducing a space-time dependent vector field:

A, —A,—0,0(x)

which transforms as

This reminds also the transformations allowed 1n classical electromagnetism for the 4-potential.

Luca Doria, JGU Mainz Advanced Subatomic Physics
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(Local) Gauge Symmetry

The new operator D), 1s also called “covariant”, since 1t does not change under local gauge transformations.

This language 1s rooted 1n differential geometry, but here we will not discuss the geometric aspects of gauge

transformations.
Let’s prove explicitly the invariance:

&Duw — 1@(5@ —ieA, )Y —
6_i69(8u —ie(A, + 6‘M0))6i69¢ —

=

D8, — ieA, —ied,0 + ied,0)) =

— @E(au — ieAu)w — @Du,w

Luca Doria, JGU Mainz Advanced Subatomic Physics
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(Local) Gauge Symmetry

The 1ntroduced transformations leave the form of the lagrangian invariant, but after a gauge transformation
and re-introducing the non-covariant partial derivative d, we obtain

£ = liedy, — ieA, —m)p = $(ied, — m)p Hepr, v A,

This 1s remarkable: the requirement of local gauge invariance automatically generated the correct interaction
term between the field y and the gauge field A, . In the language of QED, the new term describes how

photons couple with electrons.

Line = J, A,

Sy = €ZE’YM¢

Luca Doria, JGU Mainz Advanced Subatomic Physics
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(Local) Gauge Symmetry

The free photon lagrangian (the “kinetic” term for the tield A)) 1s

1
Ly=—7FuwF"

with the field strength tensor

F, =0,A, —0,A,

1
Note that a mass term for the photon, like 5 m? A MA'“ 1s excluded by local gauge invariance!

The final lagrangian 1s

Loep = ("0 —m)p + JH Ay,

Luca Doria, JGU Mainz Advanced Subatomic Physics
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(Local) Gauge Symmetry

Using the obtained lagrangian with the Euler-Lagrange equations, one can obtain the “equations of motion”
for the theory:

Do you recognise these equations?

Luca Doria, JGU Mainz Advanced Subatomic Physics
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Back to QCD

Quantum Chromodynamics 1s based instead on the SU(3) colour group and the local gauge transformation
1s (see before)

The t matrices are non-diagonal!

I1f 10 Aa 0
w — © w ta°tb;étb°ta

and the lagrangian 1s

_ ~ 1 y
ﬁQCD — wf(ZVMaM _ mf)wf T gwfVMtawaau 4Faqu5

Note here the index “a” (a=1..8) which labels the 8 generators of the SU(3) group. The field tensor 1s now

Fe =07

Term arising from the non-abelian property of the gauge group
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What is different from QED?
QED

QCD

L AAAAAANAANAANY
The gluons (the “photons” of QCD) interact

among themselves!

Luca Doria, JGU Mainz Advanced Subatomic Physics
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Consequences of a non-abelian group: Running Coupling

April 2016
(xS(QZ)_ Confinement v T decays (N3LO)
| a DIS jets (NLO)
| 0 Heavy Quarkonia (NLO)
03 | o e'¢ jets & shapes (res. NNLO) i
| ® c.w. precision fits (N3LO) -
v pp —> jets (NLO) - H
v pp — tt (NNLO) -
0.2 |
| ( "
Asymptotic Freedom
0.1} :
| . @ v @
1 1000

“String confinement”
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Summary

* Quantum chromodynamics (QCD) 1s based on the non-abelian group SU(3).

Local gauge invariance 1s a fundamental property of QFTs describing elementary particles.

The basic degrees of freedom of QCD are quarks and gluons.

Quarks have 6 flavours (up, down, strange, charme, bottom, top) and are fermions with spin 1/2 .
Gluons are 8 (like the generators of SU(3)) and carry color, therefore they interact also with
themselves.

In QED, the photon does not carry electric charge, so 1t does not interact with himself.

* X % ¥

%

* The non-abelian structure of QCD implies the charge of its gauge bosons and further consequences

are:

* Asymptotic freedom: the force becomes small for high momenta/energies and a perturbative
treatment 1s possible.

* Confinement: the force becomes large at small momenta/energies. The theory becomes non-
perturbative.

* Confinement implies that we cannot observe free coloured particles: quarks are confined 1n
uncoloured objects like hadrons (made by three quarks) and mesons (quark-antiquark states). Other
more exotic combinations can exist.
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