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QCD phase diagram

Fundamental Interaction &
Collective behavior
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Heavy-Ion Collisions
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Initial Condition
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Initial Conditions:
• Color Glass Condensate.
• Gluon Saturation Models. 

(Glasma)
• Density Fluctuations.

26

Different stages probes different physics

time
Decreasing energy density

Initial State:
Colliding nuclei are Lorentz contracted.
Glasma?
For mid-rapidity, small-x 
region, gluon saturation 
models.
Density fluctuations. 
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Net Baryon Density

Pre-equilibrium phase
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Hard Scatterings:
• Pre-equilibrium dynamics.
• Parton Distribution Functions.
• High pT particles.
• Particle Jets.
• Heavy flavored particles.
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Net Baryon Density

Hot QCD Matter
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Thermal QCD matter:
• Extremely Dense & Strongly interacting.
• Collective behavior. 
• Hydrodynamic Expansion with low viscosity.
• Partonic degrees of freedom.
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Net Baryon Density

Hot QCD Matter
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Interaction of High pT (>~4 GeV/c) particles 
with medium:
• Jet modification and suppression.
• Nuclear modification factors of light and 

heavy flavored particles.
• Affects signatures of collectivity.

“An Overview of High-Energy Nuclear Physics” J. Takahashi, ENFPC 2019, Campos do Jordão, Brazil



Net Baryon Density

Hadronization

8

Hadronization:
• Soft probes (pT<~4 GeV/c).
• Particle production mechanisms.
• Chiral symmetry breaking …
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Net Baryon Density

Chemical Freeze-out
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Hadron Gas Phase & Chemical Freeze-out:
• End of inelastic scattering.
• Relative particle abundance fixed.
• Application of Statistical Thermal models.
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Net Baryon Density

Thermal Freeze-out
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Thermal Freeze-out
• Hadronic Cascade models.
• Coalescence models. 
• Hadronic resonances.
• Transverse momentum spectra.
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The Pillars of our work
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Experiment

InstrumentationTheory

Phenomenology

• QCD phase transition
• Lattice QCD
• Finite temperature
• …

• Hydrodynamics 
• pQCD-inspired models
• …

M. B. Gay Ducati 
morning talk.

G. Denicol
afternoon talk.



The Pillars of our work
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Experiment

InstrumentationTheory

Phenomenology

• QCD phase transition
• Lattice QCD
• Finite temperature
• …

• Hydrodynamics 
• pQCD-inspired models
• …

• STAR 
• PHENIX
• E896
• E864
• ALICE

Strong Brazilian 
participation since

the nineties!



Phenomenology of HIC
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Full hybrid model: 
EXTREME Collaboration

(UNICAMP, USP, UFF, UFSC)

Microscopic 
QCD-inspired phenomenology:

PYTHIA and UrQMDSee M. Hippert’s
talk on Thursday

See A. V. da Sila’s
talk on WednesdaySee Hadrex Poster

E. Manganote



How to study the different physics 
processes of HIC ?
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p+p

Compare Pb+Pb results 
with reference data, to 
disentangle genuine 
heavy-ion collision 
effects.

Pb+Pb
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How to study the different physics 
processes of HIC ?

Pb+Pbp+Pb also important as 
reference data:
• Initial vs. final state effects.
• Probe small x.
• Cold nuclear matter, gluon 

saturation and shadowing

p+Pb

16“An Overview of High-Energy Nuclear Physics” J. Takahashi, ENFPC 2019, Campos do Jordão, Brazil



How to study the different physics 
processes of HIC ?
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Central Pb+PbWe can also change the observed 
system size by selecting on the 
collisions centrality. 
Charged particle multiplicity used 
for this selection. 

Peripheral Pb+Pb



Selection of collisions geometry
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ALICE, PRC 88 (2013) 044909
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Lots of data !
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Run 1 (2009-2013)
pp 0.9 TeV ~ 200 µb-1

2.76 TeV ~ 100 nb-1

7.0 TeV ~ 1.5 pb-1

8.0 TeV ~ 2.5 pb-1

p-Pb 5.02 TeV ~ 15 nb-1

Pb-Pb 2.76 TeV ~ 75 µb-1
Run 2 (2015-2018)
pp 5.02 TeV ~ 1.3 pb-1

13 TeV ~ 25 pb-1

p-Pb 5.02 TeV ~ 3 nb-1

8.16 TeV ~ 25 nb-1

Xe-Xe 5.44 TeV ~ 0.3 µb-1

Pb-Pb 5.02 TeV ~ 1 nb-1



Some of the observables
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1. Thermal QCD Matter.

2. Bulk particle production.

3. Jet-medium interactions.

4. Heavy flavor.
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Some of the observables
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1. Thermal QCD Matter.

2. Bulk particle production.

3. Jet-medium interactions.

4. Heavy flavor.
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Direct photons in Pb-Pb
ALICE, Phys. Lett. B 754 (2016) 235. 
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Measured through Photon 
Conversion Method (PCM), 
PHOS calorimeter and 
EMCal.
Hot QCD matter radiate 
photons free of final state 
interactions.
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Direct photons in pp

23

! Prompt-photons: 
access proton PDF

! Baseline for p-Pb, 
Pb-Pb collisions

! Measurement 
compatible with 
pQCD (NLO)
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QGP Liquid-like evolution
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Initial conditions 

56 

z Eccentricities quantify the initial anisotropic geometry 
formed by participating nucleons  

z Simplest case: ‘Ellipticity’ 

z General case: 

ALICE, PRL 107(2011) 252301

magnitude of v2ðptÞ is better described by !=s ¼ 0 while
for v3ðptÞ !=s ¼ 0:08 provides a better description. We
anticipate future comparisons utilizing MC-KLN initial
conditions.

For central collisions 0%–5% we observe that at pt $
2 GeV=c v3 becomes equal to v2 and at pt $ 3 GeV=c v4

also reaches the same magnitude as v2 and v3. For more
central collisions 0%–2%, we observe that v3 becomes
equal to v2 at lower pt and reaches significantly larger

values than v2 at higher pt. The same is true for v4

compared to v2.
We compare the structures found with azimuthal corre-

lations between triggered and associated particles to those
described by the measured vn components. The two-
particle azimuthal correlations are measured by calculating

Cð!"Þ % Nmixed

Nsame

dNsame=d!"

dNmixed=d!"
; (3)

where !" ¼ "trig &"assoc. dNsame=d!" (dNmixed=d!")
is the number of associated particles as function of !"
within the same (different) event, and Nsame (Nmixed) the
total number of associated particles in dNsame=d!"
(dNmixed=d!"). Figure 4 shows the azimuthal correlation
observed in very central collisions 0%–1%, for trigger
particles in the range 2<pt < 3 GeV=c with associated
particles in 1< pt < 2 GeV=c for pairs in j!!j> 1. We
observe a clear doubly peaked correlation structure cen-
tered opposite to the trigger particle. This feature has been
observed at lower energies in broader centrality bins
[32,33], but only after subtraction of the elliptic flow
component. This two-peak structure has been interpreted
as an indication for various jet-medium modifications
(i.e., Mach cones) [32,33] and more recently as a manifes-
tation of triangular flow [10–13]. We therefore compare the
azimuthal correlation shape expected from v2, v3, v4, and
v5 evaluated at corresponding transverse momenta with the
measured two-particle azimuthal triggered correlation and
find that the combination of these harmonics gives a natu-
ral description of the observed correlation structure on the
away side.
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FIG. 4 (color online). The two-particle azimuthal correlation,
measured in 0<!"< # and shown symmetrized over 2#,
between a trigger particle with 2< pt < 3 GeV=c and an asso-
ciated particle with 1< pt < 2 GeV=c for the 0%–1% centrality
class. The solid red line shows the sum of the measured aniso-
tropic flow Fourier coefficients v2, v3, v4, and v5 (dashed lines).
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FIG. 3 (color online). v2, v3, v4, v5 as a function of transverse
momentum and for three event centralities. The full and open
symbols are for !!> 0:2 and !!> 1:0, respectively. (a) 30%–
40% compared to hydrodynamic model calculations, (b) 0%–5%
centrality percentile, (c) 0%–2% centrality percentile.
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vn pT ,η( ) = cos n φ −Ψn( )#$ %&

Transfer of anisotropy 

52 

P.F. Kolb and U. Heinz, in Quark 
Gluon Plasma, nucl-th/0305084 

As a function of time anisotropy in 
coordinate space decreases, while 
the anisotropy in momentum space 
increases 

Elliptic flow measurements show success of low viscosity 
relativistic hydrodynamics to describe the QGP evolution. 

24



Elliptic Flow v2
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V2 as a probe to fluctuations
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ALICE, JHEP 1807 (2018) 103

Consistent with Non-Bessel-Gaussian fluctuations.
Allows determination of Elliptic Power distribution, for 
comparison to initial-state models.



V2 as a probe to fluctuations
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EXTREME Collab., arXiv:1906.08915

See M. Hippert’s
talk on Thursday



Some of the observables
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1. Thermal QCD Matter.

2. Bulk particle production.

3. Jet-medium interactions.

4. Heavy flavor.
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Strangeness Enhancement
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Strangeness Enhancement
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10 The ALICE Collaboration5

The hyperon-to-pion ratios Ξ/π ≡ (Ξ−+Ξ+)/(π−+π+) and Ω/π ≡ (Ω−+Ω+)/(π−+π+), for A–A and pp
collisions both at LHC [30, 47, 48, 52, 53] and RHIC [49, 54, 14] energies, are shown in Fig. 5c as a
function of ⟨Npart⟩. They indicate that different mechanisms contribute to the evolution with centrality
of the enhancements as defined above. Indeed, the relative production of strangeness in pp collisions is
larger than at lower energies. The increase in the hyperon-to-pion ratios in A–A relative to pp (∼ 1.6
and 3.3 for Ξ and Ω, respectively) is about half that of the standard enhancement ratio as defined above.
It displays a clear increase in strangeness production relative to pp, rising with centrality up to about
⟨Npart⟩ ∼ 150, and apparently saturating thereafter. A small drop is observed in the Ξ/π ratio for the most
central collisions, which is however of limited significance given the size of the systematic errors. Also
shown are the predictions for the hyperon-to-pion ratios at the LHC from the thermal models, based on a
grand canonical approach, described in [55] (full line, with a chemical freeze-out temperature parameter
T = 164 MeV) and [56] (dashed line, with T = 170 MeV). We note that the predictions for T = 164 MeV
agree with the present data while, for this temperature, the proton-to-pion ratio is overpredicted by about
50% [47]. It is now an interesting question whether a grand-canonical thermal model can give a good de-
scription of the complete set of hadron yields in Pb–Pb collisions at LHC energy with a somewhat lower
T value. Alternatively, the low p/π ratio has been addressed in three different approaches: i) suppression
governed by light quark fugacity in a non-equilibrium model [57, 58], ii) baryon-antibaryon annihila-
tion in the hadronic phase, which would have a stronger effect on protons than on multi-strange par-
ticles [59, 60, 61, 62], iii) effects due to pre-hadronic flavour-dependent bound states above the QCD
transition temperature [63, 64].
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Fig. 5: (a,b) Enhancements in the rapidity range |y|< 0.5 as a function of the mean number of participants ⟨Npart⟩,
showing LHC (ALICE, full symbols), RHIC and SPS (open symbols) data. The LHC data use interpolated pp
values (see text). Boxes on the dashed line at unity indicate statistical and systematic uncertainties on the pp
or p–Be reference. Error bars on the data points represent the corresponding uncertainties for all the heavy-ion
measurements and those for p–Pb at the SPS. (c) Hyperon-to-pion ratios as a function of ⟨Npart⟩, for A–A and pp
collisions at LHC and RHIC energies. The lines mark the thermal model predictions from [55] (full line) and [56]
(dashed line).

6 Conclusions

In summary, the measurement of multi-strange baryon production in heavy-ion collisions at the LHC
and the corresponding strangeness enhancements with respect to pp have been presented. Transverse
momentum spectra of mid-rapidity Ξ−, Ξ+,Ω− andΩ+ particles in Pb–Pb collisions at√sNN = 2.76 TeV
have been measured in five centrality intervals. The spectra are compared with the predictions from

ALICE, PLB 728 (2014) 216

200 GeV
17.2 GeV

2760 GeV

Pb+Pb

Clear observation of Strangeness Enhancement in HIC !!!
30



New Paradigm
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• Strangeness Enhancement in 
pp data, where no QGP 
expected.

• Models fail to describe 
observed enhancement.

• Charged particle density 
scales strangeness 
enhancement measured in 
different systems and different 
energies.

31

ALICE, Nature Phys. 13, (2017) 535



New Paradigm
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Multiplicity-dependent enhancement of strange and multi-strange . . . ALICE Collaboration

|< 0.5η|〉η/dchNd〈
10

Ba
ry

on
 to

 m
es

on
 ra

tio

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45
PYTHIA8
DIPSY
EPOS LHC

ALICE
 = 7 TeVspp, 

 = 5.02 TeVNNsp-Pb, 

2)× (πp/

S
0/KΛ

Fig. 3: (color online) Particle yield ratios L/K0
S

= (L+

L)/2K0
S

and p/p = (p + p)/(p+ + p�) as a function of
hdNch/dhi measured in the rapidity interval |y| < 0.5.
The empty and dark-shaded boxes show the total sys-
tematic uncertainty and the contribution uncorrelated
across multiplicity bins, respectively. The values are
compared to calculations from MC models [39–43] in
pp collisions at

p
s = 7 TeV and to results obtained in

p–Pb collisions at the LHC [25].
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in pp and in p–Pb collisions. The common system-
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Lévy [25] parametrization, which gives the best description of the data for all particles and all event
classes over the full pT range (Figure 1). Several other fit functions [46] (Boltzmann, mT-exponential,
pT-exponential, blast-wave, Fermi-Dirac, Bose-Einstein) are employed to estimate the corresponding
systematic uncertainties. The fraction of extrapolated yield for highest(lowest) multiplicity event class is
about 10(25)%, 16(36)%, 27(47)% for L, X and W, respectively, and is negligible for K0

S
. The uncertainty

on the extrapolation amounts to about 2(6)%, 3(10)%, 4(13)% of the total yield for L, X and W, respec-
tively, and it is negligible for K0

S
. The total systematic uncertainty on the pT-integrated yields amounts

to 5(9)%, 7(12)%, 6(14)% and 9(18)% for K0
S
, L, X and W, respectively. A significant fraction of this

uncertainty is common to all multiplicity classes and it is estimated to be about 5%, 6%, 6% and 9% for
K0

S
, L, X and W, respectively. In Figure 2, the ratios of the yields of K0

S
, L, X and W to the pion (p++p�)

yield as a function of hdNch/dhi are compared to p–Pb and Pb–Pb results at the LHC [13, 25, 27]. The
results on pion production have been obtained for the same event classes reported here, following the
analysis method discussed in [47]. A significant enhancement of strange to non-strange hadron pro-
duction is observed with increasing particle multiplicity in pp collisions. The behaviour observed in
pp collisions resembles that of p–Pb collisions at a slightly lower centre-of-mass energy [27], both in
the values of the ratios and in their evolution with the event activity. This suggests that the origin of
strangeness production in hadronic collisions is driven by the characteristics of the event activity rather
than by the initial-state collision system or energy.

Figure 3 shows that the yield ratios L/K0
S

= (L+L)/2K0
S

and p/p = (p+p)/(p++p�) do not change signif-
icantly with multiplicity, demonstrating that the observed enhanced production rates of strange hadrons
with respect to pions is not due to the difference in the hadron masses. The results in Figures 2 and 3 are
compared to calculations from MC models commonly used for pp collisions at the LHC: PYTHIA8 [39],
EPOS LHC [40] and DIPSY [41–43]. We also compared with PHOJET [48] and HERWIG [49, 50] cal-
culations whose results significantly deviate from the data and were therefore not included in the figures
for clarity. The kinematic domain and the multiplicity selections are the same for MC and data, namely,

6

ALICE, Nature Phys. 13, (2017) 535
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Some of the observables
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1. Thermal QCD Matter.

2. Bulk particle production.

3. Jet-medium interactions.

4. Heavy flavor.
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In-medium energy loss

• suppression stronger than at RHIC
• strongest for pT ~6-7 GeV/c 
• Essential constraint for parton 

energy loss models

Evgeny Kryshen Overview of ALICE results 12

yield in Pb-Pb

yield in pp

• Partons travel ~4 fm in the high 
colour-density medium created in 
central Pb-Pb collisions

• Energy loss mainly due to medium-
induced gluon radiation

• Nuclear modification factor:
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(see [9] and references therein), has no contribution from initial state effects. The ALICE p–Pb data show
no sign of nuclear matter modification of hadron production at high pT and are therefore fully consistent
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ification factor in minimum-bias (NSD) p–Pb collisions at √sNN = 5.02 TeV. The results, covering a
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pT ! 2 GeV/c. The data are described by a prediction based on NLO pQCD calculations with PDF
shadowing and further underline our earlier observation [4] that initial state effects do not contribute to
the strong suppression of hadron production at high pT observed at the LHC in Pb–Pb collisions.
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1. Thermal QCD Matter.

2. Bulk particle production.

3. Jet-medium interactions.

4. Heavy flavor.
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Smaller suppression of 
beauty than 
beauty+charm.

See L. Vieira’s talk 
on Thursday
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• D-meson tagged jets 
in pp and Pb-PB

• Similar suppression trend
found for D0 tagged jets as for 
inclusive full jets and D0
mesons at lower pT

Analysis strategy

Antônio Silva 4

 D-mesons are used to tag jets coming from 
charm quark
• Good proxy for charm-quark production

 D-meson reconstructed through the hadronic 
decay
• Full reconstruction of the kinematics

 D-meson ”track” is used instead of the 
daughters

 

Momentum fraction

X

X
D

D daughters
Other particles

See F. Canedo’s
talk on Thursday
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1. Thermal QCD Matter.

2. Bulk particle production.

3. Jet-medium interactions.

4. Heavy flavor.
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Phys. Rev. Lett. 122, 072301 (2019)
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Key to understand azimuthal 
anizotropies in small systems.
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(some of) the future:
ALICE after 2020

Monolythic-pixel Inner 
Tracking System

GEM-based 
TPC readout

Pixel Muon 
Forward Tracker

… and much more:
• Fast Interaction Trigger
• New Online-Offline system
• Readout upgrade of several detectors

See C. Reckziegel’s
Poster
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• Un-triggered data sample, with capability to save all Pb-Pb
interactions at 50 kHz.

New TPC readout, GEM + SAMPA chip.
New Inner Tracking System (ITS).
Integrated Online-Offline system (O2).

• Improve tracking efficiency and resolution at low-pT.
TPC upgrade.
New Inner Tracking System (ITS).

• New PID detectors.

See M. Bregant’s
talk on Tuesday
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An overview of High-Energy 
Nuclear Physics in Brazil

• < 1995: E864 participation / IFUSP

• 1995-2000:

• IFUSP joins E896: search for the H-dibaryon

• IFUSP joins STAR 

• IFUSP joins PHENIX 

• By the year 2000: participation in STAR intensifies

• 2005: IFUSP joins ALICE 

• 2005: UNICAMP group started: STAR+ALICE

• 2009: UNESP joins CMS (heavy ions) 

• 2015: UFRGS joins ALICE

• 2018: UFABC joins ALICE

E864
E896

E814
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