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QED
Magic angle graphene
Cao et. al. Nature 556, 43–50 (2018)
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QED

QCD

Understanding the fundamental interactions is just the beginning!

Magic angle graphene
Cao et. al. Nature 556, 43–50 (2018)
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proton–proton

Modification of jets as a probe of quark-gluon plasma
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heavy-ionproton–proton

“baseline” jet properties

Modification of jets as a probe of quark-gluon plasma
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Energy loss of a parton in finite-temperature QCD

q̂ ⌘ dhk2?i
dt
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Parton undergoes transverse momentum diffusion

Fig: adapted from Yacine Mehtar-Tani QM’19

k?

<latexit sha1_base64="D5KKxmzqybI8HYw3U9vt+DAiooo=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cK9gPaUDbbSbtkkyy7G6GE/ggvHhTx6u/x5r9x2+agrQ8GHu/NMDMvkIJr47rfTmltfWNzq7xd2dnd2z+oHh61dZophi2WilR1A6pR8ARbhhuBXamQxoHAThDdzfzOEyrN0+TRTCT6MR0lPOSMGit1okFfopKDas2tu3OQVeIVpAYFmoPqV3+YsizGxDBBte55rjR+TpXhTOC00s80SsoiOsKepQmNUfv5/NwpObPKkISpspUYMld/T+Q01noSB7Yzpmasl72Z+J/Xy0x44+c8kZnBhC0WhZkgJiWz38mQK2RGTCyhTHF7K2FjqigzNqGKDcFbfnmVtC/q3mX96uGy1rgt4ijDCZzCOXhwDQ24hya0gEEEz/AKb450Xpx352PRWnKKmWP4A+fzB2//j6U=</latexit>

L

Radiation can’t be resolved instantaneously
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Kicks occasionally induce gluon radiation

Baier, Dokshitzer, Mueller, Peigne, Schiff (1996), Zakharov (1996)
Arnold, Moore, Yaffe (2003)
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Improved accuracy of radiation spectrum
Andres, Apolinario, Dominguez, Martinez [2011.06522, 2002.01517]   

Tywoniuk QM’19

• Connecting multiple soft and single hard emission regimes

Multiple soft scatterings

!
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Single hard scattering

See Jacopo Ghiglieri (plenary)

Barata, Sadofyev, Salgado [2202.08847] ; Andrey Sadofyev (talk)   
Carlota Andres (talk); Souvik Adhya (talk)

Mehtar-Tani, Tywoniuk [1910.02032]
Mehtar-Tani [1903.00506]

Expanding and inhomogeneous media

Recent progress: Energy loss of a parton in finite-temperature QCD
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• Modification of vacuum structure with overlapping 
formation times

Improved accuracy of radiation spectrum
Andres, Apolinario, Dominguez, Martinez [2011.06522, 2002.01517]   

Tywoniuk QM’19

Fig: adapted from Arnold INT 2021
Arnold [2111.05348]

• Connecting multiple soft and single hard emission regimes

Multiple soft scatterings

!
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Single hard scattering

See Jacopo Ghiglieri (plenary)

Barata, Sadofyev, Salgado [2202.08847] ; Andrey Sadofyev (talk)   
Carlota Andres (talk); Souvik Adhya (talk)

Mehtar-Tani, Tywoniuk [1910.02032]
Mehtar-Tani [1903.00506]

Expanding and inhomogeneous media

Recent progress: Energy loss of a parton in finite-temperature QCD
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Probing the medium through parton energy loss

q̂ ⌘ dhk2?i
dt
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L medium parameter

Global fits to hadron spectra
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Vary:

See also Andres, Armesto, Niemi, Paatelainen, Salgado [1902.03231]
Thanks to  Aleksas Mazeliauskas and Wilke van der Schee

Extracting !𝑞 depends on many assumptions, including
• Hadron fragmentation functions
• starting time of quenching
• ...

JET [1312.5003]; 
Huss, Kurkela, Mazeliauskas, Paatelainen, van der 
Schee, Wiedemann (HKMPSW) [2007.13758]; 
JETSCAPE [2102.11337]; 
Han, Xie, Zhang (HXZ) [2201.02796]
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From hadrons to jets

hadron jet

Advantages of jets

• (More) robust probes of hard splitting (𝑝!, 𝑄",…)
• Access (in principle) to the whole shower
• Less sensitive to hadron fragmentation functions
• Under better perturbative control

(pT , Q
2)
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(pT , Q
2)

<latexit sha1_base64="6SaUZVYWXU6CpFgU8KGI0GBEKqI=">AAAB8HicbVBNSwMxEJ31s9avqkcvwSJUkLJbKnosevHYQr+kXUs2zbahSXZJskIp/RVePCji1Z/jzX9j2u5BWx8MPN6bYWZeEHOmjet+O2vrG5tb25md7O7e/sFh7ui4qaNEEdogEY9UO8CaciZpwzDDaTtWFIuA01Ywupv5rSeqNItk3Yxj6gs8kCxkBBsrPRTiXv2y9li66OXybtGdA60SLyV5SFHt5b66/YgkgkpDONa647mx8SdYGUY4nWa7iaYxJiM8oB1LJRZU+5P5wVN0bpU+CiNlSxo0V39PTLDQeiwC2ymwGeplbyb+53USE974EybjxFBJFovChCMTodn3qM8UJYaPLcFEMXsrIkOsMDE2o6wNwVt+eZU0S0WvXLyqlfOV2zSODJzCGRTAg2uowD1UoQEEBDzDK7w5ynlx3p2PReuak86cwB84nz8w149d</latexit>



11Jasmine Brewer (CERN)

jet

Advantages of jets

Brewer, Huss, Mazeliauskas, van der Schee [2108.13434]

NLO
LO
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<latexit sha1_base64="raecxUttwacPFOzqULpe/W0mqzI=">AAAB9XicbVBNS8NAEN3Ur1q/qh69BIvgqSSi6LHoxWOFfkGbls120q7dbMLuRC2h/8OLB0W8+l+8+W/ctjlo64OBx3szzMzzY8E1Os63lVtZXVvfyG8WtrZ3dveK+wcNHSWKQZ1FIlItn2oQXEIdOQpoxQpo6Ato+qObqd98AKV5JGs4jsEL6UDygDOKRurGvVq3g/CE6T3gpFcsOWVnBnuZuBkpkQzVXvGr049YEoJEJqjWbdeJ0UupQs4ETAqdRENM2YgOoG2opCFoL51dPbFPjNK3g0iZkmjP1N8TKQ21Hoe+6QwpDvWiNxX/89oJBldeymWcIEg2XxQkwsbInkZg97kChmJsCGWKm1ttNqSKMjRBFUwI7uLLy6RxVnbPyxd356XKdRZHnhyRY3JKXHJJKuSWVEmdMKLIM3klb9aj9WK9Wx/z1pyVzRySP7A+fwAbQZLr</latexit>

hadrons

jets

phadT

<latexit sha1_base64="PE9yhOfbVUeLm1yzGmL2D+S2y/M=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69BIvgqSRS0WPRi8cK/YI2LZvNtl262YTdiVpC/4cXD4p49b9489+4bXPQ1gcDj/dmmJnnx4JrdJxvK7e2vrG5ld8u7Ozu7R8UD4+aOkoUZQ0aiUi1faKZ4JI1kKNg7VgxEvqCtfzx7cxvPTCleSTrOImZF5Kh5ANOCRqpF/frvS6yJ0xHJJj2iyWn7MxhrxI3IyXIUOsXv7pBRJOQSaSCaN1xnRi9lCjkVLBpoZtoFhM6JkPWMVSSkGkvnV89tc+MEtiDSJmSaM/V3xMpCbWehL7pDAmO9LI3E//zOgkOrr2UyzhBJuli0SARNkb2LAI74IpRFBNDCFXc3GrTEVGEogmqYEJwl19eJc2LslspX95XStWbLI48nMApnIMLV1CFO6hBAygoeIZXeLMerRfr3fpYtOasbOYY/sD6/AH5vJLV</latexit>

(pT , Q
2)

<latexit sha1_base64="6SaUZVYWXU6CpFgU8KGI0GBEKqI=">AAAB8HicbVBNSwMxEJ31s9avqkcvwSJUkLJbKnosevHYQr+kXUs2zbahSXZJskIp/RVePCji1Z/jzX9j2u5BWx8MPN6bYWZeEHOmjet+O2vrG5tb25md7O7e/sFh7ui4qaNEEdogEY9UO8CaciZpwzDDaTtWFIuA01Ywupv5rSeqNItk3Yxj6gs8kCxkBBsrPRTiXv2y9li66OXybtGdA60SLyV5SFHt5b66/YgkgkpDONa647mx8SdYGUY4nWa7iaYxJiM8oB1LJRZU+5P5wVN0bpU+CiNlSxo0V39PTLDQeiwC2ymwGeplbyb+53USE974EybjxFBJFovChCMTodn3qM8UJYaPLcFEMXsrIkOsMDE2o6wNwVt+eZU0S0WvXLyqlfOV2zSODJzCGRTAg2uowD1UoQEEBDzDK7w5ynlx3p2PReuak86cwB84nz8w149d</latexit>

hadron

(pT , Q
2)

<latexit sha1_base64="6SaUZVYWXU6CpFgU8KGI0GBEKqI=">AAAB8HicbVBNSwMxEJ31s9avqkcvwSJUkLJbKnosevHYQr+kXUs2zbahSXZJskIp/RVePCji1Z/jzX9j2u5BWx8MPN6bYWZeEHOmjet+O2vrG5tb25md7O7e/sFh7ui4qaNEEdogEY9UO8CaciZpwzDDaTtWFIuA01Ywupv5rSeqNItk3Yxj6gs8kCxkBBsrPRTiXv2y9li66OXybtGdA60SLyV5SFHt5b66/YgkgkpDONa647mx8SdYGUY4nWa7iaYxJiM8oB1LJRZU+5P5wVN0bpU+CiNlSxo0V39PTLDQeiwC2ymwGeplbyb+53USE974EybjxFBJFovChCMTodn3qM8UJYaPLcFEMXsrIkOsMDE2o6wNwVt+eZU0S0WvXLyqlfOV2zSODJzCGRTAg2uowD1UoQEEBDzDK7w5ynlx3p2PReuak86cwB84nz8w149d</latexit>

• (More) robust probes of hard splitting (𝑝!, 𝑄",…)
• Access (in principle) to the whole shower
• Less sensitive to hadron fragmentation functions
• Under better perturbative control

From hadrons to jets
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Jets in principle give access to detailed structure of the shower

Graphic: Yi Chen QM’19

jet substructure constituents
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Graphic: Yi Chen QM’19

jet substructure constituents

Jets in principle give access to detailed structure of the shower
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Graphic: Yi Chen QM’19

jet substructure constituents

Jets in principle give access to detailed structure of the shower
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Jet substructure to access QCD splitting function

Parton showers in vacuum
Alba Soto-Ontoso (talk)

dPi!jk =
d✓

✓
dz Pi!jk(z)

<latexit sha1_base64="WMVNQ5V08YS8H+oNKrebBKxqGbc="></latexit>

Splitting 
functions

How to access splitting function from jet substructure?

✓

<latexit sha1_base64="jeMNMzS8PsU1FWkR24iA8gyofpY=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48V7Ae0oWy2m3btZhN2J0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilVg9HHGm/XHGr7hxklXg5qUCORr/81RvELI24QiapMV3PTdDPqEbBJJ+WeqnhCWVjOuRdSxWNuPGz+bVTcmaVAQljbUshmau/JzIaGTOJAtsZURyZZW8m/ud1Uwyv/UyoJEWu2GJRmEqCMZm9TgZCc4ZyYgllWthbCRtRTRnagEo2BG/55VXSuqh6terlfa1Sv8njKMIJnMI5eHAFdbiDBjSBwSM8wyu8ObHz4rw7H4vWgpPPHMMfOJ8/po+PMA==</latexit>

z

<latexit sha1_base64="mBNsSck29HYD+UA8I7CdsBnbA5A=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNRo9ELx4hkUcCGzI79MLI7OxmZtYECV/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdlr1K+rFdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOvZjQY=</latexit>

1� z

<latexit sha1_base64="rNDVExHOnTpCcz0vTswHPz3yBC8=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgxbArET0GvXiMaB6QLGF2MkmGzM4uM71CXPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSyFQdf9dnIrq2vrG/nNwtb2zu5ecf+gYaJEM15nkYx0K6CGS6F4HQVK3oo1p2EgeTMY3Uz95iPXRkTqAccx90M6UKIvGEUr3XtnT91iyS27M5Bl4mWkBBlq3eJXpxexJOQKmaTGtD03Rj+lGgWTfFLoJIbHlI3ogLctVTTkxk9np07IiVV6pB9pWwrJTP09kdLQmHEY2M6Q4tAselPxP6+dYP/KT4WKE+SKzRf1E0kwItO/SU9ozlCOLaFMC3srYUOqKUObTsGG4C2+vEwa52WvUr64q5Sq11kceTiCYzgFDy6hCrdQgzowGMAzvMKbI50X5935mLfmnGzmEP7A+fwBxLmNeA==</latexit>

Modified splitting functions govern parton shower evolution in medium
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Use angular ordering of QCD to reconstruct shower from hadron level (“reclustering”)

z

<latexit sha1_base64="TbYxd8IXpxV4gcg/rkaVgCQExi8=">AAAB6HicdVDLSgMxFM3UV62vqks3wSK4GjJ9d1d047IFawvtUDJppo3NZIYkI9ShX+DGhSJu/SR3/o2ZtoKKHrhwOOde7r3HizhTGqEPK7O2vrG5ld3O7ezu7R/kD49uVBhLQjsk5KHseVhRzgTtaKY57UWS4sDjtOtNL1O/e0elYqG41rOIugEeC+YzgrWR2vfDfAHZqFpplBBEdgU5tUbDEISq9VIROoakKIAVWsP8+2AUkjigQhOOleo7KNJugqVmhNN5bhArGmEyxWPaN1TggCo3WRw6h2dGGUE/lKaEhgv1+0SCA6VmgWc6A6wn6reXin95/Vj7dTdhIoo1FWS5yI851CFMv4YjJinRfGYIJpKZWyGZYImJNtnkTAhfn8L/yU3Rdsp2pV0uNC9WcWTBCTgF58ABNdAEV6AFOoAACh7AE3i2bq1H68V6XbZmrNXMMfgB6+0TVZCNTw==</latexit>

1� z

<latexit sha1_base64="x5QFC7KeNTwnDjgfnrxMg9SZ/9s=">AAAB6nicdVDLSgNBEOyNrxhfUY9eBoPgxWU2JDG5Bb14jGgekCxhdjKbDJl9MDMrxJBP8OJBEa9+kTf/xtkkgooWNBRV3XR3ebHgSmP8YWVWVtfWN7Kbua3tnd29/P5BS0WJpKxJIxHJjkcUEzxkTc21YJ1YMhJ4grW98WXqt++YVDwKb/UkZm5AhiH3OSXaSDfO2X0/X8B2rVrBpSLCNsbVIq4YUsZOzakhxygpCrBEo59/7w0imgQs1FQQpboOjrU7JVJzKtgs10sUiwkdkyHrGhqSgCl3Oj91hk6MMkB+JE2FGs3V7xNTEig1CTzTGRA9Ur+9VPzL6ybar7pTHsaJZiFdLPITgXSE0r/RgEtGtZgYQqjk5lZER0QSqk06ORPC16fof9Iq2k7JLl+XCvWLZRxZOIJjOAUHzqEOV9CAJlAYwgM8wbMlrEfrxXpdtGas5cwh/ID19gkqOo2+</latexit>

✓

<latexit sha1_base64="jeMNMzS8PsU1FWkR24iA8gyofpY=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48V7Ae0oWy2m3btZhN2J0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilVg9HHGm/XHGr7hxklXg5qUCORr/81RvELI24QiapMV3PTdDPqEbBJJ+WeqnhCWVjOuRdSxWNuPGz+bVTcmaVAQljbUshmau/JzIaGTOJAtsZURyZZW8m/ud1Uwyv/UyoJEWu2GJRmEqCMZm9TgZCc4ZyYgllWthbCRtRTRnagEo2BG/55VXSuqh6terlfa1Sv8njKMIJnMI5eHAFdbiDBjSBwSM8wyu8ObHz4rw7H4vWgpPPHMMfOJ8/po+PMA==</latexit>

Jet substructure to access QCD splitting function



17Jasmine Brewer (CERN)

First splitting with

✓g

<latexit sha1_base64="t10sy/NYYHLUIWTx9zWt+8Xw99Q=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48V7Ae0oWy2m3bpZhN3J0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilTg9HHGl/2C9X3Ko7B1klXk4qkKPRL3/1BjFLI66QSWpM13MT9DOqUTDJp6VeanhC2ZgOeddSRSNu/Gx+75ScWWVAwljbUkjm6u+JjEbGTKLAdkYUR2bZm4n/ed0Uw2s/EypJkSu2WBSmkmBMZs+TgdCcoZxYQpkW9lbCRlRThjaikg3BW355lbQuql6tenlfq9Rv8jiKcAKncA4eXEEd7qABTWAg4Rle4c15dF6cd+dj0Vpw8plj+APn8wch5pAK</latexit>

zg

<latexit sha1_base64="wbCwLsHU/YUEhl4IdMFp9hfduOA=">AAAB6nicdVDLSgMxFM3UV62vqks3wSK4GjJ9d1d047KifUA7lEyamYZmMkOSEWrpJ7hxoYhbv8idf2OmraCiBy4czrmXe+/xYs6URujDyqytb2xuZbdzO7t7+wf5w6OOihJJaJtEPJI9DyvKmaBtzTSnvVhSHHqcdr3JZep376hULBK3ehpTN8SBYD4jWBvp5n4YDPMFZKNqpVFCENkV5NQaDUMQqtZLRegYkqIAVmgN8++DUUSSkApNOFaq76BYuzMsNSOcznODRNEYkwkOaN9QgUOq3Nni1Dk8M8oI+pE0JTRcqN8nZjhUahp6pjPEeqx+e6n4l9dPtF93Z0zEiaaCLBf5CYc6gunfcMQkJZpPDcFEMnMrJGMsMdEmnZwJ4etT+D/pFG2nbFeuy4XmxSqOLDgBp+AcOKAGmuAKtEAbEBCAB/AEni1uPVov1uuyNWOtZo7BD1hvn8zUjik=</latexit>

1� zg

<latexit sha1_base64="VDQDjnsNaneYQGKsUZLoOSd6E/w=">AAAB7HicdVBNTwIxEJ3FL8Qv1KOXRmLiRdIlgHAjevGIiQsmsCHdUqCh2920XRMk/AYvHjTGqz/Im//GLmCiRl8yyct7M5mZF8SCa4Pxh5NZWV1b38hu5ra2d3b38vsHLR0lijKPRiJStwHRTHDJPMONYLexYiQMBGsH48vUb98xpXkkb8wkZn5IhpIPOCXGSp57dt8b9vIFXKzXqrhcQriIca2Eq5ZUsFt368i1SooCLNHs5d+7/YgmIZOGCqJ1x8Wx8adEGU4Fm+W6iWYxoWMyZB1LJQmZ9qfzY2foxCp9NIiULWnQXP0+MSWh1pMwsJ0hMSP920vFv7xOYgY1f8plnBgm6WLRIBHIRCj9HPW5YtSIiSWEKm5vRXREFKHG5pOzIXx9iv4nrVLRLRcr1+VC42IZRxaO4BhOwYVzaMAVNMEDChwe4AmeHek8Oi/O66I14yxnDuEHnLdPokKOmA==</latexit>

z > zcut✓
�

<latexit sha1_base64="0lOkPRogzKRiqVy3QlmWxgQPsKg=">AAACBnicbVDJSgNBEO1xjXEb9ShCYxA8hRmJ6EmCXjxGMAtkYujpVJImPQvdNWIy5OTFX/HiQRGvfoM3/8bOctDEB1U83quiu54fS6HRcb6thcWl5ZXVzFp2fWNza9ve2a3oKFEcyjySkar5TIMUIZRRoIRarIAFvoSq37sa+dV7UFpE4S32Y2gErBOKtuAMjdS0Dwb0gg6aHsIDpjzBIfWwC8juPN/0pp1z8s4YdJ64U5IjU5Sa9pfXingSQIhcMq3rrhNjI2UKBZcwzHqJhpjxHutA3dCQBaAb6fiMIT0ySou2I2UqRDpWf2+kLNC6H/hmMmDY1bPeSPzPqyfYPm+kIowThJBPHmonkmJER5nQllDAUfYNYVwJ81fKu0wxjia5rAnBnT15nlRO8m4hf3pTyBUvp3FkyD45JMfEJWekSK5JiZQJJ4/kmbySN+vJerHerY/J6II13dkjf2B9/gApSpjz</latexit>

𝑧# distribution accesses splitting function in pp
Measurements: Martin Rybar (plenary)

Larkoski, Marzani, Thaler [1502.01719]
Larkoski, Marzani, Thaler, Tripathee, Xue [1704.05066]

Larkoski, Marzani, Soyez, Thaler [1402.2657]
“Soft Drop” grooming: reduce non-perturbative effects by removing soft/wide-angle radiation

Jet substructure to access QCD splitting function
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“Soft Drop” grooming: reduce non-perturbative effects by removing soft/wide-angle radiation

First splitting with

✓g

<latexit sha1_base64="t10sy/NYYHLUIWTx9zWt+8Xw99Q=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48V7Ae0oWy2m3bpZhN3J0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilTg9HHGl/2C9X3Ko7B1klXk4qkKPRL3/1BjFLI66QSWpM13MT9DOqUTDJp6VeanhC2ZgOeddSRSNu/Gx+75ScWWVAwljbUkjm6u+JjEbGTKLAdkYUR2bZm4n/ed0Uw2s/EypJkSu2WBSmkmBMZs+TgdCcoZxYQpkW9lbCRlRThjaikg3BW355lbQuql6tenlfq9Rv8jiKcAKncA4eXEEd7qABTWAg4Rle4c15dF6cd+dj0Vpw8plj+APn8wch5pAK</latexit>

zg

<latexit sha1_base64="wbCwLsHU/YUEhl4IdMFp9hfduOA=">AAAB6nicdVDLSgMxFM3UV62vqks3wSK4GjJ9d1d047KifUA7lEyamYZmMkOSEWrpJ7hxoYhbv8idf2OmraCiBy4czrmXe+/xYs6URujDyqytb2xuZbdzO7t7+wf5w6OOihJJaJtEPJI9DyvKmaBtzTSnvVhSHHqcdr3JZep376hULBK3ehpTN8SBYD4jWBvp5n4YDPMFZKNqpVFCENkV5NQaDUMQqtZLRegYkqIAVmgN8++DUUSSkApNOFaq76BYuzMsNSOcznODRNEYkwkOaN9QgUOq3Nni1Dk8M8oI+pE0JTRcqN8nZjhUahp6pjPEeqx+e6n4l9dPtF93Z0zEiaaCLBf5CYc6gunfcMQkJZpPDcFEMnMrJGMsMdEmnZwJ4etT+D/pFG2nbFeuy4XmxSqOLDgBp+AcOKAGmuAKtEAbEBCAB/AEni1uPVov1uuyNWOtZo7BD1hvn8zUjik=</latexit>

1� zg

<latexit sha1_base64="VDQDjnsNaneYQGKsUZLoOSd6E/w=">AAAB7HicdVBNTwIxEJ3FL8Qv1KOXRmLiRdIlgHAjevGIiQsmsCHdUqCh2920XRMk/AYvHjTGqz/Im//GLmCiRl8yyct7M5mZF8SCa4Pxh5NZWV1b38hu5ra2d3b38vsHLR0lijKPRiJStwHRTHDJPMONYLexYiQMBGsH48vUb98xpXkkb8wkZn5IhpIPOCXGSp57dt8b9vIFXKzXqrhcQriIca2Eq5ZUsFt368i1SooCLNHs5d+7/YgmIZOGCqJ1x8Wx8adEGU4Fm+W6iWYxoWMyZB1LJQmZ9qfzY2foxCp9NIiULWnQXP0+MSWh1pMwsJ0hMSP920vFv7xOYgY1f8plnBgm6WLRIBHIRCj9HPW5YtSIiSWEKm5vRXREFKHG5pOzIXx9iv4nrVLRLRcr1+VC42IZRxaO4BhOwYVzaMAVNMEDChwe4AmeHek8Oi/O66I14yxnDuEHnLdPokKOmA==</latexit>

z > zcut✓
�

<latexit sha1_base64="0lOkPRogzKRiqVy3QlmWxgQPsKg=">AAACBnicbVDJSgNBEO1xjXEb9ShCYxA8hRmJ6EmCXjxGMAtkYujpVJImPQvdNWIy5OTFX/HiQRGvfoM3/8bOctDEB1U83quiu54fS6HRcb6thcWl5ZXVzFp2fWNza9ve2a3oKFEcyjySkar5TIMUIZRRoIRarIAFvoSq37sa+dV7UFpE4S32Y2gErBOKtuAMjdS0Dwb0gg6aHsIDpjzBIfWwC8juPN/0pp1z8s4YdJ64U5IjU5Sa9pfXingSQIhcMq3rrhNjI2UKBZcwzHqJhpjxHutA3dCQBaAb6fiMIT0ySou2I2UqRDpWf2+kLNC6H/hmMmDY1bPeSPzPqyfYPm+kIowThJBPHmonkmJER5nQllDAUfYNYVwJ81fKu0wxjia5rAnBnT15nlRO8m4hf3pTyBUvp3FkyD45JMfEJWekSK5JiZQJJ4/kmbySN+vJerHerY/J6II13dkjf2B9/gApSpjz</latexit>

𝑧# distribution accesses splitting function in pp

Digging into the physics of the modified shower

Mehtar-Tani, Soto-Ontoso, Tywoniuk [1911.00375]; Caucal, Soto-Ontoso, Takacs [2111.14768]; Paul Caucal (poster)

See also Apolinario, Cordeiro, Zapp [2012.02199] Pablo Rodriguez (poster)

• “Dynamical grooming” to access shortest formation time, largest 𝑘!

Larkoski, Marzani, Thaler [1502.01719]
Larkoski, Marzani, Thaler, Tripathee, Xue [1704.05066]

Measurements: Martin Rybar (plenary)

Larkoski, Marzani, Soyez, Thaler [1402.2657]

Jet substructure to access QCD splitting function



Mapping emission phase space with substructure

19Jasmine Brewer (CERN)

Smaller angle

log(1/q)

lo
g(

k ?
=

w
q)

Fig: thanks to Alba Soto-Ontoso

Caucal, Soto-Ontoso, Takacs [2111.14768]

Caucal, Iancu, Mueller, Soyez [1801.09703]

Higher 
energy

Emissions formed inside the medium

tf = L

<latexit sha1_base64="V+g9pxjUBu/LVNfqy6Y8bKjVsRE=">AAAB7nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0UYI2lhYRDAfkBxhb7OXLNnbO3bnhHDkR9hYKGLr77Hz37hJrtDEBwOP92aYmRckUhh03W+nsLK6tr5R3Cxtbe/s7pX3D5omTjXjDRbLWLcDargUijdQoOTtRHMaBZK3gtHt1G89cW1ErB5xnHA/ogMlQsEoWqmFvZBck/teueJW3RnIMvFyUoEc9V75q9uPWRpxhUxSYzqem6CfUY2CST4pdVPDE8pGdMA7lioaceNns3Mn5MQqfRLG2pZCMlN/T2Q0MmYcBbYzojg0i95U/M/rpBhe+ZlQSYpcsfmiMJUEYzL9nfSF5gzl2BLKtLC3EjakmjK0CZVsCN7iy8ukeVb1zqsXD+eV2k0eRxGO4BhOwYNLqMEd1KEBDEbwDK/w5iTOi/PufMxbC04+cwh/4Hz+ACLQjso=</latexit>

Emissions formed outside the medium

Vacuum-like splittings

Medium-modified splittings

Vacuum splittings
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Flavor-dependent splitting functions

Heavy flavor-tagged jets

Inclusive jets

• Quark- and gluon-jet substructure modification

• Unique mass-dependent substructure

Li, Vitev [1801.00008]

c,b

c,b
ALICE [2106.05713]
CMS Xiao Wang (talk)

+

Ying, Brewer, Chen, Lee [2204.00641]

Data-driven 
quark, gluon

Monte Carlo 
quark, gluon

zg

<latexit sha1_base64="0qrKRhpIuPYWUBkY+m7DipVdk8Y=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8eK9gPaUDbbTbp0swm7E6GW/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKUw6LrfTmFldW19o7hZ2tre2d0r7x80TZJpxhsskYluB9RwKRRvoEDJ26nmNA4kbwXDm6nfeuTaiEQ94CjlfkwjJULBKFrp/qkX9coVt+rOQJaJl5MK5Kj3yl/dfsKymCtkkhrT8dwU/THVKJjkk1I3MzylbEgj3rFU0Zgbfzw7dUJOrNInYaJtKSQz9ffEmMbGjOLAdsYUB2bRm4r/eZ0Mwyt/LFSaIVdsvijMJMGETP8mfaE5QzmyhDIt7K2EDaimDG06JRuCt/jyMmmeVb3z6sXdeaV2ncdRhCM4hlPw4BJqcAt1aACDCJ7hFd4c6bw4787HvLXg5DOH8AfO5w9jLI3g</latexit>

zg

<latexit sha1_base64="0qrKRhpIuPYWUBkY+m7DipVdk8Y=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8eK9gPaUDbbTbp0swm7E6GW/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKUw6LrfTmFldW19o7hZ2tre2d0r7x80TZJpxhsskYluB9RwKRRvoEDJ26nmNA4kbwXDm6nfeuTaiEQ94CjlfkwjJULBKFrp/qkX9coVt+rOQJaJl5MK5Kj3yl/dfsKymCtkkhrT8dwU/THVKJjkk1I3MzylbEgj3rFU0Zgbfzw7dUJOrNInYaJtKSQz9ffEmMbGjOLAdsYUB2bRm4r/eZ0Mwyt/LFSaIVdsvijMJMGETP8mfaE5QzmyhDIt7K2EDaimDG06JRuCt/jyMmmeVb3z6sXdeaV2ncdRhCM4hlPw4BJqcAt1aACDCJ7hFd4c6bw4787HvLXg5DOH8AfO5w9jLI3g</latexit>

“gluon jet” “quark jet”

𝑧# dist. mod. (HI/pp)

Yueyang Ying (poster)
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Heavy quarks as a probe of parton energy loss

Leading processes for heavy quark production (approximately) collinear

Preliminary

Flavor creation

Flavor excitation Gluon splitting

Ilten, Rodd, Thaler, Williams [1702.02947]

Gian Michele Innocenti (talk)
Attems, Brewer, Innocenti, Mazeliauskas, Park, 
van der Schee, Wiedemann; forthcoming



22Jasmine Brewer (CERN)

The medium also responds to jets

Average background can be subtracted

Medium response



23Jasmine Brewer (CERN)

The intersection of jets and soft sector: medium response

High-energy parton deposits energy in hydro

Relatively simple picture for a single parton. 
For jets, the picture is more complicated
• spacetime picture to the shower
• coherence of the shower
• hydrodynamic evolution of the wake
• ….

Casalderrey-Solana, Milhano, Pablos, Rajagopal, Yao [2010.01140]

⌘/s = 1/4⇡

<latexit sha1_base64="GMVVtEIzWW5JEyd7EGGeY9SPbt0=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEIntpEKnoRil48VrAf0ISy2W7apZtN2N0INfSXePGgiFd/ijf/jds2B219MPB4b4aZeUHCmdKO820V1tY3NreK26Wd3b39sn1w2FZxKgltkZjHshtgRTkTtKWZ5rSbSIqjgNNOML6d+Z1HKhWLxYOeJNSP8FCwkBGsjdS3yx7VuKbQNXJrdS9hfbviVJ050Cpxc1KBHM2+/eUNYpJGVGjCsVI910m0n2GpGeF0WvJSRRNMxnhIe4YKHFHlZ/PDp+jUKAMUxtKU0Giu/p7IcKTUJApMZ4T1SC17M/E/r5fq8MrPmEhSTQVZLApTjnSMZimgAZOUaD4xBBPJzK2IjLDERJusSiYEd/nlVdI+r7r16sV9vdK4yeMowjGcwBm4cAkNuIMmtIBACs/wCm/Wk/VivVsfi9aClc8cwR9Ynz+f2JHH</latexit>

⌧ = 8.3 fm/c

<latexit sha1_base64="LU90g/72V58QGsHkeFRAMbkcTYk=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaL4KomWrEboejGZQX7gCaUyXTSDp08mLkRS8jGX3HjQhG3foY7/8Zpm4W2HrhwOOde7r3HiwVXYFnfRmFpeWV1rbhe2tjc2t4xd/daKkokZU0aiUh2PKKY4CFrAgfBOrFkJPAEa3ujm4nffmBS8Si8h3HM3IAMQu5zSkBLPfPAAZLgK1yrnGMH2COk2A+yU9ozy1bFmgIvEjsnZZSj0TO/nH5Ek4CFQAVRqmtbMbgpkcCpYFnJSRSLCR2RAetqGpKAKTedPpDhY630sR9JXSHgqfp7IiWBUuPA050BgaGa9ybif143Ab/mpjyME2AhnS3yE4EhwpM0cJ9LRkGMNSFUcn0rpkMiCQWdWUmHYM+/vEhaZxW7Wrm4q5br13kcRXSIjtAJstElqqNb1EBNRFGGntErejOejBfj3fiYtRaMfGYf/YHx+QN9K5UT</latexit>
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<latexit sha1_base64="mvOejZDh+TCcsDSR7E+ebrzhRe0=">AAACC3icbZDLSsNAFIYn9VbrrerSzdAiuCqJKLosunFZwV6gKWEyOWmHTiZhZiKUkL0bX8WNC0Xc+gLufBunbQRt/WHg4z/ncOb8fsKZ0rb9ZZVWVtfWN8qbla3tnd296v5BR8WppNCmMY9lzycKOBPQ1kxz6CUSSORz6Prj62m9ew9SsVjc6UkCg4gMBQsZJdpYXrXmhpLQzA2Aa4JdSBTjscizH/Ls3KvW7YY9E14Gp4A6KtTyqp9uENM0AqEpJ0r1HTvRg4xIzSiHvOKmChJCx2QIfYOCRKAG2eyWHB8bJ8BhLM0TGs/c3xMZiZSaRL7pjIgeqcXa1Pyv1k91eDnImEhSDYLOF4UpxzrG02BwwCRQzScGCJXM/BXTETHhaBNfxYTgLJ68DJ3ThnPWOL89qzevijjK6AjV0Aly0AVqohvUQm1E0QN6Qi/o1Xq0nq03633eWrKKmUP0R9bHNwgRm7A=</latexit>
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High-energy parton deposits energy in hydro

Casalderrey-Solana, Milhano, Pablos, Rajagopal, Yao [2010.01140]
Jorge Casalderrey-Solana (talk)

⌘/s = 1/4⇡

<latexit sha1_base64="GMVVtEIzWW5JEyd7EGGeY9SPbt0=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEIntpEKnoRil48VrAf0ISy2W7apZtN2N0INfSXePGgiFd/ijf/jds2B219MPB4b4aZeUHCmdKO820V1tY3NreK26Wd3b39sn1w2FZxKgltkZjHshtgRTkTtKWZ5rSbSIqjgNNOML6d+Z1HKhWLxYOeJNSP8FCwkBGsjdS3yx7VuKbQNXJrdS9hfbviVJ050Cpxc1KBHM2+/eUNYpJGVGjCsVI910m0n2GpGeF0WvJSRRNMxnhIe4YKHFHlZ/PDp+jUKAMUxtKU0Giu/p7IcKTUJApMZ4T1SC17M/E/r5fq8MrPmEhSTQVZLApTjnSMZimgAZOUaD4xBBPJzK2IjLDERJusSiYEd/nlVdI+r7r16sV9vdK4yeMowjGcwBm4cAkNuIMmtIBACs/wCm/Wk/VivVsfi9aClc8cwR9Ynz+f2JHH</latexit>

⌧ = 8.3 fm/c

<latexit sha1_base64="LU90g/72V58QGsHkeFRAMbkcTYk=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaL4KomWrEboejGZQX7gCaUyXTSDp08mLkRS8jGX3HjQhG3foY7/8Zpm4W2HrhwOOde7r3HiwVXYFnfRmFpeWV1rbhe2tjc2t4xd/daKkokZU0aiUh2PKKY4CFrAgfBOrFkJPAEa3ujm4nffmBS8Si8h3HM3IAMQu5zSkBLPfPAAZLgK1yrnGMH2COk2A+yU9ozy1bFmgIvEjsnZZSj0TO/nH5Ek4CFQAVRqmtbMbgpkcCpYFnJSRSLCR2RAetqGpKAKTedPpDhY630sR9JXSHgqfp7IiWBUuPA050BgaGa9ybif143Ab/mpjyME2AhnS3yE4EhwpM0cJ9LRkGMNSFUcn0rpkMiCQWdWUmHYM+/vEhaZxW7Wrm4q5br13kcRXSIjtAJstElqqNb1EBNRFGGntErejOejBfj3fiYtRaMfGYf/YHx+QN9K5UT</latexit>
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<latexit sha1_base64="mvOejZDh+TCcsDSR7E+ebrzhRe0=">AAACC3icbZDLSsNAFIYn9VbrrerSzdAiuCqJKLosunFZwV6gKWEyOWmHTiZhZiKUkL0bX8WNC0Xc+gLufBunbQRt/WHg4z/ncOb8fsKZ0rb9ZZVWVtfWN8qbla3tnd296v5BR8WppNCmMY9lzycKOBPQ1kxz6CUSSORz6Prj62m9ew9SsVjc6UkCg4gMBQsZJdpYXrXmhpLQzA2Aa4JdSBTjscizH/Ls3KvW7YY9E14Gp4A6KtTyqp9uENM0AqEpJ0r1HTvRg4xIzSiHvOKmChJCx2QIfYOCRKAG2eyWHB8bJ8BhLM0TGs/c3xMZiZSaRL7pjIgeqcXa1Pyv1k91eDnImEhSDYLOF4UpxzrG02BwwCRQzScGCJXM/BXTETHhaBNfxYTgLJ68DJ3ThnPWOL89qzevijjK6AjV0Aly0AVqohvUQm1E0QN6Qi/o1Xq0nq03633eWrKKmUP0R9bHNwgRm7A=</latexit>

Tachibana, Chang, Qin [1701.07951]

Generic enhancement of soft particles at large angles from the jet axis

The intersection of jets and soft sector: medium response
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More energy loss implies more medium response

Brewer, Brodsky, Rajagopal [2110.13159]

𝛾, 𝑍

Chen, Yang, He, Ke, Pang, Wang [2101.05422]

Jets selected by 𝑝!
",$

Fractional energy loss

True distribution
Jets selected by 𝑝!

%&'

Jets selected by 𝑝!
%&'

Jasmine Brewer (CERN)

Similar effect from ISR: Korinna Zapp (talk)

Quinn Brodsky (poster)

�R

<latexit sha1_base64="uTOinU17Fs2Uy8+Yay87p5ALj+Q=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BPXiMYh6QLGF2MkmGzM6uM71CWPITXjwo4tXf8ebfOEn2oIkFDUVVN91dQSyFQdf9dnIrq2vrG/nNwtb2zu5ecf+gYaJEM15nkYx0K6CGS6F4HQVK3oo1p2EgeTMYXU/95hPXRkTqAccx90M6UKIvGEUrtTo3XCIl991iyS27M5Bl4mWkBBlq3eJXpxexJOQKmaTGtD03Rj+lGgWTfFLoJIbHlI3ogLctVTTkxk9n907IiVV6pB9pWwrJTP09kdLQmHEY2M6Q4tAselPxP6+dYP/ST4WKE+SKzRf1E0kwItPnSU9ozlCOLaFMC3srYUOqKUMbUcGG4C2+vEwaZ2WvUj6/q5SqV1kceTiCYzgFDy6gCrdQgzowkPAMr/DmPDovzrvzMW/NOdnMIfyB8/kDXoWPig==</latexit>
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𝑝!
%&' > 80 GeV 𝑝!$ > 80 GeV



Chen, Yang, He, Ke, Pang, Wang [2101.05422]
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Medium response and diffusion wake

Medium response implies 
• enhancement in the direction of the jet
• depletion opposite to the direction of the jet Chen, Yang, He, Ke, Pang, Wang [2101.05422]

Yang, Luo, Chen, Pang, Wang [2203.03683]

depletion

enhancement

Since Z does not radiate, clean signature of medium response

⌘/s = 1/4⇡

<latexit sha1_base64="GMVVtEIzWW5JEyd7EGGeY9SPbt0=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEIntpEKnoRil48VrAf0ISy2W7apZtN2N0INfSXePGgiFd/ijf/jds2B219MPB4b4aZeUHCmdKO820V1tY3NreK26Wd3b39sn1w2FZxKgltkZjHshtgRTkTtKWZ5rSbSIqjgNNOML6d+Z1HKhWLxYOeJNSP8FCwkBGsjdS3yx7VuKbQNXJrdS9hfbviVJ050Cpxc1KBHM2+/eUNYpJGVGjCsVI910m0n2GpGeF0WvJSRRNMxnhIe4YKHFHlZ/PDp+jUKAMUxtKU0Giu/p7IcKTUJApMZ4T1SC17M/E/r5fq8MrPmEhSTQVZLApTjnSMZimgAZOUaD4xBBPJzK2IjLDERJusSiYEd/nlVdI+r7r16sV9vdK4yeMowjGcwBm4cAkNuIMmtIBACs/wCm/Wk/VivVsfi9aClc8cwR9Ynz+f2JHH</latexit>

⌧ = 8.3 fm/c

<latexit sha1_base64="LU90g/72V58QGsHkeFRAMbkcTYk=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaL4KomWrEboejGZQX7gCaUyXTSDp08mLkRS8jGX3HjQhG3foY7/8Zpm4W2HrhwOOde7r3HiwVXYFnfRmFpeWV1rbhe2tjc2t4xd/daKkokZU0aiUh2PKKY4CFrAgfBOrFkJPAEa3ujm4nffmBS8Si8h3HM3IAMQu5zSkBLPfPAAZLgK1yrnGMH2COk2A+yU9ozy1bFmgIvEjsnZZSj0TO/nH5Ek4CFQAVRqmtbMbgpkcCpYFnJSRSLCR2RAetqGpKAKTedPpDhY630sR9JXSHgqfp7IiWBUuPA050BgaGa9ybif143Ab/mpjyME2AhnS3yE4EhwpM0cJ9LRkGMNSFUcn0rpkMiCQWdWUmHYM+/vEhaZxW7Wrm4q5br13kcRXSIjtAJstElqqNb1EBNRFGGntErejOejBfj3fiYtRaMfGYf/YHx+QN9K5UT</latexit>
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Casalderrey-Solana, Milhano, 
Pablos, Rajagopal, Yao [2010.01140]
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Jets as a probe of the far-from-equilibrium QGP

Description of soft-
sensitive jet observables Access to far-from-equilibrium QGP

STANISLAW PYTEL/ GETTY IMAGES

Relevant for medium response and small systems
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Thermalization in the soft sector happens through complex QCD interactions. 
Assumption: hard process doesn’t participate

Even global quenching parameters like %𝑞 can be sensitive to this assumption

time

QCD thermalization
Jet quenching

Hydrodynamics

⌧Hydro

<latexit sha1_base64="uNbE0SHqoBgngnTMP+AakadCQeM=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16CRbBU0mkoseilx4r2A9oQ9hsNu3SzSbsTtQQ+1O8eFDEq7/Em//GbZuDtj4YeLw3w8w8P+FMgW1/G6W19Y3NrfJ2ZWd3b//ArB52VZxKQjsk5rHs+1hRzgTtAANO+4mkOPI57fmTm5nfu6dSsVjcQZZQN8IjwUJGMGjJM6tDwKk3BPoIeSsLZDz1zJpdt+ewVolTkBoq0PbMr2EQkzSiAgjHSg0cOwE3xxIY4XRaGaaKJphM8IgONBU4osrN56dPrVOtBFYYS10CrLn6eyLHkVJZ5OvOCMNYLXsz8T9vkEJ45eZMJClQQRaLwpRbEFuzHKyASUqAZ5pgIpm+1SJjLDEBnVZFh+Asv7xKuud1p1G/uG3UmtdFHGV0jE7QGXLQJWqiFmqjDiLoAT2jV/RmPBkvxrvxsWgtGcXMEfoD4/MHBVeUgQ==</latexit>

Quenching starts
Hydrodynamics starts

Hard process impacts thermalization process?
Andres, Armesto, Niemi, Paatelainen, Salgado [1902.03231]
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Extensive work on thermalization and hydrodynamization in kinetic theory

Jasmine Brewer (CERN)

Kurkela [1601.03283]

Kurkela, Mazeliauskas, Paquet, Schlichting, Teaney
[1805.01604, 1805.00961]

time

QCD thermalization Hydrodynamics

⌧Hydro

<latexit sha1_base64="uNbE0SHqoBgngnTMP+AakadCQeM=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16CRbBU0mkoseilx4r2A9oQ9hsNu3SzSbsTtQQ+1O8eFDEq7/Em//GbZuDtj4YeLw3w8w8P+FMgW1/G6W19Y3NrfJ2ZWd3b//ArB52VZxKQjsk5rHs+1hRzgTtAANO+4mkOPI57fmTm5nfu6dSsVjcQZZQN8IjwUJGMGjJM6tDwKk3BPoIeSsLZDz1zJpdt+ewVolTkBoq0PbMr2EQkzSiAgjHSg0cOwE3xxIY4XRaGaaKJphM8IgONBU4osrN56dPrVOtBFYYS10CrLn6eyLHkVJZ5OvOCMNYLXsz8T9vkEJ45eZMJClQQRaLwpRbEFuzHKyASUqAZ5pgIpm+1SJjLDEBnVZFh+Asv7xKuud1p1G/uG3UmtdFHGV0jE7QGXLQJWqiFmqjDiLoAT2jV/RmPBkvxrvxsWgtGcXMEfoD4/MHBVeUgQ==</latexit>

Consistent description of initial state to onset of hydrodynamics
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Kurkela [1601.03283]

Kurkela, Mazeliauskas, Paquet, Schlichting, Teaney
[1805.01604, 1805.00961]

Consistent description of initial state to onset of hydrodynamics

time

QCD thermalization Hydrodynamics

⌧Hydro

<latexit sha1_base64="uNbE0SHqoBgngnTMP+AakadCQeM=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16CRbBU0mkoseilx4r2A9oQ9hsNu3SzSbsTtQQ+1O8eFDEq7/Em//GbZuDtj4YeLw3w8w8P+FMgW1/G6W19Y3NrfJ2ZWd3b//ArB52VZxKQjsk5rHs+1hRzgTtAANO+4mkOPI57fmTm5nfu6dSsVjcQZZQN8IjwUJGMGjJM6tDwKk3BPoIeSsLZDz1zJpdt+ewVolTkBoq0PbMr2EQkzSiAgjHSg0cOwE3xxIY4XRaGaaKJphM8IgONBU4osrN56dPrVOtBFYYS10CrLn6eyLHkVJZ5OvOCMNYLXsz8T9vkEJ45eZMJClQQRaLwpRbEFuzHKyASUqAZ5pgIpm+1SJjLDEBnVZFh+Asv7xKuud1p1G/uG3UmtdFHGV0jE7QGXLQJWqiFmqjDiLoAT2jV/RmPBkvxrvxsWgtGcXMEfoD4/MHBVeUgQ==</latexit>

Moore, Schlichting, Schlusser, Soudi [2105.01679]
Dai, Paquet, Teaney, Bass [2012.03441]

Jet quenching?

Toward the interplay of jet quenching and thermalization

Extensive work on thermalization and hydrodynamization in kinetic theory
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time

QCD thermalization Hydrodynamics

⌧Hydro

<latexit sha1_base64="uNbE0SHqoBgngnTMP+AakadCQeM=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16CRbBU0mkoseilx4r2A9oQ9hsNu3SzSbsTtQQ+1O8eFDEq7/Em//GbZuDtj4YeLw3w8w8P+FMgW1/G6W19Y3NrfJ2ZWd3b//ArB52VZxKQjsk5rHs+1hRzgTtAANO+4mkOPI57fmTm5nfu6dSsVjcQZZQN8IjwUJGMGjJM6tDwKk3BPoIeSsLZDz1zJpdt+ewVolTkBoq0PbMr2EQkzSiAgjHSg0cOwE3xxIY4XRaGaaKJphM8IgONBU4osrN56dPrVOtBFYYS10CrLn6eyLHkVJZ5OvOCMNYLXsz8T9vkEJ45eZMJClQQRaLwpRbEFuzHKyASUqAZ5pgIpm+1SJjLDEBnVZFh+Asv7xKuud1p1G/uG3UmtdFHGV0jE7QGXLQJWqiFmqjDiLoAT2jV/RmPBkvxrvxsWgtGcXMEfoD4/MHBVeUgQ==</latexit>

Moore, Schlichting, Schlusser, Soudi [2105.01679]
Dai, Paquet, Teaney, Bass [2012.03441]

Toward the interplay of jet quenching and thermalization

Jet quenching?

Schlichting, Soudi [2008.04928]
Ismail Soudi (talk)

See also Kurkela, Lu [1405.6318]; 
Mehtar-Tani, Schlichting [1807.06181]

Extensive work on thermalization and hydrodynamization in kinetic theory
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Heavy-ion collisions

⇠ 1 fm/c

<latexit sha1_base64="eHvlc7cCCoGTm7TH3PgGF4r95ws=">AAAB/HicbVBNS8NAEN34WetXtEcvi0XwVBOp6LHoxWMF+wFNKJvtpl26m4TdiRhC/StePCji1R/izX/jts1BWx8MPN6bYWZekAiuwXG+rZXVtfWNzdJWeXtnd2/fPjhs6zhVlLVoLGLVDYhmgkesBRwE6yaKERkI1gnGN1O/88CU5nF0D1nCfEmGEQ85JWCkvl3xNJfYxR6wR8hxKM/opG9XnZozA14mbkGqqECzb395g5imkkVABdG65zoJ+DlRwKlgk7KXapYQOiZD1jM0IpJpP58dP8EnRhngMFamIsAz9fdETqTWmQxMpyQw0oveVPzP66UQXvk5j5IUWETni8JUYIjxNAk84IpREJkhhCpubsV0RBShYPIqmxDcxZeXSfu85tZrF3f1auO6iKOEjtAxOkUuukQNdIuaqIUoytAzekVv1pP1Yr1bH/PWFauYqaA/sD5/AKjRlCU=</latexit>

⇠ 10 fm/c

<latexit sha1_base64="FdMYE0r4iDTvUKsDmzD/2x6IzrU=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCq5pIRZdFNy4r2Ac0oUymk3boTBJmbsQair/ixoUibv0Pd/6N0zYLbT1w4XDOvdx7T5AIrsFxvq3C0vLK6lpxvbSxubW9Y+/uNXWcKsoaNBaxagdEM8Ej1gAOgrUTxYgMBGsFw+uJ37pnSvM4uoNRwnxJ+hEPOSVgpK594GkusetgD9gDZDiUp3TctctOxZkCLxI3J2WUo961v7xeTFPJIqCCaN1xnQT8jCjgVLBxyUs1Swgdkj7rGBoRybSfTa8f42Oj9HAYK1MR4Kn6eyIjUuuRDEynJDDQ895E/M/rpBBe+hmPkhRYRGeLwlRgiPEkCtzjilEQI0MIVdzciumAKELBBFYyIbjzLy+S5lnFrVbOb6vl2lUeRxEdoiN0glx0gWroBtVRA1H0iJ7RK3qznqwX6936mLUWrHxmH/2B9fkDGy2UXw==</latexit>

time

⇠ few fm/c

<latexit sha1_base64="Ybp4rR/i8aBRQ+czvvhwbYqVWcA=">AAAB/XicbVDJSgNBEO1xjXGLy81LYxA8xRmJ6DHoxWMEs0ASQk+nJmnSPTN016hxCP6KFw+KePU/vPk3dpaDJj4oeLxXRVU9P5bCoOt+OwuLS8srq5m17PrG5tZ2bme3aqJEc6jwSEa67jMDUoRQQYES6rEGpnwJNb9/NfJrd6CNiMJbHMTQUqwbikBwhlZq5/abRijaRHjANIB7GqgTPmzn8m7BHYPOE29K8mSKcjv31exEPFEQIpfMmIbnxthKmUbBJQyzzcRAzHifdaFhacgUmFY6vn5Ij6zSoUGkbYVIx+rviZQpYwbKt52KYc/MeiPxP6+RYHDRSkUYJwghnywKEkkxoqMoaEdo4CgHljCuhb2V8h7TjKMNLGtD8GZfnifV04JXLJzdFPOly2kcGXJADskx8cg5KZFrUiYVwskjeSav5M15cl6cd+dj0rrgTGf2yB84nz9Js5Ug</latexit>

Smaller systems (e.g. p-Pb)

time

Interplay of quenching and thermalization especially relevant in small systems

hadronshydrodynamics

energy loss

kinetic equilibration

Not just smaller versions of large systems!

hydrodynamics?

energy loss?

hadronskinetic equilibration
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Opportunities in small systems

nPDFs and uncertainties have higher relative importance

Brewer, Mazeliauskas, van der Schee [2103.01939]

• Experimental

Far-from-equilibrium effects in quenching
See Petja Paakinen (plenary)

Predictions for quenching in OO

Huss, Kurkela, Mazeliauskas, Paatelainen, van der Schee, Wiedemann [2007.13754, 2007.13758]
Aleksas Mazeliauskas (talk); Ivan Vitev (poster)

• Theoretical

timeOO (200 GeV) 
in STAR

Long run of intermediate 
nuclei (Ar, Kr) in LHC Run 5

>2030
Possibility of OO, 
ArAr in sPHENIX

Short OO, pO run 
(~7 TeV) in LHC Run 3

2026-20272021 2022

In addition to high statistics pPb in Run 3+4 at LHC, pAu at RHIC
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Radiation and thermalization 
of hard processes in QCD

Evolution of a parton
shower in QCD media

Integrated description of 
quenching and thermalization

Access to far-from-
equilibrium QGP

Physics goal Theory outlook

Medium modification of the 
structure of jets

Improved description of parton
energy loss and broadening
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Radiation and thermalization 
of hard processes in QCD

Evolution of a parton
shower in QCD media

Integrated description of 
quenching and thermalization

Access to far-from-
equilibrium QGP

Physics goal Theory outlook

Medium modification of the 
structure of jets

Improved description of parton
energy loss and broadening

It’s an exciting time to be a theorist!
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Trip to donation center for Ukrainian refugees

Leaving from front of conference venue at 15:15

Needs: food, hygiene products, medications
(stop at supermarket on the way)


