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Dynamic simulations 

Initial State 

Pre-äquilibrium 

QGP and hydro- 
dynamic expansion 

Hadronisation 

Hadronic phase 
and freeze-out 

Lattice gauge-  
theorie (lQCD): 

•  ab initio calculation of QCD quantities 
•  usually in thermodynamic limit 
  (infinite volume / infite time) 

Experiments: •  Observes the final state and penetrating probes 
•  Relies on theoretical predictions for the 
   interpretation of the data 

Transport models & 
phenomenology: 

•  Provides explicit time and space dependence 
•  Direct view into the hot and dense matter 
•  Connects between fundamental (lQCD) 
   calculations and observation 
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Present Hybrid Approaches 

•  Integrated (open source) UrQMD 3.3 
H. Petersen, J. Steinheimer, M. Bleicher, Phys. Rev. C 78:044901, 2008 

•  Hadronic dissipative effects on elliptic flow in ultrarelativistic heavy-ion 
collisions. 
T. Hirano, U. Heinz, D. Kharzeev, R. Lacey, Y. Nara, 
Phys.Lett.B636:299-304,2006 

•  3-D hydro + cascade model at RHIC. 
C. Nonaka, S.A. Bass, Nucl.Phys.A774:873-876,2006 

•  Results On Transverse Mass Spectra Obtained With Nexspherio 
F. Grassi, T. Kodama, Y. Hama, J.Phys.G31:S1041-S1044,2005 

•  EPOS+Hydro+UrQMD at LHC 
K. Werner, M. Bleicher, T. Pierog, Phys. Rev. C (2010) 

•  MUSIC@RHIC and LHC 
B. Schenke, S. Jeon, C. Gale, ... 

•  Started with S. Bass, A. Dumitru, M. Bleicher, Phys.Rev.C60:021902,1999 

(3+1)dim. hydrodynamics with fluctuating initial 
conditions, continuous emission or afterburner:  
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Hybrid Approach 

•  Essential to draw conclusions from final state particle 
distributions about initially created medium 

•  The idea here: Fix the initial state and freeze-out  
 à learn something about the EoS and the effect of 
    viscous dynamics 
 

 

1) Non-equilibrium    

    initial conditions 

    via UrQMD 

2) Hydrodynamic 
    evolution    or 
    Transport 
    calculation 

3) Freeze-out via 

    hadronic cascade 

    (UrQMD)  
 

(Petersen et al., PRC 78:044901, 2008, arXiv: 0806.1695)  
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The UrQMD transport approach 
UrQMD = Ultra-relativistic Quantum Molecular Dynamics 

•  Initialisation:  
Nucleons are set according to a 
Woods-Saxon distribution with 
randomly chosen momenta pi < pF 

•  Propagation and Interaction:  

Rel. Boltzmann equation 

hadrons, resonances, strings  

•  Final state:  

all particles with their final positions 
and momenta 

( ) collIfp =∂µ
µ

Very successful in describing different observables in a broad energy range 
But: modeling of the phase transition and hadronization not yet possible  
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Initial State 

•  Contracted nuclei have passed 
through each other 

 
 

–  Energy is deposited 
–  Baryon currents have 

separated  
•  Energy-, momentum- and baryon 

number densities are mapped 
onto the hydro grid 

•  Event-by-event fluctuations are 
taken into account 

•  Spectators are propagated 
separately in the cascade  

(J.Steinheimer et al., PRC 77,034901,2008) 

(nucl-th/0607018, nucl-th/0511021)  

Elab=40 AGeV 
b=0 fm 



Marcus Bleicher, ERICE 2012 Hannah Petersen NeD/TURIC, 06/27/2012 8

• Energy-, momentum- and baryon number densities are 
mapped onto the hydro grid using for each particle

 

• Changing ! leads to different granularities, but also 
changes in the overall profile

• How does changing the starting time affect the picture?

Initial State at RHIC
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H. Petersen 

From H. Petersen 



Marcus Bleicher, ERICE 2012 Hannah Petersen NeD/TURIC, 06/27/2012

Constraining Granularity

• Triangular flow is very sensitive to 
amount of initial state fluctuations

• It is important to have final state particle 
distributions to apply same analysis as in 
experiment

• Single-event initial condition provides 
best agreement with PHENIX data

• Does that imply that the initial state is 
well-described by binary nucleon 
interactions +PYTHIA? 

• Lower bound for fluctuations!
18

H.P. et al, J.Phys.G G39 (2012) 055102

From H. Petersen 



Open questions: Initial state 

•  Size of the initial state fluctuations 
(nucleons vs. ‚gluons‘)? 

•  Inclusion of interaction before hydro? 
•  Free streaming before hydro? 
•  Low energies:  

How to decouple the baryon currents? 
•  Initialization of shear tensor? 
• Numerical stability of hydro code (shocks)? 

Marcus Bleicher, ERICE 2012 
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Equations of State 
Ideal relativistic one fluid dynamics:   

     and 
–  HG: Hadron gas including the same degrees of freedom as in UrQMD 

(all hadrons with masses up to 2.2 GeV) 
–  CH: Chiral EoS from quark-meson model with first order transition 

and critical endpoint 
–  BM: Bag Model EoS with a strong first order phase transition 

between QGP and hadronic phase 
 D. Rischke et al.,  

NPA 595, 346, 1995, 

D. Zschiesche et al.,  
PLB 547, 7, 2002 

Papazoglou et al.,  
PRC 59, 411, 1999 

J. Steinheimer, et al.,  
J. Phys. G38 (2011) 
035001 

 



Phase diagramm for the chiral EoS 

• QGP fraction lambda 
•  Chiral PT 
• Deconfinement PT 
•  CEP 
•  Parameters fixed to 

lQCD 
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FIG. 1. (Color online) Fraction of QGP for various values
of temperature and quark chemical potential. The dashed
line indicates where the change of the chiral condensate with
respect to T and µq has a maximum while the solid line shows
the same for the change of the Polyakov loop. See Ref. [40]
for details.

a minutely detailed microscopic description of the evo-
lution of the system, however, there is a price to pay,
namely that the cascade model solely treats collisions
and decays on the basis of vacuum cross sections and
decay rates. Thus, eventual residual in-medium modifi-
cations of the ρ meson spectral function in this last stage
will be neglected when adopting the present model. In
fact, the consistent treatment of broad spectral struc-
tures in transport approach is not trivial. Many works
have been dedicated to this topic, e.g. Refs. [63–69]; for
an overview we refer the reader to the recent critical re-
view by J. Knoll [70].
Emission from the stage preceding the hydrodynami-

cal evolution is typically small, since the geometrical cri-
terium adopted to start the hydrodynamical evolution
corresponds to a starting time tstart ≈ 1.16 fm at top
SPS energy. Emission from the stage that follows the
hydrodynamical evolution receives two main contribu-
tions: when merging the hydrodynamical stage to the
UrQMD model to perform the final cascade, the hydro-
dynamic fields are mapped to hadrons according to the
Cooper-Frye equation. At this point a certain number
of primary ρ0’s are created and enter the cascade. If
soon after the transition the system is decoupled with
respect to processes involving ρ mesons, during the cas-
cade these primary ρ0 mesons simply decay, no further
ρ0’s are generated and the corresponding dilepton yield
is determined by the abundance of ρ0 created at the tran-
sition times the dilepton branching. If the system is not
decoupled with respect to processes involving ρ mesons,
as it is presumably in reality and in the present model
(as we will show), ρ meson (re)generation and absorption
will occur through processes such as ππ annihilation and
resonance decays. These processes will delay the decou-
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FIG. 2. (Color online) Charged particle density as a function
of the impact parameter.

pling, increase the emission time and, consequently, the
dilepton yield.

III. COMPARISON TO NA60 DATA

A. Centrality selection

The NA60 Collaboration has recently presented data
fully corrected for geometrical acceptance and pair ef-
ficiencies of the NA60 detector [3]. The acceptance-
corrected data correspond to nearly minimum bias col-
lisions, selecting events with a charged particle density
dNch/dη>30. In order to select the appropriate impact
parameter range in our simulations, we first simulate
minimum bias collisions and determine the charged par-
ticle density as a function of the impact parameter. The
result is shown in Fig. 2. We find that dNch/dη>30 cor-
responds to b<9 fm. With this selection, we obtain an av-
erage charged particle density 〈dNch/dη〉=115, value that
deviates from the measured one 〈dNch/dη〉=120 only by
4%.

B. Invariant mass spectra

In Fig. 3 we show results for the invariant mass spectra
of the excess dimuons in various slices in the transverse
momentum of the dilepton pair pT . The theoretical spec-
tra are normalized to the corresponding average number
of charged particles in an interval of one unit of rapidity
around mid-rapidity [71]. In the invariant mass region
M<0.5 GeV the spectra are dominated by the thermal
radiation from the in-medium ρ meson. The pT scaling

•  Full line: Deconfinement 
•  Dashed line: Chiral PT 

Marcus Bleicher, ERICE 2012 

J. Steinheimer, S. Schramm, H. Stoecker, J. Phys. G38 (2011) 035001 



Open questions: Hydrodynamics 
•  Viscosities (shear, bulk)? 
• Which hydro approach at all (2nd? order)? 
• How good are hydros w/o conserved baryon 

current? 
•  Is 2+1 dim hydro good enough? 
• How to model the EoS at high mu_B? 
•  Effect of numerical viscosity? 
• How to propagate high pT particle through 

hydro? 
• Modeling the CEP dynamically? 

Marcus Bleicher, ERICE 2012 



Chiral hydrodynamics 

Marcus Bleicher, ERICE 2012 

Aim: Explore signals for the onset of deconfinement and  
critical end point at FAIR/CBM 
Method: Hydrodynamics coupled to chiral fields (sigma model) w/noise 

Results: Realistic estimates (finite size and finite lifetime) for PT/CEP signals 

M. Nahrgang, C. Herold, I. Mishustin, M. Bleicher, arXiv:1105.1962,  
Phys.Rev. C84 (2011) 024912, Phys.Lett. B711 (2012) 109-116 
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FIG. 3: The fluctuations of the sigma field at a first order phase transition shown in x − y plane

at z = −0.4 fm, z = 0 fm and z = 0.4 fm for three different times, where one sees the supercooling

at t = 4.0fm, domain formation at t = 5.6 fm and the decay of the domains at t = 7.2 fm.

flow velocities that are consistent with realistic simulations. The sigma field is initialized in

local thermal equilibrium for the initial temperature profile.

The noise is sampled for each new time step according to the Gaussian distribution,

given by the equations (4) and (5). For each grid cell (i ∈ 1...N) we average the initially

uncorrelated Gaussian noise over a surrounding volume Vcor = 1fm3 and attribute this

average to the noise in the respective grid cell i. Thus the noise field in neighboring cells i

and i+ 1, which share large parts of the averaging volume V i
cor and V i+1

cor , is correlated. By

this method the variance of the noise is reduced and we recover the original local variance

by rescaling.

Smoothed initial conditions from 100 UrQMD event, 40 AGeV 



Marcus Bleicher, ERICE 2012 

Freeze-out  
•  Transition from hydro to 

transport when       
ε < 730 MeV/fm³ (≈ 5 * ε0) in all 
cells of one transverse slice 
(Gradual freeze-out, GF) 
à  resembles an  

iso-eigentime criterion 
à  Different from  

event-to-event 

 
 

•  Particle distributions are generated according to the 
  Cooper-Frye formula 

with boosted Fermi or Bose distributions f(x,p) including µB and µS 

•  Rescatterings and final decays calculated via hadronic 
   cascade (UrQMD) 

Chemical FO by 
Cleymans et al. 
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Final State Interactions (after Hydro) 



Open questions 

• Hyper surface is difficult to find (holes?) 
• Negative weights for particle emission 
•  E-by-E conservation laws 
•  Equilibrium after transition 
• Mismatches in the EoS  
• Non-equilibrium distribution functions 
•  Speed! 

Marcus Bleicher, ERICE 2012 



Recent developments in SHASTA 

•  Idea:  
use graphic cards to speed-up computation 

•  Relativistic Hydrodynamics on Graphic Cards.  
Jochen Gerhard, Volker Lindenstruth, Marcus Bleicher.  
e-Print: arXiv:1206.0919 [hep-ph] 
 
Computer Physics Communication in print (2012) 

 
à Need to convert the legacy code to modern architecture 

Marcus Bleicher, ERICE 2012 



The new C++ Code 

•  The Code was redesigned in C++ to allow a better 
maintenance. 

– Class structure and clean encapsulation allow for 
integration of new ideas without rewriting all the 
code 

•  Also performance optimization: 

–  tripled execution speed 

– Used 80% less memory 

Marcus Bleicher, ERICE 2012 



Making it even faster 

• With C++ Version as base redesign to OpenCL 
to work on GPGPUs 

•  If no GPGPUs are present usage on Multicore 
CPU. (With exact same code!) 

•  Tremendous speedup:  
up to a factor of 160 for 3D simulation. 
 
(up to a factor 450 on newest graphic cards) 

Marcus Bleicher, ERICE 2012 



Realistic 3+1d simulation 

•  3+1d Simulation is 
working 

•  100 Timesteps in 
FORTRAN ~60 min. 

•  100 Timesteps in C++ 
Version ~15 min. 

•  100 Timesteps in OpenCL 
Version ~30 sec.  
 

•  Factor 160 speed-up! 
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FIG. 2. Total execution time for the expanding ball of r = 2 fm with constant energy density. The CPU and GPU are measured
with the exact same OpenCL code and compared to the Fortran (FORT) implementation[20].

0 20 40 60 80 100

Time steps
100

101

102

103

104

Ex
ec
ut
io
n
tim

e
[s
ec
]

GPU Pb+Pb
CPU Pb+Pb
FORT Pb+Pb

FIG. 3. Total execution time for a Pb+Pb collision with
√
sNN = 200 GeV. The CPU and GPU are measured with the exact

same OpenCL code and compared to the Fortran (FORT) implementation[20].

the problem’s geometry. One observes the impact of the complex anti-flux function on the average execution time.
Without the complex anti-flux no increase can be observed and the acceleration due filling the grid takes fully place.
In SHASTA the anti-flux is corrected by a flux limiter. This flux limiter is calculated by a search of maxima and minima
of the surrounding cells and fluxes towards this cells. In this calculation branching is inherent. When branching occurs
within a wavefront on a GPU all branches are calculated by the device and the correct result is gained by masking the
wrong branches out. Therefore the execution time is increased, when the flux limiter is not uniform.
Finally Figure 6 shows the direct comparison between the present single precision implementation3 (full line) and

the standard FORTRAN implementation (dotted line). For the realistic initial setup of a
√
sNN = 200 GeV Pb+Pb

collision provided by UrQMD we find only minor differences between both implementations.

3 We work on a mixed precision implementation of OpenCL-SHASTA, where double precision is used for the less stable parts of the
numerics, like the calculation of the boost.
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the problem’s geometry. One observes the impact of the complex anti-flux function on the average execution time.
Without the complex anti-flux no increase can be observed and the acceleration due filling the grid takes fully place.
In SHASTA the anti-flux is corrected by a flux limiter. This flux limiter is calculated by a search of maxima and minima
of the surrounding cells and fluxes towards this cells. In this calculation branching is inherent. When branching occurs
within a wavefront on a GPU all branches are calculated by the device and the correct result is gained by masking the
wrong branches out. Therefore the execution time is increased, when the flux limiter is not uniform.
Finally Figure 6 shows the direct comparison between the present single precision implementation3 (full line) and

the standard FORTRAN implementation (dotted line). For the realistic initial setup of a
√
sNN = 200 GeV Pb+Pb

collision provided by UrQMD we find only minor differences between both implementations.

3 We work on a mixed precision implementation of OpenCL-SHASTA, where double precision is used for the less stable parts of the
numerics, like the calculation of the boost.

J. Gerhard, M. Bleicher, V. Lindenstruth, arXiv:1206.0919, CPC in print  
Marcus Bleicher, ERICE 2012 



•  Some results 
 
- Photons 
- Di-Leptons 
- Heavy quarks 

Marcus Bleicher, ERICE 2012 
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Photon rates: hadronic and partonic 

• Hadronic rate parametrization: 

• QGP rate: 
 

4

may differ between the hybrid approach and the binary
scattering model. Emission from a Quark-Gluon-Plasma
can only happen in the hydrodynamic phase, and only if
the Equation of State used has partonic degrees of free-
dom. Photons from baryonic interactions are neglected in
the present calculation. Emission of hard photons from
early pQCD-scatterings of nucleons is calculated sepa-
rately and incoherently added to the simulated spectra.

A. Photons from microscopic collisions

In the transport part of the (hybrid) model, each scat-
tering is examined and the cross-section for photon emis-
sion is calculated. Here, we employ the well-established
cross-sections from Kapusta et al. [11] and Xiong et

al. [12]. Kapusta and collaborators based their calcula-
tions on the photon self-energy derived from a Lagrange
density involving the pion, ρ and photon-fields

L = |DµΦ|2−m2
π|Φ|2−

1

4
ρµνρ

µν+
1

2
m2

ρρµρ
µ−

1

4
FµνF

µν .

(1)
Here, Φ is the pion field, ρµν = ∂µρν−∂νρµ and Fµν =

∂µAν − ∂νAµ are the ρ and photon field-strength tensors
and Dµ = ∂µ − ıeAµ − ıgρρµ is the covariant derivative.
The ρ decay constant gρ is calculated from the total width
Γρ
tot of the ρ meson:

g2ρ = 48π
Γρ
totm

2
ρ

(√

m2
ρ − 4m2

π

)3
. (2)

The differential cross-sections used for the present in-
vestigation [11, 12] are given in Appendix D.
All scatterings during the transport phase are exam-

ined in order to obtain direct photon spectra. For every
scattering that may produce photons (i.e. those that have
initial states equal to the processes listed in Appendix D),
the corresponding fraction of a photon,

Nγ =
σem

σtot
, (3)

is produced. Here, σtot is the sum of the total hadronic
cross-section for a collision with these ingoing particles
(as provided by UrQMD) and the electromagnetic cross-
section σem as calculated by the aforementioned formulæ.
In order to obtain the correct angular distribution of the
produced photons and to enhance statistics, for each scat-
tering many fractional photons are created that populate
all kinematically allowed momentum transfers t. In this
procedure, each photon is given a weight ∆N t

γ according
to

∆N t
γ =

dσem

dt (s, t)∆t

σtot(s)
, (4)

and the photons are distributed evenly in the azimuthal
angle ϕ. The integral σem(s) =

∫

dσem/dtdt is performed
analytically for each channel. The resulting formulæ are
shown in Appendix E.

Since the width of the ρ-meson is not negligible, its
mass distribution has to be taken into account. For the
processes with a ρ-meson in the initial state, the actual
mass mρ =

√
pµpµ of the incoming meson is used for

the calculation of the cross-section. If there is a ρ-meson
in the final state, then first the mass of the ρ is chosen
randomly according to a Breit-Wigner distribution with
mass-dependent width. This mass is then used for all
further calculations of this process. Figure 4 shows the
cross-sections of the channels listed above as a function
of

√
s.

B. Photons from hydrodynamics

In the hydrodynamic phase photons are produced frac-
tionally from every cell on the hydrodynamic grid whose
energy density is above a threshold εthr = 10−12 ε0 using
the parametrizations by Turbide, Rapp and Gale [57].
They use an effective non-linear σ-model Lagrange den-
sity in which the vector and axial vector fields are im-
plemented as massive gauge fields of the chiral U(3)L ×
U(3)R symmetry to obtain the rates. For details on this
ansatz, the reader is referred to the original publication
[57].

As mentioned earlier, the processes calculated by Tur-
bide et al. differ from those considered by Kapusta et al.
Only the processes ππ → γρ and πρ → γπ are therefore
common in both models. The rate of Turbide et al. for
πρ → γπ directly includes the process with an interme-
diate a1-meson.

To simplify the calculations, all photon rates in [57]
are parametrized by the general form

E
dR

d3p
= A exp

(

B

(2ET )C
−D

E

T

)

, (5)

where A, B, C and D are linear functions of some power
of the temperature T : A(T ) = A1 + A2TA3 . The pa-
rameter set can be obtained from [57]. In the rates, the
energy E and temperature T are to be given in units of
GeV, and the result will have the unit GeV−2 fm−4. We
also employ the hadronic form factor introduced in [57].

In the Quark-Gluon-Plasma, the rate used is taken
from Ref. [58]. They computed the full leading-order
result as

Insert all rates into the hybrid model and compare to data. 

S. Turbide, R. Rapp, C. Gale, Phys. Rev. 
C69 (2004) 014903 
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E
dR

d3p
=

Nf
∑

i=1

q2i
αemαS

2π2
T 2 1

ex + 1

(

ln

(√
3

g

)

+
1

2
ln (2x) + C22(x) + Cbrems(x) + Cann(x)

)

, (6)

and give convenient parametrizations for the contribution of 2 ↔ 2-, bremsstrahlung- and annihilation-processes (C22,
Cbrems and Cann, respectively)

C22(x) = 0.041x−1 − 0.3615 + 1.01 exp (−1.35x) (7a)

Cbrems(x) + Cann(x) =

√

1 +
Nf

6

[

0.548 ln
(

12.28 + 1
x

)

x
3
2

+
0.133x

√

1 + x
16.27

]

. (7b)

In Equations (6) and (7), x = E/T , qi is the charge of
quark-flavour i, αem and αS = g2/4π are the electromag-
netic and QCD coupling constants, respectively. In our
calculations, we use Nf = 3, and therefore

∑

i q
2
i = 2/3.

The temperature dependence of αS is taken from [59] as

αS(T ) =
6π

(33− 2Nf) ln
(

8T
TC

) , (8)

and the critical temperature at µB = 0 to be TC =
170 MeV.

C. Photons from primordial pQCD-scatterings

At high transverse momenta, a major contribution to
the photon yield is the emission of photons from hard
pQCD-scatterings of the partons in the incoming pro-
tons. In the intermediate and low p⊥-regions, the contri-
bution may be comparable to or smaller than the yield
from other sources.

We apply the results extracted by Turbide et al. [57].
They first scale the photon spectrum from proton-proton-
collisions by the number of binary collisions in Pb+Pb-
collisions, and then add a Gaussian-shaped additional
k⊥-smearing to the result. The width of the Gaussian
is obtained by fitting this procedure to the data from
proton-nucleus collisions. The results shown here are ob-

P. Arnold, G. Moore, L. Yaffe, JHEP 0112 
(2001)009 
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Comparison to data 

Bjoern Bauechle, MB, PRC (2010) 

Hybrid, QGP: Channels Comparisons 
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Direct Photon spectra at RHIC 
l  Clear separation 

hadronic vs. partonic 
l  partonic calc. fit data 
l  Reasons for missing 

contributions in 
UrQMD/Hadron gas: 
- late equilibration,  
- hadronic rates, 
- shorter life time 

Data points from: 
PHENIX, PRC 81 (2010) 034911 
fig: Bäuchle, MB, PRC 82 (2010) 064901 
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FIG. 47: (Color online) Theoretical calculations of thermal
photon emission [88, 90, 91, 92, 93, 94] are compared with the
direct photon data in central 0-20% Au + Au collisions shown
separately and added to pQCD calculations. In contrast to
the others, the curve by [94] includes pQCD contributions.
The black solid curve show the pQCD calculation, scaled by
TAA. The QCD scale µ is set to pT for this calculation. The
two black dashed curves around the black solid curve show the
scale uncertainty, with the upper curve and the lower curve
corresponds to µ = 1/2 · pT and µ = 2 · pT , respectively.

 (fm/c)0!
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

 (M
eV

)
in

it
T

0

100

200

300

400

500

600

700

800
D. d’Enterria & D. Peressounko
S. Rasanen et al.
D.K. Srivastava et al.
S. Turbide et al.
F. Liu et al.
J. Alam et al.

FIG. 48: (Color online) Tinit vs. τ0 for various theoretical
calculations shown in Fig. 47.
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APPENDIX A: BACKGROUND
NORMALIZATION

1. Pairing of Electrons and Positrons

In the following we assume that, as dictated by the
charge conservation law, e− and e+ are always produced
in pairs and that most of these pairs are produced statis-
tically independent of each other. Let us say N pairs are
produced in a particular event and N is given by a prob-
ability distribution P (N). Of the N pairs only a fraction
εp is fully reconstructed, and then the number of recon-
structed pairs np is given by a binomial distribution B
sampling out of N “events” with a probability εp.

• Probability to get np pairs from N true pairs:
ω(np) = B(np, N, εp)

• with an average: 〈np〉 = εpN

• and variance: σ2
p = εpN(1 − εp)

Of the remaining pairs one track is reconstructed with
a probability ε+ or ε−. For a given N and np the num-
ber of additional single positive tracks n+ and negative
tracks n− follow a multinomial distribution M with three
possible outcomes for each of the N−np unreconstructed
pairs: no track, one + track or one − track.

The probability to get n+ and n− single tracks from N
true pairs with np reconstructed pairs, i.e., from (N−np)
not fully reconstructed pairs is:

ω(n+, n−) = M(n+, n−; N − np, ε+, ε−)

ω(n+) =

N−np
∑

n−=1

M(n+, n−; N − np, ε+, ε−)

ω(n−) =

N−np
∑

n+=1

M(n+, n−; N − np, ε+, ε−) (A1)

• with average: 〈n±〉 = ε±(N − np)

• variance: σ2
± = ε±(N − np)(1 − ε±)

•  Similar results by 
others, however 

•  no adjustment of 
parameters 

•  no freedom on  
T_0, tau_0 

•  Consistency with 
hadron spectra 

Marcus Bleicher, ERICE 2012 

PHENIX, PRC 81 (2010) 034911 



Virtual Photons (Di-Leptons) 

Emission rates

ρ∗ → ll

d8Nρ∗→ll

d4xd4q
= −

α2m4
ρ

π3g2ρ

L(M2)

M2
fB(q0;T ) ImDρ(M, q;T, µB)

with ρ spectral function in-medium modified
Spectral density for the ρ meson in a heat bath of N and π re-derived from
[Eletsky,et al.,PRC64(2001),035202] and tabulated
Authors give forward scattering amplitude as free to download (thanks!) →
close the loop→ Σρ

Dimuon radiation at the CERN SPS within a hybrid evolution model – p. 7/12

Marcus Bleicher, ERICE 2012 

Results: Invariant mass spectra

invariant mass spectra of the excess calculated for 12 pT bins and
compared to NA60 data
Here a selection (3 out of 12); see [E.S.,et al.,arXiv:1102.4574] for full
set of results
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Region M < 0.5 GeV dominated by in-medium radiation at low pT ; resonable pT
scaling

Non-thermal cascade emission saturates the region M ∼ mρ

Sum of thermal and cascade emission results in overestimation of the M ∼ mρ

region for pT ! 1 GeV ⇒ presence of a long-lasting cascade emission in which
the ρ meson can be approximated by its vacuum properties disfavoured by
experimental data

In region 1 < M < 1.5 GeV emission from QGP accounts for about half of the
yield; reasonable pT scaling Dimuon radiation at the CERN SPS within a hybrid evolution model – p. 10/12

Self energy obtained from V.Eletsky, M. Belkacem, P. Ellis, J. Kapusta,  
Phys. Rev. C64 (2001) 035202  

Santini, M.B. J. Steinheimer, PRC (2010) 



Performance at LHC, PbPb, 2.76 TeV 

•  Excellent description of centrality 
dependence, 

•  Transverse momenta, 
•  Elliptic flow. 

Marcus Bleicher, ERICE 2012 
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happens on a constant proper time hypersurface, where
the Cooper-Frye equation is applied on transverse slices
of thickness ∆z = 0.1−0.2 fm that have cooled down be-
low an energy density of 5ε0 ≈ 730 MeV/fm3 [36]. This
approach provides the full final phase space distributions
of the produced particles for each event and can be com-
pared to the pure transport approach by turning off the
hydrodynamic evolution which allows for a qualitative
study of viscous effects.
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FIG. 1: (Color online) Charged particle multiplicity at midra-
pidity (|η| < 0.5) as a function of the number of participants
in Pb+Pb collisions at

√
sNN = 2.76 TeV calculated in the

UrQMD transport and the hybrid approach compared to the
experimental data [1].

The first observable to look at is the charged particle
multiplicity at midrapidity. In Fig. 1 the calculation of
the centrality dependent multiplicity scaled by the num-
ber of participants (estimated in a Glauber approach) is
shown. The hadronic transport approach UrQMD pro-
vides a reasonable description of the multiplicity. For
central collisions the predictions published in [37] are
right on top of the ALICE data while with decreasing
centrality the number of charged particles is a little lower
than in the data. This fair agreement with the data hints
to the fact that the main particle production can be de-
scribed by the initial binary nucleon-nucleon interactions
treated by PYTHIA. The hydrodynamic evolution does
not affect the particle production. Since ideal hydrody-
namics implies an isentropic expansion this means that
the charged particle multiplicity is determined in the ini-
tial state and by the final resonance decays.

For the following calculations of spectra and collective
flow four different centrality classes have been chosen that
match the ones applied by the ALICE collaboration as
they are listed in the following table:
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FIG. 2: (Color online) Transverse momentum spectra of
charged particles for four different centralities calculated in
the UrQMD transport and the hybrid approach compared to
the available experimental data [2].

Centrality class Impact parameter range

0-5% b < 3 fm

5-10% b = 3− 5 fm

10-20% b = 5− 7 fm

20-40% b = 7− 10 fm

The transverse momentum spectrum for charged par-
ticles in the mentioned centrality classes are compared to
experimental data in the most central bin (see Fig. 2).
The main difference between the hybrid and the trans-
port calculation is in the slopes of the spectra. As ex-
pected the hydrodynamic evolution leads to a purely ex-
ponential pT dependence which describes the data until
pT < 3 GeV very well. At higher transverse momenta
the power law tail from hard processes becomes impor-
tant for a good agreement with the measured values. In
the range from 4 to 6 GeV the non-equilibrium descrip-
tion exemplified by the UrQMD calculation provides a
better description of the experimental data.

In Fig. 3 predictions for the transverse mass spec-
tra at midrapidity of pions, kaons and protons are pre-
sented. The pion spectra are very similar to the charged
particle spectra since they represent the major fraction
of the newly produced particles in the collision. Kaons
are strange mesons and protons are chosen because they
have a higher mass and are baryonic degrees of freedom.
The general features of the transverse mass spectra are
similar to the ones observed at RHIC and imply a col-
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FIG. 3: (Color online) Transverse mass spectra of negative
pions (top), positive kaons (middle) and protons (bottom) for
four different centralities calculated in the hybrid approach
with two different equations of state.

lective radial velocity that drives all the particle species.
The two different equations of state lead to very similar
results with the deconfinement transition having a little
steeper slope due to the more rapid expansion due to the
higher pressure in the quark gluon plasma phase.

After proving a rather successful agreement with basic
quantities like the multiplicity and transverse momen-
tum spectrum the next step is to look at anisotropic
flow observables. The elliptic flow has been calculated
with respect to the reaction plane by averaging over all
charged particles in all events to be compared to the
ALICE measurement that relies on the four-particle cu-
mulant method in two centrality bins. Fig. 4 shows a
good agreement between the hybrid calculations and the
data, especially between pT=0.8-2.5 GeV. In the very
low transverse momentum region the hybrid approach
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FIG. 4: (Color online) Elliptic flow of charged particles as a
function of transverse momentum for four different centralities
calculated in the hybrid approach with two different equations
of state compared to the experimental data[3].

underpredicts the data which has been observed in other
calculations as well [14]. At higher pT again the influence
of hard processes needs to be taken into account.
To quantify the shape of the initial conditions em-

ployed for the hydrodynamic calculation and its event-
by-event fluctuations Fig. 5 shows the probability distri-
bution of the coordinate space asymmetry characterized
by the eccentricity and the triangularity as defined in
[25]. The initial εn coefficients have been calculated in
each event and the normalized probability distribution is
plotted for two different centrality bins.
For central collisions the mean value and the shape of

the distributions are very similar for the participant ec-
centricity and the triangularity since both of them are
mainly generated by fluctuations. For more peripheral
collisions the eccentricity is influenced by a large geome-
try component due to the ellipsoidal shape of the initial
state in the transverse plane. Therefore, the mean ec-
centricity is larger and the fluctuations increase leading
to a wider distribution, whereas the triangularity stays
smaller and the distribution has a smaller width.
Since the triangularity has been introduced because of

its sensitivity to initial state fluctuations the higher mul-
tiplicity at LHC energies triggers the expectations that
the fluctuations become smaller compared to RHIC en-
ergies. In Fig. 5 the triangles and diamonds depict the
eccentricity and triangularity calculation from UrQMD
initial conditions for Au+Au collisions at Ecm = 200A
GeV. Surprisingly, the εn distributions match almost ex-
actly the ones at LHC energies for the two similar cen-

H. Petersen, Phys.Rev. C84 (2011) 034912  

chiral vs HG-EoS 



Heavy quarks at LHC, , PbPb, 2.76 TeV 

III. ELLIPTIC FLOW v2 AND NUCLEAR MODIFICATION FACTOR RAA

We have performed our calculations in Pb+Pb collisions at
√
sNN = 2.76 TeV in a centrality

range of 30%-50%. The analysis is done in a rapidity cut of |y| < 0.35 in line with the ALICE

data.

Fig. 1 depicts our results for the elliptic flow compared to ALICE measurements. The D-Meson
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FIG. 1. Flow v2 of D-Mesons in Pb+Pb collisions at
√
sNN = 2.76TeV compared to data from the ALICE

experiment [36]. A rapidity cut of |y| < 0.35 is employed.

v2 exhibits a strong increase and reaches a maximum at about pT = 3 GeV with v2 ∼ 15%.

Considering the error bars the agreement between the measurements and our calculation is quite

satisfactory.

A complementary view on the drag and diffusion coefficients is provided by the nuclear sup-

pression factor RAA. Figure 2 shows the calculated nuclear modification factor RAA of D-Mesons

at LHC. Here we compare to two data sets available, for D0
and D+

mesons. In line with the

experimental data the simulation is done for a more central bin of σ/σto = 0%-20%.
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FIG. 2. RAA of D-Mesons in Pb Pb collisions at
√
sNN = 2.76 TeV compared to preliminary data from

ALICE [37]. A rapidity cut of |y| < 0.35 is employed.

We find a maximum of the RAA at about 2 GeV followed by a sharp decline to an RAA of

about 0.2 at high pT . Especially at low pT new measurements would be helpful to conduct a more

detailed comparison to the model prediction.

4

•  Employ Rapp, van Hees-Langevin for heavy 
quarks in the dynamical background  
à good description of data 

Marcus Bleicher, ERICE 2012 
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4T. Lang, H. van Hees, M. Bleicher, arxiv: 1208.1643 
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Conclusions 

•  Integrated, 3+1d, fast hybrid model with 
fluctuating initial conditions are available 

•  Allows for good understanding of a multitude 
of hadronic and leptonic observables 

• No special adjustment for different probes or 
energies! 
 

• However, there are devils in the details... 

www.urqmd.org 


