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Setting the stage: final state of high-energy AA collisions
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• Formation of a Quark-Gluon Plasma (QGP)

• Fast, collective expansion and cooling → hadronisation

• Thousands of particles produced

• Spatially extended system (R ~ few fm)

Central rapidity region

Phase transition to hadron gas 

at Tpc = (156.5 ± 1.5) MeV
P. Steinbrecher et al. NPA 982 (2019) 847

Hadron gas phase

T ~ 155 → 100 MeV
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Setting the stage: final state of high-energy pp collisions
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• Fragmentation and hadronization in vacuum

• Jets and underlying event, multi-parton interactions, color reconnection, ...

• Conservation of quantum numbers

• From few to few tens of charged particles produced per unit of rapidity

• ‘’Small’’ system (R ~ 1 fm)

Figure from C. Bielrich et al, arXiv:2203.11601

Credits: ALICE Coll., CERN

CMS, pp √s = 13 TeV, a multi-jet event

Credits: CMS Coll., CERN CDS
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https://cds.cern.ch/record/2114784


Proton production
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~5% of bulk particles in central Pb–Pb collisions

• Low pT: thermal production by QGP

ALICE, PRC 101, 044907 (2020)
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Proton production
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~5% of bulk particles in central Pb–Pb collisions

• Low pT: thermal production by QGP

• Intermediate pT: flow and recombination

• High pT: fragmentation (jets)

EPOS

VISHNU

Eur. Phys. J. C 84 (2024) 813

JHEP 05 (2023) 243
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Proton production
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~5% of bulk particles in central Pb–Pb collisions

• Low pT: thermal production by QGP

• Intermediate pT: flow and recombination

• High pT: fragmentation (jets)

Qualitatively similar in small systems

→ smooth multiplicity-driven evolution from pp to AA arXiv:2603.13203

Nat. Comm. 17 

(2026), 2585
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Proton production
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~5% of bulk particles in central Pb–Pb collisions

• Low pT: thermal production by QGP

• Intermediate pT: flow and recombination

• High pT: fragmentation (jets)

Qualitatively similar in small systems

→ smooth multiplicity-driven evolution from pp to AA

→ midrapidity dN/dy described fairly by statistical

hadronization models 

where inclusion of multi-hadron interactions via S-

matrix formalism improves p/π description

Vovchenko et al., PRC 100, 054906 (2019)

A. Andronic et al., PLB 792 (2019) 304-309

Cleymans et al, PRC 103, 014904 (2021)

Cleymans et al, PRC 103, 014904 (2021)

pp  →  pPb → Pb-Pb 
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Sources of protons

• Prompt protons: including thermal production, 
jets, UE...

• Strong decays of resonances (𝜏 ~ 1 − 10 fm/c): 
irreducible component
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ALICE, Eur. Phys. J. A 61, 194 (2025)
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Sources of protons

• Prompt protons: including thermal production, 
jets, UE...

• Strong decays of resonances (𝜏 ~ 1 − 10 fm/c): 
irreducible component

• Weak decays (𝜏 ~ 1 − 10 cm/c):
displaced decay vertex allows for feeddown
correction in yield measurements,
+ mind strangeness ‘’enhancement’’ vs multiplicity

• Knock-out from material: 
DCA-based selections to remove and template fits
to determine secondary fraction
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pp HM range

arXiv:2511.10360
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Momentum correlations help characterizing the final state

Momentum correlations are powerful experimental
observables for characterising the final state of high-energy 
collisions:

✓ sensitive to final-state interactions

• matter-antimatter annihilation

• formation of bound states

• resonances, exotic states, ...

✓ constrain space-time structure of particle emission

✓ clarify hadronization dynamics

✓ sensitive to collective flow
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Proton femtoscopy

✓ Validate strong interaction potentials

✓ Access baryon source

✓ Test mT-scaling, broken for π and K 

ALICE, Phys. Rev. C, 96 (2028) 064613

✓ Provide information for coalescence modeling
Blum, FB, et al, Phys. Rev. C, 103 (2021) 014907

𝐶 𝑘∗ = නd3 𝑟∗ 𝑆 𝑟 ∗; 𝑅 Ψ 𝒌∗; 𝒓 ∗ 2
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p–p correlations: probes of the strong nuclear interaction 

At low relative momentum k*, the p–p correlation
function is affected by

• Strong interaction (short-range)

• Coulomb

• Quantum Statistics (QS)

• size of the source (system dependence!)
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Gaussian source
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p–p correlations: probes of the strong nuclear interaction 

At low relative momentum k*, the p–p correlation
function is affected by

• Strong interaction (short-range)

• Coulomb

• Quantum Statistics (QS)

• size of the source (system dependence!)

By fixing/knowing the source, 

⟶ constrain/validate interaction potentials

⟶ extract scattering length 𝑓0 and effective range 𝑑0
⟶ impact on nuclear physics, neutron-star physics (EoS), 

effective field theories, ...

f.bellini@unibo.it | WPCF 2026

ALICE Phys. Lett. B 811 (2020) 135849

Raffaele Del Grande, Mon 18/5
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Intermezzo: ‘’strong-in-a-box’’ potential approach

An analytical approach to the p–p correlation function:

• wavefunction obtained using the partial wave expansion

• 𝜑𝑙(𝑟) = solution of the radial Schrodinger’s equation (SE)

• Region I – short-range: solve SE with 
Coulomb + strong as a square-well

• Region II – long range: solve SE with 
Coulomb + strong asymptotically

• Total solution from matching the solutions for the regions
(I) and (II) at 𝑟 = 𝑑𝑙

f.bellini@unibo.it | WPCF 2026

G. Romanenko, FB, arXiv:2602.11027
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→ The WF is used to construct the theoretical CF for femtoscopy

In the case of including the strong potential in the s-wave only, 

the asymptotic part of the WF is equivalent to the Lednicky-

Lyuboshits (LL) model

G. Romanenko, FB, arXiv:2602.11027
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Intermezzo: ‘’strong-in-a-box’’ potential approach

→ The WF is used to construct the theoretical CF for femtoscopy

→ Good agreement compared to CATS using Av18

→ Sensitivity to the shape of the short-range potential?
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G. Romanenko, FB, arXiv:2602.11027
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An analytical approach to the p–p correlation function:

• wavefunction obtained using the partial wave expansion

• 𝜑𝑙(𝑟) = solution of the radial Schrodinger’s equation (SE)

• Region I – short-range: solve SE with 
Coulomb + strong as a square-well

• Region II – long range: solve SE with 
Coulomb + strong asymptotically

• Total solution from matching the solutions for the regions
(I) and (II) at 𝑟 = 𝑑𝑙



p–p correlations: space-time structure of particle emission

Femtoscopy uses measurements of the p–p correlation
function to infer source sizes at the femtometer scale, 
based on the knowledge (or assumption) of the 
interaction.

o emission radius, 

o source lifetime, 

o collective expansion, 

o flow effects. 
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𝐶 𝑘∗; 𝑅 = නd3 𝑟∗ 𝑆 𝑟 ∗; 𝑅 Ψ 𝒌∗; 𝒓 ∗ 2

FIX interaction



Proton 1D radii in Pb–Pb collisions

Proton radii exhibit the dynamics that is
typical for heavy-ion collisions, as
observed already for pion and kaon pairs

• Rinv decreases with increasing mT

• Size decreases from central to 
peripheral collisions

→ collective (radial) flow: “explosive” 
behaviour, weaker for more peripheral
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Phys. Lett. B 871 (2025) 139921
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Proton 1D radii in Pb–Pb collisions – Run 3 results
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Ongoing: measurement of the proton 1D 

source radii with Run 3 Pb–Pb data with

‘’strong-in-a-box’’ model[*]

→mT- and centrality-dependence

consistent with previously reported

measurements

→Extended to more peripheral collisions

wrt Run 2 to bridge with smaller systems

→Benchmark for measurement of 3D radii

with full Run 3 sample

[*] G. Romanenko, FB, arXiv:2602.11027
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Proton 1D radii in Pb–Pb collisions – Run 3 results
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[*] G. Romanenko, FB, arXiv:2602.11027
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Ongoing: measurement of the proton 1D 

source radii with Run 3 Pb–Pb data with

‘’strong-in-a-box’’ model[*]

→mT- and centrality-dependence

consistent with previously reported

measurements

→Extended to more peripheral collisions

wrt Run 2 to bridge with smaller systems

→Benchmark for measurement of 3D radii

with full Run 3 sample



Proton source in pp collisions
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ALICE, PLB 811 (2020) 135849
Study of p−p and p−Λ correlations using Gaussian

source:

• mT-scaling observed

• species-dependent source size r0

• decays of short-lived hadronic resonances contribute

→ effective source
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Proton source in pp collisions

f.bellini@unibo.it | WPCF 2026

Study of p−p and p−Λ correlations using Gaussian

source:

• mT-scaling observed

• species-dependent source size r0

• decays of short-lived hadronic resonances contribute

→ effective source

Working hypothesis: 

common gaussian ‘’core’’ source of baryons and mesons

modified by decays of different resonances

→ Resonance Source Model (RSM)

ALICE, PLB 861 (2025) 139233
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Proton source in pp collisions
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Study of p−p and p−Λ correlations using Gaussian

source:

• mT-scaling observed

• species-dependent source size r0

• decays of short-lived hadronic resonances contribute

→ effective source

Working hypothesis: 

common gaussian ‘’core’’ source of baryons and mesons

modified by decays of different resonances

→ Resonance Source Model (RSM)

→ measuring mT for any pair, this scaling and the RSM 

can be used to ‘’fix’’ the source and enable the study of 

the strong interaction

Raffaele Del Grande, Mon 18/5

Maximilian Korweiser, Wed 20/5 

Hadron

𝐶 𝑘∗; 𝑅 = නd3 𝑟∗ 𝑆 𝑟 ∗; 𝑅 Ψ 𝒌∗; 𝒓 ∗ 2

FIX source

ALICE, Eur. Phys. J. A 61, 194 (2025)
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Proton source in pp collisions – Run 3 results

First measurement of p–p correlations in pp collisions
at √s = 900 GeV and source radius

• detail: using box potential for strong interaction
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Proton source in pp collisions – Run 3 results

First measurement of p–p correlations in pp collisions
at √s = 900 GeV and source radius

• detail: using box potential for strong interaction

First multiplicity-dependent measurement in pp 
collisions at √s = 13.6 TeV

• detail: Using CATS+RSM 

• multiplicity-dependence of mT-scaling
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Proton source in pp collisions – Run 3 results

First measurement of p–p correlations in pp collisions
at √s = 900 GeV and source radius

• detail: using box potential for strong interaction

First multiplicity-dependent measurement in pp 
collisions at √s = 13.6 TeV

• detail: Using CATS+RSM 

• multiplicity-dependence of mT-scaling

→ caveat: what multiplicity?

→ hitting the smallest source at the LHC? 
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Intermediate-size systems in light-ion collisions

ALICE collected light-ion data in OO, Ne–Ne and p–O 
collisions in 2025

New measurements of p–p correlations in light-ion
collisions provide a bridge between small and large 
colliding systems.

• Detail: using box potential for strong interaction

→ Ordering with centrality and mT-scaling
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Intermediate-size systems in light-ion collisions

ALICE collected light-ion data in OO, Ne–Ne and p–O 
collisions in 2025

New measurements of p–p correlations in light-ion
collisions provide a bridge between small and large 
colliding systems.

• Detail: using box potential for strong interaction

→ Ordering with centrality and mT-scaling

→ Scaling of radii with d𝑁/d𝜂 1/3

→ Is there a common multiplicity dependence of 
the proton source size across systems? 
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Sofia Tomassini, Wed 20/5 
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Summary

Precise and multi-differential measurements of p–p correlations in various systems

✓ First multiplicity-dependent measurement in pp collisions at √s = 13.6 TeV

✓ Measurement in peripheral Pb–Pb collisions at √sNN = 5.36 TeV

✓ Pb–Pb data demonstrate the dynamics typical for heavy-ion collisions → radial expansion

NEW First results in Ne–Ne and OO at √sNN = 5.36 TeV → NEXT TALK by Sofia Tomassini

Next:

• Exploit full Run 3 Pb–Pb dataset to measure proton 3D radii

• New avenue opened in small systems with multiplicity-dependent measurements

• Systematic investigation of scaling properties of the proton emitting source
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The sources of protons (production level) exhibit smooth evolution across systems

→ how does the proton femtoscopic source evolve across multiplicities and systems? 
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Extras
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3D femtoscopy
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Kaon 3D source
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Multiplicity dependence of strangeness production
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pp HM range
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Mean pT of light flavour hadrons
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pp HM range
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Thermal yields with canonical ensemble and S-matrix
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Cleymans et al, PRC 103, 014904 (2021)
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Thermal yields with canonical ensemble and 𝜸S
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Vovchenko et al., 
PRC 100, 054906 (2019)
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