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E-mail address

• Panos.Christakoglou@nikhef.nl

• Panos.Christakoglou@cern.ch


Where can you find me

• Nikhef, Office N325, Science Park 

105 Amsterdam

BRIEFLY ABOUT ME…

PhD in 2007 from NKUA, Greece

2003-2010: At CERN (fellow)

2008-2010: Postdoc at UU 
(stationed at CERN)

2010 - Today: Senior scientist at 
Nikhef, Amsterdam

2015 - Today: Guest professor at 
UU and TU-Delft

Since 2024: Professor at 
University of Maastricht

mailto:panos.Christakoglou@nikhef.nl
mailto:panos.Christakoglou@cern.ch
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Research interest

• Quantum chromodynamics (QCD)

• Heavy-ion physics Alice @ LHC

• Connection with NS EoS

BRIEFLY ABOUT ME…

Teaching

• Introduction to elementary particle physics (1st 

year bachelor)

• Special relativity (1st year bachelor)

• Subatomic physics (3rd year bachelor)

• Particle physics 2 - QCD (MSc)



PRACTICAL MATTERS
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All communication from our side is done through the 
mailing list pp2course-msc@nikhef.nl


List populated using the lists we got from the 
coordinators of your programs


If you have not received a mail or if you know a case, 
contact me!!!


• Panos.Christakoglou@nikhef.nl

COMMUNICATION

mailto:pp2course-msc@nikhef.nl
mailto:panos.Christakoglou@nikhef.nl
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TEACHING ASSISTANTS

QCD LECTURES

noor.koster@nikhef.nl

Noor Koster

mailto:noor.koster@nikhef.nl
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Can be sent as a pdf file

• Reasonable file size (less than 5 MB)

• Readable

• Deadline 1 week after the homework is given.


Hand in, either:

• By mail to the TAs

• At the start of tutorial/exercise class in person

ABOUT YOUR HOMEWORK 
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MATERIAL
QCD material also posted on 


my web page

QCD syllabus

http://pchrist.web.cern.ch/Teaching/Masters/
https://surfdrive.surf.nl/files/index.php/s/3712fce33f651e02bfc292780a975036
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The lecture notes use material mainly from these books

LITERATURE
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The lecture notes use material mainly from these books

LITERATURE
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The lecture notes use some, limited material also from these sources

LITERATURE
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You have questions or comments about the lectures?

• I reserved two hours every Tuesday, between 12:00 and 14:00 

• Address: Nikhef, Science Park 105, Room N325 or my zoom room

• Readjusted if needed e.g. everybody shows up at the same time


You could also send a mail

• I promise to try to answer as fast as possible


• Note my teaching duties 

• Also other responsibilities e.g. research (ALICE @ LHC), committees, BSc/MSc/

PhD supervision,…, and maybe a life

I will be more than glad to receive your comments, suggestions and ideas 
on how to improve the course!

OFFICE HOURS

https://cern.zoom.us/my/pchrist?pwd=VlFqUHF3d2MzVnJ6dmExOGxPbDd3Zz09
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COURSE CONTENT



INTRODUCTION TO QCD
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QCD ANNIVERSARY

https://indico.cern.ch/event/1276932/
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The list of elementary particles has changed many 
times over time


• The electron was the only particle that was always in 
that list!


• The first elementary particle to be ever identified

• Discovered by Sir Joseph John Thomson in 1887


• Thomson was awarded the Nobel prize for this discovery but 
also for his work on the conduction of electricity in gases


• This discovery was done while Thomson investigated whether 
or not particle rays could be deflected by an electric field 

BIRTH OF PARTICLE PHYSICS

J. J. Thomson (1856-1940)
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In 1932 Chadwick discovered the neutron and it became clear that 
the nucleus consisted of protons and neutrons

Soon more particles started popping up from experiments

SUBNUCLEAR STRUCTURE

James Chadwick (1891 - 1974)

Who ordered these? What are their properties? Are there any patterns? 
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GELL-MANN’S QUARK MODEL

Hint for quark fractional 
charge and a new 
quantum number → 
colour(?)

George Zweig Murray Gell-Mann
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EVIDENCE OF COLOUR

<latexit sha1_base64="QnJAzy1v4wrbxCd/IwEQ1B5olA4="></latexit>
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e-p scattering: Repeat similar 
experiment as Rutherford did 
in ~1909

ARE NUCLEONS ELEMENTARY?
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SLAC-MIT experiment

ARE NUCLEONS ELEMENTARY?
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Bjorken’s scaling hypothesis

• if scattering is caused by point-like constituents, then 

the structure functions should be independent of Q2


Feynman’s parton model

• a proton consists of constituents

• the term “parton” was used by Feynman at the early 

stages of his formulation and stands until our days

• Physicists were reluctant to talk about quarks at that 

stage, let alone about gluons

DEEP INELASTIC SCATTERING
James Bjorken

Richard Feynman (1918-1988)
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DISCOVERY OF QUARKS AND GLUONS
TASSO experiment @ 
PETRA @ DESY

Positron-Electron Tandem Ring Accelerator: 

electron-positron collisions between 1978 and 1986

jet

jet

jete+

e�
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DIS EXPERIMENTS
DESY (Deutsches Elektronen-Synchroton) Laboratory, Hamburg, (1992-2007)

e± 27.5 GeV p920 GeV √s~318 GeV
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PERIODIC TABLE OF PARTICLE PHYSICS



Particle Physics 2 - 2023/202426

FORCES AND MEDIATORS

Developing QFTs that describe 
the interactions between these 
elementary particles
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THE STANDARD MODEL
Quantum ElectroDynamics 

(QED)
Electroweak Unification 

(GSW)

?

Strong interactions
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SYMMETRIES AND GAUGE TRANSFORMATIONS
Conserved quantities Gauge transformation

(Hyper)charge: Q Aµ (1 photon)U(1)
QED

Symmetry group Field

Weak isospin SU(2)
Weak

Aµ (3 bosons, W±, Z0)

Aµ (8 gluons, g)Colour

QCD

SU(3)
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FOCUS ON STRONG INTERACTIONS

Conserved quantities Gauge transformation Symmetry group Field

Aµ (8 gluons, g)Colour

QCD

SU(3)
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The coupling constant is denoted by αS and as in 
the case of QED is not a constant


• In contrast to QED though, we will see that the 
strong coupling constant changes quite rapidly as a 
function of the distance between the interacting 
particles

• At short distances aS becomes quite small, allowing the 

quarks e.g. within a proton to move freely without 
interacting much with their neighbouring quarks. 

• This phenomenon is called asymptotic freedom 

• Its existence was postulated in 1973 by Frank Wilczek, 

David Gross, and independently by David Politzer the same 
year. All three shared the Nobel Prize in physics in 2004

ASYMPTOTIC FREEDOM
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Heavy Quarkonia
e+e–  Annihilation
Deep Inelastic Scattering

July 2009
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THE BIRTH OF QCD



Particle Physics 2 - 2023/202432

THE STANDARD MODEL
Quantum ElectroDynamics 

(QED)
Electroweak Unification 

(GSW)
Quantum ChromoDynamics 

(QCD)
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…AND ITS MISSING PIECE
The Higgs mechanism
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Similar formulation between QED and QCD but with 
fundamental differences


• in QED there is one charge (i.e. electric charge) in QCD we 
have three (i.e. colour)

• There are three kind of colours in QCD,: red (R), green (G) and 

blue (B). 

• Gluons have two colours, carrying one unit of color and one of 

anticolor. 

• There are 3x3 = 9 possibilities for the gluons but as we will see 

later there are only 8. 

• Since the gluons carry color, they can also couple directly to other 

gluons making the existence of gluon-gluon vertices possible. 

• Another difference comes from the fact that particles decaying 

strongly have typical lifetimes of 10-23sec

• Finally, the coupling strength…

QCD VS QED
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QUANTUM CHROMODYNAMICS - QCD
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FEYNMAN RULES OF QCD
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For small values of momentum transfer, large spatial range, the strong 
interactions are exceptionally strong


• Quarks are bound together within hadrons

Breaking the colour string between a quark-antiquark pair is not easy


• At some point, it is energetically more favourable to create a new pair of quarks and 
antiquarks

• Quarks and gluons can not move freely

CONFINEMENT 

q q

q q q q
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Studying QCD in the laboratory
PARTICLE ACCELERATORS 
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PARTICLE DETECTORS
pp collisions ➡︎ small number of particles
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QCD: THE DOMINANT FORCE AT THE LHC
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MULTIBODY FACET OF QCD
QCD phase transition ~4 decades of experimental program

What is the nature of this 
primordial matter?
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STUDYING PHASE TRANSITIONS IN THE LAB
Pb-Pb collisions ➡︎ large number of particles



Particle Physics 2 - 2023/202443

QCD PHASE DIAGRAM

Can we bring the QCD phase diagram at a textbook level version?



MSC PROJECTS IN 
ALICE
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Search of the strongest magnetic 
field in the universe

MSC PROJECTS

Magnetar’s field: 1012 -1015 G

B in heavy ion collisions: 1019 -1020 G

Direct searches of parity violation in QCD

Studies of the most vortical fluid 
in nature

Characterising the perfect liquid
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MSC PROJECTS Hardware (Alice/R&D)

Simulation studies for the future HI detector

Computing projects (GPU + ML - Alice/PDP)
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QCD PHASE DIAGRAM
Some of the topics could have (direct) 

connections to GW physics 

Dutch consortium consisting of

• Experimentalists & theorists

• GW, astrophysicists, nuclear and high energy 

heavy-ion physicists 
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Discussion about MSc projects


My experience as a MSc student 

• What to expect from a MSc project (in ALICE)


The future of (our) students after their MSc


My experience as a PhD candidate 

• What does it mean to do an experimental PhD?

LAST TUTORIAL SESSION OF QCD
Tuesday, February the 27th at 13:00

Noor Koster

Paul Veen
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Thank you for 
your attention!


