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Dynamical energy loss formalism allows generating state-of-the-art suppression predictions in finite size
QCD medium, employing a sophisticated model of high-p, parton interactions with QGP. We here
report a major step of introducing medium evolution in the formalism though 1+ 1D Bjorken (“B")
expansion, while preserving all complex features of the original dynamical energy loss framework. We
use this framework to provide joint R4q4 and v; predictions, for the first time within the dynamical
energy loss formalism in evolving QCD medium. The predictions are generated for a wide range of
high p, observables, i.e. for all types of probes (both light and heavy) and for all centrality regions
Relativistic heavy ion collisions in both Pb + Pb and Xe + Xe collisions at the LHC. Where experimental data are available, DREENA-B
Quark-gluon plasma framework leads to a good joint agreement with v, and Raa data. Such agreement is encouraging, i.e.
LHC may lead us closer to resolving v, puzzle (difficulty of previous models to jointly explain Rq4 and vy
Heavy flavor suppression data), though this still remains to be thoroughly tested by including state-of-the-art medium evolution
High pt hadrons within DREENA framework. While introducing medium evolution significantly changes v, predictions,
Raa predictions remain robust and moreover in a good agreement with the experimental data; Raa
observable is therefore suitable for calibrating parton-medium interaction model, independently from the
medium evolution. Finally, for heavy flavor, we observe a strikingly similar signature of the dead-cone
effect on both R4 and v; - we also provide a simple analytical understanding behind this result. Overall,
the results presented here indicate that DREENA framework is a reliable tool for QGP tomography.
© 2019 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
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1. Introduction mental data, allows for systematical investigation of QCD medium
properties, i.e. QGP tomography.

We previously showed that the dynamical energy loss formal-
ism [23-25] provides an excellent tool for such tomography. In
particular, we demonstrated that the formalism shows a very good
agreement [27-30] with a wide range of Rg4 data, coming from
different experiments, collision energies, probes and centralities.
Recently, we also used this formalism to generate first v, pre-
dictions, within DREENA-C framework [26], where DREENA stands

for Dynamical Radiative and Elastic ENergy loss Approach, and

It is by now established that quark-gluon plasma (QGP), be-
ing a new state of matter [1,2] consisting of interacting quarks,
antiquarks and gluons, is created in ultra-relativistic heavy ion col-
lisions at the Relativistic Heavy lon Collider (RHIC) and the Large
Hadron Collider (LHC). Energy loss of rare high p, particles, which
are created in such collisions and which transverse QGP, is consid-
ered to be an excellent probe of this form of matter [3-6]. Such
energy loss is reflected through different observables, most im-

portantly angular averaged (Ras) [7-14] and angular differential
(v2) [15-22] nuclear modification factor, which can be measured
and predicted for both light and heavy flavor probes. Therefore,
comparing a comprehensive set of predictions, created under the
same model and parameter set, with the corresponding experi-
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“C” denotes constant temperature QCD medium. These predictions
were compared jointly with Rqa and v, data, showing a very
good agreement with Ra4 data, while visibly overestimating v,
data. This overestimation also clearly differentiates the dynamical
energy loss from other models, which systematically underesti-
mated the v, data, leading to the so called v, puzzle [31-33].
On the other hand, it is also clear that v, predictions have to
be further improved - in particular v, was shown to be sensi-
tive to medium evolution, while in DREENA-C medium evolution
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was introduced in the simplest form, through constant medium
temperature. This problem then motivated us to introduce medium
evolution in DREENA framework.

While several existing energy loss approaches already contain
a sophisticated medium evolution, they employ simplified par-
ton energy loss models. On the other hand, our dynamical energy
loss formalism corresponds to the opposite “limit”, where constant
(mean) medium temperature was assumed, combined with a so-
phisticated model of parton-medium interactions, which includes:
i) QCD medium composed of dynamical (i.e. moving) scattering
centers, which is contrary to the widely used static scattering
centers approximation, ii) finite size QCD medium, iii) finite tem-
perature QCD medium, modeled by generalized HTL approach [34,
35], naturally regularizing all infrared and ultraviolet divergen-
cies [23-25,36]. iv) collisional [25] and radiative [23] energy losses,
calculated within the same theoretical framework, v) finite parton
mass, making the formalism applicable to both light and heavy fla-
vor, vi) finite magnetic [37] mass and running coupling [27].

Note that we have previously showed that all the ingredients
stated above are important for accurately describing experimental
data [38]. Consequently, introducing medium evolution in the dy-
namical energy loss, is a major step in the model development, as
all components in the model have to be preserved, and no addi-
tional simplifications should be used in the numerical procedure.
In addition to developing the energy loss expressions with chang-
ing temperature, we also wanted to develop a framework that can
efficiently generate a set of predictions for all types of probes and
all centrality regions. That is, we think that for a model to be real-
istically compared with experimental data, the comparison should
be done for a comprehensive set of light and heavy flavor experi-
mental data, through the same numerical framework and the same
parameter set. To implement this principle, we also had to develop
a numerical framework that can efficiently (i.e. in a reasonably
short time frame) generate such predictions, which will be pre-
sented in this paper.

We will start the task of introducing the medium evolution in
the dynamical energy loss formalism with DREENA-B framework
presented here, where “B” stands for Bjorken. In this framework,
QCD medium is modeled by the ideal hydrodynamical 1 + 1D
Bjorken expansion [39], which has a simple analytical form of tem-
perature (T) dependence. This simple T dependence will be used
as an intermediate between constant (mean) temperature DREENA-
C framework and the full evolution QGP tomography tool. While,
on one hand, inclusion of Bjorken expansion in DREENA frame-
work is a major task (having in mind complexity of our model, see
above), it on the other hand significantly simplifies the numeri-
cal procedure compared to full medium evolutions. This will then
allow step-by-step development of full QGP tomography frame-
work, and assessing improvements in the predictions when, within
the same theoretical framework, one is transitioning towards more
complex QGP evolution models within the dynamical energy loss
framework.

2. Computational framework

To calculate the quenched spectra of hadrons, we use the
generic pQCD convolution, while the assumptions are provided
in [27]:

Efdio _ Eid*c(Q)
dp} dp?
®D(Q - Hq)® f(Hq — e, J/¥), (1)

where “i” and “f”, respectively, correspond to “initial” and “final”,
Q denotes quarks and gluons (partons). Eid3a(Q)/clp,.3 denotes

® P(E; — Ey)

the initial parton spectrum, computed at next to leading order [40]
for light and heavy partons. D(Q — Hgq) is the fragmentation
function of parton Q to hadron Hg; for charged hadrons, D and
B mesons we use DSS [41], BCFY [42] and KLP [43] fragmentation
functions, respectively. P(E; — Ey) is the energy loss probability,
generalized to include both radiative and collisional energy loss in
a realistic finite size dynamical QCD medium in which the tem-
perature is changing, as well as running coupling, path-length and
multi-gluon fluctuations. In below expressions, running coupling
is introduced according to [27], where the temperature T now
changes with proper time 7; the temperature dependence along
the jet path is taken according to the ideal hydrodynamical 1+ 1D
Bjorken expansion [39]. Partons travel different paths in the QCD
medium, which is taken into account through path length fluc-
tuations [44]. Multi-gluon fluctuations take into account that the
energy loss is a distribution, and are included according to [27,45]
(for radiative energy loss) and [44,46] (for collisional energy loss).

The dynamical energy loss formalism was originally developed
for constant temperature QCD medium, as described in detail
in [23-25]. We have now derived collisional and radiative en-
ergy loss expressions for the medium in which the temperature
is changing along the jet path; detailed calculations will be pre-
sented elsewhere, while the main results are summarized below.

For the collisional energy loss, we obtain the following analyti-
cal expression:
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Here E is initial jet energy, t is the proper time, T is the temper-
ature of the medium, «s is running coupling [27] and Cg = %. k
is the 4-momentum of the incoming medium parton, v is the ve-
locity of the incoming jet and q = (w, q) is the 4-momentum of
the gluon. neq(|f(|, T)= ﬁ eﬁ% is the equilibrium mo-
mentum distribution [47] at temperature T including quarks and
gluons (N and Ny are the number of colors and flavors, respec-
tively). A (T) and A7(T) are effective longitudinal and transverse
gluon propagators [48]:
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while the electric screening (the Debye mass) wg(T) can be ob-
tained by self-consistently solving the expression [49] (ny is num-
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ber of the effective degrees of freedom, Aqcp is perturbative QCD
scale):

peM? | (e _ 1+n;/6 (4nT )2 5)
A%lCD A%QCD 11 —2/31’lf AQCD

The gluon radiation spectrum takes the following form:

dNpag d?k d?q 2CrCo(G) T as(E T)as(kz*#)
dxdt | 7w w X T
« pe(T)? — um(T)?
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< (k+q)? + x(T) ) (k+q)
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where C»(G) =3 and upy(T) is magnetic screening. k and q are
transverse momenta of radiated and exchanged (virtual) gluon, re-
spectively. x(T) = M?x> + mg(T)?/2, where x is the longitudinal
momentum fraction of the jet carried away by the emitted gluon,
M is the mass of the quark or gluon jet and mg(T) = we(T)//2
is effective gluon mass in finite temperature QCD medium [36].
We also recently abolished the soft-gluon approximation [50], for
which we however showed that it does not significantly affect the
model results; consequently, this improvement is not included in
DREENA-B, but can be straightforwardly implemented in the future
DREENA developments, if needed.

Note that, as a result of introducing medium evolution, the dy-
namical energy loss formalism now explicitly contains changing
temperature in the energy loss expression. This is contrary to most
of the other models, in which temperature evolution is introduced
indirectly, through transport coefficient ¢ or gluon rapidity den-
sity d‘% (see [51] and references therein). This feature makes the
dynamical energy loss a natural framework to incorporate diverse
temperature profiles as a starting point for QGP tomography. As
the first (major) step, we will below numerically implement this
possibility through Bjorken 1+ 1D expansion [39].

Regarding the numerical procedure, computation efficiency of
the algorithm implemented in DREENA-C framework [26] was al-
ready two orders of magnitude higher with respect to the ba-
sic (unoptimized) brute-force approach applied in [27]. However,
straightforward adaptation of the DREENA-C code to the case of
the Bjorken type evolving medium was not sufficient. This was
dominantly due to additional integration over proper time T,
which increased the calculation time for more than two orders of
magnitude. The computation of e.g. radiative energy losses alone,
for a single probe, took around 10 hours on the available computer
resources (a high performance workstation). Taking into account
that it requires ~ 103 such runs to produce the results presented in
this paper, it is evident that a substantial computational speedup
was necessary.

The main algorithmic tool that we used to optimize the cal-
culation was a combination of sampling and tabulating various
intermediate computation values and their subsequent interpola-
tion. We used nonuniform adaptive grids of the sampling points,
denser in the parts of the parameter volume where the sam-
pled function changed rapidly. Similarly, the parameters used for
the numerical integration (the number of quasi-Monte Carlo sam-
pling points and the required accuracy) were also suitably varied
throughout the parameter space. Finally, while the computation in
DREENA-C was performed in a software for symbolic computation,
the new algorithm was redeveloped in C programming language.

The combined effect of all these improvements was a computa-
tional speedup of almost three orders of magnitude, which was a
necessary prerequisite for both current practical applicability and
future developments of DREENA framework.

Regarding the parameters, we implement Bjorken 1 + 1D ex-
pansion [39], with commonly used 7o = 0.6 fm [52,53], and ini-
tial temperatures for different centralities calculated according to
Tog ~ (AN /dy/AL)1/3 [54], where dN;, /dy is charged multiplicity
and A, is overlap area (based on the Glauber model nuclear over-
lap function) for specific collision system and centrality. We use
this equation, starting from To = 500 MeV in 5.02 TeV Pb + Pb
most central collisions at the LHC, which is estimated based on
average medium temperature of 348 MeV in these collisions, and
QCD transition temperature of T, ~ 150 MeV [55]. Note that the
average medium temperature of 348 MeV in most central 5.02 TeV
Pb+ Pb collisions comes from [28] the effective temperature (Tff)
of 304 MeV for 0-40% centrality 2.76 TeV Pb+Pb collisions at the
LHC [56] experiments (as extracted by ALICE). Once Tps for most
central Pb + Pb collisions are fixed, To for both different central-
ities and different collision systems (Xe + Xe and Pb + Pb) are
obtained from the expression above.

Other parameters used in the calculation remain the same as in
DREENA-C [26]. In particular, the path-length distributions for both
Xe + Xe and Pb + Pb are calculated following the procedure de-
scribed in [57], with an additional hard sphere restriction r < Ry
in the Woods-Saxon nuclear density distribution to regulate the
path lengths in the peripheral collisions. Note that the path-length
distributions for Pb + Pb are explicitly provided in [26]; we have
also checked that, for each centrality, our obtained eccentricities
remain within the standard deviation of the corresponding Glauber
Monte Carlo results [58]. For Xe + Xe, it is straightforward to show
that Xe + Xe and Pb + Pb distributions are the same up to rescall-
ing factor (A'/3, where A is atomic mass number), as we discussed
in [59]. Furthermore, the path-length distributions correspond to
geometric quantity, and are therefore the same for all types of
partons (light and heavy). For QGP, we take Agcp =0.2 GeV and
ng=3. As noted above, temperature dependent Debye mass g (T)
is obtained from [49]. For light quarks and gluons, we, respec-
tively, assume that their effective masses are M~ ug(T)/+/6 and
mg ~ we(T)/~/2 [36]. The charm and bottom masses are M =1.2
GeV and M =4.75 GeV, respectively. Magnetic to electric mass ra-
tio is extracted from non-perturbative calculations [60,61], leading
to 0.4 < up/me < 0.6 - this range of screening masses leads to
presented uncertainty in the predictions. We note that no fitting
parameters are used in the calculations, that is, all the parameters
correspond to standard literature values.

3. Results and discussion

In this section, we will present joint Rq4 and v, predictions
for light (charged hadrons) and heavy (D and B mesons) flavor in
Pb+ Pb and Xe + Xe collisions at the LHC, obtained by DREENA-B
framework. Based on the path-length distributions from Figure 1
in [26], we will, in Figs. 1 to 2, show Ra4 and v, predictions for
light and heavy flavor, in 5.02 TeV Pb + Pb and 5.44 TeV Xe + Xe
collisions, at different centralities. We start by presenting charged
hadrons predictions, where R44 data are available for both Pb+ Pb
and Xe + Xe, while v, data exist for Pb + Pb collisions. Com-
parison of our joint predictions with experimental data is shown
in Fig. 1, where 1st and 2nd columns correspond, respectively, to
Raa and v, predictions at Pb + Pb, while 3rd and 4th columns
present equivalent predictions/data for Xe + Xe collisions at the
LHC. From this figure, we see that DREENA-B is able to well ex-
plain joint Ra4 and v, data. For 5.44 TeV Xe + Xe collisions at the
LHC, we observe good agreement of our predictions with prelim-
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Fig. 1. First column: Raa vs. p, predictions are compared with 5.02 TeV Pb+ Pb ALICE [7], ATLAS [8] and CMS [9] h* experimental data. Second column: Equivalent comparison
for vy vs. py (data [15-17]). Third column: Raa vs. p, predictions are compared with 5.44 TeV Xe + Xe ALICE [62], ATLAS [63] and CMS [64] preliminary data. Fourth column:
Equivalent predictions for v, vs. p. ALICE, ATLAS and CMS data are respectively represented by red circles, green triangles and blue squares, while centrality regions are
indicated in the relevant subfigures. Full and dashed curves correspond to, respectively, DREENA-B and DREENA-C frameworks. The gray band boundaries correspond to
um/mE=0.4 and py/pg =0.6.
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Fig. 2. First column: Theoretical predictions for D and B meson R vs. p, are compared with the available 5.02 TeV Pb + Pb ALICE [10] (red circles) D meson experimental
data. Second column: v vs. p predictions are compared with 5.02 TeV Pb + Pb ALICE [19] (red circles) and CMS [20] (blue squares) D meson experimental data. Third and
fourth column: Heavy flavor Raa and v, vs. p predictions are, respectively, provided for 5.44 TeV Xe + Xe collisions at the LHC. First to third row, respectively, correspond
to 0 —10%, 10 — 30% and 30 — 50% centrality regions. The gray band boundaries correspond to pp /g =0.4 and /e = 0.6.

inary Raa data from ALICE, ATLAS and CMS data (where we note
that these predictions were generated, and posted on arXiv, be-
fore the data became available), except for high centrality regions,
where our predictions do not agree with ALICE (and also partially
with ATLAS) data; however, note that in these regions ALICE, AT-
LAS and CMS data also do not agree with each other.

Furthermore, comparison of predictions obtained with DREENA-
B and DREENA-C frameworks in Fig. 1, allows to directly assess
the importance of inclusion of medium evolution on different ob-
servables, as the main difference between these two frameworks
is that DREENA-B contains Bjorken evolution, while DREENA-C ac-
counts for evolution in the simplest form (through constant mean
temperature). We see that inclusion of Bjorken evolution has a
negligible effect on Ras, while having a significant effect on v;.
That is, it keeps Raa almost unchanged, while significantly de-
creasing v,. Consequently, small effect on R4z, supports the fact
that Rap is weakly sensitive to medium evolution, making Ra4 an
excellent probe of jet-medium interactions in QGP; i.e. in QGP to-
mography, R4 can be used to calibrate parton medium interaction
models. On the other hand, medium evolution clearly influences v;
predictions, in line with previous conclusions [65,66]; this sensitiv-
ity makes v, an ideal probe to constrain QGP medium parameters
also from the point of high p; measurements (in addition to con-
straining them from low p, predictions and data).

In Fig. 2, we provide joint predictions for D and B meson R4a
(left panel) and v, (right panel) predictions for both 5.02 TeV
Pb + Pb and 5.44 TeV Xe + Xe collisions at the LHC. Predictions
are compared with the available experimental data. For D mesons,
we again observe good joint agreement with the available R44 and
v; data. For B mesons (where the experimental data are yet to be-
come available), we predict a notable suppression (see also [27,

67]), which is consistent with non-prompt J/¥ Ras measure-
ments [68] (indirect probe of b quark suppression). Additionally,
we predict non-zero v, for higher centrality regions. This does not
necessarily mean that heavy B meson flows, since we here show
predictions for high p,, and flow is inherently connected with
low p1 v3. On the other hand, high p, v, is connected with the
difference in the B meson suppression for different (in-plane and
out-of-plane) directions, leading to our predictions of non zero v;
for high p; B mesons. Additionally, by comparing D and B meson
vys in Fig. 2, we observe that their difference is large and that it
qualitatively exhibits the same dependence on p; as Raa. This v;
comparison therefore presents additional important prediction of
the heavy flavor dead-cone effect in QGP, where a strikingly simi-
lar signature of this effect is observed for Ra4 and v;.

The predicted similarity between Ra4 and v, dead-cone effects
can be analytically understood by using simple scaling arguments.
Fractional energy loss can be estimated as [26]

AEJE ~nTOLP, (7)

where a, b are proportionality factors, T and L are, respectively, the
average temperature of the medium and the average path-length
traversed by the jet. 1 is a proportionality factor that depends on
initial jet mass M and transverse momentum p .

Under the assumption of small fractional energy loss, we can
make the following estimate [26]:

Raa~1—&M,p)TLP,

(TULP-TAL — TO-1[PAT)
va~EM,pl) 3 , (8)
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where AL and AT are, respectively, changes in average path-
lengths and average temperatures along out-of-plane and in-plane
directions. § = (n — 2)n/2, where n is the steepness of the initial
momentum distribution function.

The difference between Ra44 and v, for D and B mesons then
becomes:

RS, — RR, ~ (E(Mc, p1) — E(Mp, p1)) TOLY,
v) —vB~ (e(Mc,p1) — &My, p1))

TLb-TAL — TO-1[PAT

L . ) ©)

where M; and Mj are charm and bottom quark masses respec-
tively. From Eq. (9), we see the same mass dependent prefactor for
both Ra4 and v, comparison, intuitively explaining our predicted
dead-cone effect similarity for high-p, Raa and vs.

4. Summary

Overall, we see that comprehensive joint Rq4 and v; predic-
tions, obtained with our DREENA-B framework, lead to a good
agreement with all available light and heavy flavor data. This is,
to our knowledge, the first study to provide such comprehensive
predictions for high p; observables. In the context of v, puzzle,
this study presents a significant development, as the other mod-
els were not able to achieve this agreement without introducing
new phenomena [69]. However, for more definite conclusions, the
inclusion of more complex QGP evolution within DREENA frame-
work is needed, which is our main ongoing - but highly non-trivial
- task, due to the complexity of underlying energy loss formalism.

As an outlook, for Xe 4+ Xe, we also showed an extensive set
of predictions for both R44 and v, for different flavors and cen-
tralities, to be compared with the upcoming experimental data.
Reasonable agreement with these data would present a strong ar-
gument that the dynamical energy loss formalism can provide a
reliable tool for precision QGP tomography. Moreover, such com-
parison between predictions and experimental data can also con-
firm interesting new patterns in suppression data, such as our
prediction of strikingly similar signature of the dead-cone effect
between Rs4 and v, data.
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