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Hadron cascade (standard mode)
« Based on the propagation of hadrons
* Rescattering among hadrons is fully included

« String excitation/decay (LUND picture/PYTHIA) at
higher energies

* Provides a solution of the relativistic Boltzmann eq.:
pel , fi(z¥,p") = C;

The collision term C includes more than 100 hadrons

I* <2,)(+,$*#*42=?+87;*@AB*9CDDD:*CEBBDS5CEL
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Binary interactions
between all
implemented particles
are treated

Cross sections are taken
from data or models

Resonances are
implemented in
Wigner form

Breit-

No in-medium
modifications
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 Phase space x matrix

element:; L D 10 . e
1 6
oty (V/S) o (2Sp 4+ 1)(2Sg + 1) EEZE; S M]? £ # + .
: R i .
« Matrix element is fitted k y +_ R
to data for groups of o
resonance channels . S +p P P 1

 Detailed balance is ! '

fulfilled for the inverse ++$, " .
reaction: - + f\
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a/ mb
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T +p scattering resonance || mass width | NI N" N# N$ N% N™ Apgp” Ni," AK
80 Nl 1.440 200 0.70 0.05 0.25
UrQMD — total 1
. _ Nloso 1.520 125 0.60 0.15 0.25
70 2 —— elastic !
: - resonance Nsas 1.535 150 | 0.001 055 0.35 0.05 0.05
60| 1 17 string inel N!oso 1.650 150 0.65 0.05 0.05 0.10 0.05 0.10
1
. Nlgrs 1.675 140 0.45 0.55
1
= N0 1.680 120 0.65 0.20 0.15
1
£ N 700 1.700 100 0.10 0.0 0.05 045 0.35
3 N7 1.710 110 0.15  0.20 0.05  0.20 0.20 0.10  0.10
© 30 Nioo 1.720 150 0.15 025 045 0.10 0.05
N 00 1.870 500 0.35 0.55 0.05 0.05
20
_____ N 900 1.990 550 0.05 015  0.25 0.30 0.15 0.10
10 f2 b Nloso 2.040 250 0.60 0.05 025  0.05 0.05
I N0 2.190 550 0.35 030  0.15 0.15 0.05
On.o 05 10 15 20 25 30 35 40 Nloso 2.220 550 0.35 0.25  0.20 0.20
Piab (GeV) Noso 2.250 470 0.30 025  0.20 0.20 0.05
. . NP 1.232 115, | 001 1.00
cross section: 7 p —n7 Aloo 1.700 200 0.15 0.55 0.30
4. !
O oo Ao 1.675 180 0.25 0.60 0.15
s Ao 1.750 300 0.20 0.10 0.55 0.15
Algoo 1.850 240 0.30 0.15 0.30 0.25
3.0 Algos 1.880 280 0.20 0.60 0.10 0.10
Algro 1.900 250 0.35 0.40 0.15 0.10
2.5 Algoo 1.920 150 0.15 0.30 0.30 0.25
£ 20 Algso 1.930 250 0.20 0.25 0.25 0.30
< Algso 1.950 250 | 0.01 045 0.15 0.20 0.20
1.5 |
y MB(VR)= (s, ms, ] Jrs M <k
' Otot (\/g) - <.]BamBajM ; TIM || R R> (25 +1)(25 +1)
— ! B M
0.5 R=! ,N
e . ™ I'ri mB Tt
14 15 16 17 18 19 20 21 22 23 24
2 Mo — \/’ 2 / Z
E:m (GEV) pcm ( R ) + Ftot 4
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Meson-meson scattering
in the resonance region is
treated in analogy to the
meson-baryon scattering

At higher energies, also t-
channel excitation is
taken into account
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Hybrid mode calculations (RHIC and LHC energies)

« At energies above 100 GeV (CM-energy) the early
Intermediate state can not be modeled by strings

and particles alone

« To take the local equilibration and the phase
transition to a QGP into account, a hydrodynamic
phase is introduced

e This is known as hybrid model ( Boltzmann
+hydrodynamics ), hybrid models have become
the standard at RHIC and LHC energies

?.#,87,"=%<2,)(+,$=*#*42+87;M,6,*NOE*9APPE *PQ®BPC
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* |nitial State:
o Initialization of two nuclel

o Non-equilibrium hadron -string dynamics
o Initial state fluctuations are included naturally

« 3+1d Hydro +EoS
o SHASTAdeal relativistic fluid dynamics
o Net baryon density isexplicitly propagated
o Equation of state at finit us

* Final State:

o Hypersurface at constant energy density
o Hadronic rescattering and resonance decays
within UrQMD

H.Petersen, et al, PRC78 (2008) 044901
P. Huovinen, H. P. EPJ A48 (2012) 171

Marcus Bleicher, CERN 10/2018
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e Contracted nuclel have

e 40
passed through each other £3
2R =0
lstart = — )
YU

o Energy Is deposited

o Baryon currents have
separated

* Energy-, momentum- and
baryon number densities are
mapped onto the hydro grid

(TZOTTS0/Y3-19NU ‘8T0L090/U3-|oNU)

- Event-by-event fluctuations are ",
taken into account :
« Spectators are propagated “
separately inthe cascade < et
ylfm] g E,..=40 AGeV
(J.Steinheimer et al., PRC 77,034901,2008) b=0 fm
® Marcus Bleicher, CERN 10/2018 ®
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|ldeal relativistic one fluid dynamics :
a9, T"" =0 and 9, (nu") =20
o HG: Hadron gas including the same degrees of freedom asin
UrQMD (all hadrons with masses up to 2.2 GeV)
o CH: Chiral EoSfrom quark-meson model with firstorder transition
and critical endpoint (most realistic)
o BM: Bag Model EoSwith a strong firstorder phase transition
between QGP and hadronic phase

D. Rischke et al.,

1000 E..= 20A GeV \ E.,= 158A GeV
] ? FI NPA 595, 346, 1995,
—  HG-EoS | D. Zschiesche et al.,
A o BM-Eos | PLB 547, 7, 2002
v\ e CH-EoS

Papazoglou et al.,
PRC 59, 411, 1999

100 4

<P> (MeV/fm’)

RN . . “<>-4 J. Steinheimer, et al.,

o AR J. Phys. G38 (2011) 035001
0 2 4 6 8 10 12 14 16 18 0 2 4 6 8 10 12 14 16 18

t_ (fm/c)
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Experiments observe finite number of hadrons in detectors
Hadronization controlled by the equation of state

Sampling of particles according to Cooper-Frye should:

-Respect conservation laws , maybe even locally?
-Introduces fluctuations on its own

dN
E%:/Jf(ﬂ?ap)p“d%

N%%I,$5X$8,*+81,$57'SHA(*4#*#$4"7)#) %"
H$%1*+8&$%0*#%0*#$4" 71%$#3

Sophisticated 3D hypersurface finder to resolve interesting structures in event-by-event simulations
?2.#,$7,"=R'%6)"," =*43$Y)6SCAPF;ZZ0C*3
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R;*?,#,$7," =*71,()42%)77' *>?@%FY)6SCOPO:.COFZ:
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103

- - UrQMD, protons

—  UrQMD, deuterons |-

e e ES8(2, protons
e o K802, deuterons

M op+Be

p+Au, minb., 14.6 A GeV

10' 3 i i i i i i i i i i i i i i i i
1'1.0 0.50.0 0.5 1.0 1.5 2.0 2.5 3.0! 1.0 0.50.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

y

y

Proton and deuteron
rapidity distribution in
p+Be, p+Au reaction at

E.,=14.6 AGeV

o <438%"*,",BL8*2%T77*)"*2)" *)#H+*&AHA*AH#*2% *,",$L),73

® Marcus Bleicher, CERN 10/2018

10?
10"
100}
35 101"
| : : : -,
012 Si+Au, b = 2 fm, E»=14.6 A GeV 1,
: : : : 1
— UrQMD, protons
10'3 - UrQMD, deuterons :
4= -+ E802, protons !
¢~ ¢~ E802, deuterons
10' 4 n n
11 1 2
y

Proton and deuteron

rapidity distribution for
+Au reactions at
E.,=14.6 AGeV

Si

T T%1J" =*/;*<2,)(+,$* #*42=*43Y)6SCEPB;CCBI
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=" — e '_|4

Anti-proton and anti-
deuteron rapidity
distribution for Si+Au
reactions at E_, =14.6 AGeV

\l'[!

d/p and anti-d/anti-p ratios
as function of energy,

UrQMD vs data vs thermal
model

o T'ITHA"#)A2*41%"#*YH*4"#)5&,'#,$% " *I$%&'(#)%"*,6,"*" ,4$*#+3, 7+%2¢

¢ M,2,64"(;*H%$*&4$"*14K,$;;;3
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1

o n
> | —urQmD ¥ E802/E866 > I .
=, I -*Color Glass CondensateAEgﬂ o ak (I * )&#+3 (b)
Ei3 B NA49 I
- Mmgl.
0.5% ......................... i
L 27
I (] p+p.collisions
UrQMD: p+Pp+p
®  Pb+Pb/Au+Au collisions
UrQMD: Pb+Pb/Au+Au
lllHl 1 1 llllHl XHH 1 11 1 O : “‘HH‘ : “‘HH‘ : “‘HH‘ : ‘HHH‘
2 4
\Syy (GEV) S (GEV)
Rapidity shift of the baryons: Width (root-mean-square) of
2 [ dNg_g the charged particle
y#=yp$..N t#/y i dy, ity distributi ¢ N
r
A rapidity distrioutions for p+p

and Au+Au reactions
© @%Y%E&*&,7($)I#)%" *YoH*H#+,*" SL8*2% 7 7*%H*2,4&)"L*J4$8%"73
* (R"T)TH,"(BF LY ) L* )&+ UH (+AL, &*14$H) (2, *$41) &)H#B*&,"T)#83

[;* NHS%N6MN)=*/*<2,)(+,$* #*422%87;M,6,*NOD*9APPD:*PQRDPC
Marcus Bleicher, CERN 10/2018
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Au+Au collisions

400 Pb+Pb collisions
> ° o z ° .
QE |- gjggelej NA49 Qﬁ - | om %25;&%\; PHOBOS
= I . 123 Gevx2 (a) = | 200 GoV. (b)
m 173GeVx?2 f
200 500
05 0 5 0
y
Charged pion rapidity Charged particle pseudo-
distribution: Model dat rapidity distribution: Model vs.
SO, Lol _VS' ata data from PHOBOS for
from NA49 for different different center-of-mass

center-of-mass energies energies

N+ASL, &*145H#)(2, 1S%& (#) %0 *A#*(,"#$42* 4" & HYS BEBE)H), T)*2)" ¥ )#+*&AHA:

[;* NHS%N6MN)=*/*<2,)(+,$* #*422%87;M,6,*NOD*9APPD:*PQRDPC
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0 ’# 4) ? ’ &*#$ 4"76 : $7 ’* W AU A GV, S5 ity Ph+Pb, 30 A GeV, 7%, midrapidity
1%, "# L7 #'&), 17 b*
2% *,",$L.83 .l

® E866/E917
o E895

~
|
T

Au+Au, 6 A GeV, 5% , midrapidity
HSD

* Energy dependence
(from top to bottom) of
transverse momentum
spectra in Au+Au /Pb+Pb
reactions

m," dN/(dm,dy) [(GeV)”]
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&)7H$)J'H)%" 7*%H*&)d,$,"#*
14$#)(2,%71,0), 7%4$, %, 22*
$,1$9%6& (,&*47*(%114$,&*H#Y6*
&AHA
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10°

p+p, 12GeV/c, all y pt+p, 24GeV/c, al y 2
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Transverse momentum Lateral distribution functions in
VEM, from various model

spectra in proton+proton -
- _ _ combinations, scaled to
collisions at various energies QGSJETO1+UrQMD

Low energy model important

at large distances
R;*0$,7(+,$=*/;*<2,)(+,$* #*42=*e T#$%|4$#,2+87;* AC*9APPG*EO5DQ
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p+p collisions

g —_
* 53 GeV
= | = 200 Gev UA5 <
+ 546 GeV pd
S 4|+ 500cev (a) S
4 P238 630 GeV
e CDF 630 GeV
= CDF 1.8 TeV
™0 5
n !
Pseudo-rapidity distribution Pseudo-rapidity distribution
of charged particles in of charged particles in
anti-proton+proton  collision anti-proton+proton  collision

. @%%E&*&,7($)IH)%" *YH*(+4SL,&*145H) (2, *$41) &)HE*&) THS) I'H#) %" *HY%$*71422*

[;* NHS%N6MN)=*/*<2,)(+,$* #*422%87;M,6,*NOD*9APPD:*PQRDPC
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Charged particle
production as function of
centrality (participating
nucleons) in Pb+Pb, 2.76 TeV
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Transverse momentum

distribution of charged

particle at midrapidity
in Pb+Pb, 2.76 TeV
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 UrQMD is a well benchmarked model for the
description of hadron-hadron, hadron-nucleus and
nucleus-nucleus collisions.

» Particle yields, spectra and baryon-stopping in line
with data (especially at low energies)

 In hybrid mode it is applicable up to LHC energies

 In standard cascade mode (no hydro) the model
needs seconds for the simulation of a single event.

 However, hybrid calculations are slow at LHC
energies (up to 1h per event)

I well suited as low energy model for cosmic rays

® Marcus Bleicher, CERN 10/2018



