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Introduction: why jets?
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Jets until 2010s

o “Jet = hard parton” /

q
o Measured in pp and AA p p
— jets lose energy in QGP
o Jet quenching models: (5

e scatterings « energy loss

e path length dependence
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Jets until 2010s

[Jet Collaboration PRC90(2014)014909]

“ _ " ————————
o “Jet = hard parton 7 [ MARTI — McGill-AMY |
. 6 = HT-BW 1 --- GLV-CUJET]
o Measured in pp and AA s HT-M f
5 L _
— jets lose energy in QGP
o 4 + ]
o Jet quenching models: 53 :
e scatterings « energy loss )
e path length dependence . 7 o1 Au+Au at RHIC, ]
: : ANt Pb+Pb at LHC,
o Extracting QGP properties 0 A L s
0 0.1 0.2 0.3 0.4 0.5
— jet tomography T (GeV)
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Small system collectivity

[review 2407.07484]
Raimond Snellings’ plenary

flow-like signals in: pA, pp, YA, jets
o strangeness enhancement in: pA, pp

o thermalization in small systems?
microscopic interactions — macroscopic fields

o no jet quenching is observed BN

More precision is needed! ftegstmc ft=4Sfmc

[PHENIX: Nature Physics 15 (2019) 214]
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Precision with jets
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Precision with jets

o Separation of scales:

Qnhara > Qjet > Nocp
(~ TeV ~103GeV  ~1 GeV)

Adam Takacs (Heidelberg) Confinement 2024, Cairns



Precision with jets

o Separation of scales:

Qhard > Qjet >> AQCD

o Jet observables = scattering amplitudes

do 3
O J a0t al'0 - 061
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Precision with jets

o Separation of scales:

Qnara > Qjer > Nogcp

o Jet observables = scattering amplitudes

do o)
% = j dq)n |Mpp—>n|26 (0 - 0(p1’ 'pn))

e fixed order: NLO — N2LO — N3LO ~10% accurate

(distribution of jets)

e resummation: LL. = NLL — N2LL ~10% accurate

(substructure of jets)
* matching, power corrections

(event generation)
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ratio to data

ratio to data

1/oda/dv

ratio to data
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Precision jet quenching

o Separation of scales:

?
Qhard > Qjet > Qmed > AQCD
(~TeV ~ ~10-100 GeV ~ 1-10 GeV ~ 0.1-1 GeV)
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Precision jet quenching

o Separation of scales:

?
Qhard > Qjet > Qmed > AQCD
(~TeV ~ ~10-100 GeV ~ 1-10 GeV ~ 0.1-1 GeV)

o Jet observables = scattering amplitudes

do 5
= = J A (| Mpasn|*mea 8 (0 = Oy, ) )

e fixed order, resummation
* Fluctuating paths

 Medium response
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Jet modification in the QG N
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Introduction

» Separate hard and background fields (q = q, + g0, A = Ay + 4))
Locp(q,A) = L(qn, Ap) + £(q0, Ao) + Line(qn, An, 9o, Ao)
~ L(qn, Ar) + 9qn)qn + gAR(/)Ap

* Dressed propagators (and vertices):

m:rmm\+f? f%

* Models for the background (/(x")):

o High-temperature plasma (T > Agcp)
o Color charge distribution
o Non-perturbative “kernel”
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« Coming back to this for
medium response
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Introduction
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Goal: (1 ...n|AA)

A

Confinement 2024, Cairns

*This talk focuses on i — 1,...,n.

14



Broadening and decoherence

* Fixed path:

Vacuum

~ 6;;6(p" —p)

Medium

* Broadening:

2
rer| e

changing color
and momentum
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Broadening and decoherence

* Fixed path:

Vacuum

* (Color conservation:

~ 6;;6(p" —p)

Medium

* Broadening:

2
'g'g—g‘ ~ G;i(',p)
~ changing color

* (Color decoherence:

Q

and momentum

2

-

color decoherence
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Medium-induced emissions

e Emission:

—<

2

Vacuum

X dI’®  ag2C; 1
— dzd9 m z O

soft & collinear poles!

Medium

Adam Takacs (Heidelberg)
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Medium-induced emissions

Vacuum Medium

e Emission:

—<

 Resumming emissions: collinear jet

€| e+ =
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soft & collinear poles!




Medium-induced emissions

Adam Takacs (Heidelberg)

Vacuum Medium
* Emission: *  Vacuum + medium-induced emissions:
2 dI’*c  a.2C; 1 ? med
R i s--t- : al; - & Qmea Ci
? dzd9 w z ¥ dz T E ;3
soft & collinear poles! \ soft pole!
m < Qmed
z KL Qmed/E
 Resumming emissions: collinear jet
2 g 2
Confinement 2024, Cairns
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Medium-induced emissions

Vacuum Medium
Emission: *  Vacuum + medium-induced emissions:
2 dI’* a,2C; 1 ? med
R i s--t- — al; s Qmea Ci
— dzd9 w z ¥ dz .7 E /73
soft & collinear poles! \ soft pole!
m < Qmed
z K Qmed/E
* Resumming emissions: collinear jet *  Wide-angle medium-induced cascade:

€| e+ =
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Jet evolution in QGP

[Mehtar-Tani, Tywoniuk, Salgado]

Factorized picture:

1. High virtuality:

vacuum evolution — no modification”

2. Virtuality ~ Qneq:

11’1 kt = Z'l9

medium-induced cascade — energy loss

3. Out of medium:

vacuum evolution — no modification”

*Modifications appear beyond the leading accuracy.

Adam Takacs (Heidelberg)
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[Caucal, Tancu, Mueller, Soyez|
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Jet evolution in QGP

[Mehtar-Tani, Tywoniuk, Salgado]

Factorized picture:

A vacuum jet

1. High virtuality:

= z9

vacuum evolution — no modification”

2. Virtuality ~ Qmeq:

medium-induced cascade — energy loss

In k;

3. Out of medium:

vacuum evolution = no modification”

*Modifications appear beyond the leading accuracy.
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[Caucal, Tancu, Mueller, Soyez|

high vitruality

out of medium

vacuum jet
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Experimental test of the

factorized picture
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Experimental tests

for more details, see

Jaucal, Soto-Ontoso, AT, 05(2022)114046
C 1, S O AT, PRD105(2022)11404¢

narrow substructure
A lose less energy

= z0
/

In k;
/

7
coherence 4
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[AT in PRD110(2024)014015]
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[ATLAS PRC107(2023)054909]
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Experimental tests

[Mehtar-Tani, Pablos, Tywoniuk PRL127(2021)25]
[AT, Tywoniuk JHEP10(2021)038]
[CMS JHEP05(2021)284]
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CMS VS = 5.02 TeV, PbPb 404 pb™, pp 27.4 pb

E R=0.2 R=0.3 R=04
narrow jet L = = ]
0.8fF —— 1 —— 1+ :
0.6F ¥ + .
0.4F ¥ ¥ :
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Dynamic medium and medium response

reminder from previoyg

1. solve for qy(t,x) and Ay(t, x) m

separate hard and background fields (g = gy, + g5, A = 4, + 4,)

*  high temperature, near equilibrium Laco@4) = £ Ax) + 0, A0) + Lo Aps G0, Ao)
~ L(qn, Ap) + 93n{))qn + gAn{) An
(kinetic theory & Boltzmann equation) * Dressed propagators (and vertices):
] LR

*  high occupancy, far from equilibrium

m:fm+fmgn'~ fgmg

) o ) * Models for the background (/(x*))
(classical statistical lattice, 2PI, CGC)

o High-temperature plasma (T >> Agcp)

o Random co: r-fields

* independent color charges + hydro ~function”

2. calculate (J(t,x))

3. evaluate (| M44-n|?)meq for every

path

Adam Takacs (Heidelberg) Confinement 2024, Cairns 27



Dynamic medium and medium response

Talks by Markus Leuthner

1. solve for qy(t,x) and Ay(t, x)
*  high temperature, near equilibrium
(kinetic theory & Boltzmann equation)

*  high occupancy, far from equilibrium

(classical statistical lattice, 2PI, CGC)

5
—10

—10?

Energy Distribution : D(z, )

* independent color charges + hydro

Az,
0,
2, 1

2. calculate (J(¢,x)) S

=

0-2

[Mehtar-Tani,Schlichting,

3. evaluate <|MAA—>n|2>med fOI‘ every Soudi JHEP05(2023)091]

path

Adam Takacs (Heidelberg) Confinement 2024, Cairns

and Kayran Schmidt

[Ipp,Leuthner,Muller,Schlichting,Sch
midt,Singh PRD109(2024)094040]

595(n/s =0.15)

So s ao s 75
[Yang,Luo,Chen,Pang, Wang
PRL130(2023)052301]
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Dynamic medium and medium response

1. solve for qy(t,x) and Ay(t, x)

*  high temperature, near equilibrium
(kinetic theory & Boltzmann equation)

*  high occupancy, far from equilibrium
(classical statistical lattice, 2PI, CGC)

* independent color charges + hydro
2. calculate (J(t,x))
3. evaluate <|MAA—>n|2>med for every “/

path

Adam Takacs (Heidelberg)

Confinement 2024, Cairns

PbPb - pp

CMS

85 P wio wake

- ol pp ;
F p?>30 GeVic &1
C P> 1 GeVic ¢
[ $°
L + + °

- o J
s 22 28

Ik i itk iy wied vird
Hybrid [ CoLBT

L w/ wake

t.H < (R +{%

4

s TTTIE 255 3
Ap _(rad)

trk,Z

[CMS, PRL128(2022)122301]
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Dynamic medium and medium response

1. solve for qy(t,x) and Ay(t, x)
*  high temperature, near equilibrium
(kinetic theory & Boltzmann equation)

*  high occupancy, far from equilibrium

qIT?

(classical statistical lattice, 2PI, CGC)

* independent color charges + hydro

2. calculate (J(¢,x))

3. evaluate (| M44-n|?)meq for every

path

Adam Takacs (Heidelberg)
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10 1

E = 100 GeV, 0-10% central data
Prior 90% Credible Interval (Cl)
Jet Raa: Posterior 90% ClI
Jet Raa + substructure: Posterior 90% Cl

T T
0.20 0.25 0.30 0.35 0.40 0.45 0.50

T (GeV)

[JetScape 2401.04201]
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Summary:

o Jets modify in the QGP — extract QGP features
o (Semi-) perturbative treatment

* scattering amplitudes + jet observables
o State of the art: factorized picture:

* good agreement with data!

e improvements in the doorstep!

more it in the backup!
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Thank you for your attention!
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Jet evolution: factorized picture

[Mehtar-Tani, Tywoniuk, Salgado]
[Caucal, lancu, Mueller, Soyez]

Vacuum Medium

high vitruality

A vacuum jet/\\\> é

z0
z0

/

In k;
In k;

out of medium

vacuum jet

>
» In1/9 In1/9

angular ordering
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Improvements

Factorized picture:

Adam Takacs (Heidelberg)

Ingredients:

e vacuum evolution:

- jet creation (LO—=NLO), jet evolution (LL —NLL)

[Caucal,Soto-Ontoso,AT]
[Gebhard,Mazeliauskas, AT

e cascade evolution:

- beyond soft&collinear limit (NLO,,.q, NLL,,.q)

[Ghigliery, Teaney]
[Caron-Huot, Gale]
[Isaksen, AT, Tywoniuk]

- finite sized medium
e  medium scales:

- resolution, coherence, orderings _
[Arnold et al]

+1 medium modeling: B :
[Sadotyev et al]
- homogeneous/static = dynamical medium

- medium response / jet thermalization

Confinement 2024, Cairns

34



Jet modification: correlated emissions

Vacuum

*  Two gluon emission (NLO rates):

e G

~ 42,49, dz,dv,

X 09, >19,)

angular-ordering!

Medium

Two gluon emission:

O

(anti-) Angular ordering:

[Mehtar-Tani, Tywoniuk, Salgado]
[Caucal, Tancu, Mueller, Soyez|

Medium coherence:
[Mehtar-Tani, Tywoniuk, Salgado]
[Casalderrey-Solana, Tancu]

In-medium ordering:
[Blaizot, Dominguez, Mehtar-Tani]

[Arnold 2015-]

RRR
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