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® Introduction I

e Hard parton evolution in heavy ion collisions
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® Introduction I

e Hard parton evolution in heavy ion collisions

e Focus on energy loss and equilibration of hard partons = resolved by
the medium
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® In-Medium Shower

e Main focus: Hard parton traversing a QCD plasma

e Understand: Energy cascade, out-of-cone energy loss, medium response
and full thermalization of the shower = Important for low energy
jets
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@ Effective Kinetic Description

Leading Order Effective Kinetic Theory:

puall«fi(i"7 ﬁa t) - C’L[{f’b}] ’

(1)
Hard partons = Linearized Fluctuation on top of
Static Equilibrium

f(p, t) = neq(p, t) + 6fier(p, 1)
® Energy distribution

(2)

_ . dNg Va(Ny)

D(z,0,t) e poy R E; Ofiet(p, 0, 1) . (3)
Exact conservation of energy, momentum and valence
charge — Study evolution from ~ E to ~ T including
full thermalization
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© AMY EKT

* Elastic Scatterings using * Collinear Radiation
HTL screened 2 <2 effective 1 &2
CHfY = A + CPAY (4)

e Analogous to QGP thermalization in pre-Hydro phase

e Using AMY rates for in-medium radiation: mmmn«,/ﬂi%ﬁf <L

Ismail Soudi Thermalization Of Jets In QCD Plasma 8/31



® Elastic Scattering

Elastic scattering collision integral with HTL screened matrix elements

2N = /dQQHQIMCd(phpz,ps,m)l 6F(p, p1, p2, p3, pa) (5)

2|p [va

Full detailed balance terms = Medium response

6F(p1,p2,p3,p1) =  Ofa(pr)[Eanc(ps)na(pa) — nu(p2)(1 £ ne(ps) & na(ps))]
+ 6fs(p2)[Eenc(ps)na(ps) — na(p1)(1 £ ne(ps) £ na(ps)))
— 0fe(ps)[Ecna(p1)ns(p2) — na(pa)(1 £ na(p1) £ nu(p2))]
— dfa(pa)[Eana(pr)ns(p2) — ne(ps) (1 £ na(p1) £ mu(p2))] - (6)
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@ Collinear Radiation
Collinear radiation (including BH & LPM effects)

Cy7 DY :/01 dzw D, (z) (1 + np(zE) + np (”;E))

+ D97(x) (nB (%) —np (@)) + %%E) (nB (%E> — ma(xE))

dl§,(zE, 2)
dz

dz Dy(2)(1 + np(zzE) + np(zzE))

ki
2 0

Dy(zx) _ Dy(zx)
+ g (nB(zE) — np(zzE)) + = (nB(zE) — np(zzE))

e AMY Radiation Rate

dr's. qu ,
dz (P Z,-) 471.13222 1 _ R / dtl / FS O G(OO7 q; t17p) ‘ (7)

® Merging/Splitting = Thermalization of soft sector
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@ Longitudinal Energy Loss

e Evolution can be divided into three regimes:

1. Initial energy loss: mediated by single gluon radiation
2. Energy cascade: successive emissions lead to an energy cascade

3. Equilibration: Late time decay to soft sector

Ismail Soudi Thermalization Of Jets In QCD Plasma 12/31



® Single Emission

e Tnitial distribution determined from direct emissions

U

Dy(z,7) =~ 0(1—uxz) + [IM — /01 dz zwé 1 (8)

10"
10!
e Short lived stage = Subsequent 107
emissions lead to energy cascade

Singlet distribution \/zDg(z)

10°°
0.001 0.01 0.1 1
Momentum fraction: x = 4
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© Energy Cascade

e Stationary turbulent solution in intermediate energy
range T/E< z< 1:

Dy(z) = % , Ds(z) = % . (9)

e Fixed point of the differential equation

ary, (2 - z 1 drd, (2E, =
99(2’)Dq(>_7 99 ')Dg(z)

1
C B e Iz —
sl tDil] /0 ! dz 2 dz

z
1 drd, (AE z) v 1 dr%(aB,2)
+/o & 72135( )—Nf/o dr — T Dy (@) (10)

dz z
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© Energy Cascade

e Stationary turbulent solution in
intermediate energy range
T/E< z< 1z

T 2T
G S &= o
Dy(z)=—~=, Ds(z)=-%. (9) =
vz VT E%
. . . Z
* Existence of a fixed point of the é
differential equation comes from 2
the fact that the rate behaves as £
1/VaE o0 | 5% o5 B
‘;:0 3.9, 17% — 7.9, 44% —
@ 104 5.2, 26% — 9.5, 53% —
0.001 0.01 0.1 1

Momentum fraction: x = &
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@ Thermalization To Large Angles

® Energy cascade to
soft sector

Energy Distribution : D(x,6)

10°
10¢
100
10

Ea

o
—107

* Broadening of soft
partons to large
angle

t=4.1"fm/c
T=23

YE/T =500, g=2.
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Plasma

e Thermalization of
soft sector
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@ Thermalization To Large Angles

® Energy cascade to * Broadening of soft e Thermalization of
soft sector partons to large soft sector
angle
_ T/E 2uT/E . Z‘/E 2aT/E _ T/E 2rT/E
R o7 J N Tp—— Be R o= = =T T ——
= t = 11fm/e R=032 —e— = t = 4.1fm/c = Equilibrium L e
E 10! = R E 10! & i
E 100 % 10° é
2 & 2
% ) 107! 2
_E] 0.01 0.1 1 & 0.01 0.1 1 4 0.01 0.1 1

Momentum fraction: = = p/E Momentum fraction: @ = p/E

Momentum fraction: = = p/F

=

YE/T =500, g=2.
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Moliére Scattering

e Angular distribution in different energy
regimes
Gluon jet E/T = 100
,
10 2 fm/c e— 2fm/c —
3 fm/c — 3fm /¢ —
4.9 fm/c e— 4.9 fm/c e—
108 4.9 /¢ m— 6.8 /¢ 6.8 fin /¢ s
_ [ T — ~D(r)
)
Q
: W0 W0T/E <2 107T/E < & < 90T/E * < 10T/E
Rt £
E 10° f
E)
Tt
1072
0.01 0.1 0.01 0.1 1 001 0.1 1
Angle : 0 Angle : 0 Angle : 6

@mku,nzﬁ Clay) [D(apy —ay . — D(zpy )]
1

1 drb  aE
EE GRS

T P

z oz

1 1dr¢
T z/o dx e
be

2 dz
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e Hard sector

1767
Diffusion
0

[N —

10
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@ Cone-Size Dependence

Evolution time: ¢ [fm/c]

oo 1
—e—: F(R,7T) :/ da;/ dcosO D(z,cos6,T) 10 100200 30 4080
0 cos it (12) ™09 . Gluon jet
~ £
=08 4
. & 0.7 £
e Small cone-sizes: Soft sector does not ST

play major role

e Large cone-sizes: Energy loss display
different behavior = Dominated by

Energy inside cone:
o
w
T

thermalization g
0.2
oo 1 0.1 - N T .
-------- -;mﬁﬁﬂ:/ m/ dcos@ D(z,cos0,T) 0k ————
mT/E JeosR 0 5 10 15 20 25 30 35 40

(13)
Evolution time: 7 = ¢*T\/T/Et
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® Sensitivity To Initial Parton’s Energy

e Characteristic time of the
turbulent cascade Qh::J;V/g

Qs

e Scaling between different
initial parton’s energy for
small cone-sizes

* Broken for large cone-sizes

Energy: E/Ej

0.8 t

0.6

0.4

0.2

S s R=0.16 — Estimate -----
¥
) 032 -—+ F=100T" —
\ DS 062 --- 3007 —
O 5007 —
PRI 7007 ——
LI 10000 ——
- W A
W
B “ \\\\\\ S
\\\ R ST
: \\\\ Gluon jet
-t \.~

5 10 15 20 25 30
Evolution time: 7 = ¢*T\/T/Et
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® Modeling Jet Quenching

In the presence of QGP, the jet spectrum factorizes

do Ovac in
] /O (E ) ] m (p7 pr 6) ( )

The energy loss probability P(e,R) is obtained using the BDMPS rate
Pe. B) Z 1 {vadjdwz (e—;wi) exp {—/O dw%] (15)

n=0
Using a Milne transform = Exponential

Taking vacuum spectrum ‘ﬁ&f(p?) (pip) =

diUi dUVac ~ o ﬂ _ a—nw/pr
QR = Qun e |- [adl (1) e
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® Modeling Jet Quenching

e The first emission is modeled pr [GeV]
using BDMPS finite medium rate 50 100 150 200
L (Pw,t) at time ¢ 1 ! ! ! !
e Medium energy loss computed by - 5 5 : '
modeling the energy remaining g 0.8
inside the cone E(w,R,L—t) after g
a time (L—t) in the medium § 0.6
: -
Q(pr) =exp [/0 dt/dw é 04
£
BE(w|R,r=L"1 = .
ar "or {1— ( Y Lm)} g 02k R I R=10.32 -
x o l1-e ] = Quark je  R=0.16 -
« : : ;
0 L =5m/c = T> 27rT/E
(17) 200 400 600 800 1000

pr/T
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® Modeling Jet Quenching

50 100 150 200

e Jets with energies pr <25GeV lose
significant energy in length
L =5fm/c
= large suppression at low pr,
milder for pr <200 — 400GeV

* Negligible contribution of soft

Jjet

Jet quenching factor: Q%4

=
o0

=
>

fragments to narrow cone 0.4 ,_
° Large cone size (>0.3) = Recover R—=0.62 o
energy from the soft sector 02 k5 R R =10.32 —=
D> Medium response Quark je ~ R=0.16 -
0 L =5m/fc = T> ZWT/E
200 400 600 800 1000

pr/T
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® Modeling Jet Quenching

50 100 150 200

Jjet

Jet quenching factor: Q%4

=
o0

A Over-estimate energy loss since
we neglect finite size effects,
Work in progress

A Requires more refined studies of
near-equilibrium physics and jet
recoil onto the medium

=
>

=
o~

R=062
02k R R=0.32 —e=
Quark je R=0.16 -
0 L=>5m/c T> QWT/E
200 400 600 800 1000

pr/T
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® Collinear Radiation

zP

Multiple scatterings = induced radiation

e Emission controlled by the formation time

b~ 21— 2)zE
(1 o Z)P orm k?l_'

1 —
) k?T ~ Aqtform = tform ~ %E 3 (17)

' ® tiorm < Amfp: Medium cannot resolve the quanta until
' it is formed

® tiorm > Amip: Multiple scatterings act coherently

e Quantum interference = suppression of high energy radiation
= LPM effect

1(Baier, Dokshitzer, Mueller, Peigné, Schiff, Zakharov, Wiedemann, Arnold, Moore, Yaffe..)
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® Finite Size Effects: Rates
a 2 pa t .
be g Phc(z) / / q.p
She(p oy t)=-—2-bl®) _Re dh T's(#) o G(oo, q; t1, p) - (18)
Z ey =T rR ) ML P ELUA )
* Long formation time: 2~0.5 * Short formation time: 2(1—2) ~1
5100
&y 79799 T =500MeV
sl 0t z=105 Opacity N= 1
- OpdClt]}:N Fm
. T = 500MeV
. 1073 C())pacfty Nel ...........
E 10-4 pamtﬁ o O ___
o
R 25
2
15
1 L.
0.5
0

1
Evolution time: t[fm/c|

1
Evolution time: t[fm/c]

1s. caron-Huot, C. Gale PRC(2010), S. Schlichting IS PRD(2022)
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https://doi.org/10.1103/PhysRevD.105.076002

® Finite Size Effects: Evolution I

e Including finite size effects in the evolution
e Global formation time:

0:D(z) = /01 dz[ dfc (g,z, t) zD (g) — djc (z, 2, t)zD(x)}

e Systematic formation time:

t 1 a a
0D(z) = / ds/ dz[ d;c (g, 2z, t— s ) zD (g) — dg;”(x, 2z t— 8 )zD(z)]
0 0
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® Finite Size Effects: Evolution II

Slystemati(lf
Global
AMY —- = |

08|k

>, |
0 20 40 60 80 100
Time ¢ [fm/c|

e Delay of energy loss due to formation time
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® Finite Size Effects: Evolution III

e Markedly different evolution for Systematic treatment of formation

time

— ti= 1I.6 fm/c Systematic ;/m o 0.36t; AM
— t; = 4.9 fm/c Systematic 7, 8 0.32t; AM
- %= 0.69t; Global ty,, — 99%E,
I - *- 0.51t; Global ty,, — 95%E,

xD(x)

Momentum distribution:

OO0opg o
& o a
»‘xxﬂﬂﬂuuuuuuuu“

" A

x
x
Dol EugRix

F— t; = 36 fm/c Systematic ty,, B
— t; = 50 fm/c Systematic t;,, 9 0.21t; AMY
- %= 0.261; Global t,, — 40%E,

0.21¢; AMY

®x-0.24t; Global ¢, — 20%Ey

102 10°! 10°

Momentum fraction:

lBarata, Dominguez, Salgado, Vila JHEP (2021)
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102 107!
Momentum fraction:
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® Bjorken Expansion: Medium-Induced Radiation

. . 13
e Bjorken expansion: T(t)= TO( fo )

Ismail Soudi

Temperature: T'/Ty

t+to
14 T T T T T
=1 —m—ti=0.3fm/c
192k a=04 = = =t)=01fm/c
a=0.01
1
0.8 . -
1 ~
1 S~ o
06 FN. Tt ee-- o =
N
0k o i
o2k T TTm=-- 4
0 I I I I I
0 2 4 6 8 10
Time [fm/c]
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®© Bjorken Expansion: Medium-Induced Radiation II

. . 1/3
* Bjorken expansion: T(t)= T, (%ﬁ)

45 T T T T T 0AF T T T T T T T T T9
Brick a=1 O t=03fm/c a=1
0F %X t,=03fm/c B 035 L X th=01fm/c Brick
O t,=0.1"fm/c HO ty = 0.3 fm/c
= 35 F ——— OE tp =0.3 fm/c 1 = o3k = HO ¢y = 0.1 fm/c |
oL OE t)=0.1fm/c 2z=0.01 &
Sk sl 0.25

0.2

Radiation rate:
e
ot

Radiation rate:

09©000000000Q00Q

0 1 1 1 1 1 0
0 0.2 0.4 0.6 0.8 1 01 2 3 4 5 6 7 8 9
Time [fm/c] Time [fm/c]
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® Conclusion

e Energy loss is governed by an inverse energy cascade
= driven by successive collinear radiation

® Energy deposited collinearly at the soft scales rapidly broadens to
large angles

e Formation time lead to dramatic effect on medium-cascade = Delay of
energy loss, survival of high energy partons
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