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Perturbative QCD Hadronization

How much of the fragmentation 
process is perturbatively calculable?

Can experiment guide our understanding 
of the hadronization process?

σ(z) ∼ ∫ dx f(x) ⊗ H ⊗ D(z)
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Connection to lattice, pQCD
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σ(z) ∼ ∫ dx f(x) ⊗ H ⊗ D(z)
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What are the relevant degrees of 
freedom of deconfined QCD matter?

Can experiment guide our understanding 
of the confinement transition?

Deconfined QCD: quark-gluon plasma
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Heavy-ion collisions

We collide nuclei together at the


to produce droplets of hot, dense 
quark-gluon plasma

Big picture

3

� We have a model of some physical process, say a relativistic heavy ion collision

� We have experimental measurements of this same process

Initial stage Hydrodynamics Cooper-Frye SMASH

What can we learn about 
the model from the 

measurements?

T ≈ 150-500 MeV t ∼ 𝒪 (10 fm/c)
MADAI Collaboration

Large Hadron Collider (LHC) 
Relativistic Heavy Ion Collider (RHIC)

Soft collisions transform 
kinetic energy of nuclei into 
region of large energy density
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Jet quenching in the quark-gluon plasma

The QGP is too small and short-lived to be 
probed by traditional scattering beams

Use jets as probes
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Figure 8: The RAA values as a function of jet pT for the 0–10% centrality interval and |y | < 2.1 compared with
theory predictions. The uncertainties of the data points are the combined statistical and systematic uncertainties.
The vertical width of the distribution shown for the LBT and SCETG NLO models represents the uncertainty of the
theory prediction.

from 2.76 TeV Pb+Pb data can be explained as a consequence of stronger quenching in 5.02 TeV Pb+Pb
collisions.
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Jet quenching in the quark-gluon plasma

The QGP is too small and short-lived to be 
probed by traditional scattering beams

Use jets as probes

Jets interact with the quark-gluon plasma as they traverse it:

RAA =
1

⟨Ncoll⟩
dNAA/dpT

dNpp/dpT

ATLAS PLB 790 (2019) 108
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Jet quenching in the quark-gluon plasma

How does jet quenching depend 
on the properties of the QGP?

Lres Lres

What is the microscopic picture 
of jet-medium interactions?

How to modify vacuum parton showers?

Y. Tachibana for the JETSCAPE Collaboration, JETSCAPE Online Summer School, July 17th, 2020

School 2020

 #jet-tachibana

Results From JETSCAPE
- With Weakly-coupled Description by Recoils
- With Strongly-coupled Description by hydrodynamics

Adapted from Chun ShenAdapted from Chun Shen
Which medium 
properties are 

imprinted onto jets?QT pTRpTr

JetQGP

m

What is the real-
time evolution of 
jet fragmentation?
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π+

π0
p

π−

γπ+

π+

K+

Vast phase space 
 correlated particles per jet

Typically:  projection over ensemble
𝒪(10 − 100)

1D

𝒪

dN d𝒪

Which observables 
should we measure?

Which aspects of the jet contain useful information?

𝒪 = f(p0, . . . , pn)
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2Flavor dependence in medium induced Energy loss

Jets are known to lose energy when 
going through the Quark-Gluon-Plasma • Color-charge dependence

• Mass dependence expected due to “dead-cone effect”

Large parton mass

m/E

Small parton mass

m/E

∼ 4
3

∼ 3

QCD suggest, gluons are more likely to 
radiate than quarks

Radiation is suppressed in θ < m/E Phys. Lett. B 790 (2019) 108

Inclusive jets RAA

A few highlights: 

Jet measurements in pp, AA collisions

1. Jet radius dependence R

r

3. Flavor dependence: q/g and HF

2. Jet substructure: angular scales

9

θg =
Δy2 + Δφ2

R

R

zg ≡
pT,subleading

pT,leading + pT,subleading

y

φ
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Δy

R

zg ≡
pT,leading



James Mulligan, UC Berkeley / LBNL BOOST 2023 July 31, 2023

15

Jet size
0.20.40.60.8 1 1.2

/d
y 

of
 A

K4
 je

ts
)

σ
/d

y)
 / 

(d
σ

(d

0.5

1

1.5

2

Data
Pythia(CUETP8M1)
Madgraph+P8(CUETP8M1)
Herwig++(CUETHppS1)
PH+P8(CUETP8M1)
PH+Herwig(EE5C)
Herwig7

NP⊗LO
NP⊗NLO

NP⊗(NLO+NLL)

Exp. sys.
Theo. unc.

|y| < 0.5

 < 272 GeV
T

196 < p

CMS  (13 TeV)-1< 35.9 fb

Jet size
0.2 0.4 0.6 0.8 1 1.2

Ra
tio

 to
 d

at
a

0.8

1

1.2

Jet size
0.20.40.60.8 1 1.2

/d
y 

of
 A

K4
 je

ts
)

σ
/d

y)
 / 

(d
σ

(d
0.5

1

1.5

2

Data
Pythia(CUETP8M1)
Madgraph+P8(CUETP8M1)
Herwig++(CUETHppS1)
PH+P8(CUETP8M1)
PH+Herwig(EE5C)
Herwig7

NP⊗LO
NP⊗(NLO+NLL)

Exp. sys.
Theo. unc.

1.5 < |y| < 2.0

 < 272 GeV
T

196 < p

CMS  (13 TeV)-1< 35.9 fb

Jet size
0.2 0.4 0.6 0.8 1 1.2

Ra
tio

 to
 d

at
a

0.8

1

1.2

Jet size
0.20.40.60.8 1 1.2

/d
y 

of
 A

K4
 je

ts
)

σ
/d

y)
 / 

(d
σ

(d

0.5

1

1.5

2

Data
Pythia(CUETP8M1)
Madgraph+P8(CUETP8M1)
Herwig++(CUETHppS1)
PH+P8(CUETP8M1)
PH+Herwig(EE5C)
Herwig7

NP⊗LO
NP⊗NLO

NP⊗(NLO+NLL)

Exp. sys.
Theo. unc.

|y| < 0.5

 < 468 GeV
T

395 < p

CMS  (13 TeV)-1< 35.9 fb

Jet size
0.2 0.4 0.6 0.8 1 1.2

Ra
tio

 to
 d

at
a

0.8

1

1.2

Jet size
0.20.40.60.8 1 1.2

/d
y 

of
 A

K4
 je

ts
)

σ
/d

y)
 / 

(d
σ

(d

0.5

1

1.5

2

Data
Pythia(CUETP8M1)
Madgraph+P8(CUETP8M1)
Herwig++(CUETHppS1)
PH+P8(CUETP8M1)
PH+Herwig(EE5C)
Herwig7

NP⊗LO
NP⊗(NLO+NLL)

Exp. sys.
Theo. unc.

1.5 < |y| < 2.0

 < 468 GeV
T

395 < p

CMS  (13 TeV)-1< 35.9 fb

Jet size
0.2 0.4 0.6 0.8 1 1.2

Ra
tio

 to
 d

at
a

0.8

1

1.2

Jet size
0.20.40.60.8 1 1.2

/d
y 

of
 A

K4
 je

ts
)

σ
/d

y)
 / 

(d
σ

(d

0.5

1

1.5

2

Data
Pythia(CUETP8M1)
Madgraph+P8(CUETP8M1)
Herwig++(CUETHppS1)
PH+P8(CUETP8M1)
PH+Herwig(EE5C)
Herwig7

NP⊗LO
NP⊗NLO

NP⊗(NLO+NLL)

Exp. sys.
Theo. unc.

|y| < 0.5

 < 638 GeV
T

548 < p

CMS  (13 TeV)-1< 35.9 fb

Jet size
0.2 0.4 0.6 0.8 1 1.2

Ra
tio

 to
 d

at
a

0.8

1

1.2

Jet size
0.20.40.60.8 1 1.2

/d
y 

of
 A

K4
 je

ts
)

σ
/d

y)
 / 

(d
σ

(d

0.5

1

1.5

2

Data
Pythia(CUETP8M1)
Madgraph+P8(CUETP8M1)
Herwig++(CUETHppS1)
PH+P8(CUETP8M1)
PH+Herwig(EE5C)
Herwig7

NP⊗LO
NP⊗(NLO+NLL)

Exp. sys.
Theo. unc.

1.5 < |y| < 2.0

 < 638 GeV
T

548 < p

CMS  (13 TeV)-1< 35.9 fb

Jet size
0.2 0.4 0.6 0.8 1 1.2

Ra
tio

 to
 d

at
a

0.8

1

1.2

Figure 6: Comparison of the ratio of cross sections of inclusive jets of various sizes with respect
to AK4 jets, as a function of jet size in different regions of jet pT in data, and for multiple the-
oretical predictions in rapidity bins |y| < 0.5 (left column) and 1.5 < |y| < 2.0 (right column)
at particle level. When the dijet production cross section ratio is presented using pure NLO
predictions for two jet sizes, the ratio becomes LO at aS; this is quoted as LO⌦NP in the figure.
Points corresponding to a particular prediction are connected via lines to guide the eye. Experi-
mental uncertainties in the ratio of cross sections are shown with bands around the data points,
whereas theoretical uncertainties are shown with the bands around the fixed-order predictions.
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Inclusive jet production: pp collisions

Small :
NNLO
Resummation

R

CMS JHEP 12 (2020) 082 pQCD calculations are 
challenging at:



R ≲ 0.2
R ≳ 1

Large :
Power 
corrections?

R

The ALICE experiment - A journey through QCD ALICE Collaboration
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Figure 111: (Left) Inclusive full jet cross sections in pp collisions at
p

s = 5.02 TeV for R = 0.1�0.6, measured
by ALICE [541]. (Right) Ratio of various pQCD calculations to data [1099, 1130–1132, 1134, 1135]. The sys-
tematic uncertainties in the ratio, shown as boxes, are the quadratic sum of the systematic uncertainties in data
and calculations. No systematic uncertainty for non-perturbative corrections are included, except for the case of
NNLO+LL.

importance of both NNLO contributions and resummation contributions for small-R jets, both to ensure
a good description of data and to ensure theoretical consistency between calculational orders.

The R-dependence of the inclusive jet cross section is determined most precisely by measuring the ra-
tio of experimental cross sections with different R, taking account of correlated systematic uncertain-
ties which cancel in the ratio [164, 541]. Initial considerations suggested that theoretical uncertainties
may also cancel significantly in such ratios [1136]. Comparison of recent ALICE cross section ratio
measurements [541] with the calculations described above (not shown here) indicate that for the ratio
R = 0.2/R = 0.4 all calculations describe the data within uncertainties. For the ratio R = 0.2/R = 0.6,
the NLO+NLL and NNLO calculations describe the data, while the NNLO+LL calculation exhibits a
tension. Note, however, that scale variations can reach into the non-perturbative regime at low-pT and
prevent theoretical uncertainty cancellation, which is treated differently in each calculation. The exper-
imental data are now precise enough that theoretical uncertainty is the limiting factor in the compari-
son [1137, 1138].

6.1.2 Heavy-flavour jet production

The production of jets containing charm or beauty quarks can be similarly tested against pQCD cal-
culations [1139–1141]. Heavy-flavour jets in pp collisions are relevant both to understand the flavour-
dependence of jet quenching in heavy-ion collisions (Sec. 2.4.2) and as a Standard Model background to
the decay of massive particles, such as H ! bb [1142].

Figure 112, left panel, shows the ALICE measurement of the pT-differential production cross section of
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importance of both NNLO contributions and resummation contributions for small-R jets, both to ensure
a good description of data and to ensure theoretical consistency between calculational orders.

The R-dependence of the inclusive jet cross section is determined most precisely by measuring the ra-
tio of experimental cross sections with different R, taking account of correlated systematic uncertain-
ties which cancel in the ratio [164, 541]. Initial considerations suggested that theoretical uncertainties
may also cancel significantly in such ratios [1136]. Comparison of recent ALICE cross section ratio
measurements [541] with the calculations described above (not shown here) indicate that for the ratio
R = 0.2/R = 0.4 all calculations describe the data within uncertainties. For the ratio R = 0.2/R = 0.6,
the NLO+NLL and NNLO calculations describe the data, while the NNLO+LL calculation exhibits a
tension. Note, however, that scale variations can reach into the non-perturbative regime at low-pT and
prevent theoretical uncertainty cancellation, which is treated differently in each calculation. The exper-
imental data are now precise enough that theoretical uncertainty is the limiting factor in the compari-
son [1137, 1138].

6.1.2 Heavy-flavour jet production

The production of jets containing charm or beauty quarks can be similarly tested against pQCD cal-
culations [1139–1141]. Heavy-flavour jets in pp collisions are relevant both to understand the flavour-
dependence of jet quenching in heavy-ion collisions (Sec. 2.4.2) and as a Standard Model background to
the decay of massive particles, such as H ! bb [1142].

Figure 112, left panel, shows the ALICE measurement of the pT-differential production cross section of
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ALICE arXiv:2211.04384, PRC 101, 034911 (2020)
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Large-R jets in AA collisions
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Figure 12: The double ratio R
R

AA/R
R=0.2
AA for jets with |hjet| < 2.0, as a function of R, for R = 0.3–

1.0 with respect to R = 0.2, in various p
jet
T ranges for the 0–10% centrality class. The statisti-

cal uncertainties of data are shown as the vertical lines, whereas the systematic uncertainties
are shown as the shaded boxes. The width of the boxes carries no meaning. The predictions
from the HYBRID (dark orange, brown and yellow), MARTINI (purple), and LBT (lime and dark
green) models are compared to the data as colored bands.
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Large-R jets in AA collisions
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    ML-based subtraction
    ALICE arXiv:2303.00592

Semi-inclusive jet correlationsSemi-inclusive jet correlations allow statistical 
background corrections at large-R, low pT

Large-R jets in AA collisions: low-pT
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Hypothesis: non-perturbative medium response
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An alternate approach: from jets to subjets

R

r

 Introduction             Jet for 3D Imaging             Parton showers & ML             Quantum Computing               Conclusions      

QCD factorization

17

Collins, Soper, Sterman `80s -`90s

• Jet production 

Perturbative
jet functions 
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• Hadron production 
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Hadrons Jets

Parton-to-hadron fragmentation function: 
nonperturbative, fit from data

Parton-to-jet fragmentation function: 
perturbatively calculable

Study the hadronization process using jet substructure

zr =
psubjet

T

pjet
T
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Subjet fragmentation: pp
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Comparison to perturbative 
QCD calculation

Large : threshold resummation 
and hadronization
Small : relevant for parton-
hadron duality

zr

zr

Kang, Ringer, Waalewijn  JHEP 07 (2017) 064

Map parton  hadron transition→

R = 0.4, r = 0.2

Subjet fragmentation: pp

Baseline for tests of universality 
of jet fragmentation in QGP

Qiu, Ringer, Sato, Zurita PRL 122 (2019) 25
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m/E

A few highlights: 

Jet measurements in pp, AA collisions

1. Jet radius dependence R

r

3. Flavor dependence: q/g and HF

2. Jet substructure: angular scales

15

θg =
Δy2 + Δφ2

R

R

zg ≡
pT,subleading

pT,leading + pT,subleading

y

φ
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θg =
Δy2 + Δφ2

R

R

zg ≡
pT,subleading

pT,leading + pT,subleading

y

φ

16

Groomed jet radius

How is the perturbative core of the jet modified in heavy-ion collisions?

Measure the angle  between the two 
prongs in the high-  jet splitting

θg
Q2

 is sensitive to the angular resolution 
scale of the quark-gluon plasma
θg

θg ≡
rg

R
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Figure 11: Nuclear modification factor, 'AA, as a function of Ag for soft-drop groomed jets with |H | < 2.1 in four
centrality intervals and three intervals of ?jet

T , in comparison with the ?T-inclusive results. The error bars represent
statistical uncertainties while the shaded bars represent bin-wise correlated systematic uncertainties. The uncertainties
in the ?? luminosity (1.6%) and h)AAi are not included, but are listed in Table 1.
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Wide jets are suppressed by the QGP 
more than narrow jets

ATLAS PRC 107 054909 (2023)

θg =
Δy2 + Δφ2

R

R

zg ≡
pT,subleading

pT,leading + pT,subleading
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Groomed jet radius
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Why are wide jets suppressed by the QGP?

(1) Wider splittings are resolved as 
independent color charges
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 is sensitive to QGP resolution length  in modelsθg Lres

Two compatible possibilities revealed

Lres

(2) Suppression of gluon vs. quark jets
Cg/Cq = 9/4
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Clear separation of perturbative 
emissions and hadronization 

Conformal Colliders Meet the LHC

Kyle Lee,1, ⇤ Bianka Meçaj,2, † and Ian Moult2, ‡

1
Nuclear Science Division, Lawrence Berkeley National Laboratory, Berkeley, CA 94720

2
Department of Physics, Yale University, New Haven, CT 06511

The remarkably high energies of the Large Hadron Collider (LHC) have allowed for the first
measurements of the shapes and scalings of multi-point correlators of energy flow operators,
h |E(~n1)E(~n2) · · · E(~nk)| i, providing new insights into the Lorentzian dynamics of quantum chro-
modynamics (QCD). In this Letter, we use recent advances in e↵ective field theory to derive a
rigorous factorization theorem for the light-ray density matrix, ⇢ = | ih |, inside high transverse
momentum jets at the LHC. Using the light-ray operator product expansion, the scaling behavior of
multi-point correlators can be computed from the expectation value of the twist-2 spin-J light-ray
operators, O[J], in this state, Tr[⇢ O

[J]]. We compute the light-ray density matrix at next-to-leading
order, and combine this with results for the next-to-leading logarithmic scaling behavior of the cor-
relators up to six-points, comparing with CMS Open Data. This theoretical accuracy allows us to
resolve the quantum scaling dimensions of QCD light-ray operators inside jets at the LHC. Our
factorization theorem for the light-ray density matrix at the LHC completes the link between recent
developments in the study of energy correlators and LHC phenomenology, opening the door to a
wide variety of precision jet substructure studies.

Introduction.—The Large Hadron Collider (LHC) pro-
vides an opportunity to explore quantum field theory in
general, and quantum chromodynamics (QCD) in partic-
ular, at unprecedented energy scales, and with modern
resolution detectors [1, 2]. Due to the phenomenon of
asymptotic freedom [3–6], this gain in energy is particu-
larly advantageous, as it enables QCD to be studied in
the perturbative regime, where first principles calcula-
tions are currently possible.

One of the major achievements, which re-invigorated
the study of QCD at the LHC, was the introduction of
experimentally robust infrared safe jet algorithms, most
notably the anti-kT algorithm [7–10], that allow for the
identification of high transverse momentum, pT , jets in
hadronic collisions. The inclusive production of such jets
can be studied using rigorous factorization theorems [11–
17], whose perturbative components have been computed
to next-to-next-to-leading accuracy [18–24], allowing for
precision studies of QCD in hadron colliders.

However, many of the most fascinating questions about
QCD, namely understanding the Lorentzian dynamics of
quarks and gluons, and the nature of their real-time con-
finement into hadrons, are not encoded in the distribu-
tion of jets, but rather in the structure of energy flow
within jets, known as jet substructure [25, 26]. Jet sub-
structure has been extraordinarily successful as a new
way to search for physics beyond the Standard Model
[27–29], and provides new opportunities to study the dy-
namics of QCD both in vacuum and medium [30, 31].

From a theoretical perspective, jet substructure is the
study of the statistical properties of the asymptotic en-
ergy flux in collider experiments. It was placed in a mod-
ern field theoretic context in [32], where it was shown
that it can be formulated as the study of correlation func-
tions of h |E(~n1)E(~n2) · · · E(~nk)| i of particular light-ray

Primordial fluctuations

W
hat cosmic history gave rise to primordial fluctuations?

t
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FIG. 1: An illustration of the two-point correlation
function, h |E(~n1)E(~n2)| i, measured inside high-pT

jets produced in collisions at the LHC.

(ANEC) operators [32–39]

E(~n) = lim
r!1

1Z

0

dt r2niT0i(t, r~n) , (1)

measured inside high energy jets at the LHC, as illus-
trated in Fig. 1. For simplicity, we will occasionally use
a shorthand notation E(~ni) ! Ei.

An improved understanding of the properties of ANEC
operators has been central to many recent advances in di-
verse areas of QFT, ranging from constraining conformal
field theory (CFT) data [32, 40–43], to energy inequali-
ties [44–47], to asymptotic symmetries [48, 49] and the
study of entropy in QFT [50–54]. Excitingly, reformu-
lating jet substructure such that it can draw from these
diverse areas has led to significant recent progress. See
e.g. [32, 37–39, 49, 55–75]. In particular, this has enabled
multi-point correlation functions of ANEC operators to
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EECs: A more direct angular probe?
See also: STAR HP2023
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2Flavor dependence in medium induced Energy loss

Jets are known to lose energy when 
going through the Quark-Gluon-Plasma • Color-charge dependence

• Mass dependence expected due to “dead-cone effect”

Large parton mass

m/E

Small parton mass

m/E

∼ 4
3

∼ 3

QCD suggest, gluons are more likely to 
radiate than quarks

Radiation is suppressed in θ < m/E Phys. Lett. B 790 (2019) 108

Inclusive jets RAA

A few highlights: 

Jet measurements in pp, AA collisions

1. Jet radius dependence R

r

3. Flavor dependence: q/g and HF

2. Jet substructure: angular scales

20

θg =
Δy

R

zg ≡
pT,leading



James Mulligan, UC Berkeley / LBNL BOOST 2023 July 31, 2023 21

photon+jet quenching arXiv:2303.10090, ATLAS-CONF-2023-008

�-tagged jets are predominantly quark-jets
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 = 0.4 jetsR Tkanti-
| < 2.8jetη|

-tagged jetsγFor 
| < 2.37γη > 50 GeV, |γ

T
p

/8π,jet) > 7γ(φ∆ 0-10%
Inclusive jet

[PLB 790 (2019) 108]

�-tagged jets are less suppressed

I inclusive jets have steeper falling spectrum

I isospin and nPDFs

I color charge

: talk by Christopher McGinn,
Wednesday, 9:00
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Quark vs. gluon energy loss

vs. 

Key confounding factor in understanding 
jet substructure modifications

-tagged jets show less suppression 
vs. inclusive jets
γ

How much more are gluon-initiated jets suppressed relative to quark-initiated jets?

ATLAS arXiv:2303.10090

Quantitative implications yet to be 
worked out…
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b-jets in Pb+Pb arXiv:2204.13530, ATL-PHYS-PUB-2023-009

80 100 120 140 160 180 200 220 240 260 280
 [GeV]

T
p

0.4

0.6

0.8

1

1.2

1.4AA
R

-jetsb inclusive jets

-jetsbLIDO model 
LIDO model light-jets

-jetsbDai et al. 
Dai et al. inclusive jets

ATLAS
-1Pb+Pb 2018, 1.4(1.7) nb

-1 2017, 260 pbpp
| < 2.1y = 0.2 jets, |R tkanti-

 = 5.02 TeV, Centrality 0-20%NNs

80 100 120 140 160 180 200 220 240 260 280
 [GeV]

T
p

0.4

0.6

0.8

1

1.2

1.4AA
R -jetsbLIDO model 

LIDO model light-jets
-jetsbDai et al. 

Dai et al. inclusive jets

-jetsb inclusive jets

ATLAS
-1Pb+Pb 2018, 1.4(1.7) nb

-1 2017, 260 pbpp
| < 2.1y = 0.2 jets, |R tkanti-

Centrality 20-50%

 = 5.02 TeVNNs

80 100 120 140 160 180 200 220 240 260 280
 [GeV]

T
p

0.4

0.6

0.8

1

1.2

1.4AA
R -jetsb

inclusive jets

-jetsbLIDO model 
LIDO model light-jets

-jetsbDai et al. 
Dai et al. inclusive jets
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-1Pb+Pb 2018, 1.4(1.7) nb

-1 2017, 260 pbpp
| < 2.1y = 0.2 jets, |R tkanti-

Centrality 50-80%

 = 5.02 TeVNNs

b-jet identified by a presence of a muon

unfolded to correct also for a missing neutrino

in central collisions, b-jets less

suppressed than inclusive jets by ⇠20%

in peripheral collisions,

suppression is comparable

b-jets have similar

suppression as �-jets
but the quark-/gluon-jet fraction

is similar to inclusive jets

: talk by Sebastian Tapia Araya,
Wednesday, 10:50
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HF-jet energy loss
ATLAS EPJC 83, 438 (2023) 

Hint of reduced suppression for b-jets 
compared to inclusive jets

Can be due to:
(i) q vs. g
(ii) mass effect

Still more work to do…
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There is no golden observable
Big picture

3

� We have a model of some physical process, say a relativistic heavy ion collision

� We have experimental measurements of this same process

Initial stage Hydrodynamics Cooper-Frye SMASH

What can we learn about 
the model from the 

measurements?

MADAI Collaboration

initial state hydrodynamic evolution

medium response

hadronization

hadronic rescattering

Need multiple observables to constrain medium properties 
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ALICE PRL 128 (10), 102001 (2022)

θg =
Δy2 + Δφ2

R

R

zg ≡
pT,subleading

pT,leading + pT,subleading

y

φ

Jets traverse multiple stages of heavy-ion collision Similar predictions for single 
observables
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Bayesian estimation of ̂q

0.2 0.4 0.6 0.8
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/Tq

Jetscape Matter
Jetscape LBT
Jet Collaboration
M. Xie et. al, 1901.04155
C. Andres et. al, KLN, 1606.04837
C. Andres et. al, Hirano, 1606.04837
M. Xie et. al, 2003.02441
X. Feal et. al, Gluon Jet, 1911.01309
X. Feal et. al, Quark Jet, 1911.01309

Figure 23: A snapshot of q̂ extracted from charged hadron spectra [310, 396–400] as a function of temperat-
ure. A gray area is also shown in order to cover the central values of the extracted q̂ from different models for
demonstration purpose.

While these exercises help build a qualitative picture of the QGP inner workings, an accurate
determination of the QGP properties is still bounded by the current theoretical uncertainties to describe
simultaneously perturbative and non-perturbative interactions. With the continuous progress to achieve
a unified description of a coupled jet-medium evolution, more systematic studies will allow to extract,
with higher accuracy, fundamental properties of the QGP using hard probes.

5.1.2 Input from jet measurements

The nuclear modification factors of high transverse momentum charged particles are significantly lower
than one. This shows that the fast-moving hadrons are suppressed. Moreover, with the photon-tagged
and Z-tagged jet measurements, a significant modification of the jet pT spectra is observed. The mean
ratio of the jet and electroweak boson transverse momenta is shifted to a lower value, providing model-

55

̂q ≡ ⟨k2
⊥⟩
L

=
1
L ∫ dk2

⊥
dP (k2

⊥)
dk2

⊥

k⊥

L

where  is a scattering kernel.P (k2
⊥)

Apolinario, Lee, Winn 2203.16352

Agreement 
at large-T

Poor constraint 
at low-T

The jet transverse diffusion coefficient  encodes 
the microscopic structure of QGP partons

̂q
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What have we learned about the QGP?

We are developing a consistent phenomenology of UE-corrected, 
calculable jet observables in heavy-ion collisions

Perturbative modification: 
Large yield suppression — especially for jets with wide substructure
Indications of decreased suppression of quark jets

Non-perturbative modification: 
Indications of soft, diffuse broadening

We are starting to make connections to QGP properties
Model-dependent constraints on  vs. 
Model-dependent statements about resolution length:  

̂q T
0 < Lres < 2/πT
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Outlook — QCD colliders

26

2023 20332028 2038

F. Ringer Introduction February 02, 2022 4

High-energy collider experiments
Large Hadron Collider
CERN

Relativistic Heavy Ion Collider (RHIC)
BNL

sPHENIX experiment will 
start taking data soon

Relativistic Heavy Ion Collider Electron-Ion Collider

pp, pA, AA ep, eA

pp, pA, AA

Large Hadron Collider

See also: rich programs 
at Jefferson Lab, FAIR, …

Run 3 Run 4 Run 5
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Experimental guidance from Bayesian inference

Example: 
Restrict to 
either RHIC or 
LHC data

Fit dominated 
by LHC data

Long-term planning

JETSCAPE PRC 104, 024905 (2021)

28

FIG. 14. Sensitivity indices for LHC observables measured in the 0 � 5% (left) and 40 � 50% (right) centrality bin (except for the mean pT
event fluctuation �pT /pT for which the 40� 45% bin is plotted on the right), as a function of all model parameters. Plotted in blue is the Grad
viscous correction model, in red the Chapman-Enskog model, and in green the Pratt-Torrieri-Bernhard model. The bars show the sensitivity to
a 10% change in each parameter (� = 0.1).

Following Ref. [154] we define a local sensitivity index
as follows: define two points in parameter space by x =
(x1, x2, ..., xj , ..., xp) and x0 = (x1, x2, ..., (1 + �)xj , ..., xp)
where � is a fixed percent di�erence. We use our emulator to
predict all of the observables at these two points in parameter
space. Suppose for some particular observable O, the emula-

tor predicts Ô = Ô(x). Then, defining the percent di�erence
in the observable by

� ⌘
Ô(x0)� Ô(x)

Ô(x)
, (58)

Parameter sensitivity

JETSCAPE PRC 103, 054904 (2021)

See also: 
  Lai arXiv 1810.00835
  Sangaline, Pratt PRC 93, 024908 (2016)

Quantify impact of a model parameter 
on measured observables

Model-dependent guidance on where to focus experimental effort
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How much information is in the nuclear modification factor of jets?

Yue Shi Lai,1, ⇤ James Mulligan,1, 2, † Mateusz P loskoń,1, ‡ and Felix Ringer1, §

1
Nuclear Science Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA

2
Physics Department, University of California, Berkeley, CA 94720, USA

(Dated: July 1, 2021)

In heavy-ion collisions the substructure of jets is modified compared to a rescaled proton-proton
baseline due to the presence of the Quark-Gluon Plasma (QGP). In this work, we employ machine
learning techniques to quantify how much information is contained in the nuclear modification
factor of jet substructure observables. We formulate the question about the information content as
a binary classification problem where the machine is trained to learn information that distinguishes
jets in proton-proton and heavy-ion collisions. We perform the classification task using i) deep sets
which includes Infrared-Collinear (IRC) safe and unsafe information, ii) a complete basis of IRC safe
jet substructure observables which is passed to a Dense Neural Network (DNN) and iii) from the
trained DNN we identify optimal observables using symbolic regression. As a proof of concept, we
perform our analysis using parton shower event generator models but we expect that the proposed
framework can be applied directly to the raw data for which we outline possible future directions.
We expect that the automated design of suitable observables for heavy-ion collisions can provide
guidance for extracting information about the QGP from jet substructure data. In addition, the
proposed framework can also be applied to event-wide data samples in heavy-ion collisions and at
the future Electron-Ion Collider.

I. INTRODUCTION

Jets are highly energetic and collimated sprays of par-
ticles which are observed in the detectors of high-energy
scattering experiments such as RHIC and the LHC. They
directly reflect the underlying quark and gluon degrees
of freedom which acquire a large transverse momentum
due to a hard-scattering event and subsequently form a
jet due to multiple soft and collinear emissions. The area
of jet substructure is aimed at quantifying and utilizing
the radiation pattern inside jets [1–3]. Jets and their
substructure have been studied both in pp and heavy-
ion AA collisions. In heavy-ion collisions the Quark
Gluon Plasma (QGP) is formed which is a state of
matter where quarks and gluons are unbound and the
QGP is conjectured to have existed shortly after the Big
Bang. By comparing vacuum jets (pp) to their coun-
terparts in heavy-ion collisions which have traversed the
hot and dense nuclear matter, information about the
QGP can be obtained. The modification of jets in heavy-
ion collisions is typically quantified in terms of the nu-
clear modification factor which is given by the ratio of
the heavy-ion cross section and a rescaled pp baseline
RAA = d�AA/(hNcollid�pp). From the inclusive jet cross
section, it was found that only roughly half of the jets are
produced in heavy-ion collisions compared to pp []. In
addition, various jet substructure observables have been
measured in AA collisions. It turns out that some ob-
servables are consistent with no modification while oth-
ers are significantly modified due to the presence of the

⇤ ylai@lbl.gov
† james.mulligan@berkeley.edu
‡ mploskon@lbl.gov
§ fmringer@lbl.gov

FIG. 1. Schematic illustration of jets in pp (left) and heavy-
ion AA (right) collisions. Interactions with the Quark-Gluon
Plasma can lead to a modification of the jet substructure.
By training a classifier (fully supervised), the machine learns
the relevant information that distinguishes jets in pp and AA
collisions.

QGP []. Significant theoretical e↵ort have been made to
compute and predict the modification of jet observables
in heavy-ion collisions [4–18].

(Cite somewhere [19])

In general, we identified guiding principles to design
suitable jet substructure observables to obtain informa-
tion about the QGP. The first criterion is driven by theo-
retical considerations in pp collisions. For example, often
observables are chosen which Infrared Collinear (IRC)
Safe which means that they can be calculated in per-

Figure 8. Distributions of observables in pp and AA collisions which have already been mea-
sured by experimental collaborations and examples of the machine-learned observables using the
N -subjettiness and EFP basis.

The corresponding ROC curve and the distribution of this ML-learned observable are shown

in Figs. 7, 8, respectively. We find that despite the simplicity of the machine-learned EFP

observable, it outperforms the other “traditional” observables. The intriguing aspect of

observables which involve a relatively small number of EFPs, as in Eq. (4.7), are that they

are generally analytically tractable within perturbative QCD.

5 Information loss: the underlying event and background subtraction

The large, fluctuating underlying event produced by the QGP causes notorious experi-

mental and theoretical challenges in heavy-ion collisions – in particular, by limiting which

observables can be reliably measured. Typically, background subtraction procedures are

applied in order to mitigate this problem. Systematic uncertainties associated with the

subtraction are estimated in order to adequatly capture the lack of exact knowledge of

which particles arise from the underlying event, and which from the jet.

From the perspective of information content, this presents two distinct mechanisms by

which the information in jet quenching can be lost. First, the fluctuating underlying event

can be viewed as a source of noise. One cannot distinguish particles arising from underlying

– 18 –

Lai, Mulligan, Płoskoń, Ringer JHEP 10, 011 (2022)

Complementary to Bayesian approach

First step in a new paradigm: data-driven design of complete set of calculable observables

max
θ

dσAA

dσpp
(θ) − 1

Design the most strongly modified observable that is theoretically calculable

Symbolic regression

Experimental guidance from ML
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Summary

Systematic guidance to the experimental program

We have vast freedom in what we choose to measure at QCD 
colliders — new ideas will allow us to fully exploit the data

Jet measurements are beginning to reveal properties of the quark-gluon 
plasma, from transport coefficient  to resolution length ̂q Lres
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There is a rich program using jets to study confinement in both pp and 
heavy-ion collisions — synergy with HEP community
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Variety of probes with complementary strengths 
Resolution scale 
Connection to lattice, pQCD

Microscopic properties of the QGP

QT pTRpTr

mc mbΔEJ/Ψ

ΔEΥ

Long distance Short distance

. . .
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Perturbative QCD Hadronization

How much of the fragmentation 
process is perturbatively calculable?

Can experiment guide our understanding 
of the hadronization process?

σ(z) ∼ ∫ dx f(x) ⊗ H ⊗ D(z)

4X
H

H

b
b

W
W
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perturbative QCD

Which jet observables will provide new and 
interpretable information about the QGP?
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Long distance Short distance

. . .
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