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Jet quenching measurements

2



Bayesian inference + jet quenching 
1. How can we make a consistent picture? 
2. What physics can we extract? 
3. What information is contained in each observable? 

Bayesian inference in the EIC era 
4. Tools and lessons from present to future 
5. e.g. EIC + forward LHC/RHIC + Bayesian inference
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Concept: Bayesian Inference

4

Data

Model

PhysicsAnalysis

Slide: Yi Chen

Insight into physics via rigorous data-model comparison
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Concept: Bayesian Inference

4

Data

Model

PhysicsAnalysis

Slide: Yi Chen

Insight into physics via rigorous data-model comparison
and provide feedback on next generation of measurements and models
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Bayesian inference
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๏ Approach enables computationally tractable approach to extract parameters 
๏ Although still CPU intensive!

<latexit sha1_base64="XEBnhVnNxadIJeFppxllW83yEj0="></latexit>

P(θ|x) = P(x|θ)P(θ)
P(x)

๏ : posterior dist.: 
prob of  given x 
๏ Most prob. value 

 best description of data

<latexit sha1_base64="GbWtUyXVllmuns1QgjcTP4vzgvY="></latexit>

P(θ|x)
<latexit sha1_base64="WZyrCyTTnrzb84h7VEEmRgafkOQ="></latexit>

θ

→

๏ : likelihood 
x is described by  
๏ Depends on covariance, 

data + theory uncert.

<latexit sha1_base64="EsCUI3v4bGyTkrkKGdqPPdJD3Uw="></latexit>

P(x|θ)
<latexit sha1_base64="WZyrCyTTnrzb84h7VEEmRgafkOQ="></latexit>

θ
๏ : prior 

distribution for  
๏ Choice makes 

assumptions explicit

<latexit sha1_base64="C/Txm9Z3egtb8vWjcNRFOT7Xdk4="></latexit>

P(θ)
<latexit sha1_base64="WZyrCyTTnrzb84h7VEEmRgafkOQ="></latexit>

θ

 Posterior encodes everything we want to learn→

๏ Combine knowledge of theory and experiment to constrain parameters 
๏ Given data  and parameters , we can apply Bayes’ theorem

<latexit sha1_base64="JYhvOgA2cEKP30sridIvS6S/bFg="></latexit>

~x
<latexit sha1_base64="YfGr/0zC2MiJj6CQRS0ZLcZZqeo="></latexit>

~θ
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Bayesian Inference in heavy-ion collisions (non-exhaustive) 

6

Next step in program: 
Comprehensive 
hadron + jet 
calibration…

Trajectum, 
arXivV:2304.06191

JETSCAPE, 
PRL 126 (2021) 24, 242301

Ke, Wang, JHEP 05 (2021) 041

JETSCAPE 
PRC 104 (2021) 2, 024905
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Bayesian inference with inclusive hadron and jet RAA
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๏ Hadron + jet  

๏ 3 , all eligible data 

๏ Treat experimental uncertainty 
correlations where possible

RAA
sNN

Data

JETSCAPE, arXiv: 2408.08247

Model ๏ Multi-stage: MATTER+LBT 
๏ Calibrated 2+1D hydro 
๏ Extract parametrized  
๏ Goal: What do jets bring to the analysis?

̂q (T, E, Q)

Strategy ๏ Active learning to determine design points 
๏ Significant computing effort: 

O(10M) CPU hours 
๏ Calculated many more observables for 

differential studies
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Inclusive hadron and jet  dataRAA

8arXiv:2408.08247

: ATLAS Hadron  @ 5.02 TeV after cutoff date1 RAA

๏ We adopt an agnostic approach: 
all qualified dataset by a cutoff time 
(Feb 2022) are included  
๏ “Qualified” = right category, in 

target phase space, possible to 
compare rigorously 

๏ In total 729 data points used, jump up 
from previous iteration of analysis of 
similar nature 

๏ Reported uncertainty sources + 
estimate for the res

1
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 parametrization̂q

9arXiv:2408.08247
JETSCAPE, Phys.Rev.C 107 (2023) 3, 034911  
JETSCAPE, arXiv:2301.02485

๏ Taken as one possible candidate model 
๏ Later: take advantage of JETSCAPE as a modular framework
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Active learning design points

10Journal of Artifi

Prioritize reducing predictive error across the full space
Do not look at experimental data during this process

arXiv:2408.08247
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From Prior to Posterior
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Analysis

Data 
Calculation

Data 
Best fit

JETSCAPE Preliminary

JETSCAPE Preliminary

arXiv:2408.08247
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Data-posterior comparison
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Reasonable overall 
agreement

Some tension for 
particular measurements

(Don’t stare too closely, we’ll 
explore zoomed figures)

Data 
Best fit

arXiv:2408.08247
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Posteriors: hadron  at low RAA pT
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Good agreement 
at lower pT

Fairly consistent 
across experiments

arXiv:2408.08247
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Posteriors: hadron  at high RAA pT
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Some tension at higher pT

Uncertainty smallest at lower  
→ drives result

pT

arXiv:2408.08247
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Posteriors: jet RAA
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Generally reasonable 
agreement

arXiv:2408.08247
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Parameter posterior distribution

16

0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.450

0.01

0.02

0.03

0.04

0.05

0.06

0.07 Combined
Hadron

0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.451

2

3

4

5

6

7

8

9

0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.450

0.2

0.4

0.6

0.8

1

1.2

1.4

0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.450

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

2.2

0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.450

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

2.2

0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.450

0.5

1

1.5

2

2.5

3

3.5

4

4.5

1 2 3 4 5 6 7 8 90.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

1 2 3 4 5 6 7 8 90

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

1 2 3 4 5 6 7 8 90

0.2

0.4

0.6

0.8

1

1.2

1.4

1 2 3 4 5 6 7 8 90

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

2.2

1 2 3 4 5 6 7 8 90

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

2.2

1 2 3 4 5 6 7 8 90

0.5

1

1.5

2

2.5

3

3.5

4

4.5

0 0.2 0.4 0.6 0.8 1 1.2 1.40.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0 0.2 0.4 0.6 0.8 1 1.2 1.41

2

3

4

5

6

7

8

9

0 0.2 0.4 0.6 0.8 1 1.2 1.40

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0 0.2 0.4 0.6 0.8 1 1.2 1.40

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

2.2

0 0.2 0.4 0.6 0.8 1 1.2 1.40

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

2.2

0 0.2 0.4 0.6 0.8 1 1.2 1.40

0.5

1

1.5

2

2.5

3

3.5

4

4.5

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.20.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.21

2

3

4

5

6

7

8

9

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.20

0.2

0.4

0.6

0.8

1

1.2

1.4

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.20

0.005

0.01

0.015

0.02

0.025

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.20

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

2.2

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.20

0.5

1

1.5

2

2.5

3

3.5

4

4.5

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.20.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.21

2

3

4

5

6

7

8

9

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.20

0.2

0.4

0.6

0.8

1

1.2

1.4

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.20

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

2.2

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.20

0.005

0.01

0.015

0.02

0.025

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.20

0.5

1

1.5

2

2.5

3

3.5

4

4.5

0 0.5 1 1.5 2 2.5 3 3.5 4 4.50.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0 0.5 1 1.5 2 2.5 3 3.5 4 4.51

2

3

4

5

6

7

8

9

0 0.5 1 1.5 2 2.5 3 3.5 4 4.50

0.2

0.4

0.6

0.8

1

1.2

1.4

0 0.5 1 1.5 2 2.5 3 3.5 4 4.50

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

2.2

0 0.5 1 1.5 2 2.5 3 3.5 4 4.50

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

2.2

0 0.5 1 1.5 2 2.5 3 3.5 4 4.50

0.01

0.02

0.03

0.04

0.05

0.1 0.2 0.3 0.4

sα

sα

0
1
2
3
4

3ln c 3ln c

2 4 6 8

0Q

2 4 6 8

0Q

0
0.5

1
1.5

2

2ln c

0
0.5
1
1.5
2

2ln c

0 0.5 1

0τ

0 0.5 1

0τ

0
0.5

1
1.5

2

1ln c

0
0.5
1
1.5
2

1ln c

0 0.5 1 1.5 2

1ln c

0 0.5 1 1.5 2

1ln c

0

0.5

1
0τ

0

0.5

1
0τ

0 0.5 1 1.5 2

2ln c

0 0.5 1 1.5 2

2ln c

2
4
6
8

0Q

2
4
6
8

0Q

0 1 2 3 4

3ln c

0 1 2 3 4

3ln c

sα

0.1

0.2

0.3

0.4

sα

Not much sensitivity 
to c1 and c2. 

 We’ll skip them 
for now

→

arXiv:2408.08247
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Parameter posterior distribution
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Wide  up to ~1 fm/cτ0

arXiv:2408.08247
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Extracting ̂q
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Here we plot the  
when virtuality is low 

i.e., 

̂q

̂q = ̂qrun
HTL × f(Q2)

arXiv:2408.08247

Put everything together 
to extract ̂q
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Not all  are equivalent̂q
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Details of  extraction 
are important! 

  Comparisons may 
not be equivalent

̂q

→

Apolinário, Lee, Winn: Prog.Part.Nucl.Phys. 127 (2022) 103990

https://inspirehep.net/literature/2060086
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Not all  are equivalent̂q

19

Details of  extraction 
are important! 

  Comparisons may 
not be equivalent

̂q

→

arXiv:2408.08247

JETSCAPE calibrations 
are consistent when 
evaluated at same μ2



What’s next? 

1. Differential studies of model consistency 
2. What information is contained in each observable?
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Hadron vs jet RAA

21

Analysis with 
only jet data

Analysis with 
only hadron data
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arXiv:2408.08247



Raymond Ehlers (LBNL/UCB) - 29 July 2024

0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
T (GeV)

0

2

4

6

8

10

12

14

3
/Tq

2
0 = Q2µ = 100 GeV, refE

Posterior median and 90% range

Hadron

Jet

Hadron vs jet RAA

22

2 4 6 8 10 12
3/Tq

0

0.1

0.2

0.3

0.4

0.5

0.6

Po
st

er
io

r (
a.

u.
)

 = 200 MeVref = 100 GeV, TrefE
2
0 = Q2µPosterior, 

Hadron

Jet
Combined

arXiv:2408.08247



Raymond Ehlers (LBNL/UCB) - 29 July 2024

Centrality dependence
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arXiv:2408.08247
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Kinematic ranges
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Is the difference we see inherent in the type 
of observables, or due to another source?

One potential candidate: kinematic range

 expected to be consistent across 
observables?

̂q

arXiv:2408.08247
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Full  rangepT

arXiv:2408.08247
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Only hadrons  GeV pT > 30

arXiv:2408.08247
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Full  rangepT

๏ Low  dominates due to small exp. uncert. 
๏ High  in line with jet data 
๏ Points to phase space for model improvement 
๏ Theory uncertainty is important! 

๏ eg. No shadowing included 
๏ Small exp. uncertainty where theory has 

largest uncertainty

pT
pT

arXiv:2408.08247
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Jets and jet substructure

26

๏ What (additional) information do jet substructure observables contain? 
๏ Further insight into differences in  from hadron- and jet-only extractions? 
๏ Exploratory investigation with simplified but consistent error treatment 

๏ Focus on 0-10% central data 
๏ Baseline: Jet  only

̂q

RAA
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JETSCAPE Preliminary

Constraints on ̂q

27

๏ Consistent description of jet 
 with substructure 

observables
RAA

๏ Substructure yields stronger 
relative constraint1

1Recent note: relative constraint holds, but y-scale may vary
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JETSCAPE Preliminary

Constraints on ̂q

27

๏ Consistent description of jet 
 with substructure 

observables
RAA

๏ Substructure yields stronger 
relative constraint1

๏ Tension between inclusive jets 
and (low ) hadrons, but low  jet 
fragmentation consistent…?

pT z

1Recent note: relative constraint holds, but y-scale may vary
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Bayesian Inference: Some take-away messages

28

1. Need fully apples-to-apples comparison 
of extracted medium properties  

2. Estimation of theory uncertainties 
3. Data agnostic approach 
4. Experimentalists: Report covariance 

(harder) or signed uncertainties (simpler)! 
• Covariance is important, 

especially for precision 
• See also: Yi Chen, INT 24-88W
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Towards the future: 
1. Lessons and tools from present to future 
2. An example: EIC + forward LHC + Bayesian inference
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Parametrization choices

30

๏ Parametrization choices 
significantly impact final extraction 

๏ Physics inspired approach 
๏ More constrained, but (often) 

more interpretable 
๏ Information field approach 

๏ More flexible but less 
interpretable 

๏ Trade-offs appropriate in different 
stages of comparison

More physics 
inspired

More 
flexible
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Improved uncertainty quantification + tools

31

๏ Uncertainty quantification + 
analysis tools are critical 

๏ Expensive forward model 
 emulate the calculation 

๏ New emulators with 
knowledge of uncertainties 
show meaningful 
improvement 

๏ ML: key role to play 
in Bayesian Inference 
๏ e.g. Cost-efficient methods

→

Roch et al, arXiv:2405.12019
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Model sensitivity + experimental design

32

JETSCAPE, PRC.103.054904
Observable sensitivity to posterior perturbation Identifying new + sensitive observables

e.g. “Bayesian experimental design”

RE, Nucl.Phys.A 1043 (2024) 122821 
(Predictions for the sPHENIX physics program)
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Model sensitivity + experimental design

32

JETSCAPE, PRC.103.054904
Observable sensitivity to posterior perturbation Identifying new + sensitive observables

e.g. “Bayesian experimental design”

RE, Nucl.Phys.A 1043 (2024) 122821 
(Predictions for the sPHENIX physics program)

Nijs, van der Schee, PRC 106 (2022) 4, 044903
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Connecting Forward LHC + EIC

33

๏ Complementarity between 
forward LHC/RHIC + EIC 

๏ Bayesian inference: 
essential for comprehensive analysis of 
heterogeneous datasets (EIC, fLHC, 
fRHIC) with rigorous theory to explore 
linear/non-linear QCD evolution

EIC 
yellow report

Forward LHC

๏ Model consistency with data 
๏ Models which best describe 

data (Bayes evidence) 
๏ Observable sensitivity 

studies
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Summary

๏ New  extraction including jet : arXiv:2408.08247 
๏ Includes all applicable experimental data 
๏ Overall reasonable description of data 

๏ Studies on hadron vs jet, jet substructure point to 
regions of agreement, tension

̂q RAA

34

๏ Many lessons learned and tools developed, to 
be applied in era of HIC + EIC

๏ General tool to investigate models 
๏ Pinpoint regions of interest, 

provide important feedback for models
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Bonus: So, you want to run JETSCAPE or X-SCAPE?

๏ Start with AA22 tune: PRC 107 (2023) 3, 034911 
๏ XML configuration file (on GitHub) 

๏ Currently requires pre-computed hydro events, 
which you need to request from JETSCAPE 
๏ Tuned on-the-fly hydro may be possible soon 

๏ MAP (presented here) available soon

Jet energy loss calculations

35

Bulk medium calculations

๏ Start with Bayesian soft-sector tune: 
PRL 126 (2021) 24, 242301, PRC 103 (2021) 5, 054904 
๏ XML configuration file (on GitHub) 

๏ Configuration corresponds to MAP parameters 
๏ Read the paper and README carefully, as some tweaks 

on the configuration may be necessary

TLDR (many caveats apply)
docker run -it jetscape/jetscape_full /bin/bash 
cd <BUILD_DIRECTORY>; ./runJetscape ../config/jetscape_user_PP19.xml    # Runs PP19 tune

๏ Start with the JETSCAPE summer school: https://indico.cern.ch/event/1282714/ 
๏ Information, documentation, hands-on exercises 
๏ Recorded on YouTube 
๏ If you want to get going right away, start with the hands-on session and see below

https://github.com/JETSCAPE/JETSCAPE/blob/main/config/publications_config/arXiv_2204.01163/jetscape_user_PbPb_2204.01163.xml
https://github.com/JETSCAPE/JETSCAPE/blob/main/config/publications_config/arXiv_2011.01430/jetscape_user_AA_2011.01430.xml
https://indico.cern.ch/event/1282714/
https://www.youtube.com/watch?v=ImT9bCsvEaY&list=PLcszmtpeQYuIEgvG9NzdiruUXK-UFdc0I


Backup
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JETSCAPE Framework

37
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Bayesian Inference workflow

38

Model + System 
Parameters

Gaussian Process 
Emulator

Physics Model

Experimental 
Data

MCMC

Bayes’ Theorem

Posterior 
Distribution
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Bayesian experimental design

39RE, Nucl.Phys.A 1043 (2024) 122821 
(Predictions for the sPHENIX physics program)
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Evaluating virtuality dependence for ̂q

40

Q2

f(Q2)

Average

Evaluated

Average over the whole thing ⟨ f(Q2)⟩ < f(Q2
0)

Imagine for now we stay with latest analysis
̂q = ̂qrun

HTL × f(Q2)

1

Q2
0
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Virtuality dependence: f( )Q2

41

JETSCAPE VERY Preliminary


