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QCD

QCD is the theory of strong interactions.

It describes interactions between hadrons (p, π, ...)

Asymptotic states.

Normal conditions of temperature and density.

Nuclear matter (us).

Colorless objects.
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QCD

QCD is the theory of strong interactions.

It describes interactions between hadrons (p, π, ...)

Quarks and gluons in the Lagrangian

Fundamental particles.

charge=+2/3 u (∼5 MeV) c (∼1.5 GeV) t (∼175 GeV)
charge=-1/3 d (∼10 MeV) s (∼100 MeV) b (∼5 GeV)

Colorful objects. color = charge of QCD −→ vector

Similar to QED, but gluons can interact among themselves
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QCD

QCD is the theory of strong interactions.

It describes interactions between hadrons (p, π, ...)

Quarks and gluons in the Lagrangian

Fundamental particles.

charge=+2/3 u (∼5 MeV) c (∼1.5 GeV) t (∼175 GeV)
charge=-1/3 d (∼10 MeV) s (∼100 MeV) b (∼5 GeV)

Colorful objects. color = charge of QCD −→ vector

Similar to QED, but gluons can interact among themselves

Gluons carry color charge −→ This changes everything...
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QCD

QCD is the theory of strong interactions.

It describes interactions between hadrons (p, π, ...)

Quarks and gluons in the Lagrangian

No free quarks and gluons: Confinement.
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QCD

QCD is the theory of strong interactions.

It describes interactions between hadrons (p, π, ...)

Quarks and gluons in the Lagrangian

No free quarks and gluons: Confinement.

Strength smaller at smaller distances: Asymptotic freedom.
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Picture

In quantum field theory, vacuum is a
medium which can screen charge.

(quarks or gluons disturb vacuum).

Islamabad, March 2004 HIC and the search for the QGP - 1. QCD matter. – p.5
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Picture

In quantum field theory, vacuum is a
medium which can screen charge.

(quarks or gluons disturb vacuum).

confinement =⇒ isolated quarks
(gluons) = infinite energy
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Picture

In quantum field theory, vacuum is a
medium which can screen charge.

(quarks or gluons disturb vacuum).

confinement =⇒ isolated quarks
(gluons) = infinite energy

colorless packages (hadrons)
=⇒ vacuum excitations.
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Picture

In quantum field theory, vacuum is a
medium which can screen charge.

(quarks or gluons disturb vacuum).

confinement =⇒ isolated quarks
(gluons) = infinite energy

colorless packages (hadrons)
=⇒ vacuum excitations.

masses:
mass (GeV)

∑

qm (GeV)

p ∼1 2mu + md ∼0.03
π ∼0.13 mu + md ∼ 0.02

Islamabad, March 2004 HIC and the search for the QGP - 1. QCD matter. – p.5
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String Picture

A way of visualizing a meson −→ a qq̄ pair join together by a string

Colorless object

Islamabad, March 2004 HIC and the search for the QGP - 1. QCD matter. – p.6
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String Picture

A way of visualizing a meson −→ a qq̄ pair join together by a string

Colorless object

The potential between a qq̄ pair at separation r is

V (r) = −A(r)

r
+ Kr
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String Picture

A way of visualizing a meson −→ a qq̄ pair join together by a string

Colorless object

The potential between a qq̄ pair at separation r is

V (r) = −A(r)

r
+ Kr

When the energy is larger than mq + mq̄ a qq̄ pair breaks the string
and forms two different hadrons.

Islamabad, March 2004 HIC and the search for the QGP - 1. QCD matter. – p.6
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String Picture

A way of visualizing a meson −→ a qq̄ pair join together by a string

Colorless object

The potential between a qq̄ pair at separation r is

V (r) = −A(r)

r
+ Kr

When the energy is larger than mq + mq̄ a qq̄ pair breaks the string
and forms two different hadrons.

In the limit mq → ∞ the string cannot break (infinite energy)

Islamabad, March 2004 HIC and the search for the QGP - 1. QCD matter. – p.6
 5

String picture
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Chiral symmetry
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Chiral symmetry

   TAE Jaca, May 2007                                      Heavy Ion Collisions Theory and Experiment    

In the absence of quark masses the QCD Lagrangian splits into 
two independent quark sectors

LQCD = Lgluons + iq̄L�µDµqL + iq̄R�µDµqR

For two flavors                       is symmetric under 

However, this symmetry is not observed

Solution: the vacuum     is not invariant

Symmetry breaking 

Golstone’s theorem       massless bosons associated: pions

(i = u, d)LQCD SU(2)L � SU(2)R

|0�

⌅0|q̄LqR|0⇧ ⇤= 0 �⇥ chiral condensate

=�



So, properties of the QCD vacuum
Confinement 
Chiral symmetry breaking 

Is there a regime where these symmetries are restored? 
QCD phase diagram 

Free quarks and gluons?  
Asymptotic freedom: Quarks and gluons interact weakly at 

@ Small distances — increase density 
@ Large momentum — increase temperatures

 7TAE 2018 - Benasque - Heavy Ions 
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High-densities/temperatures
 In the early Universe 
 Core of neutron stars 
 Heavy-ion collisions



Real data - event from first collisions recorded with by in 2010

Needs large energy density deposited in a 
macroscopic (in QCD scales) region of space

 9TAE 2018 - Benasque - Heavy Ions 
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HIC: some history
Landau (1953) applies fluid dynamics to hadronic collisions 

Assumptions
 Large amount of the energy deposited in a short time in a small region of space 
(little fireball) with the size of a Lorentz-contracted nucleus 
 Created matter treated as a relativistic (classical) fluid  

 The hydrodynamical flow stops when the mean free path becomes of the order 
of the size of the system: freeze out

Equation of state P = ϵ/3

Hydrodynamics is nowadays the main tool to 
check the degree of thermalization in HIC



Most of the theoretical progress in the last years:
 Viscosity corrections
 Fluctuations in initial conditions 

Does not address the question on how thermal equilibrium is reached
 Far from equilibrium initial state needs to equilibrate fast (less than 1fm)
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Remember the Euler eq.

Make a Fourier decomposition
 Elliptic flow is the second component

Page 2

Anisotropies in the initial spacial distributions - geometry - translate into 
anisotropies in the momentum distributions

 Impossible with instantaneous, point-like, interactions unless initial- or final-state correlations

@�

dt
= � c2

✏+ P
rP

✏ = 3P =) @
x

P > @
y

P

Transverse plane 
of the collision
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Lowest viscosity known
 “Perfect liquid”: sQGP
 AdS/CFT bound

24

FIG. 18. (Color online) 2- and 4-particle cumulant flow-coefficients, vn{2} and vn{4}, of charged hadrons in
p
sNN = 2.76

TeV Pb+Pb collisions at the LHC (a), and in 200 GeV Au+Au collisions at RHIC (b). The vn{4} results are divided by 2 for
clarity. The dashed lines show the vn calculated with respect to the reaction plane (RP). The data are from ALICE[140, 146]
and STAR [141], and the corresponding pT ranges are indicated.

FIG. 19. (Color online) Correlations of two event-plane angles for charged particles in
p
sNN = 2.76 TeV Pb+Pb collisions at

the LHC, compared with the ATLAS data [132].

the correlations involving  6 are not reproduced. A fur-
ther discussion on how viscosity affects the correlations
is given in the next section.

The ATLAS Collaboration has also measured correla-
tions involving three different event-plane angles [132].

As shown by Fig. 20, these are equivalently well repro-
duced in our framework by the same two parametriza-
tions of ⌘/s as the two event-plane angle correlations
above, but do not provide any further constraints to our
setup so that ⌘/s = 0.20 and ⌘/s = param1 parametriza-

[Niemi, Eskola, Paatelainen 2015]

LHC flow similar to RHIC Well described by hydro

Viscosity from data

TAE 2018 - Benasque - Heavy Ions 
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Volume 59B, number 1 PHYSICS LETTERS 13 October 1975 

T 

Fig. 1. Schematic phase diagram of hadronic matter. PB is the 
density of baryonic number. Quarks are confined in phase I 
and unconfined in phase II. 

a hadron consists of a bag inside which quarks are con- 

fined. If many hadrons are present, space is divided in- 

to two regions: the "exterior" and the "interior". At 

low temperature the hadron density is low, and the 

"interior" is made up of disconnected islands (the 

hadrons) in a connected sea of "exterior". By increas- 

ing the temperature, the hadron density increases, and 

so does the portion of space belonging to the 

"interior". At high enough temperature we expect a 

transition to a new situation, where the "interior" has 

fused into a connected region, with isolated ponds and 

lakes of exterior. Again, in the high temperature state, 

quarks can move throughout space. We note that this 

picture of  the quark liberation is very close to that of 

the droplet model of  second order phase transitions 

[13]. 

We expect the same transition to be also present at 

low temperature but high pressure, for the same reason, 

i.e. we expect a phase diagram of the kind indicated in 

fig. 1. The true phase diagram may actually be substan- 

tially more complex, due to other kinds of transitions, 

such as, e.g. those considered by Omnes [14]. 

We note finally that, although the two alternatives 

(phase transition or limiting temperature) give rise to 

similar forms for the hadronic spectrum, the equation 

of state for high densities is radically different. In the 

first case we may expect the equation of state to be- 

come asymptotically similar to that of a free Fermi 

gas, while the limiting temperature case leads to an ex- 

tremely "soft" equation of state [15]. This difference 

has important astrophysical implications [ 16]. 
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First lattice calculation found a first order phase transition

QCD phase diagram
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First lattice calculation found a first order phase transition
Including quark masses probably not a first order

QCD phase diagram

TAE 2018 - Benasque - Heavy Ions 



 14

First lattice calculation found a first order phase transition
Including quark masses probably not a first order

Present status: several different phases found.

QCD phase diagram
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First lattice calculation found a first order phase transition
Including quark masses probably not a first order

Present status: several different phases found.

QCD phase diagram

∼ #q − #q̄

First lattice calculations found a phase transition between ordinary

matter and QGP.

Including quark masses maybe not a real phase transition

Frascati, May 2006 QGP and HIC – p.15

We study this region

QCD phase diagram

TAE 2018 - Benasque - Heavy Ions 



… this is about exploration of properties of matter…

Water QCD matter
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QCD thermodynamics I

In the grand canonical ensemble, the thermodynamical properties are

determined by the (grand) partition function

Z(T, V, µi) = Tr exp{− 1

T
(H −

∑

i

µiNi)}

where kB = 1, H is the Hamiltonian and Ni and µi are conserved
number operators and their corresponding chemical potentials.

The different thermodynamical quantities can be obtained from Z

P = T
∂ ln Z

∂V
, S =

∂(T lnZ)

∂T
, Ni = T

∂ lnZ

∂µi

Expectation values can be computed as

⟨O⟩ =
TrO exp{− 1

T (H −
∑

i µiNi)}
Tr exp{− 1

T (H −
∑

i µiNi)}

Frascati, May 2006 QGP and HIC – p.16

QCD thermodynamics I

TAE 2018 - Benasque - Heavy Ions 
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QCD thermodynamics II

In order to obtain Z for a field theory with Lagrangian L one normally
makes the change −it = 1/T , with this, the action

iS ≡ i

∫

dtL −→ S = −
∫ 1/T

0

dτLE

and the grand canonical partition function can be written (for QCD) as

Z(T, V, µ) =

∫

Dψ̄DψDAµ exp{−
∫ 1/T

0

dx0

∫

V
d3x(LE − µN )},

where N ≡ ψ̄γ0ψ is the number density operator associated to the
conserved net quark (baryon) number.

Additionally, (anti)periodic boundary conditions in [0, 1/T ] are imposed
for bosons (fermions)

Aµ(0,x) = Aµ(1/T,x) , ψ(0,x) = −ψ(1/T,x)

Frascati, May 2006 QGP and HIC – p.17

QCD thermodynamics II

TAE 2018 - Benasque - Heavy Ions 
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QCD thermodynamics III

In order to solve these equations

Perturbative expansion

αS(T ) small for large T −→ bad convergence, but some results

obtained.

Lattice QCD

Discretization in (1/T, V ) space

Contributions to Z are computed by random configurations of fields

in the lattice

Most of the results for µ = 0, results for small µ only recently
available.

Frascati, May 2006 QGP and HIC – p.18

QCD thermodynamics III

TAE 2018 - Benasque - Heavy Ions 
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First example: Equation of State (EoS)

Naïve estimation:Let’s fix µ = 0, the pressure of an ideal gas (of
massless particles) is proportional to the number of d.o.f: P ∝ NT 4. So,

Pπ ∝ 3 × T 4 ; PQGP ∝ (2 × 2 × 3
︸ ︷︷ ︸

quarks

+ 2 × 8
︸ ︷︷ ︸

gluons

) × T 4

So, one expects a large difference (factor ∼ 10) between the two

phases.
Lattice results (Karsch et al.)
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Frascati, May 2006 QGP and HIC – p.19

[MILC Collaboration 2006]

First example: EoS
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FIG. 4. Left:The pressure in the low temperature region. The lines correspond to HRG with distorted hadron spectrum (see
text). Right: the pressure in the entire temperature range. The horizontal lines correspond to the free theory result. Also
shown are the results for the pressure obtained with p4 action and Nτ = 6 or 8 [3, 4].
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FIG. 5. The pressure calculated with HISQ action for differ-
ent Nτ and corrected for cutoff effects. The filled squares are
the continuum results for the pressure. For comparison we
also plot the p4 results for the pressure corrected for cutoff
effects at high temperatures.

p(T ) = p(T,Nτ) + corr(T,Nτ ), (9)

where p(T,Nτ) is the pressure at fixed lattice spacing
(Nτ ) and

corr(T,Nτ ) = pq(T )

(

1−
pq(T,Nτ)

pq(T )

)

(10)

is the correction factor due to discretization errors. Here
pq(T ) stands for the quark pressure in the continuum
limit, while pq(T,Nτ ) is the quark pressure at non-zero
lattice spacing, a = (NτT )−1. If we assume that the

cutoff dependence of the quark pressure is the same as of
the second order QNS, χl

2, i.e.

pq(T,Nτ )

pq(T )
≃
χl
2(T,Nτ )

χl
2(T )

(11)

we can use the results of Ref. [19] to obtain the correction
provided we also have an estimate for continuum quark
pressure pq(T ). Lattice calculations show that the QCD
pressure is below the ideal gas limit by about 15% at
high temperatures. Therefore, the ideal quark pressure
provides a fair estimate for pq(T ). Thus, we have an esti-
mate for the correction. We apply this correction to the
pressure calculated for fixed Nτ . The results are shown
in Fig. 5. We see from the figure that the pressure bands
corresponding to different Nτ agree within errors, i.e. ap-
plying the corrections largely reduces the Nτ dependence
of the results. We also see that while the p4 results are
still higher than the HISQ results they agree within the
statistical errors of the latter. The cutoff dependence of
the pressure is understood because to a fairly good ap-
proximation it is given by the cutoff dependence of the
free quark gas. This is not the case for the cutoff depen-
dence trace anomaly, which would require a three-loop
calculation as mentioned in Section I.
Now, that the cutoff dependence of the pressure is un-

derstood we can proceed with the continuum extrapola-
tions. As discussed above at high temperatures the dom-
inant cutoff dependence of the pressure is given by the
cutoff dependence of the ideal quark gas, and therefore,
for improved staggered actions like HISQ it is expected
to scale like 1/N4

τ . This expectation is confirmed by the
study of QNS at high temperatures with HISQ action
[19, 20]. On the other hand at low temperatures the
dominant cutoff effects are due to taste-symmetry break-
ing of staggered fermions and scale like a2 ∼ 1/N2

τ . This
is also confirmed by lattice calculations [21]. We find
that the cutoff dependence of the pressure is incompati-

[notice that proportionality factors are different, Fermi/Bose-Einstein statistics]

[Bazavov, Petreczky, Weber 2018]
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FIG. 8. The pressure (left) and the entropy density (right) in the high temperature region compared with the weak-coupling
calculations. The filled symbols correspond to the continuum results obtained from lattice calculations on Nτ = 6, 8, 10 and
12 lattices. The open symbols correspond to continuum estimate (see text). The errors of the continuum estimate have been
enlarged by factor two to indicate additional systematic errors that might be present. The red line and the band correspond
to the three-loop HTL perturbation theory [22], the blue band corresponds to the resummed calculation in next-to-leading log
approximation (NLA) [23]. The width of the bands correspond to the scale variation from µ = πT to 4πT . Also shown is the
weak-coupling result obtained in EQCD [10].

.

results for the trace anomaly lie below this continuum es-
timate. However, if we re-scale the Nτ = 4 and 6 results
on the trace anomaly by factors 1.2 and 1.4, respectively,
they agree with the above continuum estimate for 800
MeV < T < 1000 MeV within errors. This is demon-
strated in Fig. 6. Therefore, to obtain a continuum es-
timate for the trace anomaly beyond T = 1000 MeV
we re-scale the Nτ = 4 and Nτ = 6 data for T > 1000
MeV with the above factors. Here we tacitly assume that
the cutoff dependence of the trace anomaly is tempera-
ture independent. This assumption, however, is quite
reasonable since the cutoff dependence at high temper-
atures should be described by weak-coupling expansion
and thus is proportional to a2 = 1/(NτT )2 times the
coupling constant to some power. Since the coupling
constant depends on the temperature scale logarithmi-
cally in a limited temperature interval the cutoff effects
should be approximately temperature independent. Our
study of the Nτ dependence of the pressure for T > 400
MeV confirms this expectation. The cutoff dependence
of the quark number susceptibilities [19, 20] and the free
energy of the static quark [15] also support this assump-
tion. Therefore, we perform a spline interpolation of the
combined Nτ = 12, 10, 8, 6 and 4 data in the temper-
ature interval 400 MeV < T < 2000 MeV. Because we
corrected the trace anomaly obtained on Nτ = 4 and
Nτ = 6 lattices we assign an additional systematic er-
ror of 20% and 40% to the corresponding data points
before the interpolation, i.e. the size of the systematic
errors that we assume is the same as the magnitude of
the correction. Using this interpolation we calculate the
integral of the trace anomaly from T = 660 MeV to 2000
MeV, which together with the continuum result for the
pressure at 660 MeV obtained above gives us the contin-

uum pressure estimate that extends to temperatures as
high as 2000 MeV. From the pressure we can also calcu-
late the entropy density. These calculations will be used
in the next section for the comparison with the weak-
coupling results. We also compared this continuum esti-
mate of the pressure with the one discussed before. For
T < 1330 MeV we find excellent agreement between the
two continuum estimates.
We note that our continuum result for T = 500 MeV

is one and a half sigma higher than the continuum result
of Ref. [7], while our continuum estimate for higher tem-
peratures is 5− 7% higher than the continuum estimate
of Ref. [6]. Our continuum result for the pressure for
T < 400 MeV agrees very well with the HotQCD result
[8] but has considerably smaller errors.

V. EQUATION OF STATE AT HIGH
TEMPERATURES AND COMPARISON WITH

WEAK-COUPLING CALCULATIONS

In this section we compare the lattice results on the
EoS with the weak-coupling calculations. We start our
discussion with the trace anomaly. In Fig. 7 we com-
pare our lattice results for the trace anomaly obtained
with Nτ = 8, 10 and 12 as well as the corrected re-
sults for Nτ = 4 and 6 (see previous section) with the
results of three-loop HTL perturbation theory [22]. We
see good agreement between the lattice results and the
results obtained in three-loop HTL perturbation theory,
although the error band of the latter is still quite large.
The lattice results on the trace anomaly agree very well
with the weak-coupling calculations based on dimension-
ally reduced effective field theory, the electrostatic QCD

[Plot from Bazavov, Petreczky, Weber 2018][Kajantie, Laine, Rummukainen, Schroder 2003]
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In order to know whether the change from a hadron gas to a QGP is a 
phase transition or a rapid cross-over order parameters are needed 

First order: discontinuity in the order parameter 

Order parameters
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In order to know whether the change from a hadron gas to a QGP is a 
phase transition or a rapid cross-over order parameters are needed 

Second order: discontinuity in the derivative

Order parameters
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In order to know whether the change from a hadron gas to a QGP is a 
phase transition or a rapid cross-over order parameters are needed 

Cross-over: continuous function

Order parameters

TAE 2018 - Benasque - Heavy Ions 
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[Aoki et al 2006]

Order parameters in QCD I

[Let us fix µ = 0].

Chiral symmetry restoration. For mq = 0 the order parameter is the
chiral condensate

⟨0|q̄LqR|0⟩ ≠ 0 −−−−→
T→∞

⟨0|q̄LqR|0⟩ = 0

Frascati, May 2006 QGP and HIC – p.23

Chiral symmetry restoration: for 
chiral condensate is the order parameter

mq = 0

�m =
⇥

⇥mq
�q̄q⇥Susceptibility:

QCD order parameters I
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Confinement: for               the order parameter is the potentialmq �⇥

T < Tc T > Tc

[Kaczmarek et al 2000]

QCD order parameters II
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When masses are taken into account the potential is screened
 even below Tc

Light     pair creation breaks the string q̄q

[Karsch, Laermann, Peikert 2001]

However…
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Two order parameters

Influence of the quark masses (µ = 0)

Two order parameters:

mq = 0 −→ Chiral condensate

mq = ∞ −→ Potential

For physical masses, most likely crossover.

Frascati, May 2006 QGP and HIC – p.26
For physical masses, all results indicate a cross over at present

Physical quark masses
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Quarkonia spectral functions
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FIG. 22. Finite temperature spectral functions for charmonium obtained from the standard BR method (colored solid) the
MEM (gray dashed) and the smooth BR method (dark gray solid) The top two rows contain the results for the 3S

1

channel,
each panel showcasing a different temperature. The lower two rows on the other hand contain the 3P

1

spectra.

In the charmonium P-wave channel the MEM at low
temperatures T < 185MeV shows a very similar behav-
ior to the smooth BR method, while starting to produce
more wiggly artifacts in the UV at higher temperatures.
We thus find a similar result among the two methods for
the disappearance of a well defined ground state struc-
ture at or above T = 185MeV.

The values for the melting temperatures found in this
study lie close to the values predicted by a tree level

pNRQCD computation based on a recently determined
complex heavy quark potential from the lattice [46, 48].
While this is encouraging from the point of view of
consistency between non-relativistic approaches, several
caveats are present. First of all, as mentioned, the def-
inition of the melting temperature in the two computa-
tions is different. Secondly, the discrepancy for the bot-
tomonium P-wave states indicates that the agreement
for charmonium P-wave may be simply accidental. And

Naively, all bound states are destroyed in deconfinement. Quarkonia should then 
disappear in HIC [Matsui, Satz 1986]. The situation is, however, more complicated 

Different quarkonia states melt at different 
temperatures  
[some bound states survive transition]

Sequential suppression
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A possible picture of hot QCD

[Taken from Hatsuda, J/Ψ workshop BNL, May 2006]

Frascati, May 2006 QGP and HIC – p.47

A possible picture of hot QCD
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Conclusions - lecture 1
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QCD has a rich dynamical content 
Confinement and chiral symmetry breaking in vacuum  
New phases of matter at high energies/densities 
Quark gluon plasma universal form of matter at high enough 
energies 

Heavy ion collisions are the experimental tools
However, QGP is only one of the manifestations of a wider and 
richer accessible physics
QCD is the only sector in the Standard Model where studies of 
collectivity at the fundamental level are experimentally possible


