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• How do jets, as multi-partonic systems, interact 
with a QCD medium? 


• A lot of progress on the computational side. Several 
Monte Carlo event generators on the market: 
Hybrid model, JEWEL, LBT, CoLBT, MARTINI, 
Matter, Q-Pythia, (some already available on 
JetScape platform) 


• Theoretical guidance at high pT? Understanding jet 
substructure, developing a probabilistic picture 
(including interferences) 
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Motivation



• Strong suppression of jets in PbPb collisions at the 
LHC (up to 1 TeV)  → pertubative expansion breaks 
down: expect large power corrections at high pT


• Two competing effects: (relative) single parton 
energy loss decreases with pT while parton 
multiplicity increases 
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What drives jet suppression 



• Amplification of jet quenching due to increasing 
multiplicity at high pT qualitatively accounted for in 
Monte Carlo event generators: JEWEL, MARTINI, 
Hybrid Model, etc
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Work in collaboration with Konrad Tywoniuk 


arXiv: 17017.07361 (PRD),  arXiv:17017.06047 (NPA)

Motivation

Dani Pablos’ talk on Thursday

Casalderrey et al. JHEP 1703 (2017) 135
Milhano, Zapp EPJC 76 (2016) 288

• This talk: analyze the structure of higher order 
corrections (including interferences effects) to the 
inclusive jet spectrum →  provide  MC prescription



• Standard analytic approaches to energy loss: 
medium-induced radiative energy loss of a single 
quark or gluon


• Jet spectrum: convolution of pp jet spectrum with 
energy loss probability distribution 
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• Due to the steep initial spectrum, energy loss 
biased towards small values (< mean energy loss)
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Single parton energy loss

• In this limit multiple gluon radiation/scattering cannot be 
neglected (in contrast with single hard gluon radiation 
approx. HT, GLV, SCETg )

• large n approximation 
(not necessary): 
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• Illustration: neglecting finite 
size effects  and medium 
geometry
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Single parton energy loss
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Jet energy loss
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Jet energy loss: phase-space analysis  
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formation time

• How important are jet substructure fluctuations? 
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Jet energy loss: phase-space analysis  
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• Double logarithmic phase-space (from first principles): 

0
<latexit sha1_base64="sjikV528z7Il1N6Sgujx6aKo5+g=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cq9gPaUDbbSbt0swm7G6GE/gMvHhTx6j/y5r9x0+agrQ8GHu/NMDMvSATXxnW/ndLa+sbmVnm7srO7t39QPTxq6zhVDFssFrHqBlSj4BJbhhuB3UQhjQKBnWBym/udJ1Sax/LRTBP0IzqSPOSMGis9uJVBtebW3TnIKvEKUoMCzUH1qz+MWRqhNExQrXuemxg/o8pwJnBW6acaE8omdIQ9SyWNUPvZ/NIZObPKkISxsiUNmau/JzIaaT2NAtsZUTPWy14u/uf1UhNe+xmXSWpQssWiMBXExCR/mwy5QmbE1BLKFLe3EjamijJjw8lD8JZfXiXti7rn1r37y1rjpoijDCdwCufgwRU04A6a0AIGITzDK7w5E+fFeXc+Fq0lp5g5hj9wPn8ArVWMyA==</latexit><latexit sha1_base64="sjikV528z7Il1N6Sgujx6aKo5+g=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cq9gPaUDbbSbt0swm7G6GE/gMvHhTx6j/y5r9x0+agrQ8GHu/NMDMvSATXxnW/ndLa+sbmVnm7srO7t39QPTxq6zhVDFssFrHqBlSj4BJbhhuB3UQhjQKBnWBym/udJ1Sax/LRTBP0IzqSPOSMGis9uJVBtebW3TnIKvEKUoMCzUH1qz+MWRqhNExQrXuemxg/o8pwJnBW6acaE8omdIQ9SyWNUPvZ/NIZObPKkISxsiUNmau/JzIaaT2NAtsZUTPWy14u/uf1UhNe+xmXSWpQssWiMBXExCR/mwy5QmbE1BLKFLe3EjamijJjw8lD8JZfXiXti7rn1r37y1rjpoijDCdwCufgwRU04A6a0AIGITzDK7w5E+fFeXc+Fq0lp5g5hj9wPn8ArVWMyA==</latexit><latexit sha1_base64="sjikV528z7Il1N6Sgujx6aKo5+g=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cq9gPaUDbbSbt0swm7G6GE/gMvHhTx6j/y5r9x0+agrQ8GHu/NMDMvSATXxnW/ndLa+sbmVnm7srO7t39QPTxq6zhVDFssFrHqBlSj4BJbhhuB3UQhjQKBnWBym/udJ1Sax/LRTBP0IzqSPOSMGis9uJVBtebW3TnIKvEKUoMCzUH1qz+MWRqhNExQrXuemxg/o8pwJnBW6acaE8omdIQ9SyWNUPvZ/NIZObPKkISxsiUNmau/JzIaaT2NAtsZUTPWy14u/uf1UhNe+xmXSWpQssWiMBXExCR/mwy5QmbE1BLKFLe3EjamijJjw8lD8JZfXiXti7rn1r37y1rjpoijDCdwCufgwRU04A6a0AIGITzDK7w5E+fFeXc+Fq0lp5g5hj9wPn8ArVWMyA==</latexit><latexit sha1_base64="sjikV528z7Il1N6Sgujx6aKo5+g=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cq9gPaUDbbSbt0swm7G6GE/gMvHhTx6j/y5r9x0+agrQ8GHu/NMDMvSATXxnW/ndLa+sbmVnm7srO7t39QPTxq6zhVDFssFrHqBlSj4BJbhhuB3UQhjQKBnWBym/udJ1Sax/LRTBP0IzqSPOSMGis9uJVBtebW3TnIKvEKUoMCzUH1qz+MWRqhNExQrXuemxg/o8pwJnBW6acaE8omdIQ9SyWNUPvZ/NIZObPKkISxsiUNmau/JzIaaT2NAtsZUTPWy14u/uf1UhNe+xmXSWpQssWiMBXExCR/mwy5QmbE1BLKFLe3EjamijJjw8lD8JZfXiXti7rn1r37y1rjpoijDCdwCufgwRU04A6a0AIGITzDK7w5E+fFeXc+Fq0lp5g5hj9wPn8ArVWMyA==</latexit>

L
<latexit sha1_base64="5puov2m8/Zu/Hvbse1+ETxmDeIg=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoY2GRgPmA5Ah7m7lkzd7esbsnhCO/wMZCEVt/kp3/xk1yhSY+GHi8N8PMvCARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8e3Mbz+h0jyWD2aSoB/RoeQhZ9RYqXHfL1fcqjsHWSVeTiqQo94vf/UGMUsjlIYJqnXXcxPjZ1QZzgROS71UY0LZmA6xa6mkEWo/mx86JWdWGZAwVrakIXP190RGI60nUWA7I2pGetmbif953dSE137GZZIalGyxKEwFMTGZfU0GXCEzYmIJZYrbWwkbUUWZsdmUbAje8surpHVR9dyq17is1G7yOIpwAqdwDh5cQQ3uoA5NYIDwDK/w5jw6L86787FoLTj5zDH8gfP5A6OJjNA=</latexit><latexit sha1_base64="5puov2m8/Zu/Hvbse1+ETxmDeIg=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoY2GRgPmA5Ah7m7lkzd7esbsnhCO/wMZCEVt/kp3/xk1yhSY+GHi8N8PMvCARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8e3Mbz+h0jyWD2aSoB/RoeQhZ9RYqXHfL1fcqjsHWSVeTiqQo94vf/UGMUsjlIYJqnXXcxPjZ1QZzgROS71UY0LZmA6xa6mkEWo/mx86JWdWGZAwVrakIXP190RGI60nUWA7I2pGetmbif953dSE137GZZIalGyxKEwFMTGZfU0GXCEzYmIJZYrbWwkbUUWZsdmUbAje8surpHVR9dyq17is1G7yOIpwAqdwDh5cQQ3uoA5NYIDwDK/w5jw6L86787FoLTj5zDH8gfP5A6OJjNA=</latexit><latexit sha1_base64="5puov2m8/Zu/Hvbse1+ETxmDeIg=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoY2GRgPmA5Ah7m7lkzd7esbsnhCO/wMZCEVt/kp3/xk1yhSY+GHi8N8PMvCARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8e3Mbz+h0jyWD2aSoB/RoeQhZ9RYqXHfL1fcqjsHWSVeTiqQo94vf/UGMUsjlIYJqnXXcxPjZ1QZzgROS71UY0LZmA6xa6mkEWo/mx86JWdWGZAwVrakIXP190RGI60nUWA7I2pGetmbif953dSE137GZZIalGyxKEwFMTGZfU0GXCEzYmIJZYrbWwkbUUWZsdmUbAje8surpHVR9dyq17is1G7yOIpwAqdwDh5cQQ3uoA5NYIDwDK/w5jw6L86787FoLTj5zDH8gfP5A6OJjNA=</latexit><latexit sha1_base64="5puov2m8/Zu/Hvbse1+ETxmDeIg=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoY2GRgPmA5Ah7m7lkzd7esbsnhCO/wMZCEVt/kp3/xk1yhSY+GHi8N8PMvCARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8e3Mbz+h0jyWD2aSoB/RoeQhZ9RYqXHfL1fcqjsHWSVeTiqQo94vf/UGMUsjlIYJqnXXcxPjZ1QZzgROS71UY0LZmA6xa6mkEWo/mx86JWdWGZAwVrakIXP190RGI60nUWA7I2pGetmbif953dSE137GZZIalGyxKEwFMTGZfU0GXCEzYmIJZYrbWwkbUUWZsdmUbAje8surpHVR9dyq17is1G7yOIpwAqdwDh5cQQ3uoA5NYIDwDK/w5jw6L86787FoLTj5zDH8gfP5A6OJjNA=</latexit>

• Additional time scale: the color decoherence time 
associated with the resolution of subjects by the medium 

Casalderrey-Solana, MT, Salgado, Tywoniuk (2012)


MT, Salgado, Tywoniuk (2010-11)

Iancu, Casalderrey-Solana (2011)

Apolinario et al (2014) MT, Tywoniuk (2017)


td ⇠ (q̂ ✓2)�1/3 < L
<latexit sha1_base64="4Wn0lW81x+MvyMW90a+MGwSAgvc="></latexit><latexit sha1_base64="4Wn0lW81x+MvyMW90a+MGwSAgvc="></latexit><latexit sha1_base64="4Wn0lW81x+MvyMW90a+MGwSAgvc="></latexit><latexit sha1_base64="4Wn0lW81x+MvyMW90a+MGwSAgvc="></latexit>
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Jet energy loss: phase-space analysis  

tf = td

ln 1
z

− ln θc − ln θ− lnR

ln
pT
ωc

tf = Lln
R4/3 pT
q̂1/3

ln(pTR2L)

0

ln(pTL)
1/2

θ

z 1− z

decoherent In-
medium vacuum 

shower

coherent in-medium 
vacuum shower

See Paul Caucal’s talk on Thursday

[Caucal et al 2018] 

tf ⌧ td ⌧ L
<latexit sha1_base64="eh4b4QvLrNymGw6DBarbaaINZhA=">AAACI3icbVDLSgMxFM34rPVVdekmWAQXUmZEUFwV3bhwUcE+oFNKJr3ThmYeJHfEMvRf3PgrblwoxY0L/8VMW4q2Hgj3cM69yc3xYik02vaXtbS8srq2ntvIb25t7+wW9vZrOkoUhyqPZKQaHtMgRQhVFCihEStggSeh7vVvMr/+CEqLKHzAQQytgHVD4QvO0EjtwpU7viP1ZAJDim0X4QlTf0jdU+pKmZWZ2pmpWb1rF4p2yR6DLhJnSopkikq7MHI7EU8CCJFLpnXTsWNspUyh4BKGeTfREDPeZ11oGhqyAHQrHe83pMdG6VA/UuaESMfq74mUBVoPAs90Bgx7et7LxP+8ZoL+ZSsVYZwghHzykJ9IihHNAqMdoYCjHBjCuBJmV8p7TDGOJta8CcGZ//IiqZ2VHLvk3J8Xy9fTOHLkkByRE+KQC1Imt6RCqoSTZ/JK3smH9WK9WSPrc9K6ZE1nDsgfWN8/k3Ki4A==</latexit><latexit sha1_base64="eh4b4QvLrNymGw6DBarbaaINZhA=">AAACI3icbVDLSgMxFM34rPVVdekmWAQXUmZEUFwV3bhwUcE+oFNKJr3ThmYeJHfEMvRf3PgrblwoxY0L/8VMW4q2Hgj3cM69yc3xYik02vaXtbS8srq2ntvIb25t7+wW9vZrOkoUhyqPZKQaHtMgRQhVFCihEStggSeh7vVvMr/+CEqLKHzAQQytgHVD4QvO0EjtwpU7viP1ZAJDim0X4QlTf0jdU+pKmZWZ2pmpWb1rF4p2yR6DLhJnSopkikq7MHI7EU8CCJFLpnXTsWNspUyh4BKGeTfREDPeZ11oGhqyAHQrHe83pMdG6VA/UuaESMfq74mUBVoPAs90Bgx7et7LxP+8ZoL+ZSsVYZwghHzykJ9IihHNAqMdoYCjHBjCuBJmV8p7TDGOJta8CcGZ//IiqZ2VHLvk3J8Xy9fTOHLkkByRE+KQC1Imt6RCqoSTZ/JK3smH9WK9WSPrc9K6ZE1nDsgfWN8/k3Ki4A==</latexit><latexit sha1_base64="eh4b4QvLrNymGw6DBarbaaINZhA=">AAACI3icbVDLSgMxFM34rPVVdekmWAQXUmZEUFwV3bhwUcE+oFNKJr3ThmYeJHfEMvRf3PgrblwoxY0L/8VMW4q2Hgj3cM69yc3xYik02vaXtbS8srq2ntvIb25t7+wW9vZrOkoUhyqPZKQaHtMgRQhVFCihEStggSeh7vVvMr/+CEqLKHzAQQytgHVD4QvO0EjtwpU7viP1ZAJDim0X4QlTf0jdU+pKmZWZ2pmpWb1rF4p2yR6DLhJnSopkikq7MHI7EU8CCJFLpnXTsWNspUyh4BKGeTfREDPeZ11oGhqyAHQrHe83pMdG6VA/UuaESMfq74mUBVoPAs90Bgx7et7LxP+8ZoL+ZSsVYZwghHzykJ9IihHNAqMdoYCjHBjCuBJmV8p7TDGOJta8CcGZ//IiqZ2VHLvk3J8Xy9fTOHLkkByRE+KQC1Imt6RCqoSTZ/JK3smH9WK9WSPrc9K6ZE1nDsgfWN8/k3Ki4A==</latexit><latexit sha1_base64="eh4b4QvLrNymGw6DBarbaaINZhA=">AAACI3icbVDLSgMxFM34rPVVdekmWAQXUmZEUFwV3bhwUcE+oFNKJr3ThmYeJHfEMvRf3PgrblwoxY0L/8VMW4q2Hgj3cM69yc3xYik02vaXtbS8srq2ntvIb25t7+wW9vZrOkoUhyqPZKQaHtMgRQhVFCihEStggSeh7vVvMr/+CEqLKHzAQQytgHVD4QvO0EjtwpU7viP1ZAJDim0X4QlTf0jdU+pKmZWZ2pmpWb1rF4p2yR6DLhJnSopkikq7MHI7EU8CCJFLpnXTsWNspUyh4BKGeTfREDPeZ11oGhqyAHQrHe83pMdG6VA/UuaESMfq74mUBVoPAs90Bgx7et7LxP+8ZoL+ZSsVYZwghHzykJ9IihHNAqMdoYCjHBjCuBJmV8p7TDGOJta8CcGZ//IiqZ2VHLvk3J8Xy9fTOHLkkByRE+KQC1Imt6RCqoSTZ/JK3smH9WK9WSPrc9K6ZE1nDsgfWN8/k3Ki4A==</latexit>

and Marta Verweij’s talk on Wednesday
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q̂L3
<latexit sha1_base64="cRjmM+4BbsqunMNOkunp5qYU1BM=">AAACDHicbVC7SgNBFJ2NrxhfUUubwSBYxV0VtAzaWFhEMA/IrmF2cpMMmX1k5m4gLPkAG3/FxkIRWz/Azr9x8ig08cDA4ZxzuXOPH0uh0ba/rczS8srqWnY9t7G5tb2T392r6ihRHCo8kpGq+0yDFCFUUKCEeqyABb6Emt+7Hvu1ASgtovAehzF4AeuEoi04QyM18wUXu4CsyakL/UQMqHPi6r7C1O0ypH16+3A2Mim7aE9AF4kzIwUyQ7mZ/3JbEU8CCJFLpnXDsWP0UqZQcAmjnJtoiBnvsQ40DA1ZANpLJ8eM6JFRWrQdKfNCpBP190TKAq2HgW+SAcOunvfG4n9eI8H2pZeKME4QQj5d1E4kxYiOm6EtoYCjHBrCuBLmr5R3mWIcTX85U4Izf/IiqZ4WHbvo3J0XSlezOrLkgBySY+KQC1IiN6RMKoSTR/JMXsmb9WS9WO/WxzSasWYz++QPrM8flAGaqA==</latexit><latexit sha1_base64="cRjmM+4BbsqunMNOkunp5qYU1BM=">AAACDHicbVC7SgNBFJ2NrxhfUUubwSBYxV0VtAzaWFhEMA/IrmF2cpMMmX1k5m4gLPkAG3/FxkIRWz/Azr9x8ig08cDA4ZxzuXOPH0uh0ba/rczS8srqWnY9t7G5tb2T392r6ihRHCo8kpGq+0yDFCFUUKCEeqyABb6Emt+7Hvu1ASgtovAehzF4AeuEoi04QyM18wUXu4CsyakL/UQMqHPi6r7C1O0ypH16+3A2Mim7aE9AF4kzIwUyQ7mZ/3JbEU8CCJFLpnXDsWP0UqZQcAmjnJtoiBnvsQ40DA1ZANpLJ8eM6JFRWrQdKfNCpBP190TKAq2HgW+SAcOunvfG4n9eI8H2pZeKME4QQj5d1E4kxYiOm6EtoYCjHBrCuBLmr5R3mWIcTX85U4Izf/IiqZ4WHbvo3J0XSlezOrLkgBySY+KQC1IiN6RMKoSTR/JMXsmb9WS9WO/WxzSasWYz++QPrM8flAGaqA==</latexit><latexit sha1_base64="cRjmM+4BbsqunMNOkunp5qYU1BM=">AAACDHicbVC7SgNBFJ2NrxhfUUubwSBYxV0VtAzaWFhEMA/IrmF2cpMMmX1k5m4gLPkAG3/FxkIRWz/Azr9x8ig08cDA4ZxzuXOPH0uh0ba/rczS8srqWnY9t7G5tb2T392r6ihRHCo8kpGq+0yDFCFUUKCEeqyABb6Emt+7Hvu1ASgtovAehzF4AeuEoi04QyM18wUXu4CsyakL/UQMqHPi6r7C1O0ypH16+3A2Mim7aE9AF4kzIwUyQ7mZ/3JbEU8CCJFLpnXDsWP0UqZQcAmjnJtoiBnvsQ40DA1ZANpLJ8eM6JFRWrQdKfNCpBP190TKAq2HgW+SAcOunvfG4n9eI8H2pZeKME4QQj5d1E4kxYiOm6EtoYCjHBrCuBLmr5R3mWIcTX85U4Izf/IiqZ4WHbvo3J0XSlezOrLkgBySY+KQC1IiN6RMKoSTR/JMXsmb9WS9WO/WxzSasWYz++QPrM8flAGaqA==</latexit><latexit sha1_base64="cRjmM+4BbsqunMNOkunp5qYU1BM=">AAACDHicbVC7SgNBFJ2NrxhfUUubwSBYxV0VtAzaWFhEMA/IrmF2cpMMmX1k5m4gLPkAG3/FxkIRWz/Azr9x8ig08cDA4ZxzuXOPH0uh0ba/rczS8srqWnY9t7G5tb2T392r6ihRHCo8kpGq+0yDFCFUUKCEeqyABb6Emt+7Hvu1ASgtovAehzF4AeuEoi04QyM18wUXu4CsyakL/UQMqHPi6r7C1O0ypH16+3A2Mim7aE9AF4kzIwUyQ7mZ/3JbEU8CCJFLpnXDsWP0UqZQcAmjnJtoiBnvsQ40DA1ZANpLJ8eM6JFRWrQdKfNCpBP190TKAq2HgW+SAcOunvfG4n9eI8H2pZeKME4QQj5d1E4kxYiOm6EtoYCjHBrCuBLmr5R3mWIcTX85U4Izf/IiqZ4WHbvo3J0XSlezOrLkgBySY+KQC1IiN6RMKoSTR/JMXsmb9WS9WO/WxzSasWYz++QPrM8flAGaqA==</latexit>

!c ⌘ q̂L2
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NLO corrections to the jet spectrum  

• To leading-log (LL) accuracy: cancellation between 
real and virtual contributions (KLN theorem) except 
in the region 

tf ⌧ td ⌧ L
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RAA = Q(0) + ↵̄Q(1) +O(↵̄2)
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NLO correction to the jet spectrum  

Q(1)(pT ) = �̄

� R

�c

d�

�

� pT

(q̂/�4)1/3

d�

�

�
Q2

q(pT ) � 1
�

Qtot(pT )

Mismatch between real and virtual

gluon + quark energy loss quark energy loss �
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NLO correction to the jet spectrum  

Q(pT ) = Qtot(pT ) � C(pT )

C(pT ) = exp

�
�2�̄ ln

R

�c

�
ln

pT

�c
+

2

3
ln

R

�c

��

• LL contributions exponentiate in the strong quenching 
limit: only the leading particle survives albeit suppressed 
by a Sudakov form factor in addition to its total charge 
energy loss

RAA ⇠
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• Now we have:

• Increasing suppression with R (at large R energy must be 
recovered, not included here). Effect observed on groomed 
jets with JEWEL  [Andrews et al (2018)]
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Jet suppression: numerics

• Including running coupling, full LO splitting function 
and finite quenching, we obtain a non-linear evolution 
equation:

Cq(pT , R) = 1 +

� 1

0
dz

� R

0

d�

�

�s(k�)

�
Pqg(z) �(tf < td < L)

�
�

Cq(zpT , �) Cg(zpT , �) Q2
q(pT ) � Cq(zpT , �)

�

• Caveats: pT-broadening, mini-jet absorption, in-cone 
medium-induced radiation, medium back-reaction 
neglected 
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Jet suppression: numerics
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q̂ = 1GeV2/fm

L = 3fm
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Summary 

• Important high order corrections to jet quenching: sensitivity of 
the inclusive  jet spectrum to fluctuations of jet substructure 
(encoded qualitatively in MC’s not in analytic approaches) 


• To leading log accuracy in the strong quenching limit we obtain a 
Sudakov suppression factor  

• Probabilistic picture to LL accuracy:  (i) early in-medium 
vacuum shower generated by medium-modified  Sudakov. (ii) 
Unresolved vacuum shower for            . (iii) Resolved partons    
for                 undergo medium-induced cascade over a distance 
of order the medium length. (iv) Final stage: fragmentation in 
vacuum with modified angular ordering


• Outlook: Investigate jet substructure observables, combine 
analytic and MC studies, …

✓ < ✓c
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