
2021 RHIC/AGS Annual Users' Meeting - 9th June 2021

Daniel Pablos - INFN Torino

H2020 MSCA COFUND
G.A. 754496

Recent Developments on
Jet Suppression



Jets in pp

2Daniel Pablos INFN Torino

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

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

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

Outline

<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
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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?

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

Mitigating selection bias:

Outline

<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

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

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

pT, 2?
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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?

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

Mitigating selection bias:

Where does “lost” energy go to?

Non-perturbative modelling of
long wavelength jet modes:

Outline



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

With potential:

Gyulassy-Wang:

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

and scattering cross-section:

Hard Thermal Loop:

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

Mehtar-Tani - JHEP ‘19



Usual Approximations of the Spectrum
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Gyulassy-Levai-Vitev spectrum

neglect logarithmic 
dependence

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

µ⇤2 ⇠ 1/x2

(N=1 opacity expansion):

BDMPS - ASW spectrum

Dilute medium: expand to leading order in 

Single hard scattering, preserves full form of potential.

Harmonic oscillator (diffusion) approximation:

Large medium, resums multiple soft interactions.

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

Sievert, Vitev, Yoon - PLB ‘19

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

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



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

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

Can systematically compute corrections up to arbitrary order in               :

Spectrum @ NLO
in the soft limit in IOE:

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

Barata, Mehtar-Tani - JHEP ‘20
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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



Improved Opacity Expansion (IOE)
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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



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 - 2101.01742



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

HO+NLO (IOE) agrees over a wide energy range.

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 - 2008.04028



Quenched Phase Space of a Jet

19Daniel Pablos INFN Torino

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.

Mehtar-Tani, DP, Tywoniuk - 2101.01742

Jet Suppression: Framework

PSin constraint
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Jet Suppression: Results
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Encouraging description
of data across:

Jet pT.
Centrality.
Size R.

Modelling uncertainties:
Non-perturbative sector relatively unimportant up to R<0.6

NLO contribution to radiative energy loss is very small.
Most important: Determination of quenched phase space.

Can be systematically improved in pQCD.
Mehtar-Tani, DP, Tywoniuk - 2101.01742



Diagnosing Jet Energy Loss

22Daniel Pablos INFN Torino

Experimentally, so far is impossible to know how much energy a given jet has lost.

Moreover, due to steep falling jet spectrum, 
what we observe is jets that lost the least energy. Selection (or survival) bias.

Hinders our ability to analyse true effects of energy loss. E.g.:
Measure jets above pT > 100 GeV.
Observe that they are narrower in PbPb than in pp:

Energy loss makes jets narrower?
Observe the surviving (less quenched) jets, which are narrow?

Exploit deep learning techniques to extract energy loss jet-by-jet.

Energy loss ratio:
Final, measurable jet energy.

Vacuum energy (had there been
no medium).

<latexit sha1_base64="+GxYaZsXmg3ofg5kJhuRN/wbFd8=">AAACBHicbVDLSsNAFL2pr1pfUZfdDBbBVUlE1GVRBJcV7AOaECbTSTt08nBmUighCzf+ihsXirj1I9z5N07bLLT1wL0czrmXmXv8hDOpLOvbKK2srq1vlDcrW9s7u3vm/kFbxqkgtEViHouujyXlLKItxRSn3URQHPqcdvzR9dTvjKmQLI7u1SShbogHEQsYwUpLnll1yJAhhz6kbIycQGCS3XhBrhvLPbNm1a0Z0DKxC1KDAk3P/HL6MUlDGinCsZQ920qUm2GhGOE0rzippAkmIzygPU0jHFLpZrMjcnSslT4KYqErUmim/t7IcCjlJPT1ZIjVUC56U/E/r5eq4NLNWJSkikZk/lCQcqRiNE0E9ZmgRPGJJpgIpv+KyBDrJJTOraJDsBdPXibt07p9XrfuzmqNqyKOMlThCE7AhgtowC00oQUEHuEZXuHNeDJejHfjYz5aMoqdQ/gD4/MHmXSYEw==</latexit>

� ⌘ Ef

Ei



Deep Learning Jet Modifications

23Daniel Pablos INFN Torino

Use jet images as inputs for CNN. Main result.

Use jet observables as inputs for FCNN. 
Mainly used for interpretability.

Most
modified 

Least 
modified

Most models: Energy loss transfers 
jet energy to large angles 
in the form of soft particles.

Du, DP, Tywoniuk - JHEP ‘21
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Use jet images as inputs for CNN. Main result.

Use jet observables as inputs for FCNN. 
Mainly used for interpretability.

Most
modified 

Least 
modified

Good performance across 
a wide range in

Consistency check:
pp (vacuum) jets get

<latexit sha1_base64="DtZY3c0qXlYffwfqwLyBdscU1lg=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDbbTbN0dxN2N0IJ/QtePCji1T/kzX/jJs1BWx8MPN6bYWZekHCmjet+O5W19Y3Nrep2bWd3b/+gfnjU1XGqCO2QmMeqH2BNOZO0Y5jhtJ8oikXAaS+Y3uV+74kqzWL5aGYJ9QWeSBYygk0uDUnERvWG23QLoFXilaQBJdqj+tdwHJNUUGkIx1oPPDcxfoaVYYTTeW2YappgMsUTOrBUYkG1nxW3ztGZVcYojJUtaVCh/p7IsNB6JgLbKbCJ9LKXi/95g9SEN37GZJIaKsliUZhyZGKUP47GTFFi+MwSTBSztyISYYWJsfHUbAje8surpHvR9K6a7sNlo3VbxlGFEziFc/DgGlpwD23oAIEInuEV3hzhvDjvzseiteKUM8fwB87nDwFgjjc=</latexit>�

<latexit sha1_base64="YUIKCQ9L5gyz/TPCu4DRcwosuxs=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cKthaaUDbbSbt0s0l3N4VS+ju8eFDEqz/Gm//GbZuDtj4YeLw3w8y8MBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCoqZNMMWywRCSqFVKNgktsGG4EtlKFNA4FPoWDu5n/NEKleSIfzTjFIKY9ySPOqLFS4LM+J77mMQ6J1ylX3Ko7B1klXk4qkKPeKX/53YRlMUrDBNW67bmpCSZUGc4ETkt+pjGlbEB72LZU0hh1MJkfPSVnVumSKFG2pCFz9ffEhMZaj+PQdsbU9PWyNxP/89qZiW6CCZdpZlCyxaIoE8QkZJYA6XKFzIixJZQpbm8lrE8VZcbmVLIheMsvr5LmRdW7qroPl5XabR5HEU7gFM7Bg2uowT3UoQEMhvAMr/DmjJwX5935WLQWnHzmGP7A+fwB1hWRfQ==</latexit>

� ' 1
Du, DP, Tywoniuk - JHEP ‘21

Deep Learning Jet Modifications
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Accessing True Path Length Distributions
FES: Select jets according to final energy.

IES: Select jets according to “initial” energy.

Surface bias compared to actual 
nuclear overlap density.

Production point density
unbiased w.r.t. true 
underlying distribution.

True 
label

Predicted
label

<latexit sha1_base64="qV8QtldGUf2VidpD5u2MKOvv4zs=">AAAB+nicbVBNS8NAEJ34WetXqkcvi0XwVJIi6kmKUvBYwX5AG8Jmu2mXbjZhd6OU2J/ixYMiXv0l3vw3btsctPXBwOO9GWbmBQlnSjvOt7Wyura+sVnYKm7v7O7t26WDlopTSWiTxDyWnQArypmgTc00p51EUhwFnLaD0c3Ubz9QqVgs7vU4oV6EB4KFjGBtJN8u1f0QXaG6n/VkhEiqJ75ddirODGiZuDkpQ46Gb3/1+jFJIyo04Viprusk2suw1IxwOin2UkUTTEZ4QLuGChxR5WWz0yfoxCh9FMbSlNBopv6eyHCk1DgKTGeE9VAtelPxP6+b6vDSy5hIUk0FmS8KU450jKY5oD6TlGg+NgQTycytiAyxxESbtIomBHfx5WXSqlbc80r17qxcu87jKMARHMMpuHABNbiFBjSBwCM8wyu8WU/Wi/VufcxbV6x85hD+wPr8Aeutkyc=</latexit>

Ef > Ecut

<latexit sha1_base64="KCZC2tclg1m3QbRfigl+tMvPFy0=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXNWkiLqSohRcVrAPaEKYTCft0JlJmJkIJdSNv+LGhSJu/Qt3/o3TNgttPXDhcM693HtPmDCqtON8W4Wl5ZXVteJ6aWNza3vH3t1rqTiVmDRxzGLZCZEijArS1FQz0kkkQTxkpB0ObyZ++4FIRWNxr0cJ8TnqCxpRjLSRAvugHkTwFHp4QOEVrAeZJznEqR4HdtmpOFPAReLmpAxyNAL7y+vFOOVEaMyQUl3XSbSfIakpZmRc8lJFEoSHqE+6hgrEifKz6QdjeGyUHoxiaUpoOFV/T2SIKzXioenkSA/UvDcR//O6qY4u/YyKJNVE4NmiKGVQx3ASB+xRSbBmI0MQltTcCvEASYS1Ca1kQnDnX14krWrFPa9U787Ktes8jiI4BEfgBLjgAtTALWiAJsDgETyDV/BmPVkv1rv1MWstWPnMPvgD6/MHHjiVbA==</latexit>

Ef/� > Ecut

Du, DP, Tywoniuk - in preparation
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Accessing Initial Jet Anisotropies
Du, DP, Tywoniuk - in preparation

Intuitive origin of high-pT jet anisotropies:

Small     (large energy loss): 
      longer path length;
                   .

and viceversa for large    .

However, if use IES:
Reveals initial azimuthal anisotropies.
In this model: none                    .  

And in experiments?<latexit sha1_base64="DtZY3c0qXlYffwfqwLyBdscU1lg=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDbbTbN0dxN2N0IJ/QtePCji1T/kzX/jJs1BWx8MPN6bYWZekHCmjet+O5W19Y3Nrep2bWd3b/+gfnjU1XGqCO2QmMeqH2BNOZO0Y5jhtJ8oikXAaS+Y3uV+74kqzWL5aGYJ9QWeSBYygk0uDUnERvWG23QLoFXilaQBJdqj+tdwHJNUUGkIx1oPPDcxfoaVYYTTeW2YappgMsUTOrBUYkG1nxW3ztGZVcYojJUtaVCh/p7IsNB6JgLbKbCJ9LKXi/95g9SEN37GZJIaKsliUZhyZGKUP47GTFFi+MwSTBSztyISYYWJsfHUbAje8surpHvR9K6a7sNlo3VbxlGFEziFc/DgGlpwD23oAIEInuEV3hzhvDjvzseiteKUM8fwB87nDwFgjjc=</latexit>�

<latexit sha1_base64="DtZY3c0qXlYffwfqwLyBdscU1lg=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDbbTbN0dxN2N0IJ/QtePCji1T/kzX/jJs1BWx8MPN6bYWZekHCmjet+O5W19Y3Nrep2bWd3b/+gfnjU1XGqCO2QmMeqH2BNOZO0Y5jhtJ8oikXAaS+Y3uV+74kqzWL5aGYJ9QWeSBYygk0uDUnERvWG23QLoFXilaQBJdqj+tdwHJNUUGkIx1oPPDcxfoaVYYTTeW2YappgMsUTOrBUYkG1nxW3ztGZVcYojJUtaVCh/p7IsNB6JgLbKbCJ9LKXi/95g9SEN37GZJIaKsliUZhyZGKUP47GTFFi+MwSTBSztyISYYWJsfHUbAje8surpHvR9K6a7sNlo3VbxlGFEziFc/DgGlpwD23oAIEInuEV3hzhvDjvzseiteKUM8fwB87nDwFgjjc=</latexit>�

<latexit sha1_base64="zvZATjDU4hTFNL0+5jAXyeh/HEg=">AAAB7HicbVA9SwNBEJ3zM8avqKXNYhCswl0QtbAI2lhG8JJAcoS9zV6yZG/v2J0LhJDfYGOhiK0/yM5/4ya5QhMfDDzem2FmXphKYdB1v5219Y3Nre3CTnF3b//gsHR03DBJphn3WSIT3Qqp4VIo7qNAyVup5jQOJW+Gw/uZ3xxxbUSinnCc8iCmfSUiwShayR91q7dut1R2K+4cZJV4OSlDjnq39NXpJSyLuUImqTFtz00xmFCNgkk+LXYyw1PKhrTP25YqGnMTTObHTsm5VXokSrQthWSu/p6Y0NiYcRzazpjiwCx7M/E/r51hdBNMhEoz5IotFkWZJJiQ2eekJzRnKMeWUKaFvZWwAdWUoc2naEPwll9eJY1qxbuqVB8vy7W7PI4CnMIZXIAH11CDB6iDDwwEPMMrvDnKeXHenY9F65qTz5zAHzifP/w+jiY=</latexit>
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Tomography with Deep Learning
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Determination of
production point
in transverse plane.

Differential in: 

Orientation w.r.t.
event plane.

Energy loss ratio     .

Production points swap
in order to traverse more
medium with increasing
energy loss.

Du, DP, Tywoniuk - in preparation

Out-of-plane
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In-plane

more quenched less quenched
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Gradient Jet Tomography
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Local gradient of     leads to drift of parton 
distribution towards less dense region. 

Momentum asymmetry w.r.t. plane
defined between reaction plane
and trigger particle (e.g. a photon).

He, Pang, Wang - PRL ‘20

Value and sign of momentum asymmetry
correlates strongly with production point.
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The Fate of Hydrodynamized Energy
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Jet modes that reach thermal scale should evolve hydrodynamically.

A promising candidate:

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).

The effect of the diffusion wake.

Chen et al. - PLB ‘18

Crucial ingredient of the fluid QGP paradigm.

Need to find unequivocal signatures of jet modes hydrodynamization.

Non-perturbative component of in-medium jet dynamics. Affects jet observables.



The Fate of Hydrodynamized Energy
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Jet modes that reach thermal scale should evolve hydrodynamically.

Crucial ingredient of the fluid QGP paradigm.

Need to find unequivocal signatures of jet modes hydrodynamization.

Non-perturbative component of in-medium jet dynamics. Affects jet observables.

Leads to depletion of soft particle yields 
opposite to the jet direction in the transverse plane.

Chen et al. - 2101.05422

Effect can be modulated thanks to
photon-jet momentum asymmetry & 
gradient jet tomography technique.



Dijets with Rapidity Gap
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Rapidity extent of 
the wake 
relatively narrow.
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Rapidity gap between
dijet relatively wide.

Diffusion wake of more
quenched subleading jet
affects leading jet when
aligned in rapidity.



Riders on the Flow
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Final distribution of hadrons from the wake is strongly affected by local QGP properties.
<latexit sha1_base64="JcJJBv8C5/x42NTZ21B6DTtMZb8=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cK9gPaUDbbTbN0dxN2N0IJ/QtePCji1T/kzX/jJs1BWx8MPN6bYWZekHCmjet+O5W19Y3Nrep2bWd3b/+gfnjU1XGqCO2QmMeqH2BNOZO0Y5jhtJ8oikXAaS+Y3uV+74kqzWL5aGYJ9QWeSBYygk0uDZOIjeoNt+kWQKvEK0kDSrRH9a/hOCapoNIQjrUeeG5i/Awrwwin89ow1TTBZIondGCpxIJqPytunaMzq4xRGCtb0qBC/T2RYaH1TAS2U2AT6WUvF//zBqkJb/yMySQ1VJLFojDlyMQofxyNmaLE8JklmChmb0UkwgoTY+Op2RC85ZdXSfei6V013YfLRuu2jKMKJ3AK5+DBNbTgHtrQAQIRPMMrvDnCeXHenY9Fa8UpZ47hD5zPHxTajkM=</latexit>

�

<latexit sha1_base64="wYfvviWs6I5R/5dBG2ywaku+C7M=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cK9gPaUDbbTbt0swm7E6GE/gUvHhTx6h/y5r9x0+agrQ8GHu/NMDMvSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wSTu9zvPHFtRKwecZpwP6IjJULBKOZSnyMdVGtu3Z2DrBKvIDUo0BxUv/rDmKURV8gkNabnuQn6GdUomOSzSj81PKFsQke8Z6miETd+Nr91Rs6sMiRhrG0pJHP190RGI2OmUWA7I4pjs+zl4n9eL8Xwxs+ESlLkii0WhakkGJP8cTIUmjOUU0so08LeStiYasrQxlOxIXjLL6+S9kXdu6q7D5e1xm0RRxlO4BTOwYNraMA9NKEFDMbwDK/w5kTOi/PufCxaS04xcwx/4Hz+AAo0jjw=</latexit>⌘<latexit sha1_base64="lAyz5h0/wUgb0fSqNYpxjNNRoOM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8eK/YI2lM120i7dbMLuRiihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEsG1cd1vp7C2vrG5Vdwu7ezu7R+UD49aOk4VwyaLRaw6AdUouMSm4UZgJ1FIo0BgOxjfzfz2EyrNY9kwkwT9iA4lDzmjxkqPSb/RL1fcqjsHWSVeTiqQo94vf/UGMUsjlIYJqnXXcxPjZ1QZzgROS71UY0LZmA6xa6mkEWo/m586JWdWGZAwVrakIXP190RGI60nUWA7I2pGetmbif953dSEN37GZZIalGyxKEwFMTGZ/U0GXCEzYmIJZYrbWwkbUUWZsemUbAje8surpHVR9a6q7sNlpXabx1GEEziFc/DgGmpwD3VoAoMhPMMrvDnCeXHenY9Fa8HJZ47hD5zPHzXejb8=</latexit>pT

Evolution time until freeze-out
In particular:

Radial flow at freeze-out.

Need to efficiently include in models:
Realistic jet quenching phenomenology.
More detailed tomography.

PRELIMINARY

Linearised hydrodynamics + Local boost (very fast)
can reproduce expected behaviour from 3+1D hydro.
Casalderrey, Milhano, DP, Rajagopal, Yao - JHEP ‘21 & in preparation

Tachibana et al. - 2001.08321see, e.g.,



Outlook
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Multi-particle energy loss in jets can be accounted for analytically by resummation:
Quenched phase space depends on jet pT, size R and coherence effects.

Further improvements for calculation of jet suppression:
More precise determination of quenched phase space (coherence physics).
Detailed dynamics and onset of wave turbulence.
Realistic modelling of hydrodynamized energy (specially for large R).

Deep learning (DL) techniques can give access to energy lost jet-by-jet. Need to:
Extend framework to more models.
Generalize definition of energy loss ratio to “degree of modification”.

New precision level in tomography with DL and gradient jet tomography.

Look for signatures of hydrodynamic medium response to jet passage, such as diffusion wake.
To which degree parton cascades on top of a flowing medium can emulate such signatures?
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Thanks for your
attention!

Looking forward to meeting you in person again!
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Out of Cone Radiation
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Only emissions that end up out of the cone R should be accounted for:

Multiplicative
Ansatz:

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

Broadening dist. Characteristic
broadening scale

Mehtar-Tani, DP, Tywoniuk - 2101.01742

Barata et al. - 2009.13667



Resummed Quenching Factor
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It can be shown through Generating Functional framework that quenching factor resums as:

Unregularised Altarelli-Parisi
splitting functions.

Initial condition at zero angle is bare quenching factor:

(Factorise in Laplace space).

Elastic energy loss:

Fluc.-Diss. relation
in weakly coupled plasma.

(R dependent recovery of thermalised modes).

(Quenched phase space).
Mehtar-Tani, Tywoniuk - PRD ‘18

Mehtar-Tani, DP, Tywoniuk - 2101.01742



Resummed Quenching Factor
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Quarks

Gluons

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

less quenching for larger R.

Resummed quenching factors (solid):

Interplay between energy recovery
and size of quenched phase space.

larger R can lead to more quenching.

see also:

Mehtar-Tani, DP, Tywoniuk - 2101.01742

DP - PRL ‘20



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 - 2101.01742



Jet Suppression
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FIT

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

Only two unconstrained parameters:
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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.

Mehtar-Tani, DP, Tywoniuk - 2101.01742

Casalderrey, Milhano, DP, Rajagopal, Yao - 2010.01140



R Dependence & Modelling Uncertainties
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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.

Need to improve perturbative sector before
non-perturbative becomes relevant (for R<0.6!) 

Mehtar-Tani, DP, Tywoniuk - 2101.01742



More Data Comparison
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Absolute value shows some tension with CMS,
originates from CMS/ATLAS tension.
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