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QCD thermalization and hadronization
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Thermalized parton medium
● Expected from lattice QCD (LQCD)
● μB ~ 0 → cross-over transition from 

partonic/deconfined to hadronic 
matter

● EOS of LQCD matched by Hadron 
Resonance Gas around pseudo-critical 
temperature

● Hadron abundances described by 
statistical hadronization model from 
pp to Pb–Pb

Is thermalization reached in all systems?

A. Bazavov et al. (HotQCD Collaboration), Phys. Rev. D 90, 094503 (2014)

A. Andronic et al., Nature 561, (2018) 321
A. Andronic et al., (2018) arXiv:1808.03102 [hep-ph]

mailto:mario.ciacco@cern.ch
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.90.094503
https://www.nature.com/articles/s41586-018-0491-6
https://arxiv.org/abs/1808.03102
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Strangeness hadronization

Strange hadron production
● Heavy-ion collisions → increased 

strangeness production → thermalized 
partonic medium

● Similar effect in high-multiplicity pp and 
p–Pb collisions

F. Ercolessi - Sept. 5th, 12.40 pm

J. Rafelski and B. Müller, Phys. Rev. Lett. 48, 1066 (1982)

Nature Physics, 13, 535-539 (2017)

F. Ercolessi - Sept. 5th, h. 12.40

C. De Martin (poster) - Sept. 5th, h. 17.30

mailto:mario.ciacco@cern.ch
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.48.1066
https://www.nature.com/articles/nphys4111
https://indico.cern.ch/event/1139644/contributions/5540034/
https://indico.cern.ch/event/1139644/contributions/5456326/
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Strangeness hadronization

Strange hadron production
● Heavy-ion collisions → increased 

strangeness production → thermalized 
partonic medium

● Similar effect in high-multiplicity pp and 
p–Pb collisions

F. Ercolessi - Sept. 5th, 12.40 pm

Hadronization models
● Thermal → statistical hadronization 
● Non-thermal → string fragmentation

→ vacuum
→ Transition between these two approaches?

J. Rafelski and B. Müller, Phys. Rev. Lett. 48, 1066 (1982)

Nature Physics, 13, 535-539 (2017)

F. Ercolessi - Sept. 5th, h. 12.40

C. De Martin (poster) - Sept. 5th, h. 17.30

mailto:mario.ciacco@cern.ch
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.48.1066
https://www.nature.com/articles/nphys4111
https://indico.cern.ch/event/1139644/contributions/5540034/
https://indico.cern.ch/event/1139644/contributions/5456326/


Hadronization models
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R. Nayak et al., Phys. Rev. D 100, 074023 (2019)

→ Both models describe the ratio of yields to charged π
→ How are fundamental conservation laws treated by the two mechanisms?

Lund string fragmentation (PYTHIA)Canonical statistical model
V. Vovchenko et al., Phys. Rev. C 100, 054906 (2019)

mailto:mario.ciacco@cern.ch
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.074023
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.100.054906


Hadronization and quantum number conservation
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Canonical statistical model
● Charge conservation over a volume
● Symmetric correlation of same- and 

opposite-charge hadron pairs

mario.ciacco@cern.ch

Lund string fragmentation (PYTHIA)
● Local conservation of charges
● Correlated production of opposite 

charges

conserved exactly 
over correlation 
volume Vc

V. Vovchenko et al. Phys. Lett. B 785, 171 (2018) → Can be explored via event-by-event measurements!

mailto:mario.ciacco@cern.ch
https://www.sciencedirect.com/science/article/pii/S0370269318306543?via%3Dihub
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The ALICE apparatus – LHC Run 2
Time Projection 
Chamber

● Main tracking 
detector

● Particle 
identification via 
dE/dx

Time-Of-Flight
● Particle 

identification via 
particle velocity β

Inner Tracking System
● 6 silicon layers
● Vertex and track 

reconstruction
● Particle 

identification via 
dE/dx

V0 detectors
● Centrality/multiplicity 

estimation
● Trigger

mailto:mario.ciacco@cern.ch


Event-by-event strangeness fluctuations
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● Same- and opposite-sign correlations → 2 different species → charged kaons and Ξ
○ Negligible effect of heavy resonance decays
○ Kaons → dE/dx in ITS, TPC, and β with TOF
○ Ξ → Machine Learning selections using boosted decision trees (BDT)
○ Purity of about 95%

mailto:mario.ciacco@cern.ch


Event-by-event strangeness fluctuations
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A. Rustamov et al., Nucl. Phys. A 960 (2017) 114-130

● Same- and opposite-sign correlations → 2 different species → charged kaons and Ξ
○ Negligible effect of heavy resonance decays
○ Kaons → dE/dx in ITS, TPC, and β with TOF
○ Ξ → Machine Learning selections using boosted decision trees (BDT)
○ Purity of about 95%

● Net-particle fluctuations → suppress initial volume fluctuations

● Net-particle correlation

same-sign opposite-sign

Net-particles

mailto:mario.ciacco@cern.ch
https://www.sciencedirect.com/science/article/abs/pii/S0375947417300258?via%3Dihub
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Net-Ξ net-kaon correlation
● Continuity of correlation from small to 

large systems NEW!

ALICE-PUBLIC-2023-003

mailto:mario.ciacco@cern.ch
https://cds.cern.ch/record/2869064/
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Net-Ξ net-kaon correlation
● Continuity of correlation from small to 

large systems

● Consistency with CSM across systems
○ γs → strangeness saturation
○ Correlation volume Vc = 3 dV/dy
○ Similar to Ξ/π ratio vs. multiplicity

V. Vovchenko et al., Phys. Rev. C 100, 054906 (2019)

NEW!

ALICE-PUBLIC-2023-003

mailto:mario.ciacco@cern.ch
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.100.054906
https://cds.cern.ch/record/2869064/
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Net-Ξ net-kaon correlation
● Continuity of correlation from small to 

large systems

● Consistency with CSM across systems
○ γs → strangeness saturation
○ Correlation volume Vc = 3 dV/dy
○ Similar to Ξ/π ratio vs. multiplicity

● PYTHIA with QCD CR+Ropes ~40% off
○ String fragmentation fails in 

describing correlation
○ PYTHIA → mostly opposite-sign 

correlation due to the Lund 
mechanism

V. Vovchenko et al., Phys. Rev. C 100, 054906 (2019)

NEW!

ALICE-PUBLIC-2023-003

mailto:mario.ciacco@cern.ch
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.100.054906
https://cds.cern.ch/record/2869064/
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Net-Ξ cumulant ratio

● Continuity of correlation from small to 
large systems

● Consistency with CSM using long-range 
rapidity correlation

● String fragmentation fails
→ short-range rapidity correlation

only depends on the 
opposite-sign correlation

NEW!

ALICE-PUBLIC-2023-003

mailto:mario.ciacco@cern.ch
https://cds.cern.ch/record/2869064/


E-by-e fluctuations and charge conservation
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● Compare Pb–Pb results with CSM (γs = 1, Tchem = 155 MeV, Vc = 3 dV/dy)
○ B-only, S-only, B + S conservation

● Strangeness conservation → main contribution to net-particle correlation

NEW!NEW!

ALICE-PUBLIC-2023-003

mailto:mario.ciacco@cern.ch
https://cds.cern.ch/record/2869064/
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Correlation volume evaluation
● Compare Pb–Pb results with CSM (γs = 1, Tchem = 155 MeV, B + S conservation)

○ Different values of Vc
● Net-Ξ net-kaon correlation and net-Ξ cumulant ratio → sensitive to Vc variation
● Combined-χ2 minimisation → extract Vc from data

NEW!NEW!

ALICE-PUBLIC-2023-003

mailto:mario.ciacco@cern.ch
https://cds.cern.ch/record/2869064/


● Compare Pb–Pb results with CSM (γs = 1, Tchem = 155 MeV, B + S conservation)
○ Different values of Vc

● Net-Ξ net-kaon correlation and net-Ξ cumulant ratio → sensitive to Vc variation
● Combined-χ2 minimisation → extract Vc from data

NEW!NEW!
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Correlation volume evaluation

NEW!

ALICE-PUBLIC-2023-003

mailto:mario.ciacco@cern.ch
https://cds.cern.ch/record/2869064/
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Light nuclei production

Coalescence → nuclei formed by nucleons 
emitted by freeze-out hypersurface

○ Short-range interaction bind 
nucleons into nuclei

Deuteron/proton ratio → described by both 
approaches

● Reduction in small systems due either 
to baryon conservation (CSM) or to 
source vs. deuteron size 
(coalescence)

JHEP 01, 106 (2023)

K.-J. Sun et al., Phys. Lett. B 792, (2019) 132

I. Vorobyev - Sept. 6th, h. 8.50

C. Pinto - Sept. 6th, h. 12.40

mailto:mario.ciacco@cern.ch
https://link.springer.com/article/10.1007/JHEP01(2022)106
https://www.sciencedirect.com/science/article/pii/S037026931930190X
https://www.sciencedirect.com/science/article/pii/S037026931930190X
https://indico.cern.ch/event/1139644/contributions/5541458/
https://indico.cern.ch/event/1139644/contributions/5541492/
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Antideuteron-antiproton correlation in Pb–Pb

Particle identification
● dE/dx in TPC + β from TOF

Cumulants

Efficiency correction [1]
● Binomial detector response

Centrality bin width correction [2]
● Suppress volume fluctuations

[1] T. Nonaka et al., Phys. Rev. C 95, 064912 (2017)

[2] X. Luo et al., J. Phys. G: Nucl. Part. Phys. 40 105104

mailto:mario.ciacco@cern.ch
https://arxiv.org/abs/1702.07106
https://iopscience.iop.org/article/10.1088/0954-3899/40/10/105104
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Antideuteron-antiproton correlation in Pb–Pb
● Models under study

○ Simple coalescence [3] → convolution 
of proton and neutron distributions

■ Model A: correlated nucleons
■ Model B: independent nucleons

○ Improved coalescence [4]
■ MUSIC+UrQMD+Coalescence
■ No initial correlation between 

protons and neutrons

○ Canonical Statistical Model [5]
■ Correlation depends on baryon 

number conservation volume, Vc

[4] K.-J. Sun et al., Phys. Lett. B, 840, 137864 (2023)

[3] Z. Fecková et al., Phys. Rev. C 93, 054906 (2016)

[5] V. Vovchenko et al., Phys. Lett. B 785, (2018) 171

Particle identification
● dE/dx in TPC + β from TOF

Cumulants

Efficiency correction [1]
● Binomial detector response

Centrality bin width correction [2]
● Suppress volume fluctuations

[1] T. Nonaka et al., Phys. Rev. C 95, 064912 (2017)

[2] X. Luo et al., J. Phys. G: Nucl. Part. Phys. 40 105104

mailto:mario.ciacco@cern.ch
https://www.sciencedirect.com/science/article/pii/S0370269323001983
https://www.sciencedirect.com/journal/physics-letters-b
https://www.sciencedirect.com/journal/physics-letters-b/vol/840/suppl/C
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.93.054906
https://www.sciencedirect.com/science/article/pii/S0370269318306543
https://arxiv.org/abs/1702.07106
https://iopscience.iop.org/article/10.1088/0954-3899/40/10/105104


● Correlation
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Antideuteron-antiproton correlation in Pb–Pb

Phys. Rev. Lett. 131, 
041901 (2023)

● Significant anticorrelation

● Negative correlation in CSM, model B 
and MUSIC+UrQMD+Coal

mailto:mario.ciacco@cern.ch
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.041901


● Correlation
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Antideuteron-antiproton correlation in Pb–Pb

Phys. Rev. Lett. 131, 
041901 (2023)

● Significant anticorrelation

● Negative correlation in CSM, model B 
and MUSIC+UrQMD+Coal

● CSM does not simultaneously fit 
antideuteron and net-proton 
fluctuations → different correlation 
length for baryon number

○ Antideuteron → Vc = 1.6 dV/dy 
○ Net-proton → Vc = 3-5 dV/dy
V. Vovchenko, Phys. Rev. C 103, 044903 (2021)

S. Saha (poster) - Sept. 5th, h. 17.30

I. Fokin (poster) - Sept. 5th, h. 17.30

mailto:mario.ciacco@cern.ch
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.041901
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.103.044903
https://indico.cern.ch/event/1139644/contributions/5456508/
https://indico.cern.ch/event/1139644/contributions/5491625/


Conclusions and outlook
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● Event-by-event observables provide a powerful tool to 
discriminate among hadron production mechanisms

● Net-Ξ net-kaon correlation
○ Scan across different colliding systems
○ Well described by CSM, while PYTHIA fails
○ Large correlation length for strangeness (~3dV/dy)
○ More precise measurements using LHC Run 3 and 4 

data…
… and beyond with ALICE 3 [1]

● Antideuteron-antiproton correlation
○ Baryon-number conservation is more local than in 

net-protons
○ Different production mechanisms w.r.t. other light 

hadrons?
○ Extend this study to small colliding systems and to 

other species (3He, Λ
3H)

[1] CERN-LHCC-2022-009

RUN 
3

Net-D-meson in ALICE 3

mailto:mario.ciacco@cern.ch
https://cds.cern.ch/record/2803563?ln=it


Additional slides



Ξ identification performance
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● Reconstructed via cascade decay
○ Ξ– → Λ(→ p + π–) + π– + c.c.

● Signal selection w/ machine learning
○ Boosted Decision Trees (BDT)

■ Similar to previous ALICE 
measurements

○ Topological quantities → input 
variables of classifier

■ Cosine of pointing angle
■ Distances of closest 

approach (DCA) between 
tracks

■ DCA to primary vertex (PV)

● BDT signal-selection efficiency around 
30–50%

arXiv:2209.07360 [nucl-ex]Phys. Rev. Lett. 128, 252003 (2022)

mailto:mario.ciacco@cern.ch
https://arxiv.org/abs/2209.07360
https://arxiv.org/abs/2209.07360
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.252003


Kaon identification performance
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● Kaons are tracked in the central-barrel detectors of ALICE
● Particle identification

○ 0.2 < pT < 0.4 GeV/c → TPC (+ITS in Pb–Pb)
○ 0.4 < pT < 1.0 GeV/c → TPC+TOF

mailto:mario.ciacco@cern.ch
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Correlation volume evaluation

mailto:mario.ciacco@cern.ch


E-by-e fluctuations and EPOS3

27Quark Matter 2023 – Houston, September 5th, 2023mario.ciacco@cern.ch

● Transition from a statistical model to string fragmentation for correlation around 
p–Pb multiplicity → not observed in the data

mailto:mario.ciacco@cern.ch
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Antideuteron cumulant ratio in Pb–Pb

Phys. Rev. Lett. 131, 
041901 (2023)

● Cumulants

● Data consistent with Poisson baseline

● Simple-coalescence models (A and B) 
overestimate к2/к1

● Canonical SHM and MUSIC+UrQMD+ 
Coalescence [1] consistent with unity
→ Small effect of baryon 
conservation due to low yield of 
antideuteron

[1] K.-J. Sun et al., Phys. Lett. B, 840, 137864 (2023)

mailto:mario.ciacco@cern.ch
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.041901
https://www.sciencedirect.com/science/article/pii/S0370269323001983
https://www.sciencedirect.com/journal/physics-letters-b
https://www.sciencedirect.com/journal/physics-letters-b/vol/840/suppl/C


Antideuteron-antiproton correlation vs. η
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Dependence of correlation from acceptance
● Locality of baryon-number conservation determines trend vs. η
● Trend predicted by CSHM and MUSIC+UrQMD+Coal
● Quantitatively described by SHM with Vc = 1.6 dV/dy

Phys. Rev. Lett. 131, 
041901 (2023)

mailto:mario.ciacco@cern.ch
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.041901
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Light nuclei production
Statistical hadronization model vs. coalescence

● Thermal → light nuclei thermally emitted similarly to other hadrons
● Coalescence → nuclei formed by nucleons emitted by freeze-out hypersurface

→ deuteron/proton ratio → described by both approaches
Phys. Rev. C 107, 064904 (2023)

V. Vovchenko et al., Phys. Lett. B 785, (2018) 171

mailto:mario.ciacco@cern.ch
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.107.064904
https://www.sciencedirect.com/science/article/pii/S0370269318306543
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Antideuteron multiplicity fluctuations
Grand Canonical (GC) Statistical Model

● Poisson

Coalescence model
● Deviations from Poisson
● Average deuteron multiplicity

Multiplicity distribution

Integrated multiplicity distribution

Z. Fecková et al., Phys. Rev. C 93, 054906 (2016)

Model A: correlated nucleons
Model B: independent nucleons

coalescence 
parameter # protons # neutrons

mailto:mario.ciacco@cern.ch
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.93.054906

