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Symmetry Energy at supra-saturation densities 

studied with neutron-proton elliptic flows 



Introduction

The nuclear EOS describes the relation among energy, pressure, density, 
temperature and isospin asymmetry. It is a fundamental ingredient in nuclear

physics and astrophysics.
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Symmetry Energy at supra-saturation densities
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Symmetry Energy at supra-saturation densities

• Phenomenological forces constrained around saturation and for
nearly isospin-symmetric matter.

• Poor knowledge of effective forces in neutron-rich matter.
• Uncertainties in the nature of the three-neutron force.
• Uncertain extrapolations far from the saturation density.
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Symmetry Energy at supra-saturation densities

Why high-density?
• Huge divergences
• Few constraints

• Astrophysical interest

• Phenomenological forces constrained around saturation and for
nearly isospin-symmetric matter.

• Poor knowledge of effective forces in neutron-rich matter.
• Uncertainties in the nature of the three-neutron force.
• Uncertain extrapolations far from the saturation density.
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Symmetry Energy at supra-saturation densities

Why high-density?
• Huge divergences
• Few constraints

• Astrophysical interest

• Phenomenological forces constrained around saturation and for
nearly isospin-symmetric matter.

• Poor knowledge of effective forces in neutron-rich matter.
• Uncertainties in the nature of the three-neutron force.
• Uncertain extrapolations far from the saturation density.
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High densities observable: flows 

y = rapidity, pt = transverse momentum
φR = reaction plane orientation
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Which densities can be explored in the 



Elliptic flow:  competition 
between in plane (v2>0) 

and out-of-plane ejection 
(v2<0)
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Qingfeng Li, J. Phys. G31 1359-1374 (2005) 
P.Russotto et al., Phys. Lett. B  697 (2011)

UrQMD :Au+Au @ 400 AMeV
5.5<b<7.5 fm

=1.5

=0.5

High densities observable: flows 

y = rapidity, pt = transverse momentum
φR = reaction plane orientation
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Y. Leifels et al., PRL 71, 963 (1993)
P.Russotto et al., PLB  697 (2011)

LAND coverage
37°<lab<53°
61°<lab<85°

FOPI/LAND experiment on neutron squeeze out (1991)

UrQMD:
momentum dep. of isoscalar field

momentum dep. of NNECS
momentum independent power-law 

parameterization of the symmetry energy

γ = 0.9 ± 0.4   
L=8326

Main observable
v2

n/v2
H
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LAND coverage
37°<lab<53°
61°<lab<85°

FOPI/LAND experiment on neutron squeeze out (1991)

UrQMD:
momentum dep. of isoscalar field

momentum dep. of NNECS
momentum independent power-law 

parameterization of the symmetry energy

γ = 0.9 ± 0.4   
L=8326

Tübingen-QMD:
density dep. of NNECS

asymmetry dep. of NNECS
soft vs. hard EoS

width of wave packets
momentum dependent (Gogny inspired) 

parameterization of the symmetry energy
M.D. Cozma et al. , PLB 700, 139 (2011) & 

PRC88 044912 (2013)
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ASY-EOS S394 experiment @ GSI Darmstadt (May 2011)

After re-analysis of Au+Au FOPI-LAND data (1991) P.Russotto et al., PLB 697 (2011)
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ASY-EOS results

Main observable
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ASY-EOS II: Symmetry energy @ higher density

Which densities can be explored in the early stage of the reaction ? (BUU calculations) 
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To explore higher densities: 
1) raise the beam energy

2) use n-p observable
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ASY-EOS II ‘’LOI’’

≈55 signatures from 23 institutions
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cm3) n,p detector



ASY-EOS II: the set-up

KraTTA (Si-Si-Csi-CsI-Si): 
Flows and yields of LCP at 

mid-rapidity

FARCOS (2xDSSSD-CsI): 
LCP at mid-rapidity 

(high angular resolution)

Califa (CsI): 
LCP at target-rapidity 

Pion Range Counter 
(stack of plastics):
π+ and π- at mid-

rapidity

Krab: 5 rings of fast 
scinitillating fibers read-

out by SiPM

Fopi-Wall: plastic 
scintillating forward wall 

NeuLAND: 3000 plastic 
scintillator bars (250x5x5 

cm3) n,p detector



ASY-EOS: TuQMD predictions

L and KSym sensitivities

M.D Cozma, EPJA 
arXiv:1706.01300
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M.D. Cozma @ ASY-EOS 2017, Dec. 2017, Catania
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Pions yield ratio sensitivity

UrQMD prediction for pions

132Sn + 124Sn
108Sn + 112Sn
124Sn + 112Sn
112Sn + 124Sn    ~270  MeV/u

Transport 2017  MSU 
Mizuki Nishimura 



Conclusions

Symmetry Energy: 
• Low densities: several constraints quite consistent
• High density:
 n/p flows: “our” observable for constraining the high-

density dependence of the symmetry energy
 ASY-EOS data analysis is done, new constraint

obtained
 pions: Spirit results will come!

• Work on code consistency  needed…everywhere!
• Possibility of new (and better) experiments on n,p flows

(& pions?) @ GSI
• International collaborations and efforts
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UrQMD
Pions yield ratio senstivity

UrQMD and IQMD prediction for pions



UrQMD

A. Le Fevre calculations

IQMD

Pions yield ratio senstivity

UrQMD and IQMD prediction for pions
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132Sn + 124Sn
108Sn + 112Sn
124Sn + 112Sn
112Sn + 124Sn    ~300  MeV/u
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UrQMD prediction for pions

for b/bred<0.53

Pions yield ratio Sensitivity

197Au+197Au @ 400, 600, 800, 1000,1500 AMeV

132Sn+124Sn @ 400, 600, 800 AMeV

106Sn+112Sn @ 400, 600, 800 AMeV

..but
no sensitivity to ESym in yields ratio as a function

of pt or Ekin
cm in (this version) of UrQMD
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Is this
feasible?







Transport 2017  MSU 
Mizuki Nishimura 

132Sn + 124Sn
108Sn + 112Sn
124Sn + 112Sn
112Sn + 124Sn    ~300  MeV/u



arXiv:1704.05166 [nucl-th]

https://arxiv.org/abs/1704.05166




124Sn+124Sn

Elab=120 MeV/A

b = 1fm

E/A =120 MeV E/A = 300 MeV

Difference between 132Sn+ 124Sn 
and 108Sn+ 112Sn  collisions
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• Pion ratio depends strongly on the symmetry energy. 

• Ratios of spectra are more sensitive than ratios of  integrated yields. 
– Integrated yields at E/A400 MeV suggest soft symmetry energy at 2.50 (Xiao PRL, 

102, 062502 (2009)

• Built two TPC’s to probe these observables 

– E/A<150 MeV at MSU and E/A=200-350 MeV at RIKEN (probes 20).
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Spirit at Riken
results coming soon



ASY-EOS S394 experiment @ GSI Darmstadt (May 2011)

Au+Au @ 400 AMeV



P. Russotto et al., PRC 94, 
034608 (2016).
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P. Russotto et al., PRC 94, 
034608 (2016).

KRATTA:
J. Lukasik et al., 
Nucl. Instr. Meth. 
709 (2013) 120128

ASY-EOS S394 experiment @ GSI Darmstadt (May 2011)

Au+Au @ 400 AMeV
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ASY-EOS II: IQMD and TuQMD predictions

A. Le Fevre calculations

b=6 fm

M.D Cozma calculations

TuQMD
but using x=-2 (super-stiff) and 

x=2 (super-soft)

Au+Au b<7.5 fm
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• each bar readout by two PMT 
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• 30 double planes with 100 bars each, bars in neighboring planes
• mutually perpendicular
• σt ≤ 150 ps and  σx,y,z ≤ 1.5 cm
• one-neutron efficiency ~95% for energies 200-1000 MeV
• multi-neutron detection capability
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Particle ID plot from the 1st NeuLAND plane 
including a condition that no VETO hit was 

registered in the event

The NeuLAND demonstrator was part of the Sπrit TPC experiment carried out at 
RIKEN. Charged particles and neutrons stemming from central collisions of 

108,112,124,132Sn on 112,124 Sn target.
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108,112,124,132Sn on 112,124 Sn target.

I. Gasparic  AsyEOS2012 workshop, 
6.9.2012, Siracusa, Italy

NeuLAND @ FAIR/GSI

TDR finalized in Oct 2011 and submitted
• total volume 2.5x2.5x3 m3

• each bar readout by two PMT 
• 3000 modules (plastic scintillator bars) 250x5x5 cm3

• 30 double planes with 100 bars each, bars in neighboring planes
• mutually perpendicular
• σt ≤ 150 ps and  σx,y,z ≤ 1.5 cm
• one-neutron efficiency ~95% for energies 200-1000 MeV
• multi-neutron detection capability

Isostopic resolution!

……
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Study for the new Krakow Barrel (J. Lukasik group)

• Fast enough to trigger

• Transparent to neutrons

• Highly segmented 

• Background reduction

• Inside (a part of) Califa??? 

Project already approved on 
Monday!
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Krakow Barrel

UrQMD + clustering: Au+Au 1000 AMeV, 0-10 fm, 200 fm/c

Background reduction: CHIMERA-MicroBall correlation in ASY-EOS exp
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KraTTA & FARCOS

35 modules (5 x7), 20.7°<<63.5°
40 cm from target. 
Digitized with 100 MHz, 14 bits Flash ADCs

Au+Au @ 400 A.MeV
3.35<b<6 fm (c2)
θlab cut as LAND

S. Kupny Ph. D (2014)J. Lukasik et al., NIM A 709, 120 (2013)

DSSSD 1500 μm 
(2nd stage)  

DSSSD 300 μm (1st stage)  

132 channels by each cluster

4 CsI(Tl) 6 cm (3rd stage)  

High angular  and energy resolution 



https://arxiv.org/abs/1409.3322v1

pi+ pi+
and
pi-

all
particles

Pion Range Counter

26 ns
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ASY-EOS II…not a true proposal

• test of RIBs yield in cave C

• test of detectors



ASY-EOS II: plans?

It would be great if someone of you could come at 

https://agenda.infn.it/conferenceDisplay.py?confId=14424

https://agenda.infn.it/conferenceDisplay.py?confId=14424


My conclusions @ NuSYM2017
Symmetry Energy: 

• Low densities: several constraints quite consistent
• High density:
 n/p flows: “our” observable for constraining the high-

density dependence of the symmetry energy
 ASY-EOS data analysis is done, new constraint

obtained
 pions: Spirit results will come!

• Work on code consistency  needed…everywhere!
• Possibility of new (and better) experiments on n,p flows

(& pions?) @ GSI
• International collaborations and efforts
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My conclusions @ NuSYM2017
Symmetry Energy: 

• Low densities: several constraints quite consistent
• High density:
 n/p flows: “our” observable for constraining the high-

density dependence of the symmetry energy
 ASY-EOS data analysis is done, new constraint

obtained
 pions: Spirit results!

• Work on code consistency  needed…everywhere!
• Possibility of new (and better) experiments on n,p flows

(& pions?) @ GSI
• International collaborations and efforts

On the road…..



ASY-EOS II proposal



UrQMD prediction for pions

b/bred <0.53Pions yield ratio Sensitivity

197Au+197Au @ 400, 600, 800, 1000,1500 AMeV (0.039+0.039)

132Sn+124Sn @ 400, 600, 800 AMeV (0.059+0.037)

106Sn+112Sn @ 400, 600, 800 AMeV (0.003+0.011)



https://arxiv.org/abs/1409.3322v1
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Isospin Transport 
properties in HI collisions 
at Fermi Energies, 
(diffusion, fractionation, 
migration), flows, n/p 
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SMF

Nuclear structure (IAS), 
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n skin thickness … 
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Isospin Transport 
properties in HI collisions 
at Fermi Energies, 
(diffusion, fractionation, 
migration), flows, n/p 
emission , clusterization….

SMF

Nuclear structure (IAS), 
Resonances (PDR,GDR),  
n skin thickness … 

Density ρ<≈ ρ0 (sub- and 
around saturation
density, ρ0=0.17 fm-3)

Esym = Esym
kin +  Esym

pot

= 12MeV·(ρ/ρ0)2/3 + 22MeV·(ρ/ρ0)γ
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High densities: flows

Y = rapidity
pt = transverse momentum

Elliptic flow:  competition 
between in plane (v2>0) 

and out-of-plane ejection 
(v2<0)
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Qingfeng Li, J. Phys. G31 1359-1374 (2005) 
P.Russotto et al., Phys. Lett. B  697 (2011)

UrQMD :Au+Au @ 400 AMeV 
5.5<b<7.5 fm
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High densities: flows

Y = rapidity
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LAND coverage
37°<lab<53°
61°<lab<85°

FOPI/LAND experiment on neutron squeeze out (1991)

UrQMD:
momentum dep. of isoscalar field

momentum dep. of NNECS
momentum independent power-law 

parameterization of the symmetry energy

γ = 0.9 ± 0.4   
L=8326

Tübingen-QMD:
density dep. of NNECS

asymmetry dep. of NNECS
soft vs. hard EoS

width of wave packets
momentum dependent (Gogny inspired) 

parameterization of the symmetry energy
M.D. Cozma et al. , PLB 700, 139 (2011) & 

PRC88 044912 (2013)
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P. Russotto et al., EPJA 50, 38 (2014).
P. Russotto et al., PRC 94, 034608 (2016).

Au+Au @ 400 A.MeV: Some kinematics



P. Russotto et al., EPJA 50, 38 (2014).
P. Russotto et al., PRC 94, 034608 (2016).

Au+Au @ 400 A.MeV: Some kinematics

KRATTA:
J. Lukasik et al., 
Nucl. Instr. Meth. 
709 (2013) 120128
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HIC: (mainly Isospin diffusion for
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Au+Au @ 400 AMeV b<7.5 fm

HIC: (mainly Isospin diffusion for
Sn+Sn) M.B. Tsang et al., PRC 86, 
015803  (2012) 

neutron skin thickness, binding
energies,….: Brown, PRL 111, 232502
(2013); Zhang & Chen, Phys. Lett. B
726 (2013), Danielewicz & Lee,
NPA922 (2014).

ASY-EOS DATA: P. Russotto et al., 
PRC 94, 034608 (2016)
γ = 0.72± 0.19 ; L=7213

FOPI-LAND DATA :  P.Russotto et 
al., Phys. Lett. B  697 (2011) 

γ = 0.9 ± 0.4 ; L=8326

Results…

Gao-Chan Yong, Phys. Rev. C 93, 044610 (2016)
F. Zhang, Gao-Chan Yong, EPJA 52, 350 (2016)

Short  range correlations may influence results

stiffer



UrQMD prediction for some interesting beams (and δ2)

197Au+197Au @ 400, 600, 800, 1000,1500 AMeV (0.039+0.039)

132Sn+124Sn @ 400, 600, 800 AMeV (0.059+0.037)

106Sn+112Sn @ 400, 600, 800 AMeV (0.003+0.011)
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• TDR finalized in Oct 2011 and submitted
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• each bar readout by two PMT 
• 3000 modules (plastic scintillator bars) 250x5x5 cm3

• 30 double planes with 100 bars each, bars in neighboring planes
• mutually perpendicular
• σt ≤ 150 ps and  σx,y,z ≤ 1.5 cm
• one-neutron efficiency ~95% for energies 200-1000 MeV
• multi-neutron detection capability
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FUTURE Possibilities

NeuLAND @ FAIR/GSI
• TDR finalized in Oct 2011 and submitted
• total volume 2.5x2.5x3 m3

• each bar readout by two PMT 
• 3000 modules (plastic scintillator bars) 250x5x5 cm3

• 30 double planes with 100 bars each, bars in neighboring planes
• mutually perpendicular
• σt ≤ 150 ps and  σx,y,z ≤ 1.5 cm
• one-neutron efficiency ~95% for energies 200-1000 MeV
• multi-neutron detection capability

NeuLAND(+Veto?)

Fopi Forward Wallnew Krakow MicroBall,
Califa?

KraTTA, FARCOS,
LAND

……



FOPI forward wall



Figure 1: Particle ID plot from the 
1st NeuLAND plane 

Figure 2: Same as Figure 1 but including a 
condition that no VETO hit was registered in 
the event.

NeuLAND can do that

The NeuLAND demonstrator was part of the Sπrit TPC experiment carried out at 
RIKEN, see April news. In contrast to earlier experiments, the NeuLAND demonstrator 
joined, here, the detector seeing both charged particles and neutrons stemming from 
central collisions of 108,112,124,132Sn on 112,124 Sn target.
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Figure 2: Same as Figure 1 but including a 
condition that no VETO hit was registered in 
the event.

NeuLAND can do that

The NeuLAND demonstrator was part of the Sπrit TPC experiment carried out at 
RIKEN, see April news. In contrast to earlier experiments, the NeuLAND demonstrator 
joined, here, the detector seeing both charged particles and neutrons stemming from 
central collisions of 108,112,124,132Sn on 112,124 Sn target.

Sensitivity of observables to density. 
TuQMD calculations

P. Russotto et al.Phys. Rev. C94, 014609 (2016)  



UrQMD prediction for pions

b/bred <0.53Pions yield ratio Sensitivity

197Au+197Au @ 400, 600, 800, 1000,1500 AMeV (0.039+0.039)

132Sn+124Sn @ 400, 600, 800 AMeV (0.059+0.037)

106Sn+112Sn @ 400, 600, 800 AMeV (0.003+0.011)
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Conclusions
Symmetry Energy: 

• Low densities: several constraints quite consistent
• High density:
 pion constraints not consistent (up to now)
 n/p flows suggests…a route ”Towards a model-

independent constraint of the high-density dependence
of the symmetry energy”

 ASY-EOS data analysis is done, new constraint obtained
 For pions: Spirit results will come

• Work on code consistency  needed…everywhere
• New and better experiments on n,p flows (& pions?) possible

only at @ GSI
• International collaborations and efforts
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 pion constraints not consistent (up to now)
 n/p flows suggests…a route ”Towards a model-

independent constraint of the high-density dependence
of the symmetry energy”

 ASY-EOS data analysis is done, new constraint obtained
 For pions: Spirit results will come

• Work on code consistency  needed…everywhere
• New and better experiments on n,p flows (& pions?) possible

only at @ GSI
• International collaborations and efforts

On the road…..
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Experimental PERSPECTIVES in CHIMERA group :  The FARCOS project  

Year Tel. Operation

2015 6 test acq. GET for FARCOS
construction of 2 telescopes
purchase of final GET electronics 

2016 10 test dual gain module
test GET electronic +DAQ 
Study of alignment system 

2017 14(10) test new asic pre-amplifiars
final design modular support
implementation asic pre-amplifier
new DAQ  VME+ GET running 
First experiments with new 
Chimera+Farcos front-end 

2018 18(?) Construction of  new telescopes

2019 20+2 20 telescopes ready

. . . . .

Starting  prototype:  4  telescopes  :  NEWCHIM  (2015-2019 final planning 20 telescopes)  

Final cost prediction:    ≈<  1 M€

DSSSD 1500 
μm 
(2nd stage)  

DSSSD 300 μm (1st 
stage)  

132 channels by each cluster

4 CsI(Tl) 6 cm (3rd 
stage)  



SIKO experiment
University of 
Birmingnam & 
CHIMERA 
collaboration 
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new: result obtained with Tübingen QMD*)

• a2 = 2v2

• with FOPI filter
• bands show uncertainty

due to isoscalar field
“soft to hard”

conclusion in paper:
super-soft not compatible 
with FOPI-LAND data

difference of neutron and proton squeeze-outs
Au + Au @ 400 A MeV

asy-stiff

asy-soft

* V.S. Uma Maheswari, C. Fuchs, Amand Faessler, L. Sehn, D.S. Kosov, Z. Wang, NPA 628 (1998)

M.D. Cozma, PLB 700, 139 (2011); arXiv:1102.2728
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UrQMD:
momentum dep. of isoscalar field
momentum dep. of NNECS

T-QMD:
density dep. of NNECS
asymmetry dep. of NNECS
soft vs. hard EoS
width of wave packets



results with Tübingen QMD and momentum dependent forces*

*M.D. Cozma, PLB 700, 139 (2011); arXiv:1102.2728

M.D. Cozma et al., Towards a model-
independent constraint of the high-
density dependence of the symmetry 

energy, 

arXiv:1305.5417 [nucl-th]   PRC88 
044912 (2013)

http://arxiv.org/abs/1305.5417




Results with Tübingen QMD Au+Au 400 A MeV b< 7.5 fm

stiffnes

M.D. Cozma et al., Towards a model-independent 
constraint of the high-density dependence of the 

symmetry energy

arXiv:1305.5417 [nucl-th] PRC88 044912 (2013)

UrQMD:
momentum dep. of isoscalar field

momentum dep. of NNECS
momentum independent power-law 

parameterization of the symmetry energy

Tübingen-QMD:
density dep. of NNECS

asymmetry dep. of NNECS
soft vs. hard EoS

width of wave packets
momentum dependent (Gogny inspired) 

parameterization of the symmetry energy

M.D. Cozma, PLB 700, 139 (2011); 
arXiv:1102.2728

x =-1.35±1.25

http://arxiv.org/abs/1305.5417
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Isospin  drift (fast timescale: around 100 fm/c 
Density gradient 
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M. Colonna et al., J. Phys. CS, 413,  012018 (2013)
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Stochastic Mean Field

Comparisons with SMF transport models



SMF  124Sn+64Ni   35 A.MeV
V. Baran et al. Nucl. Phys. A730 329, 2004      

M. Colonna et al.,J.Phys.CS, 413, (2013)

Stochastic Mean Field

Comparisons with SMF transport models

Experimental <N/Z> distribution of 
IMFs  as a function of their atomic 

number compared with results 
SMF+GEMINI calculations (hatched 

area) for two different 
parameterizations of the symmetry 

potential (asy-soft and asy-stiff)

Dynamically emitted

Statistically emitted

E. De Filippo et al., Phys. Rev. C 86  014610 (2012)

E. De Filippo & A. Pagano, EPJA 50 (2014)

124Sn+64Ni  35 AMeV



R3BROOT



particle pmin (GeV/c) pmax (GeV/c)

p,n 0.445 1.220

d 0.89 2.440

t,3He 1.335 3.660

4He 1.780 4.880

R3Broot simulations

Ekin/A=100 MeV Ekin/A=600 MeV

Uniform momentum distribution between pmin and pmax
Uniform angular distribution inside the detector (surface)



R3Broot simulations

Incoming proton Escaping gammas



Incoming proton

R3Broot simulations
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High density symmetry energy and neutron stars

Relativistic HIC 
supersaturation density: 

neutron stars, 
supernovae, 

Bao-An Li, PRL 88 (2002) 



Constraints of the Symmetry Energy

B.A. Li NuSym13 
summary talk



Constraints of the Symmetry Energy

B.A. Li NuSym13 
summary talk

S0                  L



Constraints of the Symmetry Energy

B.A. Li NuSym13 
summary talk



Constraints of the Symmetry Energy

B.A. Li NuSym13 
summary talk

S0                  L



Constraints of the Symmetry Energy

B.A. Li NuSym13 
summary talk

S0                  L

Terrestrial laboratories

•Several constraints (quite consistent 

among them) around and below 0

•Few constraints above 0



Constraints of the Symmetry Energy

B.A. Li NuSym13 
summary talk

S0                  L

Terrestrial laboratories

•Several constraints (quite consistent 

among them) around and below 0

•Few constraints above 0

See Eur. Phys. J. A, 50 2 (2014) 
topical issue on Symmetry Energy



Access to high density

Bao-An Li, PRL 88 (2002): 
differential flows in heavy ion reactions

soft

stiff
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Heavy ion collisions (HIC) at GSI/SIS energies can give information on the 
Symmetry term of EOS at supra-saturation densities 

With HIC large density 
variations (density gradients) 

in nuclear matter can be 
obtained in a short timescale.  
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URQMD



FP1
FP2

Medium modifications (FU1, …) and 
momentum dependence (FP1, …) of 
nucleon-nucleon elastic Xsects
Qingfeng Li et al., PRC 83, 044617 (2011)

parameterizations in UrQMD

w/o momentum dep.note change in color code black-red for 

FP1 and FP2 between left and right
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Elliptic flow:  competition between in plane
(V2>0) and out-of-plane ejection (V2<0)

Transverse flow: it provides information on the 

azimuthal  anisotropy in the reaction plane

P. Russotto et al., Phys. Lett. B697, 471 (2011)

Elliptic flow from FOPI /LAND 
experiment   Au+Au  400 A.MeV

UrQMD model: Au+Au @ 400 AMeV 
5.5<b<7.5 fm

Qingfeng Li, J. Phys. G31 1359-1374 (2005)



Flows 

ra
pid

ity

target

projectile

Mid-rap

Au+Au @ 

C.Pinkenburg et al., (E895),Phys.Rev.Lett. 83 (1999) 
1295, nucl-ex/9903010

Y = rapidity
pt = transverse momentum
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Not to scale: qualitative



From M.Di Toro talk 
at Asy-Eos2010
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•Δt= maximum here

High density over a long time

in the central region
of 132Sn + 124Sn central collisions
according to the isospin dependent

transport model of
Bao-An Li, NPA 708(2002)

Z=1

400 AMeV  maximum 
V2

A. Andronic et al., Eur. Phys. 
J. A 30 (2006) 31.
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Time, 
charge 
and space 
resolution

A. SchüttaufFWHM = 2.35 s
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Aladin ToF-Wall (GSI)
96 plastic bars 2.5X 100 cm 

2 walls (front and rear)  < 7°
Z, velocity  & X-Y position. 

Impact parameter and
reaction plane determination



MicroBall (USA)

µBall:

4 rings, 50 CsI(Tl)

~ 1 cm thick 

60°<<147°. 

Discriminate target vs. air 

interactions (backward angles). 

Multiplicity measurements. 



300 μm

Si

CsI
12 cm

CHIMERA 352 CsI 12 cm thick   
+ 32 Si (telescopes)

8 Rings covering 7°<<20°
Light ions 

Z, Ekin  & -.
Impact parameter and

reaction plane 
determination



CsI(Tl)

Identification in CHIMERA...

197Au+197Au @ 400 AMeV



CsI(Tl)

Identification in CHIMERA...

197Au+197Au @ 400 AMeV



t

p
d

Z=1 punching through

CsI(Tl)

Identification in CHIMERA...

197Au+197Au @ 400 AMeV



Timing problems in LAND New pic



ToF

tac t17

25 ns

ToF= tac+25*ncycles-t17

ncycles

Timing problems in LAND New pic



Neutron azimuthal distributions from LAND Au+Au @ 400 AMeV
b< 7.5 fm



Yield and Flows of Charged Particles from FOPI

Au+Au @ 400 A.MeV

3.35<b<6 fm (c2)

θlab cut as in ASY-EOS set-up

Courtesy of W. Reisdorf

• Yield of Helium is small in 
such exp. conditions

• Although v2 of Helium is 
strong, v2 of charged 

particles is close to the 
Hydrogen one



35 modules (5 x7), 20.7°<<63.5°
40 cm from target. 
Digitized with 100 MHz, 14 bits Flash ADCs

Comparing KraTTA* with FOPI: rapidity dep. of isotopes

S. Kupny Ph. D (2014)*J. Lukasik et al., NIM A 709, 120 (2013)
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35 modules (5 x7), 20.7°<<63.5°
40 cm from target. 
Digitized with 100 MHz, 14 bits Flash ADCs

Comparing KraTTA* with FOPI: rapidity dep. of isotopes

Au+Au @ 400 A.MeV
3.35<b<6 fm (c2)
θlab cut as LAND

S. Kupny Ph. D (2014)*J. Lukasik et al., NIM A 709, 120 (2013)



FUT



The construction of the full detector will take about 3.5 years, and will be done in 3 
steps. In the first step (November 2012), we will use a small assembly of 150 bars 

to determine time and position resolution with neutrons and validate simulation 
results. The neutrons of energies between 250 and 1500 MeV will be produced by 
proton knock-out reactions using a deuteron beam. In the second step, a 20% of 
detector will be available for physics experiments in the end of 2014 in Cave C at 
GSI, which will already profit from an improved resolution for neutron detection. 

The fully-equiped NeuLAND detector will be commissioned and available for 
the first experiments at Cave C in 2016. In 2017, the detector will move to its final 

location in the R3B hall at the FAIR site, being fully operational for physics 

NeuLAND technical design



Califa
CALorimeter for the In Flight detection of γ

rays and light charged pArticles

CsI(Tl) read by APD with digital read-out



Which densities are we exploring?

See Constraining the nuclear matter equation 
of state around twice saturation density
A. Le Fevre, Y. Leifels, W. Reisdorf, J. 

Aichelin, Ch. Hartnack, and N. Herrmann
GSI Annual Report 2013 submitted

Mean value of the reduced density, computed up to the

passing time, weighted by the force of the mean field

seen by the participant protons, as a function of the

incident energy as predicted by IQMD in Au+Au

collisions at b=3 fm, for various EOS’s. The error bars

are the standard deviations. The blue symbols refer to the

SM EOS: the circles depict the instantaneous maximum

value of the force-weighted density reached over all

times. The triangle is the same, restricted to the central

compression zone.



FAIR rates



Some interesting beams (and I2)

FAIR rates

197Au+197Au @ 600,800,1000 AMeV (0.039+0.039)

132Sn+124Sn @ 400, 800, 1000 AMeV (0.059+0.037)

106Sn+112Sn @ 400, 800, 1000 AMeV (0.003+0.011)



Why 132Sn?
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LAND



Large Area Neutron Detector :LAND (GSI)

Neutrons and Hydrogen detection. 
Flow measurements

Th.Blaich et al.,NIM A314 (1992)

33.1<lab<58 deg 



Large Area Neutron Detector :LAND (GSI)

Neutrons and Hydrogen detection. 
Flow measurements

Th.Blaich et al.,NIM A314 (1992)

33.1<lab<58 deg 



Large Area Neutron Detector (LAND)

Th.Blaich et al.,NIM A314 (1992)
Neutrons efficiency>80% (for E>400MeV)

No 1,2,3H isotopic discriminationsAdapted from P.Pawloski,IWM2007



Large Area Neutron Detector (LAND)

neutron and proton detection

Th.Blaich et al.,NIM A314 136-154 (1992)
P. Pawloski et al., “Study of neutron emission using 

Land detector“, Procs of IWM2007



Large Area Neutron Detector (LAND)

Adapted from P.Pawloski,IWM2007



Large Area Neutron Detector (LAND)

Neutrons and Hydrogen detection. 
Flow measurements

Th.Blaich et al.,NIM A314 (1992)



new TACQUILA
electronic

A compact electronics
for time measurements
with very high
resolution ~ 10ps RMS.
Developed for the FoPi
TOF-upgrade.
The PCB consists of 16
channels based on the
TAC GSI-ASIC.
Optional with amplitude
measurement card
(QDC).

Large Area Neutron Detector (LAND)

Neutrons and Hydrogen detection. 
Flow measurements

Th.Blaich et al.,NIM A314 (1992)



RISERVE

PREV EXP



See Qingfeng Li, J. Phys. G31 
1359-1374 (2005) and references 

therein

STIFF

SOFT

Main motivation:
symmetry energy at supra-saturation 

densities

* W. Reisdorf, et al., 
Nucl. Phys. A 612 (1997) 493.

Coalescence condition:           
Dr <3 fm  and Dp< 275 MeV/c

*

UrQMD vs. FOPI data:
Au+Au @ 400 AMeV

b< 2.5 fm

UrQMD simulations



FOPI/LAND experiment on neutron squeeze out (1991)

Y. Leifels et al., PRL 71, 963 (1993)
P.Russotto et al., PLB  697 (2011)

Au+Au 400 A MeV

LAND coverage
37°<lab<53°
61°<lab<85°



FOPI/LAND experiment on neutron squeeze out (1991)

Y. Leifels et al., PRL 71, 963 (1993)
P.Russotto et al., PLB  697 (2011)

Au+Au 400 A MeV

LAND coverage
37°<lab<53°
61°<lab<85°



IWM 2011 – Y. Leifels

High densities

Targe
t

iron
shadow 
bar

LAND 
1

LAND 
2

VETO

Forward 
detectors
of FOPI

beam

Severe 
Problem:
n-background
- 24% @ 45 
deg
- 13% @ 73 
deg

charged particles:
impact parameter
reaction plane

73
o 40

o

Ekin,lab > 
100MeV

n/p flow
LAND + FOPI



Analysys of FOPI/LAND data (1991)

Y. Leifels et al., PRL 71, 963 (1993)
P.Russotto et al., PLB  697 (2011)

Au+Au 400 A MeV
b< 7.5 fm



Neutron/hydrogen
FP1: γ = 1.01 ± 0.21
FP2: γ = 0.98 ± 0.35
neutron/proton
FP1: γ = 0.99 ± 0.28
FP2: γ = 0.85 ± 0.47

adopted: γ = 0.9 ± 0.4

Analysys of FOPI/LAND data (1991)

Au+Au 400 A MeV
b< 7.5 fm

Y. Leifels et al., PRL 71, 963 (1993)
P.Russotto et al., PLB  697 (2011)
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Au+Au 400 A MeV
b< 7.5 fm

Y. Leifels et al., PRL 71, 963 (1993)
P.Russotto et al., PLB  697 (2011)

LAND coverage
37°<lab<53°
61°<lab<85°

FOPI/LAND experiment on neutron squeeze out (1991)



Au+Au 400 A MeV
b< 7.5 fm

Y. Leifels et al., PRL 71, 963 (1993)
P.Russotto et al., PLB  697 (2011)

LAND coverage
37°<lab<53°
61°<lab<85°

FOPI/LAND experiment on neutron squeeze out (1991)

γ = 0.9 ± 0.4   
L=8326



Results with Tübingen QMD 

M.D. Cozma et al., Towards a model-independent 
constraint of the high-density dependence of the 

symmetry energy

arXiv:1305.5417 [nucl-th] PRC88 044912 (2013)

UrQMD:
momentum dep. of isoscalar field

momentum dep. of NNECS
momentum independent power-law 

parameterization of the symmetry energy

Tübingen-QMD:
density dep. of NNECS

asymmetry dep. of NNECS
soft vs. hard EoS

width of wave packets
momentum dependent (Gogny inspired) 

parameterization of the symmetry energy

M.D. Cozma, PLB 700, 139 (2011); 
arXiv:1102.2728

http://arxiv.org/abs/1305.5417
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x =-1.0±1.0
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Au+Au @ 400 A.MeV: Background rejection

ad. from P. Danielewicz et al., PLB 1985
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Au+Au @ 400 A.MeV: Background rejection

ad. from P. Danielewicz et al., PLB 1985
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Au+Au @ 400 AMeV b<7.5 fm

Comparison with UrQMD

Only charged particles!!!

Neutrons:
(Au+Au)-(Au+Au with SB)+
-(Au+EF)+(Au+EF with SB)

Charged Particles:
(Au+Au)-(Au+EF)



UrQMD prediction for some interesting beams (and δ2)
197Au+197Au @ 400, 600, 800, 1000,1500 AMeV (0.039+0.039)

132Sn+124Sn @ 400, 600, 800 AMeV (0.059+0.037)

106Sn+112Sn @ 400, 600, 800 AMeV (0.003+0.011)
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M.D. Cozma et al., 
Towards a model-

independent constraint of 
the high-density 

dependence of the 
symmetry energy, 

arXiv:1305.5417 [nucl-th]

PRC88 044912 (2013)

Results with Tübingen QMD and UrQMD

x =-1.0±1.0

http://arxiv.org/abs/1305.5417


M.D. Cozma et al., 
Towards a model-

independent constraint of 
the high-density 

dependence of the 
symmetry energy, 

arXiv:1305.5417 [nucl-th]

PRC88 044912 (2013)

Results with Tübingen QMD and UrQMD

x =-1.0±1.0

See next talk (M.D. Cozma) 
about these results

http://arxiv.org/abs/1305.5417


Au+Au @ 400 A.MeV: Centrality selection

From MI28022014
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Au+Au @ 400 AMeV

g40_23092013

Reaction Plane orientation



Au+Au @ 400 AMeV

g40_23092013 J-Y Ollitrault arXiv:nucl-ex/9711003v2ad. from P. Danielewicz et al., PLB 1985

for Ycm>0.1

for Ycm<0.1
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Au+Au @ 400 A.MeV

3.35<b<6 fm (c2)

θlab cut as LAND in ASY-EOS exp

Courtesy of W. Reisdorf

Comparing ASY-EOS with FOPI: rapidity dep. of charged particles

Main uncertainty due to 
timing problems in LAND: 

ToF 25 ns



Au+Au @ 400 AMeV b<7.5 fm
but

FOPI-LAND data compared with UrQMD

V2n/V2H vs V2n/V2ch



Gamma extrapolation II

Au+Au @ 400 AMeV
b<7.5 fm

Neutrons:
(Au+Au)-(Au+Au with SB)+
-(Au+EF)+(Au+EF with SB)

Charged Particles:
(Au+Au)-(Au+EF)













UrQMD prediction for some interesting beams (and δ2)
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132Sn+124Sn @ 400, 600, 800 AMeV (0.059+0.037)
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Esym at high density: pions

From IWM 2011 – Y. Leifels

See:

Z. Xiao et al., PRL 102 (2009) IBUU04

Z.Q. Feng, PLB 683 (2010) ImIQMD

W.J. Xie , et al., PLB  718 (2013) ImIBL

G. Ferini, et al., NPA 762 (2005) RMF
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Esym at high density: pions

Results model dependent
Density dependence of symmetry 

energy unambiguously soft or hard
BUT
symmetry energy → n/p ratio,                   

number of nn, np, pp collisions

medium → effective masses (N, , 

D), cross sections → thresholds

→ Interpretation of pion data
not straight forward

asystiff
n

p
↓⇒

Y(Δ0,−)

Y(Δ+,++)
↓⇒

π−

π+
↓

asystiff ⇒
π−

π+
↑

From IWM 2011 – Y. Leifels

See:

Z. Xiao et al., PRL 102 (2009) IBUU04

Z.Q. Feng, PLB 683 (2010) ImIQMD

W.J. Xie , et al., PLB  718 (2013) ImIBL

G. Ferini, et al., NPA 762 (2005) RMF
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The SAMURAI TPC would be used to constrain 
the density dependence of the symmetry 
energy through measurements of:

– Pion production 
– Flow, including neutron flow 

measurements with the nebula array. 
The TPC also can serve as an active target both 

in the magnet or as a standalone device.
– Giant resonances.
– Asymmetry dependence of fission 

barriers, extrapolation to r-process. 

Device: SAMURAI TPC (U.S. Japan Collaboration)
T. Murakamia, Jiro Muratab, Kazuo Iekib, Hiroyoshi Sakuraic, Shunji Nishimurac, 

Atsushi Taketanic, Yoichi Nakaic, Betty Tsangd, William Lynchd, Abigail Bickleyd, Gary 
Westfalld, Michael A. Famianoe, Sherry Yennellog, Roy Lemmonh, Abdou Chbihii, John 

Franklandi, Jean-Pierre Wieleczkoi , Giuseppe Verdej, Angelo Paganoi, Paulo 
Russottoi, Z.Y. Sunk, Wolfgang Trautmannl

aKyoto University, bRikkyo University, cRIKEN, Japan, dNSCL Michigan State University, 
eWestern Michigan University, gTexas A&M University, USA, hDaresbury Laboratory, 

iGANIL, France, UK, jLNS-INFN, Italy, kIMP, Lanzhou, China, lGSI, Germany

Nebula scintillators

SAMURAI dipole

TPC

Q



124Sn+124Sn

Elab=120 MeV/A

b = 1fm

E/A =120 MeV E/A = 300 MeV

Difference between 132Sn+ 124Sn 
and 108Sn+ 112Sn  collisions

B
ickley et al., p

rivate co
m

m
. (2

0
0

9
)

• Pion ratio depends strongly on the symmetry energy. 

• Ratios of spectra are more sensitive than ratios of  integrated yields. 
– Integrated yields at E/A400 MeV suggest soft symmetry energy at 2.50 (Xiao PRL, 

102, 062502 (2009)

• Built two TPC’s to probe these observables 

– E/A<150 MeV at MSU and E/A=200-350 MeV at RIKEN (probes 20).
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W.G. Lynch talk @ 
NuSym 2014



Pion and Kaon freeze-out in HIC

Warning with pions:

• Strongly interacting in medium

• Freeze-out at late times (low 𝜌/𝜌0)

• Difficult to isolate π+ and π-

produced in the high density stage

Low 𝜌/𝜌0 High 𝜌/𝜌0

Kaons: more sensitive probes?

• Higher thresholds

• Weakly interacting in medium

• Freeze-out already at 20 fm/c: more 
reliable as high ρ probes

K+,K0π+, π-

Ferini et al., PRL97, 

202301

For exp. results  see 
X.Lopez et al. (Fopi coll.) PRC 75, 011901 2007
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Pion ratio->High 
densities???: 

Inconsistent with each 
other! Understand better 

High densities: π-/π+ ratio
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High-density Symmetry Energy: Particle Production

Difference in neutron and proton potentials

1. „direct effects“: difference in proton and neutron (or 
light cluster) emission and momentum distribution

2. „secondary effects“: production of particles,        isospin 
partners  -,+, K0,+

G.Ferini et al.,PRL 97 (2006) 202301

0,K, 
p, n



High-density Symmetry Energy: Particle Production

Difference in neutron and proton potentials

1. „direct effects“: difference in proton and neutron (or 
light cluster) emission and momentum distribution

2. „secondary effects“: production of particles,        isospin 
partners  -,+, K0,+

NN ND

G.Ferini et al.,PRL 97 (2006) 202301

0,K, 
p, n



High-density Symmetry Energy: Particle Production

Difference in neutron and proton potentials

1. „direct effects“: difference in proton and neutron (or 
light cluster) emission and momentum distribution

2. „secondary effects“: production of particles,        isospin 
partners  -,+, K0,+

N

NN ND

G.Ferini et al.,PRL 97 (2006) 202301

0,K, 
p, n



High-density Symmetry Energy: Particle Production

Difference in neutron and proton potentials

1. „direct effects“: difference in proton and neutron (or 
light cluster) emission and momentum distribution

2. „secondary effects“: production of particles,        isospin 
partners  -,+, K0,+

N LK

NN ND

G.Ferini et al.,PRL 97 (2006) 202301

0,K, 
p, n



High-density Symmetry Energy: Particle Production

Difference in neutron and proton potentials

1. „direct effects“: difference in proton and neutron (or 
light cluster) emission and momentum distribution

2. „secondary effects“: production of particles,        isospin 
partners  -,+, K0,+

N

NLK

LK

NN ND

G.Ferini et al.,PRL 97 (2006) 202301

0,K, 
p, n



High-density Symmetry Energy: Particle Production

Difference in neutron and proton potentials

1. „direct effects“: difference in proton and neutron (or 
light cluster) emission and momentum distribution

2. „secondary effects“: production of particles,        isospin 
partners  -,+, K0,+

N

NLK

LK

NN ND

in-medium in-
elastic s ,

G.Ferini et al.,PRL 97 (2006) 202301

0,K, 
p, n



High-density Symmetry Energy: Particle Production

Difference in neutron and proton potentials

1. „direct effects“: difference in proton and neutron (or 
light cluster) emission and momentum distribution

2. „secondary effects“: production of particles,        isospin 
partners  -,+, K0,+

N

NLK

LK

NN ND

in-medium in-
elastic s ,

D in-medium 
self-energies and 
width

G.Ferini et al.,PRL 97 (2006) 202301

0,K, 
p, n



High-density Symmetry Energy: Particle Production

Difference in neutron and proton potentials

1. „direct effects“: difference in proton and neutron (or 
light cluster) emission and momentum distribution

2. „secondary effects“: production of particles,        isospin 
partners  -,+, K0,+

N

NLK

LK

NN ND

in-medium in-
elastic s ,

D in-medium 
self-energies and 
width



potential
,                                                                       

G.Ferini et al.,PRL 97 (2006) 202301

0,K, 
p, n



High-density Symmetry Energy: Particle Production

Difference in neutron and proton potentials

1. „direct effects“: difference in proton and neutron (or 
light cluster) emission and momentum distribution

2. „secondary effects“: production of particles,        isospin 
partners  -,+, K0,+

N

NLK

LK

NN ND

in-medium in-
elastic s ,

K and L potential 
(in-medium 
mass)

D in-medium 
self-energies and 
width



potential
,                                                                       

G.Ferini et al.,PRL 97 (2006) 202301

0,K, 
p, n



High-density Symmetry Energy: Particle Production

Difference in neutron and proton potentials

1. „direct effects“: difference in proton and neutron (or 
light cluster) emission and momentum distribution

2. „secondary effects“: production of particles,        isospin 
partners  -,+, K0,+

N

NLK

LK

NN ND

in-medium in-
elastic s ,

K and L potential 
(in-medium 
mass)

D in-medium 
self-energies and 
width



potential
,                                                                       

G.Ferini et al.,PRL 97 (2006) 202301

stiffnessasywithdecrease

)(Y

)(Y

p

n
,

,0
















D

D1. Mean field effect:  Usym more repulsive for 
neutrons, and more for asystiff

 pre-equilibrium emission of neutron, 
reduction of asymmetry of residue

0,K, 
p, n



High-density Symmetry Energy: Particle Production

Difference in neutron and proton potentials

1. „direct effects“: difference in proton and neutron (or 
light cluster) emission and momentum distribution

2. „secondary effects“: production of particles,        isospin 
partners  -,+, K0,+

N

NLK

LK

NN ND

in-medium in-
elastic s ,

K and L potential 
(in-medium 
mass)

D in-medium 
self-energies and 
width



potential
,                                                                       

G.Ferini et al.,PRL 97 (2006) 202301

stiffnessasywithdecrease

)(Y

)(Y

p

n
,

,0
















D

D1. Mean field effect:  Usym more repulsive for 
neutrons, and more for asystiff

 pre-equilibrium emission of neutron, 
reduction of asymmetry of residue

2. Threshold effect, in medium effective 
masses:

m*
N,, m

*
D, contribution of symmetry 

energy;  m*
K, models for K-potentials

 thin ss  ss stiffnessasywithincrease 








0,K, 
p, n



High-density Symmetry Energy: Particle Production

Difference in neutron and proton potentials

1. „direct effects“: difference in proton and neutron (or 
light cluster) emission and momentum distribution

2. „secondary effects“: production of particles,        isospin 
partners  -,+, K0,+

N

NLK

LK

NN ND

in-medium in-
elastic s ,

K and L potential 
(in-medium 
mass)

D in-medium 
self-energies and 
width



potential
,                                                                       

G.Ferini et al.,PRL 97 (2006) 202301

stiffnessasywithdecrease

)(Y

)(Y

p

n
,

,0
















D
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 pre-equilibrium emission of neutron, 
reduction of asymmetry of residue

2. Threshold effect, in medium effective 
masses:
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D, contribution of symmetry 

energy;  m*
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model of D self energies
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Production of kaons at energies below the pp 

production threshold

Multistep production process

Sensitive to isospin of the primary collision 

partners

K+/K0 ratio sensitive to EOS

From IWM 2011 – Y. Leifels

Kaon 
production

Esym at high density: kaons

Ferini et al., PRL 97, 202301 
(2006)

Au+Au, b < 1 fmstiffness





From IWM 2011 – Y. Leifels

Esym at high density: kaons
Ferini et al., PRL 97, 202301 

(2006)

Au+Au, b < 1 fm
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Ru+Ru and Zr+Zr
1.5 AGeV (FOPI)

➢ higher sensitivity at lower energies
➢ requires excellent kaon 

identification and long beam times



Pion and Kaon freeze-out in HIC

Warning with pions:

• Strongly interacting in medium

• Freeze-out at late times (low 𝜌/𝜌0)

• Difficult to isolate π+ and π-

produced in the high density stage

Low 𝜌/𝜌0 High 𝜌/𝜌0

Kaons: more sensitive probes?

• Higher thresholds

• Weakly interacting in medium

• Freeze-out already at 20 fm/c: more 

reliable as high ρ probes

K+,K0π+, π-

RBUU, Ferini et al., 

PRL97, 202301


