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Outline:
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Baseline Bulk Jet-bulk E-loss

• jets & hadrons
• What pQCD?

• (NN)LO
• (N)LL
• NPDF, FF

• 𝑇(𝑥!), 𝑢!(𝑥")
• init. cond?
• preeq?
• afterburner?
• tuning?

• trajectories
• 𝑇, 𝑢! ⇿ α# , )𝑞, 𝐿
• medium resp?
• % bias?
• preeq, afterburner?

• radiative?
• elastic?
• parametrized?
• tuning?
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1. Baseline
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[see Tuesday morning and  J. Gebhard talk]



pQCD framework
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o Collinear factorization:

𝑑𝜎!!

𝑑𝑝"
#$% =%
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&𝑑𝑥)𝑑𝑥* 𝑓&
! 𝑥) ) 𝑓(

! 𝑥* ) *𝜎&(→#$%,- ) 𝑓./001.23/45

parton distributions:
(find parton a in proton)

• Non-perturbative
fitted for every collision.

corrections:
(hadronization, UE, non-fact, …)

• Non-perturbative
fitted for every measurement.

• Want them to be small 
(e.g. jets instead of hadrons, 
grooming).

partonic cross-sec:

• fixed order: LO⇾NLO⇾N2LO
• resummation: LL⇾NLL⇾NNLL
• improvable order-by-order.

[see Tuesday morning and J. Gebhard talk]
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Jet & hadron spectrum
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jet spectrum 
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[Gebhard, Mazeliauskas, AT, 2410.22405]
[Mazeliauskas, 2509.07008]

[Generet,Lee,Moult,Poncelet,Zhang, 2503.21866]

≲	 50-60% ≲ 30% ≲ 10%
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[see Tuesday morning and J. Gebhard talk]

https://arxiv.org/abs/2410.22405
https://arxiv.org/abs/2509.07008
https://arxiv.org/abs/2503.21866


No-quenching baseline (pQCD with nPDF)
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ratio of AA  and pp
(nuclear modifications)

double-ratio of AA  and pp
(semi-inclusive, double diff.)

[Gebhard, Mazeliauskas, AT, 2410.22405][Gebhard, Mazeliauskas, AT, 2410.22405]

• reduce pp uncertainties.
• reduce bkg. fluctuations.

• reduce nPDF uncertainties.
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[see Tuesday morning and J. Gebhard talk]

https://arxiv.org/abs/2410.22405
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2. Bulk

7

[see talks on Monday]
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Bulk

• JIMWLK + IP-Glasma + MUSIC + UrQMD [Mantysaari,Schenke,Shen,Zhao 2502.05138]

8

Centrality (%)

0.05

0.10

nv

01020304050

Trajectum (NLEFT)

Trajectum (PGCM)

IP-Glasma (PGCM)

 

 

Preliminary CMS
 < 3.0 GeV/c

T
0.3 < p

| < 2.4!|

 (5.36 TeV)-1OO 7 nb

Centrality (%)

0.05

0.10

nv

01020304050

 (5.36 TeV)-1NeNe 0.8 nb

|>2}!"{2,|2v

, Sub|>2}!"{2,|2v

{4}2v

|>2}!"{2,|3v

, Sub|>2}!"{2,|3v

0.0 0.5 1.0 1.5 2.0
pT [GeV]

0.00

0.05

0.10

0.15

0.20

0.25

v 2
{4

}(
p T

)

Pb+Pb 5020 GeV

5-10%
10-20%
20-30%
40-50%

ALICE 5-10%
ALICE 10-20%
ALICE 20-30%
ALICE 40-50%

[ATLAS, 2509.05171],[ALICE, 2509.06428],
[CMS, 2510.02580]

[Schenke,Shen,Tribedy, 2005.14682]

[see talks on Monday and Wenbin Zhao]
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3. Jet-bulk coupling
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Pre-equilibrium quenching

• Jet creation: hot-spots, 

 end: freeze-out.

• LO HTL: )𝑞	~	𝑇$.

• Convert to lab-frame (boosts!)

• No temperature before hydro (𝜏%&' = 0.4 fm)

• Extrapolate T   with the hydro attractor:

! v2 is known to be sensitive to starting time!

! (𝑞 increases going backwards in time:
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gmed = 1.4, Thyd = 0.6 GeV

hydro attractor
ideal hydro
free streaming

[Giacalone,Mazeliauskas,Schlichting, 1908.02866]
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[Andres,Nestor,Luzum,Salgado,Zurita, 1606.04837]
[Andres,Armesto,Niemi,Paatelainen,Salgado, 1902.03231]

[Ipp,Muller,Schuh, 2009.14206]
[Avramescu,Baran,Greco,Ipp,Muller,Ruggieri 2303.05599]
[Boguslavski,Kurkela,Lappi,Lindenbauer,Peuron 2303.12595]

hydro
start

Example:
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0-5% OO @ 5.36 aTeV

inclusive jets:R = 0.4, |! jet| < 2.8
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0-5% PbPb @ 5.02 aTeV

inclusive jets:R = 0.4, |! jet| < 2.8
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https://arxiv.org/abs/1908.02866
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4. Energy loss
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! Jet spectrum:

! Medium-induced radiation: (extra radiation because propagating in the QGP)

Improved Opacity Expansion (HO + OE) for a finite brick! [Barata,Mehtar-Tani,Soto-Ontoso,Tywoniuk, 2106.07402] 

Jet energy loss

𝑑𝜎*+,-+'

𝑑𝑝.
= 8

/

0

𝑑𝜀	𝒫 𝜀, 𝑝. , 𝑅
𝑑𝜎*+,123

𝑑(𝑝.+𝜀)

jet is created in vacuum 
(factorization: 𝑄!"# ≪ 𝑝$𝑅)

jet loses 𝜖 
energy
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https://arxiv.org/abs/2106.07402


! 1-parton losing energy (multiple emissions):

! Jets = many partons ⇾ more energy loss [Mehtar-Tani, Tywoniuk, 1707.07361, AT, Tywoniuk, 2103.14676]

! Hadrons = narrow jets + FFs

Jet energy loss
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not resolved resolved
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𝜗 < 𝜗% 𝜗 > 𝜗%

https://arxiv.org/abs/1707.07361
https://arxiv.org/abs/2103.14676


Results in PbPb
(tuning)
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Jet quenching in PbPb
! !

!"#
$

Centrality

! Bayesian fit of jets in PbPb.

[ATLAS, 1805.05635, 2211.15257, 2111.06606]
[CMS, 1611.01664, 2102.13080]

[ALICE, 1802.09145, 2303.00592]
[STAR 2006.00582]
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Centrality:

! Jet modification relative to the event plane

Jet flow in PbPb

less energy 
loss

more energy 
loss

[ATLAS, 1805.05635, 2211.15257, 2111.06606]
[CMS, 1611.01664, 2102.13080]

[ALICE, 1802.09145, 2303.00592]
[STAR 2006.00582]
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Hadron quenching in PbPb
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[ATLAS, 1805.05635, 2211.15257, 2111.06606]
[CMS, 1611.01664, 2102.13080]

[ALICE, 1802.09145, 2303.00592]
[STAR 2006.00582]
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QGPin large systems

energy loss

collective flow

QGP
in small 

systems?

Oxygen and Ne predictions
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Hadron quenching in OO & NeNe

19

10 20 50 100 200 400
pT [GeV]

0.6

0.7

0.8

0.9

1.0

1.1

1.2

R
A

A

0-100% OO/pp @ 5.36 TeV

! 0, |" | < 2.1

EPPS21 + NLO QCD + coherent energy loss (+ NPC23)

No quenchingh±

OO (0-100%): h±

CMS

10 20 50 100 200 400
pT [GeV]

0.6

0.7

0.8

0.9

1.0

1.1

1.2

R
A

A

0-100% OO/pp @ 5.36 TeV

! 0, |" | < 2.1

EPPS21 + NLO QCD + coherent energy loss (+ NPC23)

No quenching! 0

OO (0-100%): ! 0

ALICE Preliminary

• 68% Bayesian parameter confidence.
• 68% nPDF confidence.

• Clear quenching signal below 30 GeV!
• Good agreement with data.
• Hydro + jet quenching ⇾ QGP in OO!

[ATLAS, 2509.05171]
[ALICE, 2509.06428]

[CMS, 2510.02580]
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Jet quenching OO & NeNe
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• Jets predictions are more robust.
• nPDF unc. are small in v2!
• What to use light ions for?
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1. Nuclear structure

21

30 40 50 100 500
pjet

T [GeV]

0.6

0.7

0.8

0.9

1.0

1.1

1.2

R
je

t
A

A

OO/pp @ 5.36 TeV
inclusive jets:Rakt = 0.4, |! jet| < 2.1
EPPS21 + NLO QCD + coherent energy loss

No quenching
OO: 0-30%
OO: 30-100%
NeNe

30 40 50 100 500
pjet

T [GeV]

-0.01

0

0.01

0.02

0.03

vje
t

2
OO/pp @ 5.36 TeV

inclusive jets:R = 0.4, |! jet| < 2.1

EPPS21 + NLO QCD + coherent energy loss

OO: 0-30%
OO: 30-100%
NeNe

• RAA  is similar (Ne slightly bigger)
• v2 is different for NeNe 
• v3 is similar for NeNe
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Nuclear structure with jets!
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2. Coherence angle in light-ions
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• Resolution angle, 𝜗3 	~ )𝑞𝐿$ 45/7 how many partons are resolved and lose energy.

• 𝑃𝑏𝑃𝑏 jets are resolved: • 𝑂𝑂 jets are unresolved:
! ! " #"#$ ! ! $ #"#$

𝑅&"' 𝑅&"'
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2. Coherence angle in light-ions
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• Color-coherence is different in PbPb and OO!
• Cone-size dependence is different in PbPb and OO!

!"!"

##
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1. Powerful framework:

• Good agreement with data: 𝑅88	&	𝑣7	𝑣𝑠	 𝑝. , 𝑅, %, 𝑠, (𝑃𝑏, 𝐴𝑢, 𝑂) 

2. Bayesian study of preequilibrium quenching. 

3. Jet quenching in small systems (##  and $%$%):

• RAA  prediction for CMS and ALICE.

• Indication of energy loss and QGP formation in OO.

• Nuclear structure with jets.

• Color-resolution in small systems.

Summary:
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Summary:
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Baseline Bulk Jet-bulk E-loss

• jets & hadrons
• NLO + Pythia
• EPPS21 nPDF 

NPC23 FF

• JMWLK 
+ IP-Glasma 
+ MUSIC 
+ UrQMD

• Lab-frame
• )𝑞	~	𝑇$
• preeq attractor

• Inel. eloss 
(HO + GLV)

• Elastic eloss (𝑒̂)
• Bayesian fit
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Thank you for your attention!
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Bayesian parameter estimation
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Fitting only jet 𝑅88:

• little constraint on preeq!

• later quenching ⇿ smaller gmed.

Simultaneous fit of jet 𝑅88	&	𝑣7:

• constraint on preeq!

• Quenching starting time

𝜏-9: 	 ≲	𝜏%&' 𝜏!"# : earlies quenching

𝑔!$% : jet-medium coupling

(Sensitivity to other parameters is in 2402.07869) 
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Jet quenching at the LHC [ATLAS, 1805.05635, 2211.15257, 2111.06606]
[CMS, 1611.01664, 2102.13080]

[ALICE, 1802.09145, 2303.00592]
[STAR 2006.00582]

Adam Takacs (Heidelberg) Light ion collisions at the LHC 2025, CERN

https://arxiv.org/abs/1805.05635
https://arxiv.org/abs/2211.15257
https://arxiv.org/abs/2111.06606
https://arxiv.org/abs/1611.01664
https://arxiv.org/abs/2102.13080
https://arxiv.org/abs/1802.09145
https://arxiv.org/abs/2303.00592
https://arxiv.org/abs/2006.00582


29

! !
!"#

$

Centrality

Jet cone 
size

Jet quenching at the LHC [ATLAS, 1805.05635, 2211.15257, 2111.06606]
[CMS, 1611.01664, 2102.13080]

[ALICE, 1802.09145, 2303.00592]
[STAR 2006.00582]
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Jet quenching at RHIC
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Predictions

Fits
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Jet cone

[ATLAS, 1805.05635, 2211.15257, 2111.06606]
[CMS, 1611.01664, 2102.13080]

[ALICE, 1802.09145, 2303.00592]
[STAR 2006.00582]
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Possible refinements: running coupling, (𝑞 𝑇 , broadening.

Hadron flow in PbPb
" %

&

Centrality

• Jet 𝑅(( 	&	𝑣)  !
• First time applied to hadron 𝑅((  !
• Hadron 𝑣)  needs further improvements.

[ATLAS, 1805.05635, 2211.15257, 2111.06606]
[CMS, 1611.01664, 2102.13080]

[ALICE, 1802.09145, 2303.00592]
[STAR 2006.00582]
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