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Interested in pre-equilibrium stages (“Initial stages”)
— QCD out of equilibrium

[Rev.Mod.Phys. 93 (2021) [Berges, Heller, Mazeliauskas, Venugopalan]]
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M How can we study the initial stages?

m To study initial stages
— very energetic or heavy probes

m Here depicted: jets
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m How can we study the initial stages?

m To study initial stages
— very energetic or heavy probes

m Here depicted: jets
m Highly energetic partons
created in initial collision
m Splits into many particles
— then measured in the detectors
® Imprints of medium interactions
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M Jet energy loss through medium-induced radiation

m Energy loss dominated
by gluon radiation
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m Jet energy loss through medium-induced radiation

m Energy loss dominated
by gluon radiation

m Depends on effective
propagator
Input: dipole cross section
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are
— (27)2
Clar) = (@) 45 -

See also JHEP 07 (2020) [Andres, Apolinério,
Dominguez], JHEP 10 (2021) [Moore,
Schlichting, Schlusser, Soudi], PRD 105 (2022)
[Schlichting, Soudi]
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m Jet energy loss through medium-induced radiation

m Energy loss dominated
by gluon radiation

m Depends on effective
propagator
Input: dipole cross section

m Harmonic approximation: (small b limit)
Dependence on single medium parameter §

1
d’q . ib- C(b) ~ ~4b% +.
€)= [ G Clan) (1= :
arel “Jet quenching parameter”

Clay) = (2 -

See also JHEP 07 (2020) [Andres, Apolinério,
Dominguez], JHEP 10 (2021) [Moore,
Schlichting, Schlusser, Soudi], PRD 105 (2022)
[Schlichting, Soudi]
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m Jet energy loss through medium-induced radiation

m Energy loss dominated
by gluon radiation m Harmonic approximation: (small b limit)

m Depends on effective Dependence on single medium parameter §

propagator 1

Input: dipole cross section C(b) ~ 4€Ib +.
d?q. oibas “Jet quenching parameter”
Cb) = [ s Clar) (1—e™) ; .
(2 )? m Quantifies momentum broadening
are
C = (27)?2 d(p? d(n? rel
(a.) = (2m) 2q, 4= (p1) _ d{p1) :/quLqid
dL dt d?

See also JHEP 07 (2020) [Andres, Apolinério,
Dominguez], JHEP 10 (2021) [Moore,
Schlichting, Schlusser, Soudi], PRD 105 (2022)
[Schlichting, Soudi]
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m Jet energy loss through medium-induced radiation

m Energy loss dominated m Harmonic approximation: (small b limit)
by gluon radiation Dependence on single medium parameter §
m Depends on effective 1
propagator C(b) = 4qb +.

Input: dipole cross section
“Jet quenching parameter”

(b) = ‘(izq)l Cq.) ( _ eib-ﬂu) m Quantifies momentum broadening
are i APl L) 2 ;jodre
C(qL):(2W)2d2QJ_ qJ:T=/d quuqia

See also JHEP 07 (2020) [Andres, Apolinério,
Dominguez], JHEP 10 (2021) [Moore,
Schlichting, Schlusser, Soudi], PRD 105 (2022)
[Schlichting, Soudi]
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M Jet energy loss through medium-induced radiation

m Harmonic approximation: (small b limit)
Dependence on single medium parameter §

C(b) ~ ~Gb® +.

“Jet quenching parameter”

m Quantifies momentum broadening

i dplp - are
qu_g /ququ’Ld2
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M Estimates of §

Physics Letters B ABSTRACT

=3 . Volume 503,10 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

1 it the initial stages of heavy-ion collisions, when the approach to local thermal equilibrium is expected to
.] et quenChlng asa probe of the initial Stages happen. Specifically, we find that in order to reproduce at the same time the inclusive particle production
. . P suppression, R4, and the high-pr azimuthal asymmetries, vy, energy loss must be strongly suppressed
n heavy—lon COHIS]OHS 3 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

B b . d i d
Carlota Andres ® 2 =, Néstor Armesto ° &, Harri Niemi ““ &=, Risto Paatelainen ® ¢ =, (http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

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, R44, and the high-py 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?,

6] =0 during initial Stages [Phys.Lett.B 803 (2020) [Andres, Armesto, Niemi, Paatelainen, Salgado]]
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M Estimates of §
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m Motivation

Schematic overview of § evolution

Studies find initial stages
G(7 < 0.6fm) = 0 needed for q 4

N
o . Glasma
description of jet v» and Raa'l

m However, studies in the initial
Glasma stage find § very large?

m Goal: § during

hydrodynamization
— between Glasma and hydro

Hydrodynamics

Question:
Supports large Glasma values?

T

1[Phys.Lett.B 803 (2020) [Andres, Armesto, Niemi, Paatelainen, Salgado]]
2[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 Plasma without quarks

m Gluons with distribution function (¢, p)

m Azimuthal symmetry around beam axis 2,
Bjorken expansion, homogeneous in transverse plane

3[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

Plasma without quarks

Gluons with distribution function f(t,p)

m Time evolution described by Boltzmann equation at leading-order®
2

+

2

(Or+v-V)f = ‘ —Ec
— _
.Y
Collision term

m Azimuthal symmetry around beam axis 2,
Bjorken expansion, homogeneous in transverse plane

3[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 condition*, with A = g?N¢

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

= 2 I
flpi,pz) = pper 10 =05
2 ~
><exp<( 3pr)? (PJ_"‘&O Pz)> % ---------------
. &
¢ ~ anisotropy, (pr) = 1.8Q, .
Qs ~ saturation Scale o Initial condition
3
.E
\“ thermal equilibrium
1004 X X i
1072 1071 10°

Occupancy: (pAf)/(p)

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

m Initial condition*, with A = g?N¢

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

f = 2
(Prspz) = p2 +£02p2 10
2 ~
><exp<< 307 (P + €02 pz)> =)
. &
€0 ~ anisotropy, (pr) = 1.8Qs, .
Qs ~ saturation scale IS
o
m Phase 1: Anisotropy increases = Y
\  thermal equilibrium
1004 X X i
1072 107! 100

Occupancy: (pAf)/(p)

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

m Initial condition*, with A = g?N¢
Time evolution of a purely gluonic plasma
flpr,ps) =2 —Lrl 102
’ P +&02p2

><exp<< oy (p3 + &2 p§)>

£o ~ anisotropy, (pr) = 1.8Qs,
Qs ~ saturation scale

Anisotropy: Pr/ Py,
=

m Phase 1: Anisotropy increases

m Phase 2: Occupancy decreases Y thermal equilibrium
pancy 1004 X Xe—
1072 107! 100
Occupancy: (pAf)/(p)

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

m Initial condition*, with A = g?N¢
2A (pr) Time evolution of a purely gluonic plasma

f(pJ_v pZ) - m 102
XexP( 3o (P + 0 P§)>
£o ~ anisotropy, (p7) = 1.8Q%,
Qs ~ saturation scale

m Phase 1: Anisotropy increases Y
m Phase 2: Occupancy decreases Y thermal equilibrium
pancy _ thermal

m Phase 3: System thermalizes at 10°4] amm— X ;
1072 107! 10°

time® Tpumss = (535) BQ Occupancy: (pAf)/(p)

Anisotropy: Pr/ Py,
=

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

m Initial condition*, with A = g?N¢

Time evolution of a purely gluonic plasma

f — 2AL )
(Prspz) = p2 +£02p2 10
~
xexp( o) (p3 + &2 p§)> % \
. &
€0 ~ anisotropy, (pr) = 1.8Qs, S )
Qs ~ saturation scale IS i
(o]
m Phase 1: Anisotropy increases = v
m Phase 2 Occupancy decr.eases - \ ;((_th’@equilibrium
m Phase 3: System thermalizes at = e T
. 13/5
time® Tpmss = (1277) / Qs Occupancy: (pAf)/(p)

Markers represent different stages

*[Phys.Rev.Lett. 115 (2015) [Kurkela, Zhu]]
5[Phys.LettAB 502 (2001) [Baier, Mueller, Schiff, Son]]
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M Jet momentum broadening in kinetic theory

m From f(k) we obtain:
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m Jet momentum broadening in kinetic theory

m From (k) we obtain: 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 (HTL self-energy) (screening)

appropriate phase-space measure
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m Jet momentum broadening in kinetic theory

m From f(k) we obtain: Outgoing plasma particle

i - Matrix element
C(qL) = / dfps M| /f(k) (1+f(K))

Plasma particle
p—

(quark, gluon)
K-Q

Outgoing jet partor

Incoming plasma particles K

with momentum & Leading jet parton

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

appropriate phase-space measure
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m Results for §

0.0201
0.0151
m Cutoff models for dependence on = o0
jet energy and effective temperature =

LPM LPM 3\1/4 00051

" AJ— (E7 TE) = C gX(ETE) / _ ti:zﬂm::::fcfutoff

kin _ ¢kin 1/2 | | I I I

L AJ_ (E7 TE) C g X (ETE) 0.000 10—3 10—2 10—1 100 101

T/TBMSS

[Phys.Lett.B 850 (2024) [Boguslavski, Kurkela, Lappi, FL, Peuron]]

Plot for E = 100 GeV
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m Results for §

0.020
m Cutoff models for dependence on 0.0151
jet energy and effective temperature P
.30.010
n NYPM(E, T2) = (PPN g (ET2) &
n AS(E, T.) = (Mg x (ET.)Y2 00031 —
m Logarithmic cutoff A| dependence® | e kinematic cutoff
axx(/\J_ > Tz—:) ~ a,In /(\?_Ls + by 0.000 102 102 10 100 10!

. . T/ TiMss
(and similar for §*¥)

[Phys.Lett.B 850 (2024) [Boguslavski, Kurkela, Lappi, FL, Peuron]]

Plot for E = 100 GeV

6[Value's available at https://zenodo.org/records/10419537]
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m Results for §

0.020
m Cutoff models for dependence on
jet energy and effective temperature 0.0151
LPM LPM 1/4 B
u /\J_ (E7 TE) = C gx(ETf?) / :;0.010,
= AYU(E, T.) = (Mg x (ET)Y? =
0.005
—— LPM cutoff
[ Mostly azz > ayy """" kinematic cutoff
. 0.000 — - = | ]
— Enhanced broadening 107 107 17t 100 10!
along beam axis 7/Tass
- S|m||ar results fOI’ bOth CUtOﬂ:S [Phys.Lett.B 850 (2024) [Boguslavski, Kurkela, Lappi, FL, Peuron]]

Plot for E = 100 GeV
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m Results for §

m Cutoff models for dependence on
jet energy and effective temperature

= AEP(E, T) = (Mg (ET2)A
m ASIN(E, T.) = ¢Ming x (ET.)Y/2

m Mostly g% > ¢
— Enhanced broadening
along beam axis

m Similar results for both cutoffs

Florian Lindenbauer

0.020
0.015
o)
20,010
RSy
0.005 thermal for LPM cutoff | pM cutoff
------- kinematic cutoff
0.000

10 102 100100 10!
T/TBMSS

[Phys.Lett.B 850 (2024) [Boguslavski, Kurkela, Lappi, FL, Peuron]]

Plot for E = 100 GeV
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m Results for §

0.020
m Cutoff models for dependence on
jet energy and effective temperature 0.0151
LPM LPM 1/4 B
u /\J_ (E7 TE) = C gx(ETf?) / :;0.010,
= AYU(E, T.) = (Mg x (ET)Y? =
0.005
—— LPM cutoff
[ Mostly azz > ayy """" kinematic cutoff
. 0.000 — - = | ]
— Enhanced broadening 107 107 17t 100 10!
along beam axis 7/Tass
- S|m||ar results fOI’ bOth CUtOﬂ:S [Phys.Lett.B 850 (2024) [Boguslavski, Kurkela, Lappi, FL, Peuron]]

Plot for E = 100 GeV
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m Time evolution of jet quenching parameter

10
L : . Kineti _
m Model cutoff variation for fixed jet N D
energy
m Dependence on initial conditions o
FEiey = 20 Ge
and cutoff (bands) =
AN
0 ‘ ! ‘
10! 109 10"
7 (fm/c)

[Phys.Lett.B 850 (2024) [Boguslavski, Kurkela, Lappi, FL, Peuron]]

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

10
m Model cutoff variation for fixed jet S [:
energy
_ .. 3
m Dependence on initial conditions = 6 . 5 = 100 GeV
> \ -
and cutoff (bands) 3 m E, =20 GeV
m Little jet energy dependence =
2,
( : | :
: 107! 107 10!
7 (fm/c)

[Phys.Lett.B 850 (2024) [Boguslavski, Kurkela, Lappi, FL, Peuron]]

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

10
m Model cutoff variation for fixed jet N D
energy =
. . E ] 3,
m Dependence on initial conditions N; 6 e%% E 5 — 100 GeV
and cutoff (bands) 3 \* B = 20 GeV
m Little jet energy dependence =
2,
m Supports large values from
Glasma® and lower values in 0 01 g ot
hydrodynamic stage 7 (fm/c)

[Phys.Lett.B 850 (2024) [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
energy

m Dependence on initial conditions
and cutoff (bands)

m Little jet energy dependence

m Broadening anisotropy
up to 15%

m Possible impact on polarization®,
azimuthal and spin observables’

6[JHEP 08 (2023) [Hauksson, lancu]]
7[ar)(iv:2407A04774 [Barata, Salgado, Silva]]

1.2
Kineti -
1.01

0.81
0.71 EE Ej — 100 GeV
W B =20 GeV
0.6 ‘ ; :
107! 10° 10!

7 (fm/c)

[Phys.Lett.B 850 (2024) [Boguslavski, Kurkela, Lappi, FL, Peuron]]
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m Limiting attractors in § anisotropy Phys Lett.B 852 (2024)

(Boguslavski, Kurkela, Lappi, FL, Peuron)

10 ===\ — 0 extrapol.
A — 0 fit

quy/quz

109 104 10% 102 10t 10
T/ TBMSS
m Different time scales associated with

bottom-up thermalization TgMss = as_13/5/Qs
m Weak coupling (bottom-up) attractor important already ‘at moderate X
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m Limiting attractors in § anisotropy Phys Lett.B 852 (2024)

(Boguslavski, Kurkela, Lappi, FL, Peuron)

10 ===\ — 0 extrapol.
A — 0 fit

N w121
n b 0
=l =
~ 10
> = b
s b Y
Nw)l Nl
0.8
0.6

109 104 10% 102 10t 10
T/TBMss

m Different time scales associated with hydrodynamical attractor 7 = %

and bottom-up thermalization gy = as_13/5/Qs
m Weak coupling (bottom-up) attractor important already at moderate X
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m Momentum broadening kernel

P C(q,) - angular average
ClqL) = /drps IMP f(k)(1+ f(k — q)) T ‘L‘ e ; - i ot
AL o
Normalize using (Landau-matched) \ e

thermal kernel, with small g, form®

Cpg2 Tm?
Coqu(qL < T) = ﬁ
qJ_(qJ_ + mD) Latest time (After V)
m Momentum transfer of soft 91/Qs
momen nhan
omenta enhanced Here, A — 2.

m Late times (red curve):Thermal
8[JHEP 05 (2002) [Aurenche, Gelis, Zaraket]]
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m Angular dependence

1)

Florian Lindenbauer

A [y
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¥ | )
'l 1
' - i T
1] . ] |
L] e L 1
L Yl 1
' (;b'\‘ i
s g - |
+ - I
i S R -~ “r
. y
. L
. .
; i
Iy q

and contribution to §

m Consider Angular dependence

B ¢pqg = 0 — along beam axis
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m Angular dependence and contribution to §

Gpg=T/2, A =2 Ppg =0, A =2
7/muiss = 0.001 _ T /marss = 0.001
/s = 0.01 1.50 —+ /s = 0.01
7/7BMss = 0.09 —— 7/Barss = 0.09
/Taviss = 1.21 L 125 —= 7/mouss =121
&
=100
S
§ 0.75
© 0.50
0.25
10t 0002 101 100 o
qL/QS qJ./ Qs

m Contribution to § = [ d%q, ¢% C(q.)/(2n)
m Peaked at Debye mass B for later times
m Along beam (¢pq = 0): Much larger and different form at early times
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m Conclusions and outlook

m Studied momentum broadening of jets
— § and C(q_ ) during initial stages in heavy-ion collisions

Values of § within ~ 20% of thermal estimate

g from kinetic theory supports large Glasma values

m More momentum broadening along the beam axis (§% > §*)

C(q.) at small q, is enhanced compared to thermal (especially along beam)
Outlook
m Obtain gluon emission spectrum from pre-equilibrium § (with Barata, Sadofyev)

| | InCIUSion Of quarks in p|asma background (with Mazeliauskas, Takacs, Zhou)
[Code and data: https://zenodo.org/records/10419537, https://zenodo.org/records/10409474]
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m Anisotropies fall on universal curve ... [(reiesss o

[Boguslavski, Kurkela, Lappi, FL, Peuron]

2.50
595 A=0.5,£=10 ===\ — ( extrapol. 14 A=05£=10 ===\ — 0 extrapol.
.20 -2 — .
—- A 0fit A=1 — A= 0fit
2.00
w121
w175 N
2 =2
\&1 50 §\ 1.0
€195 ey
0.81
LOOT e \u. N N N nem— N T
0.75 0.6
0.5(110,,, e e e ot 00 107° 104 1073 102 10" 10°

T/TBMSS 7-/7-BMSS

m Approach to universal curve when scaled with Tgyss = 04_13/5/(?S
m Many quantities plotted as function of different time ...
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m Bottom-up vs. hydrodynamic attractor

m Often universal behavior in 7/7g,

4mn/s
TR = ——.
R T
m Conformal (first order) relativistic hydrodynamics °:
P
t_q1_3 n/s
Pr TT
~—
~TR/T

Two different pictures emerge:
m Bottom-up expects thermalization around TpMgss = ‘15_13/5/05

m Hydrodynamics expects thermalization around 7 = %

9 Romatschke, Romatschke] (2019
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https://inspirehep.net/literature/1643904

Pressure ratio 4 —13/5
m TRZ%/S,TBMSSZO@ Qs

m Kinetic theory simulations for different couplings 0.5 < A < 20 and
initial conditions.

A=0.5,£=10
10? 10?
~ ~
A A
~ ~
Qi 10 QT 10!
100 A =00, =10 wl T A—0,6=10
1072 10! 10° 107° 1074 1073 1072 10! 10°
T / TR T / TBMSS

m Attractor for each A (insensitive to I1C)
m Curves approach limiting attractors after e
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m Obtain limiting attractors by
extrapolating at fixed 7/7g or

T/TBMSS

m Bottom-up attractor: Linear
extrapolation to A — 0

m Hydro attractor: Linear
extrapolation to 1/A — 0

10

m Extrapolation to limiting attractors

4rmn/s
TR = -,—/

~13/5
TeMss = o / Qs

T/TBI\ISS =0.25
/TR =1 i \\f\\%
A j\x )(’
a7 /\‘,\\% "/,//
V/\\\\_l.>‘ -
¢ o
X ”",,
- Pr 1y 1
N oy Bmd) =20+ 057 (3)
- A4 2\ 4 >
0 4 6 8 10 12
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m a and the Iimiting attl‘aCtOI‘S ‘ [Phys.Lett.B 852 (2024) [Boguslavski, Kurkela, Lappi, FL, Peuron]]

A=05£=10 ===\ — ( extrapol.
1.4 Vo i
= —-= A= 0fit
N w129
I ° N
R =
~ 101
> = .
= . P
> =)
0.8
0.6

10 104 10 102 100 109
T/ TBMSS

m Approach to weak coupling attractor even at moderate couplings
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m K and the Iimiting attl‘aCtOI‘S ‘ [Phys.Lett.B 852 (2024) [Boguslavski, Kurkela, Lappi, FL, Peuron]]

A — 00 A=0.5,=10 ==\ — 0 extrapol.
—= A= 0fit

A=10 A=20

1.00
0.75
0.50 +— : 0.50 +— -
1073 1072 107! 10° 107 1074 1073 1072 107! 10°

T/TR T/TBMSS
m Similar to §: Approach to weak coupling attractor even at moderate A
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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 Screening in the matrix element of §

m Scattering matrix element includes in-medium
propagator

m Receives self-energy corrections .
8y Matrix element

Plasma particle
(quark, gluon)

K-Q

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

Leading jet parton Outgoing jet parton
m Approximation: Use isotropic HTL matrix b P+Q
Medium modifications
element (screening)
Similar approximation also in EKT
11

implementations
%[Phys.Rev.D 68 (2003) [Romatschke, Strickland]]
" [Phys.Rev.Lett. 115 (2015) [Kurkela, Zhu]; Phys.Rev.Lett. 122 (2019) [Kurkela, Mazeliauskas];

Ph Rev D 104 0 D hlichting
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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 Co

mpare with simple screening 0.0

approximation

0.04
(s—u)P? (s—uw) q' 0,031
t2 2 (g% +&Fmp)? =
20.02
» Longitudinal'® ¢, = €%/9/1/8 -
m Transverse broadening:
£ = 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

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

Kinetic -
[:] Hydrodynamics

d({p?)
dr

m Per definition, § =

Ejt = 20 GeV

m Naively Ap? = [d7§(7) over

>
& | mm B, =100 Gev
o

lifetime of jet ~

m Think of § as medium parameter.

10! 10° 10!
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m Toy model for underoccupation

Scaled thermal distribution

T Ny=01
m Scaled thermal distribution 004l —— B 2 et
Ny |
T - M |
1 | 0.037
exp(k/ T) 1 :
RS
Explains ordering Giherm S § for N
underoccupancy )
[arXiv:2312.00447 [Boguslavski, Kurkela, Lappi, FL, Peuron]] 0.01

25 5.0 7.5 100 12,5
AT
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m Cutoff dependence and comparison with equilibrium

0.061+ — un =T qzileun .......... qilfl

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

al .
e
o

m Ordering ¢ < % depends
on cutoff

m Energy-matched equilibrium
over- or underestimates ¢,

depending on cutoff 107° 1072 1071 100
7/TBMSS
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m Making sense of the cutoff

m Cutoff A restricts transverse momentum transfer g; < A}
(needed in eikonal limit p — 00)

dare! dq

N 2 2 1

g~ /d q.q —— o~ | —
toaq qL

1/q4 for large g
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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 Cutoff should grow with jet energy

= 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 Elastic collision term

C22[f(p)] = /kk/ |M(p, k; p'K) [ {f,,fk (14 fi ] [1+ fie] — oo [L+ Fo] [1 £ A] }
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M Elastic collision term

C22[f(p)] = /kk/ |M(p, k; p'K) [ {f,,fk (14 fi ] [1+ fie] — oo [L+ Fo] [1 £ A] }

with medium effects included in the vaccum matrix element

IM|? (s—1t)?  (u—s)?  (t—u)?
-9 .
m2d, T2 T e T a
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m Elastic collision term

C22[f(p)] = /kk/ |M(p, k; p'K) [ {f,,fk (14 fi ] [1+ fie] — oo [L+ Fo] [1 £ A] }

with medium effects included in the vaccum matrix element

IM|? (s—1t)?  (u—s)?  (t—u)?
-9 .
m2d, T2 T e T a

via the replacement (“Debye-like screening”)

_ .5/6
(u—s)? (u—s)? g £=e%%/V8
£2 — 2 (R +Eemd)? mp ... Debye mass
o 9 b s, u, t ... Mandelstam variables

as simple isotropic approximation for hard thermal loop propagator.

Phys.Rev.D 89 (2014) [Abraao York, Kurkela, Lu, Moore
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m Screening prescription revisited O.f — _(292 _ ple2

C22[f(p)] = /kk/ |M(p, k; p'K) [ {f,,fk (14 fi ] [1+ fie] — oo [L+ Fo] [1 £ A] }

with medium effects included in the vaccum matrix element

IM|? (s—1t)2  (u—s)?  (t—u)?
-9 .
m2d, T2 T e T a

via the replacement ( “Debye-like screening”)

_ .5/6
(u—s)? (u—s)? g £=e%%/V8
£2 — 2 (R +Eemd)? mp ... Debye mass
o 9 b s, u, t ... Mandelstam variables

as simple isotropic approximation for hard thermal loop propagator.
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m Screening prescription revisited O.f — _(292 _ ole2

C2*2[f(p)] = / M(p, ki p'K)[* { fofic [1+ fyr] [1+ el — forfe [L+ o] [1 £ 4] |,
kk’

with medium effects included in the vaccum matrix element

M (s—t)? (u—s) (t—uw)?
4)2d, =9+ u? + t2 + s2

via the replacement (“isoHTL screening”)

u—s)? o 12
Uoh s fgltea(p - p) (P4 P (K + K'Y
with G the isotropic hard thermal loop propagator.

[JHEP 01 (2003) [Arnold, Moore, Yaffe], arXiv:2407.09605 [Boguslavski, FL]]
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m Effects of isoHTL screening [arXiv:2407.09605 [Boguslavski, FL]|

10° _ .
isoHTL screened \ isoHTL screened
=== Debye-like screened \ === Debye-like screened
= == st order hydro
= *
-1 -
g 10 .
o !
10723 _-7 TR
- RN
1073 1072 107! 10° 10!
T/TR

m Left: Screening affects pressure ratio at early times
m Right: Minimal effect on §
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