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m Different stages in time evolution!

m This talk: Kinetic theory: Far-from-equilibrium — isotropy

1Rev.Mod.Phys. 93 (2021) [Berges, Heller, Mazeliauskas, Venugopalan]
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https://doi.org/10.1103/RevModPhys.93.035003

m Effective kinetic theory description of the QGP

m Gluons with distribution function (¢, p)

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 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¢

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

= 2 I
flpi,pz) = ppver 10 =05
2 ~
><exp<( 3pr )2 (PJ_"‘&O Pz)> % ---------------
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¢ ~ anisotropy, (pr) = 1.8Q, .
Qs ~ saturation Scale o Initial condition
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.E
\“ thermal equilibrium
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Occupancy: (pAf)/(p)

3Phys.Rev.Lett. 115 (2015) [Kurkela, Zhu]
4PhyS.Lett.B 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¢
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m Bottom-up thermalization in heavy-ion collisions

m Initial condition3, with A = g?N¢

24 (p1)
f(pL,pz) = 5 m
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Phys.Rev.Lett. 115 (2015) [Kurkela, Zhu]
4Phys.Lett.B 502 (2001) [Baier, Mueller, Schiff, Son]
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M Hard probes to study pre-hydrodynamic evolution

m Study pre-hydrodynamic evolution
— very energetic or heavy probes

m Here depicted: jets
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m Study pre-hydrodynamic evolution
— 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
m Imprints of medium interactions
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m Hard probes to study pre-hydrodynamic evolution

m Study pre-hydrodynamic evolution
— 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
m Imprints of medium interactions

m Momentum broadening;:

d<Pi> d<Pi> 2 2 dre!
§ = - ~ [d a4
I / -9 @q,

dL dt
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m Motivation
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needed for description of jet v» and Raa - o
= 3
= \%, . F = 100 GeV
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S
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Phys.Lett.B 850 (2024) [Boguslavski, Kurkela, Lappi,

FL, Peuron]

5Phys.Lett.B 803 (2020) [Andres, Armesto, Niemi, Paatelainen, Salgado]
6Phys.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] Phys.Lett.B 850 (2024) [Boguslavski, Kurkela, Lappi,<FL;, Peuren]
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FL, Peuron]
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Obtaining the gluon emission spectrum Phys Rev.D 79 (2009) [Arnold]
JETP Lett. 65 (1997) [Zakharov]

Nucl.Phys.B 483 (1997) [Baier, Dokshitzer, Mueller, Peigne, Schiff]

JHEP 09 (2021) [Barata, Mehtar-Tani, Soto-Ontoso, Tywoniuk]

m Energy loss dominated by gluon radiation

dl Cross oo e /f2 / ik
= R dt R dt e
dwd2k 27203 e/t 2 ), e
8am

0

X P(x,00; 12) O - ByK(x, 127y, t1)y=0 — 15

® w: emitted gluon energy

m k: transverse momentum

m tform o /w/§: formation time
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m Energy loss dominated by gluon radiation

dl Cross oo e /f2 / ik
= R dt R dt e
dwd2k 27203 e/t 2 ), e
8am

0

X P(x,00; 12) O - ByK(x, 127y, t1)y=0 — 15

m Splitting kernel K is the solution to

2
(00— 2 4 iC0u0) ) Kl t1y,10) = (= )i —
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Obtaining the gluon emission spectrum Phys Rev.D 79 (2009) [Arnold]
JETP Lett. 65 (1997) [Zakharov]

Nucl.Phys.B 483 (1997) [Baier, Dokshitzer, Mueller, Peigne, Schiff]

JHEP 09 (2021) [Barata, Mehtar-Tani, Soto-Ontoso, Tywoniuk]

m Energy loss dominated by gluon radiation

dl Cross oo e /f2 / ik
= R dt R dt e
dwd2k 27203 e/t 2 ), e
8am

0

X P(x,00; 12) O - ByK(x, 127y, t1)y=0 — 15

m Splitting kernel K is the solution to
82
<8t - ﬁ +iC(x, t)> K(x, t;y, t1) = i6%(x — y)d(t1 — t)
m Input: dipole cross section

2 .
C(x) = %C(qg (1—e™aL), Clq.) = (2n)?
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Obtaining the gluon emission spectrum Il ke 7 2000) (Ao
JETP Lett. 65 (1997) [Zakharov]

Nucl.Phys.B 483 (1997) [Baier, Dokshitzer, Mueller, Peigne, Schiff]

JHEP 09 (2021) [Barata, Mehtar-Tani, Soto-Ontoso, Tywoniuk]

m Input: dipole cross section

2 .
C(x) = %C(QL) (1—exar), Cla.) = (2m)
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Obtaining the gluon emission spectrum Hl  i.re0 7 2000) (Ao
JETP Lett. 65 (1997) [Zakharov]

Nucl.Phys.B 483 (1997) [Baier, Dokshitzer, Mueller, Peigne, Schiff]

JHEP 09 (2021) [Barata, Mehtar-Tani, Soto-Ontoso, Tywoniuk]

m Input: dipole cross section

2 .
C(x) = %C(QL) (1—exar), Cla.) = (2m)

m Harmonic approximation

R R d p2 d p2 drel
q(t)xz, §= <L>_ <L>:/d2lqi

Clot) = aL  dt

Ny
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Obtaining the gluon emission spectrum Il e 70 (2009) (Aol
JETP Lett. 65 (1997) [Zakharov]

Nucl.Phys.B 483 (1997) [Baier, Dokshitzer, Mueller, Peigne, Schiff]

JHEP 09 (2021) [Barata, Mehtar-Tani, Soto-Ontoso, Tywoniuk]

m Input: dipole cross section

2 .
o= [ Lo cara-emn). =)

m Harmonic approximation

— 25 2 5 —
Clx )= galopd, =0t =S8

Ny

Urh) 4D _ [ g, g

m Requires solving simple differential equation
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M Numerical results

A = 10 gluon spectrum
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BB Numerical results o — Lgotatic 2
c— 2
w A = 10 gluon spectrum Time evolution of q(t)
—+ /=025 10-1 T/TR 100
o —— 7/mr =050 N N
—— /=075 1.24 o 5 - 10 I i
—+— 7/mr =100 — Q( )/Qs, q /Qs
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3| 30 !
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| 204
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10 . .
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01&*’ 10" 10 10 102 00 10° 10t 10%
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m use “static brick” gstatic = % foLdt t§(t) — universal curve in this plot
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w A = 10 gluon spectrum Time evolution of q(t)
—+ r/ra=025 101 T/TR 100
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3| 30 !
e 0.61
204
0.4+
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021 Preliminary —_
01&*3 101 100 1ot 102 0.0 100 10! 102
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m use “static brick” gstatic = % foLdt t§(t) — universal curve in this plot

m “thermal matching”: §!hermal(T(¢)) with £°9( T (t)) = emoredy(¢)
— Landau matching
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astatic L2

m Numerical results

1
w,;=§

A=10gl t . . ~
w Elen specirum Time evolution of §(

—— /=025 . B )7
varying emitted gluon energy, A = 10
—+ /e =0.50 120 ying g &Y.
0 4
T = /=075 —+ w=o02
—— /=100 1004 == w=05
<401 —— nonequilibrium - — w14
:% —--— static brick [ nonequilibrium
o thermal matching |3 === static brick
3 30 4 k] .
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=
| 204 6";‘5 10 T/TR:0.5
)
10 20
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0 t ; ; 102 10! 10° 10" 102
102 1071 100 10! 102 2
k*L/w,
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m Vary energy w of emitted gluon: Large w = large formation time
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m Going beyond “leading order”

m Actually: Approximation C(x) &~ 1§x? not so good
m Can we do better?
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m Going beyond “leading order”

m Actually: Approximation C(x) &~ 1§x? not so good
m Can we do better?

m Reuvisit calculation for small x

2 .
= [ racan) (1=
(n)? kg
expand: ~7 x2qL+...

But: Expansion coefficient

/ ? q)lz qJ_C(QL)
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m Going beyond “leading order”

m Actually: Approximation C(x) &~ 1§x? not so good
m Can we do better?

m Reuvisit calculation for small x

2 .
= [ racan) (1=
(n)? kg
expand: ~7 x2qL+..

But: Expansion coefficient

/?ﬁwﬂmu S0 (=47)

Florian Lindenbauer

How jets broaden and lose energyduring the initial stages




m Going beyond “leading order” |l

m Introduce cutoff

C o d2qJ_ C 1 ix-qy dqu— C 1 ix-qL

W=[  CHca) o) 4 CHcg)a- e
| S——— \qJ_|>/\J_( 71')

expand: ~1x2g% +... ~~

2
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m Going beyond “leading order” |l

m Introduce cutoff

C o d2qJ_ C 1 ix-qy dqu— C 1 ix-qL

W=[  CHca) o) 4 CHcg)a- e
| S——— \qJ_|>/\J_( 71')

expand: ~1x2g% +... ~~

2

12(n)
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m Going beyond “leading order” |l

m Introduce cutoff
dq, ; dq. ;
= [ THc@) -y 4 [ CAc@)- )
ja.|<n (27)2 (—f—)* \cu|>/\l(27f)3
expand: ~ x2qJ_+ ~~
g % (1-yp—log Xt ) +O(8%)

expand
Lag(n)

Vi
Al

m o is constant related to large g, behavior of C(g, — o) —
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m Going beyond “leading order” |l

m Introduce cutoff

_/l a, Clq.) (1—e™aw) +/ &qéC(qL)(l —efxar)

C(x) = ——=C(q
a.l<n (27)? — \cu|>/\l(27f)
expand: ~7 x2qJ_+ g
o expand: 2% (1 ve—log AL L)—i—O(b“)
Lag(n)
m §o is constant related to Iarge q. behavior of C(q, — o0) — g—frq%
1

m We know CA](/\) = qo |0g + b (for large enough A)
1
C(x,t) = §x2b(t) +Z q;)( ) (1 —vg — log %)

14 / 27
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m Going beyond “leading order” |l

m Introduce cutoff
dq, ; dq. ;
= [ THc@) -y 4 [ CAc@)- )
ja.|<n (27)2 (—f—)* \ql|>/\l(27f)3
expand: ~ x2qL+ ~~
g % (1-yp—log Xt ) +O(8%)

expand
L24(A)

Vi
Al

m §o is constant related to Iarge q. behavior of C(q, — o0) —

m We know CA](/\) = qo |0g + b (for large enough A)
1 x?Go(t) xQ 1, 5 1
Clx, t) = =x?b(t) + =22 (1 — e —log === | = ~Go(t)x*log 55—
(X, ) 2X ( ) + 2 YE og 2 4q0( )X og Xzﬂz(t)

m Expand perturbatively around harmonic oscillator solution
— “improved Opacity eXpanSiOn” JHEP 09 (2021) [Barata, Mehtar-Tani, Soto-Ontoso, Tywoniuk}

How jets broaden and lose energyduring the initial stages

Florian Lindenbauer

14 / 27



https://inspirehep.net/literature/1868335

m Comparing LO and NLO

T/ TR 10°

1.24

101 \
AN

0.8 ~

— qW/QLA=10 === Q]

0.6

0.4

0.2

Preliminary

0.0+ |
10° 10! 102

Qs7

m Two imput parameters: (§o, b) in G(A) = Golog A2/ Q% + b — (Go, 11x)
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m Comparing LO and NLO

T/T
107! / R 10°
1.2
— {®)/QiA=10 ==- ¢/Q}

1.0 \ ; —
0.8 \\

A
0.64
0.4
0217 Preliminary -
00 10" 10°

Florian Lindenbauer

Qs7

10 /T 10°
10° + +
— @/QLA=10 == u/Q,
Go/Q? thermal  ==== 11,/Q, thermal v2
i\‘
NG T Wemao
Preliminary \
10724 - -
10° 10 10%

QsT

m Two imput parameters: (§o, b) in G(A) = Golog A2/ Q% + b — (Go, 11x)
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m Comparing LO and NLO

A = 10 gluon spectrum

—— /=025
—+— 7/mr =050
T4~ =075
—— 7/rp =1.00
—— nonequilibrium
=== static brick

thermal matching

102 10! 10° 10! 10%

Florian Lindenbauer
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Comparing LO and NLO

A = 10 gluon spectrum

LO: w/we = 0.05
NLO: w/w? = 0.05

spectrum A = 10 NLO

60 120
—+— /7R =025 —— /= =050
o —+ 7/rr =05 - —+ /=075
== /=075 —+= /e =1.00
—— 7/ =1.00 —— nonequilibrium
<2 404 —— nonequilibrium < 804 === static brick
:% -== static brick ;‘?'g —-= thermal matching
=l thermal matching o
3 30 4 3 60 4
o o
~ ~
ol BN
& ©
| 204 2 40
0 » Preliminary
0 T T T 0 T
1072 107! 100 10 10% 1072 107! 10° 10" 10%
k*L/w. k*L/w.

m LO — NLO: peak shifts to right and larger.
m Earliest time (blue): Most deviations from equilibrium
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m Comparing LO and NLO

varying emitted gluon energy, A = 10

120
—— w=02
1004 == w=05
- —+ w=14
~[y 80— nonequilibrium
N —---static brick
3 ~ 604 == thermal matching
! —
&| 40 T/TR =0.5
)
21 Prelim
L e + + -
1072 107 100 o0 107
2
k*L/w.

Florian Lindenbauer
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m Comparing LO and NLO

. Varying emitted gluon energy, A = 10 o spectrum A = 10 NLO different w
) —4— w=02 —— w=02
1004 == w=05 01— w=05
—+ w=14 —+— w=14
~ Sk 604 —— nonequilibrium
~[ry 801 nonequilibrium - static brick
=3 === static brick iy i
=] ~["5 501 —-= thermal matching
3 604 == thermal matching —ug -
e STwd  T/TR=105
= w0l T/TR=105 .
) —
) =l 50
S
20 14
201
0+ il .
o= — - - n ol Preliminar
KL/ w, 0 ———— ; |
1072 10t 10° 10! 107
KL/w,

m larger w — closer to thermal estimate
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Generalize § — C(q.)
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QCD kinetic
theory

Bottom-up
thermalization

“LO E]o(t),,u*(t)

Gluon spectrum ———
P dwd2k
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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

Incoming plasma particles K

with momentum k

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

appropriate phase-space measure

Florian Lindenbauer How jets broaden and lose energyduring the initial stages 18 / 27



m Jet momentum broadening in kinetic theory

m From (k) we obtain: Outgoing plasma particle
) - Matrix element
Cla)= / dlps ML) (1 +£(K)) Plasma particle
p= / (quark, gluon)
Incoming plasma particles K K'Q

with momentum k

Leading jet parton Outgoing jet partor
| P P+Q
Matrix element Medium modifications
with medium corrections (HTL self-energy) (screening)

appropriate phase-space measure

Florian Lindenbauer How jets broaden and lose energyduring the initial stages 18 / 27



m Momentum broadening kernel

Clq.) = / drps [MP F(K)(1+ F(k — q))
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m Momentum broadening kernel

ClqL) = / drpg [MPF(K)(1+ f(k — q))

Normalize using (Landau-matched) J O CD vemdla T —- thamalg, ST
thermal kernel, with limiting g, forms
JHEP 05 (2002) [Aurenche, Gelis, Zaraket] 081 7=
& [ A=2 7\
CRg2 Tm2 061 /[ \
Cisolqr < T) = 2(2+ D2) 3 / \
‘?\J— qJ_ mD 6’04 ,/I \.
Go 1 \,
Clar>T)=—= / <
2m q7 - S—
0.0 T T T
10t 100 10!
q./T
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m Momentum broadening kernel

7/mr = 0.02
Cla) = [ ares IMP )3+ (k) e
7/m = 0.50
7/ = 3.15
Normalize using (Landau-matched) | :
thermal kernel 3 A=2

Latest time|(After V) &:

fo-2 10! 100 10
QL/ T
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m Momentum broadening kernel

7/ = 0.02
ClaL) = /drPS M2 F(K)(1 + F(k — ) 010
7/m = 0.50
7/ = 3.15
Normalize using (Landau-matched)
thermal kernel A=2
m Angular average |
2 {
C(ql) = % 077 d¢ C(qLa QZb) H Latest time| (After V) &:
m Momentum transfer of soft 0 e - -
momenta enhanced /T

m Late times (red curve):Thermal

Florian Lindenbauer How jets broaden and lose energyduring the initial stages 19 / 27




m Angular dependence and contribution to §

4
| === thermal ¢, > T
A=2 —— /R = 0.02
P 3 x = —— 7/ =0.50
R ~\‘ ol T G =0
," . Zo Gpg =7/2
K ‘.l é angular average
h H Yy @)
' P . 1
b Bog |
“ |l ob L . -
7 4 10 10 10 10
z ! q./T

m Contribution to § = [d?q, ¢7 C(q.)/(2n)
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m Angular dependence and contribution to §

- 6=0
2 e b=mr/2
QL angular average
PP s @6 f == form g, >T
. N £ 35
K . 35
. . \ 3.0
. 3
K . 25
) .
. [ 20
! M y 15 2
\ ; 10
H N H
' e ‘ 3(5) L
. el .
‘ ¢. - .
* U ' 0
¢ 1
. S
. Frmma™N 7
\ .
ol )
z p q 10°
'
94/@ 10 /2

m Contribution to § = [d?q, ¢7 C(q.)/(2n)
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m Angular dependence and contribution to §

—— =0
2 e b=mr/2
angul
PEEEN i
. 5
s\ 35
K 3.0 5
K . 2.5
. 0y
. B 20
1 . e
\ y L5 2
+ 10
- ) 0.5
. S~ .
d; N 0.0 1
pa 0
S T
S
N .
z p q 10°
'
2y ]g 10 /2

Contribution to § = [d?q, g7 C(q.)/(2n)
Peaked at Debye mass M for later times
Along beam (¢pq = 0): Much larger and different form at early times
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To impact parameter space

= [ E35 (1= ) C(q.)

Florian Lindenbauer

numeric Fourier
----small x formula
----------- thermal numeric
—:— thermal reference

1.751

—_
[ A}
o

1.251

C (I) /Cthcrmal (Z‘)

102 10!

100

10!
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To impact parameter space
d2 iq) -
— 81— ) ()

" C(QL < T) — analytic
(“reference”):

- Crg2T
Cref(x) = R2i (’yE + Ko(x mp) + log X
T
m Reference C(x) > 20% off “true
thermal” cref used, e.g., in Phys.Rev.D 78 (2008)

[Arnold, Dogan] JHEPO03 (2021) [Andres, Apolinario,

Dominguez]

Florian Lindenbauer

mp

100,

10—2,

Clz)/T:

numeric Fourier
small x formula

)

- thermal numeric

—— thermal reference

~— ~. _
0.751
0.50 - ‘ : :
102 101 100 10t
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To impact parameter space

100 7/ = 0.01

d | av]

— [ a1 - ) C(a) g P —

= C((h < T) — analytic S :
(“reference”): gg

—— numeric Fourier
----small x formula
- thermal numeric

re CrglT
=5,

m Reference C(x) > 20% off “true
thermal”

xm 1074,
(’YE + Ko(x mp) + log D)

—-—- thermal reference

1.751

—_
[ A}
o

m Compare with small x expression

C (I) /Cthcrmal (Z‘)
=

1
C(x,t) = Q(Xsz(t) +y2by(t)) 0
0.751
[x[*do(t) [x]Qs IQs
T o \lmElee T ) S (RS
xT.
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To impact parameter space
d? CIL

= [ Gy (1 — ) Clay)
m C(qL < T) — analytic
(“reference”):

Crg2T
27

m Reference C(x) > 20% off “true
thermal”

Cmf(x) = (’yg + Ko(x mp) + log

m Compare with small x expression

Clx,t) = 5 (2b(t) +y2by (1))

2 A
o B (g M2),

Florian Lindenbauer

X MmMp

0 7/ = 0.01
10— ¢=0
avg AT
o | o=

~ 10~
© —— numeric Fourier

1074 ---=small x formula

- thermal numeric
—:— thermal reference

2.00

1.75
&
2 1.501
:D 1.25
=
£21.00
&)

0.751

0.50, . . .

M0 101 10° 10!
xT.
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Time evolution

Florian Lindenbauer

o numeric Fourier
109 v thermal numeric
—— thermal reference
“ T. form
S0
B
QO
1074
2.00
1.754
&
= 1501
§1.25’ ‘\\
= 1.00 ==
&}
0.751
0.50 ‘ ‘ ‘ ‘
7 102 10-! 100 10!
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numeric Fourier

JEULE Sip— thermal numeric
—— thermal reference
Time evolution e 7, form
-2
~10
B
. . — /7 = 0.010 /7R = 0.045
m C(x) for different times © — razoon — om
i i 10741 = lmoes — oo
— continuous evolution _T/ngg;; —T/TR:EQE:
— v = 0.025  — 7 = 0478
— 7 = 0033 we—r/rg = 0.901
2.00
1.754
&
2 1.501
% 1.25
=
£21.00
&)
0.751
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numeric Fourier

1001 thermal numeric
—-—- thermal reference
Time evolution o T, form
~ 1072
)
. . b rp = 0.010 7/TR = 0.045
m C(x) for different times © — rasoon — om
. . 4 — /7R = 0.015 /7R = 0.104
— continuous evolution 10 — /0017 =— /= 0205

—rrp = 0.020 /7y = 0.343
—rrp = 0.025 /7y = 0.478
7 /7p = 0.033 -/ = 0.901

m For isotropic systems:
T. form (replace T — T,)

Crg?T
Cmf(x) _ SR&s T (’yg + Ko(x mp) + log

me)
2w

m Deviations > 100% at early
times!
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JHEP 01 (2003) [Arnold, Moore, Yaffe]

m Impact on gluon emission rate JHEP 12 (2001) [Arnold, Moore, Yaffe

m vy is rate for g — gg splitting process
_ p4 + p/4 + k/4 dA)\ d2h
B p3p/3k/3 2(27r)3 (27‘r)

52h - ReF,
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m Impact on gluon emission rate JHEP 12 (2001) [Arnold, Moore, Yaffe

JHEP 01 (2003) [Arnold, Moore, Yaffe]

m vy is rate for g — gg splitting process
p4 + p/4 + k4 da) d?h
- p3p/3k/3 2(27r)3 (27‘()2
m F is the solution to the integral equation

2h - ReF,

. g’ [d%q
2h = iSE()F(h) + = / ﬁC(qL)

x [(3F(h) — F(h — pq.) — F(h — kq1) — F(h + p'qL)],
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m Impact on gluon emission rate JHEP 12 (2001) [Arnold, Moore, Yaffe

JHEP 01 (2003) [Arnold, Moore, Yaffe]

m vy is rate for g — gg splitting process
p4 + p/4 + k4 da) d?h
- p3p/3k/3 2(27r)3 (27‘()2
m F is the solution to the integral equation

2h - ReF,

. g’ [d%q
2h = iSE()F(h) + = / ﬁC(qL)

x [(3F(h) —F(h —pq.) — F(h—kqi) — F(h+p'qy)],
m Solved by Fourier trafo ... C(q,) — C(x)
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m Impact on gluon emission rate JHEP 12 (2001) [Arnold, Moore, Yaffe

JHEP 01 (2003) [Arnold, Moore, Yaffe]

m vy is rate for g — gg splitting process
p4 + p/4 + k4 da) d?h
- p3p/3k/3 2(27r)3 (27‘()2
m F is the solution to the integral equation

2h - ReF,

. g’ [d%q
2h = iSE()F(h) + = / ﬁC(qL)

x [(3F(h) —F(h —pq.) — F(h—kqi) — F(h+p'qy)],
m Solved by Fourier trafo ... C(q,) — C(x)

m — solve for anisotropic C(q )
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JHEP 01 (2003) [Arnold, Moore, Yaffe]

m Impact on gluon emission rate JHEP 12 (2001) [Arnold, Moore, Yaffe

Florian Lindenbauer

m vy is rate for g — gg splitting process
_ p4 + p/4 + k/4 dA)\ d2h
B p3p/3k/3 2(27r)3 (27‘()2

m F is the solution to the integral equation

2h - ReF,

. g’ [d%q
2h = iSE()F(h) + = / ﬁC(qL)

x [(3F(h) —F(h —pq.) — F(h—kqi) — F(h+p'qy)],
Solved by Fourier trafo ... C(q,) — C(x)

m — solve for anisotropic C(q )

Different assumptions than gluon spectrum presented before:
static C(q. ) during splitting process, infinite medium size
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m Results for splitting rate ~

m First time ~ for anisotropic C(q )

1.020 Jrr = 0.033
. [E———"
%D A=2 7/7R = 0.045
'?\ — 7 /rp = 0.010 7/t = 0.076
~ 1.0151 — = 0.012
= —r/rp = 0.015
> —r [y = 0.017
8— — /g = 0.020
: 1010 w— T[T = 0.025 — /7 = 0.901
Q 3 3
9 -
E1 ]
£ 1.005
=
c
5 1.000 e
= =
S 0995) Pretiiar ) e

10° 10! 102 10° 10*
Jet energy P/T
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m Results for splitting rate ~

m First time ~ for anisotropic C(q )

m Anisotropic C(q,,¢) can be well A=2 — oo
7/t = 0.076

approxnmalted2 by angular average 10157 ::2;3;3;51: T

T m— v = 0.017 e /rp = 0343

Clar) =3 Jo doClqr.0) 1.010 e ioessimn | v oo

—rfrp = 0025w = 0.901

— only “very nuanced changes”

deviation from isotropy ~/7*"8

< 2% 1005
1.000 —
0.9951 preln /
100 10! 102 103 101

Jet energy P/T
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m Results for splitting rate ~

m First time ~ for anisotropic C(q )

o
=)

m Anisotropic C(q,,¢) can be well e e |
approximated by angular average L8]
1 27
C(qL) =5 [y dé C(qL,9) _510]
— only “very nuanced changes” =0
~
<2% H
) . [0} A e s
m But: Isotropized ~ deviate from
equilibrium significantly 1.0 o2
B T T T ]

Jet energy P/T
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m Results for splitting rate ~

m First time ~ for anisotropic C(q )

2.0
m Anisotropic C(q.,¢) can be well s e PR e
approximated by angular average L8]
1 27
Clar) =3 Jo doClqL.0) _510]
— only “very nuanced changes” =0
~
<2% H
. . <121
m But: Isotropized ~ deviate from
equilibrium significantly 1.0y
0.81— ; ; ; ;
109 10! 102 103 104

Jet energy P/T
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m Results for splitting rate ~

m First time ~ for anisotropic C(q )

2.0
m Anisotropic C(q.,¢) can be well s ey PO e
approximated by angular average L8] el ki
1 27
C(qL) =5 [y dé C(qL,9) _510]
— only “very nuanced changes” =0
~
< 2% =
. . <121
m But: Isotropized ~ deviate from
equilibrium significantly 1.0y
0.84— : : ; :
107 10! 102 10? 104

Jet energy P/T
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m Results for splitting rate ~

m First time ~ for anisotropic C(q )

2.0
m Anisotropic C(q.,¢) can be well s ey PO e
approximated by angular average L8] i el T2
1 27
Clgr) =5z Jg doC(qL, ) _510]
— only “very nuanced changes” =0
~
< 2% =
. . <121
m But: Isotropized ~ deviate from
equilibrium significantly 1.0y
0.84— : ! | |
107 10! 102 10? 104

Jet energy P/T
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m Results for splitting rate ~

m First time ~ for anisotropic C(q )

a Anisotropic C(q.,¢) can be well B I
approximated by angular average 181 —heom | T
ClqL) = 2 [77dé CquL.0) 516
— only “very nuanced changes” 513414
<2% &

< 1.24

m But: Isotropized ~ deviate from

equilibrium significantly 1.0y
R T T 1T

Jet energy P/T
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m Results for splitting rate ~

m First time ~ for anisotropic C(q )

= Anisotropic C(q.,¢) can be well ; G P
approximated by angular average 181 — hom oo
Clqu) =2 [3"d¢ CquL, ¢) L6
— only “very nuanced changes’ 113.14
< 2% ? .......

e 1o

m But: Isotropized v deviate from | -
equilibrium significantly 1.0 A=2

0.8 o0 10 102 103 10t

Jet energy P/T
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m Results for splitting rate ~

m First time ~ for anisotropic C(q )

m Anisotropic C(q,,¢) can be well 2 S R Ao
approximated by angular average L8y ot — o
C(QL) _ % 027r dd) C(C]L,Qb) ~§1-6' — 7 = 0.015
— only “very nuanced changes” @14
<2% o

< 1.24

m But: Isotropized ~ deviate from

equilibrium significantly 1.0y
B 1 T I T T

Jet energy P/T
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m Results for splitting rate ~

m First time ~ for anisotropic C(q )

m Anisotropic C(q,,¢) can be well 2 S R Ao
approximated by angular average L8y — s — oo
Cq) = % fo"de CqL, 9) 1) o — oot
— only “very nuanced changes” @14
<2% o

< 1.24

m But: Isotropized ~ deviate from

equilibrium significantly 1.0y
B T T T ]

Jet energy P/T
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m Conclusions and outlook

m Initial out-of-equilibrium plasma described by kinetic theory — f(p, t)

m f(p,t) as input — momentum broadening of jets
— § and C(q ) during initial stages in heavy-ion collisions

m §(t) — Gluon spectrum using “improved opacity expansion”
— smaller w — more nonequilibrium effects
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m Conclusions and outlook

m Initial out-of-equilibrium plasma described by kinetic theory — f(p, t)

f(p, t) as input — momentum broadening of jets
— § and C(q ) during initial stages in heavy-ion collisions

G(t) — Gluon spectrum using “improved opacity expansion”
— smaller w — more nonequilibrium effects

C(q, ) at small g is enhanced compared to thermal (especially along beam)
— splitting rates v — significant deviations from thermal rates
— Anisotropic C(q, ) can be well approximated by angular average
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m Conclusions and outlook

m Initial out-of-equilibrium plasma described by kinetic theory — f(p, t)

m f(p,t) as input — momentum broadening of jets
— § and C(q ) during initial stages in heavy-ion collisions
m §(t) — Gluon spectrum using “improved opacity expansion”
— smaller w — more nonequilibrium effects
m C(q,) at small q; is enhanced compared to thermal (especially along beam)

— splitting rates v — significant deviations from thermal rates
— Anisotropic C(q, ) can be well approximated by angular average

Outlook
m Transport properties for minijet evolution (with Mazeliauskas, Takacs, Zhou)
m Accelerate kinetic theory simulations with machine learning

(with Barrera Cabodevila & Kurkela)
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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]]

8|Phys.Rev.Lett. 115 (2015) [Kurkela, Zhu]; Phys.Rev.Lett. 122 (2019) [Kurkela, Mazeliauskas];
Phys.Rev.D 104 (2021) [Du, Schlichting]]
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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 otropie HTL
approximation R approximation
2 2 4 -
(s —u) (s —u) q £0.031
2 2 P
t 2 (g2 +&7mp)? =
250002
m Longitudinal® ¢, = €%/%/1/8 oot
m Transverse broadening:
¢ = el/3)2 BT B T/ AT = ETIT

7/TBMSS
m Good agreement

s, u, t: Mandelstam variables

°[Phys.Rev.D 89 (2014) [York, Kurkela, Lu, Moore]|
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.89.074036

m What about total momentum broadening?

8
Kineti .
(Gasm)
6,
Lo d(pY) —
m Per definition, § = —* <
8, . 5, — 100 GeV
m Naively Ap? = [d7§(7) over = Ejo = 20 GeV
lifetime of jet ~ =10
27 |Qs = 1.4 Gev
m Think of § as medium parameter.
0 10! 10° 10!
7 (fm/c)
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m Making sense of the cutoff

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

dare! dq

N 2 2 1

g~ /d q.q - o~ | —
toaq qL

1/q" 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 — o)

m Cutoff should grow with jet energy

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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