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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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Evidence for the formation of dense QCD medium

Collective behavior 
of low-𝑝! particles

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

Jasmine Brewer (CERN)

⇠ 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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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

high energy scatterings

⇠ 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 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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Heavy-ion collisions have initial ellipticitylow 𝑝!

Long-range correlations as a characteristic signature of collectivity

100 µs

<latexit sha1_base64="MyT/vQTocKOKkZJrgvFNRr3hdYg=">AAACAnicjVDLSsNAFJ3UV62vqCtxM1gEVyWRii6LblxWsA9oQplMJ+3QmSTM3IglBDf+ihsXirj1K9z5N07bLFQUPHDhzDn3cueeIBFcg+N8WKWFxaXllfJqZW19Y3PL3t5p6zhVlLVoLGLVDYhmgkesBRwE6yaKERkI1gnGF1O/c8OU5nF0DZOE+ZIMIx5ySsBIfXvPdRzsAbuFDOfYk2nx0Hnfrro1Zwb8N6miAs2+/e4NYppKFgEVROue6yTgZ0QBp4LlFS/VLCF0TIasZ2hEJNN+Njshx4dGGeAwVqYiwDP160RGpNYTGZhOSWCkf3pT8Tevl0J45mc8SlJgEZ0vClOBIcbTPPCAK0ZBTAwhVHHzV0xHRBEKJrXK/0JoH9fceu3kql5tnBdxlNE+OkBHyEWnqIEuURO1EEV36AE9oWfr3nq0XqzXeWvJKmZ20TdYb58aaJak</latexit>

200 µs

<latexit sha1_base64="RwGpzmWF1GSmKTNDddVD09DjSO8=">AAACAnicjVDLSsNAFJ34rPUVdSVuBovgqiSlosuiG5cV7AOaUCbTSTt0ZhJmbsQSght/xY0LRdz6Fe78G9M2CxUFD1w4c8693LkniAU34Dgf1sLi0vLKammtvL6xubVt7+y2TZRoylo0EpHuBsQwwRVrAQfBurFmRAaCdYLxxdTv3DBteKSuYRIzX5Kh4iGnBHKpb+/XHAd7wG4hxRn2ZFI8TNa3K27VmQH/TSqoQLNvv3uDiCaSKaCCGNNznRj8lGjgVLCs7CWGxYSOyZD1cqqIZMZPZydk+ChXBjiMdF4K8Ez9OpESacxEBnmnJDAyP72p+JvXSyA881Ou4gSYovNFYSIwRHiaBx5wzSiISU4I1Tz/K6YjogmFPLXy/0Jo16puvXpyVa80zos4SugAHaJj5KJT1ECXqIlaiKI79ICe0LN1bz1aL9brvHXBKmb20DdYb58cBJal</latexit>

400 µs

<latexit sha1_base64="b3GmJdpaG1TmZDOeK/9TV8D/ifs=">AAACAnicjVDLSsNAFJ3UV62vqCtxM1gEVyWRii6LblxWsA9oQplMJ+3QmSTM3IglBDf+ihsXirj1K9z5N07bLFQUPHDhzDn3cueeIBFcg+N8WKWFxaXllfJqZW19Y3PL3t5p6zhVlLVoLGLVDYhmgkesBRwE6yaKERkI1gnGF1O/c8OU5nF0DZOE+ZIMIx5ySsBIfXuv7jjYA3YLGc6xJ9PiofO+XXVrzgz4b1JFBZp9+90bxDSVLAIqiNY910nAz4gCTgXLK16qWULomAxZz9CISKb9bHZCjg+NMsBhrExFgGfq14mMSK0nMjCdksBI//Sm4m9eL4XwzM94lKTAIjpfFKYCQ4yneeABV4yCmBhCqOLmr5iOiCIUTGqV/4XQPq659drJVb3aOC/iKKN9dICOkItOUQNdoiZqIYru0AN6Qs/WvfVovViv89aSVczsom+w3j4BHzyWpw==</latexit>

Pressure 
gradient spatial anisotropy

momentum 
anisotropy

Pb-Pb

dN

d�
/ 1 + 2v2 cos(2�) + 2v3 cos(3�) + . . .

<latexit sha1_base64="k83Pfol33CxdHk1ObeMZvE2BTr4="></latexit>

jets

2-particle correlation

Degenerate Fermi gas
O’Hara et. al. Science 13 Dec 2002



7Jasmine Brewer (CERN)

Heavy-ion collisions have initial ellipticitylow 𝑝!

Long-range correlations as a characteristic signature of collectivity

Degenerate Fermi gas
O’Hara et. al. Science 13 Dec 2002

100 µs

<latexit sha1_base64="MyT/vQTocKOKkZJrgvFNRr3hdYg=">AAACAnicjVDLSsNAFJ3UV62vqCtxM1gEVyWRii6LblxWsA9oQplMJ+3QmSTM3IglBDf+ihsXirj1K9z5N07bLFQUPHDhzDn3cueeIBFcg+N8WKWFxaXllfJqZW19Y3PL3t5p6zhVlLVoLGLVDYhmgkesBRwE6yaKERkI1gnGF1O/c8OU5nF0DZOE+ZIMIx5ySsBIfXvPdRzsAbuFDOfYk2nx0Hnfrro1Zwb8N6miAs2+/e4NYppKFgEVROue6yTgZ0QBp4LlFS/VLCF0TIasZ2hEJNN+Njshx4dGGeAwVqYiwDP160RGpNYTGZhOSWCkf3pT8Tevl0J45mc8SlJgEZ0vClOBIcbTPPCAK0ZBTAwhVHHzV0xHRBEKJrXK/0JoH9fceu3kql5tnBdxlNE+OkBHyEWnqIEuURO1EEV36AE9oWfr3nq0XqzXeWvJKmZ20TdYb58aaJak</latexit>

200 µs

<latexit sha1_base64="RwGpzmWF1GSmKTNDddVD09DjSO8=">AAACAnicjVDLSsNAFJ34rPUVdSVuBovgqiSlosuiG5cV7AOaUCbTSTt0ZhJmbsQSght/xY0LRdz6Fe78G9M2CxUFD1w4c8693LkniAU34Dgf1sLi0vLKammtvL6xubVt7+y2TZRoylo0EpHuBsQwwRVrAQfBurFmRAaCdYLxxdTv3DBteKSuYRIzX5Kh4iGnBHKpb+/XHAd7wG4hxRn2ZFI8TNa3K27VmQH/TSqoQLNvv3uDiCaSKaCCGNNznRj8lGjgVLCs7CWGxYSOyZD1cqqIZMZPZydk+ChXBjiMdF4K8Ez9OpESacxEBnmnJDAyP72p+JvXSyA881Ou4gSYovNFYSIwRHiaBx5wzSiISU4I1Tz/K6YjogmFPLXy/0Jo16puvXpyVa80zos4SugAHaJj5KJT1ECXqIlaiKI79ICe0LN1bz1aL9brvHXBKmb20DdYb58cBJal</latexit>

400 µs

<latexit sha1_base64="b3GmJdpaG1TmZDOeK/9TV8D/ifs=">AAACAnicjVDLSsNAFJ3UV62vqCtxM1gEVyWRii6LblxWsA9oQplMJ+3QmSTM3IglBDf+ihsXirj1K9z5N07bLFQUPHDhzDn3cueeIBFcg+N8WKWFxaXllfJqZW19Y3PL3t5p6zhVlLVoLGLVDYhmgkesBRwE6yaKERkI1gnGF1O/c8OU5nF0DZOE+ZIMIx5ySsBIfXuv7jjYA3YLGc6xJ9PiofO+XXVrzgz4b1JFBZp9+90bxDSVLAIqiNY910nAz4gCTgXLK16qWULomAxZz9CISKb9bHZCjg+NMsBhrExFgGfq14mMSK0nMjCdksBI//Sm4m9eL4XwzM94lKTAIjpfFKYCQ4yneeABV4yCmBhCqOLmr5iOiCIUTGqV/4XQPq659drJVb3aOC/iKKN9dICOkItOUQNdoiZqIYru0AN6Qs/WvfVovViv89aSVczsom+w3j4BHzyWpw==</latexit>

Pressure 
gradient spatial anisotropy

momentum 
anisotropy

Pb-Pb

dN

d�
/ 1 + 2v2 cos(2�) + 2v3 cos(3�) + . . .

<latexit sha1_base64="k83Pfol33CxdHk1ObeMZvE2BTr4="></latexit>

2-particle correlation

jets
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Azimuthal correlations captured by hydrodynamics and 
constrain transport coefficients of the QGP

Bernhard, Moreland, Bass Nature Phys. 15 (2019) 11

low 𝑝!

⌘

s

<latexit sha1_base64="Rfz9IDWiloOIPARPy56jYbmmqow=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKosegF48RzAOya5idzCZDZh/M9Cph2f/w4kERr/6LN//GSbIHTSxoKKq66e7yEyk02va3VVpZXVvfKG9WtrZ3dveq+wdtHaeK8RaLZay6PtVcioi3UKDk3URxGvqSd/zxzdTvPHKlRRzd4yThXkiHkQgEo2ikBzdQlGUuR5pnOu9Xa3bdnoEsE6cgNSjQ7Fe/3EHM0pBHyCTVuufYCXoZVSiY5HnFTTVPKBvTIe8ZGtGQay+bXZ2TE6MMSBArUxGSmfp7IqOh1pPQN50hxZFe9Kbif14vxeDKy0SUpMgjNl8UpJJgTKYRkIFQnKGcGEKZEuZWwkbUBIEmqIoJwVl8eZm0z+rOef3i7rzWuC7iKMMRHMMpOHAJDbiFJrSAgYJneIU368l6sd6tj3lrySpmDuEPrM8fOguS/w==</latexit>

Temperature (MeV)

<latexit sha1_base64="ZAuwP2SgtHiZwEQtRcQv+bT1Rk0=">AAACAXicbVDLSgNBEJz1GeMr6kXwMhiEeAm7EtFj0IsXIUJekCxhdtJJhsw+mOkVwxIv/ooXD4p49S+8+TdOkj1oYkFDUdVNd5cXSaHRtr+tpeWV1bX1zEZ2c2t7Zze3t1/XYaw41HgoQ9X0mAYpAqihQAnNSAHzPQkNb3g98Rv3oLQIgyqOInB91g9ET3CGRurkDtsID5hUwY9AMYwV0MIt1E/HnVzeLtpT0EXipCRPUlQ6ua92N+SxDwFyybRuOXaEbsIUCi5hnG3HGiLGh6wPLUMD5oN2k+kHY3pilC7thcpUgHSq/p5ImK/1yPdMp89woOe9ifif14qxd+kmIohihIDPFvViSTGkkzhoVyjgKEeGMK6EuZXyAVOMowkta0Jw5l9eJPWzolMqnt+V8uWrNI4MOSLHpEAcckHK5IZUSI1w8kieySt5s56sF+vd+pi1LlnpzAH5A+vzB0OrlsM=</latexit>

multiplicity (dNch/d⌘)

<latexit sha1_base64="Ud6Y4xZG8Epjzvb9rVSMWtEBW8U=">AAACEXicbVDJSgNBEO2JW4zbqEcvjUGIlzgjET0GvXiSCGaBJISenkrSpGehu0YMQ37Bi7/ixYMiXr1582/sLAdNfFDweK+KqnpeLIVGx/m2MkvLK6tr2fXcxubW9o69u1fTUaI4VHkkI9XwmAYpQqiiQAmNWAELPAl1b3A19uv3oLSIwjscxtAOWC8UXcEZGqljF1oID5gGiURh9nGBQzoq+Dedqc77oxO/BciOO3beKToT0EXizkiezFDp2F8tP+JJACFyybRuuk6M7ZQpFFzCKNdKNMSMD1gPmoaGLADdTicfjeiRUXzajZSpEOlE/T2RskDrYeCZzoBhX897Y/E/r5lg96KdijBOEEI+XdRNJMWIjuOhvlDAUQ4NYVwJcyvlfaYYRxNizoTgzr+8SGqnRbdUPLst5cuXsziy5IAckgJxyTkpk2tSIVXCySN5Jq/kzXqyXqx362PamrFmM/vkD6zPH4x1nhQ=</latexit>

Schenke, Shen, Tribedy [2005.14682], Chun Shen QM’19



9Jasmine Brewer (CERN)

Azimuthal correlations captured by hydrodynamics and 
constrain transport coefficients of the QGP

low 𝑝!

⇠ 1

4⇡

<latexit sha1_base64="iZJn34J085JtAZzj8uj+T9edAbc=">AAAB/HicbVBNS8NAEJ34WetXtEcvi0XwVBKp6LHoxWMF+wFNKJvtpl262YTdjRBC/CtePCji1R/izX/jts1BWx8MPN6bYWZekHCmtON8W2vrG5tb25Wd6u7e/sGhfXTcVXEqCe2QmMeyH2BFORO0o5nmtJ9IiqOA014wvZ35vUcqFYvFg84S6kd4LFjICNZGGto1T7EIeaHEJHeLvOklrBjadafhzIFWiVuSOpRoD+0vbxSTNKJCE46VGrhOov0cS80Ip0XVSxVNMJniMR0YKnBElZ/Pjy/QmVFGKIylKaHRXP09keNIqSwKTGeE9UQtezPxP2+Q6vDaz5lIUk0FWSwKU450jGZJoBGTlGieGYKJZOZWRCbYBKFNXlUTgrv88irpXjTcZuPyvllv3ZRxVOAETuEcXLiCFtxBGzpAIINneIU368l6sd6tj0XrmlXO1OAPrM8fjOiUuA==</latexit>

T/Tc

<latexit sha1_base64="VRxg7ngxQOx4CY31p01JzTldLj0=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU02koseiF48VWltoQ9lsJ+3SzSbsboQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fDoUcepYthisYhVJ6AaBZfYMtwI7CQKaRQIbAfju5nffkKleSybZpKgH9Gh5CFn1Fip1bxo9lm/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuyUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxPe+BmXSWpQssWiMBXExGT2ORlwhcyIiSWUKW5vJWxEFWXG5lOyIXjLL6+Sx8uqV6tePdQq9ds8jiKcwCmcgwfXUId7aEALGHB4hld4c6Tz4rw7H4vWgpPPHMMfOJ8/NYKOTQ==</latexit>

⌘

s

<latexit sha1_base64="Rfz9IDWiloOIPARPy56jYbmmqow=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKosegF48RzAOya5idzCZDZh/M9Cph2f/w4kERr/6LN//GSbIHTSxoKKq66e7yEyk02va3VVpZXVvfKG9WtrZ3dveq+wdtHaeK8RaLZay6PtVcioi3UKDk3URxGvqSd/zxzdTvPHKlRRzd4yThXkiHkQgEo2ikBzdQlGUuR5pnOu9Xa3bdnoEsE6cgNSjQ7Fe/3EHM0pBHyCTVuufYCXoZVSiY5HnFTTVPKBvTIe8ZGtGQay+bXZ2TE6MMSBArUxGSmfp7IqOh1pPQN50hxZFe9Kbif14vxeDKy0SUpMgjNl8UpJJgTKYRkIFQnKGcGEKZEuZWwkbUBIEmqIoJwVl8eZm0z+rOef3i7rzWuC7iKMMRHMMpOHAJDbiFJrSAgYJneIU368l6sd6tj3lrySpmDuEPrM8fOguS/w==</latexit>

multiplicity (dNch/d⌘)

<latexit sha1_base64="Ud6Y4xZG8Epjzvb9rVSMWtEBW8U=">AAACEXicbVDJSgNBEO2JW4zbqEcvjUGIlzgjET0GvXiSCGaBJISenkrSpGehu0YMQ37Bi7/ixYMiXr1582/sLAdNfFDweK+KqnpeLIVGx/m2MkvLK6tr2fXcxubW9o69u1fTUaI4VHkkI9XwmAYpQqiiQAmNWAELPAl1b3A19uv3oLSIwjscxtAOWC8UXcEZGqljF1oID5gGiURh9nGBQzoq+Dedqc77oxO/BciOO3beKToT0EXizkiezFDp2F8tP+JJACFyybRuuk6M7ZQpFFzCKNdKNMSMD1gPmoaGLADdTicfjeiRUXzajZSpEOlE/T2RskDrYeCZzoBhX897Y/E/r5lg96KdijBOEEI+XdRNJMWIjuOhvlDAUQ4NYVwJcyvlfaYYRxNizoTgzr+8SGqnRbdUPLst5cuXsziy5IAckgJxyTkpk2tSIVXCySN5Jq/kzXqyXqx362PamrFmM/vkD6zPH4x1nhQ=</latexit>

Bernhard, Moreland, Bass Nature Phys. 15 (2019) 11Schenke, Shen, Tribedy [2005.14682], Chun Shen QM’19
Kovtun, Son, Starinets [0405231]



10Jasmine Brewer (CERN)

Energy loss of a parton in finite-temperature QCD

high 𝑝!

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 (CERN)

Jet modification

high 𝑝!



12Jasmine Brewer (CERN)

Jet modification

high 𝑝!

Momentum space Position space

formation time

Change in temperature from jet

Tachibana (JETSCAPE) [2002.12250]

Jet



13Jasmine Brewer (CERN)

Jet modification

high 𝑝!

𝑝!
"#$

p-p
A-A𝑑𝜎

𝑑𝑝!
"#$

(log-log)

R. Elayavalli, from [1705.01974]



14Jasmine Brewer (CERN)

Jet modification

high 𝑝!

𝑝!
"#$

p-p
Pb-Pb𝑑𝜎

𝑑𝑝!
"#$

(log-log)

R. Elayavalli, from [1705.01974]

Beyond energy loss: Jet (sub)structure modification by the medium



15Jasmine Brewer (CERN)

Heavy-ion collisions

Pushing our knowledge of heavy-ion physics in smaller systems

⇠ 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

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)

hadron gashydrodynamicsfar from equilibrium initial state

high energy scatterings energy loss

hadron gas
hydrodynamics?

far from equilibrium initial state

high energy scatterings energy loss?
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Flow-like correlations in small systems No observed energy loss

p-Pb

Pb-Pb

Jasmine Brewer (CERN)

Pb-Pb

Xe-Xe

O-O

p-Pb

multiplicity (dNch/d⌘)

<latexit sha1_base64="Ud6Y4xZG8Epjzvb9rVSMWtEBW8U=">AAACEXicbVDJSgNBEO2JW4zbqEcvjUGIlzgjET0GvXiSCGaBJISenkrSpGehu0YMQ37Bi7/ixYMiXr1582/sLAdNfFDweK+KqnpeLIVGx/m2MkvLK6tr2fXcxubW9o69u1fTUaI4VHkkI9XwmAYpQqiiQAmNWAELPAl1b3A19uv3oLSIwjscxtAOWC8UXcEZGqljF1oID5gGiURh9nGBQzoq+Dedqc77oxO/BciOO3beKToT0EXizkiezFDp2F8tP+JJACFyybRuuk6M7ZQpFFzCKNdKNMSMD1gPmoaGLADdTicfjeiRUXzajZSpEOlE/T2RskDrYeCZzoBhX897Y/E/r5lg96KdijBOEEI+XdRNJMWIjuOhvlDAUQ4NYVwJcyvlfaYYRxNizoTgzr+8SGqnRbdUPLst5cuXsziy5IAckgJxyTkpk2tSIVXCySN5Jq/kzXqyXqx362PamrFmM/vkD6zPH4x1nhQ=</latexit>

Schenke, Shen, Tribedy [2005.14682], Chun Shen QM’19



17

Flow-like correlations in small systems No observed energy loss

p-Pb

Pb-Pb

Jasmine Brewer (CERN)

Pb-Pb

Xe-Xe

O-O

p-Pb

multiplicity (dNch/d⌘)

<latexit sha1_base64="Ud6Y4xZG8Epjzvb9rVSMWtEBW8U=">AAACEXicbVDJSgNBEO2JW4zbqEcvjUGIlzgjET0GvXiSCGaBJISenkrSpGehu0YMQ37Bi7/ixYMiXr1582/sLAdNfFDweK+KqnpeLIVGx/m2MkvLK6tr2fXcxubW9o69u1fTUaI4VHkkI9XwmAYpQqiiQAmNWAELPAl1b3A19uv3oLSIwjscxtAOWC8UXcEZGqljF1oID5gGiURh9nGBQzoq+Dedqc77oxO/BciOO3beKToT0EXizkiezFDp2F8tP+JJACFyybRuuk6M7ZQpFFzCKNdKNMSMD1gPmoaGLADdTicfjeiRUXzajZSpEOlE/T2RskDrYeCZzoBhX897Y/E/r5lg96KdijBOEEI+XdRNJMWIjuOhvlDAUQ4NYVwJcyvlfaYYRxNizoTgzr+8SGqnRbdUPLst5cuXsziy5IAckgJxyTkpk2tSIVXCySN5Jq/kzXqyXqx362PamrFmM/vkD6zPH4x1nhQ=</latexit>

Schenke, Shen, Tribedy [2005.14682], Chun Shen QM’19

multiplicity (dNch/d⌘)

<latexit sha1_base64="Ud6Y4xZG8Epjzvb9rVSMWtEBW8U=">AAACEXicbVDJSgNBEO2JW4zbqEcvjUGIlzgjET0GvXiSCGaBJISenkrSpGehu0YMQ37Bi7/ixYMiXr1582/sLAdNfFDweK+KqnpeLIVGx/m2MkvLK6tr2fXcxubW9o69u1fTUaI4VHkkI9XwmAYpQqiiQAmNWAELPAl1b3A19uv3oLSIwjscxtAOWC8UXcEZGqljF1oID5gGiURh9nGBQzoq+Dedqc77oxO/BciOO3beKToT0EXizkiezFDp2F8tP+JJACFyybRuuk6M7ZQpFFzCKNdKNMSMD1gPmoaGLADdTicfjeiRUXzajZSpEOlE/T2RskDrYeCZzoBhX897Y/E/r5lg96KdijBOEEI+XdRNJMWIjuOhvlDAUQ4NYVwJcyvlfaYYRxNizoTgzr+8SGqnRbdUPLst5cuXsziy5IAckgJxyTkpk2tSIVXCySN5Jq/kzXqyXqx362PamrFmM/vkD6zPH4x1nhQ=</latexit>
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Challenges and opportunities for theory in small systems

Is no energy loss consistent with final-state collectivity?
- Thermalization, hydrodynamization, and jet quenching

Are 𝑣! a signature of final-state collectivity?
- Applicability of hydrodynamics far-from-equilibrium
- Initial- and final-state effects in 𝑣!

low 𝑝! high 𝑝!

p-Pb:
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Flow in small systems challenges the standard view of hydrodynamics

Jasmine Brewer (CERN)

“close” to (local) equilibrium, 
conservation laws dominate
(gradient expansion)

hydrodynamics?far from equilibrium

time
??



QCD effective kinetic theory

⌧T

<latexit sha1_base64="5Zt/VtnGOhjuyUfXuySu0MDPuTc=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48V2lpoQ9lsN+3azSbsToQS+h+8eFDEq//Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNnGqGW+xWMa6E1DDpVC8hQIl7ySa0yiQ/CEY3878hyeujYhVEycJ9yM6VCIUjKKV2j2kKWn2yxW36s5BVomXkwrkaPTLX71BzNKIK2SSGtP13AT9jGoUTPJpqZcanlA2pkPetVTRiBs/m187JWdWGZAw1rYUkrn6eyKjkTGTKLCdEcWRWfZm4n9eN8Xw2s+ESlLkii0WhakkGJPZ62QgNGcoJ5ZQpoW9lbAR1ZShDahkQ/CWX14l7YuqV6te3tcq9Zs8jiKcwCmcgwdXUIc7aEALGDzCM7zCmxM7L86787FoLTj5zDH8gfP5AyDmjtg=</latexit>
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Flow in small systems challenges the standard view of hydrodynamics

Jasmine Brewer (CERN)

Far-from-equilibrium universality in relativistic hydrodynamics

“close” to (local) equilibrium, 
conservation laws dominate
(gradient expansion)

hydrodynamics?far from equilibrium

time
??

Heller, Spalinski [1503.07514]

equilibrium

Almaalol, Kurkela, Strickland [2004.05195]
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Implications for theory

Jasmine Brewer (CERN)

10°2 10°1 1 10
ø/øC

0.0

0.2

0.4

pL

≤

full solutions

pre-hydrodynamic mode contribution

Far-from-equilibrium generalized 
hydrodynamic modes

JB, Yan, Yin [1910.00021]

Reduction in degrees of freedom 
to “pre-hydrodynamic” mode
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Implications for theory

Jasmine Brewer (CERN)

[1908.02866]

Similar attractor across very different theories

phenomenology

10°2 10°1 1 10
ø/øC

0.0

0.2

0.4

pL

≤

full solutions

pre-hydrodynamic mode contribution

Enables estimate of entropy 
production in heavy-ion collisions

JB, Yan, Yin [1910.00021] Giacalone, Mazeliauskas, Schlichting [1908.02866]

10°2 10°1 1 10
ø/øC

0.0

0.2

0.4

pL

≤

full solutions

pre-hydrodynamic mode contribution

Reduction in degrees of freedom 
to “pre-hydrodynamic” mode

Far-from-equilibrium generalized 
hydrodynamic modes
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Origins of azimuthal correlations in small and large systems

Jasmine Brewer (CERN)

Schenke, Shen, Tribedy [1908.06212], Schenke QM’19

Correlation of 𝑣% with…

spatial anisotropy

momentum anisotropy

multiplicity (dNch/d⌘)

<latexit sha1_base64="Ud6Y4xZG8Epjzvb9rVSMWtEBW8U=">AAACEXicbVDJSgNBEO2JW4zbqEcvjUGIlzgjET0GvXiSCGaBJISenkrSpGehu0YMQ37Bi7/ixYMiXr1582/sLAdNfFDweK+KqnpeLIVGx/m2MkvLK6tr2fXcxubW9o69u1fTUaI4VHkkI9XwmAYpQqiiQAmNWAELPAl1b3A19uv3oLSIwjscxtAOWC8UXcEZGqljF1oID5gGiURh9nGBQzoq+Dedqc77oxO/BciOO3beKToT0EXizkiezFDp2F8tP+JJACFyybRuuk6M7ZQpFFzCKNdKNMSMD1gPmoaGLADdTicfjeiRUXzajZSpEOlE/T2RskDrYeCZzoBhX897Y/E/r5lg96KdijBOEEI+XdRNJMWIjuOhvlDAUQ4NYVwJcyvlfaYYRxNizoTgzr+8SGqnRbdUPLst5cuXsziy5IAckgJxyTkpk2tSIVXCySN5Jq/kzXqyXqx362PamrFmM/vkD6zPH4x1nhQ=</latexit>

multiplicity (dNch/d⌘)

<latexit sha1_base64="Ud6Y4xZG8Epjzvb9rVSMWtEBW8U=">AAACEXicbVDJSgNBEO2JW4zbqEcvjUGIlzgjET0GvXiSCGaBJISenkrSpGehu0YMQ37Bi7/ixYMiXr1582/sLAdNfFDweK+KqnpeLIVGx/m2MkvLK6tr2fXcxubW9o69u1fTUaI4VHkkI9XwmAYpQqiiQAmNWAELPAl1b3A19uv3oLSIwjscxtAOWC8UXcEZGqljF1oID5gGiURh9nGBQzoq+Dedqc77oxO/BciOO3beKToT0EXizkiezFDp2F8tP+JJACFyybRuuk6M7ZQpFFzCKNdKNMSMD1gPmoaGLADdTicfjeiRUXzajZSpEOlE/T2RskDrYeCZzoBhX897Y/E/r5lg96KdijBOEEI+XdRNJMWIjuOhvlDAUQ4NYVwJcyvlfaYYRxNizoTgzr+8SGqnRbdUPLst5cuXsziy5IAckgJxyTkpk2tSIVXCySN5Jq/kzXqyXqx362PamrFmM/vkD6zPH4x1nhQ=</latexit>

simulations
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Origins of azimuthal correlations in small and large systems

Jasmine Brewer (CERN)

Correlation of 𝑣% with initial…

spatial anisotropy

momentum anisotropy

Initial-state 
dominated Final-state dominated

Observables to distinguish initial- versus final-state effects

multiplicity (dNch/d⌘)

<latexit sha1_base64="Ud6Y4xZG8Epjzvb9rVSMWtEBW8U=">AAACEXicbVDJSgNBEO2JW4zbqEcvjUGIlzgjET0GvXiSCGaBJISenkrSpGehu0YMQ37Bi7/ixYMiXr1582/sLAdNfFDweK+KqnpeLIVGx/m2MkvLK6tr2fXcxubW9o69u1fTUaI4VHkkI9XwmAYpQqiiQAmNWAELPAl1b3A19uv3oLSIwjscxtAOWC8UXcEZGqljF1oID5gGiURh9nGBQzoq+Dedqc77oxO/BciOO3beKToT0EXizkiezFDp2F8tP+JJACFyybRuuk6M7ZQpFFzCKNdKNMSMD1gPmoaGLADdTicfjeiRUXzajZSpEOlE/T2RskDrYeCZzoBhX897Y/E/r5lg96KdijBOEEI+XdRNJMWIjuOhvlDAUQ4NYVwJcyvlfaYYRxNizoTgzr+8SGqnRbdUPLst5cuXsziy5IAckgJxyTkpk2tSIVXCySN5Jq/kzXqyXqx362PamrFmM/vkD6zPH4x1nhQ=</latexit>

multiplicity (dNch/d⌘)

<latexit sha1_base64="Ud6Y4xZG8Epjzvb9rVSMWtEBW8U=">AAACEXicbVDJSgNBEO2JW4zbqEcvjUGIlzgjET0GvXiSCGaBJISenkrSpGehu0YMQ37Bi7/ixYMiXr1582/sLAdNfFDweK+KqnpeLIVGx/m2MkvLK6tr2fXcxubW9o69u1fTUaI4VHkkI9XwmAYpQqiiQAmNWAELPAl1b3A19uv3oLSIwjscxtAOWC8UXcEZGqljF1oID5gGiURh9nGBQzoq+Dedqc77oxO/BciOO3beKToT0EXizkiezFDp2F8tP+JJACFyybRuuk6M7ZQpFFzCKNdKNMSMD1gPmoaGLADdTicfjeiRUXzajZSpEOlE/T2RskDrYeCZzoBhX897Y/E/r5lg96KdijBOEEI+XdRNJMWIjuOhvlDAUQ4NYVwJcyvlfaYYRxNizoTgzr+8SGqnRbdUPLst5cuXsziy5IAckgJxyTkpk2tSIVXCySN5Jq/kzXqyXqx362PamrFmM/vkD6zPH4x1nhQ=</latexit>

Schenke, Shen, Tribedy [1908.06212], Schenke QM’19

Giacalone, Schenke, Shen [2006.15721]

simulations
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Connecting the initial state to hydrodynamics: thermalization in kinetic theory

Jasmine Brewer (CERN)

time
hydrodynamics?

far from equilibrium initial state

Kurkela [1601.03283]
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Connecting the initial state to hydrodynamics: thermalization in kinetic theory

Jasmine Brewer (CERN)

time
hydrodynamics?

far from equilibrium initial state

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

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>

• Motivated initial conditions for hydrodynamics
• Reduced sensitivity to starting time of hydro

Kurkela [1601.03283]
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Connecting the initial state to hydrodynamics: thermalization in kinetic theory

Jasmine Brewer (CERN)

time
hydrodynamics?

far from equilibrium initial state

Kurkela [1601.03283]

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

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>

• Motivated initial conditions for hydrodynamics
• Reduced sensitivity to starting time of hydro

Jet quenching in kinetic theory?

“Jet and thermalization in non-Abelian plasmas” @INT July 2021

Moore, Schlichting, Schlusser, Soudi
[2105.01679]



28Jasmine Brewer (CERN)

Opportunities of light ions for study of small systems
Challenge: geometry of p-Pb very sensitive to spatial structure of the proton

OO: 
- similar multiplicity
- heavy-ion-like geometry

(Bjoern Schenke)
!!

Chun Shen OppO’21

simulations



29Jasmine Brewer (CERN)

Opportunities of light ions for study of small systems
Challenge: geometry of p-Pb very sensitive to spatial structure of the proton

OO: 
• similar multiplicity
• heavy-ion-like geometry

Chun Shen OppO’21

!!

JB, Mazeliauskas, van der Schee [2103.01939]

simulations

(Bjoern Schenke)
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Opportunities of light ions for study of small systems
ALICE projections to distinguish energy loss in O-O from baseline

Vytautas Vislavicius OppO’21

JB, Mazeliauskas, van der Schee [2103.01939]

Huss, Kurkela, Mazeliauskas, Paatelainen, van der Schee, Wiedemann [2007.13754, 2007.13758]



31Jasmine Brewer (CERN)

Precision heavy-ion physics 

Novel access to far-from-equilibrium QCD matter

Precision high-energy 
physics at high multiplicity

Outlook: opportunities for theory in small systems


