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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



How Can We Probe the QGP?
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Motivation
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The QGP is a very good fluid.

High energy partons in the QGP: 

emit quanta, which in turn emit more quanta, and should (eventually) hydrodynamize.

Hypothesis:

Turbulent cascade develops, with a sink at E ~ T.

Necessary length to reach the turbulent regime?

pQCD

is one-gluon distribution.
Blaizot et al. - JHEP ‘13 & ‘14, PRL ‘13



Motivation
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are dual to strings falling into a black hole, hydrodynamizing.

High energy partons in the QGP: 

Hypothesis:
npSYM

The QGP is a very good fluid.

Perturbed metric 
@ boundary.

“Jet’’ induced EM tensor:
hard + soft modes.

Long wavelength limit
(hydrodynamization rate):

Chesler & Rajagopal - PRD ‘14, JHEP ‘16

Energy lost per unit length;
suitable for pheno.



The Wake of a Quark

8Daniel Pablos INFN Torino

Agreement between hydrodynamics 
& wake of a quark even for small distances ~ 1/T.

Fulfils Energy-Momentum Conservation 
in the Jet+Plasma Interplay.

At strong coupling:

Chesler & Yaffe - PRD ‘07

Energy flux

Effective source for hydro corresponds
to drag force on the quark.

Modification of stress-energy tensor due to
supersonic quark contains
sound and diffusive modes.



The Effect of the Recoiling Jet
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Leading Jet Suppression vs. |ηD|
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DP - PRL ‘20
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Linearized Hydrodynamics
Analytic, but over-simplified medium response needs to be improved:

Starting point: linearised hydro eqs. for perturbations on top of viscous Bjorken flow. 

Wavefront structure (Mach cone)
diffuses due to viscosity.

Wing shaped structure diffuses 
due to viscosity (diffusion wake).

<latexit sha1_base64="ywoYGBt9NCkLQEAZ8lR+T0oJJII=">AAAB+HicbVDLSgNBEOz1GeMjUY9eBoPgKeyqqMegF48RzAOyS5id7U2GzD6YmRXiki/x4kERr36KN//GSbIHTSxoKKq66e7yU8GVtu1va2V1bX1js7RV3t7Z3atU9w/aKskkwxZLRCK7PlUoeIwtzbXAbiqRRr7Ajj+6nfqdR5SKJ/GDHqfoRXQQ85Azqo3Ur1bcAIWmxMVUcTFVanbdnoEsE6cgNSjQ7Fe/3CBhWYSxZoIq1XPsVHs5lZozgZOymylMKRvRAfYMjWmEystnh0/IiVECEibSVKzJTP09kdNIqXHkm86I6qFa9Kbif14v0+G1l/M4zTTGbL4ozATRCZmmQAIukWkxNoQyyc2thA2ppEybrMomBGfx5WXSPqs7l/Xz+4ta46aIowRHcAyn4MAVNOAOmtACBhk8wyu8WU/Wi/VufcxbV6xi5hD+wPr8Abm6kyU=</latexit>

�✏ : energy density pert.

<latexit sha1_base64="5WFAJRngUFBSe00fpuSN2i9vcvY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU1GPRi8eK9gPaUDbbTbp0swm7E7GU/gQvHhTx6i/y5r9x2+ag1QcDj/dmmJkXpFIYdN0vp7C0vLK6VlwvbWxube+Ud/eaJsk04w2WyES3A2q4FIo3UKDk7VRzGgeSt4Lh9dRvPXBtRKLucZRyP6aREqFgFK10F/Uee+WKW3VnIH+Jl5MK5Kj3yp/dfsKymCtkkhrT8dwU/THVKJjkk1I3MzylbEgj3rFU0Zgbfzw7dUKOrNInYaJtKSQz9efEmMbGjOLAdsYUB2bRm4r/eZ0Mw0t/LFSaIVdsvijMJMGETP8mfaE5QzmyhDIt7K2EDaimDG06JRuCt/jyX9I8qXrn1dPbs0rtKo+jCAdwCMfgwQXU4Abq0AAGETzBC7w60nl23pz3eWvByWf24Recj29gAo3e</latexit>gx : momentum pert.

Quark
direction

<latexit sha1_base64="KIYf+h27t21CbfmdzQCyvBgK48M=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoMgCGFXRT0GvXiMYh6QhDA7mU2GzM4uM71iWPIHXjwo4tU/8ubfOEn2oIkFDUVVN91dfiyFQdf9dnJLyyura/n1wsbm1vZOcXevbqJEM15jkYx006eGS6F4DQVK3ow1p6EvecMf3kz8xiPXRkTqAUcx74S0r0QgGEUr3Z88dYslt+xOQRaJl5ESZKh2i1/tXsSSkCtkkhrT8twYOynVKJjk40I7MTymbEj7vGWpoiE3nXR66ZgcWaVHgkjbUkim6u+JlIbGjELfdoYUB2bem4j/ea0Eg6tOKlScIFdstihIJMGITN4mPaE5QzmyhDIt7K2EDaimDG04BRuCN//yIqmflr2L8tndealyncWRhwM4hGPw4BIqcAtVqAGDAJ7hFd6cofPivDsfs9ack83swx84nz9PH405</latexit>

+x

<latexit sha1_base64="eMFCk4s2gmZdbj7v9SK406Zyf0U=">AAAB7XicbVBNS8NAEN34WetX1aOXxSJ4KomKehGKXjxWsB/QhrLZTtq1m2zYnQgl9D948aCIV/+PN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dpaWV1bX1gsbxc2t7Z3d0t5+w6hUc6hzJZVuBcyAFDHUUaCEVqKBRYGEZjC8nfjNJ9BGqPgBRwn4EevHIhScoZUaHUB27XZLZbfiTkEXiZeTMslR65a+Oj3F0whi5JIZ0/bcBP2MaRRcwrjYSQ0kjA9ZH9qWxiwC42fTa8f02Co9GiptK0Y6VX9PZCwyZhQFtjNiODDz3kT8z2unGF75mYiTFCHms0VhKikqOnmd9oQGjnJkCeNa2FspHzDNONqAijYEb/7lRdI4rXgXlbP783L1Jo+jQA7JETkhHrkkVXJHaqROOHkkz+SVvDnKeXHenY9Z65KTzxyQP3A+fwD98Y7B</latexit>

⌘ = 0
<latexit sha1_base64="168DRLnCiVj1IQcL7GF2wjyjiTQ=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCq5JoUTdC0Y3LCvYBTSmT6aQdOpmEmRuhhuCvuHGhiFv/w51/47TNQlsPXDiccy/33uPHgmtwnG+rsLS8srpWXC9tbG5t79i7e00dJYqyBo1EpNo+0UxwyRrAQbB2rBgJfcFa/uhm4rcemNI8kvcwjlk3JAPJA04JGKlnH3gMyJUXKEJTnaVV7MU869llp+JMgReJm5MyylHv2V9eP6JJyCRQQbTuuE4M3ZQo4FSwrOQlmsWEjsiAdQyVJGS6m06vz/CxUfo4iJQpCXiq/p5ISaj1OPRNZ0hgqOe9ifif10kguOymXMYJMElni4JEYIjwJArc54pREGNDCFXc3IrpkJgkwARWMiG48y8vkuZpxT2vnN1Vy7XrPI4iOkRH6AS56ALV0C2qowai6BE9o1f0Zj1ZL9a79TFrLVj5zD76A+vzB2S5lTI=</latexit>

⌘ =
s

4⇡

<latexit sha1_base64="aLnxzgwAGwjUd1jz4FYzdgzwQH4=">AAACAnicbVBNS8NAEJ3Ur1q/op7Ey2IRPEhNVNRj0YvHCvYDmlA22027dDcJuxuhhOLFv+LFgyJe/RXe/Ddu2xy09cHA470ZZuYFCWdKO863VVhYXFpeKa6W1tY3Nrfs7Z2GilNJaJ3EPJatACvKWUTrmmlOW4mkWAScNoPBzdhvPlCpWBzd62FCfYF7EQsZwdpIHXvP0zhFnmICuS7yjpEnRRaKEzLq2GWn4kyA5ombkzLkqHXsL68bk1TQSBOOlWq7TqL9DEvNCKejkpcqmmAywD3aNjTCgio/m7wwQodG6aIwlqYijSbq74kMC6WGIjCdAuu+mvXG4n9eO9XhlZ+xKEk1jch0UZhypGM0zgN1maRE86EhmEhmbkWkjyUm2qRWMiG4sy/Pk8Zpxb2onN2dl6vXeRxF2IcDOAIXLqEKt1CDOhB4hGd4hTfryXqx3q2PaWvBymd24Q+szx8bM5X6</latexit>

⌧ ⇠ 11 fm/c Casalderrey, Milhano, DP, Rajagopal, Yao - JHEP ‘21
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Linearized Hydrodynamics

Sound modes make wake energy 
spread in rapidity with time.

Jet breaks long. boost invariance.

Vortex ring around jet direction.

Imprints on Λ polarisation?

Casalderrey, Milhano, DP, Rajagopal, Yao - JHEP ‘21

Serenone et al. - PLB ‘21
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Green’s Functions for the Wake

3+1D Hydrodynamics
~ 2 hours

Green’s Functions 
in Bjorken flow

+
Trans., Rot., & Boosts

~ 3 seconds

Hadrons from the wake
depend on evolution time, local flow…

Casalderrey, Milhano, DP, Rajagopal, Yao - in preparation
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Analytic Jet Suppression
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Encouraging description
of data across:

Jet pT.
Centrality.
Size R.

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 - PRL ‘21
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Minijets Hydrodynamization

At high pT, usually consider single hard scattering producing dijet pair.

As we consider lower pT, minijet production becomes increasingly abundant…
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A Spikier Evolution

<latexit sha1_base64="9KEz+aDz2+WYKjwATiQ0ByWXTvg=">AAACDXicbVA9SwNBEN3zM8avqKXNYhQsJNypqI0QtFCsFEwUkhj2NhOzuLt37M6J4bg/YONfsbFQxNbezn/jJkbw68HA470ZZuaFsRQWff/dGxoeGR0bz03kJ6emZ2YLc/NVGyWGQ4VHMjLnIbMghYYKCpRwHhtgKpRwFl7t9/yzazBWRPoUuzE0FLvUoi04Qyc1C8vxxVEzrSPcoFGpEjrLdrdpfY1+SQdQzZqFol/y+6B/STAgRTLAcbPwVm9FPFGgkUtmbS3wY2ykzKDgErJ8PbEQM37FLqHmqGYKbCPtf5PRFae0aDsyrjTSvvp9ImXK2q4KXadi2LG/vZ74n1dLsL3TSIWOEwTNPxe1E0kxor1oaEsY4Ci7jjBuhLuV8g4zjKMLMO9CCH6//JdU10vBVmnjZLNY3hvEkSOLZImskoBskzI5JMekQji5JffkkTx5d96D9+y9fLYOeYOZBfID3usHvfKb/A==</latexit>

pJmin = 7GeV
<latexit sha1_base64="FFBQfbyiKz13ERxQa/KYuslWtJA=">AAACD3icbVA9SwNBEN2LXzF+nVqmWQyChYQ7CWojBC0UqwjmA5IY9jaTuGR379idE8KRwp/gr7DVyk5s/QkW/hcvMYVGX/XmvRlm5gWRFBY978PJzM0vLC5ll3Mrq2vrG+7mVs2GseFQ5aEMTSNgFqTQUEWBEhqRAaYCCfVgcDb263dgrAj1NQ4jaCvW16InOMNU6rj5qJO0jKJK6NHN5UmJtvZpWifnUBt13IJX9Cagf4k/JQUyRaXjfra6IY8VaOSSWdv0vQjbCTMouIRRrhVbiBgfsD40U6qZAttOJk+M6G5sGYY0AkOFpBMRfk4kTFk7VEHaqRje2llvLP7nNWPsHbcToaMYQfPxIhQSJossNyJNB2hXGEBk48uBCk05MwwRjKCM81SM07hyaR7+7Pd/Se2g6B8WS1elQvl0mkyW5MkO2SM+OSJlckEqpEo4uSeP5Ik8Ow/Oi/PqvH23ZpzpzDb5Bef9C1Mym8M=</latexit>

pJmin = 4GeV

<latexit sha1_base64="GZUCM/zxCx2WcBcmMldOTgvdDDc=">AAACEHicbVC7SgNBFJ2NrxhfUUstBoNgIWFXgtoIQQvFKoJ5QBLD7OQmDpmZXWbuCmHZxk/wK2y1shNb/8DCf3ETU2j0VIdz7uXec/xQCouu++FkZmbn5heyi7ml5ZXVtfz6Rs0GkeFQ5YEMTMNnFqTQUEWBEhqhAaZ8CXV/cDby63dgrAj0NQ5DaCvW16InOMNU6uS3w07cMooqoZObyxPPpa19mgrxOdSSTr7gFt0x6F/iTUiBTFDp5D9b3YBHCjRyyaxtem6I7ZgZFFxCkmtFFkLGB6wPzZRqpsC243GKhO5GlmFAQzBUSDoW4edGzJS1Q+Wnk4rhrZ32RuJ/XjPC3nE7FjqMEDQfHUIhYXzIciPSeoB2hQFENvocqNCUM8MQwQjKOE/FKO0rl/bhTaf/S2oHRe+wWLoqFcqnk2ayZIvskD3ikSNSJhekQqqEk3vySJ7Is/PgvDivztv3aMaZ7GySX3DevwDGL5v6</latexit>

pJmin = 10GeVNo mini-jets

<latexit sha1_base64="GzoL24yySXJEdIRHP9uGk8+f8AY=">AAACCXicbVC7TsNAEDzzDOFlQFQ0JyIkChRsiIAGKYKGEiQCkeIoWh8bOHFnW3drJGTlC/gKWqjoEC1fQcG/YJsUEJhqNLOrnZ0wUdKS5304Y+MTk1PTlZnq7Nz8wqK7tHxh49QIbIlYxaYdgkUlI2yRJIXtxCDoUOFleHtc+Jd3aKyMo3O6T7Cr4TqSfSmAcqnnrgYE6eFuvcGDLR4YnfX1thj03JpX90rwv8Qfkhob4rTnfgZXsUg1RiQUWNvxvYS6GRiSQuGgGqQWExC3cI2dnEag0XazMv6Ab6QWKOYJGi4VL0X8uZGBtvZeh/mkBrqxo14h/ud1UuofdDMZJSlhJIpDJBWWh6wwMu8F+ZU0SARFcuQy4gIMEKGRHITIxTQvqpr34Y9+/5dc7NT9vXrjrFFrHg2bqbA1ts42mc/2WZOdsFPWYoJl7JE9sWfnwXlxXp2379ExZ7izwn7Bef8CGQyY4w==</latexit>

⌧ = 3.4 fm/c

3D isotherms at temperatures 
220 MeV (red), 
195 MeV (yellow), 
170 MeV (green) 
and 145 MeV (blue).

DP, Singh, Gale, Jeon - 2202.03414
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Collectivity in Small Systems
Collectivity signatures observed in smaller 
systems (proton-proton, proton-nucleus):

Is it QGP? System size can be 
smaller than expansion rate…
(attractors?)

What is it?

<latexit sha1_base64="m/ZTibgYMRRvMh9SJV4iXNYj6oU=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Vj04rGi/YA2lM120i7dbMLuplBCf4IXD4p49Rd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0N/NbY1Sax/LJTBL0IzqQPOSMGis9jnvVXqnsVtw5yCrxclKGHPVe6avbj1kaoTRMUK07npsYP6PKcCZwWuymGhPKRnSAHUsljVD72fzUKTm3Sp+EsbIlDZmrvycyGmk9iQLbGVEz1MveTPzP66QmvPEzLpPUoGSLRWEqiInJ7G/S5wqZERNLKFPc3krYkCrKjE2naEPwll9eJc1qxbuquA+X5dptHkcBTuEMLsCDa6jBPdShAQwG8Ayv8OYI58V5dz4WrWtOPnMCf+B8/gALzo2k</latexit>v2
<latexit sha1_base64="ek/puz8RIbLyZSiAyPShexy/1fI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU1GPRi8eK9gPaUDbbTbt0swm7k0IJ/QlePCji1V/kzX/jts1Bqw8GHu/NMDMvSKQw6LpfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj25nfGnNtRKwecZJwP6IDJULBKFrpYdw775UrbtWdg/wlXk4qkKPeK392+zFLI66QSWpMx3MT9DOqUTDJp6VuanhC2YgOeMdSRSNu/Gx+6pScWKVPwljbUkjm6s+JjEbGTKLAdkYUh2bZm4n/eZ0Uw2s/EypJkSu2WBSmkmBMZn+TvtCcoZxYQpkW9lbChlRThjadkg3BW375L2meVb3Lqnt/Uand5HEU4QiO4RQ8uIIa3EEdGsBgAE/wAq+OdJ6dN+d90Vpw8plD+AXn4xsNUo2l</latexit>v3

<latexit sha1_base64="WTw++N3oNUn72wnVoGfZ8hvUdC4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8eK9gPaUDbbSbt0swm7m0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hobua3xqg0j+WTmSToR3QgecgZNVZ6HPcue+WKW3XnIKvEy0kFctR75a9uP2ZphNIwQbXueG5i/Iwqw5nAaambakwoG9EBdiyVNELtZ/NTp+TMKn0SxsqWNGSu/p7IaKT1JApsZ0TNUC97M/E/r5Oa8MbPuExSg5ItFoWpICYms79JnytkRkwsoUxxeythQ6ooMzadkg3BW355lTQvqt5V1X24rNRu8ziKcAKncA4eXEMN7qEODWAwgGd4hTdHOC/Ou/OxaC04+cwx/IHz+QMO1o2m</latexit>v4

Weller & Romatschke - PLB ‘17
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Collectivity in Small Systems

Improve understanding of hadronization, in large and small systems, using heavy quark probes.

Beraudo, De Pace, Nardi, Prino, DP - in preparation

Hadron spectra and yields can be described by thermal distribution… even in proton-proton!
Connection with microscopic description of hadronization? Colour-reconnection, entanglement…

Model proton-proton system as a droplet of liquid QGP.
Use novel hadronization mechanisms involving recombination.

Baryon to meson enhancement
observed also in pp collisions.
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Thanks for  
your attention!


