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UrOMD simulation Hot and dense matter created!




Historv of the Universe

380,000 vy old, T=3000K
formation of atoms

10% s old, R=10° km T=10°K
formation of nuclel
Plasma

10° s old, R=3km T=10"K
guarks formed into protons
and neutrons

Just after the big-bang,
atoms are melted.
Quark gluon plasma (QGP)



QCD Phase Diagram

Temperature (MeV)

CELSELLEEEN | How do you observe a critical point?

How do you observe a phase transition?

Beam Energy Scan at RHIC
Ecm = 7.7GeV - 200GeV

STAR collaboration, M.M.Aggarwal et. al. Nucl-ex1007.26



Determination of EQOS at high density from an

anisotropic flow in heavy ion collisions

Fourier decomposition of single particle inclusive spectra:
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Wiggle: QGP signal in the directed flow?
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L. P. Csernai, D. Réhrich, PLB 45 (1999), 454.

QGP Eo0S predicts wiggle in hydro




Beam energy dependence of v1

L. Adamczyk et al. (STAR Collaboration)
Phys. Rev. Lett. 112, 162301 — Published 23 April 2014
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V1 from hydrodynamics

Y. B. Ivanov and A. A. Soldatov, Phys. Rev. C91,
no. 2, 024915 (2015)
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PHSD/HSD predictions

V. P. Konchakovski, W. Cassing, Y. B. lvanov and V. D. Toneey,
Phys. Rev. C90, no. 1, 014903 (2014)
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UrQMD+hydro+UrQMD results
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J. Steinheimer et al. PRC89, 054913(2014)

The values of the slopes are always positive.
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e UrQMD 3.4 Frankfurt public
resonance model N*,D*, string pQCD, PYTHIA6.4

« PHSD Giessen (Cassing) upon request
D(1232),N(1440),N(1530), string, pQCD, FRITIOF7.02

e GIBUU 1.6 Giessen (Mosel) public

resonance model N* D*, string, pQCD,PYTHIA6.4
« AMPT

HIJING+ZPC+ART

« JAM public
resonance model N*,D*, string, pQCD, PYTHIAG.1



GiBUU predictions
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Hadron cascade D f5 &8 7355 BH

Initial state (before collision): Nucleons are sampled according to
Woods-Saxon distribution, momentum of each nucleon is sampled
by Fermi momentum

,boost two nucleus according to the corresponding incident energy.
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2. Straight line trajectories until particles interact
(Potential can be included)

3. Collision at closest approach

d<+vo,lm

Incident hadron

Outgoing channel selection:

prob. of elastic= 9«
O-tot

pion
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Delta

String excitation of hadrons

-— 1
. N N X
l String decay into hadrons




Hadronic Cross sections in JAM

Utot(s) — Uel(s) + O-ch(s) + Cann (3)
+ 0:_pr(s) + 0s_r(s) : Resonance
+ 0 s(s) +0s_5(s) :String

Resonance production (absorption)
O't_R(S):NNHNA, NN «— N*A* ...
0s_r(s) :mN < A, KN—Y* ...

String formation
o¢—s(s) : NN — String + String,
0s—5(s) : mN — String



JAM: total cross sections
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Modeling low energy m-p cross sections

T p cross sections

100 . —— : S-channel inelastic:
: total - pi-p -> resonance (or string)
— — —-total s-channel |
................ EILI'\th . .
~ —— elastic s-channe] T-channel inelastic:
_— . gastic tchanne] pi-p -> resonance + resonance

Elastic

Charge exchange: x p=2>n'n

(2Sk + 1) I'r(MB)Tg(tot)
P (25 + 1)(2S5 + 1) (v/5 — mp)2 + T r(tot)2/4




JAM Inelastic cross section in pp

Y.N. et.al Phys. Rev. C61 024901 (2000)
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Cross section in pp collision
UrQMD and GiBUU

S.A. Bass, et al.Prog.Part.Nucl.Phys. 41(1998) J.Eeil, H.van Hess, U.Mosel,Eur.Phys.J.A(2012)
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Pion production cross sections in JAM
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numbper of collision
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Collision spectrum
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Relativistic QMD/Simplified (RQMD/S)

B8 : FEEDOMRTHEFVID AR TRILF—IKEFEDGRATESH?

ROMD based on Constraint Hamiltonian Dynamcis

Sorge, Stoecker, Greiner, Ann. Phys. 192 (1989), 266.
ROMD/S: Tomoyuki Maruyama, et al. Prog. Theor. Phys. 96(1996),263.

Single particle energy:  pY — \/p? +m? + 2m;V;

: ; OV : m; OV
- T S R
. 7 1

Arguments of potential r; — r; and p; — p; are replaced by
the distances in the two-body c.m.




U (MeV)

Mean field potential

Skyrme type density dependent + Lorentzian momentum dependent potential

2 v+1 (k) /
« P B P 3 3 3 /Ceif f(rap)f(rap )
V = ‘/}:/d37°—(—) —(—) + /drdpdp
zl: [2 Po v+ 1 \po z,; 2p0 1+ (p—p')?/1i
Type | «a 8 v oy i o K
(MeV) (MeV) (MeV) (MeV) (fm™1!) (fm™!) (MeV)
MHI1 | -12.25 87.40 5/3 -383.14 33741  2.02 1.0 371.92
MS1 | -208.89 284.04 7/6 -383.14 337.41 = 2.02 1.0 272.6
100 30 . - ya
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50 | 20 t MM (y=4/3) 7/
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3 10 [MEH (y=2) —- S
0 B E /'///. y
U (fith) —— SN e
-50 U (fit2) -----
Hama et al. (fitl) 10 P Ry e
100 Hama et al. (fit2) o 20 | . | Fit 1
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CUDA implementation

Execution time: RQMD/S = CASCADE on GPU

 Corei7@3GHz + GeForce GTX 580
Au+Au b=6 fm 10 event

- M
- —&- CASCADE
i —— RQMD/S
3 RQMD/S GPU
L AR I N WA TN TR NN NN MO SN S NN MR WA S
10 20 30 40
\ENN

Ratio

20

15

10

. Corei7@3GHz + GeForce GTX 580
Au+Au b=6 fm 10 event

—&— CPU/CASCADE
—=— GPU/CASCADE
—— GPU/CPU

|

= £l
1 !

(I N SN S T TR NN SO S
20 30 40

"‘ENN

5-14 times faster with GPU




particle number / baryon number
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particle number / baryon number

How to treat mean-field for excited matter?

R FRDIEFERE: NVAVHIGIREBOE  String &£ ICLY, constituent quark dominant
IR FLYZLD,

Au+Au@10AGeV, b=3fm Au+Au@20AGeV, b=3fm
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particle number / baryon number

Au+Au@30AGeVY, b<3fm Au+Au@40AGeV, b<3fm
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Hadronic resonance matter

(FLSME

M. Hofmann, R. Mattiello, H. Sorge,
Phys. Rev. C51,2095 (1995)

Au+Au at SIS

particle number/baryon number

tems (fM/cC)

H. Stoecker, W. Greiner,

RQMD results
Au+Au at AGS
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dN/dy

JAM predictions
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Transverse momentum distribution
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JAM/ROMD results at AGS energies

Significant mean-field effect on the directed flow
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Consistent results with the previous work: M. Isse, et.al PRC72(2005) 064908.



JAM-MF at SPS energies
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Comparison of
STAR data

JAM-MF: only formed baryons feel potentials
JAM-MFq:constituent quarks feel potentials
JAM-MFf:. All non-formed hadrons feel potentials
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Test delta potential
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