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QCD Matter
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Hadron Gas:

Color is confined.
Hadrons re-scatter.

“Phase transition”
Tc ⇠ 2 . 1012 K ⇠ 170MeV

A New Phase: Quark-Gluon Plasma (QGP):
Filled the universe μs after Big Bang.
Colour is liberated.
A gas of quarks and gluons.

What are the properties of the
plasma close to the transition?



Heavy-Ion Collisions (HIC): The Little Bangs
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Equation of State from Lattice QCD:

Rapid crossover transition.

Deconfined matter: rapid increase 
of # d.o.f. above Tc.
Asymptotycally approaches non int. limit.

Hot QCD Coll. - PRC ‘14
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Deconfined matter in experiments:

Very strong collective effects.

Thousands of particles correlated
according to initial geometry.
Hydrodynamic explosion! 

RHIC

LHC

<latexit sha1_base64="Wnjamfysa6T4/TMzyXLyULW0PQ0=">AAACCnicbVC5TsNAEF1zE64AJc1ChESBIjtCQMnRUAYpB1JsRevNJKzYtc3uGBFZrmn4FRoKEKLlC+j4GzZHAYEnjfT03oxm5oWJFAZd98uZmp6ZnZtfWCwsLa+srhXXNxomTjWHOo9lrK9CZkCKCOooUMJVooGpUEIzvDkf+M070EbEUQ37CQSK9SLRFZyhldrFbd/casxM7huhqFuuUH+f+gj3qFV2WoNG3i6W3LI7BP1LvDEpkTGq7eKn34l5qiBCLpkxLc9NMMiYRsEl5AU/NZAwfsN60LI0YgpMkA1fyemuVTq0G2tbEdKh+nMiY8qYvgptp2J4bSa9gfif10qxexxkIkpShIiPFnVTSTGmg1xoR2jgKPuWMK6FvZXya6YZR5tewYbgTb78lzQqZe+w7F4elE7OxnEskC2yQ/aIR47ICbkgVVInnDyQJ/JCXp1H59l5c95HrVPOeGaT/ILz8Q0w4pnw</latexit>p
s ⇠ 0.2ATeV

<latexit sha1_base64="N3bYjAu19/QS3A4o8f2S+4KY6ZY=">AAACCHicbVA9SwNBEN3z2/h1amnhYhAsJNxJUEs/GksFkwi5I+xtJmbJ7t25OyeGI6WNf8XGQhFbf4Kd/8ZNcoVfDwYe780wMy9KpTDoeZ/OxOTU9Mzs3HxpYXFpecVdXaubJNMcajyRib6KmAEpYqihQAlXqQamIgmNqHc69Bu3oI1I4kvspxAqdh2LjuAMrdRyNwNzozE3g8AIRas02KUBwh1qlR9fQn3QcstexRuB/iV+QcqkwHnL/QjaCc8UxMglM6bpeymGOdMouIRBKcgMpIz32DU0LY2ZAhPmo0cGdNsqbdpJtK0Y6Uj9PpEzZUxfRbZTMeya395Q/M9rZtg5DHMRpxlCzMeLOpmkmNBhKrQtNHCUfUsY18LeSnmXacbRZleyIfi/X/5L6nsVf7/iXVTLRydFHHNkg2yRHeKTA3JEzsg5qRFO7skjeSYvzoPz5Lw6b+PWCaeYWSc/4Lx/AUmNmYA=</latexit>p
s ⇠ 4ATeV

Hot QCD Coll. - PRC ‘14

Heavy-Ion Collisions (HIC): The Little Bangs



QGP: Most Perfect Liquid
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Spatial anisotropies.

Pressure gradients.

Hydrodynamics:

Correlations quantified in the experiments through so-called flow coefficients:
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N=4 SYM @ weak coupling N=4 SYM @ strong couplingBernhard et al. - PRC ‘16

Preferred
by data

Gauge/String Duality, Hot QCD
and Heavy Ion Collisions -

Cambridge University Press ‘14
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 R is event plane angle.

CMS CMS



How Can We Probe the QGP?
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Jets
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Incoming partons from nucleons
undergo hard scattering.

Back-to-back in transverse plane.
Not back-to-back in rapidity.

Steeply falling spectrum:
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n > 6

Jets



JetsJets
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Highly virtual partons
split according to DGLAP.

Collimated structure:
Soft & Collinear divergences.
Angular Ordering due to color coherence.



Jets
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Jets are defined through:

Reconstruction radius R.
Clustering algorithm.

Jets



JetsJets in Proton-Proton Collisions
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Jets in HICJets in HIC
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Jets traverse QGP,
get modified, (quenched)
provide information
about medium properties.

Jets deposit energy & momentum
in QGP, modify background.

Leading
Jet

Subleading
Jet

(likely traversed
more QGP)



What I Have Been Doing Lately
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First analytical computation of R dependent inclusive jet suppression. 

Impact of hydrodynamization of jet energy in jet observables.

Diagnose energy loss jet-by-jet using deep learning techniques.

Jet interaction with strongly coupled QGP: multi-scale, multi-particle problem.
Interdisciplinary field, lots of avenues to be explored!



Jet Suppression: Quenched Phase Space
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Jet energy loss needs to include their multi-particle nature.
Quenched phase space depends on jet pT, size R and coherence effects.

Lund Plane

Only those jet modes that:

are formed inside the medium, and,

are resolved by the medium,
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tf < L

contribute to double-logarithmic enhancement
of quenched phase space:PSin

PSin =

Mehtar-Tani, Tywoniuk - PRD ‘18

<latexit sha1_base64="8lcuX+g6jJEpFiYbcvDE4UvSY9U=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyKqAcPQS8eI5gHJMsyOzubDJl9ONMrhCU/4cWDIl79HW/+jZNkD5pY0FBUddPd5adSaLTtb6u0srq2vlHerGxt7+zuVfcP2jrJFOMtlshEdX2quRQxb6FAybup4jTyJe/4o9up33niSoskfsBxyt2IDmIRCkbRSF30QnKNXuBVa3bdnoEsE6cgNSjQ9Kpf/SBhWcRjZJJq3XPsFN2cKhRM8kmln2meUjaiA94zNKYR124+u3dCTowSkDBRpmIkM/X3RE4jrceRbzojikO96E3F/7xehuGVm4s4zZDHbL4ozCTBhEyfJ4FQnKEcG0KZEuZWwoZUUYYmoooJwVl8eZm0z+rORd2+P681boo4ynAEx3AKDlxCA+6gCS1gIOEZXuHNerRerHfrY95asoqZQ/gD6/MHe7+Pmw==</latexit>

tf < td

Caucal, Iancu, Mueller, Soyez - PRL ‘18

(decoherence time)

(medium length)
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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.

Mehtar-Tani, DP, Tywoniuk - 2101.01742

Jet Suppression: Framework

PSin constraint
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Jet Suppression: Results
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Modelling uncertainties:
Non-perturbative sector relatively unimportant up to R<0.6

NLO contribution to radiative energy loss is very small.
Most important: Determination of quenched phase space.

Can be systematically improved in pQCD.
Mehtar-Tani, DP, Tywoniuk - 2101.01742



Jet Induced Wake on the QGP
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Jets deposit energy and 
momentum in the QGP:

A jet induced wake develops:
convenient scenario of hydrodynamization process.

Sensitive to value of viscosity.
Sensitive to local background flow.

η1

η2

Jets always come in pairs:

Rapidity extent of each wake is narrow.

Study jet modifications based on rapidity gap.

Casalderrey, Milhano, DP, Rajagopal, Yao - 2010.01140

DP - PRL ‘20

Rapidity decorrelation of dijet pair is wide.



Leading Jet Suppression vs Rapidity Gap
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New observable
proposed.



Diagnosing Jet Energy Loss
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Experimentally, so far is impossible to know how much energy a given jet has lost.

Moreover, due to steep falling jet spectrum, 
what we observe is jets that lost the least energy. Selection (or survival) bias.

Hinders our ability to analyse true effects of energy loss. E.g.:
Measure jets above pT>100 GeV.
Observe that they are narrower in PbPb than in pp:

Energy loss makes jets narrower?
Observe the surviving (less quenched) jets, which are narrow?

Exploit deep learning techniques to extract energy loss jet-by-jet.

Energy loss ratio:
Final, measurable jet energy.

Vacuum energy (had there been
no medium).
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Deep Learning Jet Modifications
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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

Most models: Energy loss transfers 
jet energy to large angles 
in the form of soft particles.

Du, DP, Tywoniuk - 2012.07797
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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
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Du, DP, Tywoniuk - 2012.07797

Deep Learning Jet Modifications



Jets as Tomographic Probes of QGP
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Can access production
point in transverse plane!

Differential in: 

Orientation w.r.t.
event plane (easy)

Energy loss ratio
(new)

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

Du, DP, Tywoniuk - in preparation

Out-of-plane
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more quenched less quenched



Outlook
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Jets have to resolve quasi-particles d.o.f. QGP at short length scales.
Implement large angle Molière scattering in jet energy loss Monte Carlo.

Hulcher, DP - in preparation

Abundant mini-jets deposit energy into QGP: new sources of fluctuations.
Develop concurrent jet+hydro evolution: J-MUSIC.

DP, Singh, Gale, Jeon - in preparation

Space-time structure of parton shower depends on choice of DGLAP evolution variable.
Study implications of different choices on quenched jet observables.

DP, Takacs, Tywoniuk - in preparation

Angular and momentum distribution of hadrons coming from the wake
depend on local fluid properties.

Extend linearised wake + local boost framework for jet-by-jet, event-by-event scenario.
Casalderrey, Milhano, DP, Rajagopal, Yao - in preparation
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<latexit sha1_base64="JcJJBv8C5/x42NTZ21B6DTtMZb8=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cK9gPaUDbbTbN0dxN2N0IJ/QtePCji1T/kzX/jJs1BWx8MPN6bYWZekHCmjet+O5W19Y3Nrep2bWd3b/+gfnjU1XGqCO2QmMeqH2BNOZO0Y5jhtJ8oikXAaS+Y3uV+74kqzWL5aGYJ9QWeSBYygk0uDZOIjeoNt+kWQKvEK0kDSrRH9a/hOCapoNIQjrUeeG5i/Awrwwin89ow1TTBZIondGCpxIJqPytunaMzq4xRGCtb0qBC/T2RYaH1TAS2U2AT6WUvF//zBqkJb/yMySQ1VJLFojDlyMQofxyNmaLE8JklmChmb0UkwgoTY+Op2RC85ZdXSfei6V013YfLRuu2jKMKJ3AK5+DBNbTgHtrQAQIRPMMrvDnCeXHenY9Fa8UpZ47hD5zPHxTajkM=</latexit>

�
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Thanks 
for your
attention!

Casalderrey, Milhano, DP, Rajagopal, Yao - in preparation


