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Heavy ion reactions
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Access 
QCD phase diagram
by heavy ion collisions

finite, dynamical system
extract information via 
modeling the hadronic
phase

microscopic transport
models



Heavy ion reactions
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Gaitanos et al.

Not only  nuclear matter equation of state

‘Trivial’ in-medium effects
Fermi motion
Pauli-blocking 
collisional broadening

Fuchs et al.

Esym

Schaffner-Bielich et al.

‘Non trivial’
resonances  
Meson-Baryon coupling
restauration of chiral symmetry
bound states
clustering



SUCCESS OF TRANSPORT

MODELS
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Heavy ion collisions and strangeness
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Data: C. Sturm et al., PRL 86 (01) 39

� Kaon yield ratio

� strong sensitivity to EOS due 

production via multistep reactions 

~ density reached 

~ 1/compressibility

• robust observable

• independent on unknown or not well 

determined model ingredients

� sensitivity to compressibility largest 

below threshold

� relevant density ~2ρ0

Theory: Fuchs+Wolter, EPJA (2006) 



Heavy ion collisions – collective flows
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Elliptic flow v2

Side flow v1

Discovery at Bevalac
H.A. Gustafsson, et al., Phys. Rev. Lett. 52 (1984) 1590.
R.E. Renfordt, et al., Phys. Rev. Lett. 53 (1984) 763.

side flow

elliptic flow

Au+Au 1A GeV  3.5<b<6.3 fm
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Model predictions: IQMD
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Directed flow constraints for symmetric matter EOS
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� additional constraints needed on momentum dependence of NN potential and 

in-medium cross sections

P. Danielewicz, R. Lacey, W.G. Lynch, 
nucl-th/0112006 (2001), 
Science 298 (2002) 1592 

Au+Au

mid-central

protons



Elliptic flow 
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Constraining input parameters 
with experimental data
→ more rigorously 

In-medium effects with
soft EOS

Influence of the EOS

Au+Au elliptic flow in mid-central collisions

compared to predictions from BUU models
A. Andronic et al. Phys.Lett. 

B612 (2005) 173-180



Pion production and the symmetry energy
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� symmetry energy influences n/p ratio → nn, 

np, pp collisions

� hard SE  

� inconsistent with other experimental results

� other effects influence pion productio

� pion optical potential, self energies, 

different for π- and π+

� production via Δ resonances, potential

� s- vs p-wave production

� also with a hard SE:

hard

soft

Au+Au, 
b < 2.5 fm

Data: W. Reisdorf et al., NPA 781 (2007)

Calculations: Z. Xiao et al, PRL 102, (2009)
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Compare model results with 
experimental data
→ more rigorously 



BENCHMARKING 

TRANSPORT MODELS
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Benchmarking of transport models
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Performance evaluation

What is being evaluated?

Predictions of transport codes

How does one define performance?

Deviation of code predictions from (experimental) data?

But not describing experimental data may also be a result

and gives room for improvement 

Benchmark:

Set of experimental data, which needs to be defined



Benchmarking transport codes

Important for radiation studies

� medical applications

− radiation therapy

� accelerator construction

− shielding

� space research

− biological impact of radiation on 
humans during long term space 
missions

Heavy ion induced radiation

� precise fragmentation cross 

sections needed
R.M. Ronningen et al., 

Benchmarking transport Codes FLUKA, HETC-HEDC MARS15, MCNPX, 

PHITS (2013)
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400 MeV/nucleon 132Xe 

on 0.9-cm-thick Li target 

600 MeV/nucleon Si 

on 0.4-cm-thick Cu target 



Benchmarking transport models

for heavy ion collisions with FRS data

Important
� detector development

− feasibility of experiments
− physics performance

Benchmarking of Abrabla*
� two step abrasion/ablation model to 

simulate heavy ion collisions at 
relativistic energies 
� fragmentation 
� break up
� evaporation 
� fission 

� SINURSE project                                        
part of the EU financed Integrating Activity ENSAR/2/ERINS

− theoretical models
− simulation tools
− analysis environments

*J.-J. Gaimard, K.H. Schmidt, Nucl. Phys. A351(1991)709

http://www.ensarfp7.eu/what-is-ensar/deliverables/jra05-sinurse
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total

break up

IMF evap.

fragm.

fission

U+Pb 1000  MeV/u



Benchmarking with FOPI data
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Benchmark data 
� flow Au+Au collisions 0.9-1.5AGeV

� pion production → inelastic cross sections, 

momentum dependence

� stopping → elastic cross section

Calculations done with IQMD* (UrQMD**)
� parameters determined from elementary 

experimental data

� cross sections

� momentum dependence 

� same input parameters for all comparisons
*C. Hartnack et al., EPJA 1 (1998) 151
** Q. Li et al.

Methods:

� Clusterization minimum spanning tree

� FOPI filter for centrality

� particle acceptance

� analysis method

� reaction plane determination

side flow

elliptic flow

Au+Au 1A GeV  3.5<b<6.3 fm
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Flows of protons at higher energies
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No perfect agreement, 

perhaps due to too low 

cluster yields in the model

talk of Arnaud LeFevre

W. Reisdorf et al. (FOPI), NPA 876, 1 

(2012)

1 GeV/u Au+Au central



Benchmarking 
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Benchmark data
� strangeness production from KaoS, 

FOPI and HADES

� yields, spectra, flow of kaons and 

hyperons

� pion production

Agreement was needed on input 

parameters
� kaon production cross sections

� propagation

Codes: HSD and IQMD

Problem
� centrality selection 

� experimental acceptance and

analysis

C. Hartnack et al., Phys. Rep. 2012

K0

Λ



Hyperon production in Au+Au collisions
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HADES

Au+Au central

1.23 GeV/u

UrQMD describes shape of spectra best

� re-scattering cross section

� production process (via resonances)

� ???

IQMD uses rather old parametrization

ΛN rescattering
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Benchmarking
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Comparison to 
a reference model!

� same impact parameter, 

� same cuts, same acceptance

� standard output

� standard analysis routine

� agreement on cross sections, Delta lifetimes, detailed balance (Trento 2001/2003)
E.E. Kolomeitsev, C. Hartnack, H.W. Barz, M. Bleicher, E. Bratkovskaya, W. Cassing, L.W. Chen, P. Danielewicz, C. Fuchs, T. 

Gaitanos, C.M. Ko, A. Larionov, M. Reiter, Gy. Wolf, J. Aichelin, J. Phys. G 31 (2005) 741.

C. Fuchs, Rep. Prog. Nucl. Phys. (2005)



Benchmarking
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Comparison to theoretical reference data

� pion production via NN↔N∆ and ∆↔Nπ processes 

� box calculation at normal nuclear matter density and T=60 MeV

� yields and collision rates are compared to numerical (not Monte-Carlo) 

solution of the relativistic Boltzmann equation

A.Ono et al., arXiv:1904.02888



COMPARING TO

EXPERIMENTAL DATA
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Benchmarking
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General aspects

� models
� open source
� standard outputs

� experimental data
� open access data repositories

� systematic comparison

between model and theory
� standardized analysis routines

� benchmark results should

published in repositories

Model

Data

Interface



Common data base of experimental data
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RDM: Zenodo and Invenio

based development by an 

international collaboration

headed by CERN 

To be defined within the

community

� format

� meta data

Data



Rivet

Robust independent validation of experiment and theory
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Benchmark data
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Define a set of observables yields

� stopping

� flow .... 

� particle production

and a set of systems, energies and impact parameters

� Au+Au, Sn+Sn, C+C, p+A

� 1 MeV/u ... 5.5 TeV/u

� central, half central….

What is the most important bench mark data?

Data



Summary
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Systematik benchmarking* of theoretical models with

experimental data is a pre-requisit to draw reliable

conclusions on equation of state of nuclear matter, in-

medium effects….

Process steps:

� Identify experimental benchmark data

� Ensure its availability in a data repository

� Decide on infrastructure and methods

� Program/collect analysis codes

� Do the calculations and analysis of data

� Routinely publish the results in a repository



FAIR in 2025
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THANK YOU TO MY COLLABORATOS
A. LeFevre, C. Hartnack, E. Bratkovskaya, J. Aichelin

THANK YOU FOR YOUR ATTENTION
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