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Narrowing of Jet Substructure
Example: Groomed radius.

Many Monte Carlo models get similar results.
Bias towards narrower, less active jets.

Medium q/g can also account for the signal.
Strong suppression of gluon jets (factor 4 w.r.t. pp).

Medium q/g + pT broadening fails.

Not accounting for selection bias, while broadening
emissions, results in a broader jet ensemble.

ALICE - PRL ‘22

Qiu et al. - PRL ‘19

Ringer et al. - PLB ‘19



Jets and Jets
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Same energy.
Same jet radius R.

Different fragmentation pattern.

Wider jets have more energy loss sources:
more total quenching than narrower ones.

Assuming:
most of the energy goes out of the cone.
internal structure resolved by QGP.

Wide jet Narrow jet

Vacuum-like 
emission
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Wide jet Narrow jet
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t02

Scale of emission t 
sampled from 
Sudakov distribution.

“First” emission inside 
the jet cone determines
available phase space 
for further in-cone emissions.
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For any evolution variable:
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t01 / �R0Groomed angle is 
proxy for jet activity.
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Jets and Jets



Correlation between nSD and ΔR
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Casalderrey-Solana, Milhano, DP, Rajagopal, JHEP ‘20



Common feature among MC models
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ΔR narrowing observed

in data, well reproduced by

variety of models.

Most relevant common feature between MCs: 
dominance of vacuum physics at early, high energy stages of the shower.

ALICE - PRL ‘22



Modified q/g Fraction
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Qiu et al. - PRL ‘19 Parametrization of modification of
jet function (similar to nPDF).

Best fit seems to leave quark jets untouched.

Combination of quark and gluon contributions:

Broadening added as non-perturbative kick.

Ringer et al. - PLB ‘19



Substructure dependent jet suppression
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ATLAS - 2211.11470

Recent ATLAS results for RAA vs rg
can also be explained by modified q/g fraction model.
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Narrowing of Jet Substructure

How can we discriminate between: 

Quenching of wider jets, either quark or gluon

Modification of q/g fraction

(medium sensitive to jet substructure fluctuations).

(medium sensitive to total charge only).

Simple proposal:

Use an enriched quark sample,
so that over-quenching of gluons 
has very little effect.R. Cruz-Torres talk at QM22

Another example: WTA axis distance w.r.t. anti-kT axis
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Rapidity Evolution of Quark Fraction

Here: exploit rapidity evolution of quark fraction
to engineer quark enriched samples.

<latexit sha1_base64="gQGiVdA/MnbCzhHo0Jhn1ldgplo=">AAACBnicbVC7TsNAEDyHVwgvE0qaExESVWQjBJQRNJRByktKLOt82SSnnB+6W6NEVnq+ghYqOkTLb1DwL9jGBSRMNZrZ1c6OF0mh0bI+jdLa+sbmVnm7srO7t39gHlY7OowVhzYPZah6HtMgRQBtFCihFylgvieh601vM7/7AEqLMGjhPALHZ+NAjARnmEquWZ3RgRY+jdwWHfBQT+jcNWtW3cpBV4ldkBop0HTNr8Ew5LEPAXLJtO7bVoROwhQKLmFRGcQaIsanbAz9lAbMB+0kefYFPY01w5BGoKiQNBfh90bCfK3nvpdO+gwnetnLxP+8foyjaycRQRQjBDw7hEJCfkhzJdJSgA6FAkSWJQcqAsqZYoigBGWcp2KctlRJ+7CXv18lnfO6fVm/uL+oNW6KZsrkmJyQM2KTK9Igd6RJ2oSTGXkiz+TFeDRejTfj/We0ZBQ7R+QPjI9vsyGYLw==</latexit>

x ⇠ pT cosh y Quark enriched samples can be obtained from
e.g. inclusive b-tagged jets, semi-inclusive boson-jets.

Extended rapidity coverages available in 
future detector upgrades.

DP & A. Soto-Ontoso - 2210.07901

Run 5 with |η|<4
and great pT resolution.
CERN-LHCC-2022-009

Also ATLAS and CMS.
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Leading-kt at DLA in Vacuum

Vacuum q/g fractions; taken from PYTHIA8.

Probability of measuring splitting with kt.

Probability there is no other splitting with larger
value of kt (Sudakov factor).

Total distribution becomes narrower
at forward rapidities as q-fraction increases.

DP & A. Soto-Ontoso - 2210.07901



Quenched Phase Space of a Jet
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Only those jet modes that:

are formed inside the medium, and,

are resolved by the medium,
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tf < L
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tf < td

contribute to double-logarithmic enhancement
of quenched phase space:

PSin

PSin =

Mehtar-Tani, Tywoniuk - PRD ‘18
Caucal, Iancu, Mueller, Soyez - PRL ‘18see also

Lund Plane
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Analytic Estimates at DLA - Summary

q/g frac model:
Quenching of leading charge only.

  model:
Quenching of leading and tagged prongs
if resolved (i.e. with            ).

Less narrowing with increasing rapidity. Narrowing persists also at forward rapidities.

DP & A. Soto-Ontoso - 2210.07901
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✓ > ✓c
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Hybrid Model - Jet Quenching MC
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Narrowing persists at forward rapidities if jet substructure resolved (Lres=0).

Small effect from total charge quenching (Lres = ∞) at mid-rapidity.

Using statistics projected for HL-LHC0-5% Centrality

DP & A. Soto-Ontoso - 2210.07901
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Toy q/g Fraction Model
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Using statistics projected for HL-LHC

Combine quark and gluon pp templates
with modified q/g fraction.

Strong narrowing observed at mid-rapidity
fades away toward forward rapidities.

DP & A. Soto-Ontoso - 2210.07901

BDMPS-Z:

for
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Jet Azimuthal Anisotropy
Slide from
K. Hill at QM‘19
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Use microjet distributions derived using Generating Functional (GF) framework:

Vacuum evol.
obeys DGLAP:

Dasgupta et al. - JHEP ‘14

Extend GF in the medium to resum energy loss effects due to multi-particle nature of jet:

Initial condition at zero angle 
is single charge quenching factor:

Radiative
energy loss

Elastic
energy loss

Energy loss versus R displays non-monotonic behaviour. Competing effects:
Increasing R means more likely to retain emitted (or thermalised) quanta: less quenching.
Increasing R means larger quenched phase space: more quenching.

Resummed Quenching Weights

PSin constraint

Mehtar-Tani, DP, Tywoniuk - PRL ‘21



Jet Suppression at LHC
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ATLAS Data

Embed framework into realistic heavy-ion environment:

Glauber sampling, random azimuthal orientation.

Compute event-by-event relevant quantities, e.g.:

Path of jet through hydro. profile (VISHNU) down to Tc

(in local fluid rest frame)

Mehtar-Tani, DP, Tywoniuk - PRL ‘21

LHC

fit to ATLAS R=0.4 around pT~120 GeV at 0-10%
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Mehtar-Tani, DP, Tywoniuk - in preparation
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Jet RAA at RHIC

PRELIMINARY

Even milder R dependence
than at LHC.

RHIC

20

In agreement with
STAR data.
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Jet v2 at RHIC
PRELIMINARY

Interesting grouping
in v2 for different R.

RHIC

21

R=0.3, and especially 
R=0.4, migrate as a
function of centrality.
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Coherence vs. Centrality
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Jet v2 & Coherence Effects

PRELIMINARY

RHIC

23

sPH-TRG-2022-001
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Effect can be measured by 
sPHENIX.
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Conclusions
Jets possess a narrower substructure in heavy-ion compared to pp, due to selection bias.

Used leading-kt distribution as proof-of-concept.

Use quark enriched sample to disentangle physical picture. Exploit rapidity evolution of q-fraction.

Wide versus narrow selection bias? Medium can resolve internal jet scales.
Gluon versus quark selection bias? Medium does not need to resolve internal jet scales.

If there is still narrowing in quark enriched sample, 
then medium can resolve jet substructure.

Measurement at LHC in progress. 
No hard radiation or scatterings included. Baseline for future studies.

Improved detector acceptance
in HL-LHC era.

R-dependence of jet v2 is quite sensitive to coherence physics.
Average value of critical angle acts as a filter, groups curves into two classes.
Motivates measuring R-dependent jet v2 in future runs at RHIC and LHC.
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No quenching.
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Mild R dependence, 
in agreement with CMS data.

Modelling sensitivity at pT=110 GeV 
for R between 0.2 and 0.6:

NLO contribution very small
(hard emissions tend to be collinear).

Modelling of fate of lost energy relatively small.

Determination of quenched phase space
relatively large. Improvable in pQCD.

Need to improve perturbative sector before
non-perturbative becomes relevant (for R<0.6!) 

Mehtar-Tani, DP, Tywoniuk - PRL ‘21
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Leading-kT Distribution in pp
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Compute leading-kt in a C/A reclustered tree.

Distribution for quark jets narrower than for gluon jets.

Moving to forward rapidities, sample dominated by quark jets.

DP & A. Soto-Ontoso - 2210.07901

PYTHIA8
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Analytic q/g frac. model at DLA

q/g frac model:

Quenching of leading charge only.
Less narrowing with increasing rapidity.

DP & A. Soto-Ontoso - 2210.07901 nPDF-modified q/g fractions (small effect)

Energy loss
BDMPS-Z

Triggered splitting assumed vacuum-like only.

(Note: effect at mid-rapidity not as big as 
Ringer et al., different medium q/g fraction).

q-frac (PbPb/pp)
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Analytic decoherence model at DLA
DP & A. Soto-Ontoso - 2210.07901 nPDF-modified q/g fractions (small effect)

Energy loss
BDMPS-Z

Triggered splitting can be medium-induced.

  model:

Quenching of leading and tagged prongs
if resolved (i.e. with            ).Narrowing persists also

 at forward rapidities.
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Hybrid Strong/Weak Coupling Model

Daniel Pablos INFN Torino

free parameterO(1)

Strongly coupled 
energy loss
(hydrodynamization rate)

Hadrons from the hydro.
wake (medium response)

PYTHIA8 down to hadro. scale
(formation time argument
for spacetime picture)

Casalderrey-Solana, Gulhan, 
Milhano, DP, 

Rajagopal JHEP ‘15,‘16,‘17
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Rapidity Depence of RAA
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Initial state effects affect
RAA vs rapidity.

(Also observed in
 Adhya et al. - EPJC ‘22.)

Need to check with updated
sets EPPS21 and nNNPDF3.0.

Differences among nPDF?
Could we constrain nPDF?

Without nPDF, flatness of RAA
result of competing effects:
Steepness of spectrum,
change in q-fraction.

DP & A. Soto-Ontoso - 2210.07901
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Initial state effects affect
RAA vs rapidity.

(also observed in
 Adhya et al. - EPJC ‘22)

Need to use updated
sets EPPS21 and nNNPDF3.0.

Differences?
Could we constrain?

Without nPDF, flatness of RAA
result of competing effects:
Steepness of spectrum,
change in q-fraction.

DP & A. Soto-Ontoso - 2210.07901

DP - PRL ‘20

Initial state effects
can emulate quenching
at high pT.
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Hybrid Model
Using statistics projected for HL-LHC0-5% Centrality

DP & A. Soto-Ontoso - 2210.07901
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Increasing rapidity can make distribution
narrower due to jet pT-bin migration

At high rapidity, q-fraction 
evolves strongly with pT.

Wake affects substructure of low pT jets.

At high-enough pT, current detectors’
acceptance suffices to get high q-fraction.



q-fraction in the Hybrid Model

Daniel Pablos INFN Torino
DP & A. Soto-Ontoso - 2210.07901
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At low pT, q-fraction increases 
if sensitive to total color charge only.

At high pT, differences disappear.

q-fraction ratio (PbPb/pp) in small e-loss approx:

Collimator in linearised approx:

is phase-space
of extra energy loss
sources.

Explains behaviour in MC.

Mehtar-Tani, Tywoniuk - PRD ‘18



RHIC vs LHC Vacuum Spectra
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<latexit sha1_base64="gzeWKP0CbQbTM0PPm3eKXV8Ll40=">AAAB+XicdVDLTsJAFJ3iC/GFunQzkZi4alogAjuiG5eYyCOBhkyHC06YTpuZWxPS8BFudeXOuPVrXPgvtoCJGj2rk3PuzT33+JEUBh3n3cqtrW9sbuW3Czu7e/sHxcOjjgljzaHNQxnqns8MSKGgjQIl9CINLPAldP3pVeZ370EbEapbnEXgBWyixFhwhqnUVQMjAlofFkuOXa1XGmWHZqTquEtSqTdq1LWdBUpkhdaw+DEYhTwOQCGXzJi+60ToJUyj4BLmhUFsIGJ8yibQT6liARgvWcSd07PYMAxpBJoKSRcifN9IWGDMLPDTyYDhnfntZeJfXj/Gcd1LhIpiBMWzQygkLA4ZrkXaA9CR0IDIsuRAhaKcaYYIWlDGeSrGaTGFtI+vp+n/pFO23Qu7elMtNS9XzeTJCTkl58QlNdIk16RF2oSTKXkgj+TJSqxn68V6XY7mrNXOMfkB6+0T82KUCw==</latexit>

n ⇠ 8
<latexit sha1_base64="nLe76JoaNccF3/r6LFl1rchE03U=">AAAB+nicdVDLTsJAFJ36RHyhLt1MJCaumhYagR3RjUtM5JFAQ6bDBSdMp83MrQlBfsKtrtwZt/6MC//FFjBRo2d1cs69ueeeIJbCoOO8Wyura+sbm7mt/PbO7t5+4eCwZaJEc2jySEa6EzADUihookAJnVgDCwMJ7WB8mfntO9BGROoGJzH4IRspMRScYSp1VM+IkLpuv1B0bK9arpUcmhHPcRekXK1VqGs7cxTJEo1+4aM3iHgSgkIumTFd14nRnzKNgkuY5XuJgZjxMRtBN6WKhWD86TzvjJ4mhmFEY9BUSDoX4fvGlIXGTMIgnQwZ3prfXib+5XUTHFb9qVBxgqB4dgiFhPkhw7VIiwA6EBoQWZYcqFCUM80QQQvKOE/FJG0mn/bx9TT9n7RKtntue9desX6xbCZHjskJOSMuqZA6uSIN0iScSPJAHsmTdW89Wy/W62J0xVruHJEfsN4+AVxGlD8=</latexit>

n ⇠ 11
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<latexit sha1_base64="dQLWr2xbc8DYkc1YgO1E6QgShHA=">AAAB/HicbVC7TgJBFJ3FF+ILtbSZSEysyK7BR2FBtLHERB4RCLk7XHDC7Oxm5q4JAfwKW63sjK3/YuG/uIsUip7q5Jx7c889fqSkJdf9cDILi0vLK9nV3Nr6xuZWfnunZsPYCKyKUIWm4YNFJTVWSZLCRmQQAl9h3R9cpn79Ho2Vob6hYYTtAPpa9qQASqTbcQsJxudu8biTL7hFdwr+l3gzUmAzVDr5z1Y3FHGAmoQCa5ueG1F7BIakUDjJtWKLEYgB9LGZUA0B2vZomnjCD2ILFPIIDZeKT0X8uTGCwNph4CeTAdCdnfdS8T+vGVPvrD2SOooJtUgPkVQ4PWSFkUkVyLvSIBGkyZFLzQUYIEIjOQiRiHHSTS7pw5v//i+pHRW9k2LpulQoX8yaybI9ts8OmcdOWZldsQqrMsE0e2RP7Nl5cF6cV+ftezTjzHZ22S84719rOZTJ</latexit>

|⌘| < 0.5
<latexit sha1_base64="nMEYho9LOJWfgvmXn9zwQTShEzs=">AAAB/HicbVA9TwJBEN3DL8Qv1NJmIzGxIneEKIUF0cYSE/mIQMjcMuCGvb3L7pwJAfwVtlrZGVv/i4X/xQMpFHzVy3szmTfPj5S05LqfTmpldW19I72Z2dre2d3L7h/UbBgbgVURqtA0fLCopMYqSVLYiAxC4Cus+4OrqV9/QGNlqG9pGGE7gL6WPSmAEulu3EKC8UUhX+pkc27enYEvE29OcmyOSif71eqGIg5Qk1BgbdNzI2qPwJAUCieZVmwxAjGAPjYTqiFA2x7NEk/4SWyBQh6h4VLxmYi/N0YQWDsM/GQyALq3i95U/M9rxtQrtUdSRzGhFtNDJBXODllhZFIF8q40SATT5Mil5gIMEKGRHIRIxDjpJpP04S1+v0xqhbx3li/eFHPly3kzaXbEjtkp89g5K7NrVmFVJphmT+yZvTiPzqvz5rz/jKac+c4h+wPn4xtzCJTO</latexit>

|⌘| < 2.8

Larger quark-initiated jet fraction at RHIC,
should push total RAA up.

Quark-initiated jet fraction decreases with increasing R,
as gluon-initiated jets are more active.

<latexit sha1_base64="MQb6OS0TyoG70831i40AwxSwZUM=">AAAB/nicbVC7TsNAEDyHVwivACXNiQiJyrJRBCkjaCiDRB5SbEXnyyaccj6buzVSZEXiK2ihokO0/AoF/4JjXEDCVKOZXe3sBLEUBh3n0yqtrK6tb5Q3K1vbO7t71f2DjokSzaHNIxnpXsAMSKGgjQIl9GINLAwkdIPJ1dzvPoA2IlK3OI3BD9lYiZHgDDPJGw3uqWdESB27MajWHNvJQZeJW5AaKdAaVL+8YcSTEBRyyYzpu06Mfso0Ci5hVvESAzHjEzaGfkYVC8H4aZ55Rk8SwzCiMWgqJM1F+L2RstCYaRhkkyHDO7PozcX/vH6Co4afChUnCIrPD6GQkB8yXIusDKBDoQGRzZMDFYpyphkiaEEZ55mYZO1Usj7cxe+XSefMds/t+k291rwsmimTI3JMTolLLkiTXJMWaRNOYvJEnsmL9Wi9Wm/W+89oySp2DskfWB/fPWCVMQ==</latexit>

fq ⇠ 0.8
<latexit sha1_base64="MQb6OS0TyoG70831i40AwxSwZUM=">AAAB/nicbVC7TsNAEDyHVwivACXNiQiJyrJRBCkjaCiDRB5SbEXnyyaccj6buzVSZEXiK2ihokO0/AoF/4JjXEDCVKOZXe3sBLEUBh3n0yqtrK6tb5Q3K1vbO7t71f2DjokSzaHNIxnpXsAMSKGgjQIl9GINLAwkdIPJ1dzvPoA2IlK3OI3BD9lYiZHgDDPJGw3uqWdESB27MajWHNvJQZeJW5AaKdAaVL+8YcSTEBRyyYzpu06Mfso0Ci5hVvESAzHjEzaGfkYVC8H4aZ55Rk8SwzCiMWgqJM1F+L2RstCYaRhkkyHDO7PozcX/vH6Co4afChUnCIrPD6GQkB8yXIusDKBDoQGRzZMDFYpyphkiaEEZ55mYZO1Usj7cxe+XSefMds/t+k291rwsmimTI3JMTolLLkiTXJMWaRNOYvJEnsmL9Wi9Wm/W+89oySp2DskfWB/fPWCVMQ==</latexit>

fq ⇠ 0.8

RHIC LHC
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<latexit sha1_base64="V9AgO8uwfNSW9YuVHmoZuih8Ogg="></latexit>

h bq0iRHIC ' 0.25GeV2/fm

<latexit sha1_base64="9vHuO/nENBNEkrLd33XYYjb//KE="></latexit>

h bq0iLHC ' 0.44GeV2/fm
<latexit sha1_base64="DINBILMQ7T2crBA75A+ttgTVRA0="></latexit>

hbqiLHC ' 2.34GeV2/fm

<latexit sha1_base64="OvhK4pFV1oAVd7QfqnYAko6G9KA="></latexit>

hbqiRHIC ' 1.22GeV2/fm

<latexit sha1_base64="Zs2BPv2s9ujM9aOBHaPAUFDtvvQ="></latexit>

hLiRHIC ' 4.5 fm

<latexit sha1_base64="q9Ow5baqaHRhFmML6gWJe1O/kX4="></latexit>

hLiLHC ' 5.6 fm

Similar quenching factors
between LHC and RHIC (@ ~ pT)
when considering medium properties.

LHC

RHIC

Resummation more significant
at LHC due to larger phase space.

Bare
Resummed

Bare
Resummed

<latexit sha1_base64="T3ZWMVY4HX1h/a/mrTKtmQVGuko=">AAAB93icdVDLSsNAFJ34rPVVdelmsAiuQhKK7UYounFZwbSFNpTJ9LYOnTyYuRFK6De41ZU7cevnuPBfTGIKKnpWh3Pu5Z57/FgKjZb1bqysrq1vbFa2qts7u3v7tYPDro4SxcHlkYxU32capAjBRYES+rECFvgSev7sKvd796C0iMJbnMfgBWwaiongDDPJnV44pjOq1S3Tsp1mo0FL0loSh9qmVaBOSnRGtY/hOOJJACFyybQe2FaMXsoUCi5hUR0mGmLGZ2wKg4yGLADtpUXYBT1NNMOIxqCokLQQ4ftGygKt54GfTQYM7/RvLxf/8gYJTlpeKsI4QQh5fgiFhOKQ5kpkLQAdCwWILE8OVISUM8UQQQnKOM/EJKulmvWxfJr+T7qOaZ+bjZtGvX1ZNlMhx+SEnBGbNEmbXJMOcQkngjyQR/JkzI1n48V4/RpdMcqdI/IDxtsnm7KSqA==</latexit>

g = 2.2

<latexit sha1_base64="T3ZWMVY4HX1h/a/mrTKtmQVGuko=">AAAB93icdVDLSsNAFJ34rPVVdelmsAiuQhKK7UYounFZwbSFNpTJ9LYOnTyYuRFK6De41ZU7cevnuPBfTGIKKnpWh3Pu5Z57/FgKjZb1bqysrq1vbFa2qts7u3v7tYPDro4SxcHlkYxU32capAjBRYES+rECFvgSev7sKvd796C0iMJbnMfgBWwaiongDDPJnV44pjOq1S3Tsp1mo0FL0loSh9qmVaBOSnRGtY/hOOJJACFyybQe2FaMXsoUCi5hUR0mGmLGZ2wKg4yGLADtpUXYBT1NNMOIxqCokLQQ4ftGygKt54GfTQYM7/RvLxf/8gYJTlpeKsI4QQh5fgiFhOKQ5kpkLQAdCwWILE8OVISUM8UQQQnKOM/EJKulmvWxfJr+T7qOaZ+bjZtGvX1ZNlMhx+SEnBGbNEmbXJMOcQkngjyQR/JkzI1n48V4/RpdMcqdI/IDxtsnm7KSqA==</latexit>

g = 2.2
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Use jet images as inputs for CNN. Main result.

Use jet observables as inputs for FCNN. 
Mainly used for interpretability.

Most
modified 

Least 
modified

Good performance across 
a wide range in

Consistency check:
pp (vacuum) jets get

<latexit sha1_base64="DtZY3c0qXlYffwfqwLyBdscU1lg=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDbbTbN0dxN2N0IJ/QtePCji1T/kzX/jJs1BWx8MPN6bYWZekHCmjet+O5W19Y3Nrep2bWd3b/+gfnjU1XGqCO2QmMeqH2BNOZO0Y5jhtJ8oikXAaS+Y3uV+74kqzWL5aGYJ9QWeSBYygk0uDUnERvWG23QLoFXilaQBJdqj+tdwHJNUUGkIx1oPPDcxfoaVYYTTeW2YappgMsUTOrBUYkG1nxW3ztGZVcYojJUtaVCh/p7IsNB6JgLbKbCJ9LKXi/95g9SEN37GZJIaKsliUZhyZGKUP47GTFFi+MwSTBSztyISYYWJsfHUbAje8surpHvR9K6a7sNlo3VbxlGFEziFc/DgGlpwD23oAIEInuEV3hzhvDjvzseiteKUM8fwB87nDwFgjjc=</latexit>�

<latexit sha1_base64="YUIKCQ9L5gyz/TPCu4DRcwosuxs=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cKthaaUDbbSbt0s0l3N4VS+ju8eFDEqz/Gm//GbZuDtj4YeLw3w8y8MBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCoqZNMMWywRCSqFVKNgktsGG4EtlKFNA4FPoWDu5n/NEKleSIfzTjFIKY9ySPOqLFS4LM+J77mMQ6J1ylX3Ko7B1klXk4qkKPeKX/53YRlMUrDBNW67bmpCSZUGc4ETkt+pjGlbEB72LZU0hh1MJkfPSVnVumSKFG2pCFz9ffEhMZaj+PQdsbU9PWyNxP/89qZiW6CCZdpZlCyxaIoE8QkZJYA6XKFzIixJZQpbm8lrE8VZcbmVLIheMsvr5LmRdW7qroPl5XabR5HEU7gFM7Bg2uowT3UoQEMhvAMr/DmjJwX5935WLQWnHzmGP7A+fwB1hWRfQ==</latexit>

� ' 1
Du, DP, Tywoniuk - JHEP ‘21

Deep Learning Jet Modifications
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Accessing True Path Length Distributions
FES: Select jets according to final energy.

IES: Select jets according to “initial” energy.

Surface bias compared to actual 
nuclear overlap density.

Production point density
unbiased w.r.t. true 
underlying distribution.

True 
label

Predicted
label

<latexit sha1_base64="qV8QtldGUf2VidpD5u2MKOvv4zs=">AAAB+nicbVBNS8NAEJ34WetXqkcvi0XwVJIi6kmKUvBYwX5AG8Jmu2mXbjZhd6OU2J/ixYMiXv0l3vw3btsctPXBwOO9GWbmBQlnSjvOt7Wyura+sVnYKm7v7O7t26WDlopTSWiTxDyWnQArypmgTc00p51EUhwFnLaD0c3Ubz9QqVgs7vU4oV6EB4KFjGBtJN8u1f0QXaG6n/VkhEiqJ75ddirODGiZuDkpQ46Gb3/1+jFJIyo04Viprusk2suw1IxwOin2UkUTTEZ4QLuGChxR5WWz0yfoxCh9FMbSlNBopv6eyHCk1DgKTGeE9VAtelPxP6+b6vDSy5hIUk0FmS8KU450jKY5oD6TlGg+NgQTycytiAyxxESbtIomBHfx5WXSqlbc80r17qxcu87jKMARHMMpuHABNbiFBjSBwCM8wyu8WU/Wi/VufcxbV6x85hD+wPr8Aeutkyc=</latexit>

Ef > Ecut

<latexit sha1_base64="KCZC2tclg1m3QbRfigl+tMvPFy0=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXNWkiLqSohRcVrAPaEKYTCft0JlJmJkIJdSNv+LGhSJu/Qt3/o3TNgttPXDhcM693HtPmDCqtON8W4Wl5ZXVteJ6aWNza3vH3t1rqTiVmDRxzGLZCZEijArS1FQz0kkkQTxkpB0ObyZ++4FIRWNxr0cJ8TnqCxpRjLSRAvugHkTwFHp4QOEVrAeZJznEqR4HdtmpOFPAReLmpAxyNAL7y+vFOOVEaMyQUl3XSbSfIakpZmRc8lJFEoSHqE+6hgrEifKz6QdjeGyUHoxiaUpoOFV/T2SIKzXioenkSA/UvDcR//O6qY4u/YyKJNVE4NmiKGVQx3ASB+xRSbBmI0MQltTcCvEASYS1Ca1kQnDnX14krWrFPa9U787Ktes8jiI4BEfgBLjgAtTALWiAJsDgETyDV/BmPVkv1rv1MWstWPnMPvgD6/MHHjiVbA==</latexit>

Ef/� > Ecut

Du, DP, Tywoniuk - PRL ‘21
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Accessing Initial Jet Anisotropies
Du, DP, Tywoniuk - PRL ‘21

Intuitive origin of high-pT jet anisotropies:

Small     (large energy loss): 
      longer path length;
                   .

and viceversa for large    .

However, if use IES:
Reveals initial azimuthal anisotropies.
In this model: none                    .  

And in experiments?<latexit sha1_base64="DtZY3c0qXlYffwfqwLyBdscU1lg=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDbbTbN0dxN2N0IJ/QtePCji1T/kzX/jJs1BWx8MPN6bYWZekHCmjet+O5W19Y3Nrep2bWd3b/+gfnjU1XGqCO2QmMeqH2BNOZO0Y5jhtJ8oikXAaS+Y3uV+74kqzWL5aGYJ9QWeSBYygk0uDUnERvWG23QLoFXilaQBJdqj+tdwHJNUUGkIx1oPPDcxfoaVYYTTeW2YappgMsUTOrBUYkG1nxW3ztGZVcYojJUtaVCh/p7IsNB6JgLbKbCJ9LKXi/95g9SEN37GZJIaKsliUZhyZGKUP47GTFFi+MwSTBSztyISYYWJsfHUbAje8surpHvR9K6a7sNlo3VbxlGFEziFc/DgGlpwD23oAIEInuEV3hzhvDjvzseiteKUM8fwB87nDwFgjjc=</latexit>�

<latexit sha1_base64="DtZY3c0qXlYffwfqwLyBdscU1lg=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDbbTbN0dxN2N0IJ/QtePCji1T/kzX/jJs1BWx8MPN6bYWZekHCmjet+O5W19Y3Nrep2bWd3b/+gfnjU1XGqCO2QmMeqH2BNOZO0Y5jhtJ8oikXAaS+Y3uV+74kqzWL5aGYJ9QWeSBYygk0uDUnERvWG23QLoFXilaQBJdqj+tdwHJNUUGkIx1oPPDcxfoaVYYTTeW2YappgMsUTOrBUYkG1nxW3ztGZVcYojJUtaVCh/p7IsNB6JgLbKbCJ9LKXi/95g9SEN37GZJIaKsliUZhyZGKUP47GTFFi+MwSTBSztyISYYWJsfHUbAje8surpHvR9K6a7sNlo3VbxlGFEziFc/DgGlpwD23oAIEInuEV3hzhvDjvzseiteKUM8fwB87nDwFgjjc=</latexit>�

<latexit sha1_base64="zvZATjDU4hTFNL0+5jAXyeh/HEg=">AAAB7HicbVA9SwNBEJ3zM8avqKXNYhCswl0QtbAI2lhG8JJAcoS9zV6yZG/v2J0LhJDfYGOhiK0/yM5/4ya5QhMfDDzem2FmXphKYdB1v5219Y3Nre3CTnF3b//gsHR03DBJphn3WSIT3Qqp4VIo7qNAyVup5jQOJW+Gw/uZ3xxxbUSinnCc8iCmfSUiwShayR91q7dut1R2K+4cZJV4OSlDjnq39NXpJSyLuUImqTFtz00xmFCNgkk+LXYyw1PKhrTP25YqGnMTTObHTsm5VXokSrQthWSu/p6Y0NiYcRzazpjiwCx7M/E/r51hdBNMhEoz5IotFkWZJJiQ2eekJzRnKMeWUKaFvZWwAdWUoc2naEPwll9eJY1qxbuqVB8vy7W7PI4CnMIZXIAH11CDB6iDDwwEPMMrvDnKeXHenY9F65qTz5zAHzifP/w+jiY=</latexit>

v2 < 0

<latexit sha1_base64="Y8JgAhSmYKtta/1WAhQA7KXjWTU=">AAAB8XicbVDLSgNBEOz1GeMr6tHLYBA8hd0g6jHoxWME88BkCbOT2WTIPJaZ2UBY8hdePCji1b/x5t84SfagiQUNRVU33V1Rwpmxvv/tra1vbG5tF3aKu3v7B4elo+OmUakmtEEUV7odYUM5k7RhmeW0nWiKRcRpKxrdzfzWmGrDlHy0k4SGAg8kixnB1klP414VdQ0TyO+Vyn7FnwOtkiAnZchR75W+un1FUkGlJRwb0wn8xIYZ1pYRTqfFbmpogskID2jHUYkFNWE2v3iKzp3SR7HSrqRFc/X3RIaFMRMRuU6B7dAsezPxP6+T2vgmzJhMUkslWSyKU46sQrP3UZ9pSiyfOIKJZu5WRIZYY2JdSEUXQrD88ippVivBVaX6cFmu3eZxFOAUzuACAriGGtxDHRpAQMIzvMKbZ7wX7937WLSuefnMCfyB9/kDRMKQAQ==</latexit>

v2 ⇠ 0
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Determination of
production point
in transverse plane.

Differential in: 

Orientation w.r.t.
event plane.

Energy loss ratio     .

Production points swap
in order to traverse more
medium with increasing
energy loss.

Out-of-plane

<latexit sha1_base64="DtZY3c0qXlYffwfqwLyBdscU1lg=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDbbTbN0dxN2N0IJ/QtePCji1T/kzX/jJs1BWx8MPN6bYWZekHCmjet+O5W19Y3Nrep2bWd3b/+gfnjU1XGqCO2QmMeqH2BNOZO0Y5jhtJ8oikXAaS+Y3uV+74kqzWL5aGYJ9QWeSBYygk0uDUnERvWG23QLoFXilaQBJdqj+tdwHJNUUGkIx1oPPDcxfoaVYYTTeW2YappgMsUTOrBUYkG1nxW3ztGZVcYojJUtaVCh/p7IsNB6JgLbKbCJ9LKXi/95g9SEN37GZJIaKsliUZhyZGKUP47GTFFi+MwSTBSztyISYYWJsfHUbAje8surpHvR9K6a7sNlo3VbxlGFEziFc/DgGlpwD23oAIEInuEV3hzhvDjvzseiteKUM8fwB87nDwFgjjc=</latexit>�

In-plane

more quenched less quenched
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Du, DP, Tywoniuk - PRL ‘21


