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Jet quenching: big picture 
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Jet quenching is multi-messenger physics:

Measure a system in multiple different ways and require a consistent picture

We need to connect this rich experimental phenomenology with theoretical 

modeling to learn about the structure and dynamics of the Quark-Gluon 

Plasma

Incl hadron suppression (ch, p0)

Incl D/B-meson RAADi-hadron IAA (high pT)

Incl jet suppression

h+jet IAA
g/Z+hadron IAA

g/Z+jet IAA

Groomed jet substructure

Jet+h: large-angle 

radiation

Jet+h: FF

Jet profile

Jet acoplanarity

Incl D/B-jet RAA

Jet v2

Light hadron vn

D-meson vn

g/Z+jet xJ, 

energy balance

Small systems

Incl g/Z production

RHIC vs LHC

Di-jet AJ
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Rigorous connection of data and models: 

Bayes’s Theorem 

Prior knowledge of N 

model parameters

Likelihood

Posterior: probability density of 

parameters giving best description of 

the data

Bayes’s Theorem:
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For a given model: (i) how well does it represent multi-dimensional data, and (ii) 

what parameters are most compatible with the data?

Bayesian inference:

• sample likelihood over N-dim. parameter space with “sufficient” granularity

• posterior distribution = prior distribution constrained by likelihood



Bayesian inference using JETSCAPE
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Collaboration of:

• NP experimentalists and theorists

• Data scientists

• Computer scientists

Framework for comprehensive modeling of heavy-ion collisions 

and Bayesian Inference with RHIC and LHC data
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Modeling ො𝑞
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L
Thermal field theory:

JETSCAPE 

parametrization
High jet virtuality

Q>>T

Low jet virtuality Q~T

(sensitive to thermal medium)
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+

=

Posterior distributions

+ +

Prior distributions

+

Phys.Rev.C 104 (2021) 2

+

Bayesian inference: 

ො𝑞 from inclusive hadron RAA



Posterior distributions: what can we learn?
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[slightly different formula: Q is switching scale between 

Matter (virtuality-ordered) + LBT(thermal) e-loss]

• (anti-)correlation of parameters

• impact of RHIC vs LHC data

• etc.

Tension with data: model is incorrect or 

incomplete

Successful proof-of-principle of 

the Bayesian approach

Phys.Rev.C 104 (2021) 2



Energy loss: hadrons vs jets (inclusive)
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𝑅𝐴𝐴 = 
𝑑𝑁𝐴𝐴

ℎ𝑎𝑟𝑑/𝑑𝑝𝑇

𝑇𝐴𝐴 𝑑𝜎𝑝𝑝
ℎ𝑎𝑟𝑑/𝑑𝑝𝑇

Let’s table the question until the lecture on Bayesian Inference, when 

we will study it in detail

Hadrons vs jets at LHC

J. Harris and B. Mueller, EPJ C84 247 (2024)

Jets at RHIC and LHC

ALICE, EPJ C84 813 (2024)

Jets probe much higher pT

Phenomenology: broadly similar at RHIC vs LHC, hadrons vs jets

But quantitative differences: what do they teach us?
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Theoretical Model
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JETSCAPE Framework:

Hydro: calibrated 2+1D hydro
Bernhard, Moreland, and Bass, 

Nat. Phys. 15, 1113–1117 (2019)

Jet quenching:

multistage, virtuality-dependent

MATTER + LBT
JETSCAPE, Phys.Rev.C 107 (2023) 3, 034911

JETSCAPE, arXiv:2301.02485
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ො𝑞 𝐸, 𝜇2, 𝑇 = ො𝑞𝐻𝑇𝐿 × 𝑓(𝜇2)

ො𝑞𝐻𝑇𝐿

𝑇3
= 𝐶𝑎

50.48

𝜋
𝛼𝑠,run 𝜇2 𝜶𝒔,𝐟𝐢𝐱log

2𝐸𝑇

6𝜋𝑇2𝜶𝒔,𝒇𝒊𝒙

𝑓 𝜇2 = 𝑁
𝑒

𝒄𝟑 1−
𝜇2

2𝑀𝐸 − 1

1 + 𝒄𝟏log
𝜇2

Λ𝑄𝐶𝐷
2 + 𝒄𝟐log2 𝜇2

Λ𝑄𝐶𝐷
2

𝜇≥𝑸𝟎

• 𝛼𝑠,𝑓𝑖𝑥 

• 𝑐1, 𝑐2, 𝑐3 

• 𝑄0 switching virtuality
• 𝜏 (start time)

6 parameters

𝑁 = Τ1 𝑓 𝑄0
2

Phys.Rev.C 111 (2025) 054913

𝑓 𝜇2  incorporates coherence effects 

which reduce ො𝑞 for 𝜇 ≥ 𝑄0



Theoretical Model
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Physically-motivated model which provides a 
valuable test-bench for development

JETSCAPE framework is modular

• other models can be implemented

• crucial future direction 

JETSCAPE Framework:

Hydro: calibrated 2+1D hydro
Bernhard, Moreland, and Bass, 

Nat. Phys. 15, 1113–1117 (2019)

Jet quenching:

multistage, virtuality-dependent

MATTER + LBT
JETSCAPE, Phys.Rev.C 107 (2023) 3, 034911

JETSCAPE, arXiv:2301.02485

 

𝑓 𝜇2  includes coherence effects;

reduces ො𝑞 for 𝜇 ≥ 𝑄0
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ො𝑞 𝐸, 𝜇2, 𝑇 = ො𝑞𝐻𝑇𝐿 × 𝑓(𝜇2)

ො𝑞𝐻𝑇𝐿

𝑇3
= 𝐶𝑎

50.48

𝜋
𝛼𝑠,run 𝜇2 𝜶𝒔,𝐟𝐢𝐱log

2𝐸𝑇

6𝜋𝑇2𝜶𝒔,𝒇𝒊𝒙

𝑓 𝜇2 = 𝑁
𝑒

𝒄𝟑 1−
𝜇2

2𝑀𝐸 − 1

1 + 𝒄𝟏log
𝜇2

Λ𝑄𝐶𝐷
2 + 𝒄𝟐log2 𝜇2

Λ𝑄𝐶𝐷
2

𝜇≥𝑸𝟎

• 𝛼𝑠,𝑓𝑖𝑥 

• 𝑐1, 𝑐2, 𝑐3 

• 𝑄0 switching virtuality
• 𝜏 (start time)

6 parameters

𝑁 = Τ1 𝑓 𝑄0
2

Phys.Rev.C 111 (2025) 054913



Data sets 
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Hadrons vs jets at LHC

J. Harris and B. Mueller, EPJ C84 247 (2024)

Jets at RHIC and LHC

ALICE, EPJ C84 813 (2024)



Data sets
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All hadron and jet RAA data from 

RHIC and LHC  published prior 

to Febuary 2022

729 data points
• previous JETSCAPE ො𝑞 

calibration: 66 datapoints 
Phys.Rev.C 104 (2021) 024905

Uncertainty covariance taken 

from publication or estimated

Phys.Rev.C 111 (2025) 054913



Bayesian Inference in practice
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Model calculation only at 

limited number of parameter 

“design points”

 → interpolation

Optimize interpolation error: choice of design points

• AI/ML methods: active learning

Large computing effort: O(10M) CPU-hours on NSF HPC facilities

Broad-based results: many physics observables calculated for differential 

studies

ො𝑞𝐻𝑇𝐿

𝑇3
= 𝐶𝑎

50.48

𝜋
𝛼𝑠,run 𝜇2 𝜶𝒔,𝐟𝐢𝐱log

2𝐸𝑇

6𝜋𝑇2𝜶𝒔,𝒇𝒊𝒙

𝑓 𝜇2 = 𝑁
𝑒

𝒄𝟑 1−
𝜇2

2𝑀𝐸 − 1

1 + 𝒄𝟏log
𝜇2

Λ𝑄𝐶𝐷
2 + 𝒄𝟐log2 𝜇2

Λ𝑄𝐶𝐷
2

𝜇≥𝑸𝟎

• 𝛼𝑠,𝑓𝑖𝑥 

• 𝑐1, 𝑐2, 𝑐3 

• 𝑄0 switching virtuality
• 𝜏 (start time)

6 parameters

Phys.Rev.C 111 (2025) 054913



From prior to posterior
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JETSCAPE Preliminary

Data

Calculated priors

Data

Posterior = priors with best fit

analysis
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Phys.Rev.C 111 (2025) 054913
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What does this tell us?

Posterior distribution compared to all jet 

and hadron RAA data (prior to Feb ’22)

Broadly: fairly good agreement of 

model + data

But detailed examination reveals 

significant tension

→ model (MATTER+LBT+ ෝ𝑞 ) 
is missing key elements 

Phys.Rev.C 111 (2025) 054913



Parameter posterior distributions
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Combined: inclusive hadron and jet 

Hadron: inclusive hadron 

𝛼s,fix: 0.3 – 0.4

Q0: ~1-2 GeV

𝜏𝑜: < 1 fm/c

c3: larger values preferred

c1,c2: little sensitivity (not shown)

ො𝑞 𝐸, 𝜇2, 𝑇 = ො𝑞𝐻𝑇𝐿 × 𝑓(𝜇2)

ො𝑞𝐻𝑇𝐿

𝑇3
= 𝐶𝑎

50.48

𝜋
𝛼𝑠,run 𝜇2 𝜶𝒔,𝐟𝐢𝐱log

2𝐸𝑇

6𝜋𝑇2𝜶𝒔,𝒇𝒊𝒙

𝑓 𝜇2 = 𝑁
𝑒

𝒄𝟑 1−
𝜇2

2𝑀𝐸 − 1

1 + 𝒄𝟏log
𝜇2

Λ𝑄𝐶𝐷
2 + 𝒄𝟐log2 𝜇2

Λ𝑄𝐶𝐷
2

𝜇≥𝑸𝟎

• 𝛼𝑠,𝑓𝑖𝑥 

• 𝑐1, 𝑐2, 𝑐3 

• 𝑄0 switching virtuality
• 𝜏 (start time)

6 parameters

Phys.Rev.C 111 (2025) 054913



Extracting ො𝑞
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Put everything together: extract ො𝑞

Plot ො𝑞 at low virtuality: ො𝑞 =  ො𝑞𝐻𝑇𝐿
𝑟𝑢𝑛 × 𝑓 𝑄2

Phys.Rev.C 111 (2025) 054913



Hadron vs jet RAA
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Phys.Rev.C 111 (2025) 054913



Data sets 
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Hadrons vs jets at LHC

J. Harris and B. Mueller, EPJ C84 247 (2024)

Jets at RHIC and LHC

ALICE, EPJ C84 813 (2024)



Hadron vs jet RAA
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Phys.Rev.C 111 (2025) 054913



Hadron RAA: low vs high pT
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Combined calibration

Only hadron pT>30 GeV/c

Low  pT hadrons dominate

• due to small experimental uncertainties 

pT dependence of model does not describe data:
• NLO or non-pert. correction to HTL expression of ො𝑞 ?

• HTL not the correct framework? Nuclear shadowing? ...?

High pT hadrons consistent with jet data

Missing: theory uncertainty 

• large where exp uncert is small

Vary hadron pT threshold

Phys.Rev.C 111 (2025) 054913



Comparison to previous calibration
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First JETSCAPE ො𝑞 calibration
PRC 104 (2021) 024905 

• hadron RAA only

• reported at 𝜇2=2.7 GeV2

Evolve current analysis to compare at 

same scale 

→ consistent

→ evolution captured correctly by 

Bayesian calibration

Phys.Rev.C 111 (2025) 054913



Bayesian inference of jet quenching: next steps
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Add new observables

• Jet substructure

• Coincidence channels: /Z+jet, h+jet, di+jet

• Heavy flavor

→ adding new observables must be done slowly and cautiously; dialing 

too many knobs at once is just confusing

Add new models:

• integration of Hybrid Model (JHEP 1410, 19 (2014)) in progress

• Radically different approach vis a vis JETSCAPE: energy loss in QGP  

based on AdS/CFT approach

→ Compare and contrast
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