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Minijet quenching in a concurrent jet+hydro evolution and the nonequilibrium quark-gluon plasma
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Minijets, created by perturbative hard QCD collisions at moderate energies, can represent a significant portion
of the total multiplicity of a heavy-ion collision event. Since their transverse momenta are initially larger than
the typical saturation scale describing the bulk of the equilibrating quark-gluon plasma (QGP), they ought to be
described through the physics of parton energy loss. Indeed, their typical stopping distances are larger than the
usual hydrodynamization time, so they do not in general hydrodynamize at the same pace than the bulk of the
collision. Therefore, in general minijets cannot be described solely by a unique preequilibrium stage that bridges
the initial, overoccupied glasma state, with the hydrodynamical evolution. In this work we make use of a new
concurrent minijet+hydrodynamic framework in which the properties of the hydrodynamically evolving QGP
are modified due to the injection of energy and momentum from the minijets. We study the system for different
choices of the minimum transverse momentum associated with minijet production. In order to achieve a realistic
description of charged particle multiplicity, the amount of entropy associated to the low-x initial state needs to
be reduced. Moreover, the fact that the injected momentum from the randomly oriented minijets is not correlated
with the spatial gradients of the system reduces overall flow, and the value of the QGP transport coefficients
needs to be reduced accordingly in order to describe the measured flow coefficients in experiments. They are, in
effect, an important new source of fluctuations, resulting in a spikier, notably modified hydrodynamical evolution
when compared to the scenario in which the presence of minijets is ignored. We avow that their abundance makes
it necessary to include their physics in holistic descriptions of heavy-ion collisions. We discuss the impact of the
minijets on a number of observables, such as pT spectra and pT -differential flow vn for a wide range of centrality
classes. In contrast to elliptic, triangular or quadrangular flow, we find that directed flow, v1, has the strongest
potential to discriminate between different minijet production rates.
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I. INTRODUCTION

Heavy-ion collisions in modern accelerators have suc-
ceeded in reproducing the extreme conditions that existed
immediately after the big bang. In such an environment, or-
dinary matter becomes the most perfect fluid ever measured
in nature: the quark-gluon plasma (QGP) [1,2]. Relativistic
hydrodynamic simulations have been successfully applied to
describe the strong correlations among the tens of thousands
of particles that fly to the detectors. For a few fm/c, the system
is well described by the hydrodynamic explosion of a liquid
droplet of deconfined QCD matter [3,4].

Why exactly hydrodynamics works this well in describing
a system which spends a large part of its evolution far from
local equilibrium, and where gradients are not small [5], is
currently under very active investigation [6,7]. Recent devel-
opments based on the bottom-up thermalization scenario [8,9]
show that QCD effective kinetic theory (EKT) manifests hy-
drodynamic behavior after a characteristic time τR, provided
that it is smaller than the system size R [10,11]. This be-
havior is mostly driven by the radiative breakup of the large
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number of gluons that make up the initially overoccupied
system called the color glass condensate (CGC) [12].

The collision terms that enter the EKT equations have been
derived for a weak-coupling QCD system based on a quasi-
particle picture [13,14]. Such elastic and inelastic processes
have also been used in the description of the energy loss
that high-energy jets suffer while traversing the QGP [15,16].
The set of modifications experienced by energetic jets due to
their passage through the medium are commonly known as
jet quenching [17–19]. In turn, the passage of the energetic
jets through the medium has been found to modify the QGP
background as well [20–22]. A large number of studies have
shown that many of the jet quenching observables measured
in experiments are best understood with a proper treatment of
energy-momentum conservation through the consideration of
the fate of the lost energy and medium backreaction [23–36].
The radiative breakup and further rescattering of such hard
probes eventually leads to the hydrodynamization of part of
the jet energy, which shows up in observables as an excess of
soft particles at large angles with respect to the jet axis.

High energy QCD processes are rare, most of them pro-
ducing at most a single energetic dijet pair per central
heavy-ion collision (e.g., for jets with pT � 20 GeV at

√
s =

2.76 ATeV). This is not the case for the production rate of
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lower pT jets, the so-called minijets, which are produced
abundantly across all collision centralities. They are parton
showers that experience the same kind of processes embedded
in the EKT approach used to describe hydrodynamization of
energy at both low and high pT . Their energy range bridges
the gap between the physics of the bottom-up scenario and
that of jet quenching: hard enough not to become part of
the bulk of the system at the same pace as the lowest pT

quanta, and soft enough to have to consider the simultaneous
propagation of a large number of such minijet pairs instead of
just a single pair. Therefore, these lower pT jets can no longer
be considered as mere probes of the system, but rather as a
sizable part of it.

Previous work addressing the impact of the presence of a
nonequilibrated sector along with an equilibrated one have fo-
cused on transverse momentum and flow correlations [37–45]
as well as strangeness production [46,47]. The present work
follows up this idea with the establishment of a novel frame-
work which utilizes validated physical models that simulate
the evolution of the different stages of a heavy-ion collision,
for both the soft and hard sectors. By connecting hydrody-
namics and jet quenching, we present the phenomenological
aspects that emphasize the importance of working within a
holistic description of heavy-ion collisions.

One of the key aspects of the influence of the presence of
minijets on the bulk of the system is their random angular
orientation in the transverse plane at production time τ = 0.
Given that in the bulk of the system flow develops along the
pressure gradients that originate due to the spatial anisotropies
of the energy density profile, as dictated by hydrodynamics,
the fact that a sizable part of the system energy is initially
uncorrelated to such spatial deformations will in general tend
to dilute collective flow [40,42]. Considering the strong effect
that transport coefficients, especially shear viscosity, have in
the modulation of collective flow, one expects that the pres-
ence of minijets will alter the phenomenological extraction of
such transport coefficients through comparison with data.

The fact that the minijets have on average a larger energy
than the rest of the quanta of the bulk has two important
consequences. On one hand, it means that it does not suffice
to consider a single hydrodynamization time for the whole
system, typically around τ0 ≈ 1 fm/c, as some of the mini-
jets might retain a sizable part of their energy well above
3 fm/c. On the other hand, having sectors of the system
that hydrodynamize at different paces implies that the local
properties of the medium perceived by a given minijet, or by
a given hydrodynamic cell, depend on the amount of energy
and momentum deposited in the causal past by other minijets.
These aspects call for the development of a fully concurrent
jet-hydrodynamical evolution, in which the hydrodynamical
profile is updated at each time step through the source terms
injected by the minijets.

The rest of this paper is organized as follows: in Sec. II we
perform some estimates on the stopping distances of mid-pT

partons, while Sec. III is devoted to the description of the
model used in this work. Results on the modified hydro-
dynamical evolution and some observables are presented in
Sec. IV. Finally, we summarize our findings and look ahead
in Sec. V.
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FIG. 1. Stopping distance xstop as a function of gluon pT , with
T = 0.4 GeV.

II. (MINI)JET QUENCHING

Partons with energy E � T take a finite time to reach
the thermal scale, when E ≈ T , after traversing the so called
stopping distance xstop. In a weakly coupled QGP, it has been
shown that to leading logarithmic (LL) approximation, when
ln(E/T ) is large, the stopping distance goes like [48]

xpQCD
stop = 1

aiα2
s T

√
E/T

ln(E/T )
, (1)

where αs is the (fixed) strong coupling constant, T is the
QGP temperature, and ai is a species dependent parame-
ter. The characteristic energy scaling of E1/2 is due to the
Landau-Pomeranchuk-Migdal (LPM) effect, in which succes-
sive collisions with the medium during the formation time
of the induced emission lead to destructive interferences,
as properly taken into account in the Baier-Dokshitzer-
Mueller-Peigne-Schiff and Zakharov (BDMPS-Z) [49–52]
and Arnold-Moore-Yaffe (AMY) [13,14] energy loss rates,
from which Eq. (1) can be derived.

The stopping distance can also be defined at strong cou-
pling, in the nonperturbative regime, by using the holographic
duals of certain supersymmetric theories [53]. It has been
shown that the maximum stopping distance of a light quark
in a strongly coupled plasma scales as [53–55]

xAdS/CFT
stop = 1

κiT

(E

T

)1/3

, (2)

where κi is a species dependent parameter. Discussing in terms
of stopping distances is convenient in this case, since compar-
ing bremmstrahlung rates, for instance, would not be a well
posed question given the absence of the notion of individual,
perturbative quanta at strong coupling.

We show in Fig. 1 a comparison of the stopping distances
between weak coupling and strong coupling scenarios, for
quarks and gluons, for educated choices of the parameters.
For the weak coupling result of Eq. (1), we take the values
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of ai computed in [48] at LL, namely aq � 3.9 and ag � 6.3
(to the level of precision needed in this discussion and the
chosen energy range, it is not relevant whether we use the
low E or high E results). The value of the strong coupling
constant is fixed to αs = 0.3, as it is customary in perturbative
QCD (pQCD) jet quenching phenomenology [15]. Regarding
the AdS/CFT result of Eq. (2), the stopping distance of a
gluon is reduced by a factor (CA/CF )1/3 compared to that
of a quark [54], which leads to κg = (CA/CF )1/3 κq, where
κq = 0.4, as extracted from phenomenological studies of jet
quenching at strong coupling [56]. We assume the average
initial temperature of the QGP at the Large Hadron Collider
(LHC) to be T = 0.4 GeV. The important message from
Fig. 1 is that, for reasonable values of the parameters, even
fairly low energy partons take a sizable amount of time to
thermalize, considerably more than the usual hydro starting
time of τ0 ≈ 0.4 fm/c. Moreover, even the pre-equilibrium
stage matching time with hydrodynamics of around τpre ≈ 1
fm/c would not be enough to account for the dynamics of the
midenergy gluons with pT � 5 GeV.

III. A CONCURRENT MINIJET+HYDRODYNAMICS
EVOLUTION

In this work we assume that the initial state of heavy-
ion collisions at low x is effectively described by the CGC
effective theory, governed by the scale Qs. Harder QCD pro-
cesses, such as minijet production, are assumed to decouple
from the physics of the condensate inasmuch as the minimum
pT of the initial back-to-back parton pair, pJ

min, is chosen to
be greater than Qs. It is currently not known how to model
the evolution of the lowest x components of the system en-
ergy together with the harder modes corresponding to the
minijets within a single approach. Other related works have
adopted different sets of prescriptions to gauge pJ

min, such as
those based on next-to-leading order (NLO) minijet produc-
tion computations [57,58], survival probabilities within a hot
medium [38,42], or directly fixed parameter values [44,59].
For the purpose of this work, pJ

min is regarded as a free param-
eter that we vary in order to study the impact of the presence
of the minijets as a function of their abundance, increasing
(decreasing) with decreasing (increasing) pJ

min.
In nucleon-nucleon collisions, particle production at high

pT is dominated by hard QCD processes, while at lower pT

diffractive and nondiffractive processes play a more dominant
role. Our current focus are the minijets produced by the hard
QCD processes only. By choosing a given pJ

min, we will in
general get an incomplete description of the spectra below
such value, i.e. when pT < pJ

min. That is fine if the system
has other mechanisms of producing particles at these low
pT , as is the case in heavy-ion collisions. However, in the
limit in which the nuclear overlap, or system size, is greatly
reduced, one should recover the nucleon-nucleon scenario.
From this point of view, it would be desirable to be able to
describe particle production as inclusively as possible, which
motivates the adoption of a relatively low pJ

min. The compari-
son of charged hadron production within PYTHIA for different
choices of pJ

min is performed in Fig. 2. As anticipated, spectra
coincide only at high enough pT , and the higher pJ

min yields
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FIG. 2. Charged hadron production in proton-proton collisions
at

√
s = 2.76 TeV, within |η| < 2, for different values of pJ

min > 0
with hard QCD processes only, and also including diffractive and
nondiffractive processes in the minimum bias setup symbolically
represented by pJ

min = 0.

the lower production at low pT . The choice of pJ
min = 0

actually corresponds to the minimum bias setup in PYTHIA (it
does not simply refer to the diverging limit pT → 0 of pQCD
hard scattering cross section in PYTHIA), where soft QCD
diffractive and non-diffractive processes need to be included.
While the choice of pJ

min = 0 would certainly lead to double
counting when simultaneously including the CGC phase, the
values pJ

min = 4, 7, 10 GeV, which will be used throughout
this work, are hard QCD processes which are assumed to be
decoupled from the rest of the system at collision time. Note
that it is likely that the actual value of pJ

min will be centrality
and/or multiplicity dependent [44]. We do not explore this
added level of complication in the current study.

We describe the overoccupied system at low x using the
IP-GLASMA model. In this model, each approaching nucleus
is represented by a strong gluon color field (small x partons)
generated by color charges on one of the light-cone axes (large
x partons). The initial stage of the collision is then represented
by the interaction of the two strong gluon fields inside the
forward light-cone [60,61]. We introduce the parameter sfactor

which multiplies the energy density at the moment of match-
ing with hydro; its value is adjusted to reproduce the final
charged particle multiplicity.

Within the heavy-ion environment, we produce minijets
using PYTHIA8 [62,63], setting a minimum scale for produc-
tion of p̂T

min = pJ
min and using nuclear parton distribution

functions (nPDFs) as parametrized by EPS09 [64] at leading
order (LO). Only hard QCD events are considered. At the
location of each of the binary collisions calculated within the
IP-GLASMA model, we accept the creation of a given minijet
pair with probability σi/σNN , where σi is the cross section for
the candidate hard QCD process and σNN is the total nucleon-
nucleon cross section. In this work we present results for√

s = 2.76 ATeV, for which we take σNN = 64 mb [65].
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Because of the steeply falling jet spectrum, the number
of minijets produced wildly varies as a function of pJ

min, as
can be seen in Fig. 3. We show the average number of hard
QCD collisions with momentum transfers pT > pJ

min as a
function of centrality, for different choices of pJ

min. Due to the
power-law behavior of the jet spectrum, differences among
pJ

min choices are quite large. Having pJ
min = 4 GeV, a value

which satisfies pJ
min > Qs, leads to a strikingly high number

of minijets produced in central collisions. In this model, the
evolution with centrality is only due to the fewer number
of binary collisions, Ncoll, when one moves towards more
peripheral events.

The space-time structure and energy loss dynamics of
minijets are in this work those used in the hybrid strong/weak
coupling model [66,67], in which parton splittings are treated
perturbatively using DGLAP evolution and the interaction
with the QGP is described at strong coupling. Each par-
ton propagates through the medium for its formation time,
estimated as τ f = 2E/Q2, where E is the parton energy
and Q its virtuality. The rate at which energy and mo-
mentum are being transferred from the hard minijet modes
into the long wavelength hydrodynamic modes has been
computed using holography for the N = 4 supersymmetric
Yang-Mills (SYM) model at large coupling with large Nc, and
reads [68,69]

dE

dx

∣∣∣∣
strongly coupled

= − 4

π
Ein

x2

x2
stop

1√
x2

stop − x2
, (3)

where Ein is the initial energy of the parton and xstop has
already been defined in Eq. (2). Note that, in contrast to what
it is customary in weakly coupled pictures of the jet-medium
interaction, here we do not need to define an energy scale
below which one considers a parton to be hydrodynamized, or
thermal: Eq. (3) is precisely the amount of hydrodynamized
jet energy per unit length. After each time step, the energy
and momentum lost by the jet are injected in the hydrody-
namical system via a source term, which we define below. For

simplicity, we ignore energy loss between the initial time
τ = 0 and the hydrodynamical starting time chosen in this
work, τ0 = 0.4 fm/c. This results into a slight overestimate of
the time it takes for a parton to get stopped in the plasma.1

This can be improved in the future, for instance including
recent results on jet energy loss in the preequilibrium glasma
phase [70–73]. We also turn off energy loss for those partons
sitting on fluid cells with a temperature below the pseudo-
critical temperature Tc (although further interactions will be
allowed in the hadron resonance gas phase).

The hydrodynamical evolution, after being matched to the
glasma phase at time τ0, is described using MUSIC [74–76],
which solves the relativistic hydrodynamic equations of
motion including both shear [75] and bulk [77] viscous cor-
rections. The shear viscosity over entropy density parameter,
η/s, is taken to be a constant that we will adjust for different
values of pJ

min. A more general parametrization that accounts
for its temperature dependence [78] will be studied in future
work. Regarding the bulk viscosity over entropy density pa-
rameter, ζ/s, we follow the parametrization of its temperature
dependence presented in Ref. [79]. In this work we do not
attempt at varying ζ/s, leaving it for future multiparameter
fit studies. We employ the equation of state computed by the
HotQCD Collaboration [80]. Energy and momentum injected
by the minijets enters the hydrodynamic equations of motion
via

∂μT μν
hydro = Jν, (4)

where the source term Jν is parametrized as a Gaussian with a
width σx in both the x and y transverse directions and a width
ση in pseudorapidity,

Jν =
∑

i

�Pν
i

�τ (2π )3/2σ 2
x σητ

e
− �x2

i +�y2
i

2σ2
x e

− �η2
i

2σ2
η , (5)

where �τ is the evolution time step. In the last expression,
the sum i runs over all four-momentum depositions �Pν at
time τ which occurred at a distance �x, �y, and �η from
the local fluid cell where the source term is evaluated. �Pν

is determined for each propagating parton according to the
hydrodynamization rate Eq. (3), where it is assumed that mo-
mentum deposition happens along the parton orientation. In
the present work we use σx = 0.4/

√
2 fm and ση = 0.4/

√
2,

and choose to cut away the contributions coming from the tails
of the Gaussian that are beyond 5σ in any direction. The study
of the dependence of our results on the parametrization of the
source term, as well as the introduction of a causal source term
based on the relativistic causal diffusion equation [81–83],
will be done in future work.

Fluid cells are converted into particles through the usual
Cooper-Frye procedure [84], where the multiplicity of each

1We have checked the impact of this choice by rerunning some of
our results assuming that the temperature profile up to τ0 is exactly
the one at τ = 0, and quenching the minijets accordingly during
such time (the accumulated energy and momentum lost from the jets
during this time is injected all at once at τ0). All the observables we
have checked are largely insensitive to either this or our default setup.
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hadron species is sampled for each fluid element belonging
to an isothermal freeze-out hypersurface at Tswitch = Tc =
145 MeV. The used viscous corrections to the phase space dis-
tribution, following [85], are from the 14-moment approach
for the shear δ f and from the Chapman-Enskog form for the
bulk δ f [77,85].

In order to hadronize the surviving minijet partons, those
that did not completely hydrodynamize, we use the Lund
string model [86] present in PYTHIA8. This model requires to
have sets of color neutral partonic systems. We achieve these
via two different mechanisms, depending on whether a jet par-
ton has crossed the freezeout hypersurface: local thermal color
neutralization (LTCN) and corona color neutralisation (CCN).
The combination of these two methods of color neutralization
ensures that partons that have not been quenched hadronize
independently from the medium, via CCN, preserving to a
large extent the vacuumlike features an unquenched jet should
have [87]. On the other hand, partons whose color has been
randomized due to medium interactions will have a modified
color flow and consequently are likely to hadronize together
with the thermal degrees of freedom within the QGP, via
LTCN.

We discuss LTCN first. We record the space-time position
of the last time that a surviving jet parton crosses the freeze-
out hypersurface, xμ

FO. Crossing the freezeout hypersurface is
defined as being at a fluid cell with T > Tc at a given time step
and at a fluid cell with T < Tc at the next time step. A parton
that from time τ0 is never found in a fluid cell with T > Tc

is hadronized via CCN. If xμ
FO exists, we look for a nearby

fluid cell, where “nearby” means that it is within two times
the simulation step size of the four space-time variables, i.e.,
2δx, 2δy, 2δη, and 2δτ , from xμ

FO. We compute the particle
spectrum associated with the first nearby cell found, differ-
ential in pT , φ, and η, for quarks with mass m = 0.33 GeV.
In order to achieve a color neutral object, we use this spec-
trum to sample the kinematics of one thermal quark if the jet
parton is a quark, or two thermal quarks if the jet parton is
a gluon. While we sample u or d quarks with equal proba-
bility (ignoring s quarks in the present work), the particle or
antiparticle nature of the thermal quarks is adjusted to ensure
color neutrality. The physics of recombination, partially cap-
tured by our LTCN implementation of hadronization, has been
shown to be important to describe particle ratio and spectra in
the intermediate pT region [44,88–90]. We defer a dedicated
study on any potential necessary improvements to LTCN to
future work. Partons in the CCN form as many strings as
pairs of quarks present in the parton list (if that number is
odd, a low pT quark is added along the beam axis). Quarks
as the endpoints, and gluons as the kinks, are arranged within
the different strings by minimizing the distance between two
partons in (η, φ) space, �R =

√
�φ2 + �η2 [87]. Finally, the

space-time position of each of the produced hadrons, related
to the breakup vertices of their associated Lund strings [91],
is added to either xμ

FO in LTCN or the centroid of the string in
CCN. For simplicity, at the present stage we ignore the neg-
ative contribution to the hypersurface energy and momentum
of the sampled thermal partons.

The hadrons obtained via the Cooper-Frye procedure, from
the hydrodynamized system, and those hadronized via the

Lund string model, the fragmented hadrons, evolve together
through the transport equations encoded in URQMD [92,93].
Even though a study of the effect of the hadronic rescatterings
on the substructure of high-pT jets has not yet been done,
there are indeed studies that demonstrate the non-negligible
effects suffered by hadrons of a wide range in pT [94–97].
For this reason, even the fragmented hadrons, likely coming
from partons with a pT higher than average, are best described
concurrently with the rest of the bulk of the system also in the
hadron resonance gas phase.

IV. RESULTS

In this section we first describe the minimal adjustments
needed to achieve a realistic description of experimental data
on selected integrated observables in Sec. IV A. In this way
we can perform an apples to apples comparison of the most
relevant features of the modified hydrodynamical evolution in
Sec. IV B. We also explore more differential observables and
study in detail their dependence on the minijets abundance in
Sec. IV C.

A. Multiplicity and pT -integrated flow

Except for a relatively small number of studies (for
instance [44,95,99]), most simulations of heavy-ion colli-
sions do not include yet the presence of the minijets. This
work also features the energy loss formalism computed with
holography techniques, and a prehydro IP-GLASMA initial
state. Previous studies using the IP-GLASMA+MUSIC+URQMD

framework [61,94] therefore assumed that all the energy of a
given event originates from the physics of saturation described
by the CGC, effectively modeled through IP-GLASMA. In this
work, depending on the value of pJ

min we will be including
in the system new, extra, contributions to the total entropy
associated to minijet production. For this reason, the amount
of energy that was assumed to be contained in the low x, sat-
urated modes of the CGC will necessarily have to be reduced
in our new framework. We can regulate the correspondence
between the energy density of the CGC and that of hydro at τ0

by using the parameter sfactor.
These new sources of entropy, which translate into new

sources of hadron multiplicity at the end of the system evo-
lution, require that we tune down the value of sfactor by a
certain amount. We fix the new value of sfactor by comparing
the midrapidity charged particle multiplicity from our model
to experimental data from ALICE [98], as shown in Fig. 4.
For each value of pJ

min, there is a single value of sfactor that
allows us to describe experimental data across all centralities
considered. This suggests that our assumption that a sizable
part of the final multiplicity comes from minijet production,
which features an explicit Ncoll scaling, receives empirical
support. We show in Table I the new values of sfactor needed
to describe the data displayed in Figs. 4 and 5. As appropriate
to the level of precision sought by our study, those have been
obtained through a visual fit to experimental data.

Another important aspect of the presence of minijets in
the early stages of a heavy ion collision is the reduction of
collective flow [40,42]. This owes to the fact that the initial
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orientation of the back-to-back (in the transverse plane to
the beam axis) dijet pair is not correlated with the spatial
anisotropies that translate into the pressure gradients driving
the orientation and magnitude of collective flow. Dijet orien-
tations are in fact random in the absence of any initial-state
correlation associated with (mini)jet production. Another rea-
son why the magnitude of collective flow can be reduced is
because the amount of energy that evolves hydrodynamically
from initial time τ0 is reduced once we reduce sfactor. While
it is true that a sizable amount of energy will be injected
through minijet energy loss at a later time, both the delay
in the injection and the fact that some of the minijet energy
does not actually hydrodynamize (they escape the QGP phase)
contribute into reducing collective flow.

The well-known, strong correlation between shear viscos-
ity and the magnitude of flow, where more viscosity leads to
additional entropy production and to the reduction of flow,
means that the presence of minijets clearly affects the optimal
value of the shear viscosity over entropy density ratio, η/s,
as summarized in Table I. Due to the reduction of collec-
tive flow from the minijets’ randomly oriented momentum
deposition, one expects that η/s needs to be reduced com-
pared to a model without minijets in which η/s has been
adjusted to describe experimental data. We illustrate this fact

TABLE I. Summary of the modification of the model parameters
needed to accommodate experimentally measured charged particle
multiplicity and integrated flow as a function of pJ

min.

pJ
min sfactor η/s

4 GeV 0.45 0.02
7 GeV 0.82 0.1
10 GeV 0.9 0.125
No Jets 0.915 0.13
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FIG. 5. Integrated vn as a function of centrality for different
choices of pJ

min, compared to “No Jets” and confronted against AL-
ICE data [100].

in Fig. 5, where our results for the pT -integrated values of
v2, v3, and v4 for different centralities, generated for different
values of pJ

min, are compared against experimental data from
ALICE [100].

The introduction of minijets brings in nonflow effects
which are suppressed in the experiments. Inspired by the
experimental procedure, we calculate complex flow-vectors in
two different pseudorapidity windows of 1 unit each separated
by a gap of 2 units, and then project one over the other. We use
these final projected flow-vectors to evaluate vn.

In Table I we see that, as we decrease pJ
min, the value

of η/s necessary to reasonably describe experimental data
needs to be lowered, even below the conjectured lower bound
from holography (at infinite coupling) of (η/s)AdS/CFT =
1/4π [101,102] for the case of pJ

min = 4 GeV.
There certainly is a considerably larger number of relevant

parameters in our model (or any other comprehensive model
of heavy-ion collisions) that could be modified in order to ac-
commodate multiplicity and pT -integrated flow experimental
data, potentially yielding different values of the two param-
eters chosen for this first exploration, sfactor and (constant,
temperature independent) η/s. Nevertheless, and, as expected
from the reasoning presented above, the strong variation of
these two parameters suggests that they encapsulate the main
distinctive physical features with respect to a model without
minijets. These conjectures will need to be put to test by doing
a multiparameter fit, including as much data as possible, such
as in the recent developments involving Bayesian inference
techniques [103–105].

Before moving towards a more differential study of the re-
sults obtained with this framework, it will be useful to analyze
the extent to which the presence of the minijets has modified
the evolution of the different stages of the system. This will
lead to clues about what new phenomenological aspects to
expect and where to find them.
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FIG. 6. Fraction of the total energy contained in hydrodynamic modes injected by the minijets as a function of time, for different centralities
and choices of pJ

min.

B. A modified hydrodynamic evolution

The sizable impact in multiplicity and integrated flow stud-
ied in the previous subsection calls for the modification of
the amount of entropy associated with the CGC system and
for the modification of the transport coefficient η/s. This is
specially so for pJ

min = 4 GeV, where η/s needed to be reduced
by ≈85%. One way to understand such a large effect for this
value of pJ

min is by looking at the amount of injected energy
from the minijets, as we do in Fig. 6. In this figure we show the
percentage of deposited energy with respect to the total energy
as a function of time τ , for different centralities. Since we
chose to neglect quenching effects before initial hydro time
τ0 = 0.4 fm/c, there is no injected energy before that time. As
time progresses, more and more energy is deposited from the
minijets, starting to saturate around τ ≈ 3 fm/c, as expected
from the stopping distances shown in Fig. 1 from AdS-CFT at
around pT ≈ 4 GeV.2 For central collisions, where the average
number of dijet pairs is around ≈500, as shown in Fig. 3,
we observe that close to 20% of the total fluid energy comes
from the stopped minijets. In the most peripheral collisions,
even though the number of dijet pairs is reduced by ≈5, the
injected energy still represents 10% of the total energy. Such
relatively large contributions from the minijets allow us to
understand the strong reduction in η/s needed to compensate
for the lessening of collective flow.

The strong modifications imprinted on the hydrodynami-
cal system can be visualized via the three-dimensional (3D)
isotherms of an event belonging to the 40–50% centrality
class shown in Fig. 7, for different values of pJ

min. They corre-
spond to temperatures of 220 MeV (red), 195 MeV (yellow),
170 MeV (green), and 145 MeV (blue), taken 3 fm/c after
the beginning of hydro evolution. The four panels possess
the same initial profile, albeit with different values of sfactor

and η/s, as specified in Table I. Around this time, energy
and momentum injection from the minijets has practically
ceased, with clearly visible imprints in the different degree

2Note that not all partons from the minijets have to have pT =
4 GeV; they can be harder, and they can split into softer partons.

of spikiness and the size of the protuberances generated.
These translate into local gradients that are not correlated
with the system initial geometry, thereby leading to the afore-
mentioned smaller collective flow. As expected, the profile
deformation degree increases with decreasing pJ

min, due to the
larger abundance of minijet pairs. A more detailed analysis of
the evolution history can be found in the Appendix. The reader
will find event-averaged, energy density-weighted curves for
different centralities and pJ

min, as a function of time, of some
relevant variables such as the temperature T , the transverse
velocity vT , the trace of the shear-stress tensor πμν , and
the bulk pressure � and the momentum anisotropy εp. Even
though a comprehensive study of the potentially wide phe-
nomenological impact of the observed profile modifications
is beyond the scope of the present work, from the visible
differences in vT and πμν it is sensible to expect sizable
effects in low-pT photon and dilepton observables. We defer
the pertinent study to a future publication.

The introduction of minijets also strongly influences the
way fireball cools. Minijets will carry matter with it in its
wake, breaking up high temperature isotherms. This is essen-
tially breaking up the QGP drop to smaller droplets which
cool faster. This effect can be seen in Fig. 8 which shows the
fraction of energy freezing out of the 145 MeV isotherm as
a function of proper time. While the overall lifetime of the
fireball remains about the same for different pJ

min, a much
larger fraction of the fireball freezes out earlier for the case
with more minijets.

Another quantity of interest corresponds to the average
number of fragmented hadrons, those that arise from the
fragmentation of nonhydrodynamized partons via LTCN or
CCN, with respect to the total multiplicity. We show these
numbers in Table II, for different values of pJ

min and two
choices of centrality, the most central one and the most pe-
ripheral one used in the present work. These were calculated
before the URQMD evolution, since only before that stage is
the distinction well defined. We observe that values are larger,
the smaller pJ

min is, as expected. For each pJ
min, 〈Nfrag./Ntotal〉

increases roughly a factor ≈3 by going from the central to the
peripheral class. This increase is due to the fact that a smaller,
colder medium will not quench minijets as much, decreasing
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FIG. 7. Snapshots of the 3D isotherms at temperatures 220 MeV (red), 195 MeV (yellow), 170 MeV (green), and 145 MeV (blue), taken 3
fm/c after the beginning of hydro evolution, for the scenario without minijets in the top left panel, with pJ

min = 10 GeV in the top right panel,
pJ

min = 7 GeV in the bottom left panel, and pJ
min = 4 GeV in the bottom right panel. x and y coordinates units are in fm.

the amount of hydrodynamized energy (as observed in Fig. 6)
while increasing the relative fraction of fragmented hadrons.

C. Differential observables

We have seen how the inclusion of the minijets can be
consistent with experimental data in integrated observables,
such as multiplicity and integrated flow, for different central-
ities. We needed to (and limited ourselves just to) adjust two
of the model parameters: the amount of entropy deposited
in the CGC (the sfactor) and the specific shear viscosity η/s.
Without any further tuning of the model, we can look for
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FIG. 8. Fraction of energy frozen out of the 145 MeV hypersur-
face as a function of proper time for 30–40% centrality bin.

other observable features that are modified employing more
differential analysis.

The first differential observable we will focus on is charged
particle production as a function of centrality, shown in Fig. 9.
We compare our results for the different choices of pJ

min
against ALICE data [106]. For the three most central classes,
shown in the top row of Fig. 9, all scenarios, but pJ

min = 4 GeV,
reproduce experiments below pT ≈ 3 GeV. The visible over-
estimation of mid-pT particles with pJ

min = 4 GeV, likely due
to the notable contribution of fragmented hadrons, as shown in
Table II, seems to disfavor this value of pJ

min within our model.
However, for the most peripheral class, in the bottom right
panel, pJ

min = 4 GeV is somewhat preferred over the other
two values of pJ

min. Also, as centrality decreases, we observe
how all values of pJ

min yield a better description than the “No
Jets” scenario below pT � 3 GeV. Above this pT , ignoring

TABLE II. The average number of fragmented hadrons (i.e.,
hadrons that are created due to the fragmentation of nonhydrody-
namized partons) over the total number of particles prior to the
evolution of the hadronic resonance gas phase, for different values
of pJ

min and two choices of centrality class.

pJ
min 〈Nfrag./Ntotal〉0–5% 〈Nfrag./Ntotal〉40–50%

4 GeV 0.077(1) 0.252(3)
7 GeV 0.0125(5) 0.033(2)
10 GeV 0.0042(3) 0.014(2)
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FIG. 9. Charged particle pT spectrum comparing different choices of pJ
min, for different centralities, confronted against ALICE data [106].

Error bars denote statistical errors while shaded boxes correspond to the experimental systematic uncertainties.

the minijets very strongly underpredicts particle production,
as expected. This disagreement is stronger with decreasing
centrality. We can understand this due to the relatively larger
contribution from fragmented hadrons to the total multiplic-
ity in more peripheral centrality classes, as pointed out in

Table II. It is worth noting that a single, centrality-independent
readjustment of sfactor and η/s provides a reasonable descrip-
tion of this observable. However, due to the relatively mild
differences between the results for pJ

min > 4 GeV, this ob-
servable does not seem to be specially suited to discern the
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appropriateness of the value of the minijet minimum produc-
tion scale in real collisions.

We now turn to the vn coefficients as a function of cen-
trality and pT , shown in Fig. 10. The bands correspond to the
results without minijets, and the dots in each column show
those for different values of pJ

min. For the pT range considered,
and all over the analyzed centrality classes, results between
different choices of pJ

min and the ones without minijets are
very similar (with the exception of the presence of a small

difference for pJ
min = 4 GeV in the 40–50% centrality class).

Even for the extreme case of pJ
min = 4 GeV, the readjustment

of η/s necessary to get sensible values of integrated flow, as
shown in Fig. 5 also suffices to obtain equivalent results for
pT -differential flow. From these results we conclude that the
destruction of collective flow caused by the minijets’ random
orientation in the transverse plane can to a large extent be
compensated by a reduction of shear viscosity. At the same
time, the striking similarity between the results of Fig. 10
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both central (left panel) and peripheral (right panel) centrality classes. Results are confronted against ALICE measurements, extracted using
correlation data [107,108].

means that this is not an observable capable of discriminating
between different abundances of minijets in the initial state.

A very different picture arises with the analysis of di-
rected flow, v1, as a function of pT , shown in Fig. 11. v1

shows a strong dependence on the presence of minijets, with
very different results between “No Jets” and pJ

min = 4 GeV
both in the central and peripheral cases studied. v1 has been
found to be approximately directly proportional to dipole
asymmetry, ε1 [109]. Dipole asymmetry is generated purely
from fluctuations in the initial state. While higher harmonics
probe smaller length scales, the approximate relation between
v1 ∝ ε1 renders directed flow quite insensitive to the value
of viscosity. From an hydrodynamic point of view, which
the case “No Jets” best represents, the qualitative aspects
of the trend of v1 can be understood by noting that that
high-pT particles tend to flow in the direction of the steepest
gradients, while the low-pT particles tend to flow in the op-
posite direction; thus the change in sign of v1 as a function
of pT , ensuring momentum conservation. The introduction
of minijets modifies this picture via two mechanisms. First,
the injected energy and momentum produce sizable inhomo-
geneities throughout the hydrodynamical system, ending up
with a largely distorted dipole asymmetry by the time injec-
tion saturates around τ ≈ 3–4 fm/c. Second, the fragmented
hadrons, those arising from partons that did not completely
hydrodynamize (the coronalike contribution), have an orien-
tation that is independent from that of the pressure gradients.
In essence, both contributions together can produce a large
amount of local fluctuations in momentum space, enough to
wash out the correlations associated with the initial dipole
asymmetry. The effect will grow with decreasing pJ

min. Note
that, despite the strong modification of the shape of v1 vs
pT , the momentum conservation condition, 〈pT v1(pT )〉 = 0,
is still preserved within statistical uncertainties for each value
of pJ

min. The measured v1 [107,110] is very well described
by hydrodynamics [108,111]. Strong departures from the “No
Jets” scenario, which best describes data as shown in Fig. 11,
therefore imply strong tensions with experimental data, which

would seem to rule out the pJ
min = 4 GeV case within our

model. Interestingly, this observable provides the opportunity
to constrain the role of minijets in heavy-ion collisions, de-
serving special attention as well in other studies featuring
nonhydrodynamic system components.

V. SUMMARY AND OUTLOOK

We have introduced a new framework with the capacity to
evolve jets and the hydrodynamic QGP simultaneously. The
energy and momentum of the minijets is lost to the plasma
via a strongly coupled energy loss rate that depends on the
local properties of the hydrodynamic system. The injection
of energy and momentum through source terms in the hy-
drodynamic equations of motion updates the hydrodynamic
profile, which is in turn affecting the minijets in the next
time step. This type of concurrent framework is needed when
dealing with a large number of such minijets, whose entropy
represents a sizable part of the total entropy in the system.
The main goal of the current work has been the analysis of
the impact of the presence of minijets on a limited set of well-
known observables. The abundance of minijets, which have a
finite probability to be produced at each binary collision, is
greatly determined by the allowed minimum pT , pJ

min, that the
corresponding inelastic process can have. We have used three
different values, pJ

min = 4, 7, 10 GeV, all of them larger than
the saturation scale Qs ≈ 2 GeV, as we assume that minijet
production is decoupled from the low-x physics responsible
for the evolution of the saturated glasma state.

In order to keep total multiplicity within the experimen-
tally measured range, the entropy associated with the initial
state needs to be reduced to compensate for the extra entropy
contributed by the minijets. This is done by rescaling the
parameter sfactor when the glasma system is matched to the
hydrodynamic stress-energy tensor at hydrodynamic initial-
ization time, τ0 = 0.4 fm/c. Before this time, minijets evolve
according to a space-time picture based on formation time
arguments, without interacting. After τ0, partons can inject
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FIG. 12. Time evolution of the energy density-weighted average temperature 〈T 〉, for different values of pJ
min and several centrality classes.

energy and momentum to the plasma, a process that typi-
cally saturates around τ ≈ 3–4 fm/c. The fact that this time
is considerably larger than other commonly used hydrody-
namization times, closer to 1 fm/c [11,112], means that there
are parts of the system that will not hydrodynamize at the
same pace than the rest of the bulk, rendering a single hy-
drodynamization time insufficient to describe all the relevant
nonequilibrium dynamics.

Even more importantly, the fact that the orientation of
the minijets is uncorrelated with the direction of the initial
pressure gradients leads to a destruction of collective flow. In

order to restore the experimentally acceptable values for the
integrated flow coefficients, vn, one needs to reduce viscos-
ity, most notably η/s. Transport coefficients have the power
to provide information about the microscopic nature of the
QGP [102,113], and their extraction from model comparison
to data is still under active investigation [103–105]. From
the results obtained in this work, it is clear that the physics
of minijets ought to be included in the models used in such
parameter extraction exercises.

A single rescaling of the sfactor and of η/s values per
choice of pJ

min suffices to describe with reasonable accuracy

034901-12



MINIJET QUENCHING IN A CONCURRENT JET+HYDRO … PHYSICAL REVIEW C 106, 034901 (2022)

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0-5% 5-10%

PbPb,
√

s = 2.76 ATeV

10-20%

0.5

1

1.5

0 2 4 6 8 10 12 0 2 4 6 8 10 12 0 2 4 6 8 10 12 14

v
2 x
+

v
2 y

No Jets

pmin
T = 4 GeV

pmin
T = 7 GeV

pmin
T = 10 GeV

J
et

s/
N

o
J
et

s

τ [fm/c] τ [fm/c] τ [fm/c]

0.05

0.1

0.15

0.2

0.25

0.3

0.35

20-30% 30-40%

PbPb,
√

s = 2.76 ATeV

40-50%

0.5

1

1.5

0 2 4 6 8 10 0 2 4 6 8 10 0 2 4 6 8 10

v
2 x
+

v
2 y

No Jets

pmin
T = 4 GeV

pmin
T = 7 GeV

pmin
T = 10 GeV

J
et

s/
N

o
J
et

s

τ [fm/c] τ [fm/c] τ [fm/c]

FIG. 13. Time evolution of the energy density-weighted average transverse velocity 〈
√

v2
x + v2

y 〉, for different values of pJ
min and several

centrality classes.

the measured values for multiplicity and integrated vn across
a wide range of centrality classes. For the limited pT range
studied in this work, with pT < 3 GeV, differential vn, with
2 � n � 4, does not discriminate between different values of
pJ

min. Despite the important system modifications introduced
by the presence of the minijets, an appropriate reduction of
η/s can equalize the pT -differential flow strength among the
different scenarios. In stark contrast lie the results for directed
flow, v1. This observable is very sensitive to the presence of
the minijets, and has the potential to constrain the relevant

scales and initial stages related to minijet production in heavy-
ion collisions.

We find it appropriate to emphasize the exploratory nature
of our present study; we have simply adjusted two among
the many parameters present in this comprehensive model of
heavy-ion collisions. A meaningful, strong conclusion about
the eventual necessity to modify the underlying physical phe-
nomena used in this work would require a complete scan
of such many parameters, for instance allowing for a more
general parametrization of the functional dependence of η/s
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FIG. 14. Time evolution of the energy density-weighted average trace of the shear stress tensor, normalized by the trace of the ideal stress
tensor, 〈√πμνπμν/(ε + 3P)〉, for different values of pJ

min and several centrality classes.

with temperature, taken to be simply a constant for the mo-
ment. Such a parameter-scan could be incorporated in holistic
Bayesian studies such as those in Refs. [103–105].

The consequences of the introduction of this new element
in the standard model of heavy-ion collisions, the minijets, are
numerous and far reaching. We provide a nonexhaustive list of
the studies needed to better understand them:

(i) Study other center-of-mass energies, in particular the
lower ones at RHIC. The important differences in the
jet spectrum can put to test the consistency of the

framework with respect to the higher center-of-mass
energies here studied.

(ii) We have limited ourselves to a given parton energy
loss model. One should expect that different energy
loss models could yield different results. This sug-
gests that the physics of parton, or jet, energy loss can
be constrained by the analysis of bulk observables,
and not only by the high-pT jet observables.

(iii) The hydrodynamic profile can be substantially mod-
ified depending on the choice of pJ

min. It would be
interesting to analyze how this affects high-pT jet
quenching observables, given in particular the sizable
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FIG. 15. Time evolution of the energy density-weighted average bulk viscous pressure, normalized by the thermodynamic pressure, 〈�/P〉,
for different values of pJ

min and several centrality classes.

new fluctuations introduced by the minijets orienta-
tion, or the presence of a delay (≈3–4 fm/c) in the
hydrodynamization of a sizable part of the total en-
ergy and momentum of the system.

(iv) Due to their widely varying rapidities, minijets intro-
duce a new source of fluctuations that should impact
event-plane decorrelation with rapidity, also called
rn [114–116].

(v) The modified hydrodynamic profile can also have
an impact on photon observables. Photons represent

clean probes, emitted throughout the system evolution
and barely rescattering [76]. We expect them to be
sensitive to the modification of the evolution history
induced by the minijets.

(vi) The study of results at higher pT > 3 GeV will allow
one to check the way in which the low-pT observables
match the high-pT ones. The intermediate pT region
can be sensitive to quark coalescence dynamics [44],
a hadronization mechanism that is described only ap-
proximately in our current framework via LTCN.
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FIG. 16. Time evolution of the energy density-weighted average momentum anisotropy εp, for different values of pJ
min and several centrality

classes.

From the theoretical point of view, having a complete de-
scription of the initial stages capable of accounting for the
mid-pT minijet objects along with the saturated glasma is
clearly the most pressing goal. Recent findings on the large-
ness of the jet quenching parameter q̂ in the glasma [70–73]
provide a strong motivation to include these physics in fu-
ture model improvements. Such efforts will contribute to
reduce the divergence in the modeling assumptions present
among current comparable concurrent jet+hydro framework
studies [28,38,42,44,59,117,118], leading to a more robust

extraction of the QGP transport coefficients and a better
understanding of the physics of hydrodynamization of de-
confined QCD matter. Importantly, this work demonstrates
the intricate interplay between minijet energy loss and the
hydrodynamical evolution of the QGP.
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APPENDIX: ANALYSIS OF HYDRODYNAMICAL
EVOLUTION HISTORY

In this Appendix we present the modification of the evo-
lution of some hydrodynamic quantities, averaged over a few
events (≈30), due to the presence of the minijets, for different
values of pJ

min, across several centralities.
Each quantity X is averaged for a given τ across all the

volume with T > Tc in the event i, weighted by the energy
density ε as

〈X 〉i ≡
∫

dV Xi(x)εi(x)∫
dV εi(x)

. (A1)

Then, the final event-averaged quantity, denoted for simplicity
just as 〈X 〉, without subscript i, is also weighted according to
the total energy of event i, as

〈X 〉 ≡
∑

i〈X 〉iEi∑
i Ei

, (A2)

where Ei ≡ ∫
dV εi(x).

In Fig. 12 we see how only for the case of pJ
min = 4 GeV

is the temperature initially visibly lower than the one without

minijets, since it is the only scenario for which a large part
of the total energy of the system is injected by the minijets.
The delay observed is consistent with the estimates of Figs. 1
and. 6. The transverse velocity shown in Fig. 13, increasing
with decreasing pJ

min, is strongly correlated with the asso-
ciated decrease of the shear stress tensor with decreasing
pJ

min, as shown in Fig. 14. Strongest deviations in the ratio of
the bulk viscous pressure over the thermodynamic pressure,
shown in Fig. 15, are again for the pJ

min = 4 GeV case at early
times, basically due to the initially reduced thermodynamic
pressure, related to the delay in the rising of temperature, as
shown in Fig. 12 (recall that the bulk viscosity parameter has
been chosen to be unmodified in the present work). Finally,
we show momentum anisotropy εp, defined for a given event
i as

εp,i ≡
√

〈(T xx − T yy)〉2
i + 4〈T xy〉2

i

〈T xx + T yy〉i
, (A3)

where T μν is the full stress-energy tensor of the system, in
Fig. 16. Reducing η/s (as one decreases pJ

min) will tend to
increase the momentum anisotropy εp of the bulk of the sys-
tem, as can be seen most clearly in the most central panels
of Fig. 16. We note that, even though εp is much larger for
smaller pJ

min, the integrated vn in Fig. 5 is about the same.
This is because a larger fraction of the system energy freezes
out much sooner when more minijets are present, as seen in
Fig. 8.

These modifications, largest in the case of pJ
min = 4 GeV,

although clearly non-neglibile for pJ
min = 7 GeV, motivate a

more detailed study, possibly within the context of the phe-
nomenological impact on electromagnetic probes.
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