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Abstract. A mechanism for locally density-dependent dynamic par@earnangement and fusion has been
implemented into the Ultrarelativistic Quantum Moleculymamics (UrQMD) approach. The same mechanism
has been previously built in the Quark Gluon String Model @\@. This rearrangement and fusion approach
based on parton coalescence ideas enables the descriptiitieparticle interactions, namely 3 3 and 3—

2, between (pre)hadronic states in addition to standararpimteractions. The UrQMD model (v2.3) extended

by these additional processes allows to investigate irafdins of multi-particle interactions on the reaction

dynamics of ultrarelativistic heavy ion collisions. The chanism, its implementation and first results of this
investigation are presented and discussed.

1 Introduction comes questionable whether this restriction to two-plartic
interactions is still justified, if the density of particlpso-

The study of nucleus-nucleus collisions at high energies isduced, especially in the early stage of nucleus-nucleus col

a prosperous and exciting field of experimental and theo-lisions, increases. A few attempts to include multi-paetic

retical research since many years because those collision#iteractions into microscopic approaches have been glread

provide a promising way to produce matter with high den- proposed [7,11-17]. Nevertheless, this extension of {rans

sities and high temperatures. In order to explore this ex- port theory is still debated.

cited “nuclear” matter and to reveal its properties, the ex-  In this work an extension of the UrQMD approach by

perimental research is reliant on theoretical investiyeti ~ three-particle interactions,3 n (n < 3), realized via dy-

and vice versa, see for example [1,2] and references thereimamic parton rearrangement processes is presented. This

Currently heavy ion reactions at very high initial collisio ~ extension is based on a mechanism which has been previ-

energies are in the focus of these investigations, namelyously implemented in a similar microscopic transport ap-

collisions of gold ions with center of mass energies of up proach, namely the Quark Gluon String Model (QGSM)

to Ecm = 200 GeV at the Relativistic Heavy lon Collider [16—18]. Thus the paper is organized as follows: In Sect. 2

(RHIC) and, very recently started, collisions of lead nu- the current state-of-the-art UrQMD approach (version 2.3)

clei with even higher energies of few TeV per nucleon at is briefly reviewed. In Sect. 3 the main concept of the par-

the Large Hadron Collider (LHC). Here the regime of very ton rearrangement processes and their implementation into

high temperatures but low baryon chemical potentiak UrQMD are summarized. First results from the extended

is explored. On the other side, the low energy (higf model focussing on key characteristics of the implemented

program at CERN-SPS has shown a culmination of excit- multi-particle interactions are discussed in Sect. 4.IKina

ing results in the area of lowdr but highug. Therefore @ summary and conclusions are given in Sect. 5.

further detailed studies at CERN-SPS, BNL-RHIC and the

Facility for Antiproton and lon Research (FAIR) near the

GSI Helmholtz Center for Heavy lon Research will be ded- 2 UrQMD in a nutshell

icated to this energy regime.

In this context it is important to obtain an understand- UrQMD, the Ultrarelativistic Quantum Molecular Dynam-
ing of the reaction dynamics in terms of microscopic ap- i¢s approach [3,5,19], is a non-equilibrium hadronic trans
proaches. One class of these approaches that aims at theort approach using Monte-Carlo simulation techniques in
description of heavy ion reactions consistently from the order to describe consistently heavy ion reactions from the
initial until the final state employs relativistic transptire- ~ beginning (initialization of projectile and target nuglen-
ory [3-10]. This microscopic description has been applied til the end (final state of the system). The approach simu-
quite successfully to the partonic as well as hadronic stagelates multiple interactions of ingoing and newly produced
of the reaction. However, most transport approaches areParticles and constitutes arffective solution of the rel-

restricted to binary, 2> n, scattering processes. So it be- ativistic Boltzmann equation. The underlying degrees of
freedom are strings and hadrons that are excited in high
@ e-mail:burau@th.physik.uni-frankfurt.de energetic binary collisions.
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Projectile and target nuclei are initialised according to
a Woods-Saxon profile in coordinate space. Fermi momen-
ta for each nucleon are randomly assigned in the rest frame
of the projectile and target nucleus, respectively. Thigaihi
nucleons and, later on, newly produced hadrons are prop-
agated on straight lines until the collision criterion i$-fu
filled:

dyrans < do = VOtot/T,  Otot = o( \/5, type) 1)

If the covariant relative distana,ns between two parti-
cles is smaller than a critical distance, given by the corre-
sponding total cross section, a collision of those two par-
ticles takes place. The elementary cross sections are fittec
according to available data, parametrized using the addi-
tive quark model, or calculated by detailed balance.

Particle production is described by excitation and frag-
mentation of classical color strings with (anti)quarks or Fig. 1. Schematic representation of the implemented rearrange-
(anti)diquarks at their ends and by excitation and decay of ment processes: recombination of partons (upper pane§pome
hadronic resonances. Excitation and fragmentation of thefusion to (anti)baryons (middle), and quark-antiquarkiite-
strings are treated according to the Lund model. Hard col- tion processes (lower panel) [26]. A more detailed explanas
lisions with large momentum transfer, i.e. larger 1.5 GeV, given in the text.
are treated using PYTHIA. A phase transition to a state
of free quarks and gluons is not explicitly incorporated
into the approach. Within UrQMD all hadrons and reso-

hances up to 2.2 GeV are considered. This. micrOSCOp.iCSince the UrQMD approach describes particle production
transport approach generates the full space-time dynamics,, o citation and fragmentation of strings withferent
qf th_e strings and hadrons; the full phz_ise space Imcorr_na'(anti)quarks or (anti)diquarks, in the following also neésl
tion Is available at every stage of the S|_mulate_d heavy ion to as partons, it provides like the QGSM approach a frame-
collision. After all, it successfully describesfidirent ob- 4 %o the implementation of locally density-dependent

sgrvag:)esAn a bLoad rar&ge ?f ((j:(()jlllsmn s_ysterfnz and ener'parton rearrangement processes. These three-partiete int
gies [20]. A much more detailed description of the current actions should occur in the high density stages of heavy

standard version of UrQMD (v2.3), which served as basis j,, reactions additionally to the standard binary collisio
folr the extension and §tudy presented in this work, FOgetherHence the basic idea is the following: Above a critical lo-
with a compilation of its results compared to experimental cal particle density, three hadrons — either formed or un-

data can be found in [19]. formed according to their treatment in UrQMD — satisfying
Like other (hadronic) transport approaches of this kind, corresponding constrains are decomposed into their con-
only binary collisions, 2— n processes, and one-particle stituents, i.e. their partons: quark and antiquark for meso
decays are considered to keep the calculation numerically(anti)quark and (anti)diquark for baryons and antibaryons
tractable. However, this restriction to binary collisicas respectively. These partons of those hadrons are then al-
sumes a system with large mean free paths of the particleslowed to rearrange themselves into new hadronic states
As mentioned in Sect. 1, this assumption might not be jus- which is schematically shown in Fig. 1. All particles are
tified in the early stages of heavy ion reactions anymore. In allowed to interact via rearrangement, even non-formed
this regime the particle densities can be very high. Observ-hadrons (prehadrons). To trigger these processes, the crit
ables that are sensitive to the properties of the early stagécal local particle density isféectively taken into account
of the reaction or to the thermal and chemical equilibra- due to a given critical distance between the particles: If
tion during the reaction — like elliptic flow, HBT radii and the spatial distance of three (pre)hadrons in their certer o
strangeness, in particular the number of produced multi- mass frame is less than 0.85 fm this three (pre)hadrons are
strange baryons — hint to the fact that transport modelsgenerally allowed to be involved in a rearrangement pro-
considering only binary interactions may not befsient cess. According to usual Monte Carlo methods one triplet
to describe the entire dynamics of heavy ion collisions at of all possible (pre)hadron triplets, which satisfy thissp
high energies [21-25]. Thus the consideration of additiona tial constrain, is randomly chosen for rearrangement. Each
interactions among three particles, realized, e.g., by rea parton of the decomposed (pre)hadrons gets a momentum
rangement processes, might fit better to characterize thdractionz of the initial longitudinal momentum of its (pre)
hot and very dense system. The specific implementationhadron and a transverse momentpim Both,zandpy are
of these processes, developed previously [16—18] within agenerated from the standard parton distribution functions
transport approach similar to UrQMD, will be summarized used within UrQMD. Additionally to the spatial constrain,
in the following section. rearrangement processes require also an overlap of the par-

3 Dynamic parton rearrangement
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Fig. 2. Distribution of distances between two particles, i.e. Fig. 3. Distribution of the relative deviation of the energh/E
(pre)hadrons, and distribution of distances to a third iglart (in percent), in rearrangement processes (exemplifiedefiotral
involved in rearrangement processes (exemplified for akntr Pb+Pb collisions atE,, = 160 AGeV). The absolute deviation
Pb+Pb collisions aE,, = 20 AGeV). AE is the diference between incoming and outgoing particles.

L ) , ) Charge conservation is automatically guaranteed with-
ticipating partons in the momentum space. The distance inj, this approach. Conserving energy and three-momentum
momentum space between rearrangeing partons is evalugimyltaneously is not possible for the rearrangement pro-
ated in the center of mass frame, too. The allowdtedi  egses described above. However, applying a rescaling pro-
ence in momentum is given by the uncertainty principle, cedure for the momenta in the center of mass system of the
Ax4p = 1 where the spatial distance between the partici- hroguced hadronic states, simultaneous conservation of en
pating (pre)hadrons, shown in Fig. 2 is used. Fu_rthermore,ergy and three-momentum can be ensured with very high
rearrangement processes can take place only if the quangyecision. Fig. 3 shows the result for the relative deviatio
tum numbers allow the partons to rearrange into new (pre)of the energy. In order to conserve the initial energy the
hadronic states. The implemented mechanism always Conthree-momentum components of all particles involved in
serves the quantum numbers, in particular the electric.char 5 particular reaction are scaled by a constant factor which
ge and the baryon number, and ensures that only physicals getermined iteratively, see [18,26]. Moreover, by such a
particles can be final states, e.g. no final diquark states ar&yrocedure ratios of momenta like anisotropic flow fiee
possible. This approach does not create a system of “fré&;jants remain unchanged, i.e. anisotropic flow is not artifi-
partons”. If the outcome of a rearrangement process W°U|dcially influenced by the momentum rescaling.

yield any unphysical particle it cannot take place. Either Ay rearrangement processes, i.e. interactions among
an othe_r valid rearrangement process is chosen or, if Non&p ee particles, might very frequently happen as long as
is possible, no rearrangement occurs. If no rearrangementy, o 04| particle density of the medium is high enough.
processes take place standard elastic or inelastic ScatterAccordineg, these rearrangement processes become less

ings, i.e. binary collisions, occur. important with ongoing expansion of the fireball when the
In general three processes are possible as depicted isystem increasingly thins out. In this spirit the UrQMD ap-
Fig. 1: (i) Parton recombination in terms of “resfing” of proach extended by the locally density-dependent parton

the involved partons forms new (pre)hadrons. The numberrearrangement processes considers - within its limitation
of mesons and (anti)baryons in the initial and final states interactions of three particle in addition to binary cadiss

is hereby conserved, i.e. three hadrons go in and three gand allows to investigate possible implications on theteac
out. So this is a 3~ 3 process. (ii) Meson fusion forms a tion dynamics of heavy ion collisions at high energies from
pair of baryon and antibaryon by combining the quarks of a microscopical point of view including comparisons with
three decomposed mesons to a baryon and the remainingesults from previous studies within the upgraded QGSM
three antiquarks to an antibaryon. This is a process which[16-18].

reduces the number of final hadrons because three parti-

cles (mesons) are in the initial state but only two parti-
cles are in the final state, i.e.-3 2. (iii) Additionally, a
guark-antiquark pair of same flavor may annihilate during
the rearrangement process with a given probability. In this
case the energy and momentum of the annihilated quark-The work presented here focused on the implementation of
antiquark pair is redistributed to the new mesons formed by multi-particle interactions via the rearrangement preess
the remaining quarks and antiquarks. This procéce  and its testing with respect to key characteristics of the ex
tively implements another 3» 2 reaction. Details on the tended approach. For this study, A and Pk-Pb col-
probability for these annihilation processes are disalisse lisions for a broad range of collision energies and impact
in[16,17]. parameterd < 3.4 fm have been simulated [26].

4 Checks and first results
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Fig. 4. Distribution of rearrangement processes and string frag-
mentation processes, respectively, as function of the kquar
density (exemplified for central R#b collisions atEn, =
160AGeV).

[1/fm]

Since the implemented rearrangement processes shoulds
mostly happen in the high density stage of heavy ion colli- %
sions, the density dependence of these processes has been
checked first. The corresponding result, i.e. the distribu-
tion of the number of rearrangement processes with respect
to the local quark densitgquark = pg+g 1, is exemplarily
shown in Fig. 4 for central REPb collisions at an energy of
Ejap = 160AGeV in the laboratory frame. This distribution
clearly shows a broad peak at higher quark densities while
the analogous distribution for the standard string fragmen
tation processes from inelastic binary collisions is much
flatter and smaller in this region, but the latter dominates
in the small density regime. So, rearrangement happens in-
deed mostly in regions of high particle densities.

In order to get deeper insight into the dynamics of the
simulated collisions, the temporal evolution of the imple-
mented interaction processes has been studied next. Fig. 5
depicts the time dependence of the number of all three-
particle interactions (rearrangement) and the numbel of al
other standard processes considered in UrQMD-2.3, re-
spectively. Results for central Adu and Pi-Pb colli-
sions at four dferent energies, nameb;,, = 130 AGeV
andEj;, = 160 AGeV, 20 AGeV, 4 AGeV, are shown top
down. The highest interaction rates of both, i.e. gimes-
and three-particle interactions, occur at nearly same time
during the evolution of the heavy ion reaction. This finding
holds for all collision energies. The mainfidirence is the
significance of the processes affdient energies. In heavy
ion collisions at low energies, the amount of rearrangement
processes is practically negligible, see panel at the botto
of Fig. 5. Binary particle collisions and resonance decays
clearly dominate in this regime. But with increasing en-
ergy of the colliding ions rearrangement among three par-
ticles gains more and more importance, which reflects the
increase in particle density in the early stage of those col-
lisions. Finally, rearrangement processes dominate the in
teractions at energies abotg, ~ 20 AGeV, especially

dN/dt [1/fm]

dN/dt [1/fm]

1 In the appendix of [26] it has been explained how this quark
density is determined.
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Fig. 5. Time dependence of rearrangement processes (all three-
particle interactions) compared to all other processe®-(tw
particle interactions and resonance decays implemented in
UrQMD-2.3) in central Av-Au and Pk-Pb collisions, respec-
tively. Results for four dierent collision energies, decreasing top

down, are shown.
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during the first few fryc of the heavy ion reaction (upper = 0.006 |
panels of Fig. 5) where very high densities are expected. 5§
. . . . . . pd L
The finding shown in Fig. 6 also reflects the increasing 0.004
influence of multi-particle interactions at higher enesgie 0.002 | Au+Au/Pb+Pb b<3.4 fm
This figure displays the energy dependence of the relative 0 e
number of rearrangement processes,,, with respect to 0 20 40 60 80 100 120 140 160 180 200
the number of all implemented interactioh§, ., + N, + Ecm [AGeV]

Ns_n, extracted from simulated AvAu and Phl-Pb col-
lisions at various center of mass energies. Starting from
a few percent level at very low energy, the depicted ratio 0.006 ¢
drastically grows up to _ab_out 40% at top SPS energy, i.e. 0.005 |
Ejap = 20 AGeV. Then it rises even further with increas-
ing energy, but this rise shows a moderated slope. Hence
distinct implications on the reaction dynamics and on rel-
evant observables are expected for heavy ion reactions at
energies higher than SPS energy.

Last but not least the contributions of the three kinds 0.001 |
of rearrangement processes introduced in Sect. 3, includ- ' Au+Au/Pb+Pb b<3.4 fm
ing recombination, quark-antiquark annihilation, and me- SRS
son fusion, have been investigated. The interesting point
here is that the dlierent sub-processes could influence the
dynamics of the system in their specific way. The num-
bers of the accordant sub-process divided by the number ofFi9. 7. Relative number of recombination processes (upper
all rearrangement processeds(,,) are calculated for the panel), quark-antiquark an.nlhllatlon (middle), and mgﬁumon
same Au-Au and PB-Pb collisions mentioned above. The Processes (lower panel) with respect to all three-partitirac-
corresponding results are presented in Fig. 7. Recombinallons (rearrangement) and their dependence on the centessf
tion, i.e. reshffling of partons among three (pre)hadrons, €Neray (central AuAu and Pk-Pb collisions).
is the dominant three-particle process at all collision en-
ergies, see upper panel of Fig. 7, which increases signif-
icantly the interaction rates during the early high density ing two (pre)hadrons — either directly as kinetic energy or
stage of the heavy ion reaction. Therefore this process isindirectly via the formation and decay of resonance states.
expected to enhance the pressure in the early stage and tdogether with recombination this might increase the ellip-
drive the system to a faster kinetic equilibrium compared to tic flow v, of the final hadrons which has been found to be
calculations with the standard UrQMD-2.3 approach. The intimately related to the dynamics of the system. Previous
number of processes considering quark-antiquark annihi-studies within a QGSM transport approach extended by re-
lation (panel in the middle of Fig. 7) are already two or- arrangement processes support these expectations [16—18]
ders of magnitude smaller with respect to recombination. Meson fusion processes are finally suppressed by an addi-
This sub-process should lead to some accretion of transtional factor of ten as shown in the lower panel of Fig. 7.
verse momenta of the involved particles since the energyHowever, meson fusion is still important although it is only
released by annihilation is redistributed among the remain a tiny fraction of the implemented three-particle interac-

meson fusion process

0.004
0.003 |

0.002

Nmeson fusion/NS -n

0 1 1 1 1
0 20 40 60 80 100 120 140 160 180 200
Ecm [AGEV]



EPJ Web of Conferences

tions. As explained in Sect. 3, the fusion of three mesonson Quark Matter Studies (H-QM). The Center for Scien-
produces a pair of a baryon and an antibaryon. Especiallytific Computing (CSC) at Goethe-Universitat Frankfurt is
antibaryons are rarely produced by the standard binary pro-acknowledged for providing the computational resources.

cesses so that even small changes can become important in
this sector. For example, it is expected that this mechanism

influences amongst others the (anti)hyperon production.References

First preliminary findings for heavy ion collisions simu-
lated with the modified UrQMD approach hint towards an 1.
enhancement of those hadronic states due to meson fusion
[26]. But this question together with a detailed investi-
gation of the consequences for observables which can be
compared to experimental data deserves further studies.

2.
5 Summary and conclusions

An extension of the UrQMD approach by implementing
three-particle interactions, 3> n (n < 3), realized via 3.
dynamic parton rearrangement has been presented in this
work. All particles, namely formed and unformed hadrons 4.
(latter often referred to as prehadrons) are allowed to par-
ticipate in these rearrangement processes while in the stan5.
dard binary collisions only formed hadronic states are in- 6.
volved. All guantum numbers such as electric charge and
baryon number are conserved within this approach. Simul-7.
taneous conservation of energy and three-momentum s en8.
sured by momentum rescaling. 9
A first proof-of-principle study employing this extend-
ed transport approach focussed on key characteristics of
the implemented multi-particle interactions. Therefae-c

the interactions during the first few fimof the reactions at
collision energies abovEjy, ~ 20 AGeV. Finally, recom-
bination such asld — 3M have been found to be by far

the dominant sub-process compared to quark-antiquarkand7.

nihilation processesM — 2M, and meson fusion, —

BB 2. Altogether, all three sub-processes are expected to18.

verifiably influence the reaction dynamics and related ob-
servables as preliminary findings indicate. More detailed
investigations within the UrQMD approach extended by

multi-particle interactions are needed to provide more in- 19.
sight into implications on physical observables like, e.g. 20.

particle multiplicities, spectra, and anisotropic flowgar
eters.

22.
23.
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