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In this paper we study the azimuthal correlations of heavy quarks in Pb + Pb collisions with /s = 2.76 TeV
at the Large Hadron Collider. Due to the interaction with the medium, heavy quarks and antiquarks are deflected
from their original direction and the initial correlation of the pair is broadened. We investigate this effect for
different transverse momentum classes. Low-momentum heavy-quark pairs lose their leading-order back-to-back
initial correlation, while a significant residual correlation survives at large momenta. Due to the larger acquired
average deflection from their original directions the azimuthal correlations of heavy-quark pairs are broadened
more efficiently in a purely collisional energy loss mechanism compared to that including radiative corrections.

This discriminatory feature survives when next-to-leading-order production processes are included.
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I. INTRODUCTION

Heavy quarks play an important role in the study of the
deconfined phase of strongly interacting matter created in
ultrarelativistic heavy-ion collisions. Traditional observables
of heavy quarks, such as the nuclear modification factor, R4 4,
and the elliptic flow, v,, have intensively been studied at the
Relativistic Heavy Ion Collider (RHIC) in the PHENIX [1]
and STAR experiments [2,3] and in the Large Hadron Collider
(LHC) experiments ALICE [4] and CMS [5]. All of these
data for the R44 signal a significant in-medium energy loss
of charm and bottom quarks with larger transverse momenta.
The existing data on heavy-quark v, shows that charm quarks
partially thermalize within the medium at smaller transverse
momentum.

Both the energy loss of hard probes and the thermalization
of the soft part of the heavy-quark spectra result from
the interaction of the probe with the light partons of the
surrounding medium. This interaction can be classified into
two main contributions, the purely elastic cross sections, called
collisional energy loss [6—10], and the gluon bremsstrahlung,
called radiative energy loss [11-20].

For light partons, it was originally the collisional energy
loss leading to the suppression of high-pr hadrons which
was proposed as a signal for the formation of the deconfined
quark-gluon plasma (QGP) phase in heavy-ion collisions [6].
Soon after, the radiative energy loss was, however, identified
as the dominant energy-loss mechanism, due to its linear
increase with the energy E of the incoming parton in the
case of an infinite path length L. For a correct description
of the radiative energy loss the QCD generalization of the
Landau-Pomeranchuk-Migdal (LPM) effect [13,14] needs to
be considered, which leads to a reduction of the gluon
bremsstrahlung due to the coherent emission from several
scattering centers. As a consequence, the energy loss increases
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only o+/E for an infinite path length L and g L?In E for a
finite path length, where § is the jet quenching parameter of
the medium. Further effects due to in-medium modifications
of the gluon properties [21-24] would reduce the radiative
contribution to the energy loss and are currently up for debate.
The collisional energy loss was better understood through
several reconsiderations, including the running of the coupling
a; and calculations beyond leading logarithms [9,10], and its
numerical importance at intermediate py is undoubted. Yet,
radiative processes are still commonly thought to be the dom-
inant mechanism for energy loss of light partons at large pr.
For heavy quarks, both contributions suffer from mass ef-
fects. In standard hard-thermal loop (HTL) calculations [7,8],
the collisional energy loss for relativistic quarks with a finite
mass M is essentially an increasing function of the velocity for
energies E <« M?/T and thus presents a mass hierarchy for
a given pr. Such a hierarchy is also expected in the radiative
energy loss, due to the dead cone effect [17]. The relative
fraction of radiative and collisional energy loss at a given pr is
therefore systematically less under control, but it is suggested
that, for jets with an energy of the order ~5-15 GeV measured
in A A collisions, the collisional energy loss might be compara-
ble to the radiative one for heavy partons [9,25,26]. Although it
remains a challenge to describe R4 4 and v, simultaneously in
one framework, the currently available data on the traditional
observables is not sufficient to distinguish well between the
two different contributions to the energy loss nor between the
different models describing these energy-loss mechanisms.
There is a broad range of models which are able to describe
R 44 or vy or both by realistic simulations of the heavy-quark
propagation in the medium, usually through rescaling the
transport coefficients. These models use purely elastic cross
sections [27-31], purely radiative contributions to the energy
loss [32], a cocktail of both of them including and excluding
the LPM effect [33-35], or nonperturbative approaches,
such as resonance scatterings [36—40] or anti-de Sitter
space/conformal field theory—based calculations [41-43].

©2014 American Physical Society


http://dx.doi.org/10.1103/PhysRevC.90.024907

NAHRGANG, AICHELIN, GOSSIAUX, AND WERNER

With the improvement of detector and accelerator tech-
nologies, new heavy-quark observables may become feasible:
e.g., heavy-flavor correlations. In this paper we will investigate
the potential of azimuthal correlations between heavy-flavor
quark-antiquark pairs (Q Q) to discriminate between purely
collisional and radiative mechanisms. To leading order (LO)
in perturbative QCD the production of heavy quarks in initial
hard scatterings is given by the processes ¢§ — QQ and
gg — Q0. Due to momentum conservation these processes
will lead to a back-to-back correlation in azimuthal angle A¢
between the heavy quark and the antiquark. As a consequence
of the subsequent interaction with the medium this initial
correlation will broaden around A¢ = m [44-48]. If the heavy
quarks thermalized within the medium, the final distribution of
heavy-quark—antiquark pairs would be isotropic and the initial
correlation would be lost. This can be seen by increasing the
interaction rates between the heavy quarks and the medium
constituents. As final hadronic interactions do not influence
the angular correlations the wash-out of initial correlations
indicates the presence of a locally thermalized partonic
plasma [44]. Q O pairs with very small initial momentum are
expected to not only lose their initial back-to-back correlation
but to be pushed into the same direction by the outward collec-
tive flow of the medium and thus obtaining a final correlation
around A¢ ~ 0. This effect is called “partonic wind” [46].
Thermalization of heavy quarks with intermediate and large pr
is unlikely, and a residual back-to-back correlation is expected
to survive the evolution of the Q0 pair in the medium. At
higher center-of-mass beam energies, due to the harder pr
jets, next-to-leading-order (NLO) production processes will
become important, which lead to additional initial correlations
at A¢ >~ 0.

The azimuthal correlations of b-jet events with large trigger
pr have recently been studied in proton-proton collisions at
A/s =7 TeV in the CMS experiment [49]. They show indeed
an enhancement of correlations in the region of small angular
separation as compared to a LO azimuthal back-to-back
correlation.

As compared to previous works [44-48], we will systemati-
cally investigate the azimuthal correlations between Q Q pairs
with respect to the two energy-loss mechanisms, collisional
and radiative, different pr trigger classes, and LO as well
as NLO initializations. We use an improved version of our
Monte Carlo approach to the heavy-quark propagation in a
fluid dynamic medium. In previous publications [28,50] it was
shown that it is able to reproduce the existing data for R4 4 and
vy of nonphotonic single electrons at RHIC in a collisional
energy-loss scenario by a global rescaling of the rates with a
factor K = 2; predictions for R44 and v, of D and B mesons
at RHIC and LHC were provided. By including a first version
of radiative energy loss our model turned out to be equally
able to reproduce the nonphotonic single-electron results at
RHIC [33,51] after a global rescaling of the rates by K = 0.7.
In Ref. [34], we have presented a first comparison with R4 4 for
D mesons at RHIC and LHC. Although this model was rather
successful, one has to mention that these calculations were per-
formed using an outdated (2 + 1)-dimensional fluid dynamical
medium description of the plasma evolution [52], which relies
on an equation of state with a strong first-order phase transition
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based on ideal hadron and quark-gluon gases. In the present
work we use a (3 + 1)-dimensional [(3 + 1)d] fluid dynamical
description of the medium evolution coming from the initial
conditions of the EPOS model [53,54], which includes an
equation of state from lattice QCD calculations [55]. A first
discussion of this new medium description is presented in
Ref. [56]. The radiation process off heavy quarks is rectified
by implementing a more rigorous phase-space restriction. This
improved approach is equivalently able to describe the existing
heavy-flavor data [57].

This paper is organized as follows: In Sec. II we describe
the ingredients of the current version of MC @sHQ, coupled to
the fluid dynamical evolution. The properties of the collisional
and the radiative energy-loss mechanisms are presented in
Sec. III. Results of our simulations are shown in Sec. IV, for
leading-order initialization in Sec. IV A followed by Sec. IV B,
where we show the additional influence of next-to-leading-
order production processes. The main findings are summarized
in Sec. V.

II. MODEL

Our approach to the propagation of heavy quarks in the QGP
consists of two main parts: the Monte Carlo implementation
of the interaction mechanisms, MC @sHQ, and the EPOS fluid
dynamical evolution of the QGP medium. While the exhaustive
and detailed description of the coupled approach including the
comparison to existing data will be given elsewhere, we briefly
outline the main ingredients which are of relevance for the
present study.

A. EPOS fluid dynamics

The ideal fluid dynamical background is subsequent to the
EPOS initial conditions [53,54], which are obtained from a
multiple scattering approach (per nucleon-nucleon collision).
Each elementary scattering process is described by a parton
ladder, whose final state is a longitudinal color field. The
dynamics of this flux tube is described by a relativistic
string. In elementary collisions the string breaking by ggq
production leads to hadron formation from the individual string
segments. In nucleus-nucleus collisions the density of flux
tubes is large, and string segments, which are slow and/or far
from the surface, are assumed to quickly constitute locally
thermalized matter and then evolve as a fluid. From this
procedure one obtains the initial profiles for all fluid dynamical
fields. The fluctuating flux tube positions allow us to treat the
fluid dynamical evolution event by event, accounting for the
fluctuating spatial structure of single events. In principle we
could thus study the heavy quark propagation in a realistic
event-by-event simulation. To gain better statistics, however,
we evolve 10° MC @sHQ runs per fluid dynamical event.

The full (3 + 1)d fluid dynamical simulation is performed
by including a parametrization of the equation of state from
lattice QCD [55]. It exhibits a crossover transition between
partonic and hadronic degrees of freedom in a range of
temperatures between 7 = 145 and 165 MeV [58].

We use the version EPOS2.17V3 in this work. Here, we try
to mimic viscous effects by taking artificially large values of
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the flux tube radii (in this case 1 fm), in order to get smoother
initial conditions. This procedure reduces the elliptic flow.

In the present work we concentrate on the azimuthal
correlations on the partonic level and do not investigate the
effects of hadronization or an interaction of D and B mesons
in a final hadronic stage. All results presented in the following
are shown for charm and bottom quarks taken locally at a
transition temperature of 7, = 155 MeV, which is well within
the range given by lattice QCD.

In its integral version including a final hadronic cascade
the EPOS approach is able to simultaneously describe a
variety of soft observables such as particle yields, spectra,
flow coefficients, and dihadron correlations at RHIC and LHC
energies [53,54]. Having the soft sector under control gives
us confidence that we can reliably investigate the in-medium
modifications of the heavy-quark distributions.

B. MC@sHQ

The Monte Carlo sampling of the scatterings of the charm
(m. = 1.5 GeV) and bottom (m; = 5.1 GeV) quarks with
the light partons and gluons is performed by solving the
Boltzmann equation with the respective cross sections for
collisional and radiative processes. Locally, the temperature
and the fluid velocity are taken from the fluid dynamical
evolution. They provide the local thermal distribution of the
medium constituents and enter into the reaction rates. In
this work, the light quarks enter the thermal distribution as
massless, relativistic particles.

1. Initialization

Understanding the measurements of charm and bottom
production in hadronic collisions at the Fermilab Tevatron and
the LHC has largely evolved by introducing the fixed-order
next-to-leading-log (FONLL) framework [59-61]. It combines
fixed LO QCD with a resummation to all orders with next-
to-leading-log accuracy. Theoretical uncertainties are well
under control and can be estimated from variations of the
factorization and renormalization scale, the heavy-quark mass,
and uncertainties in the parton distribution functions. In the
standard version of MC@sHQ we use the initial p7 distribu-
tion from FONLL and assume a flat rapidity distribution in the
range of y = [—1,1], with nucleon-nucleon cross sections of
'fi ly=0 = %U:O =769 pub and %l,»:o = %I):o =25 ub
at /s = 2.76 TeV [62]. The FONLL framework allows us to
calculate one-particle inclusive distributions only, because the
information of the rest of the event is integrated over. We, thus,
consider initial azimuthal correlations only to LO processes,
which give a delta peak at A¢ = . For a study of primarily
theoretical interest, we will use this initialization in Sec. IV A.
A more realistic initial situation is considered in Sec. IV B,
where a Monte Carlo implementation to NLO QCD matrix
elements plus parton shower evolution of the initial and final
states, MC@NLO [63,64], is used to generate the initial Q 0
pairs event by event.

In the coupled approach of MC@sHQ + EPOS the Q0
pairs are initialized randomly over the spatial points of initial
nucleon-nucleon scatterings. During the pre-equilibrium stage,
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until the fluid dynamical evolution starts at 7p = 0.35 fm, the
heavy quarks do not undergo any scatterings but are evolved
via free streaming.

2. Collisional energy loss

The rate for the elastic 2 — 2 collisional processes Q +
qg—> Q' +q and Q+ g — Q'+ ¢’ in a fluid cell at rest is
generically written as

3
R — L[4k n,-(k)p'k/dtd”’*”z, (1)
EJ (2n) kO dt
where p and E = pg are the four-momentum and the energy
of the incoming heavy quark, respectively, and k is the four-
momentum of the incoming light quark or gluon. n;(k) is the
thermal distribution of the light quarks (i = ¢) or gluons (i =
g), which is taken as of Boltzmann type in the current version
of MC@sHQ used for the present study, and do; »_,»/dt is the
differential cross section averaged (summed) on entrance (exit)
polarizations and colors, calculated using matrix elements M;
as

dojssr 1 1
dt  647s | pem|?

where the matrix elements for the various channels are
calculated from the (regularized) perturbative QCD Born
approximation [65,66]. In MC@sHQ, first k is sampled
according to the weight n;(k)p - k/k0; 5 _.2(s) with s being
the Mandelstam variable; next, the + Mandelstam variable is
sampled according to do; ., /dt. For the t channel the matrix
elements need however to be regularized in the infrared [67].
In our approach the matrix elements are evaluated according
to the following theoretical considerations:

Mool ()

(i) HTL 4 semihard: In media at finite temperature the
Born approximation to the scattering matrix element
is not justified for low momentum transfers |¢| [7,8].
Here, collective modes of the medium dominate and
gluon propagators need to be resummed by using the
HTL approach. At large |¢|, however, these collec-
tive phenomena are unimportant and the bare gluon
propagator can be used. The average energy loss can
thus be obtained from an approach that combines
HTL at low |#| and hard calculations at large |¢|. In
a weak-coupling theory such as QED, the final result is
independent of the intermediate-scale t* separating the
low and the large |¢| scale [7,8]. In QCD, however,
the underlying condition that sz & T? is violated
at temperatures reached in heavy-ion collisions. The
HTL + hard approach does, thus, explicitly depend on
t*. Physically, this means that the screening distance is
of the same order as the average distance of medium
constituents and that hard processes are also influenced
by polarizations of the medium. By adding a gluon self-
energy to the hard gluon propagator (and calling this
approach HTL + semihard) we were able to resolve this
situation and obtain an average energy loss independent
of the intermediate-scale ¢*. For integration into our
model, we then evaluate the differential cross sections
on the full || range using an effective gluon propagator
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with a self-energy calibrated to reproduce that energy
loss, namely,

1
t —0.2m2(T) "

with a self-consistent Debye mass evaluated as
(see [28] for details)
-2 N, ny - 2
g (T) = ?<1 + ?*)471 a[ —mp(D]T?. %)
(ii)) Running «;: It was shown that the failure of fixed-
coupling perturbative QCD calculations to give the
correct (as compared to lattice QCD calculations)
Debye mass mp can be remedied by properly taking
the running of the strong coupling constant ¢y into
account [9]. In this way the Debye mass is calculated
self-consistently from o at the scale of the Debye
mass itself. By following this procedure the average
collisional energy loss is claimed [9] to be more
important than in the fixed-o; calculation [8]. In
Ref. [10], the running of ¢ is rigorously implemented.
The average energy loss is, however, not found to
be larger than in Ref. [8] in the region where the
calculations are applicable, i.e., for large momentum
p of the incoming parton and large temperature T
of the medium. As explained in Ref. [28], we use
a phenomenological parametrization of the running
o, extracted from experimental data [68,69] and con-
strained by theory [70] that is infrared finite. Extending
our HTL + semihard prescription to the running o
case, one obtains values of energy loss which are in
good agreement with the results in Ref. [10] for large
momenta p and temperatures 7" and which exceed the
average energy loss as in Ref. [8] by a factor of ~2 for
intermediate momenta p and temperatures 7.

3)

1
- =
t

Due to theoretical uncertainties in the perturbative cal-
culations, the obtained cross sections need to be compared
to a reference. Naturally, one would wish to scale the
associated transport coefficients to lattice QCD calculations.
Unfortunately, they cannot yet be precisely and reliably
calculated within lattice QCD. One is thus compelled to
compare final results of R44 to available experimental data.
As is common for models including only collisional energy
loss (see, e.g., [73]), the scattering rates need to be rescaled
by a global factor (here named K) larger than unity in order to
be able to reproduce the data for R4 4. In realistic simulations,
however, besides the necessity to include energy loss by gluon
bremsstrahlung, further effects such as the modeling of the
medium expansion,' the strength of the coupling constant,’
initial state cold nuclear matter effects, and hadronization play
arole and affect the precise value of the K factor. With K = 1.5
our model of purely collisional energy loss is able to describe

UIn particular, different descriptions of the medium evolution can
lead to factors as large as 2 for Ra4 at large pr [71].

2We choose a,(Q> = 0) & 1.2, which is small as compared to the
fit proposed in Ref. [72] for which ;(Q? = 0) ~ 7.
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not only R4 4 of D and B mesons and of heavy-flavor electrons
reasonably well but also the elliptic flow v, at LHC [74],
leaving the possibility of nuclear shadowing at lower pr and
a contribution to v, from a possible hadronic phase.

3. Radiative energy loss

As mentioned in the introduction, several calculations of
radiative energy loss can be found in the literature for the
case of a massless parton, and some of them have been
extended to the case of a heavy quark [17,19,20,75,76].
Usually, those approaches rely on the eikonal limit for which
the formation time of the radiated gluon is large with respect
to the mean-free path. This implies that several collisions with
partons of the medium contribute coherently to the radiation
of a single gluon, which leads to the LPM-type suppression.
In Refs. [33,77], we adopt a different viewpoint: Since the
mass of the heavy quarks acts as a regulator of the collinear
divergence, the formation time is reduced. We extend the
calculations [78] for incoherent radiation off a single massless
parton to the case of massive quarks. In Ref. [77], it is shown
that differential cross section for the Q +¢ — Q' +¢q¢' + g
and Q + g — QO + g’ + g” radiative processes can be written
as
do 24— 284 1 5 1
dxd?k,d*l, 2(s — sz) Mo 4Q2m) \/K®(A)’ ®)
where m  is the mass of the heavy quark, /; is the momentum
transfer—essentially of transverse nature—induced by the
light parton, x is the momentum fraction carried away by
the radiated gluon, and k, is its transverse momentum, while

A= (x(l —x)s—meQ —kf+2xl¥, 7,)2
—4x(1 = )1} (xs — k7) (6)

is associated with the measure in phase space. Special
emphasis is put on the exact conservation of energy and
momentum through the ®(A) condition, which plays a crucial
role for heavy quarks at intermediate momenta. While the exact
expression for |M|? at finite energy is too cumbersome [80]
to be implemented in a Monte Carlo generator, it was shown
in Ref. [77]—as well as in Ref. [81] for the case of massless
quarks—that a fair agreement with the exact calculation can be
achieved for quantities such as x do/dx and the average energy
loss by considering the eikonal limit in |M|? but preserving
the phase-space condition ®(A). In Ref. [77], we then propose
to approximate

do 24— 284 _ 1 dog

dxd*k,d?l;, — m dt
for the so-called QCD gauge-invariant contribution dominat-
ing the radiation spectrumina Q + ¢ — Q' + ¢’ + g process.

In Eq. (7), dog/dt is the differential Q + g — Q' + ¢’ cross
section defined in Eq. (2), taken with t = 1,2, and

P (x, ki [)O(A) )

3, 1 — x

Pg('xakhlt) = 7_[2 X

ki —1, )2 ®
(Et - Z)t)z + xzng

ki
X J—
k> + xszQ
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is an extra radiation factor similar to the one found in Ref. [78]
for massless quarks. Thanks to the dominance of the # channel,
the Q + ¢ — Q + g’ + g” process can then be modeled using
Eq. (7) with do, /dt taken asthe Q + ¢ — Q + g’ differential
cross section. In the Monte Carlo generator, an explicit
realization of the elastic process is achieved first, and the
radiation factor Py is then sampled along the variables x and k.

In Ref. [51], the implementation of radiative processes
was generalized to include the effect of coherence (hereafter
referred to as ‘“radiative + LPM”). For this purpose, the
Neon coherent collisions with light partons responsible for
the radiation of a single gluon were modeled by an effective
scattering center, and a quenching factor was deduced for the
power spectrum per unit length, d*I/(dzdw), as compared
to the incoherent radiation. In our Monte Carlo procedure,
this quenching factor is thus systematically applied for 2 — 3
radiative processes, in order to account for the coherence
effects. It turns out, however, that these effects are of minor
practical importance for the actual values of the D-meson R4
in the pr range of 0-20 GeV considered in this work.

For a combination of collisional and radiative (+LPM)
energy loss, we need to rescale the scattering rates by a global
factor K = 0.8 in order to reproduce the available data (for D
and B mesons and heavy-flavor electrons) for R44 and v, at
LHC with the same conclusions as for the purely collisional
scenario mentioned above [57,74].

III. PROPERTIES OF THE INTERACTIONS

In what follows, the two types of interactions which were
outlined in the previous section have to be understood in
connection with their corresponding K factor, i.e., K = 1.5 or
K = 0.8, when we speak of “collisional” or “collisional and
radiative,” respectively. Moreover, when referring to radiative
energy loss we implicitly mean that the LPM suppression is
also included.

In this section we will first present exact results for an
infinitesimal time step and then toward the end discuss the
effect of a small but finite evolution time of the heavy quarks
in a static, infinite medium at a given temperature. This is
a useful step toward the full coupling to a fluid dynamically
expanding medium.

It is instructive to first analyze the basic properties of
the interactions between a heavy quark and a light parton
from a thermal medium at a given temperature. In this setup
the heavy quark has an initial momentum p™ = (0,0, p‘m
The evolution of azimuthal correlations in the medlum is
determined by how effectively the heavy (anti)quarks acquire
momentum perpendicular to their original directions deter-
mined by p'™. With the given initialization this quantity is
thus p; = ~/p? + p3.

A first basic property of the interaction is the scattering
rate, which for elastic 2 — 2 processes corresponds to the
expression in Eq. (1):

d Ngcat _ - n; (k)d k 4
i Z / @12, / @)

X | Mionl?d®u(p+k;p' - p),  (9)
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where n = 2 and 3 for elastic and radiative processes, respec-
tively, p’ is the four-momentum of the outgoing heavy quark,
and d ®,, is the usual invariant phase space of the exit channel,

d0,(P; pr--- p,) = 8 Zp, H ﬁ (10)

From this, one can build more differential observables such as
the rate of deflection from p™ = 0 toward finite p_, defined

as
i 3
s Z / n;(k)yd’k /(271)4
E &~ ] @2k

X [Mison?d®u(p + ks p' -

dNyea _
d[dpL

P8P’ — pu).
11)

which trivially satisfies [ dpidNsca/(dtdp)) = dNecy/dt.
Technically, one generates 2 — n processes with our Monte
Carlo routines and bins the outgoing heavy quarks in p, . The
routines used for evaluating the properties of the interactions
in this setup are identical to the ones used for the full evolution
in the next sections.

Figure 1 shows the p, distribution in a single scattering of
charm quarks with the medium constituents for two different

initial parallel momenta, pif", and two different temperatures.

This quantity is defined as the ratio jt]zs;“‘ d]Z;”‘ and is thus

normalized with respect to the integration over p,. We see
that this distribution extends to higher p, for increasing both
the initial parallel momentum and the temperature of the
medium. It is also evident that the average p, acquired in
one purely elastic collision is smaller than that in a scattering
with radiative corrections. Although the distribution of p; ina
single scattering does not depend on the K factor we mention
it already here to better outline the following arguments. The
K factor crucially affects the scattering rate, which can simply
be obtained from Eq. (9) and is shown in Fig. 2. Note here that
the absolute number of radiative processes diverges due to the
divergence of soft gluon emission. We, thus, apply a minimum
fraction of longitudinal momentum x = 0.05 of the emitted
gluons with respect to the emitting heavy quark. The rates
practically do not depend on p“" but decrease strongly with
temperature. The most 1mportant aspect for our considerations
is that the scattering rate for the purely collisional interaction
is larger than for the combined (collisional plus radiative
corrections) interaction.

Next, in Fig. 3, we investigate the distribution defined
by Eq. (11) for charm quarks with initial parallel momenta
pll‘“‘ =5 and p”“ = 25 undergoing scatterings with thermal
medium constltuents at two different temperatures via the
two interaction mechanisms. It is the product of the quantities
shown in Figs. 1 and 2. Due to the higher scattering rate for
the purely collisional interaction, we see that the differences
between the two interaction mechanisms become smaller. For
small initial momenta one even observes that the rate of
deflection toward finite p, is larger for the purely collisional
interaction mechanism.
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FIG. 1. (Color online) The distribution of p, that a charm quark
with p“‘“‘ =5 (a) and ph‘“ = 25 (b) acquires in one scattering, purely
collisional (gray, orange online), or including radiative corrections
(black) with medium constituents at temperature 7 = 400 MeV
(solid) and T = 180 MeV (dashed).

We now proceed to the study of the rate by which the
heavy quark with p‘“l acquires an average pi in Fig. 4.
Especially at higher temperatures the clear difference between
the two basic interaction mechanisms is well reflected. For
all initial momenta the purely collisional scatterings lead to a
larger average p? than that obtained including the radiative
corrections. The same ratio of the average p? of the two
interaction mechanisms is observed at a smaller temperature,
where, however, the average pi is much smaller and the
absolute difference between the two types of interactions is
less pronounced. It is also interesting to note that the average
p? is mostly flavor independent. In Ref. [79] we investigated
the same quantity for a purely radiative energy loss mechanism,
where K = 1.8. The average pf_ in this case is even smaller
than that for the mechanisms investigated here.

For a full evolution through the medium, the final p; does
indirectly also depend on the drag coefficient, which is defined
as the rate of losing parallel momentum. When the heavy
quark quickly loses p), the collisions will be less effective
in transferring a large p,. We analyze the drag coefficient
in Fig. 5. We observe the nearly linear increase with p““l for
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FIG. 2. (Color online) Scattering rate of a charm (a) and a bottom
(b) quark at an initial momentum plil"i with medium constituents for
T =400 MeV (solid) and 7 = 180 MeV (dashed). We compare
the purely collisional scatterings (gray, orange online) with those
including radiative corrections (black).

the interaction scenario including radiative corrections and a
slower increase for the purely collisional one at large p. In
the given range of pl‘“1 the drag coefficient for charm quarks
shows a strong dependence on the temperature of the medium.
For higher p"" it will show a similar temperature dependence
for bottom quarks as well. The drag coefficient is larger for
charm quarks [Fig. 5(a)] than for bottom quarks [Fig. 5(b)].
We now investigate what happens, when the heavy quarks
initialized with pl““‘ evolve for a small but finite period of time,
At = 1.0 fm, in a static and infinite medium at temperature
T. We plot the final p, distribution in Fig. 6. The distribution
is normalized to unity with respect to the integration over
p. . For a decreasing time step and by considering only heavy
quarks which acquired a finite p;, > 0, i.e., which underwent a
scattering process, one expects that Fig. 6 is just the distribution
in Fig. 3 multiplied by Ar. For the given time step At here,
this is not observed due to multiple interactions. One sees
that after the propagation of the heavy quarks over this finite
period of time the effect of the higher scattering rate in the
purely collisional case is even more pronounced than in Fig. 3.
Including the time evolution in the medium, we find that the
heavy (anti)quark acquires on average a larger p, via a purely
collisional interaction than if one includes radiative corrections
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FIG. 3. (Color online) The product of the distribution in Fig. 1
and the scattering rate in Fig. 2 for the respective initial momenta
of the charm quark, pj" =5 (a) and p|" =25 (b), in the purely
collisional scenario (gray, orange online) or one including radiative
corrections (black). The medium constituents have temperature 7 =

400 MeV (solid) and T = 180 MeV (dashed).

as well and adapts the K factor accordingly. Of course, the
increase of the average p; with larger p‘ifi and temperature
still holds. This indicates that a full treatment of the evolution
is necessary to relate to final observables.

We can show the same feature by looking at the time
evolution of the average pi of heavy quarks in a static and
infinite medium. This is important because once the heavy
quark has undergone a couple of collisions and thus acquired
some finite p? and lost some of its py; it is already deflected
from its initial direction p™. At some point the subsequent
collisions thus cease to increase the final pf_ with respect
to the initial direction. Indeed we observe in Fig. 7 that
after an increase of p? in the beginning of the evolution it
decreases again. This is also comprehensible in view of the
thermalization occurring on a longer time scale, when on
average p = 0. This is illustrated by the time evolution of
the average p| for one interaction mechanism as an example
in Fig. 7(a). The increase of ( pi) stops when (p)|) has lost
already a substantial part (~50%) of its initial value.
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FIG. 4. (Color online) Average p3 acquired by a charm (a) and
a bottom (b) quark with p‘"' interacting with medium constituents
at T =400 MeV (solid) and 7 = 180 MeV (dashed). We compare
the purely collisional scatterings (gray, orange online) with those
including radiative corrections (black).

We have to note that in principle both types of interaction
mechanisms should reach the limit of thermal equilibrium,
which is obviously not the case in Fig. 7. The reason for this is
that for the radiative case the backward mechanism of 3 — 2
processes is not implemented and thus detailed balance is not
fulfilled. We think, however, that this does not have significant
consequences in the dynamical evolution, which is studied in
the following. During the fast expansion the medium cools and
dilutes such that the backward reaction is expected to be less
effective.

From the study in this section we expect that the clear
differences observed in the average p3 will be relevant for the
following investigation of the azimuthal correlations of Q Q
pairs in heavy-ion collisions.

IV. AZIMUTHAL CORRELATIONS

In this section we investigate the azimuthal correlations
of heavy-quark pairs QQ for Pb + Pb collisions at /s =
2.76 TeV.

024907-7



NAHRGANG, AICHELIN, GOSSIAUX, AND WERNER

coll, K ='1.5, T = 400 MeV ———

- (a) coll+rad, K = 0.8, T = 400 McV ——— .
coll, K =15,T =180 MeV — — —

coll+rad, K = 0.8, T'= 180 MeV =

¢ quarks

—d(py)/dt [GeV /fim]
O ~= N WA T -~ o ©

—d({py)/dt [GeV/fm]
O = N W A Gl O N 0 ©

FIG. 5. (Color online) The drag coefficient of a charm (a) and
a bottom (b) quark with p‘i‘“i interacting with medium constituents
at T =400 MeV (solid) and T = 180 MeV (dashed). We compare
the purely collisional scatterings (gray, orange online) with those
including radiative corrections (black/dark).

A. Back-to-back initialization

After initialization of the QQ pairs according to the pr
distribution from FONLL [59-61] and the LO production
processes, i.e., an azimuthally back-to-back initialization of
the QQ pairs with pr 5 = —pr g, the heavy (anti)quarks
are propagated through the QGP by means of the coupled
MC@sHQ + EPOS approach, which was described in Sec. II.
Here, we track the evolution of the heavy (anti)quark until
it leaves the QGP. At this transition point we extract the
difference of the azimuthal angles, A¢, of those QQ pairs
which were initially produced together. The distributions of
A¢ are shown in Fig. 8 for ¢¢ pairs in the left column and
for bb pairs in the right column. These pairs are taken into
account if both the quark and the antiquark are finally at a
rapidity |yg| < 1 and |yg| < 1. The results for the 0%-20%
most central collisions are plotted in the upper row, while in
the middle row we see results for 20%—40% centrality and
in the lowest row for peripheral collisions (40%—60% most
central). In each individual plot we show the distribution of
azimuthal correlations for three different classes of p7. The
lowest pr class collects all QQ pairs, where both the quark
and the antiquark have a final pr between 1 and 4 GeV. In the
intermediate- p7 class, the quark and antiquark have a final pr
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FIG. 6. (Color online) The distribution of p, that a charm quark
with pif" = 5 (a)and p||" = 25 (b) acquires by an explicit propagation
through the medium for Ar = 1.0 fm via purely collisional (gray,
orange online) interactions or those including radiative corrections
(black) at medium temperature 7 =400 MeV (solid) and T =
180 MeV (dashed).

between 4 and 10 GeV and in the higher p7 class the final pr
of the quark and antiquark is between 10 and 20 GeV.

Before we enter into a detailed discussion of the individual
plots and the different effects which become apparent in
different systems, let us generally comment on one important
feature: In all systems and kinematic classes the initial
correlations are broadened and they are broadened more
strongly for the purely collisional interaction mechanism than
for the mechanism including radiative corrections. This can be
seen as a direct consequence of the larger average pf_ per unit
time for the purely collisional interaction mechanism, as has
been shown in the previous section.

The systems that are created in the most central collisions
are the largest and reach the highest temperatures and densities.
Here, we expect therefore the most efficient broadening of
the initial delta-function-like correlations. Indeed, we find a
substantial broadening of these correlations for all p7 classes
and both interaction mechanisms for c¢ pairs in Fig. 8(a)
and for bb pairs in Fig. 8(b). Let us first look at the pairs
with lowest pr, for which the initial correlations are almost
completely washed out. This is a sign of thermalization of the
heavy quarks within the QGP. A flat d Ny /d A¢ distribution
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FIG. 7. (Color online) Time evolution of the average p3 of a
charm quark with p‘i‘"i =5 (a) and pli‘"i = 25 (b) interacting with the
QGP purely collisionally (gray, orange online) or including radiative
corrections (black) at medium temperature 7 = 400 MeV (solid)
and T = 180 MeV (dashed). In (a) we additionally show the time
evolution of the average p for one scenario.

does, however, not imply that the system is necessarily
equilibrated, because we do not learn anything about the
momentum distribution. Here, we would like to comment
on the “partonic wind” effect, which was introduced and
advocated in Ref. [46]. It says that the initial back-to-back
correlations of c¢c pairs are not only completely washed out
but due to the radial flow of the matter the cc¢ pairs are
pushed into the same direction toward smaller opening angles.
Thus, a final enhancement of the azimuthal correlations in
the region of A¢ >~ 0 is expected. We observe this effect
in the lowest pr class, but only for the purely collisional
interaction mechanism. For the mechanism including radiative
corrections the broadening of the correlations is not affected
by the radial flow in the same manner, and we do not observe
a final correlation around A¢ =~ 0. To quantify this effect we
look at the average final center-of-mass transverse momentum
of the c¢¢ pair divided by the average of the sum of the
initial transverse momenta, F = | p?’fcml) / (Ipi}”iQI + Ipi;"iQI)
(see the sketch in Fig. 9). Initially, F vanishes. It also vanishes
if there is no preferred local direction in the medium. A
finite value, on the contrary, indicates the existence of this
preferred local direction, here given by the collective flow
of the medium. For the lowest pr class, F >~ 0.7 for the
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purely collisional interaction mechanism and F' >~ 0.53 for the
collisional mechanism including radiative corrections. Due to
the larger mass the bb pairs are obviously less affected by
the “partonic wind” effect, in accordance with Fig. 5. It also
disappears for cc pairs in higher pr classes, where F >~ 0.1
for both interaction mechanisms, because the (anti)quarks are
too energetic to be substantially affected by the radial flow,
and in more peripheral collisions.

With increasing pr we see that the peak around A¢p = &
is less and less broadened. The reason for this is twofold:
(a) Particles with larger pr leave the system more rapidly, so
their initial correlation is therefore less affected by the medium,
and (b) for asymptotically large initial momenta the time the
heavy quarks spend in the medium is of the order of the radius

R. The angular opening is thus of the order v A(p?)/pr ~

v (d(pi)/dt) R/ pr, which is a decreasing function of pr due
to the moderate increase of the average p3 per unit time as
a function of p" with pr (see Fig. 4). By comparing the
correlations for c¢ and bb pairs, it seems that the heavier quarks
suffer from larger broadening in the largest py class, especially
for the most central collisions. To understand this fact, one
should note that there are two different contributions to each pr
class. First, there are those pairs which were already created in
this pr class and do not lose enough energy to end up in a lower
pr class. Second, there are those pairs which were created at
larger pr but lost approximately the same amount of energy
to fall into the respective pr class. The same considerations as
above apply: First, although the scattering rates and the average
p3 per unit time are approximately similar for charm and
bottom quarks (see Figs. 2 and 4), high- pr bottom quarks stay
longer in the QGP than do the charm quarks. The bb pairs have
thus more time to develop a broader correlation peak. Second,
bottom quarks lose on average significantly less energy within
the medium than do charm quarks (see Fig. 5). Thus, the bb
pairs which are found in a certain py trigger class typically
have a smaller initial p7 than the equivalent c¢ pairs and then
suffer from larger angular deflections oxv/ A( pi) /pr. This is
what we observe in the higher py classes, where thermalization
does not play a role.

The broadening of the correlations can be quantified
by looking at the variances of the broadened peak around
A¢ = m. In order to calculate these variances, we subtract
a background of Q Q pairs whose correlations are completely
washed out and which we define by the minimum of the angular
distribution. After this subtraction we normalize the resulting
distribution with respect to the angular integration. The values
are given in Table I and should be understood with an error of
5%—10%, corresponding to the uncertainties in the subtraction
of the background. First, we find the confirmation that in the
higher pr classes the peak of the bb pairs is broader. Second,
the broadening of the correlations is larger for the purely
collisional interaction mechanism than for the collisional
interaction mechanism including radiative corrections—for all
centralities and pr trigger classes. The ratio of the variance of
the purely collisional over the variance of the collisional plus
radiative interaction mechanism is ~eq1.5. This is a direct
consequence of the fact that the average p? per unit time
is larger for the purely collisional interaction mechanism, as
discussed in Sec. III.
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FIG. 8. (Color online) Azimuthal correlations of initially correlated Q O pairs at the transition temperature. In the left column the azimuthal

distributions of ¢¢ pairs are shown; in the right column tho

se of bb pairs at midrapidity are shown. The centralities are 0%—20% (upper row),

20%—-40% (middle row), and 40%—60% (lower row). In each plot we compare the purely collisional (gray, orange online) to the collisional

plus radiative (black) interaction mechanism for different ¢

In an experimental situation it might not always be

to identify a heavy quark and antiquark as having been initially
produced in a pair. In particular, there are many cc pairs pro-
duced in one event. This inability of determining experimen-
tally an initially correlated pair would result in an uncorrelated

background in addition to the distributions of Fig. 8.
possibly be removed by mixed-event techniques.

lasses of final pr. See text for more details.

possible B. Realistic initial quark-antiquark distribution

In the previous section the azimuthal correlations of the
Q O pairs in heavy-ion collisions at the transition temperature
from the QGP to the hadronic phase were investigated under
the assumption of an initial back-to-back correlation according
to the LO flavor-creation process ¢g (gg) — Q Q. This is not
realistic at high beam energies. Here, NLO processes become

It could
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important. Especially the gluon splitting process g — Q0
leads to initial correlations in the region of small angular
separations. In this part of the work we will use the distributions
of bb pairs from MC@NLO [63,64], which matches NLO
QCD matrix elements with a parton shower evolution (HER-
WIG [82,83]). This approach is able to reproduce reasonably
well the single-inclusive bottom quark distributions and the
angular correlations of b jets as measured in pp collisions by
the CMS experiment [49]. It had before been tested successful
in comparison to pp collisions with /s =2 TeV at the
Tevatron [64]. MC@NLO is publically available for bottom
quark production but not for charm quark production [84].
We first compare the initial pr distributions of bottom
quarks at /s = 2.76 TeV from FONLL, as have been used
up to now, to the ones obtained from MC@NLO in Fig. 10.
We find that the two prescriptions agree well. This was also
reported in Ref. [61], where several theoretical models of
charm and bottom production at LHC have been compared
among each other and versus data. The conclusion reached
in that work was that FONLL compares better to data of
fully inclusive distributions, which shows the importance
of resumming large logarithms of pr o/mg. As mentioned
before, within the FONLL more exclusive distributions cannot
be calculated however. The difference in the py distributions
of FONLL from that of MC@NLO is not reflected in the
nuclear modification factor R 44 for transverse momenta up to
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FIG. 10. Comparison of the initial py distributions for bottom
quarks as obtained from /s = 2.76 TeV proton-proton collisions in
FONLL (solid) and MC@NLO (dashed).

30 GeV, which is just as well described starting from either of
the distributions.

In the following we use the exclusive bb spectra from
MC@NLO as an input to the bottom quark propagation in the
medium. In Fig. 11 we show the distributions of the azimuthal
correlations of bb pairs that are initially correlated for central
collisions in the three different pr classes and for |y,| < 1 and
|yl < 1. Due to the in-medium energy loss at the end of the
propagation there are fewer bb pairs in the higher py classes
and more in the lower pr classes than there were initially.

The initial A¢ distributions of the produced bb pairs
(dashed curves) have a broadened peak around A¢ ~ 7 and
a second broad and smaller peak at A¢ ~ 0. The peak at
A¢ ~ m stems from the parton shower evolution of the LO
process qG (gg) — bb and NLO processes qG (gg) — bbg,
while the one at A¢ ~ 0 is dominated by gluon splitting
processes g — bbg. We observe that the relative fraction of
gluon splitting contributions compared to the back-to-back
process is smaller for higher p7 of the bottom (anti)quarks, in
accordance with the low-x gluon fragmentation [85].

The propagation by either interaction mechanism, purely
collisional or collisional and radiative, leads to a decrease of
the A¢ ~ m peak and a flattening of the distribution. This is,
as in the previous section, stronger for the lower py classes and

TABLE I. The variances of the correlation distribution for charm quarks [(a) and (c)] and bottom quarks [(b) and (d)] for purely collisional
interaction scenarios in (a) and (b) and collisional plus radiative corrections in (c) and (d).

(a) charm (b) bottom

0%-20% 20%-40% 40%-60% 0%-20% 20%—-40% 40%—-60%
pr € [1-4] GeV 0.87 0.735 pr € [1-4] GeV 1.22 0.96 0.65
pr € [4-10] GeV 0.215 0.14 0.078 pr € [4-10] GeV 0.3 0.18 0.095
pr € [10-20] GeV 0.035 0.028 0.018 pr € [10-20] GeV 0.038 0.029 0.019
(c) charm (d) bottom

0%-20% 20%-40% 40%-60% 0%-20% 20%—-40% 40%—-60%
pr € [1-4] GeV 1.18 0.84 0.54 pr € [1-4] GeV 0.84 0.65 0.42
pr € [4-10] GeV 0.13 0.09 0.053 pr € [4-10] GeV 0.14 0.093 0.055
pr € [10-20] GeV 0.023 0.019 0.012 pr € [10-20] GeV 0.026 0.019 0.013
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FIG. 11. (Color online) Azimuthal correlations of initially cor-
related bb pairs at the transition temperature from an initialization
via MC@NLO. The systems are central Pb + Pb collisions at /s =
2.76 TeV. The different p classes for the final b and b are [1-4] GeV
(a), [4-10] GeV (b), and [10-20] GeV (c). In each plot we compare
the purely collisional (gray, orange online) and the collisional plus
radiative (black) interaction mechanism to the initial distribution
(dashed). See text for more details.

the purely collisional interaction mechanism. In the lowest pr
class in Fig. 11(a) the bb pairs have a slight final enhancement
of correlations at small angular separation, A¢ >~ 0 in the case
of the purely collisional interaction. This shape is a remnant
of the initial correlations at A¢ ~ 0, where the total number is
enhanced due to additional pairs whose initial correlations at
A¢ = m are washed out or whose initial py value was larger.
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TABLE II. The variances of the correlation distributions for
bottom quarks corresponding to the curves in Fig. 11.

Initial Collisional Collisional + radiative
(MC@NLO) K =1.5 K =0.7
pre[1-4] GeV 0.53 0.61
pre[4-10] GeV 0.43 0.48 0.48
pre[10-20] GeV 0.30 0.25 0.23

For pr between 4 and 10 GeV in Fig. 11(b) it can clearly
be seen that the purely collisional interaction mechanism, like
in the previous section, leads to a larger broadening of the
initial correlation than the collisional and radiative interaction
mechanism. For larger pr, as in Fig. 11(c), the difference
between the two interaction mechanisms cannot be resolved,
along the same lines as it decreased for the evolution with the
LO initialization. In addition, the NLO initialization dominates
the smearing of the LO peak at A¢p = 7.

In order to quantify the broadening of the azimuthal
correlations we present the variances of the peak centered
at A¢ = m in Table II. Here, we again subtract a background
by determining the minimum of the distribution on each side
of the peak and subtracting the smaller value. The location of
these minima also define the central peak. The parts of the
distributions beyond the central peak are not included in the
calculation of the variances. The thus-obtained distributions
around the central peak are normalized with respect to the
angular integration. We see clearly that a naive expectation
of simply adding the variance of the initial NLO distribution
and the variance of the final distribution from LO initialization
does not give the variance of the final distribution from NLO
initialization because quenching propagates heavy quarks from
a higher pr trigger class to a lower one. For the lowest
pr class, the peak at A¢ = m disappears completely in a
purely collisional interaction scenario, while it is still visible
for the interaction mechanism including radiative corrections.
Here, the variance is increased from 0.53 (initial NLO) to
0.61, corresponding to a ~15% increase. For intermediate
pr one finds a slight increase of the variance from 0.43
(initial NLO) to 0.48 in both interaction mechanisms, while
in the largest pr trigger class the variances seem to decrease
from the initial distribution. Here, however, the variance is
not a reliable criterion anymore since the initial and the
final distributions deviate from Gaussian shape. If one looks,
instead, at the half width at half maximum (HWHM) after
background subtraction the same trend as observed for the
back-to-back initialization can be recovered. For intermediate
pr the HWHM increases from 0.59 initially to 0.71 for the final
distribution in the collisional and radiative scenario (~20%
increase) and to 0.79 in the purely collisional scenario (~35%
increase). For the largest pr one can find a small residual
broadening for the final distributions with respect to the initial
one by looking at HWHM of the isolated peak around A¢ = 7.

V. CONCLUSIONS

We studied the azimuthal correlations of heavy-flavor
quark-antiquark pairs in heavy-ion collisions within a Monte
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Carlo propagation of heavy quarks, MC@sHQ, coupled to a
fluid dynamical evolution of the strongly interacting medium
coming from EPOS initial conditions. We considered two
different interaction mechanisms: a purely collisional one and
a collisional one including radiative corrections, which are
rescaled in order to reproduce the R44 value of D mesons in
central Pb-Pb collisions at LHC. This is a large improvement
compared to previous works [44,46,48], where the diffusion
coefficient was considered as a free parameter.

These two interaction mechanisms showed clear differences
in a thermal, static medium. We found that the average
deflection perpendicular to the initial direction of the heavy
(anti)quark is significantly larger for the (rescaled) purely
collisional interaction. In heavy-ion collisions we were able
to show that this translates into a more effective broadening of
the initial correlations.

In order to come to this conclusion, we first investigated the
broadening of an initial back-to-back correlation according to
the LO flavor-creation process ¢g (gg) — QO for different
centralities and pr classes. For low-pr heavy (anti)quarks,
in particular charm (anti)quarks are supposed to partially
thermalize inside the medium. Here, we saw that the initial
correlations are almost completely washed out. Moreover, for
apurely collisional interaction mechanism the low- pr c¢ pairs
even show a residual correlation in the region of small angular
separation. This so-called partonic wind effect is, however,
absent for an interaction mechanism which includes radiative
corrections.

In the intermediate- py region the broadening of the initial
correlations was found to be most visible as the heavy
(anti)quarks do not thermalize and spend enough time in the
medium to be significantly affected. Here, we clearly observed
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that the azimuthal correlations of QQ pairs are broadened
more effectively by purely collisional interactions. Including
radiative corrections we found that the initial azimuthal
correlations survive the propagation of the Q O pairs to a larger
degree.

Beyond pr ~ 10 GeV/c, we found that the broadening due
to the interactions in the medium is weaker and likely to be
hidden by the NLO corrections affecting the initialization of
the bb pairs.

Observables of azimuthal correlations of Q Q pairs are thus
sensitive to the properties of the interaction of the heavy quarks
with the medium and thus of the energy-loss mechanism.
In particular the potential to discriminate between purely
collisional interactions and those including radiative correc-
tions makes heavy-quark correlations a promising supplement
to traditional heavy-quark observables such as the nuclear
modification factor R4 4 and the elliptic flow v;.

As the LHC data allow experimentalists to thoroughly
analyze the azimuthal correlations of heavy quarks, future
work including hadronization and decay channels will provide
realistic predictions.
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