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The The EXperiment and TheoRy in Extreme MattEr collaboration is a 
group of researchers focused on phenomenology of High Energy 
Heavy Ion Collisions, with special interest in connecting theory with 
experiments.
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The Experiment

A Large Ion Collider Experiment
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The Data



Need to connect
theory to data

7



Evolution of a Heavy Ion Collision
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Early Stage

Hydrodynamic 
evolution

Particlization

Hadron Gas

Pre-equilibrium

Experimental 
observables

EbE initial condition generator. 

Pre-equilibrium dynamics 
(free-streaming or EKT)

3+1 hydrodynamic evolution, 𝜕𝜇𝑇
𝜇𝜈 = 0 + transport coeffic. + EOS

Thermal production of hadrons from freezeout hypersurface
+ out of equilibrium corrections

Hadronic cascade simulator, scattering and decays.

EbE final particles, just like in the experiments.
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observables

Do we really need all this to 
understand data? 
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Fluctuating EbE
initial condition

STAR @ RHIC

NexSPheRIO

NexSPheRIO collab. PRL 103 (2009) 242301
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Since RHIC:
• Large amount of data
• Different collision systems and energies
• New experimental observables
• Higher order observables (vn)
• Better precision in measurements
• Extreme events: ultracentral collisions, small 

systems, high multiplicity pp ….
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Early Stage

Hydrodynamic 
evolution

Particlization

Hadron Gas

Pre-equilibrium

Experimental 
observables

TRENTo [1] or IP-Glasma

Kompost [2]

MUSIC [3]

iSS sampler [4]

UrQMD [5]

HadrEx format in ROOT [6]

[1] http://qcd.phy.duke.edu/trento/
[2] A. Kurkela, et al. PRL 122(12):122302, 2019.
[3] http://www.physics.mcgill.ca/music/ 
[4] https://github.com/chunshen1987/iSS
[5] https://urqmd.org/ 
[6] https://sites.ifi.unicamp.br/hadrex/
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The entire chain must be connected 
in a consistent way and requires 
state of the art computational 
resources. 
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Configuring the simulation chain
Early Stage

Hydrodynamic 
evolution

Particlization

Hadron Gas

Pre-equilibrium

Experimental 
observables

Every and each piece of simulation step has parameters (physical 
and empirical) that needs to be set.
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Configuring the simulation chain
Early Stage

Hydrodynamic 
evolution

Particlization

Hadron Gas

Pre-equilibrium

Experimental 
observables

Every and each piece of simulation step has parameters (physical 
and empirical) that needs to be set.

To start, we use a set of parameters from similar chains:.  
• Duke group [1]
• JETSCAPE [2]
• Trajectum [3]

[1] Moreland, Bernhard, Bass, PRC 101, 024911 (2020)
[2] Everett et. al. [JETSCAPE] PRL 126, 242301 (2021)
[3] Nijis et. al. PRC 103, 054909 (2021); PRL 126, 202301 (2021)

All chains provide a set of parameters from Bayesian analysis 
considering some experimental observables Nch, <pT> and vn.

All chains have some differences between them and to ours  
but show a good overall agreement with the fitted data.
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Early Stage

Hydrodynamic 
evolution

Particlization

Hadron Gas

Pre-equilibrium

Configuring the simulation chain

Experimental 
observables

All chains have some differences between them and to ours  
but show a good overall agreement with the fitted data.



POETIC 2023, ICTP-SAIFR, São Paulo, J. Takahashi 17

Early Stage

Hydrodynamic 
evolution

Particlization

Hadron Gas

Pre-equilibrium

Experimental 
observables

Though they all “fit” the data, the physical parameters used 
can vary considerably.

Configuring the simulation chain

EXTREME Collab. PRC 107, 044907 (2023)
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Early Stage

Hydrodynamic 
evolution

Particlization

Hadron Gas

Pre-equilibrium An overall normalization is 
done comparing total number 
of charged particles Nch from 
experimental data.  

Configuring the simulation chain

Experimental 
observables

Once chain configuration is 
done, we start getting events 
to analyze with same tools as 
the experiments.
• pT spectra
• Flow Observables Vn

• Polarization.
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Early Stage

Hydrodynamic 
evolution

Particlization

Hadron Gas

Pre-equilibrium

Configuring the simulation chain

Experimental 
observables

Once chain configuration is done, we start getting events to analyze 
with same tools as the experiments.
• pT spectra
• Flow Observables Vn

• Polarization.

We can now perform a systematic study, 
• checking the effects of each chain component.
• correlate IC with final observable
• test sensitivity and limitation of observables
• test the extreme, small and ultracentral.
• look for new ideas.



Effects of each chain component
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EXTREME Collab. PRC 103, 054906 (2021)



Effects of each chain component
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EXTREME Collab. PRC 103, 054906 (2021)

Increase of integrated vn due to pre-equilibrium dynamics.



Allows to correlate IC with final observables
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EXTREME Collab. PRC 102, 064909 (2020)

Blue: flow per particle

Red: inclusion of multiplicity fluctuations.



Test sensitivity/limitation of observables
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EXTREME Collab. PRC 101, 034903 (2020)

PCA of two particle correlation matrix.



Test small systems (p-Pb)
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EXTREME Collab. PRC 107, 044901 (2023)



Test ultracentral Pb-Pb
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EXTREME Collab. PRC 107, 044907 (2023)

Models were fitted to describe data 
from central to peripheral collisions, 
but ultracentral data were not included 
in the fits.



Test ultracentral Pb-Pb
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EXTREME Collab. PRC 107, 044907 (2023)

Models were fitted to describe data 
from central to peripheral collisions, 
but ultracentral data were not included 
in the fits.

All models fail to describe ultracentral
data, where hydrodynamics should be 
most applicable. 

Something seems to be still missing.



Cool idea: Vorticity in the QGP
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Test a very cool idea
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3C Collab. PLB 820 (2021) 136500



Propose a new observable
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3C Collab. PLB 820 (2021) 136500



Propose a new observable
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3C Collab. just submitted to arXiv.



Vortex rings  in p+A collisions

31

3C collaboration, PRC 104, L011901 (2001)
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Vortex rings  in p+A collisions
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3C collaboration, PRC 104, L011901 (2001)
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In Summary
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• We put together a complex hybrid EbE simulation code for Heavy-Ion 
Collisions.

• We put together a complex hybrid group of researchers with common 
topics of interest.

Many results:
• Comparison to experimental data
• Constrain to models
• Precision tests
• New ideas and observables.
• New collaborations.
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Thank you
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