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Investigating collectivity

A Large Ion Collider Experiment
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ÅIn heavy ion collisions the pT distributions of identified hadrons carry 
information about the collective expansion of the system

Why study identified particle pT-spectra in 
pp and A -A collisions?

VComparison between collision systems:
ҭ Hints of collectivity in pp?

VComparison to hydro models
ҭ Kineticfreeze-out temperature?
ҭ Transverse velocity distribution?

VParticle correlation in longitudinal and 
azimuthal (–, ‰) direction
ҭ Anisotropic flow 
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Collectivity & Two-particle angular correlations

A Large Ion Collider Experiment
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p-Pb ppPb-Pb

Pb-Pb collisions
Å Bulk-dominated regime, where 

hydrodynamic modellinggives a 
good description of the data

p-Pb collisions
Å Excess structure in the correlation 

forms two ridges.
Å Consistent with Colour Glass 

Condensatebased predictions and 
hydro model calculations 

pp collisions (high mult .)
Å Ridge-like structure visible at ɝ‰ 0
Å At higher pT

trig (5-6 GeV/c) the ridge almost 
disappears. 

Å Qualitatively similar to what is observed in 
central Pb-Pbcollisions at LHC energies.

Å Unexpectedin minimum bias pp collisions 
and pp MC models
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Outline

A Large Ion Collider Experiment

ӭ ALICE experimental apparatus

Ӯ Transverse-momentum spectra

ӯ Low-pT pion production

Ӱ Particle ratios

ӱ Blast-wave analysis

ӲComparison to models
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A Large Ion Collider Experiment ɀParticle ID.

A Large Ion Collider Experiment
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Trigger and 
centrality 
determination
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the measured signal amplitude distribution.
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Transverse momentum spectra

A Large Ion Collider Experiment

ÅSpectra in Pb-Pb: the spectra become harder as the multiplicity increases and the change is most 
pronounced for heavier particles Ą Effect of radial flow
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Pb-Pb Pb-Pb
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Transverse momentum spectra

A Large Ion Collider Experiment
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Pb-Pb Pb-Pb
Xe-Xe

ÅSpectra in Pb-Pb: the spectra become harder as the multiplicity increases and the change is most 
pronounced for heavier particles Ą Effect of radial flow
ÅSpectra in Xe-Xe: lower pT reach but, at low pT, similar behaviour as in Pb-Pb 
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Transverse momentum spectra

A Large Ion Collider Experiment
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Pb-Pb Pb-Pb

pp

ÅSpectra in Pb-Pb: the spectra become harder as the multiplicity increases and the change is most 
pronounced for heavier particles Ą Effect of radial flow
ÅSpectra in pp: softer compared to Pb-Pb. A shape dependence across multiplicities is observed.
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Transverse momentum spectra

A Large Ion Collider Experiment
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Pb-Pb Pb-Pb

pp

ÅSpectra in Pb-Pb: the spectra become harder as the multiplicity increases and the change is most 
pronounced for heavier particles Ą Effect of radial flow
ÅSpectra in pp: softer compared to Pb-Pb. A shape dependence across multiplicities is observed.

At low pT in very high multiplicity pp 
collisions, pionsshow an enhancement 
in the ratio to INEL>0 0-100 % collisions. 
ĄNot observed for the other hadrons

pp



Low pT pions in pp and p -Pb collisions

A Large Ion Collider Experiment

ÅLow pT pion production shows an enhancement in pp collisions at high 
multiplicity

not observed for kaons and protons
not observed in p-Pbat similar charged-particle multiplicities 
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Low pT pions in pp and p -Pb collisions

A Large Ion Collider Experiment

ÅLow pT pion production shows an enhancement in pp collisions at high 
multiplicity

not observed for kaons and protons
not observed in p-Pbat similar charged-particle multiplicities 

11

H
IG

H
 M

U
LT

IP
L

IC
IT

Y
 

ÅPossible explanation: the matter produced at LHC 
energies is formed out of chemical equilibrium

Chemical non-equilibrium model predicts that the 
pion abundances are characterized by a non-zero 
value of the chemical potential (Ⱨ) that is close to 
the critical value for the Bose-Einstein 
Condensation(BEC)
~ 5 % of the pionsare expected to be in the 
condensate

Phys. Rev. C 91, 054909 (2015)
Rev. Mod. Phys. 89, 35001 (2017)
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Low pT pions in pp and p -Pb collisions

A Large Ion Collider Experiment

ÅLow pT pion production shows an enhancement in pp collisions at high 
multiplicity

not observed for kaons and protons
not observed in p-Pbat similar charged-particle multiplicities 

12

H
IG

H
 M

U
LT

IP
L

IC
IT

Y
 

ÅPossible explanation: the matter produced at LHC 
energies is formed out of chemical equilibrium

Chemical non-equilibrium model predicts that the 
pion abundances are characterized by a non-zero 
value of the chemical potential (Ⱨ) that is close to 
the critical value for the Bose-Einstein 
Condensation(BEC)
~ 5 % of the pionsare expected to be in the 
condensate

ÅAt LHC energies, models without chemical equilibrium 
and with ‘ πdescribes better the low-pT pion 
spectra 

The fit gives ‘ ά Ą BEC reached?
Å From 2-3-pion correlations in ALICE, the fraction of 

coherent pionsis as large as 23% 8%

Phys. Rev. C 91, 054909 (2015)
Rev. Mod. Phys. 89, 35001 (2017)
Phys. Rev. C 89 (2014) 024911



Low pT pions in Xe-Xe collisions

A Large Ion Collider Experiment

ÅPions are less suppressedat low pT with respect to 
K, p

Radial flow only or condensation effects?

ÅAt pTṃ2 GeV/c a clear mass orderingis observed 
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Ὕ : nuclear overlap function
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central -to -
peripheral

7th International Conference on New Frontiers in Physics
04-12.07.2018 | Ivan Ravasenga



pT-integrated yield ratios vs multiplicity 

A Large Ion Collider Experiment

Å Hints of an increasing trend of the K/̄ratio Ą Strangeness enhancement? 

Å Hints of a decreasing trend of the p/̄ratio at high multiplicity Ą Baryon-antibaryon
annihilation?  

Å No significant evolution with the collision energy
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p/ˉK/ˉ
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The chemical composition is independent of collision system at same ŘbŎƘκŘ́



Blast -wave fit to spectra

A Large Ion Collider Experiment

ÅSimultaneous Boltzmann-Gibbs fit to ̄ Σ Y and p using Pb-Pb 
2.76 TeVfit ranges

ĄGood description of data ĄClear manifestation of strong 
radial flow in central collisions
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▪: exp. ofvelocity profileҭ profile
╣▓░▪: kinetic freeze-out temperature

♫╣►: transverse velocity 
distribution

♫▼: surface velocity
ⱬ: boost angle

The resulting spectrum is a 
superposition of individual 
thermal sources, each 
boosted with the boost 
angle ́

* Phys. Rev. C 48 (1993) 2462

Boltzmann-Gibbs blastwavemodel: a three parameters 
simplified hydrodynamical model*

Xe-Xe
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Blast -wave fit to spectra

A Large Ion Collider Experiment

ÅSimultaneous Boltzmann-Gibbs fit to ̄ Σ Y and p using Pb-Pb 
2.76 TeVfit ranges

ĄGood description of data in the fit range
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▪: exp. ofvelocity profileҭ profile
╣▓░▪: kinetic freeze-out temperature

♫╣►: transverse velocity 
distribution

♫▼: surface velocity
ⱬ: boost angle

The resulting spectrum is a 
superposition of individual 
thermal sources, each 
boosted with the boost 
angle ́

* Phys. Rev. C 48 (1993) 2462

Boltzmann-Gibbs blastwavemodel: a three parameters 
simplified hydrodynamical model*

pp
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Blast -wave fit to spectra in pp, p -A, A-A

A Large Ion Collider Experiment

17

Large systems
Å Larger ‍ for central Pb-Pbcollisions
Å Comparable Tkin and ‍ in Pb-Pb and Xe-Xe

collisions at a similar ŘbŎƘκŘ́
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Blast -wave fit to spectra in pp, p -A, A-A

A Large Ion Collider Experiment
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Large systems
Å Larger ‍ for central Pb-Pbcollisions
Å Comparable Tkin and ‍ in Pb-Pb and Xe-Xe

collisions at a similar ŘbŎƘκŘ́

Small systems
Å p-Pb & pp vs A-A

p-Pb and Pb-Pb show a similar trend consistent 
with the presence of radial flow in p-Pb 
collisions. 
At similar ŘbŎƘκŘ́,
o comparableTkin for p-Pb and Pb-Pb, 

whereas ♫╣ is significantly higher in p-
Pb(color reconnection effects under study)

o pp and p-Pb shows a similar trend and 
values are comparable

p-Pb Ą Stronger radial gradients

7th International Conference on New Frontiers in Physics
04-12.07.2018 | Ivan Ravasenga



[Pb-Pb 0-5 %] Spectra compared to models 

A Large Ion Collider Experiment

iEbE-VISHNU(arXiv:1703.10792v1; Phys.Rev. C92, 014903 (2015) &011901(R) (2015))

ÅViscous hydrodynamics (QGP expansion) + Hadron cascade model (UrQMD) to 
simulate the evolution of the hadron resonance gas

ĄTrentoinitial conditions: effectivemodel where entropy is deposited 
proportional to the generalized mean of nuclear overlap density

ĄAMPTinitial conditions: initial state includes fluctuations at the nucleonic and 
subnucleoniclevels and considers pre-equilibrium dynamics of partonic matter.

ĄGood agreement at low pT
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[Pb-Pb 0-5 %] Spectra compared to models 

A Large Ion Collider Experiment

EPOS-LHC(Phys.Rev. C 92, 034906 (2015))

ÅNon uniform fireball divided into the core(high density) and corona
(lower density). 

ĄDescribes better particle ratios in central Pb-Pbcollisions

McGill (Phys. Rev. C 95, 064913 (2017))

ÅIP-Glasmainitial condition matched to hydrodynamic variables and 
evolved using viscous hydrodynamic model (MUSIC).

ĄGood agreement at low pT
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Bose-Einstein condensation 
effects are under study

BEC reached?

Hydro models have 
difficulties in describing low-
pT pion production

Hydro models?

Conclusion 

A Large Ion Collider Experiment

ÅParticle transverse-momentum spectra and angular correlations have been 
measured by ALICE in pp, p-Pb, Pb-Pb and Xe-Xeat different collision energies
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Hardening of particle spectra 
with increasing event 
multiplicity

Radial flow

Radial flow in p-Pbfrom  
Blast-wave model

Flow in p-Pb

Similar kinetic freeze-out temperature 
in Pb-Pband p-Pbat similar ŘbŎƘκŘ́, 
but larger ‍ in small systems

Larger ♫╣ in p-Pb

Ridge-like structure observed 
in 2-particle angular 
correlation in pp collisions

Collectivityin pp?

Blast-wave model
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Flow

Low-pT pions



Backup slides

A Large Ion Collider Experiment
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Particle Identification in ALICE

A Large Ion Collider Experiment

ÅITS: average energy loss in the four outermost layers

ÅTOF: time-of-flight measurement („ ͯψπὴί)

ÅHMPID: Cherenkov angle measurement

ÅTPC: average energy loss in TPC gas (Ar-CO2)
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Event centrality & multiplicity in ALICE

A Large Ion Collider Experiment

pp, p-Pb, Pb-Pb

ÅCentrality/multiplicity defined as the percentileof the hadronic cross section 
corresponding to a particle multiplicity above a given threshold.

ÅEvent multiplicity classes defined from the amplitude of the signal in the 
VZEROdetectors.

Pb-Pb

ÅThe centrality of the collision is directly related to the impact parameter(b).
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