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Aiming for the simultaneous description of the hard and the soft regime of ultra-relativistic
heavy-ion collisions, we present our recent findings within the partonic transport model
BAMPS (Boltzmann Approach to Multi-Parton Scatterings). While using both elastic
and radiative interactions provided by perturbative QCD, BAMPS allows the full 3+1D
simulation of the quark-gluon plasma (QGP) at the microscopic level by solving the rela-
tivistic Boltzmann equation for quarks and gluons. BAMPS facilitates investigations of jet
quenching, heavy flavor and elliptic flow within the partonic phase of heavy-ion collisions
as well as studies of QGP medium properties in terms of e.g. transport coefficients like
n/s and the electric conductivity.

1 Introduction

When heavy nuclei collide at ultra-relativistic energies, a system of hot and dense matter is
created. Due to the enormous available energy densities within these collisions, quasi-free
quarks and gluons represent the relevant degrees of freedom. Therefore the produced medium
is commonly called the “quark-gluon plasma” (QGP). Experiments at both the Relativistic
Heavy-Ton Collider (RHIC) at BNL and the Large Hadron Collider (LHC) at CERN show that
the created medium exhibits interesting properties [1]: While high energy particles traversing
the medium are quenched, the system shows at the same time a collective behavior similar to a
nearly perfect liquid. Among the most prominent observables for quantifying these properties
are the nuclear modification factor, R44, and the elliptic flow, vo. While R44 measures the
suppression of inclusive particle yields compared to scaled p+p collisions, the elliptic flow vs,
defined in terms of the second Fourier coefficient of the azimuthal particle distribution, gives
insight to the collectivity of the medium.

Although both phenomena are commonly attributed to the partonic phase of the heavy-ion
collision, a simultaneous understanding of jet quenching and bulk phenomena on the micro-
scopic level remains a challenge. In this paper we report on our progress in understanding
the QGP within the partonic transport model Boltzmann Approach to Multi-Parton Scatter-
ings (BAMPS). Based on cross sections calculated in perturbative quantum chromodynamics
(pQCD), soft and hard particles are treated on the same footing in a common framework. While
we take explicitly the running of the coupling into account, we study the energy loss of highly
energetic [2, 3] and heavy flavor particles [4, 5] as well as the collective behavior in terms of the
elliptic flow [3] and the electric conductivity of the underlying QGP medium [6].
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2 The BAMPS framework

The partonic transport model Boltzmann Approach to Multi-Parton Scatterings (BAMPS) [7, §]
describes the full 3+1D evolution of both the QGP medium as well as high energy particles
traversing it by numerically solving the relativistic Boltzmann equation,

PO f(Z,t) = Caz + Cawss (1)

for on-shell partons, quarks and gluons, and perturbative quantum chromodynamics (pQCD)
interactions. To this end, a stochastical modeling of the collision probabilities together with a
test-particle ansatz is employed.

Within BAMPS, both elastic 2 — 2 scattering processes calculated in leading-order pQCD,
like e.g. gg — g g, and inelastic 2 < 3 interactions, like e.g. gg <> ggg, are considered. The
inelastic cross sections are calculated within an improved Gunion-Bertsch (GB) approzimation
[9, 10],
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which agrees well with the exact pQCD matrix element over a wide phase space region [10]. As
a remark, ﬂX%y‘ denotes the matrix element of the respective elastic process, while k£, and
q.1 are the transverse momentum of the emitted and internal gluons, respectively.

The running of the QCD coupling a,(k?) is considered within BAMPS by setting the scale
of the coupling to the momentum transfer of the considered channel and thereby evaluating it
for each collision at the microscopic level.

For modeling the Landau-Pomeranchuk-Migdal (LPM) effect, which is an important quan-
tum effect within a partonic QCD medium, an effective cutoff function 8 (A — Xy pas 77) in the
radiative matrix elements is used, where A is the mean free path of the radiating particle, 7¢
the gluon formation time and X py; a parameter that effectively controls the independence
between consecutive gluon emissions. The value Xppys = 0.3 is fixed by comparing to Raa
data of neutral pions at RHIC [3]. Any further divergences occurring in the integration of
the pQCD matrix elements are cured by a screening Debye mass m3%,, which is dynamically
computed on the basis of the current quark and gluon distribution [7].

3 Jet quenching within heavy-ion collisions

While employing PYTHIA [11] initial conditions together with a Monte Carlo Glauber sampling
as described in detail in Ref. [7, 12], Fig. 1 (left) shows the nuclear modification factor R4a
obtained by BAMPS for gluons, light quarks and charged hadrons at the LHC [3]. Due to
their larger QCD color factor, gluons are stronger suppressed than light quarks over the whole
p; range. For comparison with data, we also show the Rga for charged hadrons resulting
from fragmentation via AKK fragmentation functions [13]. According to this fragmentation
functions, hadrons at low p; are dominated by fragmenting gluons, while at higher p, the quark
contribution increases. Together with the rising shape of the R4 4 this effect leads to a hadronic
R4 4 that is close to the quark Ra4.

Another method for characterizing the energy loss of high p; partons within the QGP is the
reconstruction of jets within heavy-ion collisions. Both the ATLAS [14] and CMS experiments
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Figure 1: Left: Nuclear modification factor R4 4 of gluons, light quarks, and charged hadrons at
LHC (left) for a running coupling and LPM parameter X = 0.3 together with data of charged
hadrons [16] as published in Ref. [3]. Right: A; distribution calculated by BAMPS [2] with
impact parameter byean = 3.4 fm together with PYTHIA initial conditions in comparison with
Vs = 2.76 TeV p+p and /s = 2.76 ATeV 0-10% Pb+Pb data measured by CMS [15] as
published in Ref. [2].

[15] reported the measurement of an enhanced number of events with an asymmetric pair of
back-to-back reconstructed jets in comparison to p+p events, which is quantified in terms of the
momentum imbalance A (pg1, pr2) = %, where pt.1 (pr:2) is the transverse momentum of
the leading (subleading) jet—the reconstructed jet with the highest (second highest) transverse
momentum per event. While employing all experimental trigger conditions, Fig. 1 (right) shows
the momentum imbalance A; calculated within BAMPS together with data. Consistent with
the R 44 studies the momentum imbalance of reconstructed jets within BAMPS is in agreement
with data. For more details about the studies of reconstructed jets within BAMPS we refer to

Ref. [2].

4 Heavy flavor within heavy-ion collisions

Quantitative studies of heavy flavor within BAMPS [17, 18, 4] show that, although elastic pro-
cesses with a running coupling and an improved screening procedure contribute significantly to
the energy loss of heavy quarks, they alone cannot reproduce the data of the nuclear modifica-
tion factor or the elliptic flow of any heavy flavor particle species. Therefore, before radiative
heavy quark processes have been implemented in BAMPS, we mimicked their influence by ef-
fectively increasing the elastic cross section by a factor K = 3.5, which is tuned to the vy data
of heavy flavor electrons at RHIC [4]. With this fixed parameter it is furthermore possible to
describe the R4 4 of heavy flavor electrons at RHIC as well as the experimentally measured R4 4
and ve of all heavy flavor particles at LHC (see Fig. 2). However, the need of the phenomeno-
logical K factor is rather unsatisfying from the theory perspective. Therefore, the question
arises whether radiative processes can account for the missing contribution parameterized by
the K factor. To this end, we present in the left panel of Fig. 3 the nuclear modification factor
at LHC calculated within BAMPS while treating both heavy and light partons on the same
footing consisting of radiative processes based on the improved GB matrix element, a running
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Figure 2: Elliptic flow vy (left) and nuclear modification factor R4 (right) of various heavy
flavor particles at LHC as published in Ref. [4] together with data [19, 20, 21, 22, 23, 24]. Only
binary heavy flavor processes are considered and multiplied with K = 3.5.

coupling and an effective modeling of the LPM effect (X.par = 0.3) [5]. A good agreement
between the BAMPS calculations and the nuclear modification factor of D mesons at LHC is
found. As shown in Ref. [5] the energy loss of light and charm quarks is similar what explains
why the nuclear modification factors of charged hadrons and D mesons in heavy-ion collisions
have also the same values. Furthermore, mass effects in the fragmentation of gluons and light
quarks to charged hadrons and charm quarks to D mesons lead to a similar suppression of
charged hadrons and D mesons in BAMPS.

5 Properties of the underlying QGP medium

After presenting results on jet quenching and heavy flavor, we investigate the bulk evolution by
employing the same setup as already described above together with the fixed LPM parameter
Xrpym = 0.3 and a freeze-out energy density €. = 0.6 GeV/fm [26]. Since the microscopic
hadronization processes within the soft regime are not fully understood yet, we show in Fig. 3
(right) our results for the integrated, partonic vy as a function of the number of participants
Npart in comparison with LHC data.

Remarkably, by using the same microscopic pQCD interactions for both the hard and the
soft momentum regime, BAMPS media build up a sizable amount of flow within the partonic
phase. The reason for this lies in the isotropization of inelastic 2 <+ 3 processes as well as
the running coupling, which affects the elliptic flow of particles with small py and the R4 of
particles with large pp differently. The difference of the integrated, partonic vy of BAMPS and
the measured, hadronic v both at LHC is about 10 — 20% and is supposed to be caused by the
missing hadronic phase.

As advocated in dissipative hydrodynamic fits, an important quantity for the bulk medium
in heavy-ion collisions is the shear viscosity to entropy density ratio n/s. In Fig. 4 (left)
the temperature dependence of this value in a static medium allowing all 2 — 2 and 2 < 3
processes is shown. The shear viscosity is calculated via the Green-Kubo relation, which links
the autocorrelation function of the medium energy-momentum tensor of the medium to the
transport coeflicient n [27]. The ratio /s decreases with decreasing temperature and reaches
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Figure 3: Left: Nuclear modification factor R4 4 of charged hadrons and D mesons at LHC
as published in Ref. [5] in comparison to data [16, 23]. Both binary and radiative processes
with a LPM parameter set to Xppys = 0.3 are considered. Right: Elliptic flow vy of gluons,
light quarks, and both together (light partons) within |n| < 0.8 at LHC as a function of the
number of participants Npar¢ for a running coupling and LPM parameter X = 0.3 as published
in Ref. [3]. As a comparison we show experimental data by CMS for charged hadrons within
|n] < 0.8 [25].

a minimum at the phase transition. The value of 7/s in the region around T' = 0.2 GeV that
is most important for the elliptic flow is approximately 0.2 for ny = 0, which agrees very well
with the shear viscosity extraction from dissipative hydrodynamic models employing a constant
n/s = 0.2 together with initial fluctuations modeled by IP-Glasma [28]. Thus our calculation
employing pQCD cross sections can give a microscopic explanation of the small shear viscosity
to entropy density ratio extracted from hydrodynamics.

Besides the shear viscosity it is also possible to study other transport coefficients of the
QGP medium, like e.g. the heat conductivity s [39] or the electric conductivity oo [6]. The
electric conductivity is related to the soft dilepton production rate and the diffusion of magnetic
fields in the medium. Studies of the electric conductivity allows to compare the effective cross
sections of medium constituents between several theories, including transport models [29, 40],
lattice gauge theory [32, 33, 34, 35, 36, 37, 38] and Dyson-Schwinger calculations [41].

The longitudinal static electric conductivity oe relates the response of the electric diffusion
current density ; to an externally applied static electric field E, 3: aelﬁ. Additionally, the
electric conductivity can also be obtained by the Green-Kubo [42, 43] formula for the electric
current density in x-direction j,(t),

S M Ny,
. . . . 1 i
oo = BV / (G2(0)ja(t)) At with jo(t) = a5l (3)
) VNtest k=1 i=1 i lt

where V' denotes the volume, 3 = T~ the inverse temperature, M the number of particle
species and Nj the number of particles of species k. The electric current autocorrelation
function (5,(0)j.(t)) can be obtained numerically, as it has been done in e.g. Ref. [27] for
the shear stress tensor correlation function.

By employing BAMPS with the described pQCD cross sections, it is possible to extract
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Figure 4: Left: Shear viscosity over entropy density 7/s for running coupling and Xipy =
0.3 in a static medium of temperature 7" with number of quark flavors n; as published in
Ref. [3]. Right: Electric conductivity oo within BAMPS (filled symbols) as published in Ref. [6]
compared to recent results from literature. The open symbols represent results from lattice
QCD. PHSD: [29], SYM: [30], non-conformal holographic model: [31], lattice A: [32], lattice B:
[33], lattice C: [34], lattice D: [35], lattice E: [36], lattice F: [37], lattice G: [38]. The electric
charge is explicitly multiplied out, e? = 47/137.

the electric conductivity of a plasma consisting of quarks and gluons in the massless limit
using both approaches, via the response of the electric diffusion current density and the Green-
Kubo relation. These studies have shown that both methods show identical results [6], what
has been additionally justified by comparison with analytically formulas employing constant,
isotropic cross sections. Figure 4 depicts the results for the electric conductivity using pQCD
cross sections together with either a running coupling or a fixed coupling ay = 0.3. The electric
conductivity reflects in a profound way the effect of inelastic pQCD scatterings and the running
of the coupling as. The presented results from the BAMPS transport simulation lie between
0.04 < 00/T < 0.08 for temperatures 0.2 GeV < T < 0.6 GeV. As a remark, the quantitative
comparison with lattice QCD data is difficult since the published results from lattice QCD for
the electric conductivity vary widely between 0.001 < 0 /T < 0.1.

6 Conclusions

By solving the relativistic Boltzmann equation for on-shell partons, the partonic transport
approach BAMPS allows the full 3+1D microscopic simulation of the QGP created in ultra-
relativistic heavy-ion collisions. Consequently, investigations of both the suppression of high
p; particles and the collectivity of the bulk medium within a common framework are possible
within BAMPS. By employing an improved Gunion-Bertsch matrix element and a running
coupling evaluated at the microscopic level, we are able to describe high p; and heavy flavor
observables at LHC. Furthermore, the same microscopic pQCD interactions lead to a sizable
elliptic flow of the bulk medium within the partonic phase. Furthermore, we investigated
medium properties of the QGP in terms of the shear viscosity to entropy density ratio n/s and
the electric conductivity o from a microscopic perspective.
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