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Jet quenching and energy loss

Precision tests of jet 
quenching with sPHENIX
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Jet quenching and energy loss

• QCD factorization & universality?

d�pp!jet+X

d⌘dpT
=

X

ijk

fi/p ⌦ fj/p ⌦Hijk ⌦ Jk

<latexit sha1_base64="3gD7ZM9v0CCtnM63KC0bySOnzWo=">AAAB8XicbVBNS8NAEN34WetX1aOXxSJ4KkkR9Vj04rGC/cA2lM1m2i7dbMLuRCyh/8KLB0W8+m+8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk41hwaPZazbATMghYIGCpTQTjSwKJDQCkY3U7/1CNqIWN3jOAE/YgMl+oIztNJDF+EJswjCSa9UdivuDHSZeDkpkxz1XumrG8Y8jUAhl8yYjucm6GdMo+ASJsVuaiBhfMQG0LFUsQiMn80untBTq4S0H2tbCulM/T2RsciYcRTYzojh0Cx6U/E/r5Ni/8rPhEpSBMXni/qppBjT6fs0FBo4yrEljGthb6V8yDTjaEMq2hC8xZeXSbNa8S4q1bvzcu06j6NAjskJOSMeuSQ1ckvqpEE4UeSZvJI3xzgvzrvzMW9dcfKZI/IHzucPGjeRNA==</latexit>

med



IntroductionF. Ringer July 21, 2022 4

• QCD factorization & universality?

d�pp!jet+X

d⌘dpT
=

X

ijk

fi/p ⌦ fj/p ⌦Hijk ⌦ Jk

• What is the (maximal) information content 
of jet substructure observables?

<latexit sha1_base64="3gD7ZM9v0CCtnM63KC0bySOnzWo=">AAAB8XicbVBNS8NAEN34WetX1aOXxSJ4KkkR9Vj04rGC/cA2lM1m2i7dbMLuRCyh/8KLB0W8+m+8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk41hwaPZazbATMghYIGCpTQTjSwKJDQCkY3U7/1CNqIWN3jOAE/YgMl+oIztNJDF+EJswjCSa9UdivuDHSZeDkpkxz1XumrG8Y8jUAhl8yYjucm6GdMo+ASJsVuaiBhfMQG0LFUsQiMn80untBTq4S0H2tbCulM/T2RsciYcRTYzojh0Cx6U/E/r5Ni/8rPhEpSBMXni/qppBjT6fs0FBo4yrEljGthb6V8yDTjaEMq2hC8xZeXSbNa8S4q1bvzcu06j6NAjskJOSMeuSQ1ckvqpEE4UeSZvJI3xzgvzrvzMW9dcfKZI/IHzucPGjeRNA==</latexit>

med

• How many jet substructure observables  
do we need to measure? 

• How to systematically make use of all the 
information provided by sPHENIX?

Jet quenching and energy loss
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Outline

5

Introduction

Inclusive jets & 
quark/gluon fractions

Machine-learned 
jet substructure 
observables
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Inclusive jet cross sections

• DGLAP evolution

d�pp!jet+X

d⌘dpT
=

X

ijk

fi/p ⌦ fj/p ⌦Hijk ⌦ Jk

• Factorization

Dasgupta, Dreyer, Salam, Soyez `14
 Kaufmann, Mukherjee, Vogelsang `15

Kang, Ringer, Vitev `16
 Dai, Kim, Leibovich `16

Liu, Moch, Ringer `18, `19
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z = E/Q
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Inclusive jets in heavy-ion collisions

• Factorization - can we systematically extend vacuum 
factorization theorems in vacuum to heavy-ion collisions?

d�pp!jet+X

d⌘dpT
=

X

ijk

fi/p ⌦ fj/p ⌦Hijk ⌦ Jk Heavy-ion collisions?

• Quark/gluon fractions for jet substructure observables

<latexit sha1_base64="Oz0iJyuvgzHvtW60ampsQkpaSVo=">AAACBnicbVDLSgMxFL1TX7W+Rl2KECxCRSgzRdRl0Y24qmAf0A5DJs1MQzOPJhmhDF258VfcuFDErd/gzr8xfSy09UDg3HPu5eYeL+FMKsv6NnJLyyura/n1wsbm1vaOubvXkHEqCK2TmMei5WFJOYtoXTHFaSsRFIcep02vfz32mw9USBZH92qYUCfEQcR8RrDSkmse+u4A3bqDUkfh9ASdIt8NdB1Ma9csWmVrArRI7Bkpwgw11/zqdGOShjRShGMp27aVKCfDQjHC6ajQSSVNMOnjgLY1jXBIpZNNzhihY610kR8L/SKFJurviQyHUg5DT3eGWPXkvDcW//PaqfIvnYxFSapoRKaL/JQjFaNxJqjLBCWKDzXBRDD9V0R6WGCidHIFHYI9f/IiaVTK9nm5cndWrF7N4sjDARxBCWy4gCrcQA3qQOARnuEV3own48V4Nz6mrTljNrMPf2B8/gAWS5b5</latexit>

fqJq(⌧) + fgJg(⌧)
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Jmed
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Inclusive jets in heavy-ion collisions

• Introduce medium modified jet function at the jet scale

Qiu, FR, Sato, Zurita `19

nPDFs             Eskola, Paakkinen, Paukkunen, Salgado `17, Kovarik et al. `16
                     de Florian, Sassot, Zurita, Stratmann `12
nFFs               Sassot, Stratmann, Zurita `10

• Monte Carlo sampling approach

NNPDF `17,  JAM `16
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Inclusive jets in heavy-ion collisions

�2/d.o.f. = 1.1

�2/d.o.f. = 1.7

p
sNN = 2.76 TeV

p
sNN = 5.02 TeV

ATLAS, PRL 114 (2015) 072302
CMS, PRC 96 (2017) 015202

ALICE, PLB 746 (2015) 1

ATLAS, PLB 790 (2019) 108
ALICE preliminary

Qiu, FR, Sato, Zurita `19
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Inclusive jet RAA - radius dependence

• Data could be included in an updated fit

CMS, JHEP 05 (2021) 284 http://alice-figure.web.cern.ch/node/15723/ 

http://alice-figure.web.cern.ch/node/15723/
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In-medium quark/gluon fractions

• Quark/gluon fractions defined at 
leading power in the jet radius

• Significant shift toward quark 
jets in the medium

<latexit sha1_base64="Oz0iJyuvgzHvtW60ampsQkpaSVo=">AAACBnicbVDLSgMxFL1TX7W+Rl2KECxCRSgzRdRl0Y24qmAf0A5DJs1MQzOPJhmhDF258VfcuFDErd/gzr8xfSy09UDg3HPu5eYeL+FMKsv6NnJLyyura/n1wsbm1vaOubvXkHEqCK2TmMei5WFJOYtoXTHFaSsRFIcep02vfz32mw9USBZH92qYUCfEQcR8RrDSkmse+u4A3bqDUkfh9ASdIt8NdB1Ma9csWmVrArRI7Bkpwgw11/zqdGOShjRShGMp27aVKCfDQjHC6ajQSSVNMOnjgLY1jXBIpZNNzhihY610kR8L/SKFJurviQyHUg5DT3eGWPXkvDcW//PaqfIvnYxFSapoRKaL/JQjFaNxJqjLBCWKDzXBRDD9V0R6WGCidHIFHYI9f/IiaVTK9nm5cndWrF7N4sjDARxBCWy4gCrcQA3qQOARnuEV3own48V4Nz6mrTljNrMPf2B8/gAWS5b5</latexit>

fqJq(⌧) + fgJg(⌧) ?
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Applications to jet substructure
• Leading & inclusive subjets in pp

https://alice-figure.web.cern.ch/node/19990

see Dai, Kim, Leibovich `16
Kang, FR, Waalewijn `17

Neill, FR, Sato `21
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fa ⌦ fb ⌦Habc ⌦ J
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cd ⇥ J

med
d (zr)

• Similar factorization in heavy-ion?

https://alice-figure.web.cern.ch/node/19990
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Applications to jet substructure
• Leading & inclusive subjets in pp

https://alice-figure.web.cern.ch/node/19990

see Dai, Kim, Leibovich `16
Kang, FR, Waalewijn `17

Neill, FR, Sato `21
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• Angles between jet axes• Soft drop groomed observables

ALICE, 2107.12984
see also recent ATLAS measurement 
at higher jet pT

<latexit sha1_base64="Oz0iJyuvgzHvtW60ampsQkpaSVo=">AAACBnicbVDLSgMxFL1TX7W+Rl2KECxCRSgzRdRl0Y24qmAf0A5DJs1MQzOPJhmhDF258VfcuFDErd/gzr8xfSy09UDg3HPu5eYeL+FMKsv6NnJLyyura/n1wsbm1vaOubvXkHEqCK2TmMei5WFJOYtoXTHFaSsRFIcep02vfz32mw9USBZH92qYUCfEQcR8RrDSkmse+u4A3bqDUkfh9ASdIt8NdB1Ma9csWmVrArRI7Bkpwgw11/zqdGOShjRShGMp27aVKCfDQjHC6ajQSSVNMOnjgLY1jXBIpZNNzhihY610kR8L/SKFJurviQyHUg5DT3eGWPXkvDcW//PaqfIvnYxFSapoRKaL/JQjFaNxJqjLBCWKDzXBRDD9V0R6WGCidHIFHYI9f/IiaVTK9nm5cndWrF7N4sjDARxBCWy4gCrcQA3qQOARnuEV3own48V4Nz6mrTljNrMPf2B8/gAWS5b5</latexit>

fqJq(⌧) + fgJg(⌧)

Applications to jet substructure
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Introduction

Inclusive jets & 
quark/gluon fractions

Machine-learned 
jet substructure 
observables
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Upper bounds on the information content?

Use machine learning to find an 
event-by-event “observable”

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-

Can formulate as a binary 
classification problem

Compare performance of classifier 
to traditional observables

Lai, Mulligan, Ploskon, FR `21
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Upper bounds on the information content?

•pp & AA jets generated in Pythia/Jewel 

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
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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-

•Use deep sets that are known to be one of 
the best quark/gluon classifiers

Input is the set of particle 4-momenta

Komiske, Metodiev, Thaler `19

Classifier DNNs

f(p1, . . . , pM) = F (
M

∑
i=1

Φ (pi))
Zaheer et al. 1703.06114
Wagstaff et al. 1901.09006
Bloem-Reddy, Teh JMLR 21 90 (2020) 

Lai, Mulligan, Ploskon, FR `21
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Upper bounds on the information content?

•Quantify performance using ROC curves

Figure 2. Classification performance of pp vs. AA jets quantified in terms of ROC curves using
IRC-unsafe PFNs and IRC-safe EFNs. The jet samples in pp and AA collisions are obained from
Pythia 8 [68] and Jewel [70, 71].

layers with 100 nodes each. For each dense layer we use the ReLU activation function [106]

and we use the softmax activation function for the final output layer of the classifier. We

train the neural networks using the Adam optimizer [107] with learning rates ranging from

10�3 to 10�4. We use the binary cross entropy loss function [108], and train for 10 epochs

with a batch size of 500. We find no significant changes in performance when changing the

size of the layers, latent space dimension, learning rate, and batch size by factors of 2-10.

For each reconstructed jet, we record the transverse momentum, rapidity and az-

imuthal angle (pT i, yi,�i) of each particle i inside the jet. Following Ref. [86], we perform

a preprocessing step to simplify the training process. We rescale the transverse momenta

of each particle inside the jet with the total transverse momentum of the observed jet. In

addition, we center the rapidity and azimuthal angles of the particles in the jet with respect

to the jet direction. The jet axis is determined using the E-scheme [109]. Here we only

consider PFNs without PID and we leave a more detailed exploration for future work. We

benchmark our setup using the quark- vs. gluon-jet data set provided in Ref. [110] as well

as our own generated quark and gluon samples with PYTHIA8, finding compatible results

with Ref. [86].

Figure 2 shows the ROC curve for pp vs. AA jets using the PFNs and EFNs. The

AUC is 0.860 for the PFN and 0.675 for the EFN. Since PFNs can e�ciently make use

of all the available information, we use them as a benchmark for the other classification

techniques discussed below.

– 8 –

•ML significantly outperforms 
traditional observables

•There is a lot more information in 
quenched jets that we are currently 
not making use of

Lai, Mulligan, Ploskon, FR `21

See also Chien, Elayavalli; Apolinario, Castro, Romao, 
Milhano, Pedro, Peres; Liu, Velkovska, Verweij
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Upper bounds on the information content?

•Quantify performance using ROC curves

Figure 2. Classification performance of pp vs. AA jets quantified in terms of ROC curves using
IRC-unsafe PFNs and IRC-safe EFNs. The jet samples in pp and AA collisions are obained from
Pythia 8 [68] and Jewel [70, 71].

layers with 100 nodes each. For each dense layer we use the ReLU activation function [106]

and we use the softmax activation function for the final output layer of the classifier. We

train the neural networks using the Adam optimizer [107] with learning rates ranging from

10�3 to 10�4. We use the binary cross entropy loss function [108], and train for 10 epochs

with a batch size of 500. We find no significant changes in performance when changing the

size of the layers, latent space dimension, learning rate, and batch size by factors of 2-10.

For each reconstructed jet, we record the transverse momentum, rapidity and az-

imuthal angle (pT i, yi,�i) of each particle i inside the jet. Following Ref. [86], we perform

a preprocessing step to simplify the training process. We rescale the transverse momenta

of each particle inside the jet with the total transverse momentum of the observed jet. In

addition, we center the rapidity and azimuthal angles of the particles in the jet with respect

to the jet direction. The jet axis is determined using the E-scheme [109]. Here we only

consider PFNs without PID and we leave a more detailed exploration for future work. We

benchmark our setup using the quark- vs. gluon-jet data set provided in Ref. [110] as well

as our own generated quark and gluon samples with PYTHIA8, finding compatible results

with Ref. [86].

Figure 2 shows the ROC curve for pp vs. AA jets using the PFNs and EFNs. The

AUC is 0.860 for the PFN and 0.675 for the EFN. Since PFNs can e�ciently make use

of all the available information, we use them as a benchmark for the other classification

techniques discussed below.

– 8 –

•ML significantly outperforms 
traditional observables

•There is a lot more information in 
quenched jets that we are currently 
not making use of

•Can we identify observables to close 
the information gap?

Lai, Mulligan, Ploskon, FR `21
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How to systematically use all the information?

•Can use complete sets of observables

•Basis of N-subjettiness observables

•Basis of Energy Flow Polynomials

Lai, Mulligan, Ploskon, FR `21

Datta, Larkoski `17 - `19

Komiske, Metodiev, Thaler `17, 
Cal, Thaler, Waalewijn `22
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How to systematically use all the information?

•Can use complete sets of observables

•Basis of N-subjettiness observables

Lai, Mulligan, Ploskon, FR `21

Datta, Larkoski `17 - `19

•Allows us to systematically 
approximate the full information 
content
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How to systematically use all the information?

•Can use complete sets of observables
Lai, Mulligan, Ploskon, FR `21

•Allows us to systematically 
approximate the full information 
content

•Using symbolic/Lasso regression we 
can identify the most important ones

•Basis of N-subjettiness observables Datta, Larkoski `17 - `19
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How to systematically use all the information?

•Can use complete sets of observables
Lai, Mulligan, Ploskon, FR `21

•Allows us to systematically 
approximate the full information 
content

•Using symbolic/Lasso regression we 
can identify the most important ones

•Heavy-ion background & analysis 
needs to be performed on data 
instead of simulations

•Basis of N-subjettiness observables Datta, Larkoski `17 - `19
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Outline

Introduction

Inclusive jets & 
quark/gluon fractions

Machine-learned 
jet substructure 
observables
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Conclusions
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• Factorization and universality at RHIC energies with sPHENIX?
• Further theory developments needed

• Information content of jet substructure observables?
• Improved extraction of medium properties?
• Analyze data using ML?
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Inclusive jets in proton-proton collisions

• Jet radius dependence of 
the inclusive jet cross 
section

CMS, JHEP 12 (2020) 82
see also recent results from ALICE

Liu, Moch, FR `17, 18
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In-medium jet functions
Qiu, FR, Sato, Zurita `19

Potentially requires threshold resummation for z ! 1

Small-z region generally 
less constrained

• Suppression at large-z 
compensated for by 
enhancement at small-z


