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Jet quenching: big picture

Jet quenching is multi-messenger physics:
Measure a system in multiple different ways and require a consistent picture

| Incl hadron suppression (ch, n°) |

Binary neutron star merger

Incl D/B-meson Ry

Jet+th: large-angle
radiation

GW170817 | Divhadron I, (high py) |
GRB170817A

Incl y/Z production

htjet Ixa

y/Z+hadron Ix
Y/Z+Hjet Izp

Incl D/B-jet Rxa

Y/Z+jet x;,
energy balance

Q.’

RHIC vs LHC

Jet acoplanarity

We need to connect this rich experimental phenomenology with theoretical
modeling to learn about the structure and dynamics of the Quark-Gluon
Plasma
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Rigorous connection of data and models:
Bayes’s Theorem

For a given model: (1) how well does it represent multi-dimensional data, and (i1)
what parameters are most compatible with the data?

Bayes’s Theorem:

Likelihood

Prior knowledge of N
QO model parameters
. P(datal|d @\
P(f|data)= P(data)

Posterior: probability density of
parameters giving best description of
the data

9 : Model parameters

Bayesian inference:
* sample likelithood over N-dim. parameter space with “sufficient” granularity
* posterior distribution = prior distribution constrained by likelihood
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Bayesian inference using JETSCAPE M
| JETSCAPE

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

Model + System
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P Bayes’ Theorem Distribution

- U o
B B v

‘ %g% . mmnan:nnamm

Hadronic Cascade




PHYSICAL REVIEW C 104, 02490:’6)23
v

Determining the jet transport coefficient § from inclusive hadron suppression
measurements using Bayesian parameter estimation

S. Ca0."? Y. Chen,’ J. Coleman,* J. Mulligan,> P. M. Jacobs,>® R. A. Soltz."” A. Angerami.” R. Arora,® S. A. Bass,’

L. Cunqueiro,'®!" T, Dai,” L. Du,'? R. Ehlers,'®!! H. Elfner,'*!*13 D, Everett,'> W. Fan,’ R. J. Fries,'%!" C. Gale,!®

F. Garza,'®'7 Y. He,'” M. Heffernan,'® U. Heinz,'> B. V. Jacak.>® S. Jeon,'® W. Ke,>% B. Kim,'®!” M. Kordell, IL,'¢

A. Kumar,' A. Majumder,' S. Mak,* M. McNelis,'? C. Nattrass,'” D. Oliinychenko.® C. Park,'®! J.-F. Paquet.” J. H. Putschke.
G. Roland,”® A. Silva,' B. Schenke.?! L. Schwiebert.”> C. Shen,->* C. Sirimanna,! Y. Tachibana,’** G. Vujanovic,'
X.-N. Wang,'®->¢ R. L. Wolpert,* and Y. Xu’
(JETSCAPE Collaboration)
' Department of Physics and Astronomy, Wayne State University. Detroit, Michigsan 48201, USA

We report a new determination of §, the jet transport coefficient of the quark-gluon plasma. We use the
JETSCAPE framework, which incorporates a novel multistage theoretical approach to in-medium jet evolution
and Bayesian inference for parameter extraction. The calculations, based on the MATTER and LBT jet quenching
models, are compared to experimental measurements of inclusive hadron suppression in Au 4+ Au collisions at
the BNL Relativistic Heavy lon Collider (RHIC) and Pb + Pb collisions at the CERN Large Hadron Collider
(LHC). The correlation of experimental systematic uncertainties is accounted for in the parameter extraction.
The functional dependence of § on jet energy or virtuality and medium temperature is based on a perturbative
picture of in-medium scattering, with components reflecting the different regimes of applicability of MATTER
and LBT. In the multistage approach, the switch between MATTER and LBT is governed by a virtuality scale Q.
Comparison of the posterior model predictions to the RHIC and LHC hadron suppression data shows reasonable
agreement, with moderate tension in limited regions of phase space. The distribution of §/T> extracted from
the posterior distributions exhibits weak dependence on jet momentum and medium temperature 7', with 90%
credible region (CR) depending on the specific choice of model configuration. The choice of MATTER+LBT, with
switching at virtuality @y, has 90% CR of 2 < §/T* < 4 for prju > 40 GeV/c. The value of Q,, determined
here for the first time, is in the range 2.0-2.7 GeV.
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Modeling g

<= hard
production
Thermal ﬁel(zi th:ory: C (q) = Scattering kernel
C ( ) _ gsmpT 5 q = Momentum transfer
q” (@ + mp) T = Temperature
mD _ 395 T2/2 mp = Debye mass
JETSCAPE
parametrization
L : High jet virtuality Low jet virtuality Q~T
‘,:‘;"r',“‘t"e°n::;";';‘:[:' - Q>>T (sensitive to thermal medium)

§(E.T)|aBcp C(S) ? A [In(F) —In(B)]
ancn _ 40,43 (4)
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Bayesian inference:
q from inclusive hadron R, ,

JETSEAPE

/\.<4. Event Generator Ingredients

At

JETSCAFPE
Phys.Rev.C 104 (2021) 2
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Posterior distributions: what can we learn? M
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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
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Tension with data: model 1s incorrect or

incomplete
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the Bayesian approach

Successful proof-of-principle of

Jet quenching in The QGP



Energy loss: hadrons vs jets (inclusive)

_ _ aNgg™%/dpr
AA (T ga)dale™ /dpy

RHIC and LHC

=04 STAR AU+AU |5, = 200 GeV —|
® ALICGE Pb-Pb |5, =502 TeV |
® ATLAS Pb—Ph |5, =502 TeV -
® CMS Pb-Pb |5, =502 Tev |

Hadrons vs jets at LHC
< 2t

c 18/ ALICE |s,,=502TeV
1 6; Charged particles

Jets, anti-k;, =04

©0-5% |
1.4-  m ALCE 1
12+¢ CMS +_+H
1 : _________________________________ .“%+ » |
0.8~ +_+,#6+d- ]
0.6 : - ]
0.4- il -
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= ] E
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Jets probe much higher pTT
Phenomenology: broadly similar at RHIC vs LHC, hadrons vs jets
But quantitative differences: what do they teach us?

Let’s table the question until the lecture on Bayesian Inference, when
we will study it in detail .
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PHYSICAL REVIEW C 111,05491362025))

Bayesian inference analysis of jet quenching using inclusive jet and hadron
suppression measurements

R. Ehlers®,"? Y. Chen,>*? J. Mulligan,"2 Y. Ji.® A. Kumar,”%? S. Mak.® P. M. Jacobs,"? A. 1\/[aju111¢:ler,9 A. Angerami,](J
R. Arora,'' S. A. Bass,'2 R. Datta,’ L. Du,®"2 H. Elfner,'>'*'> R. J. Fries,'®!” C. Gale.® Y. He,'®' B. V. Jacak,'* S. Jeon,®
F. Jonas,'? L. Kasper,> M. Kordell, I,'%!7 R. Kunnawalkam-Elayavalli,’ J. Latessa,'! Y.-J. Lee.>* R. Lemmon,?’ M. Luzum,?”!
A. Mankolli,’ C. Martin,?? H. Mehryar,!" T. Mengel,?* C. Nattrass,?? J. Norman,” C. Parker,'®!” J.-F. Paquet.’ J. H. Putschke,’
H. Roch.” G. Roland.** B. Schenke.?* L. Schwiebert,'" A. Sengupta.'®!7 C. Shen.”> M. Singh,’ C. Sirimanna.’'?> D. Soeder.’®
R. A. Soltz.”'° 1. Soudi,”?”-?® Y. Tachibana,”® J. Velkovska,? G. Vujanovic,” X.-N. Wang**!2 X. Wu,*? and W. Zhao®-!:
(JETSCAPE Collaboration)

' Department of Physics, University of California, Berkelev, California 94270, USA

The JETSCAPE Collaboration reports a new determination of the jet transport parameter § in the quark-gluon
plasma (QGP) using Bayesian inference, incorporating all available inclusive hadron and jet vield suppression
data measured in heavy-ion collisions at the BNL Relativistic Heavy lon Collider (RHIC) and the CERN Large

Hadron Collider (LHC). This multi-observable analysis extends the previously published JETSCAPE Bayesian
inference determination of §, which was based solely on a selection of inclusive hadron suppression data.

JETSCAPE is a modular framework incorporating detailed dynamical models of QGP formation and evolution,
and jet propagation and interaction in the QGP. Virtuality-dependent partonic energy loss in the QGP is modeled
as a thermalized weakly coupled plasma, with parameters determined from Bayesian calibration using soft-sector
observables. This Bayesian calibration of § utilizes active learning, a machine-learning approach, for efficient
exploitation of computing resources. The experimental data included in this analysis span a broad range in

collision energy and centrality, and in transverse momentum. In order to explore the systematic dependence of
the extracted parameter posterior distributions, several different calibrations are reported, based on combined jet
and hadron data; on jet or hadron data separately; and on restricted kinematic or centrality ranges of the jet and
hadron data. Tension is observed in comparison of these variations, providing new insights into the physics of
jet transport in the QGP and its theoretical formulation.

3/23/26 Measuring multi-body QCD
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Theoretical Model

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, 0349 ) :
JETSCAPE, arXiv:2301.02485 | | |

AN\t

JETILEAPE

Jet

q(E, u*,T) = g™ x f(u?)

v

f (u?) incorporates coherence effects

gHTL 50.48

2ET
=Cq—— Asrun (ﬂz)as fix108
T3 T ’ ’ 67‘[T2a5,fix

2
"3 (1_2!1t/IE) 1 10
f(u*) =N - -
/ 1+ cqlog <A‘2‘ ) + c,log? <Aé_‘ )
N =1/f(Q8) aco ¢P/ =0, 1
6 parameters
: : : : 107!
* dsfix ° Qo (switching virtuality)
* (q,CpC3 * T (starttime)
107
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which reduce g for u = Q,
1 I 1 | I I 1 I I I 1 I I | I | I I I

L IIIIII|
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1 IIIIII|
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Phys.Rev.C 111 (2025) 054913
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Theoretica

1 Model

AN\t

JETILEAPE

JETSCAPE Framework: Phys.Rev.C 111 (2025) 054913
Hydro: calibrated 2+1D hydro )
Bernhard, Moreland, and Bass, Physically-motivated model which provides a
Nat. Phys. 15, 111371117 (2019) valuable test-bench for development
Jet quenching: -

multistage, virtuality-dependent

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

JETSCAPE framework 1s modular

other models can be implemented

JETSCAPE, arXiv:2301.02485 e crucial future direction
q(E,p?,T) = @' x f(u?)
L f (u?) includes coherence effects;
q _ . 5048 a (U2)et, i1 log 2ET reduces g for u = Q,
T3 ~ ¢ Srun SIS\ 6T 2 fiy S L L L L L B BN N B
2 — -
u N ; : ]
ca [1- Gy, [without coherence effect]
F(u?) =N e’ ( ZME) —1 10 ~=E=10GeV ==E = 500 GeV—
2 2 S
1+ cqlog <Al21 ) + czlog? <Aé‘ ) O\ N —
_ 2 cD cD
N = 1/f(QO) Q Q MZQO 1 E_ éHTL'f(Qz) [m coherence effect_g
6 — —FE=10GeV —E =500GeV ]
parameters B .
o : : 107 5 7=04Gev =
* Qs fix * Qo (switching virtuality) = Running coupling =
’ : C a™=03,0,, =2 GeV -
* (1,Cy,C3 T (start time) [ ¢1=10,,=100 ]
10_2|||||||||||||||||||
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Data sets

All hadron and jet R, , data from
RHIC and LHC published prior
to Febuary 2022

729 data points
* previous JETSCAPE g

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

Uncertainty covariance taken
from publication or estimated

3/23/26

AN\t

JETILEAPE
Phys.Rev.C 111 (2025) 054913

qnclusive hadron Ra D
Collab. /ref. Systm Accept. |centr.|pT range
[TeV] % | [GeV/c]
STAR [101] Au-Au; 0.2 charged | |n| < 0.5 [[0,40]| [9,12]
ALICE [102] Pb—Pb; 2.76, 5.02|charged| |n| < 0.8 |[0,50]| [9,50]
ATLAS [99] Pb-Pb; 2.76 |charged| |p| <2 |[0,40]| [9,150]
CMS [103] Pb-Pb; 2.76  |charged| |n| < 1.0 |[0,50]| [9,100]
CMS [100] Pb-Pb; 5.02 |charged| |p| < 1.0 |[0,50] | [9,400]
PHENIX [104] Au-Au; 0.2 70 ln| < 0.35][0,50] | [9,20]
ALICE [105, 106] Pb—Phb; 2.76 0 7| < 0.7 |[0,50]| [9,20]
ALICE [107, 108] Pb—Phb; 2.76 TE || < 0.8 |[0,40]| [9,20]
ALICE [109] Pb—Pb; 5.02 7E 7] < 0.8 |[0,50]| [9,20]
Q. _Inclusive jet Raa _2
Collab. /ref. ||System; y/snn| type 2 Accept. |centr.| pr range
[TeV] % | [GeV/d]
STAR [110] || Au-Au; 0.2 |charged|[0.2,0.4]||n| <1 — R|[0,10]| [15,30]
ALICE [111] || Pb—Pb; 2.76 full 0.2 In| < 0.5 |[0,30]| [30,100]
ALICE [22] || Pb-Pb; 5.02 full | 02,04 | |»| <0.5 |[0,10]| [40,140]
ATLAS [112]|| Pb—Pb; 2.76 full 0.4 In] < 2.1 |[0,50]| [32,500]
ATLAS [113]|| Pb-Pb; 5.02 full 0.4 In| < 2.8 |[0,50]| [50,1000]
CMS [114] || Pb-Pb; 2.76 | full |[0.2,0.4]| |n| < 2.0 [[0,50]| [70,300]
CMS [115] || Pb-Pb; 5.02 | full [[0.2,1.0]| |5| < 2.0 |[0,50] |[200,1000]
Measuring multi-body QCD 13



Bayesian Inference in practice A\t

JETILEAPE
Phys.Rev.C 111 (2025) 054913

Q"™ _ . 5048 , 2ET
T3 _ “a T *s run (u )as,fixlog (67TT2as,fix>
03 (1—%) _1q Model calculation only at
fw?)=N - ; limited number of parameter
1+ cqlog <Agcp> + czlog? <A%2CD> “design points”
Hzo — interpolation

6 parameters
* dsfrix ° Qo (switching virtuality)
* (q,Cyc3 * T (starttime)

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
3/23/26 Measuring multi-body QCD 14



AN

From prior to posterior

JETILAPE
P(6data) P(data|d) P(0) Phys.Rev.C 111 (2025) 054913
ata) =
P(data)
Data
ALICE, 5.02 TeV, Charged Hadron Calculated priors
0-5% 5-10% [10-20% [20-30% 40-50%

30-40%

s | 2=

20 20 40
pr (GeV) pr (GeV) pr (GeV) pr (GeV) pr (GeV) pr (GeV) y
analysis
Data
Posterior = priors with best fit
ALICE, 5.02 TeV, Charged Hadron
0-5% 5-10% 10-20% 20-30% 30-40% 40-50%
1.0 - - ] -
<
o 0.5- /_ /

0.0
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Posterior distribution compared to all jet
and hadron R, , data (prior to Feb ’22)
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What does this tell us?

Broadly: fairly good agreement of
model + data

But detailed examination reveals
significant tension

— model (MATTER+LBT+ @)
1s missing key elements



AN\t

Parameter posterior distributions  3emcnes

Phys.Rev.C 111 (2025) 054913
q(E, u?,T) = "™ x f(u?)

Combined: inclusive hadron and jet GHTL 50.48 2ET
. . = C ' 2 |
Hadron: inclusive hadron 3 o~ @srun () s fixlog <6nT2 asﬁx)
o Q, T, log c, ec3 (1—%) 1
2.4.6.8.0 05 1 1.2 3.4 (u?) =
. =t u<) =N
:Eog’lbmed h. b-u. -‘Iﬂo_ﬁr f ”2 5 HZ
" adron bo.30, 1+ C110g A2_ + Czlog A2
I QCD ecp/ 0,
0.1
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Q 6f 6 Q . . . .
° 4 14 * dsfix ° Qo (switching virtuality)
2 g 2 * (q,Cy,C3 * T(starttime)
1t 11
T, To
0.5 . 10.5
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g, o log c, T,. <1 fm/c
(;' B e - c,: larger values preferred
102 ?f’ 04 2 4Q§’ °0 0'5% to 1.029 033 ! C,C,: little sensitivity (not shown)
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Extracting g JETSLAFE

Phys.Rev.C 111 (2025) 054913

L T
14 E. =100GeV, u2=Q2 D
B M PostW
L JETSCAFE
12— .
B — Combined
, R 10
Put everything together: extract g N
o 8-
&
A . . A~ ~ 6—
Plot § at low virtuality: § = g+ X f(Q%) ¢
4
2

1 11 1 | I | | I | | 1 11 1 | 1 111 | I | | 1 11 1
&15 02 025 03 035 04 045 05
T (GeV)
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Data sets

. Jets at RHIC and LHC
Hadrons vs jets at LHC | —rr . e
< 2 ] o 1.2— 0-10%, anti-k; jets, A =04 o STAR Au=AU |5, = 200 GeV —|
<< [ _ : C ® ALICGE Pb-Pb |5, =502 TeV |
@ 18- ALICE VST‘N N 5.02 TeV . B - ATLAS Pb—Pb 5. = 5.02 TeV
4. Charged particles Jets, anti-k;, R =04 | 1 o oo fstrzﬂ:a-ﬂ? o
b 0-9% 0-10% ]
1.4 m ALICE o ALICE E 0.8— ]
126 CMS ATLAS 3 _
0.8; E 0.4 ] : l
06¢ L P P ool ] i EIZ ]
0.4 :_ . & @ | B4 —: D.E:
025 " ] N ALICE, EPJ C84 813 (2024)
o . " Harris and B. Mucller, EPJ C84 247 (2024) s
10 10° 10° Pr (GeV/e)
P, (GeV/e) '
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Hadron vs jet R, , JETSCARE

Phys.Rev.C 111 (2025) 054913

1 M E=100GeV, =@y 14___/J/\,«‘/\«L Fra = 100 Gevl, 1=,
JETSCRPE Posterior median and 90% range i JETSEﬁFE Posterior median and 90% range
12 - 12—
— Combined R Hadron
10 10 L — Jet
@ 8 C
© 8
& L

§T
III|III|III|III|III|III|III|I

6 6 
4 4;
s Jet Ryu only
2 ol
(PIIII|IIII|IIII|IIII|IIII|IIII|IIII _IIII‘IIII‘IIII‘IIII|IIII|IIII|IIII
15 02 025 03 035 04 045 05 P15 02 025 03 035 04 045 05
T (GeV) T (GeV)

3/23/26 Measuring multi-body QCD 20



AN\t

Hadron vs jet R, , JETSCARE

Phys.Rev.C 111 (2025) 054913

14— M E. =100GeV, 12=Q E Hadron Ee=100GeV, T _ =200 MeV
E JETSEﬁFE Posterior median and 90% range 0.6:— — Jet Posterior, p2= Qg
12 . Hadron - — Combined
i 0.5
. I B JETSCAPE
B S g4
® 8 i < B
& L 5
- 5 B
| 0.3
6_\"\ E B
- | .
N 0.2r
LR R I S
= | 0.1_—
_I L1 1 I L1 11 | L1 11 | L1 11 | L1 11 | L1 11 | L 11 1 :
O[.]‘l 5 0.2 0.25 0.3 0.35 0.4 0.45 0.5 r |

T (GeV) 0= 4 6 8 10 12
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Hadron R, ,: low vs high p;

Combined calibration
LHC Charged Hadron 2.76 TeV

CMS 0-5% ATLAS 5-10% ALICE 10-20%
1.0 1 1
3 -
“ 0.5/ ”’l’lu,l_l... /_.}_‘——-’ /——j
0-0 50 100 50 100 20 40
pr (GeV/c) pr (GeV/c) pr (GeV/c)
Only hadron p>30 GeV/c
LHC Charged Hadron 2.76 TeV
CMS 0-5% ATLAS 5-10% ALICE 10-20%
1.0 | | |
3 | : | T | '
Tos| dbbetany] Laantted -
-. f - * I
% | = |
0.0 - - - : . .
’ 50 100 50 100 20 40
pr (GeV/c) pr (GeV/c) pr (GeV/c)

Low p; hadrons dominate
due to small experimental uncertainties

3/23/26

Posterior (a.u.)
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JETILEAPE

Phys.Rev.C 111 (2025) 054913

Vary hadron p; threshold

5 Hadron E =100 GeV, T _ = 200 MeV
06 __ ja Posterior, p2=Q2
0.5
0.4f
03[ AETSCRAFE
0.2
0.1

_J I 1 1 1 | 1 1 1 | 1 1 1 | 1 il 1

2 4 6 8 10 1,

T

High p; hadrons consistent with jet data

Missing: theory uncertainty
* large where exp uncert is small

pr dependence of model does not describe data:
NLO or non-pert. correction to HTL expression of § ?
HTL not the correct framework? Nuclear shadowing? ...?
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Comparison to previous calibration JETSLARE

Phys.Rev.C 111 (2025) 054913

18 E_ =100 GeV
16 Posterior median and 90% range
- — This analysis: GHTLf(MQ = Q)
4= ) M First JETSCAPE ¢ calibration
B W= (2.7 Gev) JEVSCAFE PRC 104 (2021) 024905
121~ PRC 21 (hadron only): MATTER+LBT 2 * hadron R, , only
1ok ~e- JET Collaboration * reported at §*=2.7 GeV?
& F
8_
- Evolve current analysis to compare at
6 same scale
A — consistent
. — evolution captured correctly by
o Bayesian calibration
00‘.||||||..||.||||||.|.|.||||.||..|.
15

02 025 03 035 04 045 05
T (GeV)
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Bayesian inference of jet quenching: next steps

Add new observables

* Jet substructure

* Coincidence channels: y/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

3/23/26 Measuring multi-body QCD
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