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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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Heavy-ion collisions and quark-gluon plasma
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0.4 fm/c

<latexit sha1_base64="7nz6hIORkALHsFp/c9hEkX+kbAw=">AAAB+XicjVDLSgNBEOz1GeNr1aOXwSB4WjcS0WPQi8cI5gHJEmYns8mQmd1lpjcYlvyJFw+KePVPvPk3Th4HFQULGoqqbrqoMJXCoO9/OEvLK6tr64WN4ubW9s6uu7ffMEmmGa+zRCa6FVLDpYh5HQVK3ko1pyqUvBkOr6d+c8S1EUl8h+OUB4r2YxEJRtFKXdf1vQrpIL/HnETqlE26bqns+TOQv0kJFqh13fdOL2GZ4jEySY1pl/0Ug5xqFEzySbGTGZ5SNqR93rY0poqbIJ8ln5Bjq/RIlGg7MZKZ+vUip8qYsQrtpqI4MD+9qfib184wugxyEacZ8pjNH0WZJJiQaQ2kJzRnKMeWUKaFzUrYgGrK0JZV/F8JjTOvXPHObyul6tWijgIcwhGcQBkuoAo3UIM6MBjBAzzBs5M7j86L8zpfXXIWNwfwDc7bJwrMkqY=</latexit>

6 fm/c

<latexit sha1_base64="NOxzPyMRw6ai2lF5gkT21Zbg/cA=">AAAB9XicjVDLSgNBEJz1GeMr6tHLYBA8xV2Jj2PQi8cI5gHJGmYnvcmQmd1lplcNS/7DiwdFvPov3vwbJ4+DioIFDUVVN11UkEhh0HU/nLn5hcWl5dxKfnVtfWOzsLVdN3GqOdR4LGPdDJgBKSKooUAJzUQDU4GERjC4GPuNW9BGxNE1DhPwFetFIhScoZVuTmgb4R4zGqpDPuoUil7JnYD+TYpkhmqn8N7uxjxVECGXzJiW5yboZ0yj4BJG+XZqIGF8wHrQsjRiCoyfTVKP6L5VujSMtZ0I6UT9epExZcxQBXZTMeybn95Y/M1rpRie+ZmIkhQh4tNHYSopxnRcAe0KDRzl0BLGtbBZKe8zzTjaovL/K6F+VPLKpeOrcrFyPqsjR3bJHjkgHjklFXJJqqRGONHkgTyRZ+fOeXRenNfp6pwzu9kh3+C8fQK4MpIF</latexit>

far from equilibrium initial state hydrodynamics hadron gas

⇠ 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

energy

⇠ 1 GeV

<latexit sha1_base64="Aq6dfdBvveG0AjKZFgZ9oJAM9a0=">AAAB+3icbVDLSgNBEJyNrxhfMR69DAbBU9gVRY9BD3qMYB6QLGF20psMmdldZnolYcmvePGgiFd/xJt/4+Rx0MSChqKqm+6uIJHCoOt+O7m19Y3Nrfx2YWd3b/+geFhqmDjVHOo8lrFuBcyAFBHUUaCEVqKBqUBCMxjeTv3mE2gj4ugRxwn4ivUjEQrO0ErdYqljhKIe7SCMMKN30Jh0i2W34s5AV4m3IGWyQK1b/Or0Yp4qiJBLZkzbcxP0M6ZRcAmTQic1kDA+ZH1oWxoxBcbPZrdP6KlVejSMta0I6Uz9PZExZcxYBbZTMRyYZW8q/ue1Uwyv/UxESYoQ8fmiMJUUYzoNgvaEBo5ybAnjWthbKR8wzTjauAo2BG/55VXSOK94F5XLh4ty9WYRR54ckxNyRjxyRarkntRInXAyIs/klbw5E+fFeXc+5q05ZzFzRP7A+fwB5xSTuA==</latexit>

Heavy-ion collisions



6Jasmine Brewer (Oxford)

0.4 fm/c
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6 fm/c
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far from equilibrium initial state hydrodynamics hadron gas

high energy scatterings

⇠ 1 fm/c
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⇠ 10 fm/c
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time

energy loss

energy

⇠ 1 GeV

<latexit sha1_base64="Aq6dfdBvveG0AjKZFgZ9oJAM9a0=">AAAB+3icbVDLSgNBEJyNrxhfMR69DAbBU9gVRY9BD3qMYB6QLGF20psMmdldZnolYcmvePGgiFd/xJt/4+Rx0MSChqKqm+6uIJHCoOt+O7m19Y3Nrfx2YWd3b/+geFhqmDjVHOo8lrFuBcyAFBHUUaCEVqKBqUBCMxjeTv3mE2gj4ugRxwn4ivUjEQrO0ErdYqljhKIe7SCMMKN30Jh0i2W34s5AV4m3IGWyQK1b/Or0Yp4qiJBLZkzbcxP0M6ZRcAmTQic1kDA+ZH1oWxoxBcbPZrdP6KlVejSMta0I6Uz9PZExZcxYBbZTMRyYZW8q/ue1Uwyv/UxESYoQ8fmiMJUUYzoNgvaEBo5ybAnjWthbKR8wzTjauAo2BG/55VXSOK94F5XLh4ty9WYRR54ckxNyRjxyRarkntRInXAyIs/klbw5E+fFeXc+5q05ZzFzRP7A+fwB5xSTuA==</latexit>

⇠ 100 GeV

<latexit sha1_base64="5u4T7cvvmoy8cOFNUaeKkVmtlEw=">AAAB/XicbVDJSgNBEO2JW4zbuNy8NAbBU5iRiB6DHvQYwSyQCaGnU0ma9Cx014hxCP6KFw+KePU/vPk3dpI5aOKDgsd7VVTV82MpNDrOt5VbWl5ZXcuvFzY2t7Z37N29uo4SxaHGIxmpps80SBFCDQVKaMYKWOBLaPjDq4nfuAelRRTe4SiGdsD6oegJztBIHfvA0yKgruNQD+EBU3oN9XHHLjolZwq6SNyMFEmGasf+8roRTwIIkUumdct1YmynTKHgEsYFL9EQMz5kfWgZGrIAdDudXj+mx0bp0l6kTIVIp+rviZQFWo8C33QGDAd63puI/3mtBHsX7VSEcYIQ8tmiXiIpRnQSBe0KBRzlyBDGlTC3Uj5ginE0gRVMCO78y4ukflpyy6Wz23KxcpnFkSeH5IicEJeckwq5IVVSI5w8kmfySt6sJ+vFerc+Zq05K5vZJ39gff4Ay4uULA==</latexit>

Heavy-ion collisions
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Studying the dense QCD medium

Collective behavior 
of low-𝑝! particles

Modification of 
high-energy probes
(hadrons, jets, 
heavy flavor, ..)

Jasmine Brewer (Oxford)

⇠ 1 GeV

<latexit sha1_base64="Aq6dfdBvveG0AjKZFgZ9oJAM9a0=">AAAB+3icbVDLSgNBEJyNrxhfMR69DAbBU9gVRY9BD3qMYB6QLGF20psMmdldZnolYcmvePGgiFd/xJt/4+Rx0MSChqKqm+6uIJHCoOt+O7m19Y3Nrfx2YWd3b/+geFhqmDjVHOo8lrFuBcyAFBHUUaCEVqKBqUBCMxjeTv3mE2gj4ugRxwn4ivUjEQrO0ErdYqljhKIe7SCMMKN30Jh0i2W34s5AV4m3IGWyQK1b/Or0Yp4qiJBLZkzbcxP0M6ZRcAmTQic1kDA+ZH1oWxoxBcbPZrdP6KlVejSMta0I6Uz9PZExZcxYBbZTMRyYZW8q/ue1Uwyv/UxESYoQ8fmiMJUUYzoNgvaEBo5ybAnjWthbKR8wzTjauAo2BG/55VXSOK94F5XLh4ty9WYRR54ckxNyRjxyRarkntRInXAyIs/klbw5E+fFeXc+5q05ZzFzRP7A+fwB5xSTuA==</latexit>

⇠ 100 GeV

<latexit sha1_base64="5u4T7cvvmoy8cOFNUaeKkVmtlEw=">AAAB/XicbVDJSgNBEO2JW4zbuNy8NAbBU5iRiB6DHvQYwSyQCaGnU0ma9Cx014hxCP6KFw+KePU/vPk3dpI5aOKDgsd7VVTV82MpNDrOt5VbWl5ZXcuvFzY2t7Z37N29uo4SxaHGIxmpps80SBFCDQVKaMYKWOBLaPjDq4nfuAelRRTe4SiGdsD6oegJztBIHfvA0yKgruNQD+EBU3oN9XHHLjolZwq6SNyMFEmGasf+8roRTwIIkUumdct1YmynTKHgEsYFL9EQMz5kfWgZGrIAdDudXj+mx0bp0l6kTIVIp+rviZQFWo8C33QGDAd63puI/3mtBHsX7VSEcYIQ8tmiXiIpRnQSBe0KBRzlyBDGlTC3Uj5ginE0gRVMCO78y4ukflpyy6Wz23KxcpnFkSeH5IicEJeckwq5IVVSI5w8kmfySt6sJ+vFerc+Zq05K5vZJ39gff4Ay4uULA==</latexit>

high 𝑝!

low 𝑝!
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heavy-ionproton–proton

“baseline” jet properties

Modification of jets as a probe of quark-gluon plasma

Jasmine Brewer (Oxford)

• Half as many jets per 𝑝! 
in heavy-ion collisions

• Enhanced asymmetry of 
back-to-back jets

• …

Large effect:
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Parton splittings in vacuum

dPi!jk =
d✓

✓
dz Pi!jk(z)

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

Splitting 
functions

✓

<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>

hadrons

Iteratively apply splitting functions, 
descending in angle, virtuality

Going to higher accuracy

Parton showers connect perturbative QCD to hadronic world

Parton showers Next-to-leading 
log calculations↵s ! 0

<latexit sha1_base64="gS6VjasQ/aAzGFH9Jhksn7ZV6uw=">AAAB/3icbVBNS8NAEN34WetXVPDiZbEInkoiFT0WvXisYD+gCWGy3bRLN5uwu1FK7MG/4sWDIl79G978N27bHLT1wcDjvRlm5oUpZ0o7zre1tLyyurZe2ihvbm3v7Np7+y2VZJLQJkl4IjshKMqZoE3NNKedVFKIQ07b4fB64rfvqVQsEXd6lFI/hr5gESOgjRTYhx7wdACBwp5k/YEGKZMH7AR2xak6U+BF4hakggo0AvvL6yUki6nQhINSXddJtZ+D1IxwOi57maIpkCH0addQATFVfj69f4xPjNLDUSJNCY2n6u+JHGKlRnFoOmPQAzXvTcT/vG6mo0s/ZyLNNBVktijKONYJnoSBe0xSovnIECCSmVsxGYAEok1kZROCO//yImmdVd1a9fy2VqlfFXGU0BE6RqfIRReojm5QAzURQY/oGb2iN+vJerHerY9Z65JVzBygP7A+fwCc4JXY</latexit>

𝜃! 𝜃" 𝜃# ✓1 � ✓2 � ✓3

<latexit sha1_base64="bhPqkdniWIFYCjJLB+rxglRteAo=">AAACC3icbVDLSsNAFJ34rPUVdelmaBFclaRWdFl047KCfUATwmQ6SYdOHszcCCV078ZfceNCEbf+gDv/xmmbRW09MHDuOfdy5x4/FVyBZf0Ya+sbm1vbpZ3y7t7+waF5dNxRSSYpa9NEJLLnE8UEj1kbOAjWSyUjkS9Y1x/dTv3uI5OKJ/EDjFPmRiSMecApAS15ZsWBIQPi2dgJQ1wU9cXiwjOrVs2aAa8SuyBVVKDlmd/OIKFZxGKggijVt60U3JxI4FSwSdnJFEsJHZGQ9TWNScSUm89umeAzrQxwkEj9YsAzdXEiJ5FS48jXnRGBoVr2puJ/Xj+D4NrNeZxmwGI6XxRkAkOCp8HgAZeMghhrQqjk+q+YDokkFHR8ZR2CvXzyKunUa3ajdnnfqDZvijhK6BRV0Dmy0RVqojvUQm1E0RN6QW/o3Xg2Xo0P43PeumYUMyfoD4yvXzTBmeQ=</latexit>
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A single high-energy parton in finite-temperature QCD

q̂ ⌘ dhk2?i
dt

<latexit sha1_base64="X2IwEQCl2qq/YuCnhNYwXkiTbOY=">AAACLXicbVDLSgMxFM34rPU16tJNsAiuykyp6FLUhcsKVoVOLZn0ThuayYzJnWIZ+kNu/BURXFTErb9hWgs+DwQO55yb5J4wlcKg542cmdm5+YXFwlJxeWV1bd3d2Lw0SaY51HkiE30dMgNSKKijQAnXqQYWhxKuwt7J2L/qgzYiURc4SKEZs44SkeAMrdRyT4Muw/x2SAO4zUSfBpFmPA8Q7jBvW1Uy1ZFAe60gBZ3eVGigJ8rwK4PDllvyyt4E9C/xp6REpqi13KegnfAsBoVcMmMavpdiM2caBbd3F4PMQMp4j3WgYaliMZhmPtl2SHet0qZRou1RSCfq94mcxcYM4tAmY4Zd89sbi/95jQyjw2YuVJohKP75UJRJigkdV0fbQgNHObCEcS3sXynvMtsX2oKLtgT/98p/yWWl7FfL++fV0tHxtI4C2SY7ZI/45IAckTNSI3XCyT15JCPy4jw4z86r8/YZnXGmM1vkB5z3D1erqgo=</latexit>

lF = L

<latexit sha1_base64="hiIjdgZUQjRbaUeCmirzu32PWS4=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKexKRC9CUBAPHiKYByRLmJ10kiGzs8vMrBCWfIQXD4p49Xu8+TdOkj1oYkFDUdVNd1cQC66N6347uZXVtfWN/GZha3tnd6+4f9DQUaIY1lkkItUKqEbBJdYNNwJbsUIaBgKbwehm6jefUGkeyUczjtEP6UDyPmfUWKkpurfkitx3iyW37M5AlomXkRJkqHWLX51exJIQpWGCat323Nj4KVWGM4GTQifRGFM2ogNsWyppiNpPZ+dOyIlVeqQfKVvSkJn6eyKlodbjMLCdITVDvehNxf+8dmL6l37KZZwYlGy+qJ8IYiIy/Z30uEJmxNgSyhS3txI2pIoyYxMq2BC8xZeXSeOs7FXK5w+VUvU6iyMPR3AMp+DBBVThDmpQBwYjeIZXeHNi58V5dz7mrTknmzmEP3A+fwDlcY6i</latexit>

lF = lmfp

<latexit sha1_base64="tTsTrr/dFtdypYqVxVKwBtw5Tjo=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCp5JIRS9CURCPFewHtCVstpt26WYTdifSEvJXvHhQxKt/xJv/xm2bg7Y+GHi8N8PMPD8WXIPjfFuFtfWNza3idmlnd2//wD4st3SUKMqaNBKR6vhEM8ElawIHwTqxYiT0BWv749uZ335iSvNIPsI0Zv2QDCUPOCVgJM8uC+8OX2Ph9YBNIA2DOPPsilN15sCrxM1JBeVoePZXbxDRJGQSqCBad10nhn5KFHAqWFbqJZrFhI7JkHUNlSRkup/Ob8/wqVEGOIiUKQl4rv6eSEmo9TT0TWdIYKSXvZn4n9dNILjqp1zGCTBJF4uCRGCI8CwIPOCKURBTQwhV3NyK6YgoQsHEVTIhuMsvr5LWedWtVS8eapX6TR5HER2jE3SGXHSJ6ugeNVATUTRBz+gVvVmZ9WK9Wx+L1oKVzxyhP7A+fwB9WZQc</latexit>

q̂l2mfp ⇠ T

<latexit sha1_base64="SYOK/RQKrqFrZr8juAcB6B3GL9c=">AAACBnicbVDLSsNAFJ34rPVVdSnCYBFclaRUdFl047JCX9DUMJlO2qEzSZy5EUvIyo2/4saFIm79Bnf+jdPHQlsPXDiccy/33uPHgmuw7W9raXlldW09t5Hf3Nre2S3s7Td1lCjKGjQSkWr7RDPBQ9YADoK1Y8WI9AVr+cOrsd+6Z0rzKKzDKGZdSfohDzglYCSvcOQOCKR3GRaeC+wBUhnE2W0Zu5pLXPcKRbtkT4AXiTMjRTRDzSt8ub2IJpKFQAXRuuPYMXRTooBTwbK8m2gWEzokfdYxNCSS6W46eSPDJ0bp4SBSpkLAE/X3REqk1iPpm05JYKDnvbH4n9dJILjopjyME2AhnS4KEoEhwuNMcI8rRkGMDCFUcXMrpgOiCAWTXN6E4My/vEia5ZJTKZ3dVIrVy1kcOXSIjtEpctA5qqJrVEMNRNEjekav6M16sl6sd+tj2rpkzWYO0B9Ynz8ix5jn</latexit>

q̂L2

<latexit sha1_base64="ousnSd7ZUqIEQrq3ee7eUKD5O1E=">AAAB8nicbVA9SwNBEN3zM8avqKXNYhCswl2IaBm0sbCIYD7gcoa9zV6yZG/33J0TwpGfYWOhiK2/xs5/4ya5QhMfDDzem2FmXpgIbsB1v52V1bX1jc3CVnF7Z3dvv3Rw2DIq1ZQ1qRJKd0JimOCSNYGDYJ1EMxKHgrXD0fXUbz8xbbiS9zBOWBCTgeQRpwSs5HeHBLLHCb59qPZKZbfizoCXiZeTMsrR6JW+un1F05hJoIIY43tuAkFGNHAq2KTYTQ1LCB2RAfMtlSRmJshmJ0/wqVX6OFLalgQ8U39PZCQ2ZhyHtjMmMDSL3lT8z/NTiC6DjMskBSbpfFGUCgwKT//Hfa4ZBTG2hFDN7a2YDokmFGxKRRuCt/jyMmlVK16tcn5XK9ev8jgK6BidoDPkoQtURzeogZqIIoWe0St6c8B5cd6dj3nripPPHKE/cD5/AMdpkO4=</latexit>

lF

<latexit sha1_base64="s/oJ2QvwXkK1s3GMBQyI1UBexHM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WNREI8V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4WV1bX1jeJmaWt7Z3evvH/Q1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8HoZuq3nlBpHstHM07Qj+hA8pAzaqz0IHq3vXLFrbozkGXi5aQCOeq98le3H7M0QmmYoFp3PDcxfkaV4UzgpNRNNSaUjegAO5ZKGqH2s9mpE3JilT4JY2VLGjJTf09kNNJ6HAW2M6JmqBe9qfif10lNeOVnXCapQcnmi8JUEBOT6d+kzxUyI8aWUKa4vZWwIVWUGZtOyYbgLb68TJpnVe+8enF/Xqld53EU4QiO4RQ8uIQa3EEdGsBgAM/wCm+OcF6cd+dj3lpw8plD+APn8wcb1I2x</latexit>

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

lF

<latexit sha1_base64="s/oJ2QvwXkK1s3GMBQyI1UBexHM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WNREI8V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4WV1bX1jeJmaWt7Z3evvH/Q1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8HoZuq3nlBpHstHM07Qj+hA8pAzaqz0IHq3vXLFrbozkGXi5aQCOeq98le3H7M0QmmYoFp3PDcxfkaV4UzgpNRNNSaUjegAO5ZKGqH2s9mpE3JilT4JY2VLGjJTf09kNNJ6HAW2M6JmqBe9qfif10lNeOVnXCapQcnmi8JUEBOT6d+kzxUyI8aWUKa4vZWwIVWUGZtOyYbgLb68TJpnVe+8enF/Xqld53EU4QiO4RQ8uIQa3EEdGsBgAM/wCm+OcF6cd+dj3lpw8plD+APn8wcb1I2x</latexit>

lF /
p
!

<latexit sha1_base64="/j6eN7RRY/+1gYhLc2ew1ZQWdVE=">AAACAnicbVDLSgMxFM3UV62vUVfiJlgEV2VGKrosCuKygn1AZyiZNNOGZpKYZIQyFDf+ihsXirj1K9z5N6btLLT1QOBwzr3cnBNJRrXxvG+nsLS8srpWXC9tbG5t77i7e00tUoVJAwsmVDtCmjDKScNQw0hbKoKSiJFWNLya+K0HojQV/M6MJAkT1Oc0phgZK3XdA9a9hoFUQhoBA32vTBaIhPTRuOuWvYo3BVwkfk7KIEe9634FPYHThHCDGdK643vShBlShmJGxqUg1UQiPER90rGUo4ToMJtGGMNjq/RgLJR93MCp+nsjQ4nWoySykwkyAz3vTcT/vE5q4oswo1ymhnA8OxSnDNq4kz5gjyqCDRtZgrCi9q8QD5BC2NjWSrYEfz7yImmeVvxq5ey2Wq5d5nUUwSE4AifAB+egBm5AHTQABo/gGbyCN+fJeXHenY/ZaMHJd/bBHzifP3qOl4E=</latexit>

Kicks occasionally induce gluon radiation

Baier, Dokshitzer, Mueller, Peigne, Schiff (1996), Zakharov (1996)
Arnold, Moore, Yaffe (2003)



11Jasmine Brewer (Oxford)

A high-energy parton fragments even in vacuum

Detailed interplay of vacuum physics and medium modification

Improved phenomenology

Improved theory

𝑡! 𝑡" 𝑡# 𝑡$

𝜃! 𝜃" 𝜃# 𝜃$

• Parton showers in medium

• Improved parton radiation spectrum

• Deconstructing a jet to access individual 
splittings

Caucal, Iancu, Mueller, Soyez, Wiedemann, Zapp, …

No current theories capture full complexity

vacuum shower

vacuum shower
in medium

medium shower

Mehtar-Tani, Tywoniuk, Andres, Dominguez, Salgado, …



12Jasmine Brewer (Oxford)

Building up a picture of a medium-modified jet from phenomenology

• Hadrons to splittings

• Flavor-dependence of splittings

hadrons

✓

<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>

hadrons



13Jasmine Brewer (Oxford)

Accessing splitting functions from jet substructure

jet

Access kinematics of gluon that 
initiated the shower (𝑝!, 𝑄$,…)



14Jasmine Brewer (Oxford)

Accessing splitting functions from jet substructure

Access kinematics of gluon that 
initiated the shower (𝑝!, 𝑄$,…)

jet

Use angular ordering of QCD to reconstruct emission history of shower from hadron level

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>

Larkoski, Marzani, Soyez, Thaler [1402.2657]



15Jasmine Brewer (Oxford)

QCD splitting function from jets

Accessing splitting functions from jet substructure

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>

Mehtar-Tani, Soto-Ontoso, Tywoniuk [1911.00375]; 
Caucal, Soto-Ontoso, Takacs [2111.14768]
(see also Apolinario, Cordeiro, Zapp [2012.02199])

• Adapted for heavy ions: splittings with shortest 
formation time, highest 𝑘", …

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

hadrons



16Jasmine Brewer (Oxford)

Accessing light flavor splitting functions

“gluon jet”

“quark jet”

• In vacuum

Pg!gg

<latexit sha1_base64="ecNH7IQ8AFINhews1XtfjXa4+68=">AAAB/nicbVBNS8NAEN3Ur1q/ouLJy2IRPJVEKnosevFYwX5AG8Jmu0mXbrJhd6KUUPCvePGgiFd/hzf/jds2B219MPB4b4aZeUEquAbH+bZKK6tr6xvlzcrW9s7unr1/0NYyU5S1qBRSdQOimeAJawEHwbqpYiQOBOsEo5up33lgSnOZ3MM4ZV5MooSHnBIwkm8fNf08wn3FoyEQpeQjjnA08e2qU3NmwMvELUgVFWj69ld/IGkWswSoIFr3XCcFLycKOBVsUulnmqWEjkjEeoYmJGbay2fnT/CpUQY4lMpUAnim/p7ISaz1OA5MZ0xgqBe9qfif18sgvPJynqQZsITOF4WZwCDxNAs84IpREGNDCFXc3IrpkChCwSRWMSG4iy8vk/Z5za3XLu7q1cZ1EUcZHaMTdIZcdIka6BY1UQtRlKNn9IrerCfrxXq3PuatJauYOUR/YH3+AM+ElWY=</latexit>

Pq!qg

<latexit sha1_base64="HmIUoHRLKaAr5YPhLut3TyorPYM=">AAAB/nicbVBNS8NAEN3Ur1q/ouLJy2IRPJVEKnosevFYwX5AG8Jmu2mXbrLp7kQpoeBf8eJBEa/+Dm/+G7dtDtr6YODx3gwz84JEcA2O820VVlbX1jeKm6Wt7Z3dPXv/oKllqihrUCmkagdEM8Fj1gAOgrUTxUgUCNYKhjdTv/XAlOYyvodxwryI9GMeckrASL59VPezEe4q3h8AUUo+4hHuT3y77FScGfAycXNSRjnqvv3V7UmaRiwGKojWHddJwMuIAk4Fm5S6qWYJoUPSZx1DYxIx7WWz8yf41Cg9HEplKgY8U39PZCTSehwFpjMiMNCL3lT8z+ukEF55GY+TFFhM54vCVGCQeJoF7nHFKIixIYQqbm7FdEAUoWASK5kQ3MWXl0nzvOJWKxd31XLtOo+jiI7RCTpDLrpENXSL6qiBKMrQM3pFb9aT9WK9Wx/z1oKVzxyiP7A+fwDunJV6</latexit>

• In medium

Flavor-dependent modification

JB, Jesse Thaler, Andrew Patrick Turner [2008.08596]; Ying, JB, Chen, Lee [2204.00641]

Observable-based, machine learning approaches

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>

Modified q,g splitting functions

Thaler, Metodiev, Komiske, Schwartz, Dreyer, Soyez, Takacs, Larkoski, …

Challenging to define beyond leading order

Banfi, Salam, Zanderighi [0601139]; Czakon, Mitov, Poncelet [2205.11879]; 
Caola, Grabarczyk, Hutt, Salam, Scyboz, Thaler [2306.07314]
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Accessing heavy flavor splitting functions

Heavy flavor splittings:
̅𝑐, %𝑏

𝑐, 𝑏𝑐, 𝑏
Advantages:

• Heavy flavor is preserved in the shower 
and not produced at hadronization

• At high energies, access light flavor splittings

Used in ALICE [2106.05713]

Focus of this talk: phenomenology of 𝑔 → 𝑐 ̅𝑐

• Access later (more modified) splittings in the shower
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Phenomenologically accessing the 𝑔 → 𝑐 ̅𝑐 splitting in jets

Leading processes for heavy quark production (approximately) collinear

Flavor creation

Flavor excitation Gluon splitting

Ilten, Rodd, Thaler, Williams [1702.02947] Gluon splitting Non-gluon-splitting
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Sample of showers including 𝑔 → 𝑐 ̅𝑐 
splitting with high purity

𝐷$

*𝐷$

Expected experimental sensitivity already in Run 3/4 

Phenomenologically accessing the 𝑔 → 𝑐 ̅𝑐 splitting in jets
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Modification of the 𝑔 → 𝑐 ̅𝑐	splitting function

Attems, JB, Innocenti, Mazeliauskas, Park, van der Schee, Wiedemann [2203.11241]

Resum arbitrarily-many soft gluon interactions 
with a medium of length L

Eg
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<latexit sha1_base64="TnFI/eTzUixb87l67kFfzXrwm9U=">AAAB6HicdVDLSgNBEOyNrxhfUY9eBoPgadld1yTegl48JmAekCxhdjKbjJl9MDMrxJAv8OJBEa9+kjf/xtkkgooWNBRV3XR3+QlnUlnWh5FbWV1b38hvFra2d3b3ivsHLRmngtAmiXksOj6WlLOINhVTnHYSQXHoc9r2x1eZ376jQrI4ulGThHohHkYsYAQrLTXu+8WSZV5Uy45bRpZpWRXbsTPiVNwzF9layVCCJer94ntvEJM0pJEiHEvZta1EeVMsFCOczgq9VNIEkzEe0q6mEQ6p9KbzQ2foRCsDFMRCV6TQXP0+McWhlJPQ150hViP528vEv7xuqoKqN2VRkioakcWiIOVIxSj7Gg2YoETxiSaYCKZvRWSEBSZKZ1PQIXx9iv4nLce0XfO84ZZql8s48nAEx3AKNlSgBtdQhyYQoPAAT/Bs3BqPxovxumjNGcuZQ/gB4+0TS/eNSA==</latexit>

Pg!cc̄(Eg, k
2
c , z) = P vac

g!cc̄(k
2
c , z) + Pmed

g!cc̄(Eg, k
2
c , z)

<latexit sha1_base64="iHIa/+AJ2bq2sbz/dszSxSDXxxY="></latexit>



21Jasmine Brewer (Oxford)

Modification of the 𝑔 → 𝑐 ̅𝑐	splitting function

Attems, JB, Innocenti, Mazeliauskas, Park, van der Schee, Wiedemann [2203.11241]

Resum arbitrarily-many soft gluon interactions 
with a medium of length L

Eg
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Results of the calculation:
• Depletion at small 𝑘%& broadening
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Modification of the 𝑔 → 𝑐 ̅𝑐	splitting function

Attems, JB, Innocenti, Mazeliauskas, Park, van der Schee, Wiedemann [2203.11241]

Resum arbitrarily-many soft gluon interactions 
with a medium of length L

Eg
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Results of the calculation:
• Depletion at small 𝑘%& 

• Less modification with increasing 𝐸' 

broadening

formation-time dependence



23Jasmine Brewer (Oxford)

Modification of the 𝑔 → 𝑐 ̅𝑐	splitting function

Attems, JB, Innocenti, Mazeliauskas, Park, van der Schee, Wiedemann [2203.11241]

Resum arbitrarily-many soft gluon interactions 
with a medium of length L

Eg
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Results of the calculation:
• Depletion at small 𝑘%& 

• Less modification with increasing 𝐸' 

• Medium-enhanced rate of 𝑐 ̅𝑐 production!

broadening

formation-time dependence

gluons promoted above 
threshold
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Reweight each splitting by

Observing g → 𝑐 ̅𝑐	 enhancement in jets

𝐷$

*𝐷$

Get kinematics of g → 𝑐 ̅𝑐 

Attems, JB, Innocenti, Mazeliauskas, Park, van der Schee, Wiedemann [2209.13600]
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Reweight each splitting by

Observing g → 𝑐 ̅𝑐	 enhancement in jets

𝐷$

*𝐷$

Get kinematics of g → 𝑐 ̅𝑐 

Attems, JB, Innocenti, Mazeliauskas, Park, van der Schee, Wiedemann [2209.13600]

2 < qL [GeV2] < 8

Pythia 8.3, s =5.5 TeV
qL = 4 GeV2
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JetMed vacuum, s =5.5 TeV

static (4 fm, α=0.24)
static (3 fm, α=0.35)

expanding
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𝑔 → 𝑐 ̅𝑐 enhancement in state-of-the-art Monte Carlo simulations

Attems, JB, Innocenti, Mazeliauskas, Park, van der Schee, Wiedemann [2209.13600]

w/ Gregory Soyez
Jet quenching in JetMed: factorization of 

vacuum-like and medium-induced emissions
Caucal, Iancu, Soyez 
[1907.04866]

𝐷$

*𝐷$

𝑐

̅𝑐

(parton level)



27Jasmine Brewer (Oxford)

Beyond enhancement: unique phenomenology of 𝑔 → 𝑐 ̅𝑐 splittings 

Eg
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𝐷$

*𝐷$

A uniquely clean phenomenological signature of medium modification

• Isolate individual type of splitting (not quark 
and gluon mixture) at any stage of the shower

• Splitting can be identified at hadron level from 
𝐷 and %𝐷 in reclustering history

• Splitting kinematics from reclustering history
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Can use jet substructure to access broadening at hadron-level

Beyond enhancement: unique phenomenology of 𝑔 → 𝑐 ̅𝑐 splittings 

Eg
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<latexit sha1_base64="TnFI/eTzUixb87l67kFfzXrwm9U=">AAAB6HicdVDLSgNBEOyNrxhfUY9eBoPgadld1yTegl48JmAekCxhdjKbjJl9MDMrxJAv8OJBEa9+kjf/xtkkgooWNBRV3XR3+QlnUlnWh5FbWV1b38hvFra2d3b3ivsHLRmngtAmiXksOj6WlLOINhVTnHYSQXHoc9r2x1eZ376jQrI4ulGThHohHkYsYAQrLTXu+8WSZV5Uy45bRpZpWRXbsTPiVNwzF9layVCCJer94ntvEJM0pJEiHEvZta1EeVMsFCOczgq9VNIEkzEe0q6mEQ6p9KbzQ2foRCsDFMRCV6TQXP0+McWhlJPQ150hViP528vEv7xuqoKqN2VRkioakcWiIOVIxSj7Gg2YoETxiSaYCKZvRWSEBSZKZ1PQIXx9iv4nLce0XfO84ZZql8s48nAEx3AKNlSgBtdQhyYQoPAAT/Bs3BqPxovxumjNGcuZQ/gB4+0TS/eNSA==</latexit>

• Broadening: momentum broadening of 𝑐 ̅𝑐 pair

2 < qL [GeV2] < 8

Pythia 8.3
qL = 4 GeV2
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Eg
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z
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Gluons have a “lifetime”      depending on their energy

time

⌧f ⇠ 2Eg

Q2
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Another time-delayed probe: Apolinario, Milhano, Salam, Salgado [1711.03105]

Beyond enhancement: unique phenomenology of 𝑔 → 𝑐 ̅𝑐 splittings 

• Formation time dependence of broadening
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Gluons have a “lifetime”      depending on their energy

time

⌧f ⇠ 2Eg
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<latexit sha1_base64="onkxCOdSPRp0o47mxKhnF7D6j2E=">AAACBnicbVDLSsNAFJ3UV62vqEsRBovgqiSlosuiCC5bsA9oYphMJ+3QmUmYmQgldOXGX3HjQhG3foM7/8Zpm4W2HrhwOOde7r0nTBhV2nG+rcLK6tr6RnGztLW9s7tn7x+0VZxKTFo4ZrHshkgRRgVpaaoZ6SaSIB4y0glH11O/80CkorG40+OE+BwNBI0oRtpIgX3saZQGEfQU5dCLJMJZFd4Eg0nWvK9OArvsVJwZ4DJxc1IGORqB/eX1Y5xyIjRmSKme6yTaz5DUFDMyKXmpIgnCIzQgPUMF4kT52eyNCTw1Sh9GsTQlNJypvycyxJUa89B0cqSHatGbiv95vVRHl35GRZJqIvB8UZQyqGM4zQT2qSRYs7EhCEtqboV4iEwW2iRXMiG4iy8vk3a14tYq581auX6Vx1EER+AEnAEXXIA6uAUN0AIYPIJn8ArerCfrxXq3PuatBSufOQR/YH3+ACgemEs=</latexit>

Another time-delayed probe: Apolinario, Milhano, Salam, Salgado [1711.03105]

time time

• Access modification of 𝑐 ̅𝑐 pair at later times in the QGP 

Increasing gluon energy

∼ 1 − 6	fm delay for 
20 − 100	GeV gluons 

Beyond enhancement: unique phenomenology of 𝑔 → 𝑐 ̅𝑐 splittings 

• Formation time dependence of broadening



31Jasmine Brewer (Oxford)
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splitting virtuality < 5 GeV

• Formation time dependence of broadening

Near mass threshold 𝑄$ ∼ 𝑚%
$, formation time grows with energy

Beyond enhancement: unique phenomenology of 𝑔 → 𝑐 ̅𝑐 splittings 
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A process with many exciting future avenues!

• Broadening of 𝑐 ̅𝑐 pair from hadron level

• Formation time dependence of modification

• Medium-enhanced rate of 𝑐 ̅𝑐 production

Outlook

So far..

Clean process with a lot of exciting physics opportunities!

2 < qL [GeV2] < 8
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Phenomenology of heavy-flavor tagged jets

Constructing a picture of modified jets from phenomenology

Outlook

̅𝑐

𝑐 𝑐 𝑐

Pq!qg
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This work Future

hadrons


