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Study of  the QCD phase 
diagram: 

Effective theories and Heavy-
Ion collisions 



Quantum Chromo-Dynamics (QCD) is the fundamental theory which 
describes the strong interactions between hadrons. 

Short introduction to QCD 

Quarks are confined inside hadrons, and the nature of  
strong interactions is such that free quark cannot be 
observed in nature. 
A bound state of  three quarks is called baryon; a pair 
of  quark and anti-quark is called meson. 

Its fundamental degrees of  freedom 
are quarks and gluons, which carry 
the color charge. 
There are six different quarks with 
increasing masses. 



Short introduction to QCD 

An ensemble of  three 
quarks is called generally 
hadron; a pair of  quark 
and anti-quark is called 
meson. 

The quark model actually 
can describe quite well 
most of  the particles 
coming out from 
experiments 

The basic ingredient of  QCD is an upgrade of  the Dirac Lagrangian to an 
SU(3) gauge symmetry in color space. 

One of  the main features of  QCD is 
the asymptotic freedom, i.e. the 
coupling of  strong interactions gets 
weaker with increasing transferred 
momentum. 



The QCD phase diagram 

A detailed exploration of  the QCD phase diagram is needed for a better 
understanding of  the confinement mechanism which binds quarks into 
hadrons. 

Following the idea of  asymptotic 
freedom, there are predictions of  
a new state of  matter whose 
degrees of  freedom are quarks 
and g luons, the so ca l led      
Quark-Gluon Plasma (QGP). 



Lattice QCD 

At present state of  the art it is not possible to solve analytically the 
QCD, but in the temperature and density regime of  interest it is possible 
to simulate it numerically on a discretized grid. 
 
 
 
 
 
Recently simulations reached a great precision and this allowed us to 
obtain very important results about the QCD phase diagram. 



Results from Lattice QCD 
Simulations of  QCD on a lattice give the best answer from theoretical side 
about its phase diagram. Main results: 

•  In the pure gauge sector the 
confinement is a first order 
transition, and the Polyakov loop 
is the corresponding order 
parameter. 

•  In presence of  dynamical quarks 
the transition turns into a smooth 
crossover. 

•  The temperature for the transition 
at μB=0 is about 150 MeV. 

•  Precise results are available for 
many thermodynamic 
observables. 

•  Even for very high temperatures 
the QGP is still strongly 
interacting. 

Borsanyi et al., PoS Lattice2010 (2014) 171 



QGP in the laboratory 
Experimentalists investigate the strong force via 
collisions between particles, starting from 
elementary collisions (e+e-, pp, ppbar), up to the 
recent Heavy-Ion collisions (HICs). 
 
The high multiplicity and energy involved in HICs 
allowed us to get informations about the QCD 
phase diagram. 
 
By means of  the high temperatures reached in 
HICs the physics community got the first indirect 
clues of  the QGP formation. 



Experimental observables 
From the experimental side the main question is which observable gives 
the best signal of  the QGP formation. Such an observable should bring 
information from the QGP phase, surviving the following stages ruled by 
strong interactions. There have been many proposal to this, which can be 
resumed in: 
 
•  Moments of  particle distribution of  electromagnetic probes, i.e. 

photons and/or dileptons, produced from the QGP stage; 
•  Study of  particle production, in particular of  heavy flavors, which 

retains their identity under the action of  the strong interactions in the 
final state. 

Solo il quark strano ha 
una massa 
abbastanza bassa da 
poter essere prodotto 
abbastanza in fretta e 
da poter termalizzare. 
 
Questo è più un 
appunto che altro 

A first attempt in the 
second point are the 
studies on the 
hadron distributions, 
first of  all the 
protons. 
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Link Theory to Experiment 
At present lattice data precision and experimental measurements accuracy 
allow for the first time to observe and compare several observables extracted 
with both metods. 

•  Finite kinematical acceptance 
of  detectors (pT, rapidity, 
etc.). 

•  Finite efficiency of  detecting 
particles. 

•  Results in chemical and thermal 
equilibrium, for full acceptance. 

•  Sign problem: results just for 
vanishing or small chemical 
potentials. 

Effective theories 
They provide the link between experiment and theory, adapting to the 
different constraints. They provide interesting predictions too. 

Experiments: Lattice: 



Outline of  my work 

During my work I used different tools to analyze the QCD phase diagram: 
 
 
 

•  A Quasi Particle approach to analyze the high temperature regime 
down to the confinement transition. 

 
 
 

•  The Hadron Resonance Gas model in order to analyze the low 
temperature, and high density, region of  the phase diagram. 



Pressure	  for	  a	  gas	  
	  
Dispersion	  relation	  
	  
Effective	  mass	  

In my case I will consider an effective mass which depends on the 
temperature, relying on calculation of  the gluon pole propagator based on the 
Hard Thermal Loop (HTL) approximation. 

Quasi-particle model 
The idea is to describe the system in terms of  its fundamental degrees of  
freedom, whose properties are slightly modified by the interaction with the 
medium. Indeed we describe a system of  interacting particles with a system 
of  non-interacting quasi-particles. 



Collective excitations in a plasma 
The temperature dependence of  the effective mass can be calculated from the 
self-energy of  a gluon field, which is composed by the following diagrams at 1 
loop. 

Developing the calculation in the HTL approximation we obtain the following 
relations for the longitudinal and transverse modes of  the field. 
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Quasi-particle model 
Fitting the lattice data for the thermodynamics we obtain an effective mass. 

A common problem with the quasi-particles models is that the effective 
mass diverges at the transition; this result is difficult to apply in general to 
simulation codes for parton propagation or similar ones. 

Castorina et al., Eur.Phys.J.C71(2011)1826 



A common procedure is to introduce in the effective theories the interplay of  
the system with the Polyakov loop, the order parameter of  the deconfinement 
phase transition 
The Polyakov loop is the trace of  the Polyakov line, defined in terms of  the 
gluon field. 

Polyakov loop 
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In our model we couple the quasi-gluons to a background Polyakov loop field, 
whose dynamics is introduced through an effective potential. 

In the high temperature limit we obtain again the simple quasi-particle 
contribution, but at the transition the loop applies a statistical suppression of  
the gluon dynamics, allowing to reproduce the lattice data without a divergent 
mass. 

QPs + Polyakov loop 

The effective potential of  the Polyakov loop may be in general inspired by 
other models, e.g. from PNJL calculations. Ratti et al., Nucl.Phys. A814 (2008) 118-143 



Thermodynamic consistency 
Introducing a temperature dependent quantity, like the effective mass, 
introduces an implicit dependence on the temperature in the potential. 
In order to ensure the thermodynamic consistency, the potential must 
satisfy an extra condition. 
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Effective masses 
The coupling with the Polyakov loop translates into a non divergent mass at 
the transition. 
Imposing the consistency modifies the behaviour of  the gluon mass, it is still 
finite at the transition, but exhibits a characteristic minimum. 
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Dependence on the Polyakov loop 

1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4

0.5

1.0

1.5

2.0

2.5

3.0

3.5

TêTc

m
gêT

par. 2

par. 1

The mass depends critically on the Polyakov loop data, i.e. slightly modifing 
the parametrization which interpolates the lattice data, always inside the 
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The collision stages: 
chemical Freeze-Out 

After the collision the evolution of  the fireball is divided as follows: 

•  A pre-equilibrium stage in which there is a lot of  interaction driving quickly 
the system toward the QGP phase. 

•  The QGP phase in which quarks and gluons are thermalized. 
•  Then the particles bind into hadrons (Hadronization). 
•  Chemical freeze-out: the inelastic scatterings between hadrons stop, only 

the long-lived hadrons propagate, anything else decays. 
•  Kinetic freeze-out: the elastic scatterings stop, and the hadrons reach the 

detector. 



Chemical Freeze-out 

It is commonly accepted that the chemical freeze-out happens close to 
hadronization. 
In order to get more information about the confinement process, 
experimentalists are looking for observables which rely on this stage, like the 
abundancies of  long-lived hadrons. 



Equation of  state 

An essential ingredient for the hydro codes is the equation of  state (EoS) 
of  strongly interacting matter. 
The most reliable results about the thermodynamics of  QCD matter 
come from lattice simulations. 

In my work I obtained an EoS based on lattice results, but including 
resonance decays consistently with the experimental situation. 

Hydro codes are able to reproduce the different stages of  the fireball 
evolution. 
Fitting different observables like the direct and elliptic flows, particle 
abundancies and their pT spectra, the hydro simulations are able to 
extract predictions about the QGP phase, e.g. temperature, viscosity, etc. 



Our Equation of  State 

Main features: 
 
•  For T>T* : recent lattice EoS for a 

system of  2+1 flavour with physical 
values for the quark masses (WB 
collaboration, Quark Matter 2012); 

•  For Tch<T<T* : Hadron-Resonance Gas 
in chemical equilibrium (HRG in CE); 

•  For T<Tch : HRG in partial chemical 
equilibrium (PCE). 

Similar approach 
in P. Huovinen, P. 
Petreczky Nucl. 
Phys. A, 2010 

We want to provide a realistic EoS to describe 
the matter created in HIC. 
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Hadron-Resonance Gas model 
This model is based on the idea that a system of  interacting hadrons in 
the ground state can be described by a gas of  non-interacting resonances 
and hadrons. The resonances mediate the strong interaction among 
hadrons. 

Where Bk, dk and mk denote respectively the baryon number, the degeneracy 
and the mass of  the particle k, while its chemical potential in full chemical 
equilibrium is given by: 



Partial chemical equilibrum 

•  The time scales for inelastic scatterings are much larger than the lifetime 
of  the hadronic stage. 

•  So it is more reasonable that the hadronic phase in HICs is not in full but 
in Partial Chemical Equilibrium (PCE). 

•  At T<Tch (chemical freeze-out temperature), only elastic and quasi-elastic 
scatterings (mediated by the formation and subsequent strong decay of  
resonances) are allowed. 



Strong vs Weak 

With this set of  stable particles we are excluding weak decays; this can be 
done with a particular experimental analysis of  secondary vertex. 

Only a few particles are considered stable: 



The main consequence of  the PCE is the conservation of  the 
effective number of  stable particles Ni. 

As a consequence, each stable hadron acquires an effective chemical 
potential. 
The chemical potentials of  the resonances can be written in terms of  the 
stable states in which they decay. 

Resonances contribute to the effective number of  stable species through 
their branching ratios dr->i . 
 

Full vs Partial equilibrum 



Below I show the results for the pressure and temperature as functions of  
the energy density. This two quantities are used in hydrodynamics codes. 

Results– nB=0 
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This is the result for the speed of  sound, which is fundamental for 
the hydrodynamic codes. 

Bluhm, P.A. et al., Nucl.Phys. A929 (2014) 157-168 

Results– nB=0 



Freeze-Out parameters from HRG 

The HRG model has been used in 
the past to extract the freeze-out 
temperature and chemical potential 
of  a HIC. 
 
The abundancies of  stable hadrons 
are fixed at the chemical FO. 
Through a thermal fit of  these 
observables it was possible to 
extract T and μB. 

Andronic et al., Nucl.Phys. A904-905 (2013) 535c-538c 

More recently, fluctuations of  conserved charges have been proposed for the 
same purpose. The main reason is that these observables can be simulated on 
the lattice. 



Fluctuations         Moments 

The fluctuations of  conserved 
charges are related to the 
moments of  the multiplicity 
distributions of  the same 
charge measured in HICs. 

Starting from a given partition function we define the fluctuations of  a set 
of  conserved charges as: 



Taking ratios of  these fluctuations we obtain simple quantities related to 
the moments of  the distributions, avoiding any volume dependence. 

Karsch, Central Eur.J.Phys.10 (2012) 1234-1237 

Fluctuations         Moments 
Starting from a given partition function we define the fluctuations of  a set 
of  conserved charges as: 



Cumulants from Lattice 
These quantities can be calculated by means of  simulations on the lattice. 
These results are in full thermodynamic equilibrium, and are obtained 
starting from first principles. 

The HRG model predictions show a remarkable agreement with the lattice 
results (in the same conditions as the lattice simulations are performed). 

R.Bellwied et al., Phys.Rev.Lett. 111 (2013) 202302 



HRG model flexibility 
With the HRG we can perform changes which allow us to get closer 
to the experimental situation: 

•  Cuts in the particle distribution’s acceptance and kinematics; 
 
•  Feed down correction (strong feed vs weak feed); differences among 

primary, secondary and tertiary vertex from experimental analysis; 

•  Provide results for arbitrarily high densities (and chemical potentials); 

•  We can provide a link between the set of  particles measured in HIC 
which serves a proxy for the global conserved charges (and which are the 
one considered on the lattice). 



HRG model flexibility 

And from a simple computational point of  view we can: 

•  Solve external global conditions (NS=0 and NQ=0.4NB), in order to reduce 
the number of  unknowns (μS and μQ are functions of  T and μB) ; 

•  Study higher order susceptibilities at finite μB (on the lattice one would 
need to calculate too many terms in the Taylor expansion) ; 

•  Apply corrections due to final hadrons interactions, directly inside the 
model. 
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Kinematic cuts 
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Feed down correction 
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It is usually easier to detect charged particles, like pions, kaons and 
protons; this means that experimentally we have just samples of  conserved 
charges. 
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It is usually easier to detect charged particles, like pions, kaons and 
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Feed-down + Cuts 

Applying together feed-down corrections and kinematic cuts can 
lead to unexpected results. 
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Isospin randomization 
In the hadron phase the following processes can occur. 

For globally conserved charges we do not need to take such processes into 
account , due to the global conservation laws (which still apply in strong 
decays), but calculating the single particle (proton) distribution it may be 
important. 



Isospin randomization 
We checked that the lifetime of  such resonances is short enough to justify 
a complete isospin randomization during the hadron phase evolution, for 
most of  the collision energies reached in the experiments. 

In the end, at the detection we 
cannot distinguish between a 
primordial proton and a proton 
coming from a neutron plus a 
pion. 

M.Kitazawa and M.Asakawa, Phys.Rev. C (2012) 



Isospin randomization 

Below I show the effect of  the isospin randomization correction to the net-
proton distribution higher moments. 

This correction changes significantly the moments behavior; especially it 
shows a different value for χ4/χ2. 

Narhgang P.A. et al., arxiv:1402.1238 



Experimental multiplicity 
distribution 

Measuring the net-number of  conserved charges event by event we get a 
distribution; from this we can calculate the moments. 

Due to exact charge 
conservation we should 
have no fluctuations in 
the entire system. 
 
They come from the 
finite acceptance window. 

STAR Coll., Phys.Rev.Lett. 112 (2014) 032302 



Freeze-out: experiment 

In the last years the interest in these 
higher order cumulants increased, 
leading to new results. 
 
Unfortunately the higher the order, the 
bigger the error bars!!! 
 
In order to be really sensitive in our fit, 
we were forced to use the lower 
moments products (with small error 
bar), and used the higher order ones 
just as a crosscheck. 

STAR Coll., Phys.Rev.Lett. 112 (2014) 032302 



Freeze-out: experiment 

STAR Coll., Phys.Rev.Lett. 113 (2014) 092301 

In the last years the interest in these 
higher order cumulants increased, 
leading to new results. 
 
Unfortunately the higher the order, the 
bigger the error bars!!! 
 
In order to be really sensitive in our fit, 
we were forced to use the lower 
moments products (with small error 
bar), and used the higher order ones 
just as a crosscheck. 



Results 
Below I show the freeze-out parameters that I obtain fitting the lower 
moment product for electric charge and net-proton distribution, for 6 
different collision energies. 
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Results – Electric charge 
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Using the new freeze-out parameters the higher order cumulants 
are in good agreement with the experimental data. 

P.A. et al., Phys.Lett. B738 (2014) 305-310 



Results – Protons 
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This could be due to an overestimate of  the isospin randomization 
magnitude, or to effects related to chiral criticality. 

In the case of  protons, we observe deviations between our predictions and 
the experimental values at small collision energies. 

P.A. et al., Phys.Lett. B738 (2014) 305-310 

Non usare un tono 
negativo. 
La discrepanza coi 
momenti di ordine 
superiore può essere 
un effetto molto 
interessante. 
Effetti di Chiral 
criticality che vengono 
misurati 
sperimentalmente per 
la prima volta. 



Results – Protons 

This could be due to an overestimate of  the isospin randomization 
magnitude, or to effects related to chiral criticality. 
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In the case of  protons, we observe deviations between our predictions and 
the experimental values at small collision energies. 
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Results: crosscheck 

Just as a crosscheck I show what happens fitting the χ3/χ2 for the 
proton (which has still small error bars) together with the  χ2/χ1 for the 
charge. The result obtained shows a bending opposite to the one 
expected. 



Freeze-out: New vs Old 
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With respect to previous result our temperature is about 20 MeV lower for the 
highest energy. 

P.A. et al., Phys.Lett. B738 (2014) 305-310 



Freeze-out: New vs Old 
With respect to previous result our temperature is about 20 MeV lower for the 
highest energy. 

Preghenella, Acta Phys.Polon. B43 (2012) 555 

The difference may rely 
on the fact that we use 
observbles dominated by 
light quarks, while the 
others use a global fit 
including all the strange 
hadrons. 



We want to check whether the strange quarks freeze-out at higher 
temperatures than the light ones; the chemical potentials stay the same 
because the system is the same; only the temperature might change due to 
the different masses. 

Flavor hierarchy 

We call this a flavor hierarchy 



Strange particle sets 

We can do some exploratory studies, about the set of  strange particles 
which gives the clearest signal. 
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The strange particles are harder to measure; this is the reason why no data 
about strangeness has been published until now. 

Work in progress 



Sensitivity of  cumulants 
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Strange FO 
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The FO temperature extracted from the net-Kaons cumulants is about 20 MeV 
higher for the highest energy collision. 
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Particle lists 
A source of  uncertainity inside the HRG model are the new particles and 
resonances discovered during the years. 
The different cumulant ratios change with the inclusion of  resonances with a 
mass bigger than 2 GeV. 
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Particle lists 
A source of  uncertainity inside the HRG model are the new particles and 
resonances discovered during the years. 
The different cumulant ratios change with the inclusion of  resonances with a 
mass bigger than 2 GeV. 
The net effect of  the inclusion of  these new states is a decrease of  the 
temperature of  about 2 MeV for all the energies. 
The result is still strong. 



•  I described the QGP phase with the transverse gluon degrees of  
freedom, using an effective mass which does not diverge at the 
transition, satisfing the thermodynamical conditions. 

•  I provided an EoS which rely on lattice QCD simulations and HRG 
calculations; modifications in order to get closer to the experimental 
situation are applied 

•  I extracted the chemical FO parameters from fluctuations of  conserved 
charges using the HRG model. 

Conclusions 

•  An implementation on the quarks degrees of  freedom is needed from 
the quasi-particle approach 

•  An EoS at finite chemical potential is the next step 
•  A detailed study of  the strange sector may clarify the existence of  the 

flavor hierarchy; exploratory studies on the best observable are in 
progress, and a study on the sensitivity of  strange cumulants is 
forthcoming. 

and Outlooks 



Thanks for the attention 



Backup slides 



Effective theories 
The various effective theories enrich the QCD phase diagram, in particular in 
those regions not accessible from experiment nor from simulations on the 
lattice. 

The different models give interesting points about the nature of  the QCD 
transition; in particular the existence of  the Critical End Point, at which the 
crossover turns back to a first order transition. 






