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1. Heavy-ion collisions

and the QGP
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o Heavy-ion program at LHC and RHIC

o Nuclear matter in extreme conditions

o Signatures of the quark-gluon plasma:

. Collective flow, etc.

. Jet quenching (modification)

Adam Takacs (CERN-TH) SEWM 2026, Helsinki



AILAY

2 EXPERIMENT
http://atlas.ch
Run: 280464

Event: 478442529
2015-09-27 22:09:07 CEST

2. Precision QCD

with jets
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JATLAY
L EXPERIMENT

nttp://atlas.ch

Run: 280464

Event: 478442529
2015-09-27 22:09:07 CEST

2. Precision QCD : S o &

with jets

Adam Takacs (CERN-TH) SEWM 2026, Helsinki



Theory behind MC event generators

Collinear factorization: L NMLOJET  pp—ysf lv,21)  fi=13TeV
oo
l-.-!'*l "._::
| WL
doPP 1 | — [ ATLAS —w
— p D A
jet z f dx,dx; fa (x1) - fb (x2) - Oab—jet+X ° feorrections ; Ly
de \ )\ )\ ) = i ey
a,b Y Y Y L. . ——
g "4 £ .
== =
* Find parton a in proton. * Hadronization, non-fact, ... L 16 |

* Non-perturbative * Non-perturbative

do i

I : ]
* Want them to be small i
w4
Partonic cross-sec: ir- ¥
* improvable order-by-order :
* loop expansion: =
7 RS s = 8 B *
Y it
3 e
0 ==
i x L i [[LLT] BT

o | G
[Chen,Ghermann,Glover,Hofer,Huss 1904.01044]
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Theory behind MC event generators

Collinear factorization: L NNLOJET  pp—y+i v,21)  4fi=13TeV
oo

1 l-.-!'*l "._::
' | WML

doPP 1 | — [ ATLAS —w

— p D A
jet z f dx,dx; fa (x1) - fb (x2) - Oab—jet+X ° feorrections ; Ly
de \ )\ )\ ) = i ey
a,b Y Y Y L. . ——
/ { ; i CE-
== =
* Find parton a in proton. * Hadronization, non-fact, ... L 16 |

* Non-perturbative * Non-perturbative

do i

o= = |
* Want them to be small e
i
Partonic cross-sec: o §
* improvable order-by-order : T
* loop expansion: = ; * :
L S bt
» logarithmic expansion: g ':' = :
1 ="

1 1]

Ik ! ' -
= + parton shower algorithm 1 o o o Ll Lo
o | G
n

n

[Chen,Ghermann,Glover,Hofer,Huss 1904.01044]
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Event generator Experiment

t = 6.7x107%0 s

10000

Adam Takacs (CERN-TH) SEWM 2026, Helsinki



CATLAS
2L EXPERIMENT
http://atlas.ch
Run: 280464

Event: 478442529
2015-09-27 '22:09:07 CEST

1. Jets in heavy-ion

collisions

& OnrLas

Adam Takacs (CERN-TH) SEWM 2026, Helsinki



Scattering amplitudes in the QGP

see e.g. SCETg
[Mehtar-Tani, Ringer, Singh, Varun 2026]

e Separate fields to hard and bkg. (9 = g, + 95, A = 4, + 4,)

Locp(q,A) = L(qn, Ap) + £(qo, Ao) + Lint(qn, An, o, Ao)
~ L(qn, Ap) + 9GnJ qn + 9ARJ A

* Dressed propagators (and vertices): Goal:

—»—=—-—+—§T—g»-g A ;
mz’mf%m’%...‘ , n

Adam Takacs (CERN-TH) SEWM 2026, Helsinki 10



Scattering amplitudes in the QGP

see e.g. SCETg
[Mehtar-Tani, Ringer, Singh, Varun 2026]

e Separate fields to hard and bkg. (9 = g, + 95, A = 4, + 4,)

Locp(q,A) = L(qn, Ap) + £(qo, Ao) + Lint(qn, An, o, Ao)
~ L(qn, Ap) + 9GnJ qn + 9ARJ A

* Dressed propagators (and vertices): Goal:

—>—=—-—+—§T—g»-g A 2
bk qmgp f% A n

* Models for the background (J(x“)J“L(y"‘)

[

o High-temperature QCD plasma (T >> Acp)
o Color charge distribution

o Non-perturbative “kernel” to infer
Adam Takacs (CERN-TH) SEWM 2026, Helsinki 11



[Baier, Dokshitzer, Mueller, Peigne, Schiff], [Zakharov], [Arnold, Moore, Yaffe]
[Blaizot, Dominguez, lancu, Mehtar-Tani]
[Casalderrey-Solana, Mehtar-Tani, Tywoniuk, Salgado]

1. Broadening in large medium

[Caucal, lancu, Mueller, Soyez]

Vacuum

* Straight propagation:

~ 6;;0(p" —p)

* Broadening:

TIE

Medium

~ G;i(p',p)

— changing color

and momentum

Adam Takacs (CERN-TH)

SEWM 2026, Helsinki
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[Baier, Dokshitzer, Mueller, Peigne, Schiff], [Zakharov], [Arnold, Moore, Yaffe]

1. Broadening in large medium

[Blaizot, Dominguez, lancu, Mehtar-Tani]
[Casalderrey-Solana, Mehtar-Tani, Tywoniuk, Salgado]
[Caucal, lancu, Mueller, Soyez]

Vacuum

* Straight propagation:

—— | ~ 850" —p)

e Color conservation:

* Broadening:

m ~ Gij(p',p)
— changing color

* Color decoherence:

Medium

and momentum

—12

color decoherence:
legs become independent

Q

=

Adam Takacs (CERN-TH)

SEWM 2026, Helsinki
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[Baier, Dokshitzer, Mueller, Peigne, Schiff], [Zakharov], [Arnold, Moore, Yaffe]
[Blaizot, Dominguez, lancu, Mehtar-Tani]
[Casalderrey-Solana, Mehtar-Tani, Tywoniuk, Salgado]

2. Radiation in large medium

[Caucal, lancu, Mueller, Soyez]

*  Emission:

Vacuum

2
dIr*  a,2C;1

dzdd  m z 0

soft & collinear poles!

e Vacuum + medium-induced emissions:

Medium

med
S dIi ~ & Qmed

C;
— dzdﬁfn E \/7—33(19)

m < chd H
soft & eellin pole!
Z KL Qmea/E P

Adam Takacs (CERN-TH)

SEWM 2026, Helsinki
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2. Radiation in large medium

[Baier, Dokshitzer, Mueller, Peigne, Schiff], [Zakharov], [Arnold, Moore, Yaffe]
[Blaizot, Dominguez, lancu, Mehtar-Tani]
[Casalderrey-Solana, Mehtar-Tani, Tywoniuk, Salgado]

[Caucal, lancu, Mueller, Soyez]

Vacuum
Emission:
. dIy*  ag2C;1
v dzdd 1w z O

soft & collinear poles!

Resumming emissions: collinear jet

<]+ [-&

(parton shower)

2

2
+ + ...

Also mixing of vacuum-like
and medium-induced terms!

Medium

Vacuum + medium-induced emissions:
2

dlimed as Qmed Ci
= ~— —B@®
dzd?d f T E /73 )
m < Q7)1(7( H
S Q,m:/F soft & eelin pole!

Wide-angle medium-induced cascade:

2
+ ... ﬁ%

(parton shower-like)

2
+

Adam Takacs (CERN-TH)
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[Baier, Dokshitzer, Mueller, Peigne, Schiff], [Zakharov], [Arnold, Moore, Yaffe]

2. Radiation in large medium

[Blaizot, Dominguez, lancu, Mehtar-Tani]
[Casalderrey-Solana, Mehtar-Tani, Tywoniuk, Salgado]
[Caucal, lancu, Mueller, Soyez]

Adam Takacs (CERN-TH)

Successful in pheno for “hard” observables.

Does not thermalize!
How to thermalize jets?

SEWM 2026, Helsinki
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2. Jet thermalization and

Medium response

Adam Takacs (CERN-TH) SEWM 2026, Helsinki



Medium response in phenomenology

. 12 f ’ . " T = 200 MeV, v=0.999
= 12 tm/e Ae (GeV/fm’
¢ (GeV/in) NrpyyTTm—"
15— T 0.1 [MATTER+LBT/MARTINI+ Causal Dift.+ MUSIC) 3
10 - 1B 0.08 2
Where does the lost energy go? ‘| r 008 :
E ol 0.04 £o
1. Jets evolve in pQCD, ~ .5l - 0.02 A
4 e 4
2. Energyloss is modelled (e.g. see before). “OL 1 0.02 j
-1 | l | | -0.04 =
5-15-10-5 0 5 10 1500 5 -4 -3 2 1 0 1
3. Lost energy feeds hydro: x (fm)  [fm]
Betz, Noronha, Torrieri, Gyulassy
. Jet-Fluid Yasuki, Chang, Qin e E g;;’é’,’f‘;{fa’l’,‘] L Mishustin, Rischke
av’]‘li = A ]Ii (x’ t) PRC95 (2017) 4, 044909 PRC 106 (2022), L021902 PRC 79 (2009) 034902
7 y-jet + Medium r-jet + Medium Excitation ‘17
51 f28 06l is p
3f 124 g: 3 H
5 20 03 " ~ 21 .
1.6 0.2 E o
h'l (112 g:(ls -1 8 =24
ope 0.8 -
*  Does the lost energy really equilibrate? 3 llos - - . S R
5 -034 |5 6
*  Weak vs strong coupling? 7Hie) r=4.8fm/c| (4) I T=4.8fm/c|-7 M ,
7 5 3 -1 1 3 B eSS 4 A 3 5 7 0 -8 —6 —4 -2
. . x x y (Im
*  Where are perturbative scatterings? CaLET Che, L i W Wi Casalderrey-Solana, Milhano,
PLB 777 (2018) 86-90 j’:ﬁﬁl’og,sf?(%:%pg (;’ao
e Smaller collision systems: PbPb = OO — pPb?

Adam Takacs (CERN-TH) SEWM 2026, Helsinki 18



Medium response in phenomenology

Where does the lost energy go?

1. Jets evolve in pQCD,
2. Energyloss is modelled (e.g. see before).

3. Lost energy feeds hydro:
9, THY = AJ#(x, t)

*  Does the lost energy really equilibrate?
*  Weak vs strong coupling?
*  Where are perturbative scatterings?

*  Smaller collision systems: PbPb —- OO — pPb?

Adam Takacs (CERN-TH)

a)

CMS 0.66 nb™ (PbPb), 299 pb” (pp), 5.02 TeV
T T T T T

p=
8
?ﬁg‘ 0.5 | PI"E(1,2) GeV ]
5=
| 0 Vo T
g
3 _ "
25§ 05 R™™ |an” %] €(1.5,2.0)
= =
=4 ]
[ Data(0-30%) * HYBRID ==
3 05 coLBT(0-10%) = PYTHIAS
£
255 0 P ppaeat et PV etete e
“'glq
% = ¢h asym jet jet,
| 0.5} pE@4) Gev R |an "¢ €(1.0,1.5)
g
2-5 5 _1 1 I 1 L 1
s 2 1 0 1 2
_— ch, |el1
N CMS 2507.09307
2602.19431

New measurements on medium response.

* There is room for improvement.

SEWM 2026, Helsinki
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Medium response in theory

| ——

In-medium jet evolution -\

-

QCD-effective kinetic theory:

thermalization from first principles.

Weakly coupled

[Arnold,Moore,Yaffe]
[Baier,Mueller,Schiff,Son]

(@ + v+ VF(t,x,p) = €277 + 12

How to thermalize jets?

)
How to put jets in the EKT?

&

~

/

Adam Takacs (CERN-TH)

Strongly coupled

g .

Instantaneous freeze—out/hydro’o

s

AdS

<

e

Falling séi@metric perturbation evolution in

4

SEWM 2026, Helsinki
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Medium response in theory

In this talk:
(i) EKT <> jet quenching,
(ii) EKT ¢ parton showers,

(iii) EKT parton shower - med. resp

Adam Takacs (CERN-TH) SEWM 2026, Helsinki
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QCD kinetic theory

Small perturbation: £(t,x,p) = n(p) + 6f(t, x,p)

(0. + §Vx) Sf(t,x,p) = 8C*%[n, 6f] + 6C*72 [n, 5f].
e 2« 2 collisions:

5C*7?%[n, 6f] = | dQ|M|28F (py, p2; P3Pa)
T

scattering mx statistical factors (detailed balance)
in QCD plasma § L, L
? 6F = 8fs[ngnyn, + ngngn,]

S

+ 8fy[nsmyn, F ngngn,]

— 8fylnynign, + nyngnyl

)Rk N

— 8filn,nsn, + iyngn,).

U

e 1 > 2 collisions:

1 p p zp\ 1 _
162 — _ o = ) — .
6¢*2(n,0f1 = [ dz |57 (2.2) 67 (2, 2) - 52, 6% (0 2, 70)

* Two type of splitting
* Merging (holes)

(_%\

Y28k
b §2

Adam Takacs (CERN-TH) SEWM 2026, Helsinki
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QCD kinetic theory

* Small perturbation: f(t,x,p) = n(p) + 6f(t, x,p)

e 2« 2 collisions:

e 1 > 2 collisions:

Adam Takacs (CERN-TH)

(at + §\7x) SF(t, x,p) = 5CTO2%[n, 8f] + 5C22 [n, 8f).

5C*2 [n, 5f] ~ f dq, C(q.) [5f(P 1 o) = 5f(p)] —— > medium-induced broadening

q
4 from before!
(small angle) statistical factors (detailed balance)
scattering mx e ep — = o=
in QCD plasma 6F = 8fs[nynin, + T

T Oy [ty T s |
— O lowpigity F o]
— 0filnynigi, F smmem].

5C192 [n, 6f] ~ j dz [Z%r (Z, g) Sf (t, g) = %F(Z, p)6f(t,p)| — > medium-induced cascade

from before!

SEWM 2026, Helsinki 23



QCD kinetic theory

*  Small perturbation: f(t,x,p) = n(p) + 6f(t, x,p)
(at + §\7x) SF(t, x,p) = 5CTO2%[n, 8f] + 5C22 [n, 8f).

e 2« 2 collisions:

e 1 > 2 collisions:

e Using this connection:

Adam Takacs (CERN-TH)

5C*72 [n,6f] = f dq, C(q)I[6f(p +q1) — 6f ()] —— > medium-induced broadening

q.
0 from before!
(small angle) statistical factors (detailed balance)
scattering mx e ep — = o=
in QCD plasma 6F = 8fs[nynin, + T

T Oy [ty T s |
— O f [ty - |
— 0filnynigi, F smmem].

5C192 [n, 6f] ~ j dz [Z%r (Z, g) Sf (t, g) = %F(Z, p)6f(t,p)| — > medium-induced cascade

from before!

High energy AMY-EKT <= jet quenching!
(recipe to put jets into EKT)

EKT <> parton shower with detailed balance
(recipe to enforce thermalization in jets)

SEWM 2026, Helsinki 24



Numerical solution to EKT

High-energy limit

102} -~ - PDE

L=10.2fm
103 = L=2[m
— =20 fm
1! 10° 10! 10*
T p [GeV]

*  High-energy limit is analogous to traditional
parton showers.

. Doesn’t thermalize!

Adam Takacs (CERN-TH) SEWM 2026, Helsinki

see also PDEs [Mehtar-Tani,Schlichting,Soudi]
[Brewer,Mazeliauskas,Zhou]

Full EKT
102
10!
10[) d
1071 :
8, 3 ;
S_ 10 :
z 0““—-\'15 :
BN —1072 : +=02 fm
—10-1t : t=21fm
0 —»— t=20fm
—10 : — MC
—10* """" equilib. (g =0)
—1q2 -1 : 0 1
0 10 10 10

ar P |GeV]

* Including all statistical factors to the parton
shower (ensure detailed balance)

. Thermalizes!

25
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Applications

(at + %vx) SF(t, x,p) = 6C[n, 5f).

1. New phenomenological applications of EKT!

Interface with jets, hadronization, KeMP@ST, etc.

Adam Takacs (CERN-TH) SEWM 2026, Helsinki

[Pythia 8.3 2203.11601]

27



Applications

(at + %vx) SF(t, x,p) = 6C[n, 5f).

1. New phenomenological applications of EKT:

Interface with jets, hadronization, KeMP@ST, etc. 2.00

1.75
2. Multi-particle correlations: 150 -
1.25 &
Parton-shower is an n-particle cross-section generator: 3 :
ici 1 dN = 1.00_2
Unexplored topic in EKT, great relevance e.g. EEC. 8f(py,pgr ) = — g e
N dp,dp, ... ] é
lin. EKT, gluons F0.50 ™

a, =03, T =03 GeV i o.25

| o = 100 GeV, Ly = 1GeV, Byip =1 GV U
10°% “ —t : e o

- bt ~5 = 0.00
10° 10! 10°
p1 [GeV]

Correlations beyond molecular chaos!

Adam Takacs (CERN-TH) SEWM 2026, Helsinki 28



Applications

(at + %vx) SF(t, x,p) = 6C[n, 5f).

1. New phenomenological applications of EKT:

Interface with jets, hadronization, KeMP@ST, etc.

2. Multi-particle correlations:
Parton-shower is an n-particle cross-section generator:

Unexplored topic in EKT, great relevance e.g. EEC.

3. Incorporate inhomogeneities (iii):

Previously neglected! (parton shower speedup) ) 1dN
) S —=—
Hydrodynamization: 5 (t, x, p) = &feq(p, 6T (t, x), Su(t, x)) N dx

4. Applicable for any kinetic theory!

Adam Takacs (CERN-TH) SEWM 2026, Helsinki 29



https://youtu.be/9sLDOXvyQVs?si=hFhoUW9E16dgFy4H



https://youtu.be/9sLDOXvyQVs?si=hFhoUW9E16dgFy4H

Summary:

Perturbative gllfds of jet quenching “

QCD-EKT <>_parton gwférgy loss and\bg;oadening

J \

i,

Lin. Boltzmann eq.j¢> parton shower |

New opportunities for EKT:

Jet thermalization, ‘;
2026 A Decade of

Multi-particle correlations, hydrodynamization, fluctuations Jet Substructure in
- v Heavy-lon Collisions

Including in phenomenological workflows Theory Institute at CERN
Dec 7-18, 2026

Adam Takacs (CERN-TH) SEWM 2026, Helsinki


https://indico.cern.ch/event/1642882/
https://indico.cern.ch/event/1642882/

Thank yqdffor youf\cnjctention!
\

\

F g
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QCD kinetic theory as a parton shower

(0. + . V,)8f(t,x,p) = 5C[n, 5f].
* Spatially homogeneous case:

1. Separate “real” and “virtual” collisions: §C = §C"[n,8f] — 6CV[n] §f.

2. Integrate the Boltzmann eq: where A(t) = exp [ft dt' SCV[n]]

SF(E) = ADSS, + [ dt’ AA((;,)) 5C[n, 5f].

4. lterate: 5fy = 6(p — po)-

Initial condition:#{ID, p, x, weight]
[21(100,0,0,100) (0,0,0,0) 1]

5.  Histogram the particles: 5f(t, x,p) = 1 av

Output:
Ngy dpdx 1121 (1.5,0.0,00,1.5) (0.1,0.0,000.1) 1],

(ii) kinetic theory ¢ parton shower!

* Inhomogeneous case is trivial: free streaming between collisions.

(iii) inhomogeneous perturbations

Adam Takacs (CERN-TH) Duke QCD Theory seminar 33



Numerical solution

see also PDEs [Mehtar-Tani,Schlichting,Soudi]

—

[Brewer,Mazeliauskas,Zhou]

)

Adam Takacs (CERN-TH)

Equilibrium only at very late times.

SEWM 2026, Helsinki

gt §/ t=02fm 3 ! t=20fm
SRR
=0 S i pI— VA B S -
lin. EKT, *{l‘:tu{l\ / Q /
! ) /]
e= 0.0 I’ II
T =0.3 GeV i/ 1 ;
po = 100 GeV i |
[v:u:‘ =1 GeV ; o
Epin = 0.5 Ge ¥l EE
T R T 10" 02 07 10T 100 10"
p [GeV] p [GeV] p [GeV]
1. Collinear radiation of soft gluons.
2.  Broadening of soft fragments
3. u # 0 equilibrium — p = 0 equilibrium.
* (+)and (-) medium response.
* Soft and hard medium response.
(]

10%

10[)

R=
=8
|
dN/dpdé, [GeV~1]

|
s
<2

—10?
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