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Lecture 1 recap
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Jets measure partons

Hard-process production rate in nuclear collisions

Coupling S small → asymptotic freedom → jets
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Now consider “matter”
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Phase diagram of water Phase diagram of QCD matter
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http://upload.wikimedia.org/wikipedia/commons/thumb/0/08/Phase_diagram_of_water.svg/700px-Phase_diagram_of_water.svg.png

When you pack many particles tightly together, new things happen

➔“emergent” phenomena

http://en.wikipedia.org/wiki/Phase_diagram


Finite Temperature QCD calculated numerically 

on the Lattice  (B=0)
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Cross-over, not sharp phase transition 

(like ionization of atomic plasma)

Slow convergence to non-interacting Steffan-Boltzmann limit

What carries energy - complex bound states of q+g? “strongly-coupled” plasma?
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Quark-gluon plasma in the laboratory: 

high-energy collisions of heavy nuclei

3/23-26/26

STARsPHENIX

RHIC @ BNL

ALICE

CMS

ATLAS

LHCb

LHC @ CERN

Thousands of particles in the final state

➔the most complex collisions ever studied in the laboratory
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Jets probes of the QGP
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Jets in vacuum Jets in nuclear collisions



Energy loss in QED
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Fractional energy loss of an (on-shell) electron or positron in Lead

http://pdg.lbl.gov/2017/reviews/rpp2016-rev-passage-particles-matter.pdf



Energy loss in QED
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Fractional energy loss of an (on-shell) electron or positron in Lead

Not the case for 

QCD jets 

propagating in 

matter

http://pdg.lbl.gov/2017/reviews/rpp2016-rev-passage-particles-matter.pdf



Radiative energy loss in QCD
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L

Thermal field theory:

QGP properties

Medium-induced gluon radiation



Jet quenching in one slide
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Jet shower in vacuum

Evolution of highly virtual parton via gluon 

radiation

Quantum interference → angle-ordering

• hardest radiation is most collinear with 

jet axis

• Precise understanding in pQCD 

• Accurately calculable with QCD-based 

Monte Carlo models 

Jet shower in-medium

Superposition of

• vacuum shower 

• medium-induced gluon emission

These processes happen simultaneously 

and interfere 

Angle-ordering is modified or destroyed

3/23-26/26



The heavy-ion jet measurement challenge I 
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Very complex experimental 

environment

Huge background of particles 

not correlated with jet shower

How to make precise 

measurements?

Particle spectrum of uncorrelated  background is 

largely “soft” (low pT)

→ measure only very high pT hadrons (“leading 

hadrons” of jets)

First try simplifying the problem



Simplest energy loss measurement: 

inclusive yield of high pT hadrons
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Particle/jet spectrum falls rapidly with 

increasing transverse momentum pT

Population-averaged energy loss 

generates a shift E to lower pT
E

Yield 

suppression

lo
g

(r
at

e)

pT

𝑅𝐴𝐴 𝑝𝑇  = 
Observed rate in AA

Expected rate in pp ⨂geometry

        

                = 
𝑑𝑁𝐴𝐴

ℎ𝑎𝑟𝑑/𝑑𝑝𝑇

𝑇𝐴𝐴 𝑑𝜎𝑝𝑝
ℎ𝑎𝑟𝑑/𝑑𝑝𝑇

Equivalently: yield is suppressed at fixed pT



Initial evidence for jet quenching:

inclusive hadron suppression
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Jet fragments 

(color-charged)

Photons (color-

neutral)

Jet quenching

𝑅𝐴𝐴 = 
𝑑𝑁𝐴𝐴

ℎ𝑎𝑟𝑑/𝑑𝑝𝑇

𝑇𝐴𝐴 𝑑𝜎𝑝𝑝
ℎ𝑎𝑟𝑑/𝑑𝑝𝑇

Measure only very high pT 

hadrons (“leading hadrons” of 

jets)



STAR, Phys Rev Lett 97, 162301
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STAR, Phys Rev Lett 91, 072304

trigger

recoil



d+Au
Au+Au 

central

Initial evidence for jet quenching:

di-hadron suppression



But high pT hadrons are limited in scope:

much richer physics in fully-reconstructed jets 
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Jets in vacuum

Jets in nuclear collisions



Jet quenching: observable consequences I
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1. Energy loss

E

Yield 

suppression

2. Modification of 

jet substructure



Jet quenching: observable consequences II
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3. Jet deflection 

𝜑

4. Recovery of 

large-angle radiation



Jet quenching: observable consequences III
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Four distinct manifestations of jet quenching:
• Jet energy loss

• Jet substructure modification

• Jet deflection

• Large-angle radiation

Different manifestations of same underlying physics
• All must occur if any of them does

• Probe different aspects of jet quenching

• Different experimental systematics as fn of kinematics and collision system

• Different theoretical sensitivity as fn of kinematics and collision system

Jet quenching is multi-messenger physics!

Measure the same physics multiple ways and require a consistent picture



Multi-messenger physics: another example
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G. De Wasseige, ICHEP 2022



The heavy-ion jet measurement challenge II 
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Very complex experimental 

environment

Huge background of particles 

not correlated with jet shower

How to make precise 

measurements?

True jet measurements in high bkgd environment: two distinct approaches

Statistical approach to 

measure and subtract 

bkgd → low pT, large 

R

ATLAS/CMS/sPHENIX ALICE/STAR
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to high pT /small R to 

avoid high bkgd region
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Jets at RHIC and LHC

ALICE, EPJ C84 813 (2024)

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 probe much higher pT

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

But quantitative differences: what do they teach us?



What’s next? How do we explore jet quenching 

more deeply?
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Topology driven by experimental considerations: arrows connect 

observables with just one thing changed

Incl hadron suppression (ch, 0)

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

Incl jet suppression

h+jet IAA/Z+hadron IAA

/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

/Z+jet xJ, 

energy balance

Small systems

Incl /Z production

RHIC vs LHC

Di-jet AJ

Energy-energy correlators



What’s next? How do we explore jet quenching 

more deeply?
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Incl hadron suppression (ch, 0)

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

Incl jet suppression

h+jet IAA/Z+hadron IAA

/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

/Z+jet xJ, 

energy balance

Small systems

Incl /Z production

RHIC vs LHC

Di-jet AJ

Energy-energy correlators



Jet substructure
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Look at the structure of the jet shower and its in-medium modification

• Lund plane: full mapping of jet shower

• Groomed sub-structure: selected regions of Lund plane
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Altareli-Parisi splitting probability function

Lund Plane: jet shower map

kT

R
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Altareli-Parisi splitting probability function

Lund Plane: jet shower map

Fixed S: Lund diagram is populated uniformly 

(note that axes are logarithmic)

Each radiated gluon corresponds to a 

point in the Lund Plane



Measuring the Lund Plane in vacuum (pp@13 TeV)
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ATLAS PRL 124 222002 (2020) LHCb D112, 072015 (2025)

CMS arXiv:2602.09271  

Non-uniform density

• running of S

• NP/hadronization effects



Lund Plane in medium (AA collisions)
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td ≲ tf   
• splitting affected by medium  

• region not populated uniformly

Additional length/time scales:

• L: length of medium

• tf: formation time of radiation

• td: “decoherence” time due to interaction with 

medium

td>L
• in-medium splittings not resolved by 

in-medium interactions

tf<td<L  
• vacuum splittings inside medium

• both prongs lose energy independently 

tf>L
• No splitting in-medium



Jet grooming: softdrop
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Iterate backwards through clustered jet tree, find first splitting that satisfies:

𝑧𝑔 =
min(𝑝𝑇,1, 𝑝𝑇,2)

𝑝𝑇,1 + 𝑝𝑇,2
> 𝑧𝑐𝑢𝑡

𝑅𝑔

𝑅𝑗𝑒𝑡

𝛽 Common choices:

𝑧𝑐𝑢𝑡 = 0.1
𝛽 = 0

JHEP 09 (2013) 029

JHEP 05 (2014) 146

Rg (𝜃g)

RJet

Clustering tree:



Longitudinal jet sub-structure: zg
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Momentum imbalance of the two leading subjets

PRL 120, 142302 (2018)

Data: in-medium interaction generates subjet momentum imbalance

Theory/models: small but non-zero difference between incoherent radiation 

(JEWEL) and coherent antennas –interesting!

• but current data uncertainty too large to discriminate. Need better measurements?



Measurement issue: selection bias!
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1. Jet spectrum falls with increasing pT

2. Energy loss due to quenching is a distribution (!)

3. We compare jets in Pb+Pb and p+p at a fixed value 

of pT (actually a finite-width bin but principle is the 

same)

pT

E

lo
g

(r
at

e)

⨂

Perhaps the Pb+Pb population being compared  is 

dominated by that subset of jets which have lost relatively 

little energy? → “selection bias”



Measurement issue: selection bias!
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1. Jet spectrum falls with increasing pT

2. Energy loss due to quenching is a distribution (!)

3. We compare jets in Pb+Pb and p+p at a fixed value 

of pT (actually a finite-width bin but principle is the 

same)

pT

E

lo
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Perhaps the Pb+Pb population being compared  is 

dominated by that subset of jets which have lost relatively 

little energy? → “selection bias”



Finite Temperature QCD calculated numerically 

on the Lattice  (B=0)
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Slow convergence to non-interacting Steffan-Boltzmann limit

What carries energy - complex bound states of q+g? “strongly-coupled” plasma?
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Can jet scattering measurements probe the 

microscopic structure of the QGP?
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Groomed subjet transverse distributions

3/23-26/26 Measuring multi-body QCD 39

𝜃𝑔 =
𝑅𝑔

𝑅𝑗𝑒𝑡

Incoherent e-loss Partially coherent e-loss Fully coherent e-loss

𝑧𝑔 =
min(𝑝𝑇,1, 𝑝𝑇,2)

𝑝𝑇,1 + 𝑝𝑇,2
> 𝑧𝑐𝑢𝑡

𝑅𝑔

𝑅𝑗𝑒𝑡

𝛽



Groomed subjet transverse distributions
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PRL 128 102001 PRC 107 054909

Wide jets 

preferentially 

suppressed in-

medium

Fully incoherent e-

loss models 

(Caucal, JEWEL) 

disfavored

This and other data: emerging picture favors partially coherent 

e-loss → promising path to uncovering QGP micro-structure

However: beware the selection bias!

• alternative picture: selective suppression of gluon jets (which are wider) 



Can we do a direct jet scattering measurement?
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Discrete scattering centers or effectively continuous medium?

Picture depends on moment-transfer scale 

Scattering measurement needs a broad kinematic range 

 → must measure jets with low pT and large R



Correlation measurements of jet scattering
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pT,jet

Trigger: , 0, ch hadron

Recoil jet

Semi-inclusive observables:

1. Events are first selected for hard processes based on 

presence of a high pT trigger
• Because trigger selection is event-wise, must be cleanly 

measurable without large correction for bkgd

• /Z, 0, charged hadron; but not jet (!)

2. Jet reconstruction is then run on the full event

→ number of jets in recoil azimuth is simply counted

1

𝑁𝑡𝑟𝑖𝑔
𝐴𝐴

𝑑2𝑁𝑗𝑒𝑡
𝐴𝐴

𝑑𝑝𝑇,𝑗𝑒𝑡𝑑Δ𝜑
=

1

𝜎𝐴𝐴→𝑡𝑟𝑖𝑔+𝑋

𝑑2𝜎𝐴𝐴→𝑡𝑟𝑖𝑔+𝑗𝑒𝑡+𝑋

𝑑𝑝𝑇,𝑗𝑒𝑡𝑑Δ𝜑

Trigger-normalized recoil yield = ratio of hard cross sections

(excluding bkgd)



The heavy-ion jet measurement challenge III 
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Very complex experimental 

environment

Huge background of particles 

not correlated with jet shower

Particles do not come labelled “jet” or “background”

Correlation observables: cannot know with certainty whether a 

recoil hadron arises from the same high-Q2 process as the trigger

• “uncorrelated background” strictly has meaning only for 

ensemble-averaged (“statistical”) distributions

Low pT/large R jet measurements 

   → “statistical” correction of uncorrelated background yield

pT,jet



Small signal/bkgd is a common problem in physics…
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Complex experimental 

environment

Large background of particles 

not correlated with signal

Small S/B →  “statistical” correction for uncorrelated background yield

Photons do not come labelled “Higgs” or “background”

Cannot know with certainty whether a photon arises 

from Higgs decay or a background process

• “uncorrelated background” strictly has meaning only 

for ensemble-averaged distributions



Statistical background correction
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Au+Au → hadron + jet
pp → Higgs → 

signal+bkgd

bkgd only

signal+bkgd

bkgd only

Fully data driven: no modeling of 

complex (generally unknown) 

bkgd processes

Two distributions:

• S+B: Signal + background

• B: Background only

Normalize in B-dominated region

 → Subtract B from S+B



Ev. 1 Ev. 2 Ev. 3 Ev. 765 

…

Pick one random 
track per real event
→ add to mixed  
     event

Mix only similar 
centrality, ΨEP , 
z-vertex position
 

Mixed event

Real events
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Constructing uncorrelated background: 
event mixing STAR Collaboration, 

Phys. Rev. C 96 (2017), 024905

Destroys all multi-hadronic 

correlations, including jets

Carry out jet 

reconstruction on 

ensemble of mixed events
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STAR Phys.Rev.C 111 (2025) 6, 064907

Signal+bkgd 

(SE)

Mixed-event bkgd 

(ME)

Difference

SE-ME

ALICE Phys.Rev.C 110 (2024) 1, 014906

STAR: event-mixed bkgd ALICE: trigger-difference bkgd

Precise shape agreement 

in bkgd-dominated 

region →normalize



Semi-incl. observables and bias
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pT,jet

Trigger: , 0, ch hadron

Recoil jet

1. Select for hard-process trigger 

2. Count number of recoil jets 

Unbiased jet measurements to very low pT
jet and large R

pT

E

lo
g

(r
at

e)

⨂

X

No requirements on pT
jet

No selection bias → unbiased recoil jet distributions!



PbPb, pp; h+jet

• JHEP 09 (2015) 170

• Phys.Rev.Lett. 133 (2024) 2, 022301

• Phys.Rev.C 110 (2024) 1, 014906

Pb+Pb; inclusive jet

• EPJ Web Conf. 296 (2024) 11005

p+Pb, HM pp; h+jet

• JHEP 05 (2024) 229

• Phys.Lett.B 783 (2018) 95-113

O+O; h+jet

• in progress

Statistical jet analysis: current results
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ALI-PREL-550363

Au+Au; h+jet

• Phys. Rev. C 96 (2017) 024905

Au+Au, p+p; /0+jet

• Phys.Rev.Lett. 134 (2025) 232301

• Phys.Rev.C 111 (2025) 064907

• Phys.Rev.C 113 (2026) 014902

Zr+Zr, Ru+Ru; h+jet

• under collaboration review

O+O; h+jet

• under collaboration review



20<pT
jet<30 GeV/c
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Semi-inclusive hadron+jet measurements

𝜑

pT 
jet

Hadron trigger

Recoil jet

pT

Phys.Rev.Lett. 133 (2024) 2 022301

Phys.Rev.C 110 (2024)  014906



Semi-incl. jet quenching: pT
jet dependence
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(corrected)

Phys.Rev.Lett. 133 (2024) 2 022301

Phys.Rev.C 110 (2024)  014906



Semi-incl. jet quenching: pT
jet dependence

3/23-26/26 Measuring multi-body QCD 52

(corrected)

Energy recovery

• R=0.4, pT
jet~10 GeV (!)

Energy loss

Change in geometric bias

Phys.Rev.Lett. 133 (2024) 2 022301

Phys.Rev.C 110 (2024)  014906



In-medium jet shape modification: yield ratio R=0.2/R=0.5
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pT,jet

h

Phys.Rev.Lett. 133 (2024) 2, 022301

Phys.Rev.C 110 (2024) 1, 014906

Phys.Rev.Lett. 134 (2025) 232301

Phys.Rev.C 111 (2025) 064907

Medium-induced intra-jet broadening

Seen at both LHC and RHIC



In-medium azimuthal deflection
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Phys.Rev.Lett. 133 (2024) 2 022301

Phys.Rev.C 110 (2024)  014906



Semi-incl. jet quenching: angular dependence
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Large medium-induced azimuthal broadening for 

large-aperture recoil jets at low pT
jet  (!)

Phys.Rev.Lett. 133 (2024) 2 022301

Phys.Rev.C 110 (2024)  014906



Semi-incl. jet quenching: angular dependence
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Large medium-induced azimuthal broadening for 

large-aperture recoil jets at low pT
jet  (!)

Phys.Rev.Lett. 134 (2025) 232301

Phys.Rev.C 111 (2025) 064907



Medium-induced angular broadening
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Phys.Rev.Lett. 133 (2024) 2 022301

Phys.Rev.C 110 (2024)  014906

Phys.Rev.Lett. 134 (2025) 232301

Phys.Rev.C 111 (2025) 064907

Factor 20±2; largest jet 

quenching signal ever observed 

Factor 6



Azimuthal broadening: what does it mean?

3/23-26/26 Measuring multi-body QCD 58

?

Why broadening only for large aperture recoil jets?

Rather: characteristic of diffuse large-angle flow of QGP 

excited by the passage of an energetic reoil (“jet” pT~R2) New probe of the 

dynamical behavior 

of the QGP?

Compare to theory

X• not compatible with Rutherford scattering (should also 

affect small R jets)
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arXiv:2512.12715



3/23-26/26 Measuring multi-body QCD 60

arXiv:2512.12715

Linear Boltzmann Transport (LBT) model

• 3+1 dimensional hydrodynamics

• elastic and inelastic jet-medium scattering in Higher Twist (HT) approach 

• generation of radiative and thermal recoil partons; further scattering and 

QGP back-reaction

Currently the most detailed and complete model of QGP 

response to excitation by a jet
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arXiv:2512.12715

Phys.Rev.Lett. 133 (2024) 2 022301

Phys.Rev.C 110 (2024)  014906

Opens a new chapter: study of the 

QGP response to excitation!

Calculations reproduce well both pT and azimuthal dependence of 

measurements

• only current model to do so

• requires inclusion of medium response  

Clear evidence for “thermal jets” or jet wake



Summary of Lecture 2
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Opens a new chapter: study 

of the QGP response to 

excitation!

pT 
jet



Extra slides
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Azimuthal broadening: pT
jet dependence
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Energy-energy correlators (EECs)
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EECs in the QGP
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EECs in the QGP
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