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AbStraCt The relativistic heavy ion

collisions undergo extremely hot and dense
phases, which are postulated to resemble parts
of the cosmological early stages. This sug-
gests that the collisions could provide a QCD
laboratory, in which phenomena of strong in-
teractions are studied. The investigations of
colour interactions in the collisions are made in
a Monte-Carlo computational model which im-
plements dynamical interactions. The dynam-
ics are in present work modelled as a super-
position of parametrized hydrodynamics and a
media-modulated hard state. In the simula-
tions, observations are differentiated in terms
of density, position, and production modes;
In combination with a higher order analysis.
The heavy ion yield appears to have been
reproduced to great detail in present model.
The reproduction of both elliptic- and triangu-
lar flow speaks of a fluctuating-, and density-
characterized first order geometric mode, in
addition to higher order features. In the sim-
ulations, it seems that the particle fragmen-
tation is density characterized, thus providing
a channel for pressure differentiated observa-
tions. Therefore it is concluded that the present
computational model is reproducing the heavy
lon yield to higher orders, thus supporting ob-
servables which differentiates strong phenom-
ena within the simulated evolving matter.

Introduction

There are analogues between the cosmological
early stages and the conditions achieved in a mod-
ern day-, state-of-the-art high-energy experiment.
This suggests that the dynamics of hadron gen-
esis are possible to observe through the obser-
vation and simulation of ultra-relativistic heavy ion
collisions [1, 2, 3, 4].

In the relativistic heavy ion collisions; the inter-
acting matter is assumed to go through several
phases when heating up and subsequently expand-
iIng and cooling to chemical- and thermal freeze
out. The interacting matter is at present believed
to be modulated by the evolving surroundings [5,
6, 7, 8]. In order to study these phenomena; a
general framework needs to be defined.

The derivation of the heavy ion collision observ-
ables starts with the particle momentum distribu-
tion, which is split into a transverse momentum
p| spectra, a rapidity y dependence, and an az-
imuthal ¢ part [9, 10]
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From the expression 1: it is seen that the Fourier-
coefficients v, are projected as

E
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The observables from (1) and (2), provides infor-
mation on interactions within the evolving matter,
which are observed as features of the yield. To
the best of the present author’'s knowledge, modu-
lated interactions and harmonic-interplay have not
been investigated to a great extent in computa-
tional flow-models.

It is here hypothesized that the correlations be-
tween the harmonic terms in (1), and (2) carries
information on strong in medio modulated interac-
tions; which are observed as correlations in the
observed yield. Here, the relations between the
main geometric mode v9, and the higher degree
modes v3, and vy in (2), are observed in order
to characterize the nature of the media-modulated
vertexes.

The features of the harmonics are here believed
to be possible to investigate with novel, relative
compound-flow phase-space correlators.

Method

The ultra-relativistic heavy ion collisions are in this work investigated by generating
event-data in the Monte-Carlo computational model HYDJET++ [11]. The model
simulates an evolving state, which comprises of a hard-, and a thermal state. This
superposition and projections of it, are thus made possible to investigate.

At present, multiple event-planes are implemented in the model, thus enabling sim-
ulations of harmonic interplay. This will provide for a rich investigation of correlators,
such as compound flow of higher degree; thus supporting postulates of bulk phe-
nomena and fluctuations.

The second, third, and fourth order model-fireball deformations are here imple-
mented, in order to reproduce the observed event-plane characteristics. The mod-
ulation of the fireball geometry and dynamics in concord with the generation of the
event-planes, is providing the means for the simulation of higher harmonics. The
multiple scattering Glauber model [12], models the interacting bulk matter in this
model. An implementation of a Bjorken-scaling evolution (Fig.1a) with decays, and
pressure-dependent in medio modulated processes [5, 6, 7, 8] (Fig.1c), provides a
realistic simulation of an evolving fireball. The expanding matter, is here modelled to
freeze out thermally and chemically; thus forming the observable particles (Fig.1b).

The simulated flow is here forming sixth order correlators. These correlations pro-
vides information on harmonic interplay; thus investigating the interaction modes of
the heavy ion collision yield.

Figure 1: Initial participant matter in a non-central heavy ion collision possesses
large pressure gradients, which evolves into an observed matter momentum space
anisotropy (a). Freeze out of chemical composition and subsequent thermal freeze
out of the particle distribution (b). An in medio modulated event (c).

Results and Discussion

The interplay of the model event-planes are here investigated by observing compound-

flow observables.

In line with the development of the HYDJET++ model, the hexagonal flow vg is in-
vestigated in terms of the fluctuating V5 plane, and the main, geometric V5 plane.
In addition, a fourth order flow is simulated and measured in the ¥, plane of the
computational model. The implementation of the second and third order plane thus

provides for the simulation of sixth order compound flow-terms. In specific, the flow

terms: wv3vs, vovy, and vovguy, are related in transverse-momentum space, and also
iInvestigated in centrality projections [2].
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Fig.1 Azimuthal anisotropy. The simulated azimuthal anisotropy is displayed for the centralities
Z— e {0% — 5%, 20% — 30%} [14, 15]. Collider-data are included for comparison.
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In Fig.1, the simulated azimuthal anisotropy is compared with experimental collider-
data.

Inthe 0 < p | < 3.5 GeV/c transverse-momentum regime, the elliptic flow is seen to
be reproduced for the central collisions (0% to 5%), and also for the more peripheral
collisions (20% to 30%) [14]. The simulated triangular flow also appears to agree
with collider-data for both of the displayed centralities. In this work, the fourth or-
der flow is measured in the model V5 plane and also compared with corresponding
collider-data [15]. The quadrangular flow is seen to be reproduced in the ¥y plane
to a high degree, although the absence of an implemented V¥, plane puts a firm con-
straint on the simulations. It is here seen that the observed level of flow-reproduction
will provide for a more refined investigation of flow correlators.

In Fig.2, the vé/g/vyz ratio is seen to display a

differentiated behaviour in transverse-momentum
space.
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Fig.2 Flow correlators of sixth order. The ratios are
displayed for the centralities: —>— € {0% — 5%, 20% — 30%},
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for a hydrodynamical projection, and an inclusive projection.

For both of the displayed centralities, it appears
that the hydrodynamic projection has a monotonic
dependence on ellipticity, while the inclusive pro-
duction mode displays features of fluctuations, jet-
, and mini-jet production.

Also, the scaled sixth-order ratio vé/ X / (v2v4)1/ 0 is
displayedin Fig.2. Its hydrodynamic projection dis-
plays a behaviour that seems to be congruent with
the corresponding vé/ 3/1}%/ : ratio, which is in line
with present theory [1, 2]. Also, the inclusive pro-
jection displays a weaker correspondence to the

v§/ ’ /v%/ * ratio. In fact, the vy-ratio displays an al-
most perfect scaling for the central hits. This is
here interpreted as a support of the view of fluctu-
ation dependent higher-order harmonics.

Conclusion

In the present model: the elliptic-, triangular-, and
quadrangular Vs-flow are seen to be reproduced
In the transverse momentum regime of 0 < p| <
3.5 GeV/c, and in the centrality regime of (0% to
50%) [3].

The harmonic interplay is here investigated in the
correlator-ratios: vé/ ’ /v%/ 2, and vé/ 2 /(vyv4)1/0, which
displays higher order features when related in the
model.

It is concluded that the correlators display be-
haviour that are related to fluctuations. The ob-
served characteristics are under a complex con-
clusion providing rich information on fluctuations
and bulk matter evolution. In specific, the fourth or-
der flow is displaying a differentiated behaviour for
central hits, where fluctuations, jets, and mini-jets
are seen to produce an almost perfect scaling.

This differentiation can be further elaborated upon
iIn an implementation of a finer model of the evolv-
Ing particle production vertexes.

Acknowledgment

Discussions and collaboration with L. Bravina, E.
Zabrodin, and their associated research group are
hereby acknowledged. This work is funded by the
Research Council of Norway (NFR).

References

L. Bravina et al., Phys. Rev. C 87, 034901 (2013).
L. Bravina et al., Phys. Rev. C 89, 024909 (2014).
L. Bravina et al., Eur. Phys. J. C 74, 2807 (2014).
L. Bravina et al., Phys. Rev. C 74, 2807 (2017).

J. D. Bjorken, Fermilab Publication, Pub-82/29-THY
(1982).

E. Braaten et al., Phys. Rev. D 44, 1298 (1991).
R. Baier et al., Phys. Rev C 60, 064902 (1999).
R. Baier et al., Phys. Rev. C 64, 057902 (2001).
J.-Y. Ollitrault, Phys. Rev. D 46, 229 (1992).

[10] A. M. Poskanzer and S. A. Voloshin, Phys. Rev. C
58, 1671 (1998).

[11] I. P. Lokhtin et al., Comp. Phys. Comm. 180, 779
(2009).

[12] R. J. Glauber et al., Nucl. Phys. B 21, 135 (1970).
13] I. P. Lokhtin et al., Eur. Phys. J. C 16, 527 (2000).
14] G. Aad et al., Phys. Rev. C 86, 014907 (2012).
15] B. Abelev et al., Phys. Lett. B 719, 18 (2013).

oA W8N =

© © N o




