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QCD phase diagram
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Heavy-ion collisions
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Initial state QGP formation
Hadronisation

Freeze-out

!

Pre-equilibrium Viscous hydrodynamics Hadronic rescattering

Time:        0 fm/c < 1 fm/c ~10 fm/c ~1015 fm/c
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Particle formation
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Tkin	 Tchem	
π, K, p, Λ, Ω… d, 3He, 4He… • Pre-equilibrium phase τ < 0.5 fm/c


• Quark-gluon plasma τ ~ 10 fm/c


• Mixed phase


• Chemical freeze-out – Tch

➡Particle composition is fixed


• Kinetic freeze-out – Tkin

➡Particle spectra are fixed
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Particle and nucleus abundances

6

• Measurements are well described by statistical 
hadronization models fit over 9 orders of magnitude


• Chemical freeze-out temperature Tch ~ 156 MeV at μB ~ 0

ALICE arXiv:2211.04384



Antimatter/matter imbalance
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Nucl. Phys. A 772, 167-199 (2006)
Phys. Lett. B 738, 305-310 (2014)
Phys. Rev. C 96, 044904 (2017)
Nature 561, 321-330 (2018)

 = 5.02 TeVNNsPb, −ALICE, Pb
Param., Nature 561, 321-330 (2018)

• Improved precision by cancelation of correlated uncertainties in the ratio


• μB = 0.71 ± 0.45 MeV – compatible with zero within 1.6σ

ALICE arXiv:2311.13332
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Mass difference of (anti)-nuclei
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•Test of CPT invariance of residual nuclear force by measuring mass difference in the 
nuclei sector – Confirms CPT invariance for (light) nuclei
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ALICE Nature Physics 11 (2017) 811

• STAR Measure hypertriton binding 
energy (best ever) and systematically 
larger than previous measured



Hypertriton lifetime
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Hypernuclei – probes of Y-N interaction

➡EoS of neutron stars – hyperon “puzzle” (MNS > 2M⦿)

Most precise measurement

➡ τ = 253 ± 11 (stat.) ± 6 (syst.) ps

➡BΛ = 102 ± 63 (stat.) ± 67 (syst.) keV 

ALICE Phys. Rev. Lett. 131 (2023) 10
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• Two approaches that describe light/hyper nuclei production
➡Statistical hadronization models (SHM): abundance is fixed at Tch

➡Coalescence of nucleons: associated with Tkin

• Data of deuterium, tritium, 3He and hypertriton prefers coalescence

ALICE Phys. Rev. C107 (2023) 064904 
ALICE Phys. Rev. Lett. 128 (2022) 252003
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Alpha production at the LHC
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• Anti-alpha pT-differential distribution is measured for 
the first time at the LHC

• (Anti-)alpha production is underestimated by the 
coalescence mode – different picture from light nuclei

ALICE arXiv:2311.11758
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Abnormal f0(980) suppression
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f0(980) – meson, tetraquark or K-Kbar molecule?


• φ/π: increases with multiplicity (system size): strange enhancement


• K*0/π: insensitive to multiplicity: strange enhancement vs. rescattering


• f0(980)/K*0: less sensitive to hadronic interactions

➡Suggest hidden |S| = 0 and a conventional meson scenario

ALICE arXiv:2311.11786



Unveiling strong interactions
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• Further constraints on the residual strong 
interaction between NN, YN and YY

• Important input of EoS of neutron stars


k* = | ⃗p*1 − ⃗p*2 | /2

r * = | ⃗r*1 − r*2 |



Unveiling strong interactions
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Absence interaction C(k*) = 1

• Further constraints on the residual strong 
interaction between NN, YN and YY

• Important input of EoS of neutron stars


k* = | ⃗p*1 − ⃗p*2 | /2

r * = | ⃗r*1 − r*2 |



Unveiling strong interactions
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Unveiling strong interactions
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9

  
two-particle wave function
ψ( ⃗k * , ⃗r*)

⃗r *

⃗pa

⃗pb
Described with a Gaussian core

G(r * ,rcore(mT)) = 1
(4πr2core(mT))3/2 ⋅ exp( − r *2

4r2core(mT) )
Short-lived strongly decaying resonances effectively enlarge it

E(r * ,Mres, τres, pres) = 1
s

exp( − r *
s )

 source functionS( ⃗r*)
 Gaussian coreG( ⃗r * ,rcore)

with s = βγτres = pres
Mres

τres

➡ Emitting source: hypersurface at kinematic freezout 
of final-state particles

C( ⃗k*) = ∫ S( ⃗r*) |ψ( ⃗k * , ⃗r*) |2 d3r *

• Further constraints on the residual strong 
interaction between NN, YN and YY

• Important input of EoS of neutron stars



Proton–hyperon interaction
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• p–Ω- correlation signal is around two time larger 
than p–Ξ-, large difference in strong interaction

• p–Ω bound-state is not yet observed in data



p–D- interactions
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• Data is compatible with the Coulomb-only interaction within 1.1–1.5σ

• Scattering length f-1 ∈ [-0.4, 0.9] fm-1 for I = 0 at 68% CL
➡ Indicate either attractive interaction w/ or w/o bound-state formation

• Important for modeling charm quark transport in the quark-gluon plasma



D–π and D–K interactions

20

Studying the interaction between charm and light-flavor mesons ALICE Collaboration

modeled using the well-understood Coulomb potential, while the latter is parameterized with a Gaussian
potential of the form

V (r) =V0 exp(�m
2
⇢r

2), (7)

where V0 is the potential strength and m⇢ is the mass of the lightest exchangeable meson, the ⇢ meson,
which is the parameter that controls the potential range. The strength V0 is tuned to reproduce the
scattering lengths of the model [30].

The theoretical models provide the scattering parameters in the (strangenenss, isospin) basis, but in the
experiment, the interactions are accessible only in the charge basis. The same-charge pairs consist of
a pure isospin state. The opposite-charge pairs are a mixture of two isospin states, which can be ad-
dressed by solving the coupled-channel Schrödinger equation with two isospin interaction components.
In the case of D(⇤)⇡ pairs, the isospin channel I = 3/2 is shared between the same- and opposite-charge
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Figure 4: Genuine correlation functions with statistical (bars) and systematic uncertainties (boxes) compared to
theoretical model predictions (bands), listed in Tables 4 and 5. The width of the theoretical bands represents the
uncertainty related to the source. The number of standard deviations ns is reported for each model in the legend.
The results are shown for D⇡ (first row) and DK (second row) for the opposite- (left column) and same-charge
(right column) combinations.
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Studying the interaction between charm and light-flavor mesons ALICE Collaboration
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Figure 5: Genuine correlation functions with statistical (bars) and systematic uncertainties (boxes) compared to
theoretical model predictions (bands). The width of the bands represents the uncertainty related to the source. The
number of standard deviations ns is reported for each model in the legend. The results are shown for D⇤⇡ (first
row) and D⇤K (second row) for the opposite- (left column) and same-chage (right column) combinations.

configurations, as both have no net strangeness.

The theoretical correlation functions obtained from the different models of the strong interaction between
charm and light-flavors mesons are compared to the measured genuine correlation functions in Fig. 4 and
Fig. 5 for D+ and D⇤+, respectively. The predictions for the Coulomb-only hypothesis (gray curves) are
shown as a reference, as any deviation of the experimental data from it indicates the presence of strong
FSI. Additionally, the difference between the data and the calculations is quantified by the number of
standard deviations ns and is reported in the figure legends. Each ns value is directly obtained from the
p-value and reflects how well the specific model describes the data in the range of k

⇤ < 200 MeV/c by
considering the total uncertainty of the data as well as the predictions.

Even though the current statistical precision is not sufficient to distinguish between the individual model
predictions of the residual strong interaction involving kaons, no tension with theory is observed in most
cases. The exception is K+D��K�D+, where the larger ns values are likely due to the fluctuation of
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D+π-

D+π+

D+K-

D+K+

D*+π-

D*+π+

D*+K-

D*+K+

Correlation functions are compatible with the Coulomb-only hypothesis



D–π scattering length
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Dπ D*π

• Deviation between data and models including the strong interaction
➡Challenging the current understanding on the residual strong 

interaction between D mesons and pions

• Indicate small or almost vanished scattering of D mesons with hadrons

ALICE arXiv:2401.13541



(Anti-)nuclei factory

22

ALI-PREL-488975

ALICE Phys. Rev. Lett. 127 (2021) 172301 
Nature Phys. 19 (2023) 61

• Production not yet fully understood


• Nucleon coalescence, statistical 
hadronizaton…


• New tool to study QGP hadronizaton

• Strong impact on Dark Matter 
searches, e.g.


➡ χ0 χ0 → d̄, 3He + X



A journey through QCD
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Rencontres de Blois 2021Z.Conesa del Valle

Characterization of the medium viscosity

17

Phys. Rev. Lett. 116 (2016) 132302 

• Large v2 observed in heavy-ion collisions. 

• Measurements described by viscous 
hydrodynamics considering low viscosity (η/s).  

• Bayesian estimate using data from RHIC and the 
LHC: QGP viscosity is at least an order of magnitude 
smaller than that of the most common fluids, it 
behaves more like a ‘perfect’ liquid.

Bernhard, Moreland and Bass, Nature Physics, vol.15, Nov. 2019, 1113-1117

J. E. Bernhard et al. Nature Phys. 15 (2019) 1113

ALICE arXiv:2211.04384



Microscopic of the QCD
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pp collisions @13.6 TeV

Data taking in Run 3 – 2022 
§ July 2022 – first pp collisions at 10 kHz @13.6 TeV
§ pp physics data taking at ~500 kHz
§ pp 1-4 MHz tests (pp@4.5 MHz is equivalent to Pb–Pb@50 kHz)
§ Pilot beam Pb–Pb @5.36 TeV on 17-18 November 2022

July 2022: pp @13.6 TeV Nov 2022: Pb–Pb @5.36 TeV

I. Altsybeev, ALICE Highlights, LHCP 2023 7

The 2nd generation inner 
tracking system (ITS2)

Muon forward tracker (MFT)

Fast integrated trigger (FIT)

Upgraded 
readout of time 

projection 
chamber (TPC)



Femtoscopic of the QCD
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The 3rd generation inner 
tracking system (ITS3)

Forward calorimeter (FoCal)



Femtoscopic of the QCD

26

pp collisions @13.6 TeV

§ April 6 – first stable beam, pp @0.9 TeV
§ April 21 – first pp@13.6 TeV
§ physics data taking at ~500 kHz 
§ anticipating Pb-Pb run 

o 5+2 days pp reference, 27+4 days Pb-Pb

data taking with 2400 bunches April 2023

May 2023: pp @13.6 TeV

Data taking in Run 3 – 2023 

I. Altsybeev, ALICE Highlights, LHCP 2023 8
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ALICE Performance
 = 13.6 TeVsRun 3 pp, 

| < 0.8η|

ALI-PERF-535955

524 billion 
events!

Particle identification with TPC: full 2022 pp statistics

I. Altsybeev, ALICE Highlights, LHCP 2023 9

π
K

p
d

t
3He

à High-precision measurements with nuclei

pp@13.6 TeV

C. Sonnabend, Thu, 12:42

pp@13.6 TeV
2022



Next-generation experiment
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Hard Probes 2023                                                                                                                   28/3/20234

arXiv:2211.02491 ; CERN-LHCC-2022-009 ; LHCC-I-038 ; LHCC-I-038

ALICE 3 integrated luminosi@es: 

ℒppmonth ~ 0.5 W-1 and ℒppRun5+6 ~ 18 W-1 

ℒPb-Pbmonth ~ 5.6 nb-1 and ℒPb-PbRun5+6 ~ 33.6 nb-1  

Op1ons for pA collisions and lighter AA system 
with higher ℒNN under study

The ALICE 3 experiment

ALICE arXiv:2211.02491

LHC Run 3, 4 and beyond

Ø Higher data taking rate and upgraded TPC and ITS

Ø Direct reconstruction of beauty mesons and baryons

Ø Measurement of charm and beauty cross section and  
fragmentation fractions from pp to Pb–Pb

Ø Reconstruction of complex decays like Ξ77++

Ø Better constraints to theoretical models of the strongly 
interacting medium and hadronisation

Outlook

21

LoI ALICE 3: arXiv:2211.02491

25

➡ Scan from pp to AA collisions needed 
➡ ALICE3 is the ideal detector for acceptance 

and purity for the heavy flavour signal 
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1−   - pp = 18 fb

1−Pb = 35 nb−10% Pb−   - 0
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ALICE3 LOI, CERN-LHCC-2022-009 
Y.Kamiya et al., Eur. Phys. J. A 58 (2022)7, 131

D0D*+ D+D*0T+
cc

3875 3515
mass [MeV]

➡Assumption of a Tcc as molecular state and a scattering length 
for DD 
➡   fm a0 = − 7.16 + i1.85



Backup
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ALICE experiment at the LHC

29



8

  
two-particle wave function
ψ( ⃗k * , ⃗r*)

 Gaussian coreG( ⃗r * ,rcore)

⃗r *

⃗pa

⃗pb

➡ Emitting source: hypersurface at kinematic freezout 
of final-state particles

Described with a Gaussian core

C( ⃗k*) = ∫ S( ⃗r*) |ψ( ⃗k * , ⃗r*) |2 d3r *

G(r * ,rcore(mT)) = 1
(4πr2core(mT))3/2 ⋅ exp( − r *2

4r2core(mT) )



ALI-PUB-483616

ALI-PUB-483591

10

Fit correlation functions of p—p and p—Λ pairs 
➡ Interaction precisely described 
➡ Gaussian source with radius as free parameter

Phys. Lett. B 811 (2020) 135849

Phys. Lett. B 811 (2020) 135849

Source size ~1fm makes the high-multiplicity pp system 
suitable for the study of hadron—hadron interactions 

p—D—


