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Hard parton pairs produced

back-to-back in transverse plane,

misaligned in rapidity.
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Hard parton pairs produced

back-to-back in transverse plane,

misaligned in rapidity.

Parton density evolution described via DGLAP:

Collimated structure enforced through 

collinear divergences & color coherence.
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Hard parton pairs produced

back-to-back in transverse plane,

misaligned in rapidity.

Parton density evolution described via DGLAP:

Collimated structure enforced through 

collinear divergences & color coherence.

Jets are defined with clustering algorithm,

reconstruction radius R.
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Hard parton pairs produced

back-to-back in transverse plane,

misaligned in rapidity.

Parton density evolution described via DGLAP:

Collimated structure enforced through 

collinear divergences & color coherence.

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

Jets are defined with clustering algorithm,

reconstruction radius R.
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<latexit sha1_base64="swQeWAe1sDauLwIailCiHcOxYXo=">AAAB8nicbVDLSgNBEOyNrxhfUY9eBoPgIYTdIOox6MVjhCQGkiXMTmaTIbOzy0yvEJZ8hhcPinj1a7z5N04eiCYWNBRV3XR3BYkUBl33y8mtrW9sbuW3Czu7e/sHxcOjlolTzXiTxTLW7YAaLoXiTRQoeTvRnEaB5A/B6HbqPzxybUSsGjhOuB/RgRKhYBSt1El6WYOUu2VSnfSKJbfizkB+iLdMSrBAvVf87PZjlkZcIZPUmI7nJuhnVKNgkk8K3dTwhLIRHfCOpYpG3PjZ7OQJObNKn4SxtqWQzNTfExmNjBlHge2MKA7NsjcV//M6KYbXfiZUkiJXbL4oTCXBmEz/J32hOUM5toQyLeythA2ppgxtSgUbwsrLq6RVrXiXFe/+olS7WcSRhxM4hXPw4ApqcAd1aAKDGJ7gBV4ddJ6dN+d93ppzFjPH8AfOxzelvJAw</latexit>pT, 2

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

pT, 1 > pT, 2
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<latexit sha1_base64="yBEbSjbMrBRQATUf/9LYfzj2M+g=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMegF4+JmAckS5id9CZjZmeXmVkhLPkCLx4U8eonefNvnDwQTSxoKKq66e4KEsG1cd0vJ7eyura+kd8sbG3v7O4V9w8aOk4VwzqLRaxaAdUouMS64UZgK1FIo0BgMxjeTPzmIyrNY3lvRgn6Ee1LHnJGjZVqd91iyS27U5Af4i2SEsxR7RY/O72YpRFKwwTVuu25ifEzqgxnAseFTqoxoWxI+9i2VNIItZ9NDx2TE6v0SBgrW9KQqfp7IqOR1qMosJ0RNQO96E3E/7x2asIrP+MySQ1KNlsUpoKYmEy+Jj2ukBkxsoQyxe2thA2ooszYbAo2hKWXl0njrOxdlL3aealyPY8jD0dwDKfgwSVU4BaqUAcGCE/wAq/Og/PsvDnvs9acM585hD9wPr4BsAeM3Q==</latexit>

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

R

Jet partons interact with QGP

and experience energy loss.

Lesson example: total energy loss proportional to jet activity (more energy loss sources):
Causes dijet asymmetry in AA (for same traversed length).
Causes selection bias towards narrower jets.

Crucial insights obtained with 

jet quenching MCs.

Milhano & Zapp - EPJ ‘16

Hadron vs. Jet Suppression
Casalderrey, Hulcher, Milhano, DP, Rajagopal - PRC ‘19
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<latexit sha1_base64="yBEbSjbMrBRQATUf/9LYfzj2M+g=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMegF4+JmAckS5id9CZjZmeXmVkhLPkCLx4U8eonefNvnDwQTSxoKKq66e4KEsG1cd0vJ7eyura+kd8sbG3v7O4V9w8aOk4VwzqLRaxaAdUouMS64UZgK1FIo0BgMxjeTPzmIyrNY3lvRgn6Ee1LHnJGjZVqd91iyS27U5Af4i2SEsxR7RY/O72YpRFKwwTVuu25ifEzqgxnAseFTqoxoWxI+9i2VNIItZ9NDx2TE6v0SBgrW9KQqfp7IqOR1qMosJ0RNQO96E3E/7x2asIrP+MySQ1KNlsUpoKYmEy+Jj2ukBkxsoQyxe2thA2ooszYbAo2hKWXl0njrOxdlL3aealyPY8jD0dwDKfgwSVU4BaqUAcGCE/wAq/Og/PsvDnvs9acM585hD9wPr4BsAeM3Q==</latexit>

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

R

Jet suppression beyond MC:
How to describe energy loss off

an extended, multi-partonic object?

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

pQT, 2

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

pQT, 1

Jets in AA

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

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

R

Jet suppression beyond MC:
How to describe energy loss off

an extended, multi-partonic object?

Where does “lost” energy go to?


Non-perturbative modelling of

long wavelength jet modes:

Outline

Jets in AA
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Barata, Mehtar-Tani - JHEP ‘20



Improved Opacity Expansion (IOE)
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Bethe-Heitler regime

<latexit sha1_base64="D0ersqi0J7n60dNzRfgeYi7swZY=">AAAB7nicdVDJSgNBEK1xjXGLevTSGARPYSKiHoNePEbIBskQejo1SZPunqG7RwlDPsKLB0W8+j3e/Bs7ixC3BwWP96qoqhcmghvr+x/e0vLK6tp6biO/ubW9s1vY22+YONUM6ywWsW6F1KDgCuuWW4GtRCOVocBmOLye+M071IbHqmZHCQaS9hWPOKPWSc37juGS1LqFYrnkT0H8X+TLKsIc1W7hvdOLWSpRWSaoMe2yn9ggo9pyJnCc76QGE8qGtI9tRxWVaIJseu6YHDulR6JYu1KWTNXFiYxKY0YydJ2S2oH56U3Ev7x2aqPLIOMqSS0qNlsUpYLYmEx+Jz2ukVkxcoQyzd2thA2opsy6hPKLIfxPGqel8nnJvz0rVq7mceTgEI7gBMpwARW4gSrUgcEQHuAJnr3Ee/RevNdZ65I3nzmAb/DePgH8CI9W</latexit>

w ⇠ T

Barata, Mehtar-Tani - JHEP ‘20
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Bethe-Heitler regime

BDMPS-Z regime

<latexit sha1_base64="D0ersqi0J7n60dNzRfgeYi7swZY=">AAAB7nicdVDJSgNBEK1xjXGLevTSGARPYSKiHoNePEbIBskQejo1SZPunqG7RwlDPsKLB0W8+j3e/Bs7ixC3BwWP96qoqhcmghvr+x/e0vLK6tp6biO/ubW9s1vY22+YONUM6ywWsW6F1KDgCuuWW4GtRCOVocBmOLye+M071IbHqmZHCQaS9hWPOKPWSc37juGS1LqFYrnkT0H8X+TLKsIc1W7hvdOLWSpRWSaoMe2yn9ggo9pyJnCc76QGE8qGtI9tRxWVaIJseu6YHDulR6JYu1KWTNXFiYxKY0YydJ2S2oH56U3Ev7x2aqPLIOMqSS0qNlsUpYLYmEx+Jz2ukVkxcoQyzd2thA2opsy6hPKLIfxPGqel8nnJvz0rVq7mceTgEI7gBMpwARW4gSrUgcEQHuAJnr3Ee/RevNdZ65I3nzmAb/DePgH8CI9W</latexit>

w ⇠ T
<latexit sha1_base64="ONstt0ZJiNc5G566dM747E0cl1o=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRA8egl48RjAPSJYwO+lNhszOLjOzhrDkI7x4UMSr3+PNv3HyENRY0FBUddPdFSSCa+O6n05uZXVtfSO/Wdja3tndK+4fNHScKoZ1FotYtQKqUXCJdcONwFaikEaBwGYwvJn6zQdUmsfy3owT9CPalzzkjBorNUfkioy6rFssuWV3BuJ9kyWlBAvUusWPTi9maYTSMEG1bntuYvyMKsOZwEmhk2pMKBvSPrYtlTRC7WezcyfkxCo9EsbKljRkpv6cyGik9TgKbGdEzUD/9abif147NeGln3GZpAYlmy8KU0FMTKa/kx5XyIwYW0KZ4vZWwgZUUWZsQgUbgrcUwhJpnJW9Stm9Oy9Vrxdx5OEIjuEUPLiAKtxCDerAYAiP8AwvTuI8Oa/O27w15yxmDuEXnPcvYd+O8g==</latexit>

w < wc

Barata, Mehtar-Tani - JHEP ‘20



Improved Opacity Expansion (IOE)
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GLV regime

Bethe-Heitler regime

BDMPS-Z regime

<latexit sha1_base64="D0ersqi0J7n60dNzRfgeYi7swZY=">AAAB7nicdVDJSgNBEK1xjXGLevTSGARPYSKiHoNePEbIBskQejo1SZPunqG7RwlDPsKLB0W8+j3e/Bs7ixC3BwWP96qoqhcmghvr+x/e0vLK6tp6biO/ubW9s1vY22+YONUM6ywWsW6F1KDgCuuWW4GtRCOVocBmOLye+M071IbHqmZHCQaS9hWPOKPWSc37juGS1LqFYrnkT0H8X+TLKsIc1W7hvdOLWSpRWSaoMe2yn9ggo9pyJnCc76QGE8qGtI9tRxWVaIJseu6YHDulR6JYu1KWTNXFiYxKY0YydJ2S2oH56U3Ev7x2aqPLIOMqSS0qNlsUpYLYmEx+Jz2ukVkxcoQyzd2thA2opsy6hPKLIfxPGqel8nnJvz0rVq7mceTgEI7gBMpwARW4gSrUgcEQHuAJnr3Ee/RevNdZ65I3nzmAb/DePgH8CI9W</latexit>

w ⇠ T
<latexit sha1_base64="ONstt0ZJiNc5G566dM747E0cl1o=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRA8egl48RjAPSJYwO+lNhszOLjOzhrDkI7x4UMSr3+PNv3HyENRY0FBUddPdFSSCa+O6n05uZXVtfSO/Wdja3tndK+4fNHScKoZ1FotYtQKqUXCJdcONwFaikEaBwGYwvJn6zQdUmsfy3owT9CPalzzkjBorNUfkioy6rFssuWV3BuJ9kyWlBAvUusWPTi9maYTSMEG1bntuYvyMKsOZwEmhk2pMKBvSPrYtlTRC7WezcyfkxCo9EsbKljRkpv6cyGik9TgKbGdEzUD/9abif147NeGln3GZpAYlmy8KU0FMTKa/kx5XyIwYW0KZ4vZWwgZUUWZsQgUbgrcUwhJpnJW9Stm9Oy9Vrxdx5OEIjuEUPLiAKtxCDerAYAiP8AwvTuI8Oa/O27w15yxmDuEXnPcvYd+O8g==</latexit>

w < wc
<latexit sha1_base64="R+b/1dB7uYh7A+NgvVdY25tuxD4=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqCcJevEYwTwgWcLspDcZMju7zMwawpKP8OJBEa9+jzf/xskD0cSChqKqm+6uIBFcG9f9cnIrq2vrG/nNwtb2zu5ecf+gruNUMayxWMSqGVCNgkusGW4ENhOFNAoENoLB7cRvPKLSPJYPZpSgH9Ge5CFn1FipMSTXZNhhnWLJLbtTkB/iLZISzFHtFD/b3ZilEUrDBNW65bmJ8TOqDGcCx4V2qjGhbEB72LJU0gi1n03PHZMTq3RJGCtb0pCp+nsio5HWoyiwnRE1fb3oTcT/vFZqwis/4zJJDUo2WxSmgpiYTH4nXa6QGTGyhDLF7a2E9amizNiECjaEpZeXSf2s7F2U3fvzUuVmHkcejuAYTsGDS6jAHVShBgwG8AQv8OokzrPz5rzPWnPOfOYQ/sD5+AZk5o70</latexit>

w > wc

Barata, Mehtar-Tani - JHEP ‘20



Out of Cone Radiation
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Only emissions that end up out of the cone R should be accounted for:

Multiplicative

Ansatz:

Use Molière expansion around multiple soft scatterings (a.k.a. IOE).

Broadening dist. Characteristic

broadening scale

Mehtar-Tani, DP, Tywoniuk - PRL ‘21

Barata et al. - PRD ‘21

Can be improved with fully differential spectrum. Barata et al. - JHEP ‘21



Further Improvements on Single Charge Energy Loss
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All order resummation of 

medium induced radiation spectrum.

In-medium fragmentation of hard parton in QGP 

through effective kinetic theory.

Includes 1     2 and 2     2 processes.

Features turbulent cascade, 

modified chemistry around the jet.

Andrés et al. - JHEP ‘20 & ‘21

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

Resummed Opacity Expansion (ROE)

to cover Bethe-Heitler regime.

Isaksen et al. - arXiv:2206.02811

Feal et al. - PRD ‘18 & ‘19



Bare Quenching Factor
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For steeply falling spectrum and small energy loss:

<latexit sha1_base64="pdNn63a089D2gsZ3nDHeMZT5q0g=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXJVERF0W3bis0Bc0IUymk3boZBLnUSghbvwVNy4UcetfuPNvnLZZaOuBC4dz7uXee8KUUakc59sqrayurW+UNytb2zu7e/b+QVsmWmDSwglLRDdEkjDKSUtRxUg3FQTFISOdcHQ79TtjIiRNeFNNUuLHaMBpRDFSRgrsI49r6JEHTcfQiwTCGc+zNGjmgV11as4McJm4BamCAo3A/vL6CdYx4QozJGXPdVLlZ0goihnJK56WJEV4hAakZyhHMZF+Nvsgh6dG6cMoEaa4gjP190SGYikncWg6Y6SGctGbiv95Pa2iaz+jPNWKcDxfFGkGVQKnccA+FQQrNjEEYUHNrRAPkclBmdAqJgR38eVl0j6vuZc15/6iWr8p4iiDY3ACzoALrkAd3IEGaAEMHsEzeAVv1pP1Yr1bH/PWklXMHII/sD5/AMpplx4=</latexit>

⌫ ⌘ n

pT

Quenching factor of a single parton for multiple independent emissions (R dependent): 

O(1) emission probability
undergo turbulent cascade, thermalise
if uniformly distributed in jet hemisphere

<latexit sha1_base64="0EAN2bgXwQIb+i3ttLfDlnqDEsY=">AAAB/HicbVBNS8NAEJ34WetXtEcvi0XwVBIR9Vj04rGK/YAmhM120y7dTcLuRgih/hUvHhTx6g/x5r9x2+agrQ8GHu/NMDMvTDlT2nG+rZXVtfWNzcpWdXtnd2/fPjjsqCSThLZJwhPZC7GinMW0rZnmtJdKikXIaTcc30z97iOViiXxg85T6gs8jFnECNZGCuzafVB4UiBJycRTTCAvZYFddxrODGiZuCWpQ4lWYH95g4RkgsaacKxU33VS7RdYakY4nVS9TNEUkzEe0r6hMRZU+cXs+Ak6McoARYk0FWs0U39PFFgolYvQdAqsR2rRm4r/ef1MR1d+weI00zQm80VRxpFO0DQJNGDmac1zQzCRzNyKyAhLTLTJq2pCcBdfXiads4Z70XDuzuvN6zKOChzBMZyCC5fQhFtoQRsI5PAMr/BmPVkv1rv1MW9dscqZGvyB9fkDdkKUpg==</latexit>

Rrec ⇠ ⇡

Full out-of-cone spectrum

for semi-hard emissions

<latexit sha1_base64="5uWTAtqBD+6Cl6tETExJIavDK7I="></latexit>

�E = (1� (
R

Rrec
)2)

Z ws

T
dww

dI(0)

dw
= � d

d⌫
Q(0),turb

rad (pT )

����
⌫=0

Note that:

Baier, Dokshitzer, Mueller - JHEP ‘01
Salgado, Wiedemann - PRD ‘03

Mehtar-Tani, DP, Tywoniuk - PRL ‘21



Quenched Phase Space of a Jet
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Only those jet modes that:

are formed inside the medium, and,

are resolved by the medium,

<latexit sha1_base64="5ZWguohYwwn8/tbFaCEoei1HJzY=">AAAB7XicbVA9SwNBEJ3zM8avqKXNYhCswp2IWlgEbSwsIpgPSI6wt9lL1uztHbtzQjjyH2wsFLH1/9j5b9wkV2jig4HHezPMzAsSKQy67reztLyyurZe2Chubm3v7Jb29hsmTjXjdRbLWLcCargUitdRoOStRHMaBZI3g+HNxG8+cW1ErB5wlHA/on0lQsEoWqmB3ZBc3XVLZbfiTkEWiZeTMuSodUtfnV7M0ogrZJIa0/bcBP2MahRM8nGxkxqeUDakfd62VNGIGz+bXjsmx1bpkTDWthSSqfp7IqORMaMosJ0RxYGZ9ybif147xfDSz4RKUuSKzRaFqSQYk8nrpCc0ZyhHllCmhb2VsAHVlKENqGhD8OZfXiSN04p3XnHvz8rV6zyOAhzCEZyABxdQhVuoQR0YPMIzvMKbEzsvzrvzMWtdcvKZA/gD5/MHySaOnA==</latexit>

tf < L

<latexit sha1_base64="8lcuX+g6jJEpFiYbcvDE4UvSY9U=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyKqAcPQS8eI5gHJMsyOzubDJl9ONMrhCU/4cWDIl79HW/+jZNkD5pY0FBUddPd5adSaLTtb6u0srq2vlHerGxt7+zuVfcP2jrJFOMtlshEdX2quRQxb6FAybup4jTyJe/4o9up33niSoskfsBxyt2IDmIRCkbRSF30QnKNXuBVa3bdnoEsE6cgNSjQ9Kpf/SBhWcRjZJJq3XPsFN2cKhRM8kmln2meUjaiA94zNKYR124+u3dCTowSkDBRpmIkM/X3RE4jrceRbzojikO96E3F/7xehuGVm4s4zZDHbL4ozCTBhEyfJ4FQnKEcG0KZEuZWwoZUUYYmoooJwVl8eZm0z+rORd2+P681boo4ynAEx3AKDlxCA+6gCS1gIOEZXuHNerRerHfrY95asoqZQ/gD6/MHe7+Pmw==</latexit>

tf < td

contribute to double-logarithmic enhancement

of quenched phase space:

PSin

PSin =

Mehtar-Tani, Tywoniuk - PRD ‘18
Caucal, Iancu, Mueller, Soyez - PRL ‘18see also

Lund Plane
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Use microjet distributions derived using Generating Functional (GF) framework:

Vacuum evol.

obeys DGLAP:

Dasgupta et al. - JHEP ‘14

Extend GF in the medium to resum energy loss effects due to multi-particle nature of jet:

Initial condition at zero angle 

is single charge quenching factor:

Radiative

energy loss

Elastic

energy loss

Energy loss versus R displays non-monotonic behaviour. Competing effects:
Increasing R means more likely to retain emitted (or thermalised) quanta: less quenching.
Increasing R means larger quenched phase space: more quenching.

Jet Suppression: Framework

PSin constraint

Mehtar-Tani, DP, Tywoniuk - PRL ‘21



Resummed Quenching Factor
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Quarks
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Easier to keep (recover) the 

emitted (thermalised) modes.

less quenching for larger R.

Resummed quenching factors (solid):

Interplay between energy recovery

and size of quenched phase space.

larger R can lead to more quenching.

Mehtar-Tani, DP, Tywoniuk - PRL ‘21



Jet Suppression
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ATLAS Data

Use PYTHIA8 to generate spectrum at initial angle R0=1
(with nuclear PDFs EPS09 LO in medium case)

Evolve microjets using DGLAP down to jet R.

Compute resummed quenching factors for each jet pT and R: 
Bare quenching factor requires knowledge of

event-by-event, centrality dependent QGP properties:

Embed framework into realistic heavy-ion environment:

Glauber sampling, random azimuthal orientation.

Compute event-by-event relevant quantities, e.g.:

Path of jet through hydro. profile (VISHNU) down to Tc

(in local fluid rest frame)

Mehtar-Tani, DP, Tywoniuk - PRL ‘21



Jet Suppression
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FIT

fit to ATLAS R=0.4 around pT~120 GeV at 0-10%

Only two unconstrained parameters:

<latexit sha1_base64="ZUP1RL0KUqfKhhVOdMcpqiDLL04=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKeyKqMegF48RzAOSJczO9iZD5rHMzAphyWd48aCIV7/Gm3/jJNmDJhY0FFXddHdFKWfG+v63V1pb39jcKm9Xdnb39g+qh0dtozJNoUUVV7obEQOcSWhZZjl0Uw1ERBw60fhu5neeQBum5KOdpBAKMpQsYZRYJ/WGg7yvBRYQTwfVml/358CrJChIDRVoDqpf/VjRTIC0lBNjeoGf2jAn2jLKYVrpZwZSQsdkCD1HJRFgwnx+8hSfOSXGidKupMVz9fdEToQxExG5TkHsyCx7M/E/r5fZ5CbMmUwzC5IuFiUZx1bh2f84Zhqo5RNHCNXM3YrpiGhCrUup4kIIll9eJe2LenBV9x8ua43bIo4yOkGn6BwF6Bo10D1qohaiSKFn9IrePOu9eO/ex6K15BUzx+gPvM8fQPCRPA==</latexit>gmed
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Rrec varied between (isotropic)
(wake inspired)

Good description of both centrality and jet pT suppression.

in 0-10%

due to logarithmic corrections.

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

Mehtar-Tani, DP, Tywoniuk - PRL ‘21
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Mild R dependence, 

in agreement with CMS data.

Modelling sensitivity for R between 0.2 and 0.6:

NLO contribution very small
(hard emissions tend to be collinear).

Modelling of fate of lost energy relatively small.

Determination of quenched phase space

relatively large. Improvable in pQCD.

Need to improve perturbative sector before

non-perturbative becomes relevant (for R<0.6!) 

Mehtar-Tani, DP, Tywoniuk - PRL ‘21
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Accounting for rapidity cuts
23
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Redoing calculation with ALICE 

rapidity cuts makes no difference.

w/ DGLAP: fit pp spectrum at R0=1, evolve down to R.
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w/o DGLAP: fit pp spectrum directly at ŋ = 0.9 - R.

Quark fraction depends on: Quark fraction change small

in ratio.

Effect of spectral index change 

negligible.
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Consistent with ALICE

Rapidity, via PDF.
Cone R, via microjet evolution.
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The Wake of a Quark
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Agreement between hydrodynamics 

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

Fulfils Energy-Momentum Conservation 

in the Jet+Plasma Interplay.

At strong coupling:

Chesler & Yaffe - PRD ‘07

Energy flux

Effective source for hydro corresponds

to drag force on the quark.

Modification of stress-energy tensor due to

supersonic quark contains

sound and diffusive modes.



Estimation of the Hadrons from the Wake

25Daniel Pablos INFN Torino

Assuming:

Expand Cooper-Frye spectrum to first order in perturbations:

Velocity pert. Temperature pert.

small perturbations on top of Bjorken flow.
perturbation stays localised near jet’s rapidity. Fully constrained by


energy-momentum

conservation.

Computationally

efficient.

Neglects important

effects from local flow.



The Diffusion Wake
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Depletion of energy density behind the jet

(the jet drags the fluid along its direction of propagation,

reduces yield of particles in the opposite direction).

QGP trough arises due to the diffusion wake:

Chen et al. - PLB ‘18

Effect observed also in non-linear

hydro. + source from jet.



Jet RAA at LHC with Hybrid Model
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Include non-eq. contribution only, i.e. jet particles that did not hydrodynamize:

Jet suppression increases with increasing R.

Wider jets “lose” more energy, more energy loss sources.
DP - PRL ‘20



28Daniel Pablos INFN Torino

0

0.2

0.4

0.6

0.8

1

1.2

1.4

100 1000

non-eq. contrib.

0-10%

100 1000

non-eq. + QGP ridge contrib.

anti-kT , |⌘| < 2

100 1000

non-eq. + QGP ridge & trough contrib.

p
s = 5.02 ATeV

R
A
A

Jet pT [GeV]

R = 0.2
R = 0.4
R = 0.6
R = 1.0
R = 2.0

Jet pT [GeV] Jet pT [GeV]

Include both non-eq. and QGP “ridge” contributions:

Energy is progressively recovered with increasing R. 

nPDF effect sets an upper limit on RAA at very high pT.

nPDF effect

!
DP - PRL ‘20

Jet RAA at LHC with Hybrid Model
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Include non-eq., QGP “ridge” and QGP trough contribution:

QGP trough amounts to jet suppression; over-subtraction effect.

Effect increases with increasing R.
DP - PRL ‘20

Jet RAA at LHC with Hybrid Model
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Competition of effects that yield, overall, 

a very mild evolution from small to large R.

DP - PRL ‘20

Jet RAA at LHC with Hybrid Model



The Effect of the Recoiling Jet
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Leading Jet Suppression vs. |ηD|
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R = 0.4
leading jet area easy to miss;

small effect from QGP trough.

R = 1.0
strong dependence on |ηD|;

knee visible when |ηD|~R.

DP - PRL ‘20
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Linearized Hydrodynamics
Analytic, but over-simplified medium response needs to be improved:

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

Wavefront structure (Mach cone)

diffuses due to viscosity.

Wing shaped structure diffuses 

due to viscosity (diffusion wake).

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

�✏ : energy density pert.
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Quark

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

Sound modes make wake energy 
spread in rapidity with time.

Jet breaks long. boost invariance.

Vortex ring around jet direction.

Imprints on Λ polarisation?

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

Serenone et al. - PLB ‘21
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Efficient Computations of the Wake

3+1D 

Viscous Hydrodynamics


~ 2 hours

Superposition of 

Bjorken flow solutions


+

Trans., Rot., & Boosts


~ 3 seconds

Hadrons from the wake

depend on evolution time, local flow…


thousands of possibilities.

Casalderrey, Milhano, DP, Rajagopal, Yao - in preparation
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Efficient Computations of the Wake
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Conclusions & Outlook
Jet energy loss requires accounting for several effects:

Resummation of multi-particle energy loss inside R from high-virtuality shower.
Determination of the resolved phase-space. Improvable in pQCD.
Modelling of hydrodynamized component. Important for larger R.

Cone-size dependence of jet suppression:
Competing effects between larger phase-space and energy recovery.  

Computationally efficient jet-by-jet, flow-dependent wakes:

Useful for massive medium response Monte Carlo simulations.
Insights into devising tailored observables to reveal wake signatures.

Can be supplemented as non-perturbative component to analytical computations.

Recent impressive theory advances in many crucial ingredients:
Reliable predictions to confront experiments and test very exciting physics

(color coherence, jet thermalization…).
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Thanks for your

attention!
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Jet v2 at RHIC
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Jet v2 at LHC
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Jet RAA at RHIC with Hybrid Model
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Hybrid Strong/Weak Coupling Model

Daniel Pablos INFN Torino

free parameterO(1)

Strongly coupled 

energy loss

(hydrodynamization rate)

Hadrons from the hydro.

wake (medium response)

PYTHIA8 down to hadro. scale

(formation time argument

for spacetime picture)

Casalderrey-Solana, Gulhan, 

Milhano, DP, 


Rajagopal JHEP ‘15,‘16,‘17
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Accounting for Radial Flow
Modified spectra after Cooper-Frye:

With wake No wake

Ansatz to account for radial flow:
Boost particle momentum to frame in which fluid cell moves with                                                   .                         

<latexit sha1_base64="1S9BuxANL0SbiXR8lVzNMtR+mfQ="></latexit>

uµ = �?(cosh ⌘, vx, vy, sinh ⌘)

Use flow profile at freeze out

from 2+1D hydro. simulations

such as VISHNU.

<latexit sha1_base64="36K3HZ+jEjTElh9JMSp9ORUufWE=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHbVqEeiF48Y5ZHAhswOA0yYnd3M9BLJhk/w4kFjvPpF3vwbB9iDgpV0UqnqTndXEEth0HW/ndzK6tr6Rn6zsLW9s7tX3D+omyjRjNdYJCPdDKjhUiheQ4GSN2PNaRhI3giGt1O/MeLaiEg94jjmfkj7SvQEo2ilh1HnqVMsuWV3BrJMvIyUIEO1U/xqdyOWhFwhk9SYlufG6KdUo2CSTwrtxPCYsiHt85aliobc+Ons1Ak5sUqX9CJtSyGZqb8nUhoaMw4D2xlSHJhFbyr+57US7F37qVBxglyx+aJeIglGZPo36QrNGcqxJZRpYW8lbEA1ZWjTKdgQvMWXl0n9rOxdls/vL0qVmyyOPBzBMZyCB1dQgTuoQg0Y9OEZXuHNkc6L8+58zFtzTjZzCH/gfP4AdtyN7Q==</latexit>vx
<latexit sha1_base64="+U5ZHuBBB84XzXgUqzLytGSlFOY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU1GPRi8eK9gPaUDbbSbt0swm7m0Io/QlePCji1V/kzX/jts1Bqw8GHu/NMDMvSATXxnW/nMLK6tr6RnGztLW9s7tX3j9o6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0O/NbY1Sax/LRZAn6ER1IHnJGjZUexr2sV664VXcO8pd4OalAjnqv/NntxyyNUBomqNYdz02MP6HKcCZwWuqmGhPKRnSAHUsljVD7k/mpU3JilT4JY2VLGjJXf05MaKR1FgW2M6JmqJe9mfif10lNeO1PuExSg5ItFoWpICYms79JnytkRmSWUKa4vZWwIVWUGZtOyYbgLb/8lzTPqt5l9fz+olK7yeMowhEcwyl4cAU1uIM6NIDBAJ7gBV4d4Tw7b877orXg5DOH8AvOxzd4YI3u</latexit>vy

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


