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Jets

2

Jets are produced abundantly in collidersCollimated shower of particles arising 
from the iterative fragmentation of a 
high energy quark or gluon

24 Chapter 1. Jet physics at hadron colliders

We see conditions 3 and 4 are essentially the requirement that the jet definition
be IRC-safe. Condition 5 comes from our desire to have jets act as proxies
for the underlying hard partons, and hence to minimize their sensitivity to
hadronization effects.

A jet definition is comprised of two components: the jet algorithm and the
recombination scheme. The jet algorithm is simply a recipe for grouping par-
ticles into jets. Once the algorithm determines two particles must be clustered
together, one must then decide how to assign momentum to the newly formed
object. This is done through the recombination scheme.

(a) Unclustered event (b) Anti-kt with R = 1

(c) Cambridge-Achen with R = 1 (d) kt with R = 1

Figure 1.5 High-energy event: Unclustered and clustered with different algo-
rithms (keeping only the jets).

The jet algorithm usually involves free parameters that one needs to specify,
for example the jet radius R or the cut on the transverse-momentum pcut

T
. The

Yen-Jie Lee (MIT) 

Probe the QGP with high energy quarks and gluons 
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Jet quenching in the quark-gluon plasma

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

Energy loss

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

Use jets as probes

Hard Probes 2020 Jaime Norman (Liverpool) 

⟶ Measure trigger-normalised yield of jets 
recoiling from a trigger hadron

7

⟶ Well defined in pQCD (ratio of high pT hadron/jet cross sections)  

Recoil jets: 
⟶ Statistical subtraction of combinatorial background:


• Unbiased fragmentation

• Access Low pT jets: reduce vacuum broadening; most sensitive to jet deflection

• Access Large R jets: access to intra-jet broadening


⟶ Expected geometrical bias towards longer in-medium path lengths

Method

1
NAA

trig

d3NAA
jet

dpch
T,jetdΔφdηjet pT,h∈TT

= ( 1
σpp→h+X ⋅ d3σpp→h+jet+X

dpch
T,jetdΔφdη )

pT,h∈TT

D. de Florian, Phys. Rev. D 79, 114014

Δφ
Rg = Δy2 + Δφ2

R

Substructure modification Deflection
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Two directions

4

Jets as probes of the QGP QGPs as probes of the jet
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Two directions
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Jets as probes of the QGP QGPs as probes of the jet

Model jet-medium interactions in order to:
Extract transport coefficients
Deduce microscopic structure 

Goal: understand the properties of the 
QGP as a function of resolution scale

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
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F. Ringer Quantum computing & Real-time dynamics February 02, 2022

The string-breaking mechanism

45

• Model of hadronization

• Real-time evolution               d

Jong, Lee, Mulligan, Ploskon, Ringer, Yao 
- in preparation

see also Magnifico et al., Berges et al.

<latexit sha1_base64="hPmNA3b+JcUXq5VZq+D6crkY+Ow=">AAACDnicbZDLSsNAFIYn9VbrLerSzWARXJWkiLosiuCygr1AE8pkctIOnUzCzKRQQt/BB3Crj+BO3PoKPoGv4bTNQlt/GPj4zzmcM3+Qcqa043xZpbX1jc2t8nZlZ3dv/8A+PGqrJJMUWjThiewGRAFnAlqaaQ7dVAKJAw6dYHQ7q3fGIBVLxKOepODHZCBYxCjRxurbtseJGHDAd56cQ9+uOjVnLrwKbgFVVKjZt7+9MKFZDEJTTpTquU6q/ZxIzSiHacXLFKSEjsgAegYFiUH5+fzyKT4zToijRJonNJ67vydyEis1iQPTGRM9VMu1mflvTZlThhAurdfRtZ8zkWYaBF1sjzKOdYJn2eCQSaCaTwwQKpn5AKZDIgnVJsGKScZdzmEV2vWae1mrP1xUGzdFRmV0gk7ROXLRFWqge9RELUTRGD2jF/RqPVlv1rv1sWgtWcXMMfoj6/MHiROcNA==</latexit>

hEiElectric field

• Will inform studies of 
hadronization at the EIC 

Two directions

6

Jets as probes of the QGP QGPs as probes of the jet

Goal: reveal real-time dynamics of 
fragmentation and hadronization process

Does jet fragment at 1fm or 10fm?

Compare to simulation 
of QCD on quantum 
computers

Model jet-medium interactions in order to:
Extract transport coefficients
Deduce microscopic structure 

Jong, Lee, Mulligan, Płoskon, Ringer, Yao
In preparation, PRD 104 (2021) 5, 051501

Goal: understand the properties of the 
QGP as a function of resolution scale

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

Jet quenching is the 
unique experimental 
probe to study this
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computers

Model jet-medium interactions in order to:
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Challenge #1
Jet evolution involves physics that is not known from first principles: initial state, 
hydrodynamic evolution, medium response, hadronic rescattering, hadronization

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
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Challenge #1
Jet evolution involves physics that is not known from first principles: initial state, 
hydrodynamic evolution, medium response, hadronic rescattering, hadronization

Global analysis is needed to fit models of the 
physics that are not known from first-principles

21

C. Viscosity estimation and model accuracy for combined
RHIC & LHC data

Reviewing Figs. 4 and 5 we find that the observables at the
LHC give stronger constraints on the slope of the specific shear
viscosity at large temperature. It is the general expectation that
higher psNN collisions at the LHC are more sensitive to the
transport coe�cient at high temperature. This conclusion was
verified quantitatively in previous Bayesian parameter estima-
tion [24, 146]. For the present analysis, we do caution that we
currently use a di�erent number of observables at RHIC and
the LHC; consequently, we are not in a position to compare
systematically the constraining power of the two collision en-
ergies at the moment. We do expect RHIC and LHC data to
be complementary, and we proceed to a combined Bayesian
parameter estimation for Pb-Pb at psNN = 2.76TeV and Au-
Au at psNN = 200GeV collisions. For this combined anal-
ysis, the viscosity posterior for the Grad viscous correction is
shown in Fig. 6.

FIG. 6. The posterior for specific bulk (left) and shear (right) vis-
cosities resulting from a model parameter estimation using combined
data for Au-Au collisions at psNN = 200 GeV and Pb-Pb collisions
at psNN = 2.76 TeV.

As discussed in Section V A, all parameters are held the
same for the two systems except for their overall normaliza-
tions of the initial conditions — N [2.76 TeV] and N [0.2 TeV].
Recall that model parameters being kept constant does not im-
ply that the e�ective physical quantities are the same at RHIC
and the LHC. For example, the transport coe�cients are tem-
perature dependent, and the free-streaming time depends on
p
sNN and centrality through the total energy of the event.
The information gained by fitting both systems slightly re-

duces the width of the credible intervals for the specific shear
and bulk viscosities at temperatures above 250 MeV; the 90%
confidence band in the posterior for specific shear and bulk
viscosity is slightly smaller than the credible intervals given by
calibrating against either one of these two systems alone. This
illustrates the added constraining power accessed by combin-
ing the two data sets.

The simultaneous fit to experimental observables is shown
in Fig. 7, where we have plotted the emulator prediction for
the observables at one hundred parameter samples drawn ran-
domly from the posterior. Note that, in spite of some undeni-
able tension in the simultaneous fit of ALICE and STAR data

FIG. 7. The observables predicted by the Grad viscous correction
emulator, drawn from the posterior resulting from the combined fit
of ALICE data (left) for Pb-Pb collisions at psNN = 2.76 TeV and
STAR data (right) for Au-Au collisions at psNN = 200 GeV. The
simultaneous fit yields model observables which agree within ⇠20%
of experimental measurements.

(for example in the mean transverse momenta of kaons), our
hybrid model can describe simultaneously all of the observ-
ables we considered for the two systems to within 20% of the
experimental results. As discussed earlier, this is important:
our confidence in the significance of this section’s parameter
estimates rests on a good description of the experimental data
when sampling model parameters according to their posterior
probability distribution.

As a final emulator validation, we have calculated the Maxi-
mum A Posteriori (MAP) parameters of the Grad viscous cor-
rection model. Using these parameters, we simulated 5,000
fluctuating events and performed centrality averaging. The
comparison between the hybrid model prediction at the MAP
parameters and the experimental data are shown in Fig. 8, and
MAP parameters for the Grad, Chapman-Enskog and Pratt-

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

JETSCAPE PRL 126, 242301 (2021) 
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Challenge #2
Jet evolution itself is complicated, and there is no (known) golden observable

Need global analysis of multiple jet observables to distinguish theoretical approaches

Models with different physics predict similar values for many observables

S. ACHARYA et al. PHYSICAL REVIEW C 101, 034911 (2020)
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FIG. 7. Jet RAA at
√

sNN = 5.02 TeV for R = 0.2 (left) and R = 0.4 (right) compared to LBT, SCETG, hybrid model, and JEWEL
predictions. The combined 〈TAA〉 uncertainty and pp luminosity uncertainty of 2.8% is illustrated as a band on the dashed line at RAA = 1.
Systematic uncertainties are only included for the SCETG and hybrid model predictions; see text for details.

evolution of jet and recoiling medium particles through the
thermal medium with linear Boltzmann equations. An effec-
tive strong coupling constant αs is taken as a free parameter fit
to experimental data. The model calculations are performed
according to the methods in Ref. [25]. No systematic uncer-
tainties were provided for this calculation.

Soft collinear effective theory with Glauber gluons
(SCETG) builds on the approach of soft collinear effective
theory (SCET), in which the jet cross section is factorized
into a “hard function” corresponding to the initial scattering
and a “jet function” corresponding to the fragmentation of
a hard-scattered parton into a jet. In SCETG, jet energy loss
in heavy-ion collisions is implemented by interactions of
jet partons with the hot QCD medium in an effective field
theory via the exchange of “Glauber” gluons, encapsulated in
an in-medium jet function. The predictions were performed
according to Ref. [29] but with minor differences. The pp
jet cross section was computed to NLO in αs, and with a
LL resummation in jet R. Medium effects were computed
at NLO, but without a resummation in jet R (resulting in
large systematic uncertainties for R = 0.2). The in-medium
splitting functions described above include radiative processes
evaluated using 2 + 1D viscous hydrodynamics, but these
predictions do not include collisional energy loss. Note that
this could have significant impact particularly on the larger
radius jets, where it may increase suppression. The EFT
coupling constant between the medium and jets is g = 2.0.
For pp collisions, the CT14nlo PDF was used, and for Pb-Pb
collisions, the nCTEQ15FullNuc PDF was used. Energy loss
in cold nuclear matter was also taken into account. The plotted
error band represents the systematic uncertainty obtained by
scale variations.

In the hybrid model, partons are produced by vacuum
pQCD, and shower according to vacuum pQCD—but in be-
tween these hard splittings, parton energy loss is modeled
according to a gauge-gravity duality computation in N = 4

supersymmetric Yang-Mills at infinitely strong coupling and
large Nc. Model predictions were provided with two values
of Lres, which describes the scale at which the medium
can resolve two split partons. The medium evolution was
modeled by a hydrodynamic expansion. The plotted error
bands represent the combination of statistical and systematic
uncertainties.

All models exhibit strong suppression and produce the
same qualitative trend of RAA as a function of pT,jet . In the case
R = 0.2, JEWEL slightly underpredicts the jet RAA regardless
of whether medium recoils are included, while for R = 0.4 the
“recoils on” prediction is more consistent with the data. There
is no significant difference between the “recoil on” or “recoil
off” option in JEWEL for R = 0.2; one expects in general
a smaller impact from medium recoil in smaller radius jets.
The LBT model describes the data marginally better, but still
shows slight tension. Note that the dominant systematic un-
certainties in the data are positively correlated between pT,jet
bins. Neither the JEWEL nor LBT predictions include system-
atic uncertainties. The SCETG predictions are consistent with
the data, although the R = 0.2 prediction has large systematic
uncertainties due to a lack of in-medium ln R resummation
in this calculation. Additionally, the SCETG calculation did
not include collisional energy loss, which may underestimate
suppression for R = 0.4. The hybrid model describes the trend
of the data reasonably well, although like the LBT model, it
exhibits slight tension, particularly in the pT,jet < 100 GeV/c
range. The shapes of the pT,jet dependence differ between
the model predictions, most notably between SCETG and the
others. While the experimental uncertainties are larger for
R = 0.4, the model predictions span a wider range of RAA
than in the case of R = 0.2, which highlights the importance
of measuring the R dependence of the jet RAA.

The predictions typically use different strategies for each
of the “non jet energy loss” pieces (initial state, expansion,
hadronization, pp reference spectrum) and do not attempt

034911-12

PRC 101 034911 (2020)
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Three criteria for jet measurements

11

(1) Measurable

The observable must be 
corrected for background

Not  vs. !AA pp ⊕ AA

AA
pp ⊕ AA

Unfolded

Background

zg

1 σ
dσ dz

g

AA pp

Signal
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Figure 1: A typical jet substructure calculation, emphasizing the regions where di↵erent
contributions dominate the physical description of the observable. Here, �f.o. is the fixed-
order prediction for the cross section, �res includes resummation of large logarithms and � is
the complete theory prediction including non-perturbative e↵ects through a shape function
Fnp.

to go to zero as ⌧ ! 0, as shown in the blue curve. Finally, the inclusion

of non-perturbative contributions shifts the distribution at small values of ⌧ ,

where the observable is sensitive to fluctuations at the scale ⇤QCD. This can

be implemented in a calculation with a non-perturbative shape function, Fnp.

Shaded bands are representative of theoretical uncertainties. We have used a

general observable ⌧ to emphasize that while we will focus on mJ as a concrete

example in this section, the behavior of Fig. 1 is generic for a wide range of

observables.

2.1.1. Resummation

We begin with a discussion of the perturbative aspects of a calculation.

Since we have restricted our focus to IRC safe observables, a perturbative ex-

pansion in the strong coupling constant, ↵s, gives finite results order-by-order

9

Three criteria for jet measurements

12

(1) Measurable (2) Calculable

The observable must be 
corrected for background

Not  vs. !AA pp ⊕ AA

Agreement of pp baseline with 
pQCD must be understood

Not PYTHIA! 

Larkoski, Moult, Nachman 
JPR 841 1 (2020)

AA
pp ⊕ AA

Unfolded

Background

zg

1 σ
dσ dz

g

AA pp

Signal
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contributions dominate the physical description of the observable. Here, �f.o. is the fixed-
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the complete theory prediction including non-perturbative e↵ects through a shape function
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of non-perturbative contributions shifts the distribution at small values of ⌧ ,

where the observable is sensitive to fluctuations at the scale ⇤QCD. This can

be implemented in a calculation with a non-perturbative shape function, Fnp.

Shaded bands are representative of theoretical uncertainties. We have used a

general observable ⌧ to emphasize that while we will focus on mJ as a concrete

example in this section, the behavior of Fig. 1 is generic for a wide range of

observables.

2.1.1. Resummation

We begin with a discussion of the perturbative aspects of a calculation.

Since we have restricted our focus to IRC safe observables, a perturbative ex-

pansion in the strong coupling constant, ↵s, gives finite results order-by-order

9

Three criteria for jet measurements

13

(1) Measurable (2) Calculable (3) Informative

The observable must be 
corrected for background

Not  vs. !AA pp ⊕ AA

Agreement of pp baseline with 
pQCD must be understood

Not PYTHIA! 
Targeted physics motivation

Quenching effects
Factorization
Spacetime evolution
Nonperturbative effects
…

Larkoski, Moult, Nachman 
JPR 841 1 (2020)

Room for creativity!
AA

pp ⊕ AA

Unfolded

Background

zg

1 σ
dσ dz

g

AA pp
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What have we learned?
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Wish list from 2019 ALICE-USA

15

https://indico.cern.ch/event/758653/contributions/3344286/attachments/1813057/2962097/ALICE-USA_Jets.pdf

1 Jet mass at different R
2 Generalized angularities

3 Heavy flavor jets at low-pT

4 Higher-precision jet acoplanarity

5 Next-generation Jet RAA

6 Unfolded zg

In progress

QM2022, JHEP 05 (2022) 061

QM2022

See Hannah’s talk

PRL 128 (2022) 10, 102001

…

Mostly led by ALICE-USA! And more: see talks of Caitie, Rey, …

QM2022
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Example 1: Groomed jet substructure

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

θg =
Δy2 + Δφ2

R

R

zg ≡
pT,subleading

pT,leading + pT,subleading

y

φ

Measure the kinematics of the two 
prongs in the high-  jet splitting:Q2

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

 — angle
 — momentum

θg
zg
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PRL 128 (2022) 10, 102001

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

θg =
Δy2 + Δφ2

R

R

zg ≡
pT,subleading

pT,leading + pT,subleading

y

φ

θg =
Δy2 + Δφ2

R

R

zg ≡
pT,subleading

pT,leading + pT,subleading

y

φ

zg

θg

No significant modification 
in momentum sharing

Example 1: Groomed jet substructure
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The cores of jets are narrower in 
Pb-Pb compared to pp collisions
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No significant modification 
in momentum sharing

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

PRL 128 (2022) 10, 102001

Example 1: Groomed jet substructure
PRL 128 (2022) 10, 102001
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Why are wide jets suppressed by the QGP?
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∞ = resLPablos, 

(1) Wider splittings are resolved by the medium
Sensitive to QGP resolution length 

(2) Suppression of gluon jets vs. quark jets
Lres

Cg/Cq = 9/4

θg =
Δy2 + Δφ2

R

R

zg ≡
pT,subleading

pT,leading + pT,subleading

y

φ

θg =
Δy2 + Δφ2

R

R

zg ≡
pT,subleading

pT,leading + pT,subleading

y

φ

zg

θg

vs. 

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

PRL 128 (2022) 10, 102001

Example 1: Groomed jet substructure
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Example 2: Jet deflection

20

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

ΔφΔφ

Smooth mediumDiscrete medium

Large-angle scattering: 
P ∼ 1/k4

T

Large-angle scattering: 
  P ∼ exp (−Ak2

T)

Search for large-angle scattering — direct probe of microscopic structure
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Example 2: Jet deflection

21

Indications of jet broadening at 
low- , large-

Jet deflection? 
Fragmentation modification? 
Medium response? 

pT R

R. Cruz-Torres - QM22 27

R = 0.2

R = 0.4

jet azimuthal broadening in QGP

span wide kinematics: 
- no modification (small R, large pT) 
- large modification (large R, low pT)

Δφ

 results - angular deflectionsΔφ
pch

T, jet ∈ [10,20] GeV/c pch
T, jet ∈ [20,30] GeV/c pch

T, jet ∈ [30,50] GeV/c

R. Cruz-Torres - QM22 Interplay between hadron vs jet energy loss? 25

IAA ≡ Δrecoil(Pb − Pb)
Δrecoil(pp)

phadron
T < pjet

T, chphadron
T > pjet

T, ch phadron
T ∼ pjet

T, ch

JETSCAPE prediction in 
agreement with measurement

Suppression

Rising trendEnergy 
recovery?

IAA results - energy redistribution

phadron trig
T

pjet
T, ch

Δφ

Slide adapted from Rey Cruz-Torres QM2022
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Medium properties

22

Bayesian inference
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Experimental data: 
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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

23

Bayesian estimation of ̂q
Extraction of jet transverse diffusion coefficient as a continuous 
function of  using inclusive hadron  data from RHIC+LHCT, p RAA

23

̂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
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Where are we going?
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Next-generation Bayesian analysis

25

Expand (carefully!) the set of observables 
used in Bayesian inference

Towards precision physics: uncertainty 
correlations and theoretical control

Study constraining power at low-T

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
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Next-generation Bayesian analysis

26

Expand (carefully!) the set of observables 
used in Bayesian inference

Towards precision physics: uncertainty 
correlations and theoretical control

Study constraining power at low-T

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

Expand (boldly!) the model parameters 
that we fit with data

Theory progress is slow — opportunity 
to guide field from experimental data

Medium PDF and correlators; splitting 
formation time; scattering kernel; …
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Next-generation Bayesian analysis

27

What should we measure next to best constrain medium properties?

Expand (carefully!) the set of observables 
used in Bayesian inference

Towards precision physics: uncertainty 
correlations and theoretical control

Study constraining power at low-T

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

Expand (boldly!) the model parameters 
that we fit with data

Theory progress is slow — opportunity 
to guide field from experimental data

Medium PDF and correlators; splitting 
formation time; scattering kernel; …
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(1) New opportunities in Runs 3,4

28

HF, di-jet topologies — theory control
Substructure — unfolding 
Large-R — “unbiased” background correction

Models with very different physics can usually describe the data

Measure new phase space: low- , large- , high- , …pT R z

Heavy flavor jets EW-boson jets Differential substructure

Pin down q/g fractionsPin down mass dependence Isolate phase space

These will not come without challenges

1

2

3

ln
1

pTRL

ln
q̂1/3

pTR
1/3

ln 1/R ln
√

q̂L3

t f
=
L

t f =
td

ln zθ

ln 1/θ

Figure 2: Lund diagram of parton splittings with the inclusion of relevant medium scales related to
creation and decoherence of partons in the medium. The chosen parameters are q̂ = 2 GeV2/fm, L = 2
fm and pT = 300 GeV.

Turning now to medium effects, it is most natural to consider which of the splittings happen inside a
medium of length L. The line corresponding to tf = L is found by substituting t = L in (4), and is also
represented in Figure 2, where we have chosen a particular value for L. Hence, the area above the line
marked tf = L corresponds to emissions that occur inside the medium. Emissions with tf > L occupy the
region below the line.

Providing a comprehensive overview of models of medium interactions proposed in the literature is
beyond the scope of this report. Instead, we consider for the moment a well-known picture that shares
commonalities between a wide class of approaches by assuming that all propagating particles experience
diffusive momentum broadening. The amount of accumulated momentum is characterized by the diffusion
relation hk2Ti = q̂t, where t corresponds to the time of in-medium propagation and where the jet transport
coefficient q̂ acts as a diffusion constant in transverse space.5 For a given splitting, with a given transverse
momentum kT and formation time tf, the accumulated transverse momentum ⇠ q̂tf could either be a small
correction or a dominating contribution. The limiting line, k2T = q̂tf, is parametrized by,

ln z✓ =
1

3
ln

1

✓
+ ln

q̂1/3

pT
. (5)

Note that the slope is a factor 1/3 smaller than in (4). More generally, at any instant t we can compare
the intrinsic transverse momentum k2T ⇠ (✓t)�2 to the accumulated one ⇠ q̂t. This allows us to identify a
characteristic time-scale when the two are of the same order that is usually referred to as the decoherence
time

td ⇠ (q̂✓2)�1/3 . (6)

Hence, the line tf = td, indicated in Figure 2, divides the region above, where emissions are not resolved
by medium interactions, from the region below, where the dipole splitting kinematics is dominated by
diffusion. Also note that this broadening-dominated regime ceases to exist for decoherence times longer
than the medium length, td & L. This corresponds to small dipole configurations that have a vanishing
probability of ever being resolved in the medium. The condition tf = td = L corresponds therefore to the
minimal decoherence angle ✓c ⇠ (q̂L3)�1/2, see Figure 2.

The kinematical Lund plane for one splitting inside the medium is therefore divided into three main
regimes, in addition to the possibility of fragmenting outside of the medium, tf > L. Emissions that fall

5Here we neglect the influence of rare, hard kicks in the medium that go beyond this definition. Their discussion follows
closely what we describe below, with the resolution scale �? ⇠ q�1

? , where q? is the transverse momentum kick from the
medium. We refer, e.g. to [37] for a comprehensive discussion.

6

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
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24Jesse Thaler (MIT) — Theory Perspective on Machine Learning for Jets

Classifier1 0

Signal Background

Quark/Gluon Classification
“Hello, World!” of Jet Physics

[see e.g. Gras, Höche, Kar, Larkoski, Lönnblad, Plätzer, Siódmok, Skands, Soyez, JDT, JHEP 2017;
Komiske, Metodiev, Schwartz, JHEP 2017; Komiske, Metodiev, JDT, JHEP 2018]

vs.
Quark 
Cq = 4/3

Gluon 
Cg = 3 = 9/3

Find such that
Quark

Gluon
h
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h
( )

= 0
<latexit sha1_base64="4hluKcepKlAfJrfNRk6i7kcWxe8=">AAACQnicbVDLSiNBFL3t2/jKjO5mUxgEBQnVvpIshKAIs1QwKqSbUF2pTopUV/dUVQ+Epr/I3/AHXKp7F+7E7SymOlHwdaGKwznnPjhBIrg2GN85E5NT0zOzc/OlhcWl5ZXyj58XOk4VZS0ai1hdBUQzwSVrGW4Eu0oUI1Eg2GUwOC70y79MaR7LczNMmB+RnuQhp8RYqlM+ybzRkLbqBX6Gq/hgv7GLt3F1H7u1RsMCjA/quzt5P/cC3ttE3p+UdN9+y2yhQ4Q75UphLAp9Be4rqDTXYFSnnfKj141pGjFpqCBat12cGD8jynAqWF7yUs0SQgekx9oWShIx7WejS3O0YZku CmNlnzRoxL7vyEik9TAKrDMipq8/awX5ndZOTVj3My6T1DBJx4vCVCAToyI71OWKUSOGFhCquL0V0T5RhBqb8IctIRvKKMlLNhj3cwxfwcVO1cVV92yv0jwaJwRz8AvWYRNcqEETfsMptIDCNdzCPTw4N86T8+y8jK0TzmvPKnwo599/dV2smA==</latexit><latexit sha1_base64="4hluKcepKlAfJrfNRk6i7kcWxe8=">AAACQnicbVDLSiNBFL3t2/jKjO5mUxgEBQnVvpIshKAIs1QwKqSbUF2pTopUV/dUVQ+Epr/I3/AHXKp7F+7E7SymOlHwdaGKwznnPjhBIrg2GN85E5NT0zOzc/OlhcWl5ZXyj58XOk4VZS0ai1hdBUQzwSVrGW4Eu0oUI1Eg2GUwOC70y79MaR7LczNMmB+RnuQhp8RYqlM+ybzRkLbqBX6Gq/hgv7GLt3F1H7u1RsMCjA/quzt5P/cC3ttE3p+UdN9+y2yhQ4Q75UphLAp9Be4rqDTXYFSnnfKj141pGjFpqCBat12cGD8jynAqWF7yUs0SQgekx9oWShIx7WejS3O0YZku CmNlnzRoxL7vyEik9TAKrDMipq8/awX5ndZOTVj3My6T1DBJx4vCVCAToyI71OWKUSOGFhCquL0V0T5RhBqb8IctIRvKKMlLNhj3cwxfwcVO1cVV92yv0jwaJwRz8AvWYRNcqEETfsMptIDCNdzCPTw4N86T8+y8jK0TzmvPKnwo599/dV2smA==</latexit><latexit sha1_base64="4hluKcepKlAfJrfNRk6i7kcWxe8=">AAACQnicbVDLSiNBFL3t2/jKjO5mUxgEBQnVvpIshKAIs1QwKqSbUF2pTopUV/dUVQ+Epr/I3/AHXKp7F+7E7SymOlHwdaGKwznnPjhBIrg2GN85E5NT0zOzc/OlhcWl5ZXyj58XOk4VZS0ai1hdBUQzwSVrGW4Eu0oUI1Eg2GUwOC70y79MaR7LczNMmB+RnuQhp8RYqlM+ybzRkLbqBX6Gq/hgv7GLt3F1H7u1RsMCjA/quzt5P/cC3ttE3p+UdN9+y2yhQ4Q75UphLAp9Be4rqDTXYFSnnfKj141pGjFpqCBat12cGD8jynAqWF7yUs0SQgekx9oWShIx7WejS3O0YZku CmNlnzRoxL7vyEik9TAKrDMipq8/awX5ndZOTVj3My6T1DBJx4vCVCAToyI71OWKUSOGFhCquL0V0T5RhBqb8IctIRvKKMlLNhj3cwxfwcVO1cVV92yv0jwaJwRz8AvWYRNcqEETfsMptIDCNdzCPTw4N86T8+y8jK0TzmvPKnwo599/dV2smA==</latexit><latexit sha1_base64="q+Qb+5tOrRSE6qeJVX12u3ieLtA=">AAACQnicbVDLSsQwFE19O75GXboJDoKCDOnovBaCKIJLBUeFaRnSNO0E07QmqTCUfpG/4Q+4VPcu3IlbF6bjCL4uJBzOOffB8RLOlEbowRobn5icmp6ZLc3NLywulZdXzlWcSkI7JOaxvPSwopwJ2tFMc3qZSIojj9ML7+qw0C9uqFQsFmd6kFA3wqFgASNYG6pXPsqc4ZCuDD03Q1XUqLd30Daq1pHdbLcNQKjR2qnl/dzxWLgJnesU+1+/YbbgHkS9cqUwFgX/AnsEKmBUJ73ys+PHJI2o0IRjpbo2SrSbYakZ4TQvOamiCSZXOKRdAwWOqHKz4aU53DCMD4NYmic0HLLf OzIcKTWIPOOMsO6r31pB/qd1Ux203IyJJNVUkM9FQcqhjmGRHfSZpETzgQGYSGZuhaSPJSbaJPxjS0AHIkrykgnG/h3DX3Beq9qoap/uVvYPRhHNgDWwDjaBDZpgHxyDE9ABBNyCe/AInqw768V6td4+rWPWqGcV/Cjr/QP8oqxE</latexit>

<latexit sha1_base64="ND2Qv+3kLP3cDupwYPj92MhSDco=">AAADcXicrVLbahsxEJXXvSTuzWn6UvoiYgo2SYy0vu5DwbQPLX1KoE4CXtdoZa0tor0gaUvMVh/afkB/oD9Q7dqBxs5T6YDgMHNmzsxoglRwpRH6UXGqDx4+ery3X3vy9NnzF/WDlxcqySRlY5qI RF4FRDHBYzbWXAt2lUpGokCwy+D6QxG//Mak4kn8Ra9SNo3IIuYhp0Rb1+ygonK/rDKRi2Caozbq97wOOkHtHsIDz7MAof6w45ql8QO+aMJtfmknO8D4EdFLSkT+2RhYpLbgO+gLFuomhsfQDyWheVrW/KeS3+/pBGNcsvGgX6R53tDFQ+NrdqPzj6YcoGX+q6g37Lvd fskeYLdUdwfdTncjen4rCn3JF0vd+pqfYjOrN27Lw12AN6AxegVKO5vVf/nzhGYRizUVRKkJRqme5kRqTgUzNT9TLCX0mizYxMKYRExN87JRA99azxyGibQv1rD0/p2Rk0ipVRRYZjGq2o4Vzvtik0yHw2nO4zTTLKZroTATUCewODU455JRLVYWECq57RXSJbHfru1B 3lEJ2SqOUlOzi8Hba9gFF24b99rovNsYvV9vCOyBN+AINAEGAzACn8AZGANa+ekAZ9+pOb+rr6uwerSmOpVNziG4Y9XjP5fbBCo=</latexit>

h
(

J
)

=

(

1 +
p
(

J |G
)

p
(

J |Q
)

)

−1

(Neyman-Pearson lemma)

Best you can do:

Likelihood ratio yields optimal binary classifier (and vice versa)
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Classifier1 0

Signal Background

Quark/Gluon Classification
“Hello, World!” of Jet Physics

[see e.g. Gras, Höche, Kar, Larkoski, Lönnblad, Plätzer, Siódmok, Skands, Soyez, JDT, JHEP 2017;
Komiske, Metodiev, Schwartz, JHEP 2017; Komiske, Metodiev, JDT, JHEP 2018]

vs.
Quark 
Cq = 4/3

Gluon 
Cg = 3 = 9/3

Find such that
Quark

Gluon
h

( )

<latexit sha1_base64="4jjUhxK/BwEv+hur9m3Cz8iSMp0=">AAACQXicbVDLahsxFL3jpInjtomTZpeNiCmkUIwmL9s7k3bRZQKxHfAMRiNrxiIazUTSBMwwP9Tf6A90635AobuQbTfVjL3IowckHc49V/dyglRwbTBeOLW19Tcbm/Wtxtt377d3mrt7Q51kirIB TUSibgKimeCSDQw3gt2kipE4EGwU3H4p66N7pjRP5LWZp8yPSSR5yCkxVpo0v+Ze9clYRYGf4zY+P+ud4M+4fYbdTq9nCcbn3ZPjYlZ4FzyKjpB3d5eRqX2qu9Q+TZqt0lcCvSbuirT6+1DhctL87U0TmsVMGiqI1mMXp8bPiTKcClY0vEyzlNBbErGxpZLETPt5tWiB PlplisJE2SMNqtSnHTmJtZ7HgXXGxMz0y1op/q82zkzY9XMu08wwSZeDwkwgk6AyOjTlilEj5pYQqrjdFdEZUYQaG/CzKSGbyzgtGjYY92UMr8nwuO3itnt12upfLBOCOhzAIRyBCx3owze4hAFQ+A4/YQG/nB/OH+fBeVxaa86q5wM8g/P3H752rOA=</latexit><latexit sha1_base64="4jjUhxK/BwEv+hur9m3Cz8iSMp0=">AAACQXicbVDLahsxFL3jpInjtomTZpeNiCmkUIwmL9s7k3bRZQKxHfAMRiNrxiIazUTSBMwwP9Tf6A90635AobuQbTfVjL3IowckHc49V/dyglRwbTBeOLW19Tcbm/Wtxtt377d3mrt7Q51kirIB TUSibgKimeCSDQw3gt2kipE4EGwU3H4p66N7pjRP5LWZp8yPSSR5yCkxVpo0v+Ze9clYRYGf4zY+P+ud4M+4fYbdTq9nCcbn3ZPjYlZ4FzyKjpB3d5eRqX2qu9Q+TZqt0lcCvSbuirT6+1DhctL87U0TmsVMGiqI1mMXp8bPiTKcClY0vEyzlNBbErGxpZLETPt5tWiB PlplisJE2SMNqtSnHTmJtZ7HgXXGxMz0y1op/q82zkzY9XMu08wwSZeDwkwgk6AyOjTlilEj5pYQqrjdFdEZUYQaG/CzKSGbyzgtGjYY92UMr8nwuO3itnt12upfLBOCOhzAIRyBCx3owze4hAFQ+A4/YQG/nB/OH+fBeVxaa86q5wM8g/P3H752rOA=</latexit><latexit sha1_base64="4jjUhxK/BwEv+hur9m3Cz8iSMp0=">AAACQXicbVDLahsxFL3jpInjtomTZpeNiCmkUIwmL9s7k3bRZQKxHfAMRiNrxiIazUTSBMwwP9Tf6A90635AobuQbTfVjL3IowckHc49V/dyglRwbTBeOLW19Tcbm/Wtxtt377d3mrt7Q51kirIB TUSibgKimeCSDQw3gt2kipE4EGwU3H4p66N7pjRP5LWZp8yPSSR5yCkxVpo0v+Ze9clYRYGf4zY+P+ud4M+4fYbdTq9nCcbn3ZPjYlZ4FzyKjpB3d5eRqX2qu9Q+TZqt0lcCvSbuirT6+1DhctL87U0TmsVMGiqI1mMXp8bPiTKcClY0vEyzlNBbErGxpZLETPt5tWiB PlplisJE2SMNqtSnHTmJtZ7HgXXGxMz0y1op/q82zkzY9XMu08wwSZeDwkwgk6AyOjTlilEj5pYQqrjdFdEZUYQaG/CzKSGbyzgtGjYY92UMr8nwuO3itnt12upfLBOCOhzAIRyBCx3owze4hAFQ+A4/YQG/nB/OH+fBeVxaa86q5wM8g/P3H752rOA=</latexit><latexit sha1_base64="8SO8vlNfFPHIXZ+2O3AixnXFXH4=">AAACQXicbVDLSgMxFM3Ud31VXboJFqGClIyvtjtRFy4r2FboDCWTZqbBTGZMMkIZ5of8DX/ArX6A4E7cujHTdmGtB5Iczj0393K8mDOlEXq1CnPzC4tLyyvF1bX1jc3S1nZbRYkktEUiHsk7DyvK maAtzTSnd7GkOPQ47Xj3l3m980ilYpG41cOYuiEOBPMZwdpIvdJV6ow+6crAc1NURWenjWN0iKqnyK41GoYgdFY/PsoGmXPBgqACnYeHBPfNM7pz7aBXKue+HHCW2BNSBhM0e6V3px+RJKRCE46V6too1m6KpWaE06zoJIrGmNzjgHYNFTikyk1Hi2Zw3yh96EfSHKHh SP3dkeJQqWHoGWeI9UD9reXif7Vuov26mzIRJ5oKMh7kJxzqCObRwT6TlGg+NAQTycyukAywxESbgKem+HQowjgrmmDsvzHMkvZR1UZV++akfH4xiWgZ7II9UAE2qIFzcA2aoAUIeAIv4BW8Wc/Wh/VpfY2tBWvSswOmYH3/AEXKrIw=</latexit>

h
( )

= 1
<latexit sha1_base64="xE+8GpNQNyhqEOMDmxBvKCxtyy0=">AAACQnicbVBNSxtBGH43ftSmVaPtzctgKChImNVqkoMQLAWPCsYI2SXMTmY3Q2Zn15lZISz7i/wb/oEe1XsPvZVePTibKPjRF2Z4eJ7n/eAJUsG1wfjWqczNLyx+WPpY/fR5eWW1trZ+rpNMUdaliUjURUA0E1yyruFGsItUMRIHgvWC8Y9S710xpXkiz8wkZX5MIslDTomx1KD2M/emQ/oqCvwcN/DBfnsP7+DGPnab7bYFGB+09naLUeEFPNpC3mVGhs+/ZbbRIXIHtXppLAu9B+4TqHe+wrROBrXf3jChWcykoYJo3XdxavycKMOpYEXVyzRLCR2TiPUtlCRm2s+nlxbo m2WGKEyUfdKgKfuyIyex1pM4sM6YmJF+q5Xk/7R+ZsKWn3OZZoZJOlsUZgKZBJXZoSFXjBoxsYBQxe2tiI6IItTYhF9tCdlExmlRtcG4b2N4D853Gy5uuKff652jWUKwBBuwCVvgQhM6cAwn0AUK1/AL7uDeuXH+OH+dfzNrxXnq+QKvynl4BHb1rJk=</latexit><latexit sha1_base64="xE+8GpNQNyhqEOMDmxBvKCxtyy0=">AAACQnicbVBNSxtBGH43ftSmVaPtzctgKChImNVqkoMQLAWPCsYI2SXMTmY3Q2Zn15lZISz7i/wb/oEe1XsPvZVePTibKPjRF2Z4eJ7n/eAJUsG1wfjWqczNLyx+WPpY/fR5eWW1trZ+rpNMUdaliUjURUA0E1yyruFGsItUMRIHgvWC8Y9S710xpXkiz8wkZX5MIslDTomx1KD2M/emQ/oqCvwcN/DBfnsP7+DGPnab7bYFGB+09naLUeEFPNpC3mVGhs+/ZbbRIXIHtXppLAu9B+4TqHe+wrROBrXf3jChWcykoYJo3XdxavycKMOpYEXVyzRLCR2TiPUtlCRm2s+nlxbo m2WGKEyUfdKgKfuyIyex1pM4sM6YmJF+q5Xk/7R+ZsKWn3OZZoZJOlsUZgKZBJXZoSFXjBoxsYBQxe2tiI6IItTYhF9tCdlExmlRtcG4b2N4D853Gy5uuKff652jWUKwBBuwCVvgQhM6cAwn0AUK1/AL7uDeuXH+OH+dfzNrxXnq+QKvynl4BHb1rJk=</latexit><latexit sha1_base64="xE+8GpNQNyhqEOMDmxBvKCxtyy0=">AAACQnicbVBNSxtBGH43ftSmVaPtzctgKChImNVqkoMQLAWPCsYI2SXMTmY3Q2Zn15lZISz7i/wb/oEe1XsPvZVePTibKPjRF2Z4eJ7n/eAJUsG1wfjWqczNLyx+WPpY/fR5eWW1trZ+rpNMUdaliUjURUA0E1yyruFGsItUMRIHgvWC8Y9S710xpXkiz8wkZX5MIslDTomx1KD2M/emQ/oqCvwcN/DBfnsP7+DGPnab7bYFGB+09naLUeEFPNpC3mVGhs+/ZbbRIXIHtXppLAu9B+4TqHe+wrROBrXf3jChWcykoYJo3XdxavycKMOpYEXVyzRLCR2TiPUtlCRm2s+nlxbo m2WGKEyUfdKgKfuyIyex1pM4sM6YmJF+q5Xk/7R+ZsKWn3OZZoZJOlsUZgKZBJXZoSFXjBoxsYBQxe2tiI6IItTYhF9tCdlExmlRtcG4b2N4D853Gy5uuKff652jWUKwBBuwCVvgQhM6cAwn0AUK1/AL7uDeuXH+OH+dfzNrxXnq+QKvynl4BHb1rJk=</latexit><latexit sha1_base64="BO8+nCPq18cnFPBtjI3aDdgledQ=">AAACQnicbVDLSsQwFE19O75GXboJDoKCDOnovBaCKIJLBUeFaRnSNO0E07QmqTCUfpG/4Q+4VPcu3IlbF6bjCL4uJBzOOffB8RLOlEbowRobn5icmp6ZLc3NLywulZdXzlWcSkI7JOaxvPSwopwJ2tFMc3qZSIojj9ML7+qw0C9uqFQsFmd6kFA3wqFgASNYG6pXPsqc4ZCuDD03Q1XUqLd30Daq1pHdbLcNQKjR2qnl/dzxWLgJnesU+1+/YbbgHrR75UphLAr+BfYIVMCoTnrlZ8ePSRpRoQnHSnVtlGg3w1IzwmleclJFE0yucEi7BgocUeVmw0tzuGEYHwaxNE9oOGS/ d2Q4UmoQecYZYd1Xv7WC/E/rpjpouRkTSaqpIJ+LgpRDHcMiO+gzSYnmAwMwkczcCkkfS0y0SfjHloAORJTkJROM/TuGv+C8VrVR1T7drewfjCKaAWtgHWwCGzTBPjgGJ6ADCLgF9+ARPFl31ov1ar19WsesUc8q+FHW+wf+OqxF</latexit>

h
( )

= 0
<latexit sha1_base64="4hluKcepKlAfJrfNRk6i7kcWxe8=">AAACQnicbVDLSiNBFL3t2/jKjO5mUxgEBQnVvpIshKAIs1QwKqSbUF2pTopUV/dUVQ+Epr/I3/AHXKp7F+7E7SymOlHwdaGKwznnPjhBIrg2GN85E5NT0zOzc/OlhcWl5ZXyj58XOk4VZS0ai1hdBUQzwSVrGW4Eu0oUI1Eg2GUwOC70y79MaR7LczNMmB+RnuQhp8RYqlM+ybzRkLbqBX6Gq/hgv7GLt3F1H7u1RsMCjA/quzt5P/cC3ttE3p+UdN9+y2yhQ4Q75UphLAp9Be4rqDTXYFSnnfKj141pGjFpqCBat12cGD8jynAqWF7yUs0SQgekx9oWShIx7WejS3O0YZku CmNlnzRoxL7vyEik9TAKrDMipq8/awX5ndZOTVj3My6T1DBJx4vCVCAToyI71OWKUSOGFhCquL0V0T5RhBqb8IctIRvKKMlLNhj3cwxfwcVO1cVV92yv0jwaJwRz8AvWYRNcqEETfsMptIDCNdzCPTw4N86T8+y8jK0TzmvPKnwo599/dV2smA==</latexit><latexit sha1_base64="4hluKcepKlAfJrfNRk6i7kcWxe8=">AAACQnicbVDLSiNBFL3t2/jKjO5mUxgEBQnVvpIshKAIs1QwKqSbUF2pTopUV/dUVQ+Epr/I3/AHXKp7F+7E7SymOlHwdaGKwznnPjhBIrg2GN85E5NT0zOzc/OlhcWl5ZXyj58XOk4VZS0ai1hdBUQzwSVrGW4Eu0oUI1Eg2GUwOC70y79MaR7LczNMmB+RnuQhp8RYqlM+ybzRkLbqBX6Gq/hgv7GLt3F1H7u1RsMCjA/quzt5P/cC3ttE3p+UdN9+y2yhQ4Q75UphLAp9Be4rqDTXYFSnnfKj141pGjFpqCBat12cGD8jynAqWF7yUs0SQgekx9oWShIx7WejS3O0YZku CmNlnzRoxL7vyEik9TAKrDMipq8/awX5ndZOTVj3My6T1DBJx4vCVCAToyI71OWKUSOGFhCquL0V0T5RhBqb8IctIRvKKMlLNhj3cwxfwcVO1cVV92yv0jwaJwRz8AvWYRNcqEETfsMptIDCNdzCPTw4N86T8+y8jK0TzmvPKnwo599/dV2smA==</latexit><latexit sha1_base64="4hluKcepKlAfJrfNRk6i7kcWxe8=">AAACQnicbVDLSiNBFL3t2/jKjO5mUxgEBQnVvpIshKAIs1QwKqSbUF2pTopUV/dUVQ+Epr/I3/AHXKp7F+7E7SymOlHwdaGKwznnPjhBIrg2GN85E5NT0zOzc/OlhcWl5ZXyj58XOk4VZS0ai1hdBUQzwSVrGW4Eu0oUI1Eg2GUwOC70y79MaR7LczNMmB+RnuQhp8RYqlM+ybzRkLbqBX6Gq/hgv7GLt3F1H7u1RsMCjA/quzt5P/cC3ttE3p+UdN9+y2yhQ4Q75UphLAp9Be4rqDTXYFSnnfKj141pGjFpqCBat12cGD8jynAqWF7yUs0SQgekx9oWShIx7WejS3O0YZku CmNlnzRoxL7vyEik9TAKrDMipq8/awX5ndZOTVj3My6T1DBJx4vCVCAToyI71OWKUSOGFhCquL0V0T5RhBqb8IctIRvKKMlLNhj3cwxfwcVO1cVV92yv0jwaJwRz8AvWYRNcqEETfsMptIDCNdzCPTw4N86T8+y8jK0TzmvPKnwo599/dV2smA==</latexit><latexit sha1_base64="q+Qb+5tOrRSE6qeJVX12u3ieLtA=">AAACQnicbVDLSsQwFE19O75GXboJDoKCDOnovBaCKIJLBUeFaRnSNO0E07QmqTCUfpG/4Q+4VPcu3IlbF6bjCL4uJBzOOffB8RLOlEbowRobn5icmp6ZLc3NLywulZdXzlWcSkI7JOaxvPSwopwJ2tFMc3qZSIojj9ML7+qw0C9uqFQsFmd6kFA3wqFgASNYG6pXPsqc4ZCuDD03Q1XUqLd30Daq1pHdbLcNQKjR2qnl/dzxWLgJnesU+1+/YbbgHkS9cqUwFgX/AnsEKmBUJ73ys+PHJI2o0IRjpbo2SrSbYakZ4TQvOamiCSZXOKRdAwWOqHKz4aU53DCMD4NYmic0HLLf OzIcKTWIPOOMsO6r31pB/qd1Ux203IyJJNVUkM9FQcqhjmGRHfSZpETzgQGYSGZuhaSPJSbaJPxjS0AHIkrykgnG/h3DX3Beq9qoap/uVvYPRhHNgDWwDjaBDZpgHxyDE9ABBNyCe/AInqw768V6td4+rWPWqGcV/Cjr/QP8oqxE</latexit>

<latexit sha1_base64="ND2Qv+3kLP3cDupwYPj92MhSDco=">AAADcXicrVLbahsxEJXXvSTuzWn6UvoiYgo2SYy0vu5DwbQPLX1KoE4CXtdoZa0tor0gaUvMVh/afkB/oD9Q7dqBxs5T6YDgMHNmzsxoglRwpRH6UXGqDx4+ery3X3vy9NnzF/WDlxcqySRlY5qI RF4FRDHBYzbWXAt2lUpGokCwy+D6QxG//Mak4kn8Ra9SNo3IIuYhp0Rb1+ygonK/rDKRi2Caozbq97wOOkHtHsIDz7MAof6w45ql8QO+aMJtfmknO8D4EdFLSkT+2RhYpLbgO+gLFuomhsfQDyWheVrW/KeS3+/pBGNcsvGgX6R53tDFQ+NrdqPzj6YcoGX+q6g37Lvd fskeYLdUdwfdTncjen4rCn3JF0vd+pqfYjOrN27Lw12AN6AxegVKO5vVf/nzhGYRizUVRKkJRqme5kRqTgUzNT9TLCX0mizYxMKYRExN87JRA99azxyGibQv1rD0/p2Rk0ipVRRYZjGq2o4Vzvtik0yHw2nO4zTTLKZroTATUCewODU455JRLVYWECq57RXSJbHfru1B 3lEJ2SqOUlOzi8Hba9gFF24b99rovNsYvV9vCOyBN+AINAEGAzACn8AZGANa+ekAZ9+pOb+rr6uwerSmOpVNziG4Y9XjP5fbBCo=</latexit>

h
(

J
)

=

(

1 +
p
(

J |G
)

p
(

J |Q
)

)

−1

(Neyman-Pearson lemma)

Best you can do:

Likelihood ratio yields optimal binary classifier (and vice versa)
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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)
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Exercise: 
Restrict fit to either 
RHIC or LHC data

Fit dominated 
by LHC data

PRC 104, 024905 (2021)

(2) Experimental guidance from Bayesian inference

Sensitivity index

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

Long-term planning
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(3) Experimental guidance from ML

Figure 4. ROC curves for jets in pp vs. AA collisions using the N -subjettiness basis. For
comparison we also show the result obtained using the classifier based on PFNs.

jets, however, for pp vs. AA jets we expect that there is significant information contained

in the soft physics due to sensitivity to the surrounding medium in AA case. We note

that this observation is generally in agreement with the large di↵erence between PFNs and

EFNs found in Section 3.1. Our findings suggest that it will be necessary to measure new

soft-sensitive jet substructure observables in heavy-ion collisions to fully make use of the

available information recorded by the experimental collaborations. This information can

be accessed by N -subjettiness observables for large values of N . We emphasize again that

while the conclusions here are model-dependent, we are confident that a similar analysis

can be performed with experimental data. In addition, we note that the studies here do

not include the heavy-ion background, which poses a major obstacle in measurements of

soft physics. We will discuss the impact of the heavy-ion underlying event in more detail

in Section 6.

3.2.2 Energy Flow Polynomial basis

EFPs were introduced in Ref. [96] as an (over)complete linear basis of IRC-safe jet sub-

structure observables. They are multi-particle correlators which can be indexed with multi-

graphs G = (V,E) with V vertices and E edges. For a jet with M particles, the EFPG is

defined as

EFPG =
MX

i1=1

· · ·

MX

iV =1

zi1 · · · ziV
Y

(k,l)2E

✓ikil . (3.5)

– 12 –

Systematic approach to “solve” the jet 
quenching problem from the experimental 
side

How many observables does one need 
to measure to saturate information?

Lai, Mulligan, Płoskoń, Ringer arXiv 2111.14589 
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By balancing the tradeoff of discriminating 
power and complexity, we can design the 
most strongly modified calculable observable

ML-assisted observable design

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 –

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-
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Summary
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Three criteria for jet observables: measurable, calculable, informative
Rich phenomenology of jet results: perturbative narrowing, nonperturbative broadening

Jets are flexible probes of the QGP with direct connection to first principles QCD

First Bayesian extractions of  in last couple yearŝq

Global analysis is needed to to reveal properties of deconfined QCD matter

(1) Jets as probe of QGP: systematic guidance for what to measure next
(2) QGPs as probe of jet: early days studying real-time dynamics of QCD — jets and quantum computers

The future


