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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?



A Gas of Quarks and Gluons
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T > 104 GeV
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Resummation techniques can bring 
the validity of perturbative methods

to much lower temperatures
(e.g. Hard Thermal Loop)
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Is it a gas of quarks and gluons?

T ⇠ 0.2GeV

Which is the Correct Picture of the Plasma?
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Is it a gas of quarks and gluons?

T ⇠ 0.2GeV

↵s = 0.3 ! g = 2

Which is the Correct Picture of the Plasma?
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Is it a gas of quarks and gluons?

T ⇠ 0.2GeV

↵s = 0.3 ! g = 2

T ⇠ gT ⇠ g2T

Which is the Correct Picture of the Plasma?
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Which is the Correct Picture of the Plasma?

Is it a system with no long lived excitations?

T ⇠ 0.2GeV

↵s = 0.3 ! g = 2

T ⇠ gT ⇠ g2T
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Which is the Correct Picture of the Plasma?
T ⇠ 0.2GeV

↵s = 0.3 ! g = 2

T ⇠ gT ⇠ g2T

Is it a system with no quasiparticles?
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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
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Heavy-Ion Collisions (HIC): The Little Bangs
slide adapted from Z. Chen
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Evidence of Fluidity
slide adapted from Z. Chen
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Elliptic Flow vs Centrality

“Pancake” overlap determines
initial eccentricities. Also determines
multiplicity.

To leading order                       . 

As system size decreased, less flow.

slide adapted from Z. Chen
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Elliptic Flow and Viscosity

Strong sensitivity of elliptic flow to the value of viscosity
(microscopic details).



QGP: Most Perfect Liquid
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Spatial anisotropies.

Pressure gradients.

Hydrodynamics:

Correlations quantified in the experiments through so-called flow coefficients:
<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
etc…Hydrodynamic simulations point to almost ideal fluid:

<latexit sha1_base64="LraehNMQ/YaOV/S9Zr1Pcgxd4cg=">AAACEnicbVDLSsNAFJ3UV62vqks3g0VoNyUR0S6LblxW6AuaECbTm3bo5OHMRCgh3+DGX3HjQhG3rtz5N07aLrT1wOUezrmXmXu8mDOpTPPbKKytb2xuFbdLO7t7+wflw6OujBJBoUMjHom+RyRwFkJHMcWhHwsggceh501ucr/3AEKyKGyraQxOQEYh8xklSktuuWZ7bFS1fUFoaoMiWSqzXKq5adulmS1ZAPfYrJsNt1zRbQa8SqwFqaAFWm75yx5GNAkgVJQTKQeWGSsnJUIxyiEr2YmEmNAJGcFA05AEIJ10dlKGz7QyxH4kdIUKz9TfGykJpJwGnp4MiBrLZS8X//MGifIbTsrCOFEQ0vlDfsKxinCeDx4yAVTxqSaECqb/iumY6HiUTrGkQ7CWT14l3fO6dVk37y4qzetFHEV0gk5RFVnoCjXRLWqhDqLoET2jV/RmPBkvxrvxMR8tGIudY/QHxucPtcCddg==</latexit>�⌘
s

�
Tc

' 0.08

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

<latexit sha1_base64="dJzKhIS4yWmQjomqalEIFec9kuQ=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKqMeiF49V7Ae0S8mm2TY2myxJVihL/4MXD4p49f9489+YtnvQ1gcDj/dmmJkXJoIb63nfqLCyura+UdwsbW3v7O6V9w+aRqWasgZVQul2SAwTXLKG5VawdqIZiUPBWuHoZuq3npg2XMkHO05YEJOB5BGnxDqp2a0b3rvvlSte1ZsBLxM/JxXIUe+Vv7p9RdOYSUsFMabje4kNMqItp4JNSt3UsITQERmwjqOSxMwE2ezaCT5xSh9HSruSFs/U3xMZiY0Zx6HrjIkdmkVvKv7ndVIbXQUZl0lqmaTzRVEqsFV4+jruc82oFWNHCNXc3YrpkGhCrQuo5ELwF19eJs2zqn9R9e7OK7XrPI4iHMExnIIPl1CDW6hDAyg8wjO8whtS6AW9o495awHlM4fwB+jzB069jvQ=</latexit>

 R is event plane angle.

CMS CMS



Mass Ordering of Flow
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Heavier particle has smaller v2 for same pT.

Predicted by hydro: common boost at partonic level.

slide adapted from Z. Chen



Quark Coalescence
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Scaling of elliptic flow with number of quarks.

Driven by flowing partonic d.o.f.

Baryon

Meson

slide adapted from B. Mueller



Statistical Hadronization Model
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Thermal production of hadrons using
canonical or grand-canonical ensembles.

1 free parameter: T ~ 156.5(1.5) MeV

Describes yields accurately in
all collision systems.

How is thermalization achieved!?

Some ideas: analogy between confinement
and black hole physics.

Event horizon for colored signals,
causally disconnected region.
(Hawking-Unruh hadronization).



Flow in Small Systems
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p+p p+Pb Pb+Pb

“One fluid to rule them all”

Weller and Romatschke, 1701.07145



Tuning Eccentricities in Small Systems
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Expectation from hydro
arguments:

Nature Physics 15, 214–220 (2019)
PHENIX collaboration



Tuning Eccentricities in Small Systems
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v2

v3

Nature Physics 15, 214–220 (2019)
PHENIX collaboration



How Can We Probe the QGP?
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Jets in pp
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<latexit sha1_base64="DXfUvzidX19fDRrcI3rcd6qz010=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8eK/YI2lM120i7dbMLuRiihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEsG1cd1vp7C2vrG5Vdwu7ezu7R+UD49aOk4VwyaLRaw6AdUouMSm4UZgJ1FIo0BgOxjfzfz2EyrNY9kwkwT9iA4lDzmjxkqPSb/RL1fcqjsHWSVeTiqQo94vf/UGMUsjlIYJqnXXcxPjZ1QZzgROS71UY0LZmA6xa6mkEWo/m586JWdWGZAwVrakIXP190RGI60nUWA7I2pGetmbif953dSEN37GZZIalGyxKEwFMTGZ/U0GXCEzYmIJZYrbWwkbUUWZsemUbAje8surpHVR9a6q3sNlpXabx1GEEziFc/DgGmpwD3VoAoMhPMMrvDnCeXHenY9Fa8HJZ47hD5zPHzaEjcE=</latexit>pT
<latexit sha1_base64="DXfUvzidX19fDRrcI3rcd6qz010=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8eK/YI2lM120i7dbMLuRiihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEsG1cd1vp7C2vrG5Vdwu7ezu7R+UD49aOk4VwyaLRaw6AdUouMSm4UZgJ1FIo0BgOxjfzfz2EyrNY9kwkwT9iA4lDzmjxkqPSb/RL1fcqjsHWSVeTiqQo94vf/UGMUsjlIYJqnXXcxPjZ1QZzgROS71UY0LZmA6xa6mkEWo/m586JWdWGZAwVrakIXP190RGI60nUWA7I2pGetmbif953dSEN37GZZIalGyxKEwFMTGZ/U0GXCEzYmIJZYrbWwkbUUWZsemUbAje8surpHVR9a6q3sNlpXabx1GEEziFc/DgGmpwD3VoAoMhPMMrvDnCeXHenY9Fa8HJZ47hD5zPHzaEjcE=</latexit>pT

<latexit sha1_base64="GrgToXsE7kvMEHKGzGFpMxUQB4A=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Rj04jGCeUCyhNnJbDJmdmaZ6RVCyD948aCIV//Hm3/jJNmDJhY0FFXddHdFqRQWff/bW1ldW9/YLGwVt3d29/ZLB4cNqzPDeJ1pqU0ropZLoXgdBUreSg2nSSR5MxreTv3mEzdWaPWAo5SHCe0rEQtG0UmNDkfaDbqlsl/xZyDLJMhJGXLUuqWvTk+zLOEKmaTWtgM/xXBMDQom+aTYySxPKRvSPm87qmjCbTieXTshp07pkVgbVwrJTP09MaaJtaMkcp0JxYFd9Kbif147w/g6HAuVZsgVmy+KM0lQk+nrpCcMZyhHjlBmhLuVsAE1lKELqOhCCBZfXiaN80pwWQnuL8rVmzyOAhzDCZxBAFdQhTuoQR0YPMIzvMKbp70X7937mLeuePnMEfyB9/kDMoqO4g==</latexit>⌘1
<latexit sha1_base64="d17o2gmr2SoQsUX1YYGPO0Onz34=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeiF48V7Ae0oWy2m3btZhN2J0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilVo8j7df65Ypbdecgq8TLSQVyNPrlr94gZmnEFTJJjel6boJ+RjUKJvm01EsNTygb0yHvWqpoxI2fza+dkjOrDEgYa1sKyVz9PZHRyJhJFNjOiOLILHsz8T+vm2J47WdCJSlyxRaLwlQSjMnsdTIQmjOUE0so08LeStiIasrQBlSyIXjLL6+SVq3qXVa9+4tK/SaPowgncArn4MEV1OEOGtAEBo/wDK/w5sTOi/PufCxaC04+cwx/4Hz+ADQOjuM=</latexit>⌘2

Hard parton pairs produced
back-to-back in transverse plane,
misaligned in rapidity.



Jets in pp
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<latexit sha1_base64="DXfUvzidX19fDRrcI3rcd6qz010=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8eK/YI2lM120i7dbMLuRiihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEsG1cd1vp7C2vrG5Vdwu7ezu7R+UD49aOk4VwyaLRaw6AdUouMSm4UZgJ1FIo0BgOxjfzfz2EyrNY9kwkwT9iA4lDzmjxkqPSb/RL1fcqjsHWSVeTiqQo94vf/UGMUsjlIYJqnXXcxPjZ1QZzgROS71UY0LZmA6xa6mkEWo/m586JWdWGZAwVrakIXP190RGI60nUWA7I2pGetmbif953dSEN37GZZIalGyxKEwFMTGZ/U0GXCEzYmIJZYrbWwkbUUWZsemUbAje8surpHVR9a6q3sNlpXabx1GEEziFc/DgGmpwD3VoAoMhPMMrvDnCeXHenY9Fa8HJZ47hD5zPHzaEjcE=</latexit>pT
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<latexit sha1_base64="GrgToXsE7kvMEHKGzGFpMxUQB4A=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Rj04jGCeUCyhNnJbDJmdmaZ6RVCyD948aCIV//Hm3/jJNmDJhY0FFXddHdFqRQWff/bW1ldW9/YLGwVt3d29/ZLB4cNqzPDeJ1pqU0ropZLoXgdBUreSg2nSSR5MxreTv3mEzdWaPWAo5SHCe0rEQtG0UmNDkfaDbqlsl/xZyDLJMhJGXLUuqWvTk+zLOEKmaTWtgM/xXBMDQom+aTYySxPKRvSPm87qmjCbTieXTshp07pkVgbVwrJTP09MaaJtaMkcp0JxYFd9Kbif147w/g6HAuVZsgVmy+KM0lQk+nrpCcMZyhHjlBmhLuVsAE1lKELqOhCCBZfXiaN80pwWQnuL8rVmzyOAhzDCZxBAFdQhTuoQR0YPMIzvMKbp70X7937mLeuePnMEfyB9/kDMoqO4g==</latexit>⌘1
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Hard parton pairs produced
back-to-back in transverse plane,
misaligned in rapidity.

Parton density evolution described via DGLAP:

Collimated structure enforced through 
collinear divergences & color coherence.



Jets in pp
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R
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R

Hard parton pairs produced
back-to-back in transverse plane,
misaligned in rapidity.

Parton density evolution described via DGLAP:

Collimated structure enforced through 
collinear divergences & color coherence.

Jets are defined with clustering algorithm,
reconstruction radius R.

<latexit sha1_base64="DXfUvzidX19fDRrcI3rcd6qz010=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8eK/YI2lM120i7dbMLuRiihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEsG1cd1vp7C2vrG5Vdwu7ezu7R+UD49aOk4VwyaLRaw6AdUouMSm4UZgJ1FIo0BgOxjfzfz2EyrNY9kwkwT9iA4lDzmjxkqPSb/RL1fcqjsHWSVeTiqQo94vf/UGMUsjlIYJqnXXcxPjZ1QZzgROS71UY0LZmA6xa6mkEWo/m586JWdWGZAwVrakIXP190RGI60nUWA7I2pGetmbif953dSEN37GZZIalGyxKEwFMTGZ/U0GXCEzYmIJZYrbWwkbUUWZsemUbAje8surpHVR9a6q3sNlpXabx1GEEziFc/DgGmpwD3VoAoMhPMMrvDnCeXHenY9Fa8HJZ47hD5zPHzaEjcE=</latexit>pT
<latexit sha1_base64="DXfUvzidX19fDRrcI3rcd6qz010=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8eK/YI2lM120i7dbMLuRiihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEsG1cd1vp7C2vrG5Vdwu7ezu7R+UD49aOk4VwyaLRaw6AdUouMSm4UZgJ1FIo0BgOxjfzfz2EyrNY9kwkwT9iA4lDzmjxkqPSb/RL1fcqjsHWSVeTiqQo94vf/UGMUsjlIYJqnXXcxPjZ1QZzgROS71UY0LZmA6xa6mkEWo/m586JWdWGZAwVrakIXP190RGI60nUWA7I2pGetmbif953dSEN37GZZIalGyxKEwFMTGZ/U0GXCEzYmIJZYrbWwkbUUWZsemUbAje8surpHVR9a6q3sNlpXabx1GEEziFc/DgGmpwD3VoAoMhPMMrvDnCeXHenY9Fa8HJZ47hD5zPHzaEjcE=</latexit>pT

<latexit sha1_base64="GrgToXsE7kvMEHKGzGFpMxUQB4A=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Rj04jGCeUCyhNnJbDJmdmaZ6RVCyD948aCIV//Hm3/jJNmDJhY0FFXddHdFqRQWff/bW1ldW9/YLGwVt3d29/ZLB4cNqzPDeJ1pqU0ropZLoXgdBUreSg2nSSR5MxreTv3mEzdWaPWAo5SHCe0rEQtG0UmNDkfaDbqlsl/xZyDLJMhJGXLUuqWvTk+zLOEKmaTWtgM/xXBMDQom+aTYySxPKRvSPm87qmjCbTieXTshp07pkVgbVwrJTP09MaaJtaMkcp0JxYFd9Kbif147w/g6HAuVZsgVmy+KM0lQk+nrpCcMZyhHjlBmhLuVsAE1lKELqOhCCBZfXiaN80pwWQnuL8rVmzyOAhzDCZxBAFdQhTuoQR0YPMIzvMKbp70X7937mLeuePnMEfyB9/kDMoqO4g==</latexit>⌘1
<latexit sha1_base64="d17o2gmr2SoQsUX1YYGPO0Onz34=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeiF48V7Ae0oWy2m3btZhN2J0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilVo8j7df65Ypbdecgq8TLSQVyNPrlr94gZmnEFTJJjel6boJ+RjUKJvm01EsNTygb0yHvWqpoxI2fza+dkjOrDEgYa1sKyVz9PZHRyJhJFNjOiOLILHsz8T+vm2J47WdCJSlyxRaLwlQSjMnsdTIQmjOUE0so08LeStiIasrQBlSyIXjLL6+SVq3qXVa9+4tK/SaPowgncArn4MEV1OEOGtAEBo/wDK/w5sTOi/PufCxaC04+cwx/4Hz+ADQOjuM=</latexit>⌘2
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<latexit sha1_base64="yBEbSjbMrBRQATUf/9LYfzj2M+g=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMegF4+JmAckS5id9CZjZmeXmVkhLPkCLx4U8eonefNvnDwQTSxoKKq66e4KEsG1cd0vJ7eyura+kd8sbG3v7O4V9w8aOk4VwzqLRaxaAdUouMS64UZgK1FIo0BgMxjeTPzmIyrNY3lvRgn6Ee1LHnJGjZVqd91iyS27U5Af4i2SEsxR7RY/O72YpRFKwwTVuu25ifEzqgxnAseFTqoxoWxI+9i2VNIItZ9NDx2TE6v0SBgrW9KQqfp7IqOR1qMosJ0RNQO96E3E/7x2asIrP+MySQ1KNlsUpoKYmEy+Jj2ukBkxsoQyxe2thA2ooszYbAo2hKWXl0njrOxdlL3aealyPY8jD0dwDKfgwSVU4BaqUAcGCE/wAq/Og/PsvDnvs9acM585hD9wPr4BsAeM3Q==</latexit>

R
<latexit sha1_base64="yBEbSjbMrBRQATUf/9LYfzj2M+g=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMegF4+JmAckS5id9CZjZmeXmVkhLPkCLx4U8eonefNvnDwQTSxoKKq66e4KEsG1cd0vJ7eyura+kd8sbG3v7O4V9w8aOk4VwzqLRaxaAdUouMS64UZgK1FIo0BgMxjeTPzmIyrNY3lvRgn6Ee1LHnJGjZVqd91iyS27U5Af4i2SEsxR7RY/O72YpRFKwwTVuu25ifEzqgxnAseFTqoxoWxI+9i2VNIItZ9NDx2TE6v0SBgrW9KQqfp7IqOR1qMosJ0RNQO96E3E/7x2asIrP+MySQ1KNlsUpoKYmEy+Jj2ukBkxsoQyxe2thA2ooszYbAo2hKWXl0njrOxdlL3aealyPY8jD0dwDKfgwSVU4BaqUAcGCE/wAq/Og/PsvDnvs9acM585hD9wPr4BsAeM3Q==</latexit>

R

Hard parton pairs produced
back-to-back in transverse plane,
misaligned in rapidity.

Parton density evolution described via DGLAP:

Collimated structure enforced through 
collinear divergences & color coherence.

Degree of jet activity determines, e.g., out-of-cone radiation (causes dijet asymmetry in pp).

Jets are defined with clustering algorithm,
reconstruction radius R.

<latexit sha1_base64="XKB/B+PHN8C4p7Ag5+1lprA8/z8=">AAAB8nicbVDLSgNBEOyNrxhfUY9eBoPgIYRdEfUY9OIxQl6QLGF2MpsMmd1ZZnqFsOQzvHhQxKtf482/cfJANLGgoajqprsrSKQw6LpfTm5tfWNzK79d2Nnd2z8oHh41jUo14w2mpNLtgBouRcwbKFDydqI5jQLJW8Hobuq3Hrk2QsV1HCfcj+ggFqFgFK3USXpZnZS7ZeJNesWSW3FnID/EWyYlWKDWK352+4qlEY+RSWpMx3MT9DOqUTDJJ4VuanhC2YgOeMfSmEbc+Nns5Ak5s0qfhErbipHM1N8TGY2MGUeB7YwoDs2yNxX/8zophjd+JuIkRR6z+aIwlQQVmf5P+kJzhnJsCWVa2FsJG1JNGdqUCjaElZdXSfOi4l1VvIfLUvV2EUceTuAUzsGDa6jCPdSgAQwUPMELvDroPDtvzvu8NecsZo7hD5yPb6Q3kC8=</latexit>pT, 1
<latexit sha1_base64="swQeWAe1sDauLwIailCiHcOxYXo=">AAAB8nicbVDLSgNBEOyNrxhfUY9eBoPgIYTdIOox6MVjhCQGkiXMTmaTIbOzy0yvEJZ8hhcPinj1a7z5N04eiCYWNBRV3XR3BYkUBl33y8mtrW9sbuW3Czu7e/sHxcOjlolTzXiTxTLW7YAaLoXiTRQoeTvRnEaB5A/B6HbqPzxybUSsGjhOuB/RgRKhYBSt1El6WYOUu2VSnfSKJbfizkB+iLdMSrBAvVf87PZjlkZcIZPUmI7nJuhnVKNgkk8K3dTwhLIRHfCOpYpG3PjZ7OQJObNKn4SxtqWQzNTfExmNjBlHge2MKA7NsjcV//M6KYbXfiZUkiJXbL4oTCXBmEz/J32hOUM5toQyLeythA2ppgxtSgUbwsrLq6RVrXiXFe/+olS7WcSRhxM4hXPw4ApqcAd1aAKDGJ7gBV4ddJ6dN+d93ppzFjPH8AfOxzelvJAw</latexit>pT, 2

<latexit sha1_base64="ChG60buDF/GGMjvQVjA9puswXwA=">AAACAnicbVDLSgMxFL1TX7W+Rl2Jm2ARXJQyU0RdSdGNywp9QTsMmTTThmYeJBmhDIMbf8WNC0Xc+hXu/BvTB0VbD1w4Oedecu/xYs6ksqxvI7eyura+kd8sbG3v7O6Z+wdNGSWC0AaJeCTaHpaUs5A2FFOctmNBceBx2vKGt2O/9UCFZFFYV6OYOgHuh8xnBCstueZR7KZ1VOqWkJ2hazR/VTLXLFplawI0J/YiKcIMNdf86vYikgQ0VIRjKTu2FSsnxUIxwmlW6CaSxpgMcZ92NA1xQKWTTk7I0KlWesiPhK5QoYn6eyLFgZSjwNOdAVYDueiNxf+8TqL8KydlYZwoGpLpR37CkYrQOA/UY4ISxUeaYCKY3hWRARaYKJ1aQYewdPIyaVbK9kXZvj8vVm9mceThGE7gDGy4hCrcQQ0aQOARnuEV3own48V4Nz6mrTljNnMIf2B8/gAWsJSr</latexit>

pT, 1 > pT, 2

<latexit sha1_base64="DXfUvzidX19fDRrcI3rcd6qz010=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8eK/YI2lM120i7dbMLuRiihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEsG1cd1vp7C2vrG5Vdwu7ezu7R+UD49aOk4VwyaLRaw6AdUouMSm4UZgJ1FIo0BgOxjfzfz2EyrNY9kwkwT9iA4lDzmjxkqPSb/RL1fcqjsHWSVeTiqQo94vf/UGMUsjlIYJqnXXcxPjZ1QZzgROS71UY0LZmA6xa6mkEWo/m586JWdWGZAwVrakIXP190RGI60nUWA7I2pGetmbif953dSEN37GZZIalGyxKEwFMTGZ/U0GXCEzYmIJZYrbWwkbUUWZsemUbAje8surpHVR9a6q3sNlpXabx1GEEziFc/DgGmpwD3VoAoMhPMMrvDnCeXHenY9Fa8HJZ47hD5zPHzaEjcE=</latexit>pT
<latexit sha1_base64="DXfUvzidX19fDRrcI3rcd6qz010=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8eK/YI2lM120i7dbMLuRiihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEsG1cd1vp7C2vrG5Vdwu7ezu7R+UD49aOk4VwyaLRaw6AdUouMSm4UZgJ1FIo0BgOxjfzfz2EyrNY9kwkwT9iA4lDzmjxkqPSb/RL1fcqjsHWSVeTiqQo94vf/UGMUsjlIYJqnXXcxPjZ1QZzgROS71UY0LZmA6xa6mkEWo/m586JWdWGZAwVrakIXP190RGI60nUWA7I2pGetmbif953dSEN37GZZIalGyxKEwFMTGZ/U0GXCEzYmIJZYrbWwkbUUWZsemUbAje8surpHVR9a6q3sNlpXabx1GEEziFc/DgGmpwD3VoAoMhPMMrvDnCeXHenY9Fa8HJZ47hD5zPHzaEjcE=</latexit>pT

<latexit sha1_base64="GrgToXsE7kvMEHKGzGFpMxUQB4A=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Rj04jGCeUCyhNnJbDJmdmaZ6RVCyD948aCIV//Hm3/jJNmDJhY0FFXddHdFqRQWff/bW1ldW9/YLGwVt3d29/ZLB4cNqzPDeJ1pqU0ropZLoXgdBUreSg2nSSR5MxreTv3mEzdWaPWAo5SHCe0rEQtG0UmNDkfaDbqlsl/xZyDLJMhJGXLUuqWvTk+zLOEKmaTWtgM/xXBMDQom+aTYySxPKRvSPm87qmjCbTieXTshp07pkVgbVwrJTP09MaaJtaMkcp0JxYFd9Kbif147w/g6HAuVZsgVmy+KM0lQk+nrpCcMZyhHjlBmhLuVsAE1lKELqOhCCBZfXiaN80pwWQnuL8rVmzyOAhzDCZxBAFdQhTuoQR0YPMIzvMKbp70X7937mLeuePnMEfyB9/kDMoqO4g==</latexit>⌘1
<latexit sha1_base64="d17o2gmr2SoQsUX1YYGPO0Onz34=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeiF48V7Ae0oWy2m3btZhN2J0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilVo8j7df65Ypbdecgq8TLSQVyNPrlr94gZmnEFTJJjel6boJ+RjUKJvm01EsNTygb0yHvWqpoxI2fza+dkjOrDEgYa1sKyVz9PZHRyJhJFNjOiOLILHsz8T+vm2J47WdCJSlyxRaLwlQSjMnsdTIQmjOUE0so08LeStiIasrQBlSyIXjLL6+SVq3qXVa9+4tK/SaPowgncArn4MEV1OEOGtAEBo/wDK/w5sTOi/PufCxaC04+cwx/4Hz+ADQOjuM=</latexit>⌘2
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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)
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<latexit sha1_base64="yBEbSjbMrBRQATUf/9LYfzj2M+g=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMegF4+JmAckS5id9CZjZmeXmVkhLPkCLx4U8eonefNvnDwQTSxoKKq66e4KEsG1cd0vJ7eyura+kd8sbG3v7O4V9w8aOk4VwzqLRaxaAdUouMS64UZgK1FIo0BgMxjeTPzmIyrNY3lvRgn6Ee1LHnJGjZVqd91iyS27U5Af4i2SEsxR7RY/O72YpRFKwwTVuu25ifEzqgxnAseFTqoxoWxI+9i2VNIItZ9NDx2TE6v0SBgrW9KQqfp7IqOR1qMosJ0RNQO96E3E/7x2asIrP+MySQ1KNlsUpoKYmEy+Jj2ukBkxsoQyxe2thA2ooszYbAo2hKWXl0njrOxdlL3aealyPY8jD0dwDKfgwSVU4BaqUAcGCE/wAq/Og/PsvDnvs9acM585hD9wPr4BsAeM3Q==</latexit>

R
<latexit sha1_base64="yBEbSjbMrBRQATUf/9LYfzj2M+g=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMegF4+JmAckS5id9CZjZmeXmVkhLPkCLx4U8eonefNvnDwQTSxoKKq66e4KEsG1cd0vJ7eyura+kd8sbG3v7O4V9w8aOk4VwzqLRaxaAdUouMS64UZgK1FIo0BgMxjeTPzmIyrNY3lvRgn6Ee1LHnJGjZVqd91iyS27U5Af4i2SEsxR7RY/O72YpRFKwwTVuu25ifEzqgxnAseFTqoxoWxI+9i2VNIItZ9NDx2TE6v0SBgrW9KQqfp7IqOR1qMosJ0RNQO96E3E/7x2asIrP+MySQ1KNlsUpoKYmEy+Jj2ukBkxsoQyxe2thA2ooszYbAo2hKWXl0njrOxdlL3aealyPY8jD0dwDKfgwSVU4BaqUAcGCE/wAq/Og/PsvDnvs9acM585hD9wPr4BsAeM3Q==</latexit>

R

Jet partons interact with QGP
and experience energy loss.

<latexit sha1_base64="4qOblxVuYEO5wUPIVjMa6sWvALQ=">AAAB9HicdVDLSgMxFL3js9ZX1aWbYBFclDJTRF0W3bhsoS9ox5JJM21oJhmTTKEM/Q43LhRx68e4829MH0J9HbhwOOde7uEEMWfauO6Hs7K6tr6xmdnKbu/s7u3nDg4bWiaK0DqRXKpWgDXlTNC6YYbTVqwojgJOm8HwZuo3R1RpJkXNjGPqR7gvWMgINlby425aQ4VOAZUmd9VuLu8V3RmQ+4t8WXlYoNLNvXd6kiQRFYZwrHXbc2Pjp1gZRjidZDuJpjEmQ9ynbUsFjqj201noCTq1Sg+FUtkRBs3U5YsUR1qPo8BuRtgM9E9vKv7ltRMTXvkpE3FiqCDzR2HCkZFo2gDqMUWJ4WNLMFHMZkVkgBUmxvaUXS7hf9IoFb2Lolc9z5evF3Vk4BhO4Aw8uIQy3EIF6kDgHh7gCZ6dkfPovDiv89UVZ3FzBN/gvH0C/+uQ8w==</latexit>

pQT, 2

<latexit sha1_base64="lO7JB26U2Vwypek/7tLrNqgx4/I=">AAAB9HicdVDLSgMxFL1TX7W+qi7dBIvgopQZEXVZdOOyhb6gHUsmzbShmUxMMoUy9DvcuFDErR/jzr8xfQj1deDC4Zx7uYcTSM60cd0PJ7Oyura+kd3MbW3v7O7l9w8aOk4UoXUS81i1AqwpZ4LWDTOctqSiOAo4bQbDm6nfHFGlWSxqZiypH+G+YCEj2FjJl920hoqdIvImd9VuvuCV3BmQ+4t8WQVYoNLNv3d6MUkiKgzhWOu250rjp1gZRjid5DqJphKTIe7TtqUCR1T76Sz0BJ1YpYfCWNkRBs3U5YsUR1qPo8BuRtgM9E9vKv7ltRMTXvkpEzIxVJD5ozDhyMRo2gDqMUWJ4WNLMFHMZkVkgBUmxvaUWy7hf9I4K3kXJa96XihfL+rIwhEcwyl4cAlluIUK1IHAPTzAEzw7I+fReXFe56sZZ3FzCN/gvH0C/mSQ8g==</latexit>

pQT, 1

QGP

<latexit sha1_base64="DXfUvzidX19fDRrcI3rcd6qz010=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8eK/YI2lM120i7dbMLuRiihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEsG1cd1vp7C2vrG5Vdwu7ezu7R+UD49aOk4VwyaLRaw6AdUouMSm4UZgJ1FIo0BgOxjfzfz2EyrNY9kwkwT9iA4lDzmjxkqPSb/RL1fcqjsHWSVeTiqQo94vf/UGMUsjlIYJqnXXcxPjZ1QZzgROS71UY0LZmA6xa6mkEWo/m586JWdWGZAwVrakIXP190RGI60nUWA7I2pGetmbif953dSEN37GZZIalGyxKEwFMTGZ/U0GXCEzYmIJZYrbWwkbUUWZsemUbAje8surpHVR9a6q3sNlpXabx1GEEziFc/DgGmpwD3VoAoMhPMMrvDnCeXHenY9Fa8HJZ47hD5zPHzaEjcE=</latexit>pT
<latexit sha1_base64="DXfUvzidX19fDRrcI3rcd6qz010=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8eK/YI2lM120i7dbMLuRiihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEsG1cd1vp7C2vrG5Vdwu7ezu7R+UD49aOk4VwyaLRaw6AdUouMSm4UZgJ1FIo0BgOxjfzfz2EyrNY9kwkwT9iA4lDzmjxkqPSb/RL1fcqjsHWSVeTiqQo94vf/UGMUsjlIYJqnXXcxPjZ1QZzgROS71UY0LZmA6xa6mkEWo/m586JWdWGZAwVrakIXP190RGI60nUWA7I2pGetmbif953dSEN37GZZIalGyxKEwFMTGZ/U0GXCEzYmIJZYrbWwkbUUWZsemUbAje8surpHVR9a6q3sNlpXabx1GEEziFc/DgGmpwD3VoAoMhPMMrvDnCeXHenY9Fa8HJZ47hD5zPHzaEjcE=</latexit>pT

<latexit sha1_base64="GrgToXsE7kvMEHKGzGFpMxUQB4A=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Rj04jGCeUCyhNnJbDJmdmaZ6RVCyD948aCIV//Hm3/jJNmDJhY0FFXddHdFqRQWff/bW1ldW9/YLGwVt3d29/ZLB4cNqzPDeJ1pqU0ropZLoXgdBUreSg2nSSR5MxreTv3mEzdWaPWAo5SHCe0rEQtG0UmNDkfaDbqlsl/xZyDLJMhJGXLUuqWvTk+zLOEKmaTWtgM/xXBMDQom+aTYySxPKRvSPm87qmjCbTieXTshp07pkVgbVwrJTP09MaaJtaMkcp0JxYFd9Kbif147w/g6HAuVZsgVmy+KM0lQk+nrpCcMZyhHjlBmhLuVsAE1lKELqOhCCBZfXiaN80pwWQnuL8rVmzyOAhzDCZxBAFdQhTuoQR0YPMIzvMKbp70X7937mLeuePnMEfyB9/kDMoqO4g==</latexit>⌘1
<latexit sha1_base64="d17o2gmr2SoQsUX1YYGPO0Onz34=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeiF48V7Ae0oWy2m3btZhN2J0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilVo8j7df65Ypbdecgq8TLSQVyNPrlr94gZmnEFTJJjel6boJ+RjUKJvm01EsNTygb0yHvWqpoxI2fza+dkjOrDEgYa1sKyVz9PZHRyJhJFNjOiOLILHsz8T+vm2J47WdCJSlyxRaLwlQSjMnsdTIQmjOUE0so08LeStiIasrQBlSyIXjLL6+SVq3qXVa9+4tK/SaPowgncArn4MEV1OEOGtAEBo/wDK/w5sTOi/PufCxaC04+cwx/4Hz+ADQOjuM=</latexit>⌘2
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Jet partons interact with QGP
and experience energy loss.

What can we learn by knowing
how much energy a given jet has lost?

<latexit sha1_base64="8DEORMXdOBA23fAyq4/22lkI2uU=">AAAB83icbZBLSwMxFIXv1Fetr6pLN8EiuChlRkTdWXTjskJf0BlKJs20oZlMSDJCGfo33LhQxK1/xp3/xkxbQa0HAofv3EsuJ5ScaeO6n05hZXVtfaO4Wdra3tndK+8ftHWSKkJbJOGJ6oZYU84EbRlmOO1KRXEcctoJx7d53nmgSrNENM1E0iDGQ8EiRrCxyJf9rImqfhV50+t+ueLW3JmQ922WSAUWavTLH/4gIWlMhSEca93zXGmCDCvDCKfTkp9qKjEZ4yHtWStwTHWQzW6eohNLBihKlH3CoBn9uZHhWOtJHNrJGJuR/pvl8L+sl5roKsiYkKmhgsw/ilKOTILyAtCAKUoMn1iDiWL2VkRGWGFibE0lW4K3VMKSaZ/VvIuad39eqd8s6ijCERzDKXhwCXW4gwa0gICER3iGFyd1npxX520+WnAWO4fwS877FywDkHg=</latexit>

pT, 1?
<latexit sha1_base64="k94LXqU3rcspOmThfrSH3jK4t8w=">AAAB83icbZBLSwMxFIXv1Fetr6pLN8EiuChlphR1Z9GNywp9QWcomTTThmYyIckIZejfcONCEbf+GXf+G9OHoNYDgcN37iWXE0rOtHHdTye3tr6xuZXfLuzs7u0fFA+P2jpJFaEtkvBEdUOsKWeCtgwznHalojgOOe2E49tZ3nmgSrNENM1E0iDGQ8EiRrCxyJf9rInKfhlVp9f9YsmtuHMh79uskBIs1egXP/xBQtKYCkM41rrnudIEGVaGEU6nBT/VVGIyxkPas1bgmOogm988RWeWDFCUKPuEQXP6cyPDsdaTOLSTMTYj/Tebwf+yXmqiqyBjQqaGCrL4KEo5MgmaFYAGTFFi+MQaTBSztyIywgoTY2sq2BK8lRJWTLta8S4q3n2tVL9Z1pGHEziFc/DgEupwBw1oAQEJj/AML07qPDmvzttiNOcsd47hl5z3Ly2JkHk=</latexit>

pT, 2?

<latexit sha1_base64="yBEbSjbMrBRQATUf/9LYfzj2M+g=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMegF4+JmAckS5id9CZjZmeXmVkhLPkCLx4U8eonefNvnDwQTSxoKKq66e4KEsG1cd0vJ7eyura+kd8sbG3v7O4V9w8aOk4VwzqLRaxaAdUouMS64UZgK1FIo0BgMxjeTPzmIyrNY3lvRgn6Ee1LHnJGjZVqd91iyS27U5Af4i2SEsxR7RY/O72YpRFKwwTVuu25ifEzqgxnAseFTqoxoWxI+9i2VNIItZ9NDx2TE6v0SBgrW9KQqfp7IqOR1qMosJ0RNQO96E3E/7x2asIrP+MySQ1KNlsUpoKYmEy+Jj2ukBkxsoQyxe2thA2ooszYbAo2hKWXl0njrOxdlL3aealyPY8jD0dwDKfgwSVU4BaqUAcGCE/wAq/Og/PsvDnvs9acM585hD9wPr4BsAeM3Q==</latexit>

R
<latexit sha1_base64="yBEbSjbMrBRQATUf/9LYfzj2M+g=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMegF4+JmAckS5id9CZjZmeXmVkhLPkCLx4U8eonefNvnDwQTSxoKKq66e4KEsG1cd0vJ7eyura+kd8sbG3v7O4V9w8aOk4VwzqLRaxaAdUouMS64UZgK1FIo0BgMxjeTPzmIyrNY3lvRgn6Ee1LHnJGjZVqd91iyS27U5Af4i2SEsxR7RY/O72YpRFKwwTVuu25ifEzqgxnAseFTqoxoWxI+9i2VNIItZ9NDx2TE6v0SBgrW9KQqfp7IqOR1qMosJ0RNQO96E3E/7x2asIrP+MySQ1KNlsUpoKYmEy+Jj2ukBkxsoQyxe2thA2ooszYbAo2hKWXl0njrOxdlL3aealyPY8jD0dwDKfgwSVU4BaqUAcGCE/wAq/Og/PsvDnvs9acM585hD9wPr4BsAeM3Q==</latexit>

R

<latexit sha1_base64="4qOblxVuYEO5wUPIVjMa6sWvALQ=">AAAB9HicdVDLSgMxFL3js9ZX1aWbYBFclDJTRF0W3bhsoS9ox5JJM21oJhmTTKEM/Q43LhRx68e4829MH0J9HbhwOOde7uEEMWfauO6Hs7K6tr6xmdnKbu/s7u3nDg4bWiaK0DqRXKpWgDXlTNC6YYbTVqwojgJOm8HwZuo3R1RpJkXNjGPqR7gvWMgINlby425aQ4VOAZUmd9VuLu8V3RmQ+4t8WXlYoNLNvXd6kiQRFYZwrHXbc2Pjp1gZRjidZDuJpjEmQ9ynbUsFjqj201noCTq1Sg+FUtkRBs3U5YsUR1qPo8BuRtgM9E9vKv7ltRMTXvkpE3FiqCDzR2HCkZFo2gDqMUWJ4WNLMFHMZkVkgBUmxvaUXS7hf9IoFb2Lolc9z5evF3Vk4BhO4Aw8uIQy3EIF6kDgHh7gCZ6dkfPovDiv89UVZ3FzBN/gvH0C/+uQ8w==</latexit>

pQT, 2

<latexit sha1_base64="lO7JB26U2Vwypek/7tLrNqgx4/I=">AAAB9HicdVDLSgMxFL1TX7W+qi7dBIvgopQZEXVZdOOyhb6gHUsmzbShmUxMMoUy9DvcuFDErR/jzr8xfQj1deDC4Zx7uYcTSM60cd0PJ7Oyura+kd3MbW3v7O7l9w8aOk4UoXUS81i1AqwpZ4LWDTOctqSiOAo4bQbDm6nfHFGlWSxqZiypH+G+YCEj2FjJl920hoqdIvImd9VuvuCV3BmQ+4t8WQVYoNLNv3d6MUkiKgzhWOu250rjp1gZRjid5DqJphKTIe7TtqUCR1T76Sz0BJ1YpYfCWNkRBs3U5YsUR1qPo8BuRtgM9E9vKv7ltRMTXvkpEzIxVJD5ozDhyMRo2gDqMUWJ4WNLMFHMZkVkgBUmxvaUWy7hf9I4K3kXJa96XihfL+rIwhEcwyl4cAlluIUK1IHAPTzAEzw7I+fReXFe56sZZ3FzCN/gvH0C/mSQ8g==</latexit>

pQT, 1

QGP

<latexit sha1_base64="DXfUvzidX19fDRrcI3rcd6qz010=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8eK/YI2lM120i7dbMLuRiihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEsG1cd1vp7C2vrG5Vdwu7ezu7R+UD49aOk4VwyaLRaw6AdUouMSm4UZgJ1FIo0BgOxjfzfz2EyrNY9kwkwT9iA4lDzmjxkqPSb/RL1fcqjsHWSVeTiqQo94vf/UGMUsjlIYJqnXXcxPjZ1QZzgROS71UY0LZmA6xa6mkEWo/m586JWdWGZAwVrakIXP190RGI60nUWA7I2pGetmbif953dSEN37GZZIalGyxKEwFMTGZ/U0GXCEzYmIJZYrbWwkbUUWZsemUbAje8surpHVR9a6q3sNlpXabx1GEEziFc/DgGmpwD3VoAoMhPMMrvDnCeXHenY9Fa8HJZ47hD5zPHzaEjcE=</latexit>pT
<latexit sha1_base64="DXfUvzidX19fDRrcI3rcd6qz010=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8eK/YI2lM120i7dbMLuRiihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEsG1cd1vp7C2vrG5Vdwu7ezu7R+UD49aOk4VwyaLRaw6AdUouMSm4UZgJ1FIo0BgOxjfzfz2EyrNY9kwkwT9iA4lDzmjxkqPSb/RL1fcqjsHWSVeTiqQo94vf/UGMUsjlIYJqnXXcxPjZ1QZzgROS71UY0LZmA6xa6mkEWo/m586JWdWGZAwVrakIXP190RGI60nUWA7I2pGetmbif953dSEN37GZZIalGyxKEwFMTGZ/U0GXCEzYmIJZYrbWwkbUUWZsemUbAje8surpHVR9a6q3sNlpXabx1GEEziFc/DgGmpwD3VoAoMhPMMrvDnCeXHenY9Fa8HJZ47hD5zPHzaEjcE=</latexit>pT

<latexit sha1_base64="GrgToXsE7kvMEHKGzGFpMxUQB4A=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Rj04jGCeUCyhNnJbDJmdmaZ6RVCyD948aCIV//Hm3/jJNmDJhY0FFXddHdFqRQWff/bW1ldW9/YLGwVt3d29/ZLB4cNqzPDeJ1pqU0ropZLoXgdBUreSg2nSSR5MxreTv3mEzdWaPWAo5SHCe0rEQtG0UmNDkfaDbqlsl/xZyDLJMhJGXLUuqWvTk+zLOEKmaTWtgM/xXBMDQom+aTYySxPKRvSPm87qmjCbTieXTshp07pkVgbVwrJTP09MaaJtaMkcp0JxYFd9Kbif147w/g6HAuVZsgVmy+KM0lQk+nrpCcMZyhHjlBmhLuVsAE1lKELqOhCCBZfXiaN80pwWQnuL8rVmzyOAhzDCZxBAFdQhTuoQR0YPMIzvMKbp70X7937mLeuePnMEfyB9/kDMoqO4g==</latexit>⌘1
<latexit sha1_base64="d17o2gmr2SoQsUX1YYGPO0Onz34=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeiF48V7Ae0oWy2m3btZhN2J0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilVo8j7df65Ypbdecgq8TLSQVyNPrlr94gZmnEFTJJjel6boJ+RjUKJvm01EsNTygb0yHvWqpoxI2fza+dkjOrDEgYa1sKyVz9PZHRyJhJFNjOiOLILHsz8T+vm2J47WdCJSlyxRaLwlQSjMnsdTIQmjOUE0so08LeStiIasrQBlSyIXjLL6+SVq3qXVa9+4tK/SaPowgncArn4MEV1OEOGtAEBo/wDK/w5sTOi/PufCxaC04+cwx/4Hz+ADQOjuM=</latexit>⌘2
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30Daniel Pablos INFN Torino

Jet partons interact with QGP
and experience energy loss.

How sensitive is the medium to jet substructure fluctuations?

<latexit sha1_base64="yBEbSjbMrBRQATUf/9LYfzj2M+g=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMegF4+JmAckS5id9CZjZmeXmVkhLPkCLx4U8eonefNvnDwQTSxoKKq66e4KEsG1cd0vJ7eyura+kd8sbG3v7O4V9w8aOk4VwzqLRaxaAdUouMS64UZgK1FIo0BgMxjeTPzmIyrNY3lvRgn6Ee1LHnJGjZVqd91iyS27U5Af4i2SEsxR7RY/O72YpRFKwwTVuu25ifEzqgxnAseFTqoxoWxI+9i2VNIItZ9NDx2TE6v0SBgrW9KQqfp7IqOR1qMosJ0RNQO96E3E/7x2asIrP+MySQ1KNlsUpoKYmEy+Jj2ukBkxsoQyxe2thA2ooszYbAo2hKWXl0njrOxdlL3aealyPY8jD0dwDKfgwSVU4BaqUAcGCE/wAq/Og/PsvDnvs9acM585hD9wPr4BsAeM3Q==</latexit>

R
<latexit sha1_base64="yBEbSjbMrBRQATUf/9LYfzj2M+g=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMegF4+JmAckS5id9CZjZmeXmVkhLPkCLx4U8eonefNvnDwQTSxoKKq66e4KEsG1cd0vJ7eyura+kd8sbG3v7O4V9w8aOk4VwzqLRaxaAdUouMS64UZgK1FIo0BgMxjeTPzmIyrNY3lvRgn6Ee1LHnJGjZVqd91iyS27U5Af4i2SEsxR7RY/O72YpRFKwwTVuu25ifEzqgxnAseFTqoxoWxI+9i2VNIItZ9NDx2TE6v0SBgrW9KQqfp7IqOR1qMosJ0RNQO96E3E/7x2asIrP+MySQ1KNlsUpoKYmEy+Jj2ukBkxsoQyxe2thA2ooszYbAo2hKWXl0njrOxdlL3aealyPY8jD0dwDKfgwSVU4BaqUAcGCE/wAq/Og/PsvDnvs9acM585hD9wPr4BsAeM3Q==</latexit>

R

<latexit sha1_base64="4qOblxVuYEO5wUPIVjMa6sWvALQ=">AAAB9HicdVDLSgMxFL3js9ZX1aWbYBFclDJTRF0W3bhsoS9ox5JJM21oJhmTTKEM/Q43LhRx68e4829MH0J9HbhwOOde7uEEMWfauO6Hs7K6tr6xmdnKbu/s7u3nDg4bWiaK0DqRXKpWgDXlTNC6YYbTVqwojgJOm8HwZuo3R1RpJkXNjGPqR7gvWMgINlby425aQ4VOAZUmd9VuLu8V3RmQ+4t8WXlYoNLNvXd6kiQRFYZwrHXbc2Pjp1gZRjidZDuJpjEmQ9ynbUsFjqj201noCTq1Sg+FUtkRBs3U5YsUR1qPo8BuRtgM9E9vKv7ltRMTXvkpE3FiqCDzR2HCkZFo2gDqMUWJ4WNLMFHMZkVkgBUmxvaUXS7hf9IoFb2Lolc9z5evF3Vk4BhO4Aw8uIQy3EIF6kDgHh7gCZ6dkfPovDiv89UVZ3FzBN/gvH0C/+uQ8w==</latexit>

pQT, 2

<latexit sha1_base64="lO7JB26U2Vwypek/7tLrNqgx4/I=">AAAB9HicdVDLSgMxFL1TX7W+qi7dBIvgopQZEXVZdOOyhb6gHUsmzbShmUxMMoUy9DvcuFDErR/jzr8xfQj1deDC4Zx7uYcTSM60cd0PJ7Oyura+kd3MbW3v7O7l9w8aOk4UoXUS81i1AqwpZ4LWDTOctqSiOAo4bQbDm6nfHFGlWSxqZiypH+G+YCEj2FjJl920hoqdIvImd9VuvuCV3BmQ+4t8WQVYoNLNv3d6MUkiKgzhWOu250rjp1gZRjid5DqJphKTIe7TtqUCR1T76Sz0BJ1YpYfCWNkRBs3U5YsUR1qPo8BuRtgM9E9vKv7ltRMTXvkpEzIxVJD5ozDhyMRo2gDqMUWJ4WNLMFHMZkVkgBUmxvaUWy7hf9I4K3kXJa96XihfL+rIwhEcwyl4cAlluIUK1IHAPTzAEzw7I+fReXFe56sZZ3FzCN/gvH0C/mSQ8g==</latexit>

pQT, 1

QGP

<latexit sha1_base64="DXfUvzidX19fDRrcI3rcd6qz010=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8eK/YI2lM120i7dbMLuRiihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEsG1cd1vp7C2vrG5Vdwu7ezu7R+UD49aOk4VwyaLRaw6AdUouMSm4UZgJ1FIo0BgOxjfzfz2EyrNY9kwkwT9iA4lDzmjxkqPSb/RL1fcqjsHWSVeTiqQo94vf/UGMUsjlIYJqnXXcxPjZ1QZzgROS71UY0LZmA6xa6mkEWo/m586JWdWGZAwVrakIXP190RGI60nUWA7I2pGetmbif953dSEN37GZZIalGyxKEwFMTGZ/U0GXCEzYmIJZYrbWwkbUUWZsemUbAje8surpHVR9a6q3sNlpXabx1GEEziFc/DgGmpwD3VoAoMhPMMrvDnCeXHenY9Fa8HJZ47hD5zPHzaEjcE=</latexit>pT
<latexit sha1_base64="DXfUvzidX19fDRrcI3rcd6qz010=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8eK/YI2lM120i7dbMLuRiihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEsG1cd1vp7C2vrG5Vdwu7ezu7R+UD49aOk4VwyaLRaw6AdUouMSm4UZgJ1FIo0BgOxjfzfz2EyrNY9kwkwT9iA4lDzmjxkqPSb/RL1fcqjsHWSVeTiqQo94vf/UGMUsjlIYJqnXXcxPjZ1QZzgROS71UY0LZmA6xa6mkEWo/m586JWdWGZAwVrakIXP190RGI60nUWA7I2pGetmbif953dSEN37GZZIalGyxKEwFMTGZ/U0GXCEzYmIJZYrbWwkbUUWZsemUbAje8surpHVR9a6q3sNlpXabx1GEEziFc/DgGmpwD3VoAoMhPMMrvDnCeXHenY9Fa8HJZ47hD5zPHzaEjcE=</latexit>pT

<latexit sha1_base64="GrgToXsE7kvMEHKGzGFpMxUQB4A=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Rj04jGCeUCyhNnJbDJmdmaZ6RVCyD948aCIV//Hm3/jJNmDJhY0FFXddHdFqRQWff/bW1ldW9/YLGwVt3d29/ZLB4cNqzPDeJ1pqU0ropZLoXgdBUreSg2nSSR5MxreTv3mEzdWaPWAo5SHCe0rEQtG0UmNDkfaDbqlsl/xZyDLJMhJGXLUuqWvTk+zLOEKmaTWtgM/xXBMDQom+aTYySxPKRvSPm87qmjCbTieXTshp07pkVgbVwrJTP09MaaJtaMkcp0JxYFd9Kbif147w/g6HAuVZsgVmy+KM0lQk+nrpCcMZyhHjlBmhLuVsAE1lKELqOhCCBZfXiaN80pwWQnuL8rVmzyOAhzDCZxBAFdQhTuoQR0YPMIzvMKbp70X7937mLeuePnMEfyB9/kDMoqO4g==</latexit>⌘1
<latexit sha1_base64="d17o2gmr2SoQsUX1YYGPO0Onz34=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeiF48V7Ae0oWy2m3btZhN2J0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilVo8j7df65Ypbdecgq8TLSQVyNPrlr94gZmnEFTJJjel6boJ+RjUKJvm01EsNTygb0yHvWqpoxI2fza+dkjOrDEgYa1sKyVz9PZHRyJhJFNjOiOLILHsz8T+vm2J47WdCJSlyxRaLwlQSjMnsdTIQmjOUE0so08LeStiIasrQBlSyIXjLL6+SVq3qXVa9+4tK/SaPowgncArn4MEV1OEOGtAEBo/wDK/w5sTOi/PufCxaC04+cwx/4Hz+ADQOjuM=</latexit>⌘2

Does it resolve anything beyond total charge?
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31Daniel Pablos INFN Torino

Jet partons interact with QGP
and experience energy loss.

<latexit sha1_base64="yBEbSjbMrBRQATUf/9LYfzj2M+g=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMegF4+JmAckS5id9CZjZmeXmVkhLPkCLx4U8eonefNvnDwQTSxoKKq66e4KEsG1cd0vJ7eyura+kd8sbG3v7O4V9w8aOk4VwzqLRaxaAdUouMS64UZgK1FIo0BgMxjeTPzmIyrNY3lvRgn6Ee1LHnJGjZVqd91iyS27U5Af4i2SEsxR7RY/O72YpRFKwwTVuu25ifEzqgxnAseFTqoxoWxI+9i2VNIItZ9NDx2TE6v0SBgrW9KQqfp7IqOR1qMosJ0RNQO96E3E/7x2asIrP+MySQ1KNlsUpoKYmEy+Jj2ukBkxsoQyxe2thA2ooszYbAo2hKWXl0njrOxdlL3aealyPY8jD0dwDKfgwSVU4BaqUAcGCE/wAq/Og/PsvDnvs9acM585hD9wPr4BsAeM3Q==</latexit>

R
<latexit sha1_base64="yBEbSjbMrBRQATUf/9LYfzj2M+g=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMegF4+JmAckS5id9CZjZmeXmVkhLPkCLx4U8eonefNvnDwQTSxoKKq66e4KEsG1cd0vJ7eyura+kd8sbG3v7O4V9w8aOk4VwzqLRaxaAdUouMS64UZgK1FIo0BgMxjeTPzmIyrNY3lvRgn6Ee1LHnJGjZVqd91iyS27U5Af4i2SEsxR7RY/O72YpRFKwwTVuu25ifEzqgxnAseFTqoxoWxI+9i2VNIItZ9NDx2TE6v0SBgrW9KQqfp7IqOR1qMosJ0RNQO96E3E/7x2asIrP+MySQ1KNlsUpoKYmEy+Jj2ukBkxsoQyxe2thA2ooszYbAo2hKWXl0njrOxdlL3aealyPY8jD0dwDKfgwSVU4BaqUAcGCE/wAq/Og/PsvDnvs9acM585hD9wPr4BsAeM3Q==</latexit>

R

QGP

<latexit sha1_base64="DXfUvzidX19fDRrcI3rcd6qz010=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8eK/YI2lM120i7dbMLuRiihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEsG1cd1vp7C2vrG5Vdwu7ezu7R+UD49aOk4VwyaLRaw6AdUouMSm4UZgJ1FIo0BgOxjfzfz2EyrNY9kwkwT9iA4lDzmjxkqPSb/RL1fcqjsHWSVeTiqQo94vf/UGMUsjlIYJqnXXcxPjZ1QZzgROS71UY0LZmA6xa6mkEWo/m586JWdWGZAwVrakIXP190RGI60nUWA7I2pGetmbif953dSEN37GZZIalGyxKEwFMTGZ/U0GXCEzYmIJZYrbWwkbUUWZsemUbAje8surpHVR9a6q3sNlpXabx1GEEziFc/DgGmpwD3VoAoMhPMMrvDnCeXHenY9Fa8HJZ47hD5zPHzaEjcE=</latexit>pT
<latexit sha1_base64="DXfUvzidX19fDRrcI3rcd6qz010=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8eK/YI2lM120i7dbMLuRiihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEsG1cd1vp7C2vrG5Vdwu7ezu7R+UD49aOk4VwyaLRaw6AdUouMSm4UZgJ1FIo0BgOxjfzfz2EyrNY9kwkwT9iA4lDzmjxkqPSb/RL1fcqjsHWSVeTiqQo94vf/UGMUsjlIYJqnXXcxPjZ1QZzgROS71UY0LZmA6xa6mkEWo/m586JWdWGZAwVrakIXP190RGI60nUWA7I2pGetmbif953dSEN37GZZIalGyxKEwFMTGZ/U0GXCEzYmIJZYrbWwkbUUWZsemUbAje8surpHVR9a6q3sNlpXabx1GEEziFc/DgGmpwD3VoAoMhPMMrvDnCeXHenY9Fa8HJZ47hD5zPHzaEjcE=</latexit>pT

<latexit sha1_base64="GrgToXsE7kvMEHKGzGFpMxUQB4A=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Rj04jGCeUCyhNnJbDJmdmaZ6RVCyD948aCIV//Hm3/jJNmDJhY0FFXddHdFqRQWff/bW1ldW9/YLGwVt3d29/ZLB4cNqzPDeJ1pqU0ropZLoXgdBUreSg2nSSR5MxreTv3mEzdWaPWAo5SHCe0rEQtG0UmNDkfaDbqlsl/xZyDLJMhJGXLUuqWvTk+zLOEKmaTWtgM/xXBMDQom+aTYySxPKRvSPm87qmjCbTieXTshp07pkVgbVwrJTP09MaaJtaMkcp0JxYFd9Kbif147w/g6HAuVZsgVmy+KM0lQk+nrpCcMZyhHjlBmhLuVsAE1lKELqOhCCBZfXiaN80pwWQnuL8rVmzyOAhzDCZxBAFdQhTuoQR0YPMIzvMKbp70X7937mLeuePnMEfyB9/kDMoqO4g==</latexit>⌘1
<latexit sha1_base64="d17o2gmr2SoQsUX1YYGPO0Onz34=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeiF48V7Ae0oWy2m3btZhN2J0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilVo8j7df65Ypbdecgq8TLSQVyNPrlr94gZmnEFTJJjel6boJ+RjUKJvm01EsNTygb0yHvWqpoxI2fza+dkjOrDEgYa1sKyVz9PZHRyJhJFNjOiOLILHsz8T+vm2J47WdCJSlyxRaLwlQSjMnsdTIQmjOUE0so08LeStiIasrQBlSyIXjLL6+SVq3qXVa9+4tK/SaPowgncArn4MEV1OEOGtAEBo/wDK/w5sTOi/PufCxaC04+cwx/4Hz+ADQOjuM=</latexit>⌘2

Where does “lost” energy go to?

Non-perturbative modelling of
long wavelength jet modes:
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High energy partons in the QGP: 

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

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

High energy partons in the QGP: npSYM

Perturbed metric 
@ boundary.

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

Long wavelength limit
(hydrodynamization rate):

Chesler & Rajagopal - PRD ‘14, JHEP ‘16
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Jet observables in heavy ion collisions:

usually look at differences, ratios, between medium and vacuum
jet ensembles selected with a given pT > pT cut
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Jet observables in heavy ion collisions:

usually look at differences, ratios, between medium and vacuum
jet ensembles selected with a given pT > pT cut.
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ΔR is groomed angle of 1st SoftDrop (SD) with zcut=0.1 and β=0.

Test case: ΔR (or Rg)

Casalderrey-Solana, Milhano, DP, Rajagopal, JHEP ‘20

Suppression of 
wide jets

<latexit sha1_base64="fCJFMc1IU6y/C8aI2xIEOnPLeDY=">AAAB93icbVC7TsNAEDyHVwivACXNiQiJKrJReDRIETSUAeEkUmJF58smnHI+W3drpMjKN9BCRYdo+RwK/gXbuICEqUYzu9rZ8SMpDNr2p1VaWl5ZXSuvVzY2t7Z3qrt7bRPGmoPLQxnqrs8MSKHARYESupEGFvgSOv7kOvM7j6CNCNU9TiPwAjZWYiQ4w1Ry7y7temNQrdl1OwddJE5BaqRAa1D96g9DHgegkEtmTM+xI/QSplFwCbNKPzYQMT5hY+ilVLEAjJfkYWf0KDYMQxqBpkLSXITfGwkLjJkGfjoZMHww814m/uf1YhxdeIlQUYygeHYIhYT8kOFapC0AHQoNiCxLDlQoyplmiKAFZZynYpzWUkn7cOa/XyTtk7pzVj+9bdSaV0UzZXJADskxccg5aZIb0iIu4USQJ/JMXqyp9Wq9We8/oyWr2Nknf2B9fAMno5Jc</latexit>

R = 0.4

Enhancement of 
narrow jets

<latexit sha1_base64="yBEbSjbMrBRQATUf/9LYfzj2M+g=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMegF4+JmAckS5id9CZjZmeXmVkhLPkCLx4U8eonefNvnDwQTSxoKKq66e4KEsG1cd0vJ7eyura+kd8sbG3v7O4V9w8aOk4VwzqLRaxaAdUouMS64UZgK1FIo0BgMxjeTPzmIyrNY3lvRgn6Ee1LHnJGjZVqd91iyS27U5Af4i2SEsxR7RY/O72YpRFKwwTVuu25ifEzqgxnAseFTqoxoWxI+9i2VNIItZ9NDx2TE6v0SBgrW9KQqfp7IqOR1qMosJ0RNQO96E3E/7x2asIrP+MySQ1KNlsUpoKYmEy+Jj2ukBkxsoQyxe2thA2ooszYbAo2hKWXl0njrOxdlL3aealyPY8jD0dwDKfgwSVU4BaqUAcGCE/wAq/Og/PsvDnvs9acM585hD9wPr4BsAeM3Q==</latexit>

R

<latexit sha1_base64="OaB+JgsZ9v6nfFq7aJgcBqoRrxA="></latexit>

zg ⌘ min(pT,1, pT,2)

pT,1 + pT,2

<latexit sha1_base64="XKB/B+PHN8C4p7Ag5+1lprA8/z8=">AAAB8nicbVDLSgNBEOyNrxhfUY9eBoPgIYRdEfUY9OIxQl6QLGF2MpsMmd1ZZnqFsOQzvHhQxKtf482/cfJANLGgoajqprsrSKQw6LpfTm5tfWNzK79d2Nnd2z8oHh41jUo14w2mpNLtgBouRcwbKFDydqI5jQLJW8Hobuq3Hrk2QsV1HCfcj+ggFqFgFK3USXpZnZS7ZeJNesWSW3FnID/EWyYlWKDWK352+4qlEY+RSWpMx3MT9DOqUTDJJ4VuanhC2YgOeMfSmEbc+Nns5Ak5s0qfhErbipHM1N8TGY2MGUeB7YwoDs2yNxX/8zophjd+JuIkRR6z+aIwlQQVmf5P+kJzhnJsCWVa2FsJG1JNGdqUCjaElZdXSfOi4l1VvIfLUvV2EUceTuAUzsGDa6jCPdSgAQwUPMELvDroPDtvzvu8NecsZo7hD5yPb6Q3kC8=</latexit>pT, 1

<latexit sha1_base64="swQeWAe1sDauLwIailCiHcOxYXo=">AAAB8nicbVDLSgNBEOyNrxhfUY9eBoPgIYTdIOox6MVjhCQGkiXMTmaTIbOzy0yvEJZ8hhcPinj1a7z5N04eiCYWNBRV3XR3BYkUBl33y8mtrW9sbuW3Czu7e/sHxcOjlolTzXiTxTLW7YAaLoXiTRQoeTvRnEaB5A/B6HbqPzxybUSsGjhOuB/RgRKhYBSt1El6WYOUu2VSnfSKJbfizkB+iLdMSrBAvVf87PZjlkZcIZPUmI7nJuhnVKNgkk8K3dTwhLIRHfCOpYpG3PjZ7OQJObNKn4SxtqWQzNTfExmNjBlHge2MKA7NsjcV//M6KYbXfiZUkiJXbL4oTCXBmEz/J32hOUM5toQyLeythA2ppgxtSgUbwsrLq6RVrXiXFe/+olS7WcSRhxM4hXPw4ApqcAd1aAKDGJ7gBV4ddJ6dN+d93ppzFjPH8AfOxzelvJAw</latexit>pT, 2
<latexit sha1_base64="erYvOaGuXXWx93uBwu8oIMRhhCI=">AAAB73icdVDJSgNBEK2JW4xb1KOXxiB4CjOi6DGoB49RzALJEHo6NUmTnp6xu0cIQ37CiwdFvPo73vwbO4sQtwcFj/eqqKoXJIJr47ofTm5hcWl5Jb9aWFvf2Nwqbu/UdZwqhjUWi1g1A6pRcIk1w43AZqKQRoHARjC4GPuNe1Sax/LWDBP0I9qTPOSMGis125coDCU3nWLJK7sTEPcX+bJKMEO1U3xvd2OWRigNE1Trlucmxs+oMpwJHBXaqcaEsgHtYctSSSPUfja5d0QOrNIlYaxsSUMm6vxERiOth1FgOyNq+vqnNxb/8lqpCc/8jMskNSjZdFGYCmJiMn6edLlCZsTQEsoUt7cS1qeKMmMjKsyH8D+pH5W9k7J7fVyqnM/iyMMe7MMheHAKFbiCKtSAgYAHeIJn5855dF6c12lrzpnN7MI3OG+fXr+Phw==</latexit>

�R
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Jet observables in heavy ion collisions:

usually look at differences, ratios, between medium and vacuum
jet ensembles selected with a given pT > pT cut.
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ΔR is groomed angle of 1st SoftDrop (SD) with zcut=0.1 and β=0.

Some possible interpretations:

Jets in medium produce emissions with smaller ΔR
than in vacuum.

Jets with larger ΔR are more suppressed
and don't pass the pt cut of the distribution.

Presumes such physics dominated
by medium scale.

Presumes such physics dominated
by vacuum scale.

Test case: ΔR (or Rg)

Casalderrey-Solana, Milhano, DP, Rajagopal, JHEP ‘20

Suppression of 
wide jets

<latexit sha1_base64="fCJFMc1IU6y/C8aI2xIEOnPLeDY=">AAAB93icbVC7TsNAEDyHVwivACXNiQiJKrJReDRIETSUAeEkUmJF58smnHI+W3drpMjKN9BCRYdo+RwK/gXbuICEqUYzu9rZ8SMpDNr2p1VaWl5ZXSuvVzY2t7Z3qrt7bRPGmoPLQxnqrs8MSKHARYESupEGFvgSOv7kOvM7j6CNCNU9TiPwAjZWYiQ4w1Ry7y7temNQrdl1OwddJE5BaqRAa1D96g9DHgegkEtmTM+xI/QSplFwCbNKPzYQMT5hY+ilVLEAjJfkYWf0KDYMQxqBpkLSXITfGwkLjJkGfjoZMHww814m/uf1YhxdeIlQUYygeHYIhYT8kOFapC0AHQoNiCxLDlQoyplmiKAFZZynYpzWUkn7cOa/XyTtk7pzVj+9bdSaV0UzZXJADskxccg5aZIb0iIu4USQJ/JMXqyp9Wq9We8/oyWr2Nknf2B9fAMno5Jc</latexit>

R = 0.4

Enhancement of 
narrow 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

<latexit sha1_base64="DI/SJuS6dPItz1dbeYS2/ELYpJ0=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilB+zX+uWKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vklat6l1W3fuLSv0mj6MIJ3AK5+DBFdThDhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzifPwhujaE=</latexit>

t2
<latexit sha1_base64="hoJTkjWKVB4NpncHkyj7wo2LWSE=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKez6QI9BLx4jmgckS5idzCZDZmeXmV4hLPkELx4U8eoXefNvnCR70MSChqKqm+6uIJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbqd+64lrI2L1iOOE+xEdKBEKRtFKD9g775UrbtWdgSwTLycVyFHvlb+6/ZilEVfIJDWm47kJ+hnVKJjkk1I3NTyhbEQHvGOpohE3fjY7dUJOrNInYaxtKSQz9fdERiNjxlFgOyOKQ7PoTcX/vE6K4bWfCZWkyBWbLwpTSTAm079JX2jOUI4toUwLeythQ6opQ5tOyYbgLb68TJpnVe+y6t5fVGo3eRxFOIJjOAUPrqAGd1CHBjAYwDO8wpsjnRfn3fmYtxacfOYQ/sD5/AEJ8o2i</latexit>

t3
<latexit sha1_base64="BR64zcdvDa5JU7iTykl840H7TGA=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEoseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilB+x7/XLFrbpzkFXi5aQCORr98ldvELM04gqZpMZ0PTdBP6MaBZN8WuqlhieUjemQdy1VNOLGz+anTsmZVQYkjLUthWSu/p7IaGTMJApsZ0RxZJa9mfif100xvPYzoZIUuWKLRWEqCcZk9jcZCM0ZyokllGlhbyVsRDVlaNMp2RC85ZdXSeui6tWq7v1lpX6Tx1GEEziFc/DgCupwBw1oAoMhPMMrvDnSeXHenY9Fa8HJZ47hD5zPHwbqjaA=</latexit>

t1
<latexit sha1_base64="EG8K/EBFqWVmWM5LT4hFgNGctqM=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPoKeyKosegF48RjAkkS5idzCZD5rHMzAphyS948aCIV3/Im3/jZLMHTSxoKKq66e6KEs6M9f1vr7Syura+Ud6sbG3v7O5V9w8ejUo1oS2iuNKdCBvKmaQtyyynnURTLCJO29H4dua3n6g2TMkHO0loKPBQspgRbHOpH5z2qzW/7udAyyQoSA0KNPvVr95AkVRQaQnHxnQDP7FhhrVlhNNppZcammAyxkPadVRiQU2Y5bdO0YlTBihW2pW0KFd/T2RYGDMRkesU2I7MojcT//O6qY2vw4zJJLVUkvmiOOXIKjR7HA2YpsTyiSOYaOZuRWSENSbWxVNxIQSLLy+Tx/N6cFn37y9qjZsijjIcwTGcQQBX0IA7aEILCIzgGV7hzRPei/fufcxbS14xcwh/4H3+AGfyjdE=</latexit>

t01
<latexit sha1_base64="H1k7708+7tdvGAD3AhFiwFw9S98=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbRU0mKoseiF48V7Ae0oWy2m3bp7ibsboQQ+he8eFDEq3/Im//GbZqDtj4YeLw3w8y8IOZMG9f9dkpr6xubW+Xtys7u3v5B9fCoo6NEEdomEY9UL8CaciZp2zDDaS9WFIuA024wvZv73SeqNIvko0lj6gs8lixkBJtcGjbOh9WaW3dzoFXiFaQGBVrD6tdgFJFEUGkIx1r3PTc2foaVYYTTWWWQaBpjMsVj2rdUYkG1n+W3ztCZVUYojJQtaVCu/p7IsNA6FYHtFNhM9LI3F//z+okJb/yMyTgxVJLFojDhyERo/jgaMUWJ4aklmChmb0VkghUmxsZTsSF4yy+vkk6j7l3V3YfLWvO2iKMMJ3AKF+DBNTThHlrQBgITeIZXeHOE8+K8Ox+L1pJTzBzDHzifP2l3jdI=</latexit>

t02

“First” emission inside 
the jet cone determines
available phase space 
for further in-cone emissions.

<latexit sha1_base64="wVi+XiAFDh0Ga8HkG2usQwvZIWE=">AAAB8XicbVBNSwMxEJ31s9avqkcvwSJ6Krui6EmKXjxWsB/YLiWbZtvQbHZJZoWy9F948aCIV/+NN/+NabsHbX2Q8Hhvhpl5QSKFQdf9dpaWV1bX1gsbxc2t7Z3d0t5+w8SpZrzOYhnrVkANl0LxOgqUvJVoTqNA8mYwvJ34zSeujYjVA44S7ke0r0QoGEUrPWLXI9fE/ifdUtmtuFOQReLlpAw5at3SV6cXszTiCpmkxrQ9N0E/oxoFk3xc7KSGJ5QNaZ+3LVU04sbPphuPybFVeiSMtX0KyVT93ZHRyJhRFNjKiOLAzHsT8T+vnWJ45WdCJSlyxWaDwlQSjMnkfNITmjOUI0so08LuStiAasrQhlS0IXjzJy+SxlnFu6i49+fl6k0eRwEO4QhOwYNLqMId1KAODBQ8wyu8OcZ5cd6dj1npkpP3HMAfOJ8/mZqPjw==</latexit>

t1 > t01

For any evolution variable:
<latexit sha1_base64="P3qTFpgq1q/joJleNp2y0irwcro=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VwVRJRdFnUhcsq9gFNCJPppB06SYaZG6GG4q+4caGIW//DnX/jtM1CWw9cOJxzL/feE0rBNTjOt7WwuLS8slpaK69vbG5t2zu7TZ1mirIGTUWq2iHRTPCENYCDYG2pGIlDwVrh4Grstx6Y0jxN7mEomR+TXsIjTgkYKbD3IXCxJ1UqIcXeNRNA8F1gV5yqMwGeJ25BKqhAPbC/vG5Ks5glQAXRuuM6EvycKOBUsFHZyzSThA5Ij3UMTUjMtJ9Prh/hI6N0cZQqUwngifp7Iiex1sM4NJ0xgb6e9cbif14ng+jCz3kiM2AJnS6KMoHNp+MocJcrRkEMDSFUcXMrpn2iCAUTWNmE4M6+PE+aJ1X3rOrcnlZql0UcJXSADtExctE5qqEbVEcNRNEjekav6M16sl6sd+tj2rpgFTN76A+szx9CTpRz</latexit>

t1 / �R
<latexit sha1_base64="8czM3ElPmRgF0220Lb08I9mxH/k=">AAAB/3icbVBNS8NAEN34WetXVPDiZbFIPZVEFD0W9eCxiv2AJoTNdtMu3WTD7kQotQf/ihcPinj1b3jz37htc9DWBwOP92aYmRemgmtwnG9rYXFpeWW1sFZc39jc2rZ3dhtaZoqyOpVCqlZINBM8YXXgIFgrVYzEoWDNsH819psPTGkuk3sYpMyPSTfhEacEjBTY+xC4ZeylSqYgsXfNBBB8Vw7sklNxJsDzxM1JCeWoBfaX15E0i1kCVBCt266Tgj8kCjgVbFT0Ms1SQvuky9qGJiRm2h9O7h/hI6N0cCSVqQTwRP09MSSx1oM4NJ0xgZ6e9cbif147g+jCH/IkzYAldLooygQ2r47DwB2uGAUxMIRQxc2tmPaIIhRMZEUTgjv78jxpnFTcs4pze1qqXuZxFNABOkTHyEXnqIpuUA3VEUWP6Bm9ojfryXqx3q2PaeuClc/soT+wPn8ADaeU1Q==</latexit>

t01 / �R0Groomed angle is 
proxy for jet activity.

<latexit sha1_base64="AsovceY1oAC2rPorCgK3R7dJnwU=">AAAB8HicdVDLSgNBEJyNrxhfUY9eBoPoKeyKosegHjxGMSaSLGF20psMmZldZnqFsOQrvHhQxKuf482/cfMQ4qugoajqprsriKWw6LofTm5ufmFxKb9cWFldW98obm7d2igxHGo8kpFpBMyCFBpqKFBCIzbAVCChHvTPR379HowVkb7BQQy+Yl0tQsEZZtJd6wIkMnq93y6WvLI7BnV/kS+rRKaotovvrU7EEwUauWTWNj03Rj9lBgWXMCy0Egsx433WhWZGNVNg/XR88JDuZUqHhpHJSiMdq7MTKVPWDlSQdSqGPfvTG4l/ec0Ew1M/FTpOEDSfLAoTSTGio+9pRxjgKAcZYdyI7FbKe8wwjllGhdkQ/ie3h2XvuOxeHZUqZ9M48mSH7JID4pETUiGXpEpqhBNFHsgTeXaM8+i8OK+T1pwzndkm3+C8fQLBhY+4</latexit>

�R0
<latexit sha1_base64="erYvOaGuXXWx93uBwu8oIMRhhCI=">AAAB73icdVDJSgNBEK2JW4xb1KOXxiB4CjOi6DGoB49RzALJEHo6NUmTnp6xu0cIQ37CiwdFvPo73vwbO4sQtwcFj/eqqKoXJIJr47ofTm5hcWl5Jb9aWFvf2Nwqbu/UdZwqhjUWi1g1A6pRcIk1w43AZqKQRoHARjC4GPuNe1Sax/LWDBP0I9qTPOSMGis125coDCU3nWLJK7sTEPcX+bJKMEO1U3xvd2OWRigNE1Trlucmxs+oMpwJHBXaqcaEsgHtYctSSSPUfja5d0QOrNIlYaxsSUMm6vxERiOth1FgOyNq+vqnNxb/8lqpCc/8jMskNSjZdFGYCmJiMn6edLlCZsTQEsoUt7cS1qeKMmMjKsyH8D+pH5W9k7J7fVyqnM/iyMMe7MMheHAKFbiCKtSAgYAHeIJn5855dF6c12lrzpnN7MI3OG+fXr+Phw==</latexit>

�R

Jets and Jets



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

We observe the absence of
wide jets because of pT cut,
selection bias.



Vacuum-like Jets in the Medium
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Jets experience part of their evolution as if they were in vacuum, formation times arguments.
Formation time         : when wavelength of emitted gluon resolves transverse separation.

A given dipole is resolved (both legs lose energy) if:

All VLE are angular ordered, since 

VLEs included in MC, either full factorization, or allowing corrections from rare kicks (JEWEL, MATTER).

<latexit sha1_base64="gt+v/gXfN8riqoNzc8URvcYgg14=">AAAB+3icbVC7TsNAEDyHVwivACXNiQiJKrIRrzKChjJI5IGSKDpfNuGUs326WyNFlr+CFio6RMvHUPAvnI0LSJhqNLOr2R1fSWHQdT+d0tLyyupaeb2ysbm1vVPd3WubKNYcWjySke76zIAUIbRQoISu0sACX0LHn15nfucRtBFReIczBYOATUIxFpyhle6nw6SvQKt0WK25dTcHXSReQWqkQHNY/eqPIh4HECKXzJie5yocJEyj4BLSSj82oBifsgn0LA1ZAGaQ5Aen9Cg2DCNqk6mQNBfh90bCAmNmgW8nA4YPZt7LxP+8Xozjy0EiQhUjhDwLQiEhDzJcC9sE0JHQgMiyy4GKkHKmGSJoQRnnVoxtNRXbhzf//SJpn9S98/rZ7WmtcVU0UyYH5JAcE49ckAa5IU3SIpwE5Ik8kxcndV6dN+f9Z7TkFDv75A+cj2/+qJU4</latexit>

k?Implies separation 
of momenta.

From multiple soft scatterings. (       )     
<latexit sha1_base64="KVqWDgrUHqiNHSt1SZ4gUTdUKlA=">AAAB/XicbVC7TsNAEDzzDOEVoKQ5ESFRRTbiVUbQUAaJPCTHitaXTXLK+cHdGhRZEV9BCxUdouVbKPgX7JACEqYazexqZ8ePlTRk25/WwuLS8spqYa24vrG5tV3a2W2YKNEC6yJSkW75YFDJEOskSWEr1giBr7DpD69yv3mP2sgovKVRjF4A/VD2pADKJLf9ILs4AErvxp1S2a7YE/B54kxJmU1R65S+2t1IJAGGJBQY4zp2TF4KmqRQOC62E4MxiCH00c1oCAEaL51EHvPDxABFPEbNpeITEX9vpBAYMwr8bDIAGphZLxf/89yEehdeKsM4IQxFfoikwskhI7TMukDelRqJIE+OXIZcgAYi1JKDEJmYZOUUsz6c2e/nSeO44pxVTm9OytXLaTMFts8O2BFz2DmrsmtWY3UmWMSe2DN7sR6tV+vNev8ZXbCmO3vsD6yPb53mliI=</latexit>

bq

From DGLAP evolution.

med

vac

A given emission is vacuum-like (VLE) if:

<latexit sha1_base64="LeQhzoj5mjqn5wixPg0t2CL2Oxk=">AAACBnicbVC7TsNAEDyHVwivEEqaExESVWQjXgVFBA0FRZDIQ0qiaH3ZJKecH7pbIyIrPV9BCxUdouU3KPgXHOMCAlONZna1s+OGShqy7Q8rt7C4tLySXy2srW9sbhW3Sw0TRFpgXQQq0C0XDCrpY50kKWyFGsFzFTbd8eXMb96hNjLwb2kSYteDoS8HUgAlUq9Y6hBEvbijPS6C0ZSf8+tesWxX7BT8L3EyUmYZar3iZ6cfiMhDn4QCY9qOHVI3Bk1SKJwWOpHBEMQYhthOqA8emm6cZp/y/cgABTxEzaXiqYg/N2LwjJl4bjLpAY3MvDcT//PaEQ3OurH0w4jQF7NDJBWmh4zQMikFeV9qJIJZcuTS5wI0EKGWHIRIxChpqZD04cx//5c0DivOSeX45qhcvciaybNdtscOmMNOWZVdsRqrM8Hu2SN7Ys/Wg/VivVpv36M5K9vZYb9gvX8B35mYSA==</latexit>

⌧coh < L
Time it takes a dipole to decohere 

via multiple color rotations.

<latexit sha1_base64="GW2CsulsR//6XMtJtX3jyU6NEiQ=">AAACInicbVC7TsNAEDzzJrwClDQnIiSqYPOuUAQNBUWQCIkUB2t9Wcgp50fu1iBk5S/4BL6CFio6RIUE/4JjUvCaajSzq90ZP1bSkG2/WSOjY+MTk1PThZnZufmF4uLSuYkSLbAmIhXphg8GlQyxRpIUNmKNEPgK6373aODXr1EbGYVndBtjK4CrUF5KAZRJXrHsUgcJ+AH/Ip7grpEBdzZc09OUujeyjR2gtNc/udjqe8WSXbZz8L/EGZISG6LqFT/cdiSSAEMSCoxpOnZMrRQ0SaGwX3ATgzGILlxhM6MhBGhaaZ6rz9cSAxTxGDWXiucift9IITDmNvCzyQCoY357A/E/r5nQ5X4rlWGcEIZicIikwvyQEVpmhSFvS41EMPgcuQy5AA1EqCUHITIxyRosZH04v9P/JeebZWe3vHO6XaocDpuZYitsla0zh+2xCjtmVVZjgt2xB/bInqx769l6sV6/Rkes4c4y+wHr/RPdbqQV</latexit>

✓ > ✓c ⇠ 1/
p

bqL3

<latexit sha1_base64="uzFfZxgkPFKS4RI8K1O6HylquRg=">AAACC3icbVC7TgJBFJ3FF+Jr1cLCZiIxsSK7xldhQbSxxEQeCRByd7jAhNlHZu6SkA2f4FfYamVnbP0IC//FZaVQ8FQn59ybe8/xIiUNOc6nlVtaXlldy68XNja3tnfs3b2aCWMtsCpCFeqGBwaVDLBKkhQ2Io3gewrr3vB26tdHqI0MgwcaR9j2oR/InhRAqdSxD1oEcWfEr3lGkpb2uQgHk45ddEpOBr5I3BkpshkqHfur1Q1F7GNAQoExTdeJqJ2AJikUTgqt2GAEYgh9bKY0AB9NO8kCTPhxbIBCHqHmUvFMxN8bCfjGjH0vnfSBBmbem4r/ec2YelftRAZRTBiI6SGSCrNDRmiZNoO8KzUSwfRz5DLgAjQQoZYchEjFOK2qkPbhzqdfJLXTkntROr8/K5ZvZs3k2SE7YifMZZeszO5YhVWZYBP2xJ7Zi/VovVpv1vvPaM6a7eyzP7A+vgEhYJqp</latexit>

⌧v < ⌧coh .

<latexit sha1_base64="uW2CpXHYif0+W61b6xnOGzo6K0c=">AAAB+HicbVC7TsNAEDzzDOEVoKQ5ESFRRTbiVUbQUAaJPKTEitaXTThyfuhujRSs/AMtVHSIlr+h4F+wjQtImGo0s6udHS9S0pBtf1oLi0vLK6ultfL6xubWdmVnt2XCWAtsilCFuuOBQSUDbJIkhZ1II/iewrY3vsr89gNqI8PgliYRuj6MAjmUAiiVWj2CuD/sV6p2zc7B54lTkCor0OhXvnqDUMQ+BiQUGNN17IjcBDRJoXBa7sUGIxBjGGE3pQH4aNwkTzvlh7EBCnmEmkvFcxF/byTgGzPxvXTSB7ozs14m/ud1YxpeuIkMopgwENkhkgrzQ0ZomdaAfCA1EkGWHLkMuAANRKglByFSMU57Kad9OLPfz5PWcc05q53enFTrl0UzJbbPDtgRc9g5q7Nr1mBNJtg9e2LP7MV6tF6tN+v9Z3TBKnb22B9YH99SiZOw</latexit>⌧f

<latexit sha1_base64="TortOlIfZg8IC4bppFTgFj/wWQw=">AAACDXicbVC7TsNAEDzzDOEVoEI0JyIkqshGvMoIGsogkQQptqz1ZQMn7mzrbo0UWRGfwFfQQkWHaPkGCv4Fx6TgNdVoZle7M1GqpCXXfXempmdm5+YrC9XFpeWV1draescmmRHYFolKzGUEFpWMsU2SFF6mBkFHCrvRzenY796isTKJL2iYYqDhKpYDKYAKKaxt+gRZOOC+UrykuW8019gfhbW623BL8L/Em5A6m6AV1j78fiIyjTEJBdb2PDelIAdDUigcVf3MYgriBq6wV9AYNNogLyOM+E5mgRKeouFS8VLE7xs5aGuHOiomNdC1/e2Nxf+8XkaD4yCXcZoRxmJ8iKTC8pAVRhbdIO9Lg0Qw/hy5jLkAA0RoJAchCjEryqoWfXi/0/8lnb2Gd9g4ON+vN08mzVTYFttmu8xjR6zJzliLtZlgd+yBPbIn5955dl6c16/RKWeys8F+wHn7BOL5m6E=</latexit>

⌧f ⌧ ⌧med

Caucal et al. - 1801.09703

https://arxiv.org/abs/1801.09703


Vacuum-like Jets in the Medium
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Jets experience part of their evolution as if they were in vacuum, formation times arguments.
Formation time         : when wavelength of emitted gluon resolves transverse separation.

A given dipole is resolved (both legs lose energy) if:

All VLE are angular ordered, since 

VLEs included in MC, either full factorization, or allowing corrections from rare kicks (JEWEL, MATTER).

<latexit sha1_base64="gt+v/gXfN8riqoNzc8URvcYgg14=">AAAB+3icbVC7TsNAEDyHVwivACXNiQiJKrIRrzKChjJI5IGSKDpfNuGUs326WyNFlr+CFio6RMvHUPAvnI0LSJhqNLOr2R1fSWHQdT+d0tLyyupaeb2ysbm1vVPd3WubKNYcWjySke76zIAUIbRQoISu0sACX0LHn15nfucRtBFReIczBYOATUIxFpyhle6nw6SvQKt0WK25dTcHXSReQWqkQHNY/eqPIh4HECKXzJie5yocJEyj4BLSSj82oBifsgn0LA1ZAGaQ5Aen9Cg2DCNqk6mQNBfh90bCAmNmgW8nA4YPZt7LxP+8Xozjy0EiQhUjhDwLQiEhDzJcC9sE0JHQgMiyy4GKkHKmGSJoQRnnVoxtNRXbhzf//SJpn9S98/rZ7WmtcVU0UyYH5JAcE49ckAa5IU3SIpwE5Ik8kxcndV6dN+f9Z7TkFDv75A+cj2/+qJU4</latexit>

k?Implies separation 
of momenta.

From multiple soft scatterings. (       )     
<latexit sha1_base64="KVqWDgrUHqiNHSt1SZ4gUTdUKlA=">AAAB/XicbVC7TsNAEDzzDOEVoKQ5ESFRRTbiVUbQUAaJPCTHitaXTXLK+cHdGhRZEV9BCxUdouVbKPgX7JACEqYazexqZ8ePlTRk25/WwuLS8spqYa24vrG5tV3a2W2YKNEC6yJSkW75YFDJEOskSWEr1giBr7DpD69yv3mP2sgovKVRjF4A/VD2pADKJLf9ILs4AErvxp1S2a7YE/B54kxJmU1R65S+2t1IJAGGJBQY4zp2TF4KmqRQOC62E4MxiCH00c1oCAEaL51EHvPDxABFPEbNpeITEX9vpBAYMwr8bDIAGphZLxf/89yEehdeKsM4IQxFfoikwskhI7TMukDelRqJIE+OXIZcgAYi1JKDEJmYZOUUsz6c2e/nSeO44pxVTm9OytXLaTMFts8O2BFz2DmrsmtWY3UmWMSe2DN7sR6tV+vNev8ZXbCmO3vsD6yPb53mliI=</latexit>

bq

From DGLAP evolution.

med

vac

A given emission is vacuum-like (VLE) if:

<latexit sha1_base64="LeQhzoj5mjqn5wixPg0t2CL2Oxk=">AAACBnicbVC7TsNAEDyHVwivEEqaExESVWQjXgVFBA0FRZDIQ0qiaH3ZJKecH7pbIyIrPV9BCxUdouU3KPgXHOMCAlONZna1s+OGShqy7Q8rt7C4tLySXy2srW9sbhW3Sw0TRFpgXQQq0C0XDCrpY50kKWyFGsFzFTbd8eXMb96hNjLwb2kSYteDoS8HUgAlUq9Y6hBEvbijPS6C0ZSf8+tesWxX7BT8L3EyUmYZar3iZ6cfiMhDn4QCY9qOHVI3Bk1SKJwWOpHBEMQYhthOqA8emm6cZp/y/cgABTxEzaXiqYg/N2LwjJl4bjLpAY3MvDcT//PaEQ3OurH0w4jQF7NDJBWmh4zQMikFeV9qJIJZcuTS5wI0EKGWHIRIxChpqZD04cx//5c0DivOSeX45qhcvciaybNdtscOmMNOWZVdsRqrM8Hu2SN7Ys/Wg/VivVpv36M5K9vZYb9gvX8B35mYSA==</latexit>

⌧coh < L
Time it takes a dipole to decohere 

via multiple color rotations.

<latexit sha1_base64="GW2CsulsR//6XMtJtX3jyU6NEiQ=">AAACInicbVC7TsNAEDzzJrwClDQnIiSqYPOuUAQNBUWQCIkUB2t9Wcgp50fu1iBk5S/4BL6CFio6RIUE/4JjUvCaajSzq90ZP1bSkG2/WSOjY+MTk1PThZnZufmF4uLSuYkSLbAmIhXphg8GlQyxRpIUNmKNEPgK6373aODXr1EbGYVndBtjK4CrUF5KAZRJXrHsUgcJ+AH/Ip7grpEBdzZc09OUujeyjR2gtNc/udjqe8WSXbZz8L/EGZISG6LqFT/cdiSSAEMSCoxpOnZMrRQ0SaGwX3ATgzGILlxhM6MhBGhaaZ6rz9cSAxTxGDWXiucift9IITDmNvCzyQCoY357A/E/r5nQ5X4rlWGcEIZicIikwvyQEVpmhSFvS41EMPgcuQy5AA1EqCUHITIxyRosZH04v9P/JeebZWe3vHO6XaocDpuZYitsla0zh+2xCjtmVVZjgt2xB/bInqx769l6sV6/Rkes4c4y+wHr/RPdbqQV</latexit>

✓ > ✓c ⇠ 1/
p

bqL3

<latexit sha1_base64="uzFfZxgkPFKS4RI8K1O6HylquRg=">AAACC3icbVC7TgJBFJ3FF+Jr1cLCZiIxsSK7xldhQbSxxEQeCRByd7jAhNlHZu6SkA2f4FfYamVnbP0IC//FZaVQ8FQn59ybe8/xIiUNOc6nlVtaXlldy68XNja3tnfs3b2aCWMtsCpCFeqGBwaVDLBKkhQ2Io3gewrr3vB26tdHqI0MgwcaR9j2oR/InhRAqdSxD1oEcWfEr3lGkpb2uQgHk45ddEpOBr5I3BkpshkqHfur1Q1F7GNAQoExTdeJqJ2AJikUTgqt2GAEYgh9bKY0AB9NO8kCTPhxbIBCHqHmUvFMxN8bCfjGjH0vnfSBBmbem4r/ec2YelftRAZRTBiI6SGSCrNDRmiZNoO8KzUSwfRz5DLgAjQQoZYchEjFOK2qkPbhzqdfJLXTkntROr8/K5ZvZs3k2SE7YifMZZeszO5YhVWZYBP2xJ7Zi/VovVpv1vvPaM6a7eyzP7A+vgEhYJqp</latexit>

⌧v < ⌧coh .

<latexit sha1_base64="uW2CpXHYif0+W61b6xnOGzo6K0c=">AAAB+HicbVC7TsNAEDzzDOEVoKQ5ESFRRTbiVUbQUAaJPKTEitaXTThyfuhujRSs/AMtVHSIlr+h4F+wjQtImGo0s6udHS9S0pBtf1oLi0vLK6ultfL6xubWdmVnt2XCWAtsilCFuuOBQSUDbJIkhZ1II/iewrY3vsr89gNqI8PgliYRuj6MAjmUAiiVWj2CuD/sV6p2zc7B54lTkCor0OhXvnqDUMQ+BiQUGNN17IjcBDRJoXBa7sUGIxBjGGE3pQH4aNwkTzvlh7EBCnmEmkvFcxF/byTgGzPxvXTSB7ozs14m/ud1YxpeuIkMopgwENkhkgrzQ0ZomdaAfCA1EkGWHLkMuAANRKglByFSMU57Kad9OLPfz5PWcc05q53enFTrl0UzJbbPDtgRc9g5q7Nr1mBNJtg9e2LP7MV6tF6tN+v9Z3TBKnb22B9YH99SiZOw</latexit>⌧f

<latexit sha1_base64="TortOlIfZg8IC4bppFTgFj/wWQw=">AAACDXicbVC7TsNAEDzzDOEVoEI0JyIkqshGvMoIGsogkQQptqz1ZQMn7mzrbo0UWRGfwFfQQkWHaPkGCv4Fx6TgNdVoZle7M1GqpCXXfXempmdm5+YrC9XFpeWV1draescmmRHYFolKzGUEFpWMsU2SFF6mBkFHCrvRzenY796isTKJL2iYYqDhKpYDKYAKKaxt+gRZOOC+UrykuW8019gfhbW623BL8L/Em5A6m6AV1j78fiIyjTEJBdb2PDelIAdDUigcVf3MYgriBq6wV9AYNNogLyOM+E5mgRKeouFS8VLE7xs5aGuHOiomNdC1/e2Nxf+8XkaD4yCXcZoRxmJ8iKTC8pAVRhbdIO9Lg0Qw/hy5jLkAA0RoJAchCjEryqoWfXi/0/8lnb2Gd9g4ON+vN08mzVTYFttmu8xjR6zJzliLtZlgd+yBPbIn5955dl6c16/RKWeys8F+wHn7BOL5m6E=</latexit>

⌧f ⌧ ⌧med

Caucal et al. - 1801.09703

Interplay between 
Vacuum-like 

& Medium-induced
emissions still 

not well understood!

https://arxiv.org/abs/1801.09703


Diagnosing jet energy loss with deep learning
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Selection bias is a dominant effect for many jet observables:

Common to all calculations, jet MCs, that include jet substructure fluctuations.
Obscures the interpretation of data: how do quenched jets really look like?

Use deep learning techniques to determine amount of energy loss jet-by-jet: 
<latexit sha1_base64="XpsGw9yPpYUQucP0DD2uLNLO+IQ=">AAACCXicbVDLSsNAFJ3UV62vqEs3g0VwVRJRdFkUwWUF+4AmhMn0phk7eTgzKZSQrRt/xY0LRdz6B+78G6ePhbYeuJfDOfcyc4+fciaVZX0bpaXlldW18nplY3Nre8fc3WvJJBMUmjThiej4RAJnMTQVUxw6qQAS+Rza/uBq7LeHICRL4js1SsGNSD9mAaNEackzsUND5uX3YYEdeMjYEDuBIDS/9oJCN1Z4ZtWqWRPgRWLPSBXN0PDML6eX0CyCWFFOpOzaVqrcnAjFKIei4mQSUkIHpA9dTWMSgXTzySUFPtJKDweJ0BUrPFF/b+QkknIU+XoyIiqU895Y/M/rZiq4cHMWp5mCmE4fCjKOVYLHseAeE0AVH2lCqGD6r5iGRCehdHgVHYI9f/IiaZ3U7LOadXtarV/O4iijA3SIjpGNzlEd3aAGaiKKHtEzekVvxpPxYrwbH9PRkjHb2Ud/YHz+ANdPmm0=</latexit>

�jh ⌘ Ef

Ei

Final, measurable jet energy.

Vacuum energy (had there been
no medium).

Energy loss ratio:

Understand true, most revealing features of energy loss.
Want to:

Extract amount of energy loss jet-by-jet in experimental data.
Du, DP, Tywoniuk - JHEP ‘21



Defining the Energy Loss Ratio
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Vac

Med

Vacuum-like 
emission

Hypothetical
vacuum-like 

emission

Medium induced
emission

<latexit sha1_base64="OF2UJe/9wfLaecmx2PV8SQ2HiIY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WNRBI8V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLK6tr6RnGztLW9s7tX3j9omjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGN1O/9cS1EbF6xHHC/YgOlAgFo2ilh9te2CtX3Ko7A1kmXk4qkKPeK391+zFLI66QSWpMx3MT9DOqUTDJJ6VuanhC2YgOeMdSRSNu/Gx26oScWKVPwljbUkhm6u+JjEbGjKPAdkYUh2bRm4r/eZ0Uwys/EypJkSs2XxSmkmBMpn+TvtCcoRxbQpkW9lbChlRThjadkg3BW3x5mTTPqt5F1b0/r9Su8ziKcATHcAoeXEIN7qAODWAwgGd4hTdHOi/Ou/Mxby04+cwh/IHz+QMPpI2m</latexit>

Ef

same early, 
high energy pattern,

up to matching/stopping scale

<latexit sha1_base64="WkCUna+UTfo359QXdqqy98Oh6/I=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKosegF4+JmAckS5id9CZjZmeXmVkhLPkCLx4U8eonefNvnDwQTSxoKKq66e4KEsG1cd0vJ7eyura+kd8sbG3v7O4V9w8aOk4VwzqLRaxaAdUouMS64UZgK1FIo0BgMxjeTPzmIyrNY3lvRgn6Ee1LHnJGjZVqd91iyS27U5Af4i2SEsxR7RY/O72YpRFKwwTVuu25ifEzqgxnAseFTqoxoWxI+9i2VNIItZ9NDx2TE6v0SBgrW9KQqfp7IqOR1qMosJ0RNQO96E3E/7x2asIrP+MySQ1KNlsUpoKYmEy+Jj2ukBkxsoQyxe2thA2ooszYbAo2hKWXl0njrOxdlN3aealyPY8jD0dwDKfgwSVU4BaqUAcGCE/wAq/Og/PsvDnvs9acM585hD9wPr4Br2GM2w==</latexit>

R
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Jet Image
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Image preprocessing:

Φ and η coord.
w.r.t. jet axis.

Rotate image to have 
groomed subjet at Φ = - π/2.

Recognize basic features
of jet quenching:

Energy loss increases
number of soft particles
at large angles.

Pearson coeff.
Least 
quenched

Most 
quenched



Prediction Performance
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Good performance over wide range of     . 

Histo: Probability of predicted 
given true     . 

Bars: Average and standard
deviation.

Sanity checks:

Performance not species dependent
(quark or gluon initiated jet).

Network predicts     = 0.98(3)
for pp jets.
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Applications: Groomed Observables
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TRUE TRUE

PREDICTED PREDICTED

FES

FES IES

IES

Rg ratio between PbPb and pp:

FES:

Observe selection bias towards jets
with small Rg.

IES:

Quenched class presents features
actually related to energy loss:

Enhancement at large Rg.

Unquenched class still biased
(to belong to this class, a jet needs
to be of a special kind).
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Jet Azimuthal Anisotropy
Slide from
K. Hill at QM‘19
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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                    .  
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Tomography with Deep Learning
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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
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In-plane

more quenched less quenched
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Du, DP, Tywoniuk - PRL ‘21
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Narrowing of Jet Substructure

Example: WTA axis distance w.r.t. anti-kT axis

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.

R. Cruz-Torres talk at QM22

Qiu et al. - PRL ‘19

Ringer et al. - PLB ‘19



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
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Rapidity Evolution of Quark Fraction

In this work: 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 - PRD ‘23

Run 6 with |η|<4
and great pT resolution.
CERN-LHCC-2022-009

Also ATLAS and CMS!
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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.
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Rapidity Dependence 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.
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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.

BDMPS-Z:

for



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

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

At strong coupling:

Chesler & Yaffe - 0712.0050

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.

https://arxiv.org/pdf/0712.0050.pdf


The Diffusion Wake
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Depletion of energy density behind the jet
(the jet drags the fluid along its direction of propagation,
reduces yield of particles in the opposite direction).

QGP trough arises due to the diffusion wake:

Chen et al. - 1704.03648

Ex: depletion in the away-side 
for boson-jet events with CoLBT model.

(w/o radial flow)

https://arxiv.org/pdf/1704.03648.pdf


Looking For the Diffusion Wake
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ATLAS-CONF-2023-054

No evidence for diffusion wake
in recent results from ATLAS.

95% CL at 0.8% perturbation on bulk,
compatible with CoLBT 0.2% prediction.

Statistics will be improved in Run 3.

https://cds.cern.ch/record/2870221/files/ATLAS-CONF-2023-054.pdf


The Effect of the Recoiling Jet
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DP - 1907.12301

https://arxiv.org/pdf/1907.12301.pdf


Leading Jet Suppression vs. |ηD|
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DP - 1907.12301

https://arxiv.org/pdf/1907.12301.pdf


Leading Jet Suppression vs. |ηD|
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Benefits of the strategy:

Much higher stats for inclusive jets compared to boson-jets.

Can reach higher pT, larger wake effects.

Many systematics cancelled in ratios between different |ηD|.

Also: replace subleading jet by high-pT hadron (just need an axis!).
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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.

Jet Suppression: Framework

PSin constraint

Mehtar-Tani, DP, Tywoniuk - PRL ‘21



Jet Suppression at LHC
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LHC

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!) 



Jet Azimuthal Anisotropy at LHC
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Mehtar-Tani, DP, 
Tywoniuk - in preparation

First analytical description of jet v2.
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Current Perspective on Early Times
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Bulk of the system assumed to be produced with momenta                                   .

Gale, Paquet, Schenke, Shen - PRC ‘22
<latexit sha1_base64="e4JqBLeeeGF5S+z94XI584WIFxk=">AAACEXicbVC7SgNBFJ2NrxhfUUsRBoNgIWE3BLUMWmiZgHlAdllmJzdxyMzuMnNXCEsqP8GvsNXKTmz9Agv/xc2j0OipDufcy73nBLEUBm3708otLa+sruXXCxubW9s7xd29lokSzaHJIxnpTsAMSBFCEwVK6MQamAoktIPh1cRv34M2IgpvcRSDp9ggFH3BGWaSXzyMqWuEog3fzEiFuqfU1Sq9htbYL5bssj0F/UucOSmROep+8cvtRTxRECKXzJiuY8fopUyj4BLGBTcxEDM+ZAPoZjRkCoyXTmOM6XFiGEY0Bk2FpFMRfm6kTBkzUkE2qRjemUVvIv7ndRPsX3ipCOMEIeSTQygkTA8ZrkXWD9Ce0IDIJp8DFSHlTDNE0IIyzjMxyQorZH04i+n/klal7JyVq41qqXY5byZPDsgROSEOOSc1ckPqpEk4eSBP5Jm8WI/Wq/Vmvc9Gc9Z8Z5/8gvXxDbwbm+c=</latexit>

p ⇠ Qs ⇠ 2GeV

Effective description switches at a fixed time.
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Consider particle production with                . 
<latexit sha1_base64="cRk/rSYOoEHdi352edLMHltfdyo=">AAAB+nicbVC7TsNAEDyHVwivACXNiQiJKrJRBFQogoYykchDSqzofNmEU87n090aKTL5CVqo6BAtP0PBv+AYF5Aw1WhmVzs7gZbCout+OoWV1bX1jeJmaWt7Z3evvH/QtlFsOLR4JCPTDZgFKRS0UKCErjbAwkBCJ5jczP3OAxgrInWHUw1+yMZKjARnmEpdTa9oc2DpoFxxq24Guky8nFRIjsag/NUfRjwOQSGXzNqe52r0E2ZQcAmzUj+2oBmfsDH0UqpYCNZPsrwzehJbhhHVYKiQNBPh90bCQmunYZBOhgzv7aI3F//zejGOLv1EKB0jKD4/hEJCdshyI9IigA6FAUQ2Tw5UKMqZYYhgBGWcp2KcNlNK+/AWv18m7bOqd16tNWuV+nXeTJEckWNySjxyQerkljRIi3AiyRN5Ji/Oo/PqvDnvP6MFJ985JH/gfHwDQ2eTiQ==</latexit>

p > Qs

For pT ~ 20 GeV, one or zero dijet pair produced at central 
collisions at LHC…

Random orientation in transverse plane and rapidity.

Production probability proportional to Ncoll.

Perturbative process.

Can split and produce color coherent objects.

Mini-jets are an additional source of fluctuations.

Mini-Jets in Heavy-Ions
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As we consider lower pT, mini-jet production becomes increasingly abundant.

Mini-Jets in Heavy-Ions
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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

No mini-jets <latexit sha1_base64="GZUCM/zxCx2WcBcmMldOTgvdDDc=">AAACEHicbVC7SgNBFJ2NrxhfUUstBoNgIWFXgtoIQQvFKoJ5QBLD7OQmDpmZXWbuCmHZxk/wK2y1shNb/8DCf3ETU2j0VIdz7uXec/xQCouu++FkZmbn5heyi7ml5ZXVtfz6Rs0GkeFQ5YEMTMNnFqTQUEWBEhqhAaZ8CXV/cDby63dgrAj0NQ5DaCvW16InOMNU6uS3w07cMooqoZObyxPPpa19mgrxOdSSTr7gFt0x6F/iTUiBTFDp5D9b3YBHCjRyyaxtem6I7ZgZFFxCkmtFFkLGB6wPzZRqpsC243GKhO5GlmFAQzBUSDoW4edGzJS1Q+Wnk4rhrZ32RuJ/XjPC3nE7FjqMEDQfHUIhYXzIciPSeoB2hQFENvocqNCUM8MQwQjKOE/FKO0rl/bhTaf/S2oHRe+wWLoqFcqnk2ayZIvskD3ikSNSJhekQqqEk3vySJ7Is/PgvDivztv3aMaZ7GySX3DevwDGL5v6</latexit>

pJmin = 10GeV

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

pJmin = 4GeV

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

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

⌧ = 3.4 fm/c

40-50% Centrality

DP, Singh, Gale, Jeon - PRC ‘22
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Minimal Tuning
To describe multiplicity, tune down amount of 
energy attributed to IP-Glasma (              ),
for each         :

<latexit sha1_base64="xpcXwjIcrAiBrBSXhNUm1VLWUss=">AAAB+3icbVDLSsNAFJ3UV62vWJdugkVwVRIVdVl0I64q2Ae0MUymk3bozCTM3EhLyK+4caGIW3/EnX/j9LHQ1gMXDufcy733hAlnGlz32yqsrK6tbxQ3S1vbO7t79n65qeNUEdogMY9VO8SaciZpAxhw2k4UxSLktBUObyZ+64kqzWL5AOOE+gL3JYsYwWCkwC4nj3dB1gU6AiUywWSeB3bFrbpTOMvEm5MKmqMe2F/dXkxSQSUQjrXueG4CfoYVMMJpXuqmmiaYDHGfdgyVWFDtZ9Pbc+fYKD0nipUpCc5U/T2RYaH1WISmU2AY6EVvIv7ndVKIrvyMySQFKslsUZRyB2JnEoTTY4oS4GNDMFHM3OqQAVaYgImrZELwFl9eJs3TqndRPbs/r9Su53EU0SE6QifIQ5eohm5RHTUQQSP0jF7Rm5VbL9a79TFrLVjzmQP0B9bnD/3BlRI=</latexit>

pJmin

<latexit sha1_base64="IbX0I2nhrPF1dpSxRwYtKEGi25M=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSyCp5KoqMeiF48V7Ae0IWy2m3bpJht2J2IJ8a948aCIV3+IN/+N2zYHbX0w8Hhvhpl5QSK4Bsf5tkorq2vrG+XNytb2zu6evX/Q1jJVlLWoFFJ1A6KZ4DFrAQfBuoliJAoE6wTjm6nfeWBKcxnfwyRhXkSGMQ85JWAk365qP+sDewQVZSGhIFWe+3bNqTsz4GXiFqSGCjR9+6s/kDSNWAxUEK17rpOAlxEFnAqWV/qpZgmhYzJkPUNjEjHtZbPjc3xslAEOpTIVA56pvycyEmk9iQLTGREY6UVvKv7n9VIIr7yMx0kKLKbzRWEqMEg8TQIPuGIUxMQQQhU3t2I6IsqEYPKqmBDcxZeXSfu07l7Uz+7Oa43rIo4yOkRH6AS56BI10C1qohaiaIKe0St6s56sF+vd+pi3lqxipor+wPr8AREAlbI=</latexit>sfactor

Single choice of              works for all centralities.

Mini-jet orientation is decorrelated with 
energy gradients at           , reducing overall flow:

Need to recalibrate (constant) η/s to accommodate 
integrated and differential flow coeffs.

<latexit sha1_base64="IbX0I2nhrPF1dpSxRwYtKEGi25M=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSyCp5KoqMeiF48V7Ae0IWy2m3bpJht2J2IJ8a948aCIV3+IN/+N2zYHbX0w8Hhvhpl5QSK4Bsf5tkorq2vrG+XNytb2zu6evX/Q1jJVlLWoFFJ1A6KZ4DFrAQfBuoliJAoE6wTjm6nfeWBKcxnfwyRhXkSGMQ85JWAk365qP+sDewQVZSGhIFWe+3bNqTsz4GXiFqSGCjR9+6s/kDSNWAxUEK17rpOAlxEFnAqWV/qpZgmhYzJkPUNjEjHtZbPjc3xslAEOpTIVA56pvycyEmk9iQLTGREY6UVvKv7n9VIIr7yMx0kKLKbzRWEqMEg8TQIPuGIUxMQQQhU3t2I6IsqEYPKqmBDcxZeXSfu07l7Uz+7Oa43rIo4yOkRH6AS56BI10C1qohaiaIKe0St6s56sF+vd+pi3lqxipor+wPr8AREAlbI=</latexit>sfactor

<latexit sha1_base64="okUTu4MZHVwiZ385J3yYluqJz5s=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEVyVRUZdFNy4r2Ac0IUwmk3bo5MHMjVhCwF9x40IRt36HO//GaZuFth64cDjnXu69x08FV2BZ30ZlaXllda26XtvY3NreMXf3OirJJGVtmohE9nyimOAxawMHwXqpZCTyBev6o5uJ331gUvEkvodxytyIDGIeckpAS5554ADJvNwB9ggyyofjQCZF4Zl1q2FNgReJXZI6KtHyzC8nSGgWsRioIEr1bSsFNycSOBWsqDmZYimhIzJgfU1jEjHl5tPzC3yslQCHidQVA56qvydyEik1jnzdGREYqnlvIv7n9TMIr9ycx2kGLKazRWEmMCR4kgUOuGQUxFgTQiXXt2I6JJJQ0InVdAj2/MuLpHPasC8aZ3fn9eZ1GUcVHaIjdIJsdIma6Ba1UBtRlKNn9IrejCfjxXg3PmatFaOc2Ud/YHz+ALVQlqA=</latexit>⌧hydro

see also: Schulc &Tomasic - PRC ‘14
Okai et al. - PRC ‘17
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DP, Singh, Gale, Jeon - PRC ‘22
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My Fellini
Have enjoyed complete independence

7 talks at Hard Probes ‘23, 5 talks at Quark Matter ‘23, plenary at Quark Matter ’23.

Mini-jets (McGill, Vanderbilt)

Linearized Hydro (MIT, UB, INT)
Analytical jet suppression (Bergen U., BNL)

Rapidity dependence (CERN)
Heavy quarks in small syst. (INFN Torino)
Perturbative splittings in HI (CERN, Heidelberg)

Invited by ALICE, PHENIX, STAR for jet theory talks several times.

Secondment institution: Oviedo U.
Working with student on antenna scatterings.
Working with host supervisor on holographic energy loss.

Now moving to Santiago for postdoc. Wish me luck.

Moliere scatterings in QGP (MIT, Stanford)
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Thanks for your
attention!

e Buon Natale!

QCD “Phase Diagram”
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Parton Energy Loss
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High energy partons in the QGP: 

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

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



Radiative Energy Loss
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Framework: Light-Cone Perturbation Theory.
Integrated medium induced spectrum:

With potential:

Gyulassy-Wang:

Resummed propagator due to multiple interactions with the medium satisfies
2D Schrödinger-like equation:

and scattering cross-section:

Hard Thermal Loop:

Baier, Dokshitzer, Mueller, Peigne, Schiff - NPB ‘97
Zakharov - JETP Lett. ‘96
Arnold, Moore, Yaffe - JHEP ‘03

Mehtar-Tani - JHEP ‘19



Usual Approximations of the Spectrum
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Gyulassy-Levai-Vitev spectrum

neglect logarithmic 
dependence

<latexit sha1_base64="Ls+QPJZmXLkF8RgW++5G7jlqsJw=">AAACBHicbVC7TsMwFHV4lvIKMHaxqJAQQ0kqBIwVLIxFog+pSSvHdVqrthPZDqKKOrDwKywMIMTKR7DxNzhtBmg50pWOzrlX994TxIwq7Tjf1tLyyuraemGjuLm1vbNr7+03VZRITBo4YpFsB0gRRgVpaKoZaceSIB4w0gpG15nfuidS0Ujc6XFMfI4GgoYUI22knl3yeNJNT6oTT1EO3VOPIz0MwvRh0q327LJTcaaAi8TNSRnkqPfsL68f4YQToTFDSnVcJ9Z+iqSmmJFJ0UsUiREeoQHpGCoQJ8pPp09M4JFR+jCMpCmh4VT9PZEirtSYB6Yzu1HNe5n4n9dJdHjpp1TEiSYCzxaFCYM6glkisE8lwZqNDUFYUnMrxEMkEdYmt6IJwZ1/eZE0qxX3vOLcnpVrV3kcBVACh+AYuOAC1MANqIMGwOARPINX8GY9WS/Wu/Uxa12y8pkD8AfW5w/pKZeh</latexit>

µ⇤2 ⇠ 1/x2

(N=1 opacity expansion):

BDMPS - ASW spectrum

Dilute medium: expand to leading order in 

Single hard scattering, preserves full form of potential.

Harmonic oscillator (diffusion) approximation:

Large medium, resums multiple soft interactions.

Wiedemann - NPB ‘00
Gyulassy, Levai, Vitev - NPB ‘00

Sievert, Vitev, Yoon - PLB ‘19

Wang, Guo - NPA ‘01
Majumder - PRD ‘12

BDMPS-Z
Salgado, Wiedemann - PRD ‘03
Armesto, Salgado, Wiedemann - PRD ‘04



Improved Opacity Expansion (IOE)
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Perform “opacity” expansion on top of harmonic oscillator solution:

Spectrum should be independent of Q2 scale when all orders are included:
This leads to (trans. mom. acquired by radiated gluon — natural scale)

Can systematically compute corrections up to arbitrary order in               :

Spectrum @ NLO
in the soft limit in IOE:

Mehtar-Tani - JHEP ‘19
Mehtar-Tani, Tywoniuk - JHEP ‘19

Barata, Mehtar-Tani - JHEP ‘20



Jet Substructure
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Monte Carlo jet quenching models have provided crucial insights:
Naturally include multi-particle nature of jets.

Essential in our current understanding of jet substructure in heavy-ion collisions:

Milhano & Zapp - EPJ ‘16

Full geometry
vs

Central production

Dijet asymmetry dominated by 
mass to momentum ratio, 
proxy for # vacuum splittings.

JEWEL



Jet Substructure
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Monte Carlo jet quenching models have provided crucial insights:
Naturally include multi-particle nature of jets.

Essential in our current understanding of jet substructure in heavy-ion collisions:
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Casalderrey, Hulcher, Milhano, DP, Rajagopal - PRC ‘19



Jet Substructure
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Monte Carlo jet quenching models have provided crucial insights:
Naturally include multi-particle nature of jets.

Essential in our current understanding of jet substructure in heavy-ion collisions:
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Casalderrey, Milhano, DP, Rajagopal - JHEP ‘20



Proxies for jets as falling strings

presence of string perturbs metric

satisfies linearised Einstein’s equations

near boundary expression
of energy-momentum tensor

string sourced

hydro (long wavelength) non-hydro (jet modes)

dressed quarks are open strings 
attached to a D7 flavour brane

charged under U(1) gauge field 
sourcing baryon current at boundary

depth of string endpoint determines 
localisation of excitation at boundary

82Daniel Pablos McGill / JETSCAPE

Chesler et al. - PRD ‘09

Chesler & Rajagopal, JHEP ‘16

horizon

boundary



Null falling string approximation
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Nambu-Goto action

null geodesics

endpoint angle

string 
profile

�⇤

Chesler & Rajagopal - PRD ‘15, JHEP ‘16

Schwarzschild-AdS

Solve E.O.M. by finding null geodesic profile: xgeo(t), ugeo(t)

Find energy carried by each geodesic: (peaks at the endpoint)⇧⌧
0(�)

Construct the string energy-momentum tensor:

1.

2.

3.



Holographic quenching with pure strings

competing effects: each individual jet widens, while wider jets lose more energy

the string is treated as a 
model for the jet as a whole

consider an ensemble of such jets by choosing initial distributions of energy & angle from pQCD

Rajagopal, Sadofyev, van der Schee ‘16 
 

also observed in pQCD
Milhano & Zapp ‘15 

measures jet angle in pQCD

for the same jet suppression different final angle dist.

TSYM = b TQCD

11



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 - JHEP ‘21
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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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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
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Accessing Initial Jet Anisotropies
Du, DP, Tywoniuk - in preparation

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                    .  
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Tomography with Deep Learning
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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.

Du, DP, Tywoniuk - in preparation

Out-of-plane
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In-plane

more quenched less quenched
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Collectivity from interference
Motivation

Absence of jet quenching phenomena 
(energy loss of high pt particles by traversing a medium)

in small systems (pA, pp)

calls to question the presence of deconfined medium (or hydro behaviour).

Origin of collectivity in small systems is not final state interactions?
Can it be quantum interference?

Are jet quenching effects too small to be observed (yet)?

B. Blok’s talk at QM



A simple model

Ea

Are jet quenching effects too small to be observed (yet)?

• Don’t specify the kinematics, flat rapidity dependence

Simplifications:

• Assign a classical, gaussian weight to the distribution of sources in hadron
(GPDs in mean field approximation). B scale from pp soft processes

B. Blok’s talk at QM

B can be related to Qs, but note azimuthal isotropy!



m gluons from N sourcesB. Blok’s talk at QM



B. Blok’s talk at QM

vanish in QCD

off-diagonal -> interference

diagonal -> no interference

correlation in azimuth arises
from two gluons emitted from

same source pair



B. Blok’s talk at QM
Odd harmonics

Odd harmonics arise due to non-abelian nature of QCD



B. Blok’s talk at QM
Results for flow coefficients

associated to hydro behaviour
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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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Concurrent Mini-jet+Hydro Evolution
Elements of the framework:

Initial state from IP-Glasma.
Finite mini-jet production probability at each binary collision.

Hydro. energy-momentum from IP-Glasma.
Mini-jets lose energy to the QGP (Hybrid Model) above Tc :

Gaussian source into hydro. e.o.m.

Cooper-Frye bulk.
Hadronize non-stopped partons through Lund string model:

If parton close to hypersurface, sample thermal partons to build colourless string.
If not, construct single colourless string with all such “corona” partons.

Everything evolves with UrQMD.
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DP, Singh, Gale, Jeon - PRC ‘22



Further Improvements on Single Charge Energy Loss
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All order resummation of 
medium induced radiation spectrum.

In-medium fragmentation of hard parton in QGP 
through effective kinetic theory.

Includes 1     2 and 2     2 processes.

Features turbulent cascade, 
modified chemistry around the jet.

Andrés et al. - JHEP ‘20 & ‘21

Detailed analysis of dynamics, can account for medium response.Schlichting & Soudi - JHEP ‘20

Resummed Opacity Expansion (ROE)
to cover Bethe-Heitler regime.

Isaksen et al. - arXiv:2206.02811

Feal et al. - PRD ‘18 & ‘19



Resummed Quenching Factor
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Quarks

Gluons

Easier to keep (recover) the 
emitted (thermalised) modes.

less quenching for larger R.

Resummed quenching factors (solid):

Interplay between energy recovery
and size of quenched phase space.

larger R can lead to more quenching.

Mehtar-Tani, DP, Tywoniuk - PRL ‘21

LHC


