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Beam direction

AI-Driven Exploration of Strongly Interacting 
Nuclear Matter under Extreme Conditions
Manjunath Omana Kuttan, Kai Zhou, Jan Steinheimer, 
Horst Stoecker
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Few phase diagrams we know …

Phase diagrams portray the behaviour of a substance with varying 
thermodynamic conditions 
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A phase diagram of fundamental matter?

https://www.wattpad.com/404853180-science-for-thought-quark-gluon-plasma
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A phase diagram of fundamental matter?

➔ ordinary matter: confined quarks 
◆  only protons and neutrons

➔ How does nuclear matter behave at 
high temperatures/ densities?
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A phase diagram for fundamental matter?

Particles 3.2 (2020): 320-335

Can we construct a phase diagram of strongly interacting, nuclear matter?



Beam 
direction

Manjunath Omana Kuttan                                                           EuCAIFCon 2024, Amsterdam                                                               02-05-2024

Beam 
direction

6

The QCD phase diagram

Particles 3.2 (2020): 320-335

?

The QCD phase diagram is highly conjectured

How can we explore the phase diagram?

https://www.wattpad.com/404853180-science-for-thought-quark-gluon-plasma
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Heavy-ion collisions can create systems with extremely high 
temperatures and densities

NA 61 / SHINE

CERN RHIC

CBM

FAIR, Darmstadt
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CBM

● explore high density QCD EoS

● search for phase transitions

● in medium hadronic properties

● 107 collisions/ Second

● 1000 tracks/ collision

● 1 TB/s raw data

● CBM studies Intermediate beam energies
○  moderate temperatures  and high 

densities
○

● Similar nb, T  found  in neutron star 

mergers, supernova explosion etc.

 CBM detector
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➔ Limited first principle calculations
◆ Effective models for high density

➔ State of the art effective models are often slow
◆ upto 1 hour/event at FAIR energies

➔ No smoking gun signals
◆ multiple observables with limited sensitivity

◆ bayesian inference, multi-param fits

➔ Experimental uncertainties
◆ collision centrality

◆ high model dependencies in analysis

The challenges

How can AI be used to address these issues?
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● Point cloud: set of data points
○ No ordering
○ sensors, detector data 
○ tabular representation

● Electronic data: point cloud structure

Experimental data are point clouds !
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Experimental data are point clouds !

PointNet based models learn global event features from experimental data
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➔ Limited first principle calculations
◆ Effective models for high density

➔ Effective models are slow
◆ upto 1 hour/event at FAIR energies

➔ No smoking gun signals
◆ multiple observables with limited sensitivity

◆ bayesian inference, multi-param fits

➔ Experimental uncertainties
◆ collision centrality

◆ high model dependencies in analysis

The challenges

Can AI improve the capability of an experiment?
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Phys.Lett.B 811 (2020) 135872
Particles 2021, 4(1), 47-52

Estimating the impact parameter directly is not possible experimentally

Experiments use Nchg to estimate centrality

No event by event impact parameter available

Observables often depend strongly on collision centrality

https://www.sciencedirect.com/science/article/pii/S0370269320306754
https://www.mdpi.com/2571-712X/4/1/6
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● precise and accurate prediction over wide range of impact parameters

● outperforms non-ML method (Polyfit)

● Fast event-by-event predictions : ~1 ms/ event
○ online event characterisation

Phys.Lett.B 811 (2020) 135872
Particles 2021, 4(1), 47-52

https://www.sciencedirect.com/science/article/pii/S0370269320306754
https://www.mdpi.com/2571-712X/4/1/6
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➔ Limited first principle calculations
◆ Effective models for high density

➔ Effective models are slow
◆ upto 1 hour/event at FAIR energies

➔ No smoking gun signals
◆ multiple observables with limited sensitivity

◆ bayesian inference, multi-param fits

➔ Experimental uncertainties
◆ collision centrality

◆ high model dependencies in analysis

The challenges

Can AI find better ways to analyse data?
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➔ The EoS gives the pressure as function energy densities and densities

➔ Pressure gradients drive the evolution 

➔ Mandatory input to models

JHEP 10 (2021) 184           
PoS FAIRness2022 (2023) 040

Equation of State 
(EoS)

Determination of QCD EoS: 
fundamental goal for Heavy-ion 
experiments

https://link.springer.com/article/10.1007/JHEP10(2021)184
https://pos.sissa.it/419/040
https://app.diagrams.net/?page-id=v3I6F467FBC4XRgl47wI&scale=auto#G1d6PcAz18WHq4UjlXOuAy6qnKd8fBSNev
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● Goal : Classify phase transition events from crossover

JHEP 10 (2021) 184           
PoS FAIRness2022 (2023) 040

● >95 % accuracy with just 40 events!
○ realistic scenario

https://link.springer.com/article/10.1007/JHEP10(2021)184
https://pos.sissa.it/419/040
https://lucid.app/documents/edit/2bb1455e-6a56-432a-aa1e-41d7d3fc4f74/0?callback=close&name=slides&callback_type=back&v=437&s=720
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➔ Limited first principle calculations
◆ Effective models for high density

➔ Effective models are slow
◆ upto 1 hour/event at FAIR energies

➔ No smoking gun signals
◆ multiple observables with limited sensitivity

◆ bayesian inference, multi-param fits

➔ Experimental uncertainties
◆ collision centrality

◆ high model dependencies in analysis

The challenges

AI based surrogate models for faster analysis?
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● EoS as density dependent potentials

● 7th degree polynomial for potential above 2n0 

We constrain the polynomial 
coefficients

The data,                                                        

is used to constrain the parameters     

(E895) Phys. Rev. Lett. 83, 1295 (1999)
(CERES), Nucl. Phys. A 698, 253 (2002)
(FOPI), Phys. Lett. B 612, 173 (2005)
(STAR), Phys. Rev. C 86, 054908(2012)
(STAR), Phys. Rev. C 103, 034908 (2021)
(HADES), Phys. Rev. Lett.125, 262301 (2020)
(STAR), Phys. Lett. B 827, 137003(2022)FOPI, HADES

E895

STAR

NA49

NA49

STAR

E877
E895

E895

(E917), Phys. Rev. C 66, 054901 (2002)
(NA49), Phys. Rev. C 73, 044910 (2006).
(STAR), Phys. Rev. C 96, 044904(2017)

E917

E917

PRL 131 (20), 202303

https://app.diagrams.net/?page-id=yZkGko3XyNV2VHgHtKUA&scale=auto#G1ql9vn1P83tPoLWrqTOJc86r96LDgABn8
https://link.aps.org/doi/10.1103/PhysRevLett.131.202303
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Gaussian Process models trained as 

fast emulators

● Good constraints up to 4 n0

● Constraints above 3 n0 is strongly data dependent
(Without AGS <mT>-m0 data) 

PRL 131 (20), 202303

https://link.aps.org/doi/10.1103/PhysRevLett.131.202303
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➔ Limited first principle calculations
◆ Effective models for high density

➔ Effective models are slow
◆ upto 1 hour/event at FAIR energies

➔ No smoking gun signals
◆ multiple observables with limited sensitivity

◆ bayesian inference, multi-param fits

➔ Experimental uncertainties
◆ collision centrality

◆ high model dependencies in analysis

The challenges

Realistic, Fast,  AI based emulators?
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Generating collisions with DL

What’s necessary:

● event by event generation
● generate large multiplicity ~1000 
● capture correlations

Autoregressive point cloud generation

● 7 particle species 

● A particle:
○ PID, px, py, pz

eg: a step in generation

pz

PID

px

py
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Performance of the model

● Momentum distributions are well captured
● everything except 𝛯 agrees well to ground  truth
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?

?

Surrogate models, 
Fast model 
simulations 

EoS meter

Point cloud 
analysis

Centrality 
meter

The exciting, inevitable future!

Models

ExperimentsTheory

AI


