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m Heavy-ion collisions and the quark-gluon plasma

m Study properties of the
strong interaction

m Collision of atomic nuclei at

LHC or RHIC
participants
m Creates high-temperature before collision after collision
QCD matter =

Quark-Gluon plasma (QGP)

[Alberica Toia 2013, CERN COURIER]
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https://cds.cern.ch/record/1734942
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Interested in pre-equilibrium stages (“Initial stages”)
— QCD out of equilibrium
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m How can we study the QGP?

m Several experimental observables:
Heavy quarks, Lepton production,
Photon emission, ...

m Here: Focus on jets
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m How can we study the QGP?

m Several experimental observables:
Heavy quarks, Lepton production,
Photon emission, ...

m Here: Focus on jets
m Highly energetic partons
created in initial collision
m Splits into many particles
— then measured in the detectors
m Imprints of medium interactions
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m Jet energy loss through

m Very many works on energy loss of
energetic parton

Florian Lindenbauer

medium-induced radiation
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m Jet energy loss through medium-induced radiation

m Very many works on energy loss of

energetic pa rton Radiative Energy Loss of High Energy Partons

Traversing an Expanding QCD Plasma

R. Baier

Fakultit fiir Physik, Universitit Bielefeld, D-33501 Bielefeld, Germany

Yu.L. Dokshitzer*
INFN, Sezione di Milano, Milan, Italy

A H. Muellert

Physics Department, Columbia University, New York, NY 10027, USA

D. Schifft

LPTHE, Université Paris-Sud, Batiment 211, F-91405 Orsay, France
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m Jet energy loss through medium-induced radiation

m Very many works on energy loss of
energetic parton

ON THE ENERGY LOSS OF HIGH ENERGY QUARKS IN A
FINITE-SIZE QUARK-GLUON PLASMA

B.G. Zakharov
Institut fiir Kernphysik, Forschungszentrum Jilich,
D-52425 Jiilich, Germany

L.D. Landau Institute for Theoretical Physics, GSP-1, 117940,
Kosygina Str. 2, 117334 Moscow, Russia
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M Jet energy loss through medium-induced radiation

m Very many works on energy loss of
energetic parton

m Difficulties: Correctly including the
LPM suppression
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m Jet energy loss through medium-induced radiation

m Very many works on energy loss of
energetic parton

m Difficulties: Correctly including the
LPM suppression

m Harmonic approximation:
Depend on single
medium parameter §
“Jet quenching parameter”

m Quantifies momentum broadening

d<Pi> . d<Pi> _ 2 2 are
aL ~ dt _/d 9L q2g,

4§ =

Florian Lindenbauer
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M Estimates of §

Physics Letters B ABSTRACT
¢ Volume 803, 10 April 2020, 135318 Jet quenching provides a very flexible variety of observables which are sensitive to different energy- and
ELSEVIER time-scales of the strongly interacting matter created in heavy-ion collisions. Exploiting this versatility
would make jet quenching an excellent chronometer of the yoctosecond structure of the evolution
process. Here we show, for the first time, that a combination of jet quenching observables is sensitive to

Jet quen Chin g as a prob e Of th e lmtl al Stages the initial stages of heavy-ion collisions, when the approach to local thermal equilibrium is expected to

‘happen. Specifically, we find that in order to reproduce at the same time the inclusive particle production

. . . suppression, Ra, and the high-pr azimuthal asymmetries, vy, energy loss must be strongly suppressed
in heavy-ion collisions +# for the fist ~ 06 fm. This exloratory analyss Shows the potenial of et observables, possiby more
sophisticated than the ones studied here, to constrain the dynamics of the initial stages of the evolution.
© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http:/Jcreativecommons.org/licenses/by/4.0/). Funded by SCOAP®.

Carlota Andres® 2 =, Néstor Armesto ® &, Harri Niemi ©¢ &, Risto Paatelainen * ¢ &=,
Carlos A. Salgado * =
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m Estimates of g

ABSTRACT

Jet quenching provides a very flexible variety of observables which are sensitive to different energy- and
time-scales of the strongly interacting matter created in heavy-ion collisions. Exploiting this versatility
would make jet quenching an excellent chronometer of the yoctosecond structure of the evolution
process. Here we show, for the first time, that a combination of jet quenching observables is sensitive to
the initial stages of heavy-ion collisions, when the approach to local thermal equilibrium is expected to
happen, Specifically, we find that in order to reproduce at the same time the inclusive particle production
suppression, R4a, and the high-pr azimuthal asymmetries, v3, energy loss must be strongly suppressed
for the first ~ 0.6 fm. This exploratory analysis shows the potential of jet observables, possibly more
sophisticated than the ones studied here, to constrain the dynamics of the initial stages of the evolution.
© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP.
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M Estimates of §

In conclusion, our approach, which is presented in
detail in [22], provides a reliable estimate of momen-
. tum broadening in glasma. Our calculation gives a
VmumF:Cfliuc'fw';:i:jzim value of ¢ that is several GeV?/fm, which is much

larger than equilibrium values, and produces accu-

mulated transverse momentum broadening of the
Jet quenching in glasma same order as the contribution from the equilibrium
phase. Our results therefore indicate that the tran-
sient glasma phase plays an important role in the jet
quenching. This conclusion is significant because it
contradicts previous beliefs that the contribution to

ELSEVIER

Margaret E. Carrington ® °, Alina Czajka , Stanistaw Mréwczyfiski ¢ 2, &=

momentum broadening from the glasma phase can

a in the glasma USing T expaNSion be safely neglected.
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M Estimates of §

Physics Letters B - 30 — G4, (Qs =2.0GeV)
£ Volume §10,10 November 2020, 135810 —— G (Qs =1.5GeV)
ELSEVIER é b |0 Y M 'm/(gz,u)=0.20
2
L. a~ ===m/(g°p) = 0.10
Jet momentum broadening in the pre- > by ---m/(g%p) = 0.05
iyer . [} ]
equilibrium Glasma 4] i \ —m/(¢’n) =0
10 |; :
Alpp =, DL Miller 8, &, D. Schuh & <

g in the glasma using classical
statistical simulations
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M Estimates of §

PHYSICAL REVIEW D 15
ring particle gravitation, ar ology
Highlights Recent Accepted Collections Authors Referees Search Press About
— ' E 1
Simulating jets and heavy quarks in the glasma using the colored o>
particle-in-cell method >
Dana Avramescu, Virgil Baran, Vincenzo Greco, Andreas Ipp, David Miiller, and Marco Ruggieri L
Phys. Rev. D 107, 114021 - Published 15 June 2023 g 0.2 0.3
> 5
N~ . - . 0
g in the glasma using classical
1.5 2

statistical simulations
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m Goal of our work

Schematic overview of § evolution

m Mostly considered in equilibrium q 4
or hydrodynamics Glasma

?

Kinetic
theory

m Extractions from experiment:
(only) hydrodynamic medium

Hydrodynamics

T

1[Phys.Lett.B 810 (2020) [Ipp, Miiller, Schuh], Phys.Rev.C 105 (2022) [Carrington, Czajka, Mrowczynski], Phys.Rev.D 107 (2023)

[Avramescu, Baran, Greco, Ipp, Miiller, Ruggieri]]
7/15
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m Goal of our work

Schematic overview of § evolution

A

m Mostly considered in equilibrium q 4

\
or hydrodynamics Glasma

?

m Extractions from experiment:
(only) hydrodynamic medium

Kinetic
theory

m Recently also considered in Glasmat

Hydrodynamics

m Goal: § during thermalization
— between Glasma and hydro

T

1[Phys.Lett.B 810 (2020) [Ipp, Miiller, Schuh], Phys.Rev.C 105 (2022) [Carrington, Czajka, Mrowczynski], Phys.Rev.D 107 (2023)

[Avramescu, Baran, Greco, Ipp, Miiller, Ruggieri]]
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m Effective kinetic theory description of the QGP

m Gluons with distribution function (¢, p)

m Time evolution described by Boltzmann equation at leading-order?

(8t+v-V)f=‘I
—
—~

Collision term

2 2
+ | — =

_Of(p,7) | P2 Of(PT) 22 162/
o T 9, =C*7[f]+C [f]

2[JHEP 01 (2003) [Arnold, Moore, Yaffe], Int.J.Mod.Phys.E 16 (2007) [Arnold]]
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m Effective kinetic theory description of the QGP

m Gluons with distribution function (¢, p)

m Time evolution described by Boltzmann equation at leading-order?

(8t+v-V)f=‘I
—
—~

Collision term

2 2
+ | — =
7

m Pure gluons, azimuthal symmetry around beam axis 2,
Bjorken expansion, homogeneous in transverse plane

2[JHEP 01 (2003) [Arnold, Moore, Yaffe], Int.J.Mod.Phys.E 16 (2007) [Arnold]]
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m Bottom-up thermalization in heavy-ion collisions

m Initial condition3, with A = g?N¢
Time evolution of a purely gluonic plasma

2A {pT) )
florpe) =X Jtem i
~
><exp<( 07 (7 +&p )) %
. &
& ~ anisotropy, (p1) = 1.8Qs, S 100 .
Qs ~ saturation scale IS Initial condition
2
c
<
thermal equilibrium
1004 X X i
1072 1071 10°

Occupancy: (pAf)/(p)

3 [Phys.Rev.Lett. 115 (2015) [Kurkela, Zh]]
4[Phys.LettAB 502 (2001) [Baier, Mueller, Schiff, Son]]
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m Bottom-up thermalization in heavy-ion collisions

m Initial condition3, with A = g?N¢

oA (p7) Time evolution of a purely gluonic plasma

f = 2 I
-2 2 2.2 "
X exp (w (pT +¢ Pz)) S0 e
. &
& ~ anisotropy, (p1) = 1.8Qs, S 100
Qs ~ saturation scale 13 Initial condition
8
c
< \
V' thermal equilibrium
1004 X X i
1072 1071 10°

Occupancy: (pAf)/(p)

3 [Phys.Rev.Lett. 115 (2015) [Kurkela, Zh]]
4[Phys.LettAB 502 (2001) [Baier, Mueller, Schiff, Son]]
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m Bottom-up thermalization in heavy-ion collisions

m Initial condition3, with A = g?N¢

oA (p7) Time evolution of a purely gluonic plasma

f = A 2

(pL,pz) = X per 10
-2 2 2.2 "
X exp (3(,,.,.)2 (pJ_ + 5 pz)) %
. &

& ~ anisotropy, (p1) = 1.8Qs, o
Qs ~ saturation scale g
[e]
N

m Phase 1: Anisotropy increases g Y
\  thermal equilibrium
1004 X X% !
1072 107! 100

Occupancy: (pAf)/(p)

3 [Phys.Rev.Lett. 115 (2015) [Kurkela, Zh]]
4[Phys.LettAB 502 (2001) [Baier, Mueller, Schiff, Son]]
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m Bottom-up thermalization in heavy-ion collisions

m Initial condition3, with A = g?N¢

oA (p7) Time evolution of a purely gluonic plasma

f = >
(pJ_7 Pz) b pi+£2p§ 10
—2 2 2,2 W
X exp (3_f(pT> (Pt +¢ Pz)) =
. &
& ~ anisotropy, (p1) = 1.8Qs, S0
Qs ~ saturation scale g
Q
m Phase 1: Anisotropy increases = Y
m Phase 2: Occupancy decreases % thermal equilibrium
1004 DA i
1072 107 10

Occupancy: (pAf)/(p)

3 [Phys.Rev.Lett. 115 (2015) [Kurkela, Zh]]
4[Phys.LettAB 502 (2001) [Baier, Mueller, Schiff, Son]]
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m Bottom-up thermalization in heavy-ion collisions

m Initial condition3, with A = g?N¢

2A (pr) Time evolution of a purely gluonic plasma

—2 2 2.2 W
<exp <_73<pr> (vt + &%) S
. &
& ~ anisotropy, (p1) = 1.8Qs, %101
Qs ~ saturation scale g
(o]
m Phase 1: Anisotropy increases = Y
m Phase 2: Occupancy decreases \  thermal equilibrium
: 10° X X
m Phase 3: System thermalizes at = e T
. 13/5
time* Tpvss = (35)  /Qs Occupancy: (pAf)/(p)

3 [Phys.Rev.Lett. 115 (2015) [Kurkela, Zhu]]
4[Phys.LettAB 502 (2001) [Baier, Mueller, Schiff, Son]]
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m Bottom-up thermalization in heavy-ion collisions

m Initial condition3, with A = g?N¢

Time evolution of a purely gluonic plasma

2A {pT) )
f(PJ.v Pz) = m 102
-2 2 2,2 »
X exp <—z3<pT> (p7 +¢ pz)) =) \
. &
& ~ anisotropy, (p1) = 1.8Qs, S0 ~“>
Qs ~ saturation scale IS i
[e]
m Phase 1: Anisotropy increases = v
Ph 2: 0 d Y thermal equilibrium
n ase : ccupancy decreases - \ j el
m Phase 3: System thermalizes at = e T
. 13/5
time* TBMSS = (1277) /Qs Occupancy: (pAf)/(p)

Markers represent different stages

3 [Phys.Rev.Lett. 115 (2015) [Kurkela, Zhu]]
4[Phys.LettAB 502 (2001) [Baier, Mueller, Schiff, Son]]

Addressing the Initial Stages in heavy-ion collisions using jet quenching

Florian Lindenbauer



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.182301
https://www.sciencedirect.com/science/article/abs/pii/S0370269301001915

m Bottom-up thermalization in heavy-ion collisions

m Initial condition3, with A = g?N¢
Time evolution of a purely gluonic plasma

f — 2A (pT)
(PJ_, pz) p2 02 10
~
><exp<( 07 (7 +&p )) %
. &
& ~ anisotropy, (p1) = 1.8Qs, o
. 510!
Qs ~ saturation scale g
(o]
m Phase 1: Anisotropy increases =
m Phase 2: Occupancy decreases .
m Phase 3: System thermalizes at 10 e e T

time* mauss = () %/ Qs Oceupancy: (pAf)/(p)

Markers represent different stages

3 [Phys.Rev.Lett. 115 (2015) [Kurkela, Zhu]]
4[Phys.LettAB 502 (2001) [Baier, Mueller, Schiff, Son]]
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m Generalization of § — G/ for anisotropic systems

m Previously (isotropic definition):

A d<Pi> d<Pi> 2 p dre
= = p— d —

with elastic scattering rate !
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m Generalization of § — G/ for anisotropic systems

m Previously (isotropic definition):

A d<Pi> d<Pi> / 2 2 dre!
pu— pr— p— d —
97 4L dt L9l q2g)

with elastic scattering rate !

m To take into account anisotropies:
Define matrix

N oodrel
N 2 i
g’ = /d q. cuqi—dzcu

Thus § = ¢ + ¢ (and §*% = 0)
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M Generalization of § — G/ for anisotropic systems

m Previously (isotropic definition):

A d<Pi> d<Pi> / 2 2 dre!
pu— pr— p— d —
97 4L dt L9l q2g)

with elastic scattering rate !

m To take into account anisotropies:
Define matrix

y .odre
Al — d2 i
g / qLq LQS_—quJ-
Thus § = §¥ + §* (and §* =0)

m Note that we only take into account elastic 2 <+ 2 processes!

Florian Lindenbauer
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m Jet quenching parameter in kinetic theory

m Provided we know f(k):
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m Jet quenching parameter in kinetic theory

m Provided we know f(k):  Outgoing plasma particle

— Matrix element

§i = LL<Adrps q'd/ IMPPF(k) (14 F(K)) Plasma particle
1< / (quark, gluon)

K-Q

Outgoing jet parton

Incoming plasma particles K

with momentum & Leading jet parton

| P P+Q
Matrix element Medium modifications
with medium corrections (self-energy)) (screening)

appropriate phase-space measure
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m Making sense of the cutoff

m Cutoff A restricts transverse momentum transfer g, < A
(needed in eikonal limit p — o0)

[arXiv:2312.00447 [Boguslavski, Kurkela, Lappi, FL, Peuron]]

Florian Lindenbauer Addressing the Initial Stages in heavy-ion collisions using jet quenching 12 / 15



https://browse.arxiv.org/pdf/2312.00447.pdf

m Making sense of the cutoff

m Cutoff A restricts transverse momentum transfer g, < A
(needed in eikonal limit p — o0)

m Should somehow grow with jet energy (or energy of leading parton)

[arXiv:2312.00447 [Boguslavski, Kurkela, Lappi, FL, Peuron]]
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m Making sense of the cutoff

m Cutoff A restricts transverse momentum transfer g, < A
(needed in eikonal limit p — o0)

m Should somehow grow with jet energy (or energy of leading parton)

m kinematic cutoff AS*(E, T) = ¢king(ET)Y/2
obtained from comparing leading log behavior for large p and A

[arXiv:2312.00447 [Boguslavski, Kurkela, Lappi, FL, Peuron]]
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m Making sense of the cutoff

m Cutoff A restricts transverse momentum transfer q; < A
(needed in eikonal limit p — o0)

m Should somehow grow with jet energy (or energy of leading parton)

m kinematic cutoff AS*(E, T) = ¢king(ET)Y/2
obtained from comparing leading log behavior for large p and A

= LPM cutoff ALPM(E, T) = (LPMg(ET3)1/4
Estimate for momentum broadening during LPM ‘formation time':
Q2 ~ gtlorm, ¢lorm \ /E/§, approximately § ~ g* T3

[arXiv:2312.00447 [Boguslavski, Kurkela, Lappi, FL, Peuron]]
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m Results for §

0.0201
m Use cutoffs
LPM _ sLPM 3\1/4
m AUPM(E, T,) = (LPMg(ET2)Y 0.015/
= NT(E, T.) = (Mg (ET:)Y? 51
~0.0101
Y
0.0051
—— LPM cutoff
------- kinematic cutoff
0.000

1073 1072 107! 10° 10!
T/TBMSS

[2303.12595 [Boguslavski, Kurkela, Lappi, FL, Peuron]]
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m Results for §

m Use cutoffs
m NYPM(E, T2) = (PPN (ET2)H
= AT(E, T.) = (Mng(ET)Y?

m Fix ¢ at triangle marker to match 0.0201
with JETSCAPE® for A = 10, use
jet energy E = 100 GeV and _ 0.015
QS — 14 GeV c:<
=~0.0101
>
0.0051
—— LPM cutoff
------- kinematic cutoff
0.000

103 102 10t 10 10!
T/ TBMSS
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m Results for §

m Use cutoffs
m NYPM(E, T2) = (PPN (ET2)H
= AT(E, T.) = (Mng(ET)Y?

m Fix ¢ at triangle marker to match 0.0201
with JETSCAPE® for A = 10, use
jet energy E = 100 GeV and _ 0.015
Qs = 1.4GeV. &
Z0.0101
m Obtain § for multiple fixed A} . >
. 6 4
m Interpolate, using ) 0.005 —
s ~ NL 0 K e kinematic cutoff
qu(/\i > TE) ~ a,lIn QJ; + by 0,000 tic cut

103 102 10t 10 10!
T/ TBMSS
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m Results for §

0.0201
m Use cutoffs
LPM _ LPM 3\1/4
u AJ_ (E’ TE)_C g(ETE) / 0.015 1
; , o
m AS(E, T.) = (king(ET.)Y/? 5
=20.010
N
m Mostly % > @Y — Momentum
i i 00051 crmal for LPM cutoff
broadening along beam axis ermal for LPM cutoff ' —— | pM cutoff
enhanced 0 T kinematic cutoff
nhan 0.000 -, - = ; .
10 10 10 10 10

m Similar results for both cutoffs T/ TBMSS

[2303.12595 [Boguslavski, Kurkela, Lappi, FL, Peuron]]
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m Results for §

0.0201
m Use cutoffs
m AYPM(E, T.) = (LPMg(ET2)1/4 0.015/
= NT(E, T.) = (Mg (ET:)Y? 5
=~ 0.0101
B
m Mostly % > @Y — Momentum 0,005
broadening along beam axis ' — LPM cutoff
h d ------- kinematic cutoff
enhance 0.000 — ~ -
o 1073 1072 107! 100 10t
m Similar results for both cutoffs T /TBMSS

[2303.12595 [Boguslavski, Kurkela, Lappi, FL, Peuron]]
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m Results for §

0.020
m Use cutoffs
w NYPM(E, T.) = (MPMg(ET2)H/* 0.0151
= NT(E, T.) = (Mg (ET:)Y? 5
=~0.0101
=]
m Mostly % > @Y — Momentum 0,005
broadening along beam axis ' — LPM cutoff
h d ------- kinematic cutoff
enhance 0.000 ‘
o 0% 107 107t 10" 10t
m Similar results for both cutoffs T/TBMSS
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m Results for §

0.0201
m Use cutoffs
LPM _ LPM 3\1/4
u AJ_ (E’ TE)_C g(ETE) / 0.015 1
; , o
m AS(E, T.) = (king(ET.)Y/? 5
=20.010
N
m Mostly % > @Y — Momentum
i i 0.005 1 crmal for LPM cutoff
broadening along beam axis ermal for LPM cutoff ' —— | pM cutoff
enhanced 0 T kinematic cutoff
nhan 0.000 -, - = ; .
10 10 10 10 10

m Similar results for both cutoffs T/ TBMSS
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m Time evolution of jet quenching parameter

m Model cutoff variation for fixed jet 10

Kinetic -
energy o )

m Dependence on initial conditions
and cutoff (bands)

Ej = 20 GeV

10! 10° 10!
7 (fm/c)

[2303.12595 [Boguslavski, Kurkela, Lappi, FL, Peuron]]

®[Phys.Lett.B 810 (2020) [Ipp, Miiller, Schuh]]
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m Time evolution of jet quenching parameter

m Model cutoff variation for fixed jet 10

Kinetic -
energy o (Gozm]

N i, E
S 4
m Dependence on initial conditions =6 B £, = 100 GeV
and cutoff (bands) E — Ej, = 20 GeV
= 4
A=

m Little jet energy dependence =10

2110, = 1.4 Gev

10! 10° 10!
7 (fm/c)

[2303.12595 [Boguslavski, Kurkela, Lappi, FL, Peuron]]

®[Phys.Lett.B 810 (2020) [Ipp, Miiller, Schuh]]
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m Time evolution of jet quenching parameter

m Model cutoff variation for fixed jet 10

Kinetic -
energy o )

. .. E | %,
m Dependence on initial conditions =6 O B £, = 100 GeV
and cutoff (bands) 2 < m Ej, = 20 GeV
L 4 \ '
. . <
m Little jet energy dependence N
m Connects large values from 0 ‘ | ]
Glasma® and | lues i 0 v o
ma> and lower values in 7 (fm/c)

hydrodynamic stage
[2303.12595 [Boguslavski, Kurkela, Lappi, FL, Peuron]]

®[Phys.Lett.B 810 (2020) [Ipp, Miiller, Schuh]]
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m Time evolution of jet quenching parameter

m Model cutoff variation for fixed jet 1.2 __
energy 11{(G)
. .. 1.0
m Dependence on initial conditions N
and cutoff (bands) =099
A=l
. . 0.87
m Little jet energy dependence
0.71 BN Ej =100 GeV
I Eje = 20 GeV
m Connects large values from 0.6 - - J
5 . 10 10 10
Glasma® and lower values in 7 (fm/c)

hydrodynamic stage
[2303.12595 [Boguslavski, Kurkela, Lappi, FL, Peuron]]

®[Phys.Lett.B 810 (2020) [Ipp, Miiller, Schuh]]
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m Conclusions and outlook

m Extract § using QCD kinetic theory for anisotropic bottom-up evolution

m Model cutoff dependence

m Results:

m § within 20% of Landau-matched thermal estimate
m connects Glasma to hydro values

m G > ¢ during most of the evolution — anisotropic broadening

Outlook
m Impact of pre-equilibrium value of § in jet energy loss and polarization?

m Signatures of initial stages?

[Code and data: https://zenodo.org/records/10419537, https://zenodo.org/records/10409474]
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M Bose-enhanced terms

m § for fixed coupling A = 2 and 0.051 — @ — = i, e at
varying cutoffs A}

L L
s
g

m 2D distribution
f(k) ~ d(kz)

Leads to g5° =0

m Reason for different ordering:
Bose-enhanced part §g = term

quadratic in f(k) T /TBMSS
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m g and the limiting attractors

n D, E=10 A — 0 extrapol.
14] L A=1 A0 fit
N 121 A=2
L % A=5A—10) =
2\)@ Ry o A=20
~ ~—
g 1.0 g
ey 0.8
0.81 el N3
AL =5.0Q,
0.61 : : : ‘ :
10 10 107! 100 oo e e / .
_ _ 13/5
T/mr=TT(T)/(471/3) 7/Tmss = QsTa

m Approach to weak coupling attractor even at moderate couplings

m Fit for bottom-up attractor:
ayy

L(r) =1+ aln (1 - e @/fBumuss) with ¢ = 0.12, ¢ = 3.45.
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m Screening in the matrix element of §

m Scattering matrix element includes in-medium
propagator

m Receives self-energy corrections Matrix element

Plasma particle
(quark, gluon)

K K-Q

m Anisotropic hard thermal loop (HTL) self-energy —
unstable modes®

Leading jet parton Outgoing jet parton
.. . . . P P+Q
m Approximation: Use isotropic HTL matrix Medium modifications

(screening)
element

Similar approximation also in EKT implementations
®[Phys.Rev.D 68 (2003) [Romatschke, Strickland]]

"[Phys.Rev.Lett. 115 (2015) [Kurkela, Zhu]; Phys.Rev.Lett. 122 (2019) [Kurkela, Mazeliauskas];
Phys.Rev.D 104 (2021) [Du, Schlichting]]

7

Florian Lindenbauer Addressing the Initial Stages in heavy-ion collisions using jet quenching 3 /10



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.68.036004
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.182301
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.142301
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.054011

m Screening approximation to the matrix element

m Compare with simple screening 0.0

approximation

0.04
(s — u)? (s — u)? q* 0,031
t2 2 (g2 +&7mp)? =
% 0.02
m Longitudinal® ¢, = €%/6/1/8 -

m Transverse broadening:
£T — 61/3/2 0.00

m Good agreement

isotropic HTL
....... approximation

103 10-2 10! 10°
T/ TBMSS

s, u, t: Mandelstam variables

Florian Lindenbauer

8[Phys.Rev.D 89 (2014) [York, Kurkela, Lu, Moore]|
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m What about momentum broadening?

8
. (G
m Per definition, § = (fl 61
T —~
" 5 . >
m Naively Ap? = [d7 §(r) over & | - By = 100 Gev
e - . - B, =20 GeV
lifetime of jet b k55
S
\/27 A=10
m But: only true if no splittings occur. @ = 14 GeV
m Think of § as medium parameter. 0 101 10° 10!
7 (fm/c)
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m Where does G enter?

m BDMPS-Z calculations (in-medium splittings, energy-loss) e.g. in
harmonic approximation

m Recently generalized to include flowing/inhomogeneous systems®

® anisotropic systems with §*¥ # §%: Jet polarisation'® — daughter gluons of
gluon-splitting can carry net polarisation (see Siggi's talk (Wed 9:30))

m In JETSCAPEM: MATTER and LBT energy loss models can be
parametrized in terms of §

m § encodes interaction strength (moment of scattering potential)

°[Phys.Rev.D 106 (2022) [Andres, Dominguez, Sadofyev, Salgado], Phys.Rev.D 108 (2023) [Barata,
Mayo Lépez, Sadofyev, Salgado]]

11 JHEP 08 (2023) [Hauksson, lancu]]

" [Phys.Rev.C 104 (2021) [JETSCAPE]]
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m Cutoff dependence and comparison with equilibrium

m § for fixed coupling A =2

10-3 102 10-1 10°
T/TBMSS
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m Cutoff dependence and comparison with equilibrium

m § for fixed coupling A = 2 and
varying cutoffs A

m Ordering ¢ < G% depends

on cutoff - AL =050,
0.01 y
0.00 - - " }
1073 1072 1071 100
T/TBMSS
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m Cutoff dependence and comparison with equilibrium

0.051
A=2
~ . . 0.044
m § for fixed coupling A = 2 and .
varying cutoffs A c:i 0.031
=
>

m Ordering ¢ < G% depends
on cutoff

10-3 102 10-1 10°
T/TBMSS
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m Cutoff dependence and comparison with equilibrium

0.061+ — in1 =T qﬁleun .......... qff

m § for fixed coupling A = 2 and 0.041 el
varying cutoffs A |

m Ordering §"” < % depends
on cutoff

m Compare with energy-density
matched thermal equilibrium 0.00

10-3 102 10-1 10°
T/TBMSS
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m Cutoff dependence and comparison with equilibrium

0.061+ — un =T qzileun .......... qilfl
m § for fixed coupling A = 2 and
. 0.04 1 i\\e\'m"‘l —
varying cutoffs A | . -
o . £ 0.3

m Ordering ¢ < % depends =~

on cutoff =0.021

AL =050,

m Energy-matched equilibrium 0.011

over- or underestimates ¢, Y -

depending on cutoff B (Ve 107 107! 10°

T/TBMSS
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m Toy model for underoccupation

m Scaled thermal distribution

N
Flli T) = exp(k/le') -1

Explains ordering §iherm < § for
underoccupancy

[arXiv:2312.00447 [Boguslavski, Kurkela, Lappi, FL, Peuron]]

Florian Lindenbauer

Scaled thermal distribution

- N, =01
—— N; =1 (thermal)

0.04+
£ 0.03 :
/<
~
S

0.02

A=2
0.01

25 5.0 7.5 100 12,5
AT
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m Time evolution of §

m Landau matching
Eeq( Ts) — Esim

m Obtain §" for a fixed cutoff A |

m For coupling A =0.5

m Mostly g% > ¢¥ —

Momentum broadening 0.011
along beam axis enhanced AL = 30Q,
0.00 d d d d r
0= 107* 107% 1072 107! 10° 10!

T /TBMSS
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m Time evolution of §

m Landau matching
Eeq( Ts) — Esim

m Obtain §" for a fixed cutoff A |
m For couplings A = 0.5, 2, 10

m Mostly g% > ¢¥ —
Momentum broadening

along beam axis enhanced AL = 30Q,

0.00 , , , , ,
10° 101 10°° 102 107" 10° 10t

T /TBMSS
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m Time evolution of §

m Landau matching
Eeq( Ts) — Esim

m Obtain §" for a fixed cutoff A |

m For coupling A =0.5

m Mostly g% > ¢¥ —

Momentum broadening 0.011
along beam axis enhanced AL = 30Q,
0.00 d d d d r
0= 107* 107% 1072 107! 10° 10!

T /TBMSS
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m Time evolution of §

m Landau matching
Eeq( Ts) — Esim

m Obtain §" for a fixed cutoff A |

m For coupling A =0.5

m Mostly g% > ¢¥ —

Momentum br?adening 0.011 — ==
along beam axis enhanced AL =30, — =4
L 0.00+ - - = s ,
m Weak dependence on initial 10-° 107t 107% 107 1070 10° 10!

anisotropy & 7/Teatss
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m Time evolution of §

m Landau matching

Eeq( Ts) — Esim
m Obtain §" for a fixed cutoff A |
m For couplings A = 0.5, 2, 10

m Mostly g% > ¢¥ —
Momentum broadening
along beam axis enhanced

10-° 102 107" 10 10!

m Weak dependence on initial 107% 10
T /TBMSS

anisotropy &
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m Ratio of §"¥/§*

E=10 A — 0 extrapol.

m Ratio §*¥/§** follows attractor in
thermalization time Tpyss

— “bottom-up limiting attractor” 12

AL =500,

10 10t 10 102 10t 100
_ 13/5

7/Tenss = QsTaltY

12[arXiv:2312.11252 [Boguslavski, Kurkela, Lappi, FL, Peuron]|
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