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Time-evolution of the Quark-Gluon plasma

ƴQuark-Gluon plasma is
created in heavy-ion
collisions

ƴSeveral stages with
different descriptions

ƴConsider
Thermalization
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Rev.Mod.Phys. 93 (2021) 3, 035003 [Berges, Heller, Mazeliauskas, 

Venugopalan]

arXiv:2210.12056 [Elfner, Müller]

Initial state

Glasma

ÅHighly occupied classical fields, CGC

Thermalization

ÅKinetic theory, quasi-particles

Ideal fluid

ÅHydrodynamics

Hadronization, freeze-out



Jet quenching parameter

ƴDuring initial collision, highly 
energetic particles are created

ƴMove through Quark-Gluon 
plasma

ƴ Interact with it

ƴSplit into many particles

ƴMeasured as ñjetsò in the detector

ƴήis defined via

ƴQuantifies momentum 
broadening
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Estimates of the jet quenching parameter

Phys.Rev.C 104 (2021) 2, 024905 [JETSCAPE Collaboration]
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ƴMostly evaluated at later stages 
(hydrodynamics) or in thermal 
equilibrium

ƴRecently also considered in Glasma
Phys.Lett.B 810 (2020) 135810 [Ipp, Müller, Schuh]

arXiv 2202.00357 [Carrington, Czajka, Mrowczynski]

ƴWant to consider ήduring 
thermalization 

Ą between Glasma and hydro
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Schematic overview of q evolution



Effective kinetic theory description of the QGP

ƴQuasi-particles with distribution function Ὢὸȟᴆὴ)

ƴTime evolution described by Boltzmann equation at LO

ƴSolved numerically using Monte Carlo techniques

JHEP01(2003)030 [Arnold, Moore, Yaffe]
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Collision term

Int.J.Mod.Phys.E 16 (2007) 2555-2594 [Arnold]

Phys.Rev.Lett. 115 (2015) 18, 182301 [Kurkela, Zhu]



Jet quenching parameter in kinetic theory

ƴProvided we know f(k), :
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Matrix element with medium 

corrections (self-energy)

Ingoing/outgoing state factors
Appropriate phase-

space measure

With momentum 

cutoff ή ɤ



Screening in the matrix element

ƴScattering matrix element 
includes in-medium propagator

ƴReceives self-energy corrections

ƴAnisotropic Hard thermal loop 
(HTL) self-energy Unstable 
modes

ƴApproximation: Use isotropic HTL 
matrix element
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Comparison in thermal equilibrium

ƴFormula reproduces known results in 
thermal equilibrium:

ƴPreviously ήhas been known for ɤ Ḻ
4, and ɤ ḻ4

ƴNow also regionɤ 4
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‗ πȢπρ



Physical meaning of the momentum cutoff

ƴMomentum cutoffɤ grows for larger jet energy

ƴThermalization: Plasma gluon as ñjetò, splitting rates calculated using 
ɤ ḺὝ
Phys.Rev.D 78 (2008) 065008 [Arnold, Dogan]
Ann.Rev.Nucl.Part.Sci. 69 (2019) 447-476 [Schlichting, Teaney]

ƴFor highly energetic jets we need to use ɤ ḻὝ
ƴ Phys.Rev.D 78 (2008) 125008 [Arnold, Xiao]

ƴLPM cutoff

ƴKinematic cutoff
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Fix at someὉ, Ὕ

GetὝfrom energy 

density צ



Thermalization in heavy-
ion collisions

ƴInitial condition, with ‗ Ὣὔ ,

ƴPhase 1: Anisotropy increases

ƴPhase 2: Occupancy decreases

ƴPhase 3: System thermalizes at 

time † Ⱦὗ

Markers represent different stages
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Phys.Lett.B502:51-58,2001 [Bayer, Mueller, Schiff, Son]

Time evolution of a purely gluonic plasma

Phys.Rev.Lett. 115 (2015) 18, 182301 [Kurkela, Zhu]



Time evolution

ƴQualitative behavior depends strongly on 
coupling

ƴMostly ή ή

ƴHere for a fixed large cutoff, but in this
region

ήḐὥÌÏÇɤ ὦ

ƴUse this coefficientsὥand ὦto getήfor
any large cutoff
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Preliminary

Quark jet



Jet quenching parameter with varying cutoff

ƴFix cutoff at Ătriangleñ marker for
‗ ρπ

ƴJet energyὉ ρπὗ

ƴKinematic and LPM cutoff similar

Jet momentum broadening from EKT | 09.12.2022 | Florian Lindenbauer 13

Preliminary

Quark jet



Time evolution of jet quenching parameter

ƴModel jet evolution

ƴConnects large values from
Glasma and lower values in 
hydrodynamic stage

ƴDependence on initial conditions
and cutoff
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Preliminary

Quark jet



Conclusion and outlook

ƴDerived formula for ήin kinetic theory for anisotropic systems

ƴComparison with analytic results in thermal equilibrium

ƴModel cutoff dependence

ƴDuring time evolution: ήdecreases, initially of the order of magnitude of the 
Glasma value

ƴή ή during most of the evolution

Outlook:

ƴDifferent initial conditions, dependence on jet angle and momentum

ƴRelax isotropic screening approximation

ƴExperimental signature of ήfrom thermalization stages, impact
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Backup slides
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Comparison with the glasma

ƴConsistent with value for ήextracted 
from glasma
Phys.Lett.B 810 (2020) 135810 [Ipp, Müller, Schuh]

arXiv 2112.06812 [Carrington, Czajka, Mrowczynski]

ƴWe obtain for ὗ Ḑַײρ'Å6a value of 

ήḐַײρπ at beginning

(e.g. ‗ ρπȟɤ ρπὗ and our initial 
conditions: 

Ὕ πȢυὗȟή ωὝ ὗ at beginning)
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Phys.Lett.B 810 (2020) 135810 [Ipp, Müller, Schuh]



Screening in the matrix element II

ƴUse isotropic HTL matrix element

ƴAnother approximation using 
single screening constant

ƴDifferent for longitudinal

ƴand transverse momentum 
broadening

Phys.Rev.D 89 (2014) 7, 074036 [York, Kurkela, Lu, Moore]
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ά is the Debye mass,

ί, όand ὸare the Mandelstam variables



Time evolution ïsmall cutoff

ƴFor small cutoff: Qualitative behavior depends strongly on coupling

ƴMostly ή ή , anisotropy up to factor 2
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Preliminary Preliminary


