
Bulletin T.CXLVIII de l’Académie serbe des sciences et des arts − 2025
Classe des Sciences mathématiques et naturelles
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A b s t r a c t. We present an overview of a theoretical and computational frame-
work designed to extract fundamental properties of the quark-gluon plasma (QGP) created
in ultrarelativistic heavy-ion collisions. It is an extended version of my inaugural lecture
delivered on 2nd meeting of Department of Mathematics, Physics and Geosciences in the
Serbian Academy of Sciences and Arts under the same title on March 28, 2025. The ap-
proach combines dynamical energy loss theory with realistic hydrodynamic backgrounds,
enabling quantitative tomography of the QGP. A key emphasis is placed on the synergy be-
tween high-pT and low-pT observables, supported by the DREENA numerical framework,
which allows direct comparison of theoretical predictions with experimental data. This re-
view outlines the motivation, methodology, and major findings of this research direction,
providing the foundation for the next generation of precision studies in heavy-ion physics.
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1. Introduction

Quantum Chromodynamics (QCD) predicted that a new form of matter [1, 2],
consisting of deconfined and interacting quarks, antiquarks, and gluons, is created
at extremely high energy densities. According to current cosmological models, this
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new state of matter — known as quark-gluon plasma (QGP) [3, 4, 5, 6] — existed
microseconds after the Big Bang [7].

Today, QGP is created in miniature versions of the Big Bang, often termed “Lit-
tle Bangs,” through ultra-relativistic collisions of heavy ions [4, 5]. These collisions
produce a rapidly expanding fireball of quarks and gluons, which thermalizes into
QGP. As the system cools, and the temperature (T ) drops below the critical temper-
ature Tc, quarks and gluons hadronize, transitioning back to confined states.

The primary scientific objective of the RHIC (Relativistic Heavy Ion Collider)
at Brookhaven National Laboratory and the heavy-ion program at the Large Hadron
Collider (LHC) at CERN is to study this exotic form of matter. Achieving this
objective requires an iterative process of theoretical modeling and experimental val-
idation. To date, the formation of QGP at RHIC and LHC has been confirmed
through two principal lines of evidence [4, 5, 8]:

• Low transverse momentum (pT ) observables are well described by relativistic
hydrodynamics, indicating that the QGP behaves as a nearly perfect fluid (see
e.g., [9]).

• High-pT observables are consistent with predictions from perturbative QCD
(pQCD), and show that energetic partons lose energy while traversing the
dense QGP medium, signaling strong interaction with an opaque medium
[10].

With the QGP formation now established, current research focuses on determin-
ing the properties of this extreme state of matter.

2. QGP as a perfect fluid

Initial theoretical expectations suggested that QGP would behave like a weakly
interacting gas, due to asymptotic freedom and color screening [11]. However, the
success of hydrodynamic models in describing soft observables implied instead that
QGP behaves as a nearly perfect fluid — a result that was surprising [5].

Notably, these models estimate the shear viscosity to entropy density ratio (η/s)
to be close to the conjectured lower bound obtained via the AdS/CFT correspon-
dence [12]. Such perfect fluid behavior is exceptionally rare: even superfluid 3He
is not classified as a perfect fluid, and everyday fluids like water exhibit signifi-
cantly larger η/s. Consequently, systems with such low viscosity are exceedingly
uncommon in nature [13].

Interestingly, perfect fluidity has also been observed in ultracold fermionic atomic
gases under specific experimental conditions. This suggests intriguing parallels be-
tween systems at vastly different temperature scales [13].
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3. Perfect fluid being too perfect

While the picture of the QGP as a nearly perfect fluid has been highly influen-
tial in shaping our understanding of the strongly-coupled regime, it is increasingly
recognized as an idealization. In particular, hydrodynamic simulations are often
insensitive to the temperature dependence of η/s in the QGP phase. For example,
in [14], a model with a tenfold increase in η/s between Tc and 2Tc led to negligible
changes in RHIC observables and only a modest 10% variation at the LHC.

A similar insensitivity to rising η/s with temperature was found through differ-
ent modeling techniques [15]. This has led to the notion of the ”perfect fluid being
too perfect” [15], referring to the idealized picture in describing QGP as a perfect
fluid throughout its evolution [15, 16, 17, 18].

Additional support for a more nuanced picture of the QGP medium comes from
studies of other substances, which typically exhibit a minimum in η/s near the phase
transition, followed by an increase with temperature [19]. In QGP, the temperature
varies significantly during its evolution: for instance, at the LHC, T spans roughly
from 4Tc to Tc, while in the early Universe, the range is even broader. Motivated
by this, over the past decade several state-of-the-art Bayesian analyses have been
performed, combining hydrodynamic predictions with low-pT data [20, 16, 21, 22,
23]. However, despite their sophistication, these studies have consistently yielded a
weak constraints on bulk QGP properties (e.g., η/s) at higher temperatures.

4. Why look beyond the soft sector?

Bulk QGP properties are traditionally extracted from hydrodynamic modeling
constrained by low-pT observables, which reflect the collective evolution of approx-
imately 99.9% of the produced QCD matter. These studies have led to important
insights, including the discovery of near-perfect fluidity of the medium.

However, as emphasized above, certain fundamental properties - such as the
temperature dependence of the shear viscosity η/s or the early-time thermalization
scale - remain poorly constrained when relying solely on low-pT data and their
theoretical interpretations.

This motivates a search for complementary observables that probe the medium
from a different perspective. In particular, rare high-pT partons interact differ-
ently with the QGP: they undergo hard, perturbative scatterings and lose energy
via medium-induced processes. These high-energy interactions offer a window into
QGP structure that is largely orthogonal to the soft sector.

With abundant high-pT data already available - and more coming from LHC
Run 3 and sPHENIX - we now have the precision and coverage required to address
deeper structural questions about the medium. The key question is: can these rare
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probes be used not only to study energy loss mechanisms, but also to constrain the
underlying bulk properties of the QGP?

5. High-pT observables as tomographic probes

High-energy partons interact with the QGP via multiple scatterings and radia-
tive processes, leading to substantial energy loss. This energy loss is manifested
experimentally as a suppression of high-pT hadron yields, quantified by the nuclear
modification factor RAA, which is considered to be an excellent probe of high-pT
parton-medium interactions [10].

Moreover, in non-central collisions, the overlap region of the colliding nuclei
acquires an almond-like shape in the transverse plane, resulting in anisotropic spa-
tial geometry of the QGP. Since high-pT partons are produced at different positions
and propagate in various directions, they traverse path lengths that depend on the az-
imuthal angle with respect to the reaction plane. As a result, azimuthal asymmetries
develop in the high-pT hadron distributions, quantified by the second harmonic co-
efficient v2. This observable is particularly sensitive to the path-length dependence
of parton energy loss and, consequently, to the QGP’s dynamical evolution [24].

Despite their clear potential, high-pT observables have been largely underuti-
lized for inferring bulk QGP properties - primarily due to several persistent theo-
retical and computational challenges, including the use of simplified energy loss
models and fixed QGP backgrounds.

Thus, to fully exploit this potential, a theoretical framework is needed that can
accurately describe the interactions of high-pT partons with the QCD medium,
while consistently embedding them within arbitrarily evolving background. This
need motivates the development of the DREENA framework, introduced in the fol-
lowing section.

6. Tomographic strategy and the DREENA framework

To exploit high-pT observables for QGP tomography, we have developed the
DREENA (Dynamical Radiative and Elastic ENergy loss Approach) framework.
DREENA combines a dynamical, QCD-based energy loss formalism with realistic
hydrodynamic temperature profiles, enabling high-precision theoretical predictions
across multiple collision energies and centralities.

• A dynamical energy loss formalism derived in a finite-size, finite-temperature
QCD medium, with no reliance on static scattering centers (outlined in the
next section),

• Full compatibility with arbitrary temperature profiles obtained from state-of-
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the-art hydrodynamic simulations,

• Computational efficiency that allows large-scale, event-by-event analyses across
multiple collision energies and systems.

This section provides an overview of the goals and structure of the DREENA
approach. The next sections will discuss the theoretical foundations and numerical
implementation in detail.

7. Dynamical energy loss formalism as a tool for QGP tomography

To use high-p⊥ observables as a QGP tomographic probe, it is essential to em-
ploy a realistic and well-founded theoretical description of parton energy loss in the
medium. In our approach, we utilize the dynamical energy loss formalism, which
incorporates several key physical ingredients that make it particularly well suited
for this purpose:

1. Finite-size and finite-temperature QGP with dynamical constituents: The
formalism is based on thermal QCD field theory at finite temperature and
volume [25, 26], and treats QGP constituents as dynamical (i.e., moving)
particles. This dynamical treatment eliminates several common approxima-
tions used in other energy loss models - such as static scattering centers and
vacuum-like propagators - and naturally regularizes the infrared divergences
that often arise in those approaches.

2. Unified treatment of collisional and radiative energy loss: Both colli-
sional [27] and radiative [28, 29] energy loss mechanisms are calculated within
the same theoretical framework. Importantly:

• For radiative energy loss, the finite size of the medium induces a non-
linear path-length dependence, interpolating between the Gunion-Bertsch
limit (incoherent radiation) and the Landau-Pomeranchuk-Migdal (LPM)
suppression due to coherence effects.

• For collisional energy loss, the path-length dependence is found to be
nearly linear, and finite-size corrections can safely be neglected [27].

3. Applicability to both light and heavy flavors: The formalism is fully ap-
plicable to partons of any mass - light quarks, charm, and bottom - allowing
predictions across a broad set of experimental observables.

4. Direct dependence on medium temperature: Temperature T naturally en-
ters the formalism as a dynamical quantity [30]. This enables direct input
of temperature profiles from hydrodynamic or transport models of the QGP.
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In other words, the formalism can be embedded into full simulations of the
medium evolution.

5. Non-perturbative QCD effects: The formalism includes non-perturbative
features of QCD, such as chromoelectric and chromomagnetic screening, im-
plemented in a way that is consistent with lattice QCD results [31].

6. No additional tuning to data: Model predictions are obtained using standard
parameter values from the literature, without further adjustment to fit high-pT
data [32, 33].

Thanks to these features, the dynamical energy loss model has successfully ex-
plained a wide variety of high-pT observables [34, 35], including unexpected or
-puzzling- results [36, 37, 38], as well as predictive studies for upcoming experi-
mental runs [39, 40]. By reproducing such a broad set of data without parameter
tuning, the model provides strong support for a realistic microscopic description of
parton-medium interactions.

In comparison, many widely used models (such as [41, 42, 42, 43, 44, 45, 46,
47], or their subsequent extensions) may implement subsets of these features, but
none incorporate all - or even most - of them. These combined properties establish
the dynamical energy loss formalism as the state-of-the-art framework for quantita-
tive QGP tomography.

Finally, since temperature is the only required input in the model, this opens
a powerful opportunity: once the temperature profile is constrained by low-pT ob-
servables (e.g., flow coefficients), the same profile can be tested against high-pT
data. Thus, the dynamical energy loss formalism enables a consistent and unified
analysis of both low- and high-pT regimes, ultimately leading to tighter constraints
on the fundamental properties of the quark-gluon plasma.

8. DREENA: A numerical framework for QGP tomography

Implementation Strategy Behind the DREENA Framework
To reliably extract information about the QGP from high-p⊥ observables, one

requires a numerically efficient framework that satisfies several essential criteria:

• It must accept as input an arbitrary temperature evolution of the QGP - in-
cluding fluctuating, event-by-event profiles from hydrodynamic simulations.

• It should preserve all essential theoretical ingredients of the underlying dy-
namical energy loss formalism, as each component plays an important role in
accurately describing parton-medium interactions [48].
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• The numerical implementation must remain computationally tractable, allow-
ing for large-scale simulations across different systems and collision energies.

• It must generate predictions for a wide class of observables: high-p⊥ light
and heavy flavor RAA, v2, and higher harmonics, different collision energies
(RHIC, LHC), and varying centralities.

• The computational procedure needs to be efficient, to be able to generate a
comprehensive set of light and heavy flavor predictions, through the same nu-
merical framework and the same parameter set. Such predictions can then be
compared with the available experimental data, if needed iteratively for differ-
ent combinations of QGP medium parameters, to extract medium properties
that are consistent with both low and high-p⊥ theory and data.

To meet these criteria, we developed the DREENA framework in successive
stages. The initial version, DREENA-C [49], was based on a constant-temperature
QGP, followed by DREENA-B [50], which incorporated an analytically solvable 1D
Bjorken expansion. These simpler setups enabled semi-analytic control and testing
of individual theoretical components, laying the foundation for the development of
a more comprehensive numerical implementation.

The current version, DREENA-A [51], extends the approach to arbitrary three-
dimensional temperature profiles obtained from hydrodynamic simulations, and is
optimized for high-performance computation along path-dependent parton trajecto-
ries. Most recently, ebeDREENA [52] introduced support for full event-by-event
medium evolution, enabling systematic studies of QGP fluctuations and initial-state
variability. The complete algorithm is detailed in Refs. [51, 52], and the source code
is publicly available [53]. The theoretical foundations and key ingredients behind
the framework are summarized in the following section.

9. Overview of the framework development

9.1. Parton evolution in a QGP: From production to fragmentation

In high-energy heavy-ion collisions, a key goal is to understand how energetic
quarks and gluons (collectively known as partons), produced in the initial hard scat-
tering, transform into the hadrons that are eventually observed in the detector. This
transformation is influenced by the presence - or absence - of QGP, a hot and dense
QCD medium created in such collisions.

To quantitatively describe hadron production in the presence of a QGP, we start
from a factorized expression that captures the three main stages of parton evolution:

1. The initial distribution of high-transverse-momentum partons, calculated us-
ing perturbative QCD;
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2. The energy loss these partons experience while propagating through the QGP,
if such a medium is formed;

3. The fragmentation of these partons into hadrons, which occurs after they exit
the medium.

The combined effect of these stages leads to the following schematic expression
for the final (quenched) hadron spectrum:

Efd
3σq(HQ)

dp3f
=

Eid
3σ(Q)

dp3i
⊗ P (Ei → Ef )⊗D(Q → HQ) , (9.1)

Here, the symbol ⊗ denotes a generic convolution over relevant variables. The
probability distribution P (Ei → Ef ) encodes how the initial parton energy Ei is
modified to a final energy Ef due to interactions with the QCD medium.

This process is illustrated in Fig. 1, where the correspondence between the phys-
ical stages and the components of Eq. (9.1) is made explicit.

Figure 1: Schematic illustration of parton suppression in a QGP medium. The
three key stages are: (1) production of high-energy partons through initial hard
scattering; (2) medium-induced energy loss as the parton traverses the QGP; and
(3) fragmentation into final-state hadrons after exiting the medium. These stages
are treated as sequential and factorized in the theoretical calculation of the medium-
modified hadron spectra, as encoded in Eq. (9.1)

In the absence of a QGP – as in proton-proton collisions – there is no medium-
induced energy loss, and the expression for the final (unquenched) spectrum, de-
noted by u, reduces to:

Efd
3σu(HQ)

dp3f
=

Eid
3σ(Q)

dp3i
⊗D(Q → HQ) . (9.2)

Let us briefly define the terms involved:

•
Efd

3σq(HQ)

dp3f
and

Efd
3σu(HQ)

dp3f
denote the final hadron spectrum in the

presence and absence of the QCD medium, respectively;
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• Subscripts i and f refer to -initial- and -final-;

• Q represents the initial partons (quarks and gluons), while HQ refers to the
final hadrons formed from them;

• The initial parton spectra,
Eid

3σ(Q)

dp3i
, are computed at next-to-leading order

(NLO) in perturbative QCD for both light and heavy flavors [54, 55];

• P (Ei → Ef ) represents the probability distribution for parton energy loss,
combining radiative and collisional processes. It is computed in a realistic
QCD medium - finite in size and temperature, dynamically evolving, and fea-
turing running coupling, as well as multigluon [56] and path-length fluctua-
tions [57];

• D(Q → HQ) represents the fragmentation function - the probability that a
parton Q fragments into a hadron HQ with a given momentum fraction. We
use DSS [58] for charged hadrons, BCFY [59] for D mesons, and KLP [60]
for B mesons.

9.2. Medium evolution and collisional and radiative energy loss in DREENA–A
framework

In the DREENA-A framework, one of the essential ingredients for calculating
the probability of energy loss P (Ei → Ef ) is the temperature of the QCD medium.
Importantly, this temperature is not uniform but depends on the space-time position
of the parton as it propagates through the medium. Specifically, it is determined by
an externally provided temperature profile.

This means that the temperature experienced by a parton along its path becomes
a function of its initial coordinates (x0, y0), the angle of its trajectory φ, and the
proper time τ along its path. This dependence is encoded by:

T (x0, y0,φ, τ) = Tprofile(x0 + τ cosφ, y0 + τ sinφ, τ), (9.3)

where Tprofile is the local temperature of the medium, given as input and, in princi-
ple, arbitrary.

This temperature enters directly into the computation of collisional energy loss,
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which is given in analytic form as [27]:

dEcol

dτ
=

2CR

π v2
αS(E T )αS(µ

2
E(T ))

󰁝 ∞

0
neq(|󰂓k|, T )d|󰂓k|

×
󰀣󰁝 |󰂓k|/(1+v)

0
d|󰂓q|

󰁝 v|󰂓q|

−v|󰂓q|
ωdω +

󰁝 |󰂓q|max

|󰂓k|/(1+v)
d|󰂓q|

󰁝 v|󰂓q|

|󰂓q|−2|󰂓k|
ωdω

󰀤

×
󰀣
|∆L(q, T )|2

(2|󰂓k|+ ω)2 − |󰂓q|2
2

+ |∆T (q, T )|2
(|󰂓q|2 − ω2)((2|󰂓k|+ ω)2 + |󰂓q|2)

4|󰂓q|4 (v2|󰂓q|2 − ω2)

󰀤
.

(9.4)

Let us clarify the physical meaning of each term:

• k is the four-momentum of the incoming thermal parton from the medium.

• T is the local temperature along the energetic parton path, as defined in
Eq. (9.3).

• neq(|󰂓k|, T ) is the thermal distribution of partons in the QCD medium:

neq(|󰂓k|, T ) =
N

e|󰂓k|/T − 1
+

Nf

e|󰂓k|/T + 1
,

where N = 3 is the number of colors, and Nf is the number of effective
quark flavors (Nf = 3 for LHC, Nf = 2.5 for RHIC).

• q = (ω,󰂓q) is the four-momentum of the exchanged gluon.

• E =
󰁳

p2 +M2 is the energy of the initial energetic parton (with momentum
p and mass M ), and v = p/

󰁳
p2 +M2 is its velocity.

• CR is the color factor: CR = 4/3 for energetic quarks and CR = 3 for gluons.

• ∆L(T ) and ∆T (T ) are the longitudinal and transverse gluon propagators,
respectively [25, 26].

The expression also involves the Debye mass µE(T ), which accounts for elec-
tric screening in the QGP. This mass is determined self-consistently from [61]:

µE(T )
2

Λ2
QCD

ln

󰀣
µE(T )

2

Λ2
QCD

󰀤
=

1 +Nf/6

11− 2/3Nf

󰀕
4πT

ΛQCD

󰀖2

. (9.5)



Tomographic approach to quark-gluon plasma . . . 57

This expression leads to values of µE(T ) consistent with lattice QCD results [61,
62, 63].

Finally, we introduce running coupling [64]:

αS(Q
2) =

4π

(11− 2/3Nf ) ln(Q2/Λ2
QCD)

, (9.6)

where ΛQCD is the QCD scale parameter. In the case of collisional energy loss, this
coupling appears in the form α2

S , which is factorized into two scales - evaluated at
Q2 = µ2

E and Q2 = E T , respectively [65, 34].

This expression provides a dynamical and temperature-dependent description
of energy loss due to elastic interactions, forming one of the core ingredients in the
DREENA-A predictions for parton quenching in heavy-ion collisions.

In addition to collisional (elastic) interactions, partons traversing the QGP can
lose energy by radiating gluons. This process is known as radiative energy loss and
is typically the dominant mechanism in the high-energy regime.

In dynamical energy loss [28], the differential spectrum of radiated gluons is
given by:

d2Nrad

dxdτ
=

󰁝
d2k

π

d2q

π

2CRC2(G)T

x

µE(T )
2 − µM (T )2

(q2 + µM (T )2)(q2 + µE(T )2)

×
αS(E T )αS(

k2+χ(T )
x )

π

(k+q)
(k+q)2 + χ(T )

󰀕
1− cos

󰀕
(k+q)2 + χ(T )

x(E + pz)
τ

󰀖󰀖

×
󰀕

(k+q)
(k+q)2 + χ(T )

− k
k2 + χ(T )

󰀖
, (9.7)

where

• C2(G) = 3 is the Casimir for gluons, and CR is the color factor of the radiat-
ing parton.

• x is the fraction of the energetic parton’s longitudinal momentum carried
away by the emitted gluon.

• q and k are the transverse momenta of the exchanged (virtual) and radiated
gluon, respectively.

• pz is the longitudinal component of the initial energetic parton momentum,
and τ is the proper time along the parton trajectory.

• The function χ(T ) is defined as:

χ(T ) ≡ M2x2 +mg(T )
2,
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where M is the energetic parton mass, and mg(T ) = µE(T )/
√
2 is the effec-

tive gluon mass in a thermal QCD medium [66].

• For charm quarks we take M = 1.3 GeV, and for bottom M = 4.5 GeV [55];
for light quarks, the effective mass is taken as µE(T )/

√
6, originating from

gluon propagators.

• µE(T ) is the Debye mass, as previously defined, and µM (T ) represents the
magnetic screening mass. Lattice-inspired non-perturbative studies suggest
(cf. [62, 63])

0.4 < µM (T )/µE(T ) < 0.6.

• The running coupling αS appears in two scales:

αS(ET ) and αS

󰀕
k2 + χ(T )

x

󰀖
,

where the second scale corresponds to the virtuality of the radiating parton
prior to gluon emission [28].

An important feature of this formulation is that all terms involving αS are in-
frared safe – they remain finite even at low momentum transfers - and take moderate
values throughout the integration domain [34]. As a result, we do not need to in-
troduce an artificial cutoff in the strong coupling, which distinguishes this approach
from many others in the literature.

Treatment of combined energy loss mechanisms.
In our model, we treat radiative and collisional energy losses as two indepen-

dent stochastic processes, each contributing to the overall energy loss probability
P (Ei → Ef ) [34, 57]. This means that we:

1. First calculate the modification of the parton spectrum due to radiative energy
loss.

2. Then apply the effect of collisional energy loss on the radiatively modified
spectrum.

We have verified that changing the order of these two steps does not significantly
alter the result, within the precision of our framework.

This treatment is justified under the assumptions that:

• Both energy loss mechanisms are relatively small, consistent with the soft-
gluon and soft-rescattering approximations commonly used in energy loss
physics.
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• The two processes are decoupled - as is the case in the generalized Hard
Thermal Loop (HTL) framework [28], which underlies our calculation.

This modular approach allows us to isolate the physics of each mechanism while
still capturing their combined effect on high-momentum parton propagation through
the QGP.

To incorporate both energy loss mechanisms into a single probability dis-
tribution P (Ei → Ef ), we treat radiative and collisional processes as independent
stochastic events. The total probability is constructed by convolving their respective
distributions - a Poisson distribution for radiative loss and a Gaussian for collisional
fluctuations - and is subsequently used to compute the medium-modified hadron
spectrum.

Hadron suppression observables.
The nuclear modification factor Rtr

AA(pf , HQ) for a single trajectory is defined
as the ratio of quenched to unquenched hadron spectra:

Rtr
AA(pf , HQ) =

Efd
3σq(HQ)

dp3f

󰀯
Efd

3σu(HQ)

dp3f
, (9.8)

where the unquenched spectrum is given by Eq. (9.2).
To account for azimuthal variations, we average over all trajectories with a fixed

direction angle φ, yielding the angle-dependent suppression:

RAA(pf ,φ, HQ) = 〈Rtr
AA(pf , HQ)〉trajectories at angle φ.

This step is essential: due to spatial asymmetries and gradients in the QGP
temperature profile, energy loss depends not only on the path length but also on the
direction of propagation.

Finally, we compute the standard observables RAA(p⊥) and v2(p⊥) as:

RAA(p⊥) =
1

2π

󰁝 2π

0
RAA(p⊥,φ)dφ, (9.9)

and

v2(p⊥) =

1

2π

󰁝 2π

0
cos(2φ)RAA(p⊥,φ)dφ

RAA(p⊥)
, (9.10)

respectively. Here we omit the hadron label HQ for clarity, and denote pf = p⊥.

9.3. Testing sensitivity of high-p⊥ probes to QGP evolution

Once we constructed a numerical framework capable of simulating parton energy
loss in an arbitrarily evolving QGP medium, a fundamental question arises: can
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high-p⊥ observables meaningfully differentiate between different temperature evo-
lution scenarios? In other words, do these probes possess sufficient sensitivity to
provide additional constraints on the QGP evolution beyond those already imposed
by low-p⊥ bulk observables?

To explore this, we selected three widely used medium evolution models

– OptGlauber+3D hydro [67],

– EKRT+3D hydro [67, 68], and

–TRENTo+VISHNU [69, 70],

all of which reproduce soft-sector observables (e.g., multiplicity distributions and
collective flow harmonics). However, despite this agreement at low transverse mo-
menta, their corresponding temperature profiles differ significantly, both in geome-
try and magnitude.

Figure 2 illustrates these differences by comparing the temperature distributions
in the transverse plane at different time slices, τ = τ0, 2, 3, 4, and 5 fm/c, for
30-40% central Pb+Pb collisions at

√
sNN = 5.02 TeV. The OptGlauber profile

exhibits the most pronounced spatial anisotropy, suggesting it may yield the largest
azimuthal anisotropy v2 for high-p⊥ hadrons. In contrast, the TRENTo+VISHNU
setup produces a nearly isotropic temperature distribution, which is expected to re-
sult in a small v2. Meanwhile, EKRT evolution achieves the highest initial temper-
atures, indicating it may lead to the strongest parton energy loss and, consequently,
the smallest nuclear modification factor RAA.

To determine whether these qualitative differences in temperature evolution af-
fect high-p⊥ observables, we used the DREENA-A framework to compute RAA

and v2 for charged hadrons, D, and B mesons at the LHC, using each of the three
hydrodynamic models described above.

The results, presented in Figure 3, show clear correlations between the temper-
ature evolution and the predicted observable values:

• The EKRT-based profile, with the highest temperatures, produces the strongest
suppression - i.e., the lowest RAA values - as expected due to enhanced en-
ergy loss.

• The OptGlauber evolution, with the largest spatial anisotropy, yields the high-
est v2.

• The more isotropic TRENTo profile leads to the smallest elliptic flow.

These findings confirm that high-p⊥ observables are indeed sensitive to QGP
temperature evolution and can be used to discriminate among different hydrody-
namic models. In combination with a robust theoretical framework, this sensitivity
establishes high-p⊥ probes as a valuable tool for QGP tomography.
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Figure 2: Temperature evolution for 30-40% central Pb+Pb collisions at
√
sNN =

5.02 TeV, obtained from three hydrodynamic models: OptGlauber+3D Hydro (top
row), EKRT+3D Hydro (middle row), and TRENTo+VISHNU (bottom row). Each
column corresponds to a different proper time: τ = τ0, 2, 3, 4, 5 fm/c (left to right).
Note that the initial times τ0 differ among the models. Figure from [51]

9.4. From observables to tomography

The primary aim of this review was to provide the outline of the development of a
physically consistent and numerically efficient framework - based on the dynami-
cal energy loss formalism - capable of describing high-p⊥ parton–medium interac-
tions in a finite, evolving QCD medium. Building on this foundation, the DREENA
framework was created to enable systematic comparisons between theoretical pre-
dictions and experimental data across a broad range of observables and energies.

Developed within an ERC Consolidator project focused on QGP tomography,
this research program has led to a series of analyses that demonstrate the utility
of high-p⊥ observables as precision tools for probing the QGP. Below we summa-
rize key results that illustrate the power of the DREENA framework in extracting
information about the QGP properties:
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Figure 3: DREENA-A predictions for RAA (top row) and v2 (bottom row)
for charged hadrons, D, and B mesons in 30-40% central Pb+Pb collisions at√
sNN = 5.02 TeV. Theoretical predictions are shown for three different tem-

perature profiles: OptGlauber+3D Hydro (solid line), EKRT+3D Hydro (dashed),
and TRENTo+VISHNU (dot-dashed). Data points are from ALICE, ATLAS, and
CMS [71, 72, 73, 74, 75, 76, 77, 78, 79]. Figure from [51]

• Constraining the early-time QGP evolution. A central open question in
heavy-ion physics is how the quark-gluon plasma behaves during the earli-
est moments after the collision - before it reaches thermal equilibrium. Us-
ing high-p⊥ observables as tomographic probes, we examined the sensitivity
of RAA and v2 to the earliest stages of medium evolution. Employing the
DREENA-A framework coupled with 3+1D hydrodynamic backgrounds, we
found that the data systematically favor a delayed onset of energy loss and
transverse expansion. In particular, heavy-flavor observables exhibit a pro-
nounced sensitivity to these early-time dynamics. These results demonstrate,
for the first time, that the bulk evolution of the QGP - traditionally constrained
by soft-sector observables - can also be independently constrained through
high-pT quenching phenomena [32].

• Connecting energy loss to shear viscosity. We analytically derived the tem-
perature dependence of the shear viscosity to entropy density ratio, η/s(T ),
from the dynamical energy loss formalism. The resulting profile shows strik-
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ing agreement with hydrodynamically extracted η/s(T ) from low-p⊥ Bayesian
analyses - including near Tc, where strong coupling effects dominate. This
provides an independent, theory-based constraint on η/s, which way support
the quasiparticle picture of QGP [83].

• Jet-perceived anisotropy. We introduced the concept of average jet-temperature
anisotropy as a medium property directly experienced by high-energy par-
tons. Using DREENA-A simulations, we showed that the ratio v2/(1−RAA)
saturates to a value proportional to this anisotropy, enabling its extraction
from experimental data. This provides a novel constraint on medium evolu-
tion models and represents one of the first direct, data-driven probes of intrin-
sic QGP geometry using high-p⊥ observables [33].

• Event-by-event tomography. To explore the fluctuating geometry of the
QGP, we extended the DREENA-A framework to fully event-by-event sim-
ulations. This extension enabled us to demonstrate that higher-order flow
harmonics (v3, v4) are sensitive to the fluctuating initial conditions of the
medium, and that different initialization models lead to distinct predictions.
Notably, none of the currently available hydrodynamic profiles can reproduce
the measured v4 at high p⊥, suggesting a potential tension - the so-called v4
puzzle - between theory and data [52].

Additionally, within the same event-by-event framework, we used high-p⊥
observables to constrain the QGP-s initial geometry and early-time evolution,
highlighting the power of QGP tomography to probe the medium’s earliest
stages [84].

Together, these results underscore the versatility and predictive power of the
DREENA framework. More broadly, they show that high-p⊥ observables - when
analyzed within a realistic and systematically improvable theoretical formalism -
can serve as precision tools for extracting properties of the QCD medium.

10. Conclusion

In this work, we have integrated two traditionally distinct domains of heavy-ion
physics - high-energy parton energy loss and relativistic hydrodynamics - into a uni-
fied, dynamically consistent framework. This integration led to the development of
DREENA: a versatile numerical tool designed to simulate high-p⊥ parton-medium
interactions within a realistic QGP background and to systematically compare the-
oretical predictions with hadron experimental data across a wide range of collision
systems, centralities, probes, and energies.

The resulting framework has enabled quantitative studies of essential QGP prop-
erties – such as temperature evolution, viscosity, and thermalization time – by jointly
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analyzing complementary sets of low- and high-p⊥ observables. Of particular sig-
nificance is the fact that these diverse measurements, traditionally studied sepa-
rately, can now be combined to provide consistent constraints on the medium-s
global features.

Although this approach involved a substantial theoretical challenge, the out-
come has been highly rewarding: it allowed us to repurpose the wealth of high-p⊥
data collected at RHIC and the LHC into an active probe of QGP properties. This
expands the role of high-p⊥ measurements from merely testing energy-loss models
to serving as precision tools for QGP tomography.

Looking ahead, the DREENA framework establishes the theoretical framework
necessary for the upcoming precision era in heavy-ion physics. With the expected
increase in experimental accuracy during LHC Run 3 and at sPHENIX, DREENA
is well-positioned to deliver robust quantitative constraints of QGP parameters, thus
maximizing the scientific return from major collider investments and pushing the
field toward a new level of quantitative understanding.
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