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I[dea behind and rational of this course:

in the bachelor course 'Experimentalphysik IV, Kern- und Teilchenphysik' you
have all been exposed to a concise introduction into these two fields.

The current course builds on this and provides a survey, from a mainly
experimental point of view, of selected highlights in the field of nuclear
physics.

Altogether, there will be 22 lectures and 5 recitations. Copies of the lecture
files as well as material for the recitations can be found on the lecture web
pages. There you will also find relevant textbooks as well as some recent
review papers on the subjects of the course.

The course outline is given in the next 2 slides.



OO NOORLON =

o

11.
12.

13

14.
15.
10.
17.
18.
19.
20.
21.

April 21
April 24
April 28
May 5
May 8
May 12
May 15
May 19
May 22
. May 26

May 29
June 2

. June 5
June 9

June 12
June 16
June 19
June 23
June 26
June 30
July 3

OUTLINE of the lectures
part 1

introduction, units, quick reminder of standard model
the nucleon, static properties

the nucleon radius, a crisis and its resolution

deep inelastic scattering and the parton model
recitation 1

how many gluons in a proton?

gluon saturation at low x

proton tomography

recitation 2

the quark model and surprizes in hadron structure

part 2
the structure of atomic nuclei
the chart of nuclides
recitation 2
nuclear structure near the drip lines
element formation in stars, from H and He to Fe
heavy element production, the r and s process
recitation 3
super-nova explosions and heavy element production
the structure of neutron stars
neutron star mergers
recitation 4
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23.
24.
25.
26.
27.

Outline of the lecture
part 3

July 7 collisions of relativistic nuclei

July 10 hadron production and the phase diagram of QCD
July 14  the equation of state of the quark-gluon plasma

July 17 recitation 5

July 21 charmonium production and deconfinement of quarks
July 24  phase transitions in the early universe



Lect. 1

» Historical remarks

> Orders of magnitude

*'Natural' units h=c=1

» Some non-relativistic and relativistic kinematics
* Survey of interactions
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Structure within
the Atom

Quark

Size <1079 m

Eleétron

Nucleus )
Size < 1078 m

Size =~ 10714 m

Proton
Size = 10715 r

Size = 10710 m

If the protons and neutrons in this picture were 10 cm across,
then the quarks and electrons would be less than 0.1 mm in
size and the entire atom would be about 10 km across.
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THE STANDARD MODEL

The Standard Model expresses our present understanding of the known

fundamental fermions (quarks and leptons) and the forces between them:
e The Electromagnetic force
e The Weak force
e The Strong force

It does not incorporate gravity.

The forces are mediated by fundamental “eauge” bosons: the photon, the
W= and Z", and the gluons.

The symmetry of the model is expressed mathematically as
SU(2) x U(1) x SU(3)
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Gauge symmetry U(l)gar
Electric charge ¢
1 Massless Gauge Boson (Photon)

Photon carries no electric charge

(no self-interaction)

Basic Vertex (Bremsstrahlung)

A\

Infinite range force

Gauge symmetry SU(3)cor
Colour charge (r, g, b)
8 Massless Gange Bosons (Gluons)

Gluons carry colour charge

(self-interact)

Basic Vertex (Gluon Bremsstrahlung)

o\

Confinement of Quarks
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Brief history of QCD

1954 non-abelian gauge theories --- Yang & Mills
1964 quark model (8-fold way) --- Gell-Mann & Zweig
1964 color degree of freedom  --- O. Greenberg
1969 deep inelastic scattering at SLAC
Bjorken: scaling from current algebra — point like
constituents
Feynman: infinite momentum frame — partons
1970 GIM mechanism, 4™ (charm) quark
Glashow, lliopoulos, Maiani
1971 non-abelian gauge theory is renormalizable
t'Hooft & Veltman
1973 SU(3)c --- Gell-Mann, Fritzsch, Leutwyler
1973 asymptotic freedom --- Gross & Wilczek, Politzer
1974 discovery of charmonia --- bound states of QCD



e 1975 hadron jetsine+e- --- SPEAR
« 1976 prediction of gluon jets --- Ellis, Gaillard, Ross
1979 discovery of the gluon --- PETRA experiments at
DESY
1980 running of alpha s --- PETRA
1988 — 2005 --- DIS and HERA@DESY
2003 — 2020+ 'exotic' hadrons at Belle, Babar, LHCDb, ...
2005 ‘perfect fluid' scenario for QGP at RHIC
2009 - Hadron structure, QCD and
LHC@CERN

« 2012 discovery of Higgs particle by ATLAS and CMS
« 2017 deconfined quarks in the QGP


mailto:HERA@DESY
mailto:LHC@CERN

Electric charge

+2/3 o

1

2

STRANGE

Three families of particles

3

BOTTOM

ELECTROM-
MELITRING

®

®
®

®
©®




FERMIONS®
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force carriers

BOSONS spin =0, 1, 2, ...

Unified Electroweak spin = 1 Strong (color) spin =1

Mass Electric :
Name Mass Electric
-
2 0 0 9 0 0

Tore
W 80.39 -
\L\[j 80.39 +1

W bosons

gg 91.188 0

‘ Z boson




Table 1. Properties of quarks and Jeptons.

Leptons Quarks
Particle  Mass (MeV/c?)  Qje Le Ly L Paticle Mass(GeVie) Qfe S B
n <3x 1078 01 0 0 u -5 % 1073 30 00
e~ 0.511 -1 1 9 0 d 39 x 1073 ~1/3 0 0 0
Dy <0.19 0 0 1 0 ¢ 1.15-1.35 230 00
u 105.66 -1 0 I 0 s 75170 % 1070 =173 =1 00
e <182 9 0 1 ot 1743 +5.1 30 0
. 1777.0 -1 0 0 1 b 4144 ~1/3 0 -1 0




Baryons qqq and Antibaryons qqq

Baryons are fermionic hadrons.

These are a few of the many types of baryons.

Name | Quark | Electric | Mass
content charge GeV/c?

P proton uud 0.938 | 1/2
p |antiproton| uud -1 0.938 | 1/2
n neutron | udd 0 0.940 | 1/2
A lambda | wuds 0 1.116 | 1/2
Q~ | omega SSS -1 1.672 | 3/2




Mesons qq
Mesons are bosonic hadrons
These are a few of the many types of mesons.

Name | Quark | Electric | Mass |Spin
content charge GeV/c?

K™ kaon su —1 0.494 0
p* rho ud +1 0.776 | 1
B? | B-zero db 0 5279 | 0
LIRS eta-c cC 0 2.980 0




Baryons and Mesons are colorless Objects




Properties of the Interactions

The strengths of the interactions (forces) are shown relative to the strength of the electromagnetic force for two u quarks separated by the specified distances.

Weak Electromagnetic Strong

Property on Interaction (Electr (U Interaction Interaction

Acts on: Mass — Energy Flavor Electric Charge Color Charge

Particles experiencing: All Quarks, Leptons Electrically Charged Quarks, Gluons

Particles mediating: (not?el;ao\gigr?/e 7 wt w- Zz0 Y Gluons

10-8m | 0.8 1 25
3x10™"" m 10— 4 1 60

Strength at {




Standard Model of Elementary Particles

three generations of matter interactions / force carriers

(fermions) (bosons)
I | i
mass | =2.2 MeWic? =128 GeVic? =173.1 Gelfic? i} 124 97 GeVic?
C|'|E|.I'EJE ¥ ¥ ¥ i}
spin | L% U _ 15 C Ls t ‘9
up charm top | gluon
< - 8
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source:
PDG
Wikipedia



INTENSITY OF FORCES | BINDING PARTICLE
TYPE ( DECREASING ORDER )| ( FIELD QUANTUM ) OCCURS IN :

STRONG NUCLEAR FORCE ~ 1 GLUONS (NOMASS) ATOMIC NUCLEUS
.3

ELECTRO -MAGNETIC FORCE ~ 10 PHOTONS ( NO MASS ) ATOMIC SHELL

ELECTROTECHNIQUE

.5

WEAK NUCLEAR FORCE ~ 10 BOSONS 72 W+ K W- RADIOACTIVE BETA

( HEAVY ) DESINTEGRATION

.38

GRAVITATION ~ 10 GRAVITONS ( 7) HEAVENLY BODIES
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