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We study the jet quenching parameter § in the initial pre-equilibrium stages of heavy-ion collisions using the
QCD kinetic theory description of the anisotropic quark-gluon plasma. This allows us to smoothly close the
gap in the literature between the early glasma stage of the collision and the onset of hydrodynamics. We find
that the pre-hydrodynamic evolution of § during the bottom-up kinetic scenario shows little sensitivity to the
initial conditions, jet energies and models of the transverse momentum cutoff. We also observe that, similarly
to the glasma case, the jet quenching parameter is enhanced along the beam axis as compared to the transverse
direction during most of the kinetic evolution.

1. Introduction

Jets are important probes of the quark-gluon plasma generated in
heavy-ion collisions [1-7]. They originate from a highly energetic quark
or gluon created in the initial hard collision [8,9], and result in hadrons
with large momentum measured in the detector. The jet quenching pa-
rameter § describes transverse momentum broadening of this leading
parton along its trajectory and encodes medium effects to the jet evolu-
tion and to energy loss [9-13].

Due to their early creation, jets probe all phases of the quark-
gluon plasma evolution, including the earliest stages. These involve the
glasma, a phase shortly after the collision that is driven by highly oc-
cupied classical gluonic fields, followed by the kinetic theory stage, in
which the system is described as an interacting gas of gluon and quark
quasiparticles, before eventually a hydrodynamical description becomes
applicable, and local equilibrium is reached (see e.g. [14,15] for re-
views). For a thermal medium, the jet quenching parameter § can be
calculated for weak [16,17] and strong coupling [18,19] using pertur-
bative techniques and lattice Quantum Chromodynamics (QCD) [20],
and recent progress has been made to describe jet-medium interactions
in thermal equilibrium [21-26]. Also extractions of § from experimen-

* Corresponding author.
E-mail address: florian.lindenbauer@tuwien.ac.at (F. Lindenbauer).

https://doi.org/10.1016/j.physletb.2024.138525
Received 21 December 2023; Accepted 7 February 2024
Available online 9 February 2024
0370-2693/© 2024 The Author(s).
(http://creativecommons.org/licenses/by/4.0/).

Published by Elsevier B.V. Funded by SCOAP3.

tal data commonly use a thermal or hydrodynamic background for the
medium evolution [27-29].

Jet quenching is considered to be a dominant effect for several ex-
perimental observables, such as the nuclear modification factor R, ,
or v, at high py. Addressing these requires models such as those of
Refs. [28-40] that integrate over the whole collision process. Currently,
such models typically only incorporate the effects on jets of a ther-
mal, hydrodynamical medium after a finite starting time. However, the
precise treatment of jet quenching during the initial pre-equilibrium
stages has not been fully understood. For instance, while in Ref. [34]
q is required to be suppressed before 0.6 fm/c for the simultaneous de-
scription of R4 4 and v,, in Ref. [40] this is not the case. Additionally,
in the glasma phase large values and direction dependent momentum
broadening have been reported [41-45]. This discrepancy shows the
need for a consistent description of the evolution of §, which requires
the knowledge of its evolution throughout the whole pre-equilibrium
stage. This can be achieved in the weak coupling bottom-up thermal-
ization scenario [46-50] using QCD effective kinetic theory (EKT) [51],
which is commonly extrapolated to moderate couplings to study the
approach to hydrodynamics [50,52-54]. Although 4 and jet-medium
interactions have been discussed for anisotropic [55-60], inhomoge-
neous and flowing systems [61-64], so far, no computation during the

This is an open access article under the CC BY license


http://www.ScienceDirect.com/
http://www.elsevier.com/locate/physletb
http://orcid.org/0000-0001-5828-7196
https://zenodo.org/records/10419537
https://zenodo.org/records/10419537
mailto:florian.lindenbauer@tuwien.ac.at
https://doi.org/10.1016/j.physletb.2024.138525
https://doi.org/10.1016/j.physletb.2024.138525
http://crossmark.crossref.org/dialog/?doi=10.1016/j.physletb.2024.138525&domain=pdf
http://creativecommons.org/licenses/by/4.0/

K. Boguslavski, A. Kurkela, T. Lappi et al.

Glasma

?

Kinetic
theory

Hydrodynamics

R 4

Physics Letters B 850 (2024) 138525

10
:] Hydrodynamics
g4 theory
o %
+ 61 ©
P ‘ 0”)‘3 Bl Ej = 100 GeV
E > Ejer = 20 GeV
= 4
, , v
107! 10° 10!
7 (fm/c)

Fig. 1. (Left): Schematic evolution of § during the different stages of the plasma evolution. (Right): The values of § relevant for a quark jet for A =10, O, = 1.4 GeV

and jet energies Ej,

=20 GeV (red band) and 100 GeV (black band). Each band includes simulation results for different initial conditions with parameters & =4, 10

and the time-dependent transverse momentum cutoff models of Eq. (9). The markers indicate different stages of the bottom-up thermalization as explained in the
text (see also Appendix A). The glasma calculation of Ref. [42] is shown as a red line for comparison.

bottom-up equilibration dynamics in heavy-ion collisions [47] exists. A
short description of the stages of the bottom-up thermalization scenario
is found in Appendix A.

In this letter, we tackle this problem by computing § between
the glasma and the onset of hydrodynamics using kinetic theory, as
sketched in the left panel of Fig. 1. We find that the large values of §
reported from the glasma consistently connect to the hydrodynamical
values at later times. As shown for simulations relevant for jet energies
Ejy =20—100 GeV in the right panel of Fig. 1, this provides remarkable
agreement with the previously reported glasma values of § that were ar-
gued to have a sizable impact on total jet energy loss [42,43,45]. We
will discuss our approach and our steps towards this result in the re-
mainder of this work.

2. Kinetic theory

To study the plasma evolution during bottom-up thermalization,
we perform numerical simulations within QCD effective kinetic theory
(EKT) [51] for a gluonic plasma, since gluons are the dominant degrees
of freedom at early times [53,65]. Using the same setup as in [50],
we describe the plasma in terms of quasiparticle distribution functions
fp = f(z.p), whose evolution in proper time 7 is given by the Boltz-
mann equation

of,

ot

Here 2“2 encodes collisions resulting in elastic scatterings, C!=2 de-

scribes effective splitting terms relevant for gluon radiation, and C*P =
%
T

=C' 2 Sl + CP2 £+ COPL 1), m

accounts for the longitudinal expansion of the plasma in the

beam direction [46,50]. Our only free parameter is the 't Hooft coupling
A= N_g?, where N, =3 is the rank of the Yang-Mills gauge group. The
effective kinetic theory description [51] is leading-order accurate for
isotropic distributions but neglects the effect of plasma instabilities that
may be present in anisotropic systems [66—-68]. We use an isotropic
screening prescription that is typically employed in EKT implementa-
tions [50,53,65,69,70].

3. Jet quenching parameter

To study jet momentum broadening, we consider elastic scatterings
of the leading jet parton with momentum p off a plasma constituent
with momentum k. Their momenta are p’ and k' after the collision
with a momentum transfer q = (¢,,q, ) = p’ —p. To account for different
directions, we define the jet quenching parameter matrix

i dd'e’)
q = ———
dL
where L is the length along the trajectory of the jet. We consider the jet
moving in the x direction where z is the beam axis and thus distinguish
transverse momentum broadening via ¢’ and §**. The usual (isotropic)
jet quenching parameter is the sum § = §*” + §**. In kinetic theory, we
calculate 4"/ for a gluonic background using the perturbative expression
[71]
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with f, =/ ST and where dy is the dimension of the representa-
tion of the jet. In our numerical calculations, we consider quark jets
with dy = N, = 3. The values of § for gluons can be obtained via
Casimir scaling ¢8'*"/C, = 9% /Cp with C, =3, Cp =4/3 for QCD.

The matrix element Mzg : describes the elastic scattering of the jet
parton a off a gluon in the plasma and is calculated in leading-order
perturbative QCD. For any internal soft line we use the hard thermal
loop (HTL) matrix element [51] with the Debye mass calculated within
the simulations. Similarly as in the EKT time evolution, in the matrix
element for § we employ an isotropic screening approximation, neglect-
ing the effect of plasma instabilities, which were shown not to play a
dominant role during the thermalization dynamics [48,49]. Although
all results in this paper are obtained using this matrix element, we
have also checked numerically that an often employed screening ap-
proximation [50,53,65,69,70] does not lead to significant changes (see
Appendix B).

The parameter § is defined only up to a cutoff scale A |, whose nat-
ural value has been argued to depend on the jet energy Ej.; and the
effective medium temperature [17,24,28,72]. For instance in thermal
equilibrium, the jet quenching parameter can be calculated for large
cutoffs A| > T as [16,17]

Cr€Q@3 A
ﬁ In—2— + const |.
Nem® \ AT

For A| ~T—as well as for systems out of equilibrium—the dependence

is more complicated but can be obtained from Eq. (3). Our code imple-
mentation can be found in [73].

Ginerm(Ay > T) = 2°T3 4

C
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We want to compare our non-equilibrium simulation results to a
“corresponding” thermal equilibrium. To do this, we use the Landau
matching condition and define an energy density matched temperature
as

1/4
T,()= <3°§ m) (s)
eV,

g

obtained from the energy density of our nonequilibrium system & =
3
Vg / (;Tl; |p|fp- Here v, = 2(Nc2 — 1) counts the number of gluonic spin
and color degrees of freedom.
Due to its leading proportionality to /IZTS, we show our results for
4" scaled by this factor. Moreover, we use the scale

—13/5 a2\
TBMsS = Q;‘=< ) o;', 6

47N,
to rescale our time variable since it parametrically captures the ther-
malization time during the kinetic bottom-up scenario [47,50].

4. Initial conditions and time markers

We initialize the simulations by choosing the same initial distribu-
tion at time Q 7 =1 as in [50]

2 {pr)
f(=1/Qup1.p)="A——2——
Y RS -
2 2 2 )
X - + (ép, .
exp( or (P +€p)?%)

We use two sets of initial parameters with different momentum
anisotropies £ and (p;) = 1.80;,

E=10, A=524171; &=4, A=2.05335, ®)

where A is chosen as in [50] with e = (p;)d N /d2x dy fixed via the to-
tal gluon multiplicity per unit rapidity d N /d?>xdy in the glasma from
[74]. Once initialized, a weakly coupled system follows the bottom-
up thermalization scenario that consists of three stages [47,50]: an
anisotropic highly occupied plasma, a radiative stage of approximately
constant anisotropy, and a final thermalization stage via an inverse en-
ergy cascade (summarized in Appendix A). To guide the eye, we roughly
separate these stages by special time markers. The star marker is placed
where the occupancy is f ~ 1/4, the circle marker lies at the minimum
occupancy, and the triangle marker indicates where the pressure ratio
is Pr/P; =2, which marks a time close to equilibrium.

5. Simulation results

We start by discussing the resulting momentum broadening coeffi-
cient at fixed transverse momentum cutoffs A, and later generalize this
to more realistic models of evolving momentum cutoffs. While mixed
components §** = §*¥ = 0 vanish in our simulations in accordance with
symmetry arguments, we study here the evolution of §** and §**. In
Fig. 2 we show them at the cutoff A| =3Q; for different couplings
and initial anisotropy parameters £ = 10 (solid lines) and & =4 (dashed
lines). We find little sensitivity to the variation of initial conditions, less
than 15% for the considered parameters. Moreover, we observe qualita-
tively similar behavior for different couplings.

To further study the evolution of ¢, we show their values for dif-
ferent cutoffs A in Fig. 3 for the anisotropy & = 10 and coupling 4 =2,
and find qualitatively similar effects also for other couplings. The es-
timates for an energy-density matched (see Eq. (5)) thermal system
zjfflerm = %cjtherm are also shown as dash-dotted lines and are obtained
by evaluating Eq. (3) with a thermal distribution. We also show sepa-
rately the contribution from the Bose-enhanced §;; term as dotted lines
(defined as the part of Eq. (3) that is proportional to f 2). We observe
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Fig. 2. Jet quenching parameter in y and z directions rescaled by )LZTE3 during
bottom-up thermalization for momentum cutoff A, = 3Q, for different cou-
plings and initial conditions (solid: ¢ = 10, dashed: & =4).
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Fig. 3. Evolution of §°* and §*” for a quark jet during bottom-up thermalization
for 4 =2 and different cutoffs A . We have added the Bose enhanced contribu-
tions git for A, =3Q; as dotted curves of the same color, visible at the bottom
of the figure. For comparison, thermal curves for the same 7,(z) are shown as

brown dash-dotted lines.

that in general, the order of magnitude of 4’ follows the energy-density
matched thermal values. In the earliest stage of bottom-up thermal-
ization, characterized by overoccupation and extreme anisotropy and
marked by the star symbols, the values of § are above the energy-density
matched thermal ones. At the next stage, marked by the circles, the val-
ues for large cutoffs A; undershoot the thermal ones, while those for a
small cutoff overshoot them. This behavior results from low occupan-
cies of the plasma constituents, as we have verified by studying a scaled
thermal distribution. Finally, approaching thermal equilibrium (the tri-
angle markers), the values of 4 also approach the thermal expectation.

For almost the entire evolution we find that momentum broaden-
ing in the beam direction is larger than transverse to it, §** > ¢*”. This
seems to be typical for anisotropic systems with occupancies up to or-
der unity, as has been found for transport coefficients in the context
of kinetic theory [56,57,75]. In our formulation this ordering is a re-
sult of the anisotropic under-occupied distribution and thus, does not
stem from the matrix element for which an isotropic HTL screening pre-
scription is used. It leads to a sizable difference in the total momentum
broadening in different directions. Moreover, a low momentum cutoff
can be associated to momentum broadening of the plasma constituents
themselves. Thus the larger broadening in the z direction for smaller
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A, is consistent with the isotropization dynamics in the bottom-up sce-
nario.

Interestingly, we find that for large cutoffs this ordering is reversed
at early times before the star marker, leading to §** < §*”. This mainly
stems from the Bose-enhancement of the over-occupied plasma phase at
the beginning of the evolution. To make this more quantitative, we have
plotted the Bose-enhancement part g of ¢ in Fig. 3, separately for the
y and z directions. Note that §;; is finite in the limit A| — o, and the
value at A; =30, that is plotted is already close to that limit. While for
the non-Bose enhanced term §;, the anisotropy p, < p, leads to qu >
zify , for the Bose-enhanced term the effect is the opposite, §7f < cifyty .
This, coupled with the larger occupation numbers in the earliest stage,
leads to the observed initially reversed anisotropy of 4.

Remarkably, jet quenching studies in the glasma [41,42,45] have re-
vealed a similar ordering §** > §*” as we find for most of the evolution
of ¢ in our kinetic simulations, although for a different reason. There
the enhancement of §** seems to stem primarily from a slight asymme-
try between the chromo-magnetic and -electric fields in the underlying
classical-statistical description of the glasma.

6. Results for realistic cutoff dependence

Until now we have studied § using a fixed cutoff A, . This is un-
physical since during the expansion all characteristic energy scales of
the plasma decrease. To account for this, we choose cutoff models that
depend on the jet energy Ej and effective plasma temperature T,:

APM(Ei, T,) = Mg X (;

T (%2)

ASINE T,) = (g x (Ej T,/ (9b)

The first cutoff model /\EPM is a rough estimate of the accumulated
transverse momentum during the formation time of a gluon emission
during the LPM regime, where quantum mechanical interference leads
to a suppression of the emission rate. It can be obtained from estimates
of the relevant formation time /"™ ~ E; /g7, § ~ g*T? and ¢} ~ gr*o™
[16,17,76,77]. Variants of the kinematic cutoff model A‘f“ have been
widely used in the literature [13,24,27,28,39,72,78,79] and take into
account that the plasma particles the jet scatters off have momentum
k ~T. We emphasize that we regard § as a medium property relevant
for a jet with an appropriate fixed energy Ej, and do not study the
actual evolution of a jet.

In principle, the cutoff is process dependent. However, no substan-
tial differences are expected as we will show below, since the depen-
dence of 4 on the cutoff is only logarithmic for large A .

i Ay
§'"(Ay >»T,)~a;In—+0b,. (10)
0,
In practice, we fit the coefficients a; and b; to the large cutoff behavior
of the numerically obtained values for 4. The numerical values of q;/ Q?
and b,-/Qg as functions of Q7 for 1 =0.5,1,2,5 and 10 for the initial
conditions in Eq. (8) are provided in [80].

To make comparisons with the glasma, we set our Q; such that we
reproduce the energy density of the glasma in Ref. [42] at our initial
time Q 7z = 1.! This yields a value of O, = 1.4 GeV. This is the same
value as obtained in Ref. [82] that is needed for the EKT setup to
be consistent with the later hydrodynamic evolution. This shows the
consistency of both approaches. We then obtain the values of the pa-
rameters ¢ in Eq. (9) by matching them at the triangle marker close
to thermal equilibrium. Concretely, we match the values at this close-
to-equilibrium point where T, = 0.21Q, = 295 MeV and realistic cou-

1 Note that the value of Q™ used in glasma simulations might not corre-
spond to the value of O we use due to different definitions and conventions. For
the glasma simulation in Ref. [42], Q™™ =2 GeV and m/(g2u) = 0.1 with 50
color sheets have been used, where g2y and Q™™ are related as in Ref. [81].
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Fig. 4. Evolution of §°* and §*” for the cutoff models in (9a) (solid) and (9b)
(dashed) with jet energy Ej, =100 GeV, O, = 1.4 GeV and T, extracted from
the plasma simulation for £ = 10. The curves were smoothed using a Savitzky-
Golay filter, while the original curves with estimated error bars are shown
transparently beneath. Thermal curves for the LPM cutoff model are included
for comparison.

pling 4 =10 to the median value for ey, in the LBT parametrization
of the JETSCAPE collaboration [28], in order to be close to a conven-
tional numerical estimate for a thermal distribution. For Ej, =20 GeV
we obtain "M =0.70 and ¢*i" = 0.16, whereas for Ej, = 100 GeV we
obtain ¢™"M = 1.14 and ¢ki" = 0.40. In Appendix C we show that match-
ing to other models does not significantly change our results.

We show §?* and §”” in Fig. 4 for the anisotropy parameter & = 10,
jet energy Ej, = 100 GeV, different values of the coupling 4, and both
cutoff parametrizations of Eq. (9). We observe a similar evolution of
4" as for fixed cutoffs, with §%* > §’¥ for most of the non-equilibrium
evolution except for a short transient phase of reversed ordering at the
beginning for A = 2. We also find that longitudinal momentum broaden-
ing is more efficient than expected from a thermal system, as indicated
by the dashed thermal line for comparison. Both cutoff models lead
to similar results, with the LPM cutoff yielding systematically higher
values than the kinematic cutoff model during the pre-hydrodynamic
evolution. For A = 10 they differ by less than 20%, while the variation
of initial anisotropies has a much smaller impact, as we have seen in
Fig. 2.

This relatively mild sensitivity to the initial parameters and cut-
off models enables us to predict the value of 4§ throughout the pre-
equilibrium stages, extrapolating backwards from a fit to a phenomeno-
logical extraction by the JETSCAPE collaboration at the triangle time
marker close to equilibrium. This is the procedure that leads to the nu-
merical values shown at the beginning of this work, in the right panel
of Fig. 1 for jet energies Ej, =20 GeV and 100 GeV, where each band
contains simulations with both cutoff models and both initial condi-
tions. The overlapping bands signal little sensitivity to the jet energy.
At 7 ~0.2 fm/c we find § ~ 4 — 5 GeV?/fm. As visible in the figure, this
is comparable to the values during the glasma regime at this time and
thus provides a connection to the earliest phase of the plasma evolu-
tion. The ratio §*¥/§** is included in Appendix D and shows a sizable
suppression of up to 20% between the glasma and the hydrodynamic
regimes.

7. Conclusions

In this letter, we have studied the jet quenching parameter 4 at ini-
tial stages in heavy-ion collisions. Often characterizing jet energy loss,
4 at early times is a major uncertainty in theory predictions for experi-
mental observables. In contrast to phenomenological studies that find §
initially suppressed [34] or neglect jet energy loss during initial stages
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[30-32,72], we obtain significant values of § during its pre-equilibrium
evolution using QCD kinetic theory simulations, consistently connecting
the glasma results with hydrodynamics.

Our § results follow roughly Landau-matched thermal estimates to
a first approximation while exhibiting a sizable anisotropy §** > §’” for
most of the pre-equilibrium evolution. The latter shows the importance
of going beyond equilibrium approximations since these systematically
underestimate § and particularly §%%.

We then moved from a fixed transverse momentum cutoff to a vary-
ing cutoff that depends on the evolving energy density of the medium,
through commonly used LPM and kinematic models, and obtained a rel-
atively parameter- and model-independent evolution of 4. For that, we
matched its numerical value at the late, close-to-equilibrium region to
phenomenological extractions from heavy-ion collision data. Extrapo-
lating backwards, we were able to obtain a result for § in physical units
that we extended to early times where it matched surprisingly well with
earlier estimates from classical field simulations of the glasma stage.
This matching gives us confidence that we are starting to obtain a real-
istic, consistent estimate of the jet quenching parameter § throughout
the pre-equilibrium stages.

Our results of § during the kinetic regime could be used to extend
current frameworks that employ a hydrodynamic medium evolution to
extract § from experimental data [27,28]. Although based on scatter-
ing processes with on-shell partons, our extracted values for § can also
enter jet evolution models in order to include medium effects during
the initial large virtuality phase [40]. Since the anisotropy §** > ¢*¥
remains during most of the pre-hydrodynamic evolution including the
glasma and kinetic stages, it may have observable consequences, such
as a sizable jet hadron polarization as suggested in [60].
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Appendix A. Bottom-up thermalization
The pre-thermal quark-gluon plasma generated in heavy-ion colli-

sions follows the bottom-up thermalization scenario [46-48,50], which
consists of several stages: The first stage is dominated by a large number
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Anisotropy: Pr/Py,

1072

Occupancy: (pAf)/(p)

Fig. 5. EKT simulations for different initial conditions and different couplings.
The star time marker is placed at occupancy (pAf)/{(p) = 1, the circle marker
at minimum occupancy, the triangle marker where P;/P;, =2 and the cross
indicates thermal equilibrium.

of hard gluons, and the anisotropy increases due to the longitudinal ex-
pansion along the beam axis. When the occupancy of these hard modes
reaches unity, we enter the second stage, where a significant amount
of soft gluons is produced through branching while the momentum
anisotropy remains roughly constant. These soft gluons form a ther-
mal bath, but a significant amount of the total energy is still carried by
the remaining small number of hard gluons. In the third stage, these
hard gluons lose energy through multiple hard branchings, until they
join the thermal bath and the system equilibrates.

Numerical simulations [50] support this picture. In Fig. 5 we show
the time evolution of the system in the anisotropy-occupancy plane,
where we also introduce three markers to guide the eye that roughly
correspond to the boundaries between the three stages described above.
The star marker is placed where the occupancy is {(pf)/{p) =1/4, the
circle is placed at the minimum occupancy, and the triangle marker
indicates where the pressure ratio is Pr/P; =2, and marks the time
close to equilibrium.

The longitudinal P; and transverse pressure P are obtained from
the corresponding components of the energy-momentum tensor (with
K" =k

&’k
T =2y, ————K*K"f(k Al
g/(2ﬂ)32|k| VALY, (AD
XX 4 Ty
Pp= % . P =T% (A.2)
The occupancy of the hard modes can be assessed via
y) d3 2
waf) _ [ Eplpl/ @) A3)

(Y " [&plplf®

Appendix B. Screening approximation to the matrix element

For the evaluation of 4, we use matrix elements with soft gluon
exchanges regulated by the isotropic HTL self-energy, as described in
Ref. [51]. We start with the matrix element for gluon scattering in vac-
uum
e T
88 s— —u u—s

=9+ + + , ®.1)
4d A2 u? s2 12
and take the eikonal limit |p| — oo, in which only the last term con-
tributes. Medium screening effects are incorporated via the replacement
(see [51])
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Fig. A.6. Comparison between ¢ for different matrix elements. Solid lines: full
isotropic HTL matrix element; dashed lines: approximated matrix element using
the simple screening form (B.3).

(s —u)?

2
T Gr(P-P), (P+PWK+K)|, (B.2)

where for G we use the isotropic form of the hard-thermal loop prop-
agator in Coulomb gauge. The resulting expression is lengthy but can
be straightforwardly obtained and is listed in Ref. [71].

An often-used approximation is a simple screening form [50,53,65,
69,701, including a screening parameter &, = e!/3 /2 for transverse mo-
mentum broadening

2

g8

-

Ipl—oo 4d , A2p?
<2|k| —w— /K -2 = ¢ cos qbkq)z

(@2 +&m)?

In all figures of the paper, we use the full isotropic HTL resumed matrix
element. Additionally, we check the validity of the simple screening ap-
proximation (B.3) here and show a comparison between §” in Fig. A.6
for both matrix elements. One observes only minor differences, mostly
visible at small cutoffs A, and at early times. This makes the simple

screening approximation in (B.3) applicable to the jet quenching pa-
rameter during bottom-up thermalization.

(B.3)

Appendix C. Different cutoff matchings

In the main text, we match the proportionality constants ¢ in (9)
with the LBT parametrization from the JETSCAPE result [28] for 4.
Here, we investigate possible changes of our description due to a match-
ing with the values from Ref. [29] for comparison. Their curves are
consistent with the LBT model employed in the main text at our match-
ing temperature 7, =295 MeV. However, to quantify the uncertainty
in the extraction, we choose upper (§ = 2.5T3), central G= 273), and
lower (§ = 1.5T73) parts of the error band in Fig. 3 from Ref. [29]. While
these values are independent of the jet energy, we choose Ej, =50 GeV
for Egs. (9) in our paper. We find that the upper and central values
are compatible with the JETSCAPE parametrization and also consistent
with the glasma values, whereas the lower bound yields slightly smaller
values, as visible in Fig. C.7, where we have zoomed into the early-time
evolution.

Appendix D. Anisotropy of the jet quenching parameter

In the right panel of Fig. 1, we plot the absolute value of § = §*¥ + §**
to make a comparison with the glasma. For phenomenological purposes
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Fig. C.7. Evolution of § (jet energy 50 GeV) for different parameterizations
according to Ref. [29], as explained in the text.
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Fig. D.8. Resolving the anisotropy in Fig. 1 by considering the ratio §*”/§**.

(see e.g. [60]) also the anisotropy is important. We thus show in Fig. D.8
the ratio §*?/§** during the hydrodynamization process for each simu-
lation. As in the right panel of Fig. 1, we use jet energies Ej, =20 GeV
and 100 GeV, and each band contains simulations with both cutoff mod-
els and initial conditions. We observe a sizable anisotropy of up to 20%
around 7 ~ 0.4 fm/c, before it eventually approaches unity.
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