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We report on a benchmark calculation of the in-medium radiative energy loss of low-virtuality
jet partons within the EPOS3-Jet framework. The radiative energy loss is based on an extension
of the Gunion-Bertsch matrix element for a massive projectile and a massive radiated gluon. On
top of that, the coherence (LPM effect) is implemented by assigning a formation phase to the
trial radiated gluons in a fashion similar to the approach by Zapp, Stachel and Wiedemann. In
a calculation with a simplified radiation kernel, we reproduce the radiation spectrum reported in
that approach. The radiation spectrum produces the LPM behaviour dI/dω ∝ ω−1/2 up to an
energy ω = ωc , when the formation length of radiated gluons becomes comparable to the size
of the medium. Beyond ωc , the radiation spectrum shows a characteristic suppression due to a
smaller probability for a gluon to be formed in-medium.
Next, we embed the radiative energy loss of low-virtuality jet partons into a more realistic “parton
gun” calculation, where a stream of hard partons at high initial energy Eini = 100 GeV and initial
virtuality Q2 = E2 passes through a box of QGP medium with a constant temperature. At the
end of the box evolution, the partons are hadronized using Pythia 8, and the jets are reconstructed
with the FASTJET package. We find that the full jet energy loss in such scenario approaches a
ballpark value reported by the ALICE collaboration. However, the calculation uses a somewhat
larger value of the coupling constant αs to compensate for the missing collisional energy loss of
the low-virtuality jet partons.
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Introduction: In the last decade, both experimental extraction and theoretical modeling of
jets in heavy-ion collisions became more and more refined. At present, one has understood that the
description of the fine substructure properties of the jets, such as the jet shape, requires a rather
precise description of both, the underlying space-time evolution of themedium and the back reaction
of the jet on the medium, sometimes called “medium recoil”. Our aim is to create a comprehensive
model of jet and medium evolution, and in these proceedings we report on the development of
one of its core components: the process of medium-induced gluon radiation by low-virtuality jet
partons.

The model: The medium-induced radiation is based on the emission of gluons by massive
quarks, which move through and interact with light medium quarks and medium gluons [1]. The
latter extends the known calculation by Gunion and Bertsch [2] to the case of a massive projectile
and a massive radiated gluon.

A direct computation of the matrix elements corresponding to the gluon bremsstrahlung is
difficult. A simplifying assumption used in [1] is that, in the region of small x, the matrix elements
from QCD can be approximated by a so-called scalar QCD. The scalar QCD (SQCD) is a case
of spin-0 quarks interacting with a non-Abelian gauge field (gluons). At high enough energy, the
SQCD leads to a factorized formula for the total cross section of the radiation process:

dσQq→Qqg

dxd2kT d2lT
=

dσel

d2lT
Pg(x, kT , lT )θ(∆), (1)

where kT is the transverse momentum of the radiated gluon, lT is the transverse momentum acquired
by the medium parton, dσel

d2lT
→

8α2
s

9( ®lT
2
+µ2)2

and

∆ =
(
x(1 − x) s − x M2 − ®kT

2
+ 2x ®kT · ®lT

)2
− 4x(1 − x) ®lT

2
(x s − ®kT

2
). (2)

The ∆ function encodes the kinematic limits. The part corresponding to the gluon radiation is:

Pg(x, ®kT , ®lT ; M) =
CAαs

π2
1 − x

x

(
®kT

®kT
2
+ x2M2

−
®kT − ®lT

( ®kT − ®lT )2 + x2M2

)2

, (3)

where M is themass of the projectileQ. An important feature of the expressions above is that they can
be easily extended for the case of amassive radiated gluon by substituting x2M2 → x2M2+(1−x)m2

g,
where mg is the gluon mass. As one can see, the mass of the projectile quark and the gluon enters
the expressions explicitly. However, in the present proceedings we do not study the hierarchy of the
energy loss by projectiles with different masses.

On top of the radiation kernel described by the formulas above, we have implemented the
coherent gluon radiation via multiple scatterings of the projectile with the medium partons. More
details and tests of the procedure will be reported in an upcoming publication, whereas here we list
the main details:

• The formation and evolution of the parton shower from the initial hard parton proceeds in
time-steps. Such feature makes it very convenient to couple the parton shower to a realistic
hydrodynamic evolution of the medium, which is typically performed numerically.
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• At each time-step, we decide whether an elastic scattering or an incoherent inelastic scattering
takes place, according to probabilities Γel∆t and Γinel∆t, respectively. The result of such
incoherent inelastic scattering is a trial radiated (or unformed) gluon.

• Each of the trial radiated gluons starts its evolution with an initial phase ϕ = 0 and a collision
counter Ns = 1. The projectile may have more than one trial radiated gluon associated with
it, and the gluons are treated independently and in parallel.

• Each of the trial radiated gluons also experiences elastic scatterings with the medium partons,
according to the same elastic rate Γcoll. Each scattering changes the transverse momentum
kT of the trial radiated gluon, and increments its collision counter Ns by one. The phase of a
trial radiated gluon increases by ∆ϕ = ω/k2

T · ∆t.

• Once a trial radiated gluon accumulates formation phase ϕ = 3.0 while still being inside the
medium, it is considered to be a candidate for a real radiated gluon. At this moment, the
trial radiated gluon is either accepted as a real radiated gluon with a probability 1/Ns, or is
discarded with a probability 1 − 1/Ns.

• If the trial radiated gluon is accepted, its initial energy-momentum are subtracted from the
energy-momentum of the projectile.

Such an algorithm allows to mimic the process of coherent radiation in a probabilistic fashion [3].
To test the algorithm, we first set it up to reproduce an exact result for the energy spectrum of radiated
gluons in the BDMPS-Z limit. To do so, we reduce the radiation kernel to dN/(dωdkT ) = 1/ω,
kT = 0 and set the total incoherent radiation rate to be Γel = Γinel = 0.1 fm. The initial transverse
momentum of gluons is set to zero, kT = 0, in accordance with [3] and assuming that the transverse
momentum is picked up mostly by the multiple elastic scatterings with the medium partons.

Results and discussion: With the setup above and the ϕ = 0.3 setting, we run a so-called
“parton gun” simulation, shooting mono-energetic on-shell quarks with E = 100 GeV into a box of
medium, where the temperature is adjusted so that the q̂ = 0.4 GeV2/fm. The resulting intensity
spectra of the radiated gluons, as a function of the gluon energyω, are plotted in Fig. 1. A transition
from the coherent regime (dubbed as “LPM” in the plot) to the regime where at most 1 gluon is
being emitted (dubbed as “N=1” in the plot), happens around gluon’s energy:

ωc ≈
q̂L2

2ϕ f ~
.

With the present settings and a box size L = 1 fm, ωc ≈ 3.4 GeV, whereas L = 2 fm corresponds
to ωc ≈ 13.5 GeV. One can clearly see on the plot, that indeed in the L = 1 fm case the transition
happens around the ωc value, which was calculated above. Also, by setting the formation phase
condition ϕ = 0, we can restore the incoherent radiation regime (which is a green curve on the plot),
where the radiation spectrum follows the known 1/ω dependence.

Next, we turn to a more realistic scenario, where the jet evolution starts from an energetic
parton with E = 100 GeV and initial virtuality scale Qini = E . As such, the process of jet formation
- subsequent parton splittings via a virtuality-ordered parton shower - takes place before the partons
at the lowest virtuality scale, Q0 = 0.3 GeV, start to radiate gluons due to medium interactions. In
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Figure 1: Energy spectrum of gluons, radiated by a low-virtuality projectile with initial energy Eini =

100 GeV in a medium with lengths L = 1,2 fm and a fixed inelastic mean free path Γinel = 0.1 fm.

this scenario, the medium is modelled as a gas of Nf = 3 massive quarks with mq(T) = 330 MeV
and Nc = 3 gluons with mass mg(T) = 564 MeV, at a temperature of T = 350 MeV. The size of
the medium is taken as L = 4 fm, which very roughly mimics the average mean free path of the
energetic partons in the dense QGP medium.

In the realistic case, the medium-induced gluon radiation is calculated according to Eqs. 1-3
with the infrared regulator µ = 623 MeV (which is proportional to the Debye mass). We take
a somewhat larger value of the coupling constant with respect to other approaches, αs = 0.4,
which is partially justified by the fact that for this calculation, the jet partons lose energy only
via the medium-induced radiation (whereas only the radiated trial gluons suffer elastic scatterings).
Coherence effects are also included as described above, with the value of the formation phase ϕ = 3.
At the end of the in-medium evolution, the jet partons are hadronized with Pythia 8 [4]. Finally, the
jets are reconstructed from the final-state jet hadrons using the anti-kT algorithm with a cone size
R = 0.4 via the FASTJET package [5].

We plot the energy distribution of the reconstructed jets - both with and without medium-
induced energy loss - in Fig. 2. On this plot, we also show a third scenario (represented by the green
curve), where the formation time of the jet partons is taken to be 4 times smaller than the standard
prescription ∆t = E/Q2. First we note that the profiles of the jet energy in both, the vacuum and the
“standard” medium-modified case, increase monotonically with the energy of the reconstructed jet.
In the scenario of the short jet formation (the green curve), there is a broad peak around E ≈ 94GeV.
Such profile of the radiative energy loss of a jet is qualitatively consistent with an eariler studies
in AMY formalism with a similar setup [6]. We note that the difference between the mean energy
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Figure 2: Profile (distribution) of radiative energy loss by a projectile with initial energy Eini = 100 GeV in
a QGP medium with length L = 4 fm and a temperature T = 350 MeV.

of the reconstructed “vacuum” jet and the reconstructed medium-modified jet with ∆t = 1
4 E/Q2 is

in the same ballpark as the pT shift of the jet spectrum, measured in Pb-Pb collisions in the jet pT
range [60,100] GeV by ALICE [7].
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