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What you learn in chemistry….
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Where do we find quarks?
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What keeps quarks confined in a proton or neutron?

‣Color: The “charge” associated with the strong force
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How many color charges exist?

‣Electromagnetic force: 2 + and - 
‣Strong force: 6 red, blue, green, anti-red, anti-blue, and anti-green
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How do the electromagnetic and strong forces arise?

Gluons, the force carriers of the strong interaction, have zero electric charge,
like photons, but unlike photons, which couple to electric charge, gluons couple to
colour charges. This leads immediately to the flavour independence of strong
interactions discussed in Chapter 3; that is, the different quark flavours a¼ u,
d, s, c, b and t have identical strong interactions. We now see that this is because
they are postulated to exist in the same three colour states r, g, b, with the
same possible values of the colour charges. Flavour independence has its most
striking consequences for u and d quarks, which have almost equal masses, where
it leads to the phenomenon of isospin symmetry. This results, among other
things, in the near equality of the masses of the proton and neutron, and charge
states within other multiplets such as pions and kaons, all of which we have
seen in Chapter 3 are confirmed by experiment. We will examine the con-
sequence of flavour independence for the bound states of the heavy quarks c
and b in Section 5.3.
Although QED and QCD both describe interactions, albeit of very different

strengths, that are mediated by massless spin-1 bosons which couple to conserved
charges, there is a crucial difference between them that profoundly effects
the characters of the resulting forces. While the photons which couple to the
electric charge are themselves electrically neutral, gluons have non-zero values of
the colour charges to which they couple. This is illustrated in Figure 5.1, which
shows a particular example of a quark–quark interaction by gluon exchange.

In this diagram, the colour states of the two quarks are interchanged, and the
gluon has non-zero values of the colour quantum numbers, whose values follow
from colour charge conservation at the vertices, i.e.

IC3 ðgÞ ¼ IC3 ðrÞ $ IC3 ðbÞ ¼
1

2
ð5:3Þ

and

YCðgÞ ¼ YCðrÞ $ YCðbÞ ¼ 1: ð5:4Þ

Figure 5.1 Example of quark--quark scattering by gluon exchange; in this diagram, the quark
flavours u and s are unchanged, but their colour states can change, as shown

154 CH5 QUARK DYNAMICS: THE STRONG INTERACTION

‣Modern view: via the exchange of force carriers 
✓Photons are exchanged in the electromagnetic force 
✓Gluons are exchanged in the strong force

�E�t � h
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How does the strong force behave?

Fem(r) =
a

r2
Fstrong(r) =

b

r2
+ cr2

‣An increasing strong force with distance leads to confinement 
✓Infinite amount of energy needed to separate quarks 
✓Reason why quarks only found in baryons (e.g. proton) or mesons (e.g. pion) 

r

r
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The Quark Gluon Plasma (QGP)

‣When a nucleus is compressed and heated, a QGP forms 
✓Quarks are no longer localized within protons and neutrons
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Where does the word plasma come from?

‣Constituents of conventional plasma are electrically charged 
✓Constituents of QGP are color charged!
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Why is the Quark Gluon Plasma (QGP) interesting?

‣Early universe would have been in the QGP state 
‣The core of neutron stars may contain a QGP
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How much heat do we need to create a QGP?

2000° – 4000° F
1000° – 2000° F

‣5,000,000,000,000o F!!!
‣ Roughly a million times higher temperature than center of sun 

27,000,000° F
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How much heat do we need to create a QGP?

‣Work by Professor Claudia Ratti at the University of Houston

Hadron Gas QGP
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How can we achieve such temperatures?

‣Crude but highly effective: collisions!
https://videos.cern.ch/record/1304862

https://videos.cern.ch/record/1304862
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How can we achieve such temperatures?

‣Crude but highly effective: collisions!

‣To make the QGP, we collide Pb-Pb heavy ions (nuclei) at the LHC

https://videos.cern.ch/record/1304862

https://videos.cern.ch/record/1304862
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Head on view of Pb-Pb collisions
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Head on view of Pb-Pb collisions

‣Isotope used: 20892Pb 

‣92 protons and 116 neutrons 

‣20892Pb extremely spherical 
nucleus 
✓Double magic 
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What happens during a Pb-Pb collision?

‣Time
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The Large Hadron Collider (LHC)

cern.ch

LHC Season 2
facts & figures

The Large Hadron Collider (LHC) is the most powerful par-
ticle accelerator ever built. The accelerator sits in a tunnel 
100 metres underground at CERN, the European Organi-
zation for Nuclear Research, on the Franco-Swiss border 
near Geneva, Switzerland.

WHAT IS THE LHC?
The LHC is a particle accelerator that pushes 
protons or ions to near the speed of light. It 
consists of a 27-kilometre ring of supercon-
ducting magnets with a number of accelerating 
structures that boost the energy of the particles 
along the way.

WHY IS IT CALLED THE “LARGE HADRON 
COLLIDER”?
• "Large" refers to its size, approximately 27km
in circumference.
• "Hadron" because it accelerates protons or
ions, which belong to the group of particles 
called hadrons.
• "Collider" because the particles form two
beams travelling in opposite directions, which 
are made to collide at four points around the 
machine.

HOW DOES THE LHC WORK?
• The CERN accelerator complex is a suc-
cession of machines with increasingly higher 
energies. Each machine accelerates a beam 
of particles to a given energy before injecting 
the beam into the next machine in the chain. 
This next machine brings the beam to an even 
higher energy and so on. The LHC is the last 
element of this chain, in which the beams reach 
their highest energies.

• Inside the LHC, two particle beams travel at
close to the speed of light before they are made 
to collide. The beams travel in opposite direc-
tions in separate beam pipes – two tubes kept 
at ultrahigh vacuum. They are guided around 
the accelerator ring by a strong magnetic field 
maintained by superconducting electroma-
gnets. Below a certain characteristic tempera-
ture, some materials enter a superconducting 
state and offer no resistance to the passage 
of electrical current. The electromagnets in the 
LHC are therefore chilled to -271.3°C (1.9K) 
– a temperature colder than outer space – to
take advantage of this effect. The accelerator 
is connected to a vast distribution system of 
liquid helium, which cools the magnets, as well 
as to other supply services.

WHAT ARE THE MAIN GOALS OF THE LHC?
The Standard Model of particle physics – a 
theory developed in the early 1970s that des-
cribes the fundamental particles and their 
interactions – has precisely predicted a wide 
variety of phenomena and so far successfully 

explained almost all experimental results in 
particle physics. But the Standard Model is 
incomplete. It leaves many questions open, 
which the LHC will help to answer.

• What is the origin of mass? The Standard
Model does not explain the origins of mass, nor 
why some particles are very heavy while others 
have no mass at all. However, theorists Robert 
Brout, François Englert and Peter Higgs made 
a proposal that was to solve this problem. The 
Brout-Englert-Higgs mechanism gives a mass 
to particles when they interact with an invi-
sible field, now called the “Higgs field”, which 
pervades the universe. Particles that interact 
intensely with the Higgs field are heavy, while 
those that have feeble interactions are light. In 
the late 1980s, physicists started the search for 
the Higgs boson, the particle associated with 
the Higgs field. In July 2012, CERN announced 
the discovery of the Higgs boson, which confir-
med the Brout-Englert-Higgs mechanism. 
However, finding it is not the end of the story, 
and researchers have to study the Higgs boson 
in detail to measure its properties and pin down 
its rarer decays. 

• Will we discover evidence for supersym-
metry? The Standard Model does not offer 
a unified description of all the fundamental 
forces, as it remains difficult to construct a 
theory of gravity similar to those for the other 
forces. Supersymmetry – a theory that hy-
pothesises the existence of more massive par-
tners of the standard particles we know – could 
facilitate the unification of fundamental forces. 

CERN's Accelerator Complex
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‣Run 1 (2010-2013) 
✓Pb-Pb √sNN = 2.76 TeV 
✓p-Pb √sNN = 5.02 TeV

‣Run 2 (2015-2018) 
✓Pb-Pb √sNN = 5.02 TeV 
✓Xe-Xe  √sNN = 5.02 TeV 
✓p-Pb √sNN = 5.02 TeV 
✓p-Pb √sNN = 8 TeV

1 TeV = 1.6 x10-7J
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A Large Ion Collider Experiment (ALICE)

https://www.youtube.com/watch?v=yWBWzIUCNpw

https://www.youtube.com/watch?v=yWBWzIUCNpw
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A Large Ion Collider Experiment (ALICE)

https://www.youtube.com/watch?v=yWBWzIUCNpw

https://www.youtube.com/watch?v=yWBWzIUCNpw
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A Large Ion Collider Experiment (ALICE)
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A proton-proton collision in ALICE
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A Pb-Pb collision in ALICE
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The Compact Muon Solenoid (CMS)
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A Pb-Pb collision in CMS
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These are big global collaborations!

‣A dedicated heavy-ion physics program occurs at Brookhaven National Lab 
✓Relativistic Heavy Ion Collider - Main experiments STAR and PHENX
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Heavy-ion Physics achievements at the LHC

‣Created hottest every matter 
on earth! 

‣Average energy of photons 
emitted can used to infer 
QGP temperature 

‣Measured temperature twice 
temperature needed for 
QGP formation 
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Anisotropic flow

‣Spatial anisotropies in the initial QGP state converted 
to momentum anisotropies

Science Dec 13 2002 2179-2182
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Anisotropic flow in Pb-Pb collisions
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‣v2 characterizes strength of 
anisotropic flow 

‣Highest ever values 
observed at the LHC 

‣What does that mean? 
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The most perfect fluid ever

1

The road to precision: Extraction of the specific shear viscosity of the

quark-gluon plasma

Chun Shen and Ulrich Heinz

Department of Physics, The Ohio State University, Columbus, OH 43210-1117, USA

Overview

For a few fleeting moments after the Big Bang the universe was filled with an astonishingly hot and dense

soup known as the Quark-Gluon Plasma (QGP), a precursor to the matter we observe today that consisted of

elementary particles. Although this Quark-Gluon Plasma also contained leptons and weak gauge bosons, its transport

properties were dominated by the strong interaction between quarks and gluons. Utilizing the most powerful particle

accelerators, physicists now conduct head-on collisions between heavy ions, such as gold or lead nuclei, to recreate

conditions that existed at the birth of the universe. The most striking discovery in relativistic heavy-ion collisions is

that the hot and dense matter created during the collisions behaves like an almost perfect (inviscid) liquid, meaning

that it can be characterized by a very small shear viscosity (⌘) to entropy density (s) ratio (or, “specific shear

viscosity”)[1–4]. It turns out that ⌘/s for the QGP is smaller than that of any known substance, including that of

superfluid liquid helium. In Fig. 1, we illustrate schematically the specific shear viscosity ⌘/s normalized by 1
4⇡

~
kB

,

the minimum bound in a large class of theories with infinitely strong coupling [5], for four di↵erent types of fluids.

The QGP at high temperature exhibits the smallest value of ⌘/s of any fluids occurring in nature.

Since the discovery around the turn of the millenium of the QGP and its surprisingly perfect fluidity, strong

interest has emerged in both theoretical and experimental work to constrain the transport properties of the QGP

in relativistic heavy-ion collisions. The specific shear viscosity characterizes one of the most important transport

properties of the QGP. It is at present impossible to compute this transport coe�cient with any sort of precision

from first principles. Alternatively, theoretical analysis of the experiments conducted at the Relativistic Heavy-

Ion Collider (RHIC) and the Large Hadron Collider (LHC) o↵ers opportunities to unravel phenomenologically the

collective behavior of the QGP created at high energies. Importantly, since the fireballs created in these “Little

Bangs” are minuscule (V ⇠ 10�42m3) and cool almost instantly (⇠ 5⇥ 10�23s), physicists can only study the QGP

through its remnants. This raises unique experimental and theoretical challenges. To trace the information of the

detected stable particles back to the QGP phase at the early stages of the collisions, in order to extract the QGP’s

properties, requires a quantitative understanding of the entire evolution of a heavy ion collision, from the formation

and thermalization of the QGP to the dynamics of the hadron resonance gas into which it eventually decays. [A

FIG. 1. The fluid imperfection index 4⇡ kB
~

⌘
s of various fluids as a function of temperature. This picture is taken from Tribble

R (chair), Burrows A et al. 2013 Implementing the 2007 Long Range Plan, Report to the Nuclear Science Advisory Committee,
January 31, 2013. Available at http://science.energy.gov/np/nsac/reports/.
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‣Viscosity limits development of anisotropic flow 
‣Extracted viscosities from collisions creating the QGP at the LHC are the 
smallest observed in nature! 
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Other systems with small viscosities…. 

‣The early universe 
was good at 
flowing!

https://www.youtube.com/watch?v=2Z6UJbwxBZI

https://www.youtube.com/watch?v=2Z6UJbwxBZI
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Other systems with small viscosities…. 

‣The early universe 
was good at 
flowing!

https://www.youtube.com/watch?v=2Z6UJbwxBZI

https://www.youtube.com/watch?v=2Z6UJbwxBZI
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The early universe was strange

‣The universe now is primarily composed of 
up and down quarks 

‣Strange quarks more copiously produced 
in the QGP



�31

A QGP might be produced in proton-proton collisions

‣Arrows correspond to 
evidence of v2 

‣v2 observed in p-p 
and p-Pb collisions  

‣Is there a QGP in 
these smaller systems 
with lower densities??
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The Quark Gluon Plasma is rather opaque  
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‣Production of particles with large energies is suppressed

Gunther Roland JET SymposiumJet Experiments at LHC 4

Jets as tools to characterize QGP 

Medium effects on jets allow extraction of QGP 
transport coefficients: 

• q: transverse momentum diffusion (radiative 
energy loss) 

• e: longitudinal drag (collisional energy loss)^

^

Jets as tools to understand QGP 

How does the strongly coupled liquid emerge from QCD? 
• Jets probe QGP at different (controllable) length scales 
• Scattering sensitive to quasi-particle nature of the medium

“pQCD plasma”

“AdS/CFT goo”

Jets as tools to manipulate QGP 

How does QGP respond to local energy 
deposition by jets? 
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Thanks for your attention!


