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• Theoretical calculations with pQCD: logarithmic accuracy and resummation

• Observables: zg-distribution,     with dynamical grooming

Jet substructure in proton-proton collisions at LHC energies1

Jet substructure in Pb+Pb collisions at LHC energies2

• Observables: Lund plane density, zg-distribution, dynamical grooming 

• Analytic approach to in-medium jet evolution: BDMPS-Z, GLV and IOE

Topics not covered (but very relevant)

• Machine learning:
• Jet physics at the EIC and RHIC:
• New clustering algorithms: 

[Dreyer et al. JHEP 03 (2021) 052,  Du et al JHEP 03 (2021) 206, Lai et al 2012.06582]

[Arratia et al 2006.10751, Apolinario et al 2012.02199, Wei et al PRD 101 (2020) 9, 094015]

[EIC Yellow Report 2103.05419, STAR Phys.Lett.B 811 (2020), STAR NPA 967 (2017)]
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Parton branching in vacuum
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• Angular ordering:
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Elastic scattering amplitude has a (small) real part
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Theory

θ
θ0 dNz≪1 ∝ CRαs

dz
z

sin θdθ
1 − cos θ

[Θ(cos θ0 − cos θ)]



Space-time picture of a jet: Lund plane representation
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tf,1
<latexit sha1_base64="05ko0Kkoe7ka4Bs5yn1LygcHLrQ="></latexit><latexit sha1_base64="05ko0Kkoe7ka4Bs5yn1LygcHLrQ="></latexit><latexit sha1_base64="05ko0Kkoe7ka4Bs5yn1LygcHLrQ="></latexit><latexit sha1_base64="05ko0Kkoe7ka4Bs5yn1LygcHLrQ="></latexit><latexit sha1_base64="05ko0Kkoe7ka4Bs5yn1LygcHLrQ="></latexit>

tf,1
<latexit sha1_base64="05ko0Kkoe7ka4Bs5yn1LygcHLrQ="> AhmqJj9B6doAViyKCv6Du6Di6Dz8GX4FvrGgy6mCdoR4LrXyG/73w=</latexit><latexit sha1_base64="05ko0Kkoe7ka4Bs5yn1LygcHLrQ="> AhmqJj9B6doAViyKCv6Du6Di6Dz8GX4FvrGgy6mCdoR4LrXyG/73w=</latexit><latexit sha1_base64="05ko0Kkoe7ka4Bs5yn1LygcHLrQ="> AhmqJj9B6doAViyKCv6Du6Di6Dz8GX4FvrGgy6mCdoR4LrXyG/73w=</latexit><latexit sha1_base64="05ko0Kkoe7ka4Bs5yn1LygcHLrQ="> AhmqJj9B6doAViyKCv6Du6Di6Dz8GX4FvrGgy6mCdoR4LrXyG/73w=</latexit><latexit sha1_base64="05ko0Kkoe7ka4Bs5yn1LygcHLrQ="> AhmqJj9B6doAViyKCv6Du6Di6Dz8GX4FvrGgy6mCdoR4LrXyG/73w=</latexit>
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tf,3
<latexit sha1_base64="u+tuviN+Y2OKJmrQuf0BpJXzK38="></latexit><latexit sha1_base64="u+tuviN+Y2OKJmrQuf0BpJXzK38="></latexit><latexit sha1_base64="u+tuviN+Y2OKJmrQuf0BpJXzK38="></latexit><latexit sha1_base64="u+tuviN+Y2OKJmrQuf0BpJXzK38="></latexit><latexit sha1_base64="u+tuviN+Y2OKJmrQuf0BpJXzK38="></latexit>

tf,3
<latexit sha1_base64="u+tuviN+Y2OKJmrQuf0BpJXzK38="></latexit><latexit sha1_base64="u+tuviN+Y2OKJmrQuf0BpJXzK38="></latexit><latexit sha1_base64="u+tuviN+Y2OKJmrQuf0BpJXzK38="></latexit><latexit sha1_base64="u+tuviN+Y2OKJmrQuf0BpJXzK38="></latexit><latexit sha1_base64="u+tuviN+Y2OKJmrQuf0BpJXzK38="></latexit>
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tf,2
<latexit sha1_base64="2iwrRg1pUSJlmnvhzIaql0fsZzw="></latexit><latexit sha1_base64="2iwrRg1pUSJlmnvhzIaql0fsZzw="></latexit><latexit sha1_base64="zAd04uToTBneLJdK4CRyPL6LN6k="></latexit><latexit sha1_base64="zAd04uToTBneLJdK4CRyPL6LN6k="></latexit><latexit sha1_base64="zAd04uToTBneLJdK4CRyPL6LN6k="></latexit><latexit sha1_base64="zAd04uToTBneLJdK4CRyPL6LN6k="></latexit>

tf,2
<latexit sha1_base64="2iwrRg1pUSJlmnvhzIaql0fsZzw="></latexit><latexit sha1_base64="2iwrRg1pUSJlmnvhzIaql0fsZzw="></latexit><latexit sha1_base64="zAd04uToTBneLJdK4CRyPL6LN6k="></latexit><latexit sha1_base64="zAd04uToTBneLJdK4CRyPL6LN6k="></latexit><latexit sha1_base64="zAd04uToTBneLJdK4CRyPL6LN6k="></latexit><latexit sha1_base64="zAd04uToTBneLJdK4CRyPL6LN6k="></latexit>

[Andersson, Gustafson, Lönnblad, Pettersson ’89]

tf =
2z(1 − z)pT

k2
t

• Lund diagram (primary emission plane) 
- secondary branchings located on 

independent “leaves” 

• Accessed in experimental data using jet 
reconstruction (C/A algorithm)

[Courtesy of K.Tywoniuk]

[Dreyer, Salam, Soyez JHEP 12 (2018) 064]



Engineering jet substructure observables
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• Theoretically calculable: IRC (or at least Sudakov) safety

Minimal checklist to keep in mind for potential jet substructure observables

e.g. fragmentation function D(x) =
1

Njets

dN
dx

with x =
pt cos θ

pt,jet

xDLL(x) = 2
αsCR

π ∫
R

0

dθ
θ

f(1/x,1/θ)

7

√s

~ b
<latexit sha1_base64="WcQViw92bk1sTDeYIg+Q3vxqyPY=">AAAB5nicdVDLTgJBEJzFF+IL9ehlIjHxtJlFBPZG4sUjJi6QwIbMDg2MzD4yM0tCNnyDXozRkx/kD/g3DoiJGq1TdVd1UtVBIrjShLxbubX1jc2t/HZhZ3dv/6B4eNRScSoZeCwWsewEVIHgEXiaawGdRAINAwHtYHK10NtTkIrH0a2eJeCHdBTxIWdUm1WrNwWGg36xRGy3XnWdCiZ2mRC3WjPkwnXdywvs2GSJElqh2S++9QYxS0OINBNUqa5DEu1nVGrOBMwLvVRBQtmEjqBraERDUH62TDvHZ8NYYj0GvJy/ezMaKjULA+MJqR6r39pi+ZfWTfWw7mc8SlINETMWow1TgXWMF6XxgEtgWswMoUxykxKzMZWUafOagqn/1RH/T7yy7drOTaXUaKz+kEcn6BSdIwfVUANdoybyEEN36AE9oxeLW/fWo/X0ac1Zq5tj9APW6wcHS4yc</latexit><latexit sha1_base64="WcQViw92bk1sTDeYIg+Q3vxqyPY=">AAAB5nicdVDLTgJBEJzFF+IL9ehlIjHxtJlFBPZG4sUjJi6QwIbMDg2MzD4yM0tCNnyDXozRkx/kD/g3DoiJGq1TdVd1UtVBIrjShLxbubX1jc2t/HZhZ3dv/6B4eNRScSoZeCwWsewEVIHgEXiaawGdRAINAwHtYHK10NtTkIrH0a2eJeCHdBTxIWdUm1WrNwWGg36xRGy3XnWdCiZ2mRC3WjPkwnXdywvs2GSJElqh2S++9QYxS0OINBNUqa5DEu1nVGrOBMwLvVRBQtmEjqBraERDUH62TDvHZ8NYYj0GvJy/ezMaKjULA+MJqR6r39pi+ZfWTfWw7mc8SlINETMWow1TgXWMF6XxgEtgWswMoUxykxKzMZWUafOagqn/1RH/T7yy7drOTaXUaKz+kEcn6BSdIwfVUANdoybyEEN36AE9oxeLW/fWo/X0ac1Zq5tj9APW6wcHS4yc</latexit><latexit sha1_base64="WcQViw92bk1sTDeYIg+Q3vxqyPY=">AAAB5nicdVDLTgJBEJzFF+IL9ehlIjHxtJlFBPZG4sUjJi6QwIbMDg2MzD4yM0tCNnyDXozRkx/kD/g3DoiJGq1TdVd1UtVBIrjShLxbubX1jc2t/HZhZ3dv/6B4eNRScSoZeCwWsewEVIHgEXiaawGdRAINAwHtYHK10NtTkIrH0a2eJeCHdBTxIWdUm1WrNwWGg36xRGy3XnWdCiZ2mRC3WjPkwnXdywvs2GSJElqh2S++9QYxS0OINBNUqa5DEu1nVGrOBMwLvVRBQtmEjqBraERDUH62TDvHZ8NYYj0GvJy/ezMaKjULA+MJqR6r39pi+ZfWTfWw7mc8SlINETMWow1TgXWMF6XxgEtgWswMoUxykxKzMZWUafOagqn/1RH/T7yy7drOTaXUaKz+kEcn6BSdIwfVUANdoybyEEN36AE9oxeLW/fWo/X0ac1Zq5tj9APW6wcHS4yc</latexit><latexit sha1_base64="WcQViw92bk1sTDeYIg+Q3vxqyPY=">AAAB5nicdVDLTgJBEJzFF+IL9ehlIjHxtJlFBPZG4sUjJi6QwIbMDg2MzD4yM0tCNnyDXozRkx/kD/g3DoiJGq1TdVd1UtVBIrjShLxbubX1jc2t/HZhZ3dv/6B4eNRScSoZeCwWsewEVIHgEXiaawGdRAINAwHtYHK10NtTkIrH0a2eJeCHdBTxIWdUm1WrNwWGg36xRGy3XnWdCiZ2mRC3WjPkwnXdywvs2GSJElqh2S++9QYxS0OINBNUqa5DEu1nVGrOBMwLvVRBQtmEjqBraERDUH62TDvHZ8NYYj0GvJy/ezMaKjULA+MJqR6r39pi+ZfWTfWw7mc8SlINETMWow1TgXWMF6XxgEtgWswMoUxykxKzMZWUafOagqn/1RH/T7yy7drOTaXUaKz+kEcn6BSdIwfVUANdoybyEEN36AE9oxeLW/fWo/X0ac1Zq5tj9APW6wcHS4yc</latexit>

p <latexit sha1_base64="RMLzdPyT2tgmaFX3Ws1pguZMKZE=">AAAB4XicdVDLSgNBEOzxGeMr6tHLYBA8LbtBUG8BLx4TcE0gWcLspDcZMvtgZlYIS35ALyJ68pf8Af/G2RjBZ126uqsaujrMpNDGdd/I0vLK6tp6ZaO6ubW9s1vb27/Raa44+jyVqeqGTKMUCfpGGIndTCGLQ4mdcHJZ6p1bVFqkybWZZhjEbJSISHBm7KidDWp112m4Jehv4jnz6tZhgdag9tofpjyPMTFcMq17npuZoGDKCC5xVu3nGjPGJ2yEPUsTFqMOivmhM3ocpYqaMdJ5/9VbsFjraRxaT8zMWP/UyuFfWi830XlQiCTLDSbcWqwW5ZKalJZ56VAo5EZOLWFcCXsl5WOmGDf2K1Ub/zMj/Z/4DefC8dqn9WZz8YcKHMIRnIAHZ9CEK2iBDxwQ7uEJnsmQ3JEH8vhhXSKLnQP4BvLyDkf+imE=</latexit><latexit sha1_base64="RMLzdPyT2tgmaFX3Ws1pguZMKZE=">AAAB4XicdVDLSgNBEOzxGeMr6tHLYBA8LbtBUG8BLx4TcE0gWcLspDcZMvtgZlYIS35ALyJ68pf8Af/G2RjBZ126uqsaujrMpNDGdd/I0vLK6tp6ZaO6ubW9s1vb27/Raa44+jyVqeqGTKMUCfpGGIndTCGLQ4mdcHJZ6p1bVFqkybWZZhjEbJSISHBm7KidDWp112m4Jehv4jnz6tZhgdag9tofpjyPMTFcMq17npuZoGDKCC5xVu3nGjPGJ2yEPUsTFqMOivmhM3ocpYqaMdJ5/9VbsFjraRxaT8zMWP/UyuFfWi830XlQiCTLDSbcWqwW5ZKalJZ56VAo5EZOLWFcCXsl5WOmGDf2K1Ub/zMj/Z/4DefC8dqn9WZz8YcKHMIRnIAHZ9CEK2iBDxwQ7uEJnsmQ3JEH8vhhXSKLnQP4BvLyDkf+imE=</latexit><latexit sha1_base64="RMLzdPyT2tgmaFX3Ws1pguZMKZE=">AAAB4XicdVDLSgNBEOzxGeMr6tHLYBA8LbtBUG8BLx4TcE0gWcLspDcZMvtgZlYIS35ALyJ68pf8Af/G2RjBZ126uqsaujrMpNDGdd/I0vLK6tp6ZaO6ubW9s1vb27/Raa44+jyVqeqGTKMUCfpGGIndTCGLQ4mdcHJZ6p1bVFqkybWZZhjEbJSISHBm7KidDWp112m4Jehv4jnz6tZhgdag9tofpjyPMTFcMq17npuZoGDKCC5xVu3nGjPGJ2yEPUsTFqMOivmhM3ocpYqaMdJ5/9VbsFjraRxaT8zMWP/UyuFfWi830XlQiCTLDSbcWqwW5ZKalJZ56VAo5EZOLWFcCXsl5WOmGDf2K1Ub/zMj/Z/4DefC8dqn9WZz8YcKHMIRnIAHZ9CEK2iBDxwQ7uEJnsmQ3JEH8vhhXSKLnQP4BvLyDkf+imE=</latexit><latexit sha1_base64="RMLzdPyT2tgmaFX3Ws1pguZMKZE=">AAAB4XicdVDLSgNBEOzxGeMr6tHLYBA8LbtBUG8BLx4TcE0gWcLspDcZMvtgZlYIS35ALyJ68pf8Af/G2RjBZ126uqsaujrMpNDGdd/I0vLK6tp6ZaO6ubW9s1vb27/Raa44+jyVqeqGTKMUCfpGGIndTCGLQ4mdcHJZ6p1bVFqkybWZZhjEbJSISHBm7KidDWp112m4Jehv4jnz6tZhgdag9tofpjyPMTFcMq17npuZoGDKCC5xVu3nGjPGJ2yEPUsTFqMOivmhM3ocpYqaMdJ5/9VbsFjraRxaT8zMWP/UyuFfWi830XlQiCTLDSbcWqwW5ZKalJZ56VAo5EZOLWFcCXsl5WOmGDf2K1Ub/zMj/Z/4DefC8dqn9WZz8YcKHMIRnIAHZ9CEK2iBDxwQ7uEJnsmQ3JEH8vhhXSKLnQP4BvLyDkf+imE=</latexit>

✓
<latexit sha1_base64="lVVhoqscyTc7RW5iGB+QGiKFgRs=">AAAB5nicdVDLTsJAFL3FF+ILdelmIjFx1bQNUNyRuHGJiQUSaMh0mMLI9JGZqQlp+AbdGKMrP8gf8G8cKiZq9KzOvefc3HtukHImlWW9G6W19Y3NrfJ2ZWd3b/+genjUlUkmCPVIwhPRD7CknMXUU0xx2k8FxVHAaS+YXS713h0VkiXxjZqn1I/wJGYhI1jpVneoplThUbVmmY7j1hs2ssyG26y7BWm2mo6LbNMqUIMVOqPq23CckCyisSIcSzmwrVT5ORaKEU4XlWEmaYrJDE/oQNMYR1T6eXHtAp2FiUB6Lyrq794cR1LOo0B7Iqym8re2bP6lDTIVtvycxWmmaEy0RWthxpFK0DI0GjNBieJzTTARTF+JyBQLTJR+TUXH/8qI/ieeY16Y9nW91m6v/lCGEziFc7DBhTZcQQc8IHALD/AMLwYz7o1H4+nTWjJWM8fwA8brB3NgjOQ=</latexit><latexit sha1_base64="lVVhoqscyTc7RW5iGB+QGiKFgRs=">AAAB5nicdVDLTsJAFL3FF+ILdelmIjFx1bQNUNyRuHGJiQUSaMh0mMLI9JGZqQlp+AbdGKMrP8gf8G8cKiZq9KzOvefc3HtukHImlWW9G6W19Y3NrfJ2ZWd3b/+genjUlUkmCPVIwhPRD7CknMXUU0xx2k8FxVHAaS+YXS713h0VkiXxjZqn1I/wJGYhI1jpVneoplThUbVmmY7j1hs2ssyG26y7BWm2mo6LbNMqUIMVOqPq23CckCyisSIcSzmwrVT5ORaKEU4XlWEmaYrJDE/oQNMYR1T6eXHtAp2FiUB6Lyrq794cR1LOo0B7Iqym8re2bP6lDTIVtvycxWmmaEy0RWthxpFK0DI0GjNBieJzTTARTF+JyBQLTJR+TUXH/8qI/ieeY16Y9nW91m6v/lCGEziFc7DBhTZcQQc8IHALD/AMLwYz7o1H4+nTWjJWM8fwA8brB3NgjOQ=</latexit><latexit sha1_base64="lVVhoqscyTc7RW5iGB+QGiKFgRs=">AAAB5nicdVDLTsJAFL3FF+ILdelmIjFx1bQNUNyRuHGJiQUSaMh0mMLI9JGZqQlp+AbdGKMrP8gf8G8cKiZq9KzOvefc3HtukHImlWW9G6W19Y3NrfJ2ZWd3b/+genjUlUkmCPVIwhPRD7CknMXUU0xx2k8FxVHAaS+YXS713h0VkiXxjZqn1I/wJGYhI1jpVneoplThUbVmmY7j1hs2ssyG26y7BWm2mo6LbNMqUIMVOqPq23CckCyisSIcSzmwrVT5ORaKEU4XlWEmaYrJDE/oQNMYR1T6eXHtAp2FiUB6Lyrq794cR1LOo0B7Iqym8re2bP6lDTIVtvycxWmmaEy0RWthxpFK0DI0GjNBieJzTTARTF+JyBQLTJR+TUXH/8qI/ieeY16Y9nW91m6v/lCGEziFc7DBhTZcQQc8IHALD/AMLwYz7o1H4+nTWjJWM8fwA8brB3NgjOQ=</latexit><latexit sha1_base64="lVVhoqscyTc7RW5iGB+QGiKFgRs=">AAAB5nicdVDLTsJAFL3FF+ILdelmIjFx1bQNUNyRuHGJiQUSaMh0mMLI9JGZqQlp+AbdGKMrP8gf8G8cKiZq9KzOvefc3HtukHImlWW9G6W19Y3NrfJ2ZWd3b/+genjUlUkmCPVIwhPRD7CknMXUU0xx2k8FxVHAaS+YXS713h0VkiXxjZqn1I/wJGYhI1jpVneoplThUbVmmY7j1hs2ssyG26y7BWm2mo6LbNMqUIMVOqPq23CckCyisSIcSzmwrVT5ORaKEU4XlWEmaYrJDE/oQNMYR1T6eXHtAp2FiUB6Lyrq794cR1LOo0B7Iqym8re2bP6lDTIVtvycxWmmaEy0RWthxpFK0DI0GjNBieJzTTARTF+JyBQLTJR+TUXH/8qI/ieeY16Y9nW91m6v/lCGEziFc7DBhTZcQQc8IHALD/AMLwYz7o1H4+nTWjJWM8fwA8brB3NgjOQ=</latexit>
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<latexit sha1_base64="4vaTxut6VGMKSrnUg58FdeqCYeQ="></latexit><latexit sha1_base64="4vaTxut6VGMKSrnUg58FdeqCYeQ="></latexit><latexit sha1_base64="4vaTxut6VGMKSrnUg58FdeqCYeQ="></latexit><latexit sha1_base64="4vaTxut6VGMKSrnUg58FdeqCYeQ="></latexit>
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<latexit sha1_base64="X7dnjtHQY8gEU/eNaqV7vXruqio=">AAAB83icdVDLSsNAFJ34rPWV6tLNYBEqSEiKoO4KblxWaGyhDWEyvWmHTh7MTCol5E90I6Ir/8Qf8G+c1Ao+z+aee8+5cO8JUs6ksu03Y2l5ZXVtvbJR3dza3tk1a3s3MskEBZcmPBG9gEjgLAZXMcWhlwogUcChG0wuS707BSFZEnfULAUvIqOYhYwSpUe+Wcs7fj4QEQZeNOSJOi58s25bTbsE/k0ca17tOlqg7Zuvg2FCswhiRTmRsu/YqfJyIhSjHIrqIJOQEjohI+hrGpMIpJfPTy/wUZgIrMaA5/1Xb04iKWdRoD0RUWP5UyuHf2n9TIXnXs7iNFMQU23RWphxrBJcJoCHTABVfKYJoYLpKzEdE0Go0jlV9fufP+L/idu0Lizn+rTeai1yqKADdIgayEFnqIWuUBu5iKJbdI+e0LMxNe6MB+Pxw7pkLHb20TcYL+/VjJD1</latexit><latexit sha1_base64="X7dnjtHQY8gEU/eNaqV7vXruqio=">AAAB83icdVDLSsNAFJ34rPWV6tLNYBEqSEiKoO4KblxWaGyhDWEyvWmHTh7MTCol5E90I6Ir/8Qf8G+c1Ao+z+aee8+5cO8JUs6ksu03Y2l5ZXVtvbJR3dza3tk1a3s3MskEBZcmPBG9gEjgLAZXMcWhlwogUcChG0wuS707BSFZEnfULAUvIqOYhYwSpUe+Wcs7fj4QEQZeNOSJOi58s25bTbsE/k0ca17tOlqg7Zuvg2FCswhiRTmRsu/YqfJyIhSjHIrqIJOQEjohI+hrGpMIpJfPTy/wUZgIrMaA5/1Xb04iKWdRoD0RUWP5UyuHf2n9TIXnXs7iNFMQU23RWphxrBJcJoCHTABVfKYJoYLpKzEdE0Go0jlV9fufP+L/idu0Lizn+rTeai1yqKADdIgayEFnqIWuUBu5iKJbdI+e0LMxNe6MB+Pxw7pkLHb20TcYL+/VjJD1</latexit><latexit sha1_base64="X7dnjtHQY8gEU/eNaqV7vXruqio=">AAAB83icdVDLSsNAFJ34rPWV6tLNYBEqSEiKoO4KblxWaGyhDWEyvWmHTh7MTCol5E90I6Ir/8Qf8G+c1Ao+z+aee8+5cO8JUs6ksu03Y2l5ZXVtvbJR3dza3tk1a3s3MskEBZcmPBG9gEjgLAZXMcWhlwogUcChG0wuS707BSFZEnfULAUvIqOYhYwSpUe+Wcs7fj4QEQZeNOSJOi58s25bTbsE/k0ca17tOlqg7Zuvg2FCswhiRTmRsu/YqfJyIhSjHIrqIJOQEjohI+hrGpMIpJfPTy/wUZgIrMaA5/1Xb04iKWdRoD0RUWP5UyuHf2n9TIXnXs7iNFMQU23RWphxrBJcJoCHTABVfKYJoYLpKzEdE0Go0jlV9fufP+L/idu0Lizn+rTeai1yqKADdIgayEFnqIWuUBu5iKJbdI+e0LMxNe6MB+Pxw7pkLHb20TcYL+/VjJD1</latexit><latexit sha1_base64="X7dnjtHQY8gEU/eNaqV7vXruqio=">AAAB83icdVDLSsNAFJ34rPWV6tLNYBEqSEiKoO4KblxWaGyhDWEyvWmHTh7MTCol5E90I6Ir/8Qf8G+c1Ao+z+aee8+5cO8JUs6ksu03Y2l5ZXVtvbJR3dza3tk1a3s3MskEBZcmPBG9gEjgLAZXMcWhlwogUcChG0wuS707BSFZEnfULAUvIqOYhYwSpUe+Wcs7fj4QEQZeNOSJOi58s25bTbsE/k0ca17tOlqg7Zuvg2FCswhiRTmRsu/YqfJyIhSjHIrqIJOQEjohI+hrGpMIpJfPTy/wUZgIrMaA5/1Xb04iKWdRoD0RUWP5UyuHf2n9TIXnXs7iNFMQU23RWphxrBJcJoCHTABVfKYJoYLpKzEdE0Go0jlV9fufP+L/idu0Lizn+rTeai1yqKADdIgayEFnqIWuUBu5iKJbdI+e0LMxNe6MB+Pxw7pkLHb20TcYL+/VjJD1</latexit>
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Introduction FF from subjets: basic ideas Study in HIC Conclusion

Why do we need a new fragmentation function in HIC?

Standard FF is not IRC safe.

Simple LL estimate: xDpp(x) = 2↵̄s

R R
k?min/(xpT )

d✓
✓ I0

⇣
2↵̄s

p
2 log(1/x) log(R/✓)

⌘

• ) strong dependence upon k?min.

• ) very sensitive to hadronization

modelling.

• Not ideal if we want to learn about the

modifications of the perturbative cascades

in the medium.
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Engineering jet substructure observables

4

• Theoretically calculable: IRC (or at least Sudakov) safety

Minimal checklist to keep in mind for potential jet substructure observables

• Experimentally measurable, e.g. thermal background impact on
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Engineering jet substructure observables

4

• Theoretically calculable: IRC (or at least Sudakov) safety
Minimal checklist to keep in mind for potential jet substructure observables

• Experimentally measurable
• Designed to probe a particular physics mechanism

e.g. opening angle of the splitting with z > zcutθβ

100 101 102

1/qg

10�1

100

101

k ?
[G

eV
]

SD(zcut = 0.2), JetMed – medium

0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

100 101 102

1/qg

10�1

100

101

k ?
[G

eV
]

SD(zcut = 0.2), JetMed – vacuum

0.00
0.08
0.16
0.24
0.32
0.40
0.48
0.56
0.64
0.72



Analytic insight: kt-distribution of the hardest splitting 

5

z
pT

1 − z

θ kt = zpTθ
𝒪(αs) :
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dkt,g

∼ αs
ln(kt,g)

kt,g
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<latexit sha1_base64="2ttpSBrMgCWTfDqje7QiuDagczE="></latexit><latexit sha1_base64="2ttpSBrMgCWTfDqje7QiuDagczE="></latexit><latexit sha1_base64="2ttpSBrMgCWTfDqje7QiuDagczE="></latexit><latexit sha1_base64="2ttpSBrMgCWTfDqje7QiuDagczE="></latexit>

t = �2p
2
(1� cos ✓)<latexit sha1_base64="4vaTxut6VGMKSrnUg58FdeqCYeQ="></latexit><latexit sha1_base64="4vaTxut6VGMKSrnUg58FdeqCYeQ="></latexit><latexit sha1_base64="4vaTxut6VGMKSrnUg58FdeqCYeQ="></latexit><latexit sha1_base64="4vaTxut6VGMKSrnUg58FdeqCYeQ="></latexit>with

Elastic scattering amplitude has a (small) real part
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⇢(s, t) =
ReTel(s, t)

ImTel(s, t)<latexit sha1_base64="/MLMc5bO1IkSj/kALiRP36oZmTw="></latexit><latexit sha1_base64="/MLMc5bO1IkSj/kALiRP36oZmTw="></latexit><latexit sha1_base64="/MLMc5bO1IkSj/kALiRP36oZmTw="></latexit><latexit sha1_base64="/MLMc5bO1IkSj/kALiRP36oZmTw="></latexit>

Coulomb scattering ~ strong interaction at
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Theory

𝒪(αs ln(kt,g)) = 1

αs ≪ 1,kt,g ≪ 1

Large logarithms enter order-by-order and must be resumed

d2𝒫i(z, θ)
dθdz

= P̃ i(z, θ)Δi(kt)

2D probability for a splitting to the hardest 

== branching kernel x Sudakov form factor

ln Δi(kt,g) = − ∫
1

0
dz′�∫

1

0
dθ′�̃P i(z′�, θ′�)Θ(z′�θ′� − kt,g)

Fixed order

Resummation



Analytic insight: kt-distribution of the hardest splitting 

6

kt distribution of the hardest splitting

1
σ

dσ
dkt,g

= ∫
1

0
dθ∫

1

0
dz𝒫i(z, θ)δ(zθ − kt,g)

This expression admits a perturbative expansion

Resummation

1
σ

dσ
dkt,g

∝ eln(kt,g)g1(x)+g2(x)+αsg3(x)+𝒪(αn+2
s lnn kt,g)

LL

𝒪(1/αs) 𝒪(1)

1/θ

 
lo

g
k t

NLL

e.g leading-log is achieved by taking soft and collinear limit

P̃ i(z, θ) =
α1l

s (kt)
θπ

Pi(z) with Pi(z) =
2CR

z

NNLL

𝒪(αs)
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Analytic insight: kt-distribution of the hardest splitting 
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[C
aucal, ASO

, Takacs 2103.06566]

Analytical full coverage of       is obtained by matchingkt,g d2σLO+N2DL
i =

d2σLO
i × d2σN2DL

i

d2σN2DL
i,1



Observable #1: Primary Lund jet plane density at NLL

8

Collinear ingredients:

Soft, wide angle contributions:

• Running coupling

• Flavor changing

• pt-degradation 

• Non-global logarithms

ρ(Δ ≡ θ, kt) =
1

Njets

dN
d ln 1/Δd ln kt

→
2αsCR

π

• Boundary effects: anti-kt+C/A

α2l
s (kt)

p(x, i | j)

kt = xptθz

J
H
E
P
1
0
(
2
0
2
0
)
1
7
0

(a) Lund-plane density ρ(∆, kt) (b) Perturbative uncertainty (c) Full uncertainty

Figure 10. Predictions for the primary Lund plane density for the high-p⊥ setup (a) and as-
sociated perturbative (b) and full (c) uncertainties. Full uncertainties sum the perturbative and
non-perturbative contributions in quadrature.

(a) large angles: 0.549 < ∆ < 0.670 (b) small angles: 0.074 < ∆ < 0.091

Figure 11. Slices of the primary Lund-plane density ρ(∆, kt) at constant ∆. The upper panels
correspond to the density ρ(∆, kt) itself while the lower panels show the relative scale uncertainties
δρ
ρ (∆, kt). We show results for the matched result at LO (red) and NLO (blue), as well as NLO
results including non-perturbative corrections (black).

spond to a measurement performed using charged-tracks above 500MeV — following the

procedure outlined in section 5. Details of the non-perturbative corrections are given in

appendix E.

We compare our results to the ATLAS data from ref. [84] for slices in ∆ in figure 12

– 27 –

[Lifson, Soyez, Salam JHEP 10 (2020) 170]

J
H
E
P
1
0
(
2
0
2
0
)
1
7
0Figure 12. Comparison between our calculations and the ATLAS measurement from ref. [84],

for different bins of ∆. The dashed vertical lines, corresponding to z = kt
p⊥∆ for p⊥ = 675GeV

and several kt values, are meant to indicate the transverse scales one is typically sensitive to. The
shaded grey bands indicate bins where the relative uncertainty on the non-perturbative corrections
is larger than 10%. The shaded red regions indicate that our calculation is incomplete because of
the missing resummation of the boundary logarithms.

and slices in z in figure 13. The vertical dashed lines correspond to the kt scales estimated

using z = kt/(p⊥∆), i.e. assuming a jet at the lower p⊥ cut of 675GeV and a leading

parton/subjet carrying a fraction x = 1 of the initial jet transverse momentum. The shaded

grey bands indicate regions where the uncertainty on the non-perturbative corrections is

larger than 10%. Shaded red bands correspond to the regions sensitive to the boundary

logarithms discussed in section 3.3.2. We recall that we have not resummed these terms,

so our calculation should be considered incomplete in the red shaded regions. A rough

estimate of their potential size is given in appendix B.

For all unshaded bins in figures 12 and 13, we see agreement between our predictions

and the data to within the experimental and theoretical uncertainties. Generally speak-

ing, the theoretical uncertainties are larger than the experimental ones, though they are

– 28 –
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Figure 13. Same as figure 12 this time for slices at constant ln(1/z).

comparable at values of z and ∆ that correspond to large kt values. Recall that the the-

oretical uncertainties are to a large extent dominated by the choice of scale of αs in the

resummation and a higher-order resummation would therefore be beneficial to reduce the

uncertainties.

If we consider the grey shaded regions, i.e. those where non-perturbative uncertainties

are larger than 10%, the agreement between data and theory remains acceptable in most

of the bins, almost all the way down to 2GeV, to within the total uncertainties. In

practice this agreement is facilitated by the non-perturbative blow-up of the uncertainties

at low kt and our predictions’ central values are systematically above the data points.

Recall, however, that our estimates of non-perturbative corrections rely on the assumption

that the parton-level event-generator results are structurally similar to a full perturbative

calculation. This assumption is questionable at low kt: for example, a parton shower may

contain a low-kt cut, with the phase-space below that kt value being filled up by hadronisa-

tion (there is a hint of this occurring in appendix D, figure 16); in contrast our perturbative

calculation has no such cut, and so the hadronisation contribution to that region, supple-

mented with our perturbative contribution, could effectively lead to double counting and

so an overestimate relative to the data. In this respect it might be interesting to develop a

– 29 –
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Complementary measurements. Challenge for pQCD calculations. 
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[ATLAS PRL 124, 222002 (2020) ]

Observable #1: Primary Lund jet plane density

8 ALICE Collaboration

the narrower splittings, the generators disagree especially at high kT by up to 50% (with large uncertain-
ties).

ALI-PREL-479196 ALI-PREL-479220

ALI-PREL-479204 ALI-PREL-479228

Fig. 5: The projections of the primary Lund plane density onto the ln(R/DR) (left) and ln(kT ) (right) axes com-
pared to different MC generators for different regions of the Lund plane. The top left shows the angular dependence
for a non-perturbative region and the bottom left for a perturbative region. The right panels show the kT distribution
for wider splittings on the top and narrower splittings on the bottom. The ratios of the generators to the data are
shown in the bottom panel.

6 Conclusion

The fully corrected measurement of the primary Lund Plane density has been presented for charged-
particle jets in pp collisions at

p
s= 13 TeV with the ALICE detector. Through a 3D unfolding procedure,

the Lund plane density is corrected for detector effects which allows for quantitative comparisons to MC
generators. Projections of the Lund Plane density are shown in order to isolate different regions of
phase space. The data seems to be described by the generators within 10–20% except for the most
narrow, highest kT splittings where Herwig and Sherpa are suppressed relative to the data. In general,

pt,jet > 675 GeV 20 < pt,jet < 120 GeV
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Observable #2: zg-distribution
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[Larkorski et al. JHEP’14]
[Butterworth et al.PRL’08]

SoftDrop selects the first splitting that satisfies                z > zcutθβ

1
σ

dσ
dzg

= ∫
R

0
𝒫(z, θ)Θ(z − zcutθβ)dθResummation:

𝒪(αs) :

Sudakov safety hampers achieving higher 
precision, matching… 
Not ideal baseline for heavy-ion collisions

with
d2𝒫i(z, θ)

dθdz
= P̃ i(z, θ)Δi(z>zcutθβ)

1
σ

dσ
dzg

=
αsCR

β
PAP(zg) Non-analytic Taylor series in      when  αs β > 0 [Marzani et al PRD’15]

[Kom
iske et al PRD

’20]

z
pT

1 − z

θ kt = zpTθ
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Observable #3: dynamical grooming

11

Find hardest branch in the C/A sequence, i.e.

Physical interpretation: • a=2: TimeDrop • a~0: zDrop

κ(a) =
1
pT

max
i∈C/A

zi(1 − zi)pT,i(θi/R)a

• a=1: kTDrop

[Mehtar-Tani, ASO, Tywoniuk PRD 101 (2020) 3, 034004]

zDrop kTDrop TimeDrop



Observables #3: kt,g with dynamical grooming

12

[Caucal, ASO, Takacs 2103.06566]

Resummation: the cumulative distribution                              readsΣ(ν) = ∫
ν

0
dν′�

1
σ

dσ
dν′�

Σ(kt,g) =
∞

∑
n=0

αn
s

2n

∑
m=0

cnm lnm(kt,g)Σ(kt,g |a) = ∫
1

0
dz∫

1

0
dθ P̃ (z, θ)Δ(κ |a)Θ(kt,g − zθ)

7

√s

~b<latexit sha1_base64="WcQViw92bk1sTDeYIg+Q3vxqyPY=">AAAB5nicdVDLTgJBEJzFF+IL9ehlIjHxtJlFBPZG4sUjJi6QwIbMDg2MzD4yM0tCNnyDXozRkx/kD/g3DoiJGq1TdVd1UtVBIrjShLxbubX1jc2t/HZhZ3dv/6B4eNRScSoZeCwWsewEVIHgEXiaawGdRAINAwHtYHK10NtTkIrH0a2eJeCHdBTxIWdUm1WrNwWGg36xRGy3XnWdCiZ2mRC3WjPkwnXdywvs2GSJElqh2S++9QYxS0OINBNUqa5DEu1nVGrOBMwLvVRBQtmEjqBraERDUH62TDvHZ8NYYj0GvJy/ezMaKjULA+MJqR6r39pi+ZfWTfWw7mc8SlINETMWow1TgXWMF6XxgEtgWswMoUxykxKzMZWUafOagqn/1RH/T7yy7drOTaXUaKz+kEcn6BSdIwfVUANdoybyEEN36AE9oxeLW/fWo/X0ac1Zq5tj9APW6wcHS4yc</latexit><latexit sha1_base64="WcQViw92bk1sTDeYIg+Q3vxqyPY=">AAAB5nicdVDLTgJBEJzFF+IL9ehlIjHxtJlFBPZG4sUjJi6QwIbMDg2MzD4yM0tCNnyDXozRkx/kD/g3DoiJGq1TdVd1UtVBIrjShLxbubX1jc2t/HZhZ3dv/6B4eNRScSoZeCwWsewEVIHgEXiaawGdRAINAwHtYHK10NtTkIrH0a2eJeCHdBTxIWdUm1WrNwWGg36xRGy3XnWdCiZ2mRC3WjPkwnXdywvs2GSJElqh2S++9QYxS0OINBNUqa5DEu1nVGrOBMwLvVRBQtmEjqBraERDUH62TDvHZ8NYYj0GvJy/ezMaKjULA+MJqR6r39pi+ZfWTfWw7mc8SlINETMWow1TgXWMF6XxgEtgWswMoUxykxKzMZWUafOagqn/1RH/T7yy7drOTaXUaKz+kEcn6BSdIwfVUANdoybyEEN36AE9oxeLW/fWo/X0ac1Zq5tj9APW6wcHS4yc</latexit><latexit sha1_base64="WcQViw92bk1sTDeYIg+Q3vxqyPY=">AAAB5nicdVDLTgJBEJzFF+IL9ehlIjHxtJlFBPZG4sUjJi6QwIbMDg2MzD4yM0tCNnyDXozRkx/kD/g3DoiJGq1TdVd1UtVBIrjShLxbubX1jc2t/HZhZ3dv/6B4eNRScSoZeCwWsewEVIHgEXiaawGdRAINAwHtYHK10NtTkIrH0a2eJeCHdBTxIWdUm1WrNwWGg36xRGy3XnWdCiZ2mRC3WjPkwnXdywvs2GSJElqh2S++9QYxS0OINBNUqa5DEu1nVGrOBMwLvVRBQtmEjqBraERDUH62TDvHZ8NYYj0GvJy/ezMaKjULA+MJqR6r39pi+ZfWTfWw7mc8SlINETMWow1TgXWMF6XxgEtgWswMoUxykxKzMZWUafOagqn/1RH/T7yy7drOTaXUaKz+kEcn6BSdIwfVUANdoybyEEN36AE9oxeLW/fWo/X0ac1Zq5tj9APW6wcHS4yc</latexit><latexit sha1_base64="WcQViw92bk1sTDeYIg+Q3vxqyPY=">AAAB5nicdVDLTgJBEJzFF+IL9ehlIjHxtJlFBPZG4sUjJi6QwIbMDg2MzD4yM0tCNnyDXozRkx/kD/g3DoiJGq1TdVd1UtVBIrjShLxbubX1jc2t/HZhZ3dv/6B4eNRScSoZeCwWsewEVIHgEXiaawGdRAINAwHtYHK10NtTkIrH0a2eJeCHdBTxIWdUm1WrNwWGg36xRGy3XnWdCiZ2mRC3WjPkwnXdywvs2GSJElqh2S++9QYxS0OINBNUqa5DEu1nVGrOBMwLvVRBQtmEjqBraERDUH62TDvHZ8NYYj0GvJy/ezMaKjULA+MJqR6r39pi+ZfWTfWw7mc8SlINETMWow1TgXWMF6XxgEtgWswMoUxykxKzMZWUafOagqn/1RH/T7yy7drOTaXUaKz+kEcn6BSdIwfVUANdoybyEEN36AE9oxeLW/fWo/X0ac1Zq5tj9APW6wcHS4yc</latexit>

p<latexit sha1_base64="RMLzdPyT2tgmaFX3Ws1pguZMKZE=">AAAB4XicdVDLSgNBEOzxGeMr6tHLYBA8LbtBUG8BLx4TcE0gWcLspDcZMvtgZlYIS35ALyJ68pf8Af/G2RjBZ126uqsaujrMpNDGdd/I0vLK6tp6ZaO6ubW9s1vb27/Raa44+jyVqeqGTKMUCfpGGIndTCGLQ4mdcHJZ6p1bVFqkybWZZhjEbJSISHBm7KidDWp112m4Jehv4jnz6tZhgdag9tofpjyPMTFcMq17npuZoGDKCC5xVu3nGjPGJ2yEPUsTFqMOivmhM3ocpYqaMdJ5/9VbsFjraRxaT8zMWP/UyuFfWi830XlQiCTLDSbcWqwW5ZKalJZ56VAo5EZOLWFcCXsl5WOmGDf2K1Ub/zMj/Z/4DefC8dqn9WZz8YcKHMIRnIAHZ9CEK2iBDxwQ7uEJnsmQ3JEH8vhhXSKLnQP4BvLyDkf+imE=</latexit><latexit sha1_base64="RMLzdPyT2tgmaFX3Ws1pguZMKZE=">AAAB4XicdVDLSgNBEOzxGeMr6tHLYBA8LbtBUG8BLx4TcE0gWcLspDcZMvtgZlYIS35ALyJ68pf8Af/G2RjBZ126uqsaujrMpNDGdd/I0vLK6tp6ZaO6ubW9s1vb27/Raa44+jyVqeqGTKMUCfpGGIndTCGLQ4mdcHJZ6p1bVFqkybWZZhjEbJSISHBm7KidDWp112m4Jehv4jnz6tZhgdag9tofpjyPMTFcMq17npuZoGDKCC5xVu3nGjPGJ2yEPUsTFqMOivmhM3ocpYqaMdJ5/9VbsFjraRxaT8zMWP/UyuFfWi830XlQiCTLDSbcWqwW5ZKalJZ56VAo5EZOLWFcCXsl5WOmGDf2K1Ub/zMj/Z/4DefC8dqn9WZz8YcKHMIRnIAHZ9CEK2iBDxwQ7uEJnsmQ3JEH8vhhXSKLnQP4BvLyDkf+imE=</latexit><latexit sha1_base64="RMLzdPyT2tgmaFX3Ws1pguZMKZE=">AAAB4XicdVDLSgNBEOzxGeMr6tHLYBA8LbtBUG8BLx4TcE0gWcLspDcZMvtgZlYIS35ALyJ68pf8Af/G2RjBZ126uqsaujrMpNDGdd/I0vLK6tp6ZaO6ubW9s1vb27/Raa44+jyVqeqGTKMUCfpGGIndTCGLQ4mdcHJZ6p1bVFqkybWZZhjEbJSISHBm7KidDWp112m4Jehv4jnz6tZhgdag9tofpjyPMTFcMq17npuZoGDKCC5xVu3nGjPGJ2yEPUsTFqMOivmhM3ocpYqaMdJ5/9VbsFjraRxaT8zMWP/UyuFfWi830XlQiCTLDSbcWqwW5ZKalJZ56VAo5EZOLWFcCXsl5WOmGDf2K1Ub/zMj/Z/4DefC8dqn9WZz8YcKHMIRnIAHZ9CEK2iBDxwQ7uEJnsmQ3JEH8vhhXSKLnQP4BvLyDkf+imE=</latexit><latexit sha1_base64="RMLzdPyT2tgmaFX3Ws1pguZMKZE=">AAAB4XicdVDLSgNBEOzxGeMr6tHLYBA8LbtBUG8BLx4TcE0gWcLspDcZMvtgZlYIS35ALyJ68pf8Af/G2RjBZ126uqsaujrMpNDGdd/I0vLK6tp6ZaO6ubW9s1vb27/Raa44+jyVqeqGTKMUCfpGGIndTCGLQ4mdcHJZ6p1bVFqkybWZZhjEbJSISHBm7KidDWp112m4Jehv4jnz6tZhgdag9tofpjyPMTFcMq17npuZoGDKCC5xVu3nGjPGJ2yEPUsTFqMOivmhM3ocpYqaMdJ5/9VbsFjraRxaT8zMWP/UyuFfWi830XlQiCTLDSbcWqwW5ZKalJZ56VAo5EZOLWFcCXsl5WOmGDf2K1Ub/zMj/Z/4DefC8dqn9WZz8YcKHMIRnIAHZ9CEK2iBDxwQ7uEJnsmQ3JEH8vhhXSKLnQP4BvLyDkf+imE=</latexit>

✓<latexit sha1_base64="lVVhoqscyTc7RW5iGB+QGiKFgRs=">AAAB5nicdVDLTsJAFL3FF+ILdelmIjFx1bQNUNyRuHGJiQUSaMh0mMLI9JGZqQlp+AbdGKMrP8gf8G8cKiZq9KzOvefc3HtukHImlWW9G6W19Y3NrfJ2ZWd3b/+genjUlUkmCPVIwhPRD7CknMXUU0xx2k8FxVHAaS+YXS713h0VkiXxjZqn1I/wJGYhI1jpVneoplThUbVmmY7j1hs2ssyG26y7BWm2mo6LbNMqUIMVOqPq23CckCyisSIcSzmwrVT5ORaKEU4XlWEmaYrJDE/oQNMYR1T6eXHtAp2FiUB6Lyrq794cR1LOo0B7Iqym8re2bP6lDTIVtvycxWmmaEy0RWthxpFK0DI0GjNBieJzTTARTF+JyBQLTJR+TUXH/8qI/ieeY16Y9nW91m6v/lCGEziFc7DBhTZcQQc8IHALD/AMLwYz7o1H4+nTWjJWM8fwA8brB3NgjOQ=</latexit><latexit sha1_base64="lVVhoqscyTc7RW5iGB+QGiKFgRs=">AAAB5nicdVDLTsJAFL3FF+ILdelmIjFx1bQNUNyRuHGJiQUSaMh0mMLI9JGZqQlp+AbdGKMrP8gf8G8cKiZq9KzOvefc3HtukHImlWW9G6W19Y3NrfJ2ZWd3b/+genjUlUkmCPVIwhPRD7CknMXUU0xx2k8FxVHAaS+YXS713h0VkiXxjZqn1I/wJGYhI1jpVneoplThUbVmmY7j1hs2ssyG26y7BWm2mo6LbNMqUIMVOqPq23CckCyisSIcSzmwrVT5ORaKEU4XlWEmaYrJDE/oQNMYR1T6eXHtAp2FiUB6Lyrq794cR1LOo0B7Iqym8re2bP6lDTIVtvycxWmmaEy0RWthxpFK0DI0GjNBieJzTTARTF+JyBQLTJR+TUXH/8qI/ieeY16Y9nW91m6v/lCGEziFc7DBhTZcQQc8IHALD/AMLwYz7o1H4+nTWjJWM8fwA8brB3NgjOQ=</latexit><latexit sha1_base64="lVVhoqscyTc7RW5iGB+QGiKFgRs=">AAAB5nicdVDLTsJAFL3FF+ILdelmIjFx1bQNUNyRuHGJiQUSaMh0mMLI9JGZqQlp+AbdGKMrP8gf8G8cKiZq9KzOvefc3HtukHImlWW9G6W19Y3NrfJ2ZWd3b/+genjUlUkmCPVIwhPRD7CknMXUU0xx2k8FxVHAaS+YXS713h0VkiXxjZqn1I/wJGYhI1jpVneoplThUbVmmY7j1hs2ssyG26y7BWm2mo6LbNMqUIMVOqPq23CckCyisSIcSzmwrVT5ORaKEU4XlWEmaYrJDE/oQNMYR1T6eXHtAp2FiUB6Lyrq794cR1LOo0B7Iqym8re2bP6lDTIVtvycxWmmaEy0RWthxpFK0DI0GjNBieJzTTARTF+JyBQLTJR+TUXH/8qI/ieeY16Y9nW91m6v/lCGEziFc7DBhTZcQQc8IHALD/AMLwYz7o1H4+nTWjJWM8fwA8brB3NgjOQ=</latexit><latexit sha1_base64="lVVhoqscyTc7RW5iGB+QGiKFgRs=">AAAB5nicdVDLTsJAFL3FF+ILdelmIjFx1bQNUNyRuHGJiQUSaMh0mMLI9JGZqQlp+AbdGKMrP8gf8G8cKiZq9KzOvefc3HtukHImlWW9G6W19Y3NrfJ2ZWd3b/+genjUlUkmCPVIwhPRD7CknMXUU0xx2k8FxVHAaS+YXS713h0VkiXxjZqn1I/wJGYhI1jpVneoplThUbVmmY7j1hs2ssyG26y7BWm2mo6LbNMqUIMVOqPq23CckCyisSIcSzmwrVT5ORaKEU4XlWEmaYrJDE/oQNMYR1T6eXHtAp2FiUB6Lyrq794cR1LOo0B7Iqym8re2bP6lDTIVtvycxWmmaEy0RWthxpFK0DI0GjNBieJzTTARTF+JyBQLTJR+TUXH/8qI/ieeY16Y9nW91m6v/lCGEziFc7DBhTZcQQc8IHALD/AMLwYz7o1H4+nTWjJWM8fwA8brB3NgjOQ=</latexit> d�el

dt
=

1

4⇡ |Tel(s, t)|
2

<latexit sha1_base64="2ttpSBrMgCWTfDqje7QiuDagczE="></latexit><latexit sha1_base64="2ttpSBrMgCWTfDqje7QiuDagczE="></latexit><latexit sha1_base64="2ttpSBrMgCWTfDqje7QiuDagczE="></latexit><latexit sha1_base64="2ttpSBrMgCWTfDqje7QiuDagczE="></latexit>

t = �2p
2
(1� cos ✓)<latexit sha1_base64="4vaTxut6VGMKSrnUg58FdeqCYeQ="></latexit><latexit sha1_base64="4vaTxut6VGMKSrnUg58FdeqCYeQ="></latexit><latexit sha1_base64="4vaTxut6VGMKSrnUg58FdeqCYeQ="></latexit><latexit sha1_base64="4vaTxut6VGMKSrnUg58FdeqCYeQ="></latexit>with

Elastic scattering amplitude has a (small) real part

is the main building block of scattering theoryTel(s, t)<latexit sha1_base64="X7dnjtHQY8gEU/eNaqV7vXruqio=">AAAB83icdVDLSsNAFJ34rPWV6tLNYBEqSEiKoO4KblxWaGyhDWEyvWmHTh7MTCol5E90I6Ir/8Qf8G+c1Ao+z+aee8+5cO8JUs6ksu03Y2l5ZXVtvbJR3dza3tk1a3s3MskEBZcmPBG9gEjgLAZXMcWhlwogUcChG0wuS707BSFZEnfULAUvIqOYhYwSpUe+Wcs7fj4QEQZeNOSJOi58s25bTbsE/k0ca17tOlqg7Zuvg2FCswhiRTmRsu/YqfJyIhSjHIrqIJOQEjohI+hrGpMIpJfPTy/wUZgIrMaA5/1Xb04iKWdRoD0RUWP5UyuHf2n9TIXnXs7iNFMQU23RWphxrBJcJoCHTABVfKYJoYLpKzEdE0Go0jlV9fufP+L/idu0Lizn+rTeai1yqKADdIgayEFnqIWuUBu5iKJbdI+e0LMxNe6MB+Pxw7pkLHb20TcYL+/VjJD1</latexit><latexit sha1_base64="X7dnjtHQY8gEU/eNaqV7vXruqio=">AAAB83icdVDLSsNAFJ34rPWV6tLNYBEqSEiKoO4KblxWaGyhDWEyvWmHTh7MTCol5E90I6Ir/8Qf8G+c1Ao+z+aee8+5cO8JUs6ksu03Y2l5ZXVtvbJR3dza3tk1a3s3MskEBZcmPBG9gEjgLAZXMcWhlwogUcChG0wuS707BSFZEnfULAUvIqOYhYwSpUe+Wcs7fj4QEQZeNOSJOi58s25bTbsE/k0ca17tOlqg7Zuvg2FCswhiRTmRsu/YqfJyIhSjHIrqIJOQEjohI+hrGpMIpJfPTy/wUZgIrMaA5/1Xb04iKWdRoD0RUWP5UyuHf2n9TIXnXs7iNFMQU23RWphxrBJcJoCHTABVfKYJoYLpKzEdE0Go0jlV9fufP+L/idu0Lizn+rTeai1yqKADdIgayEFnqIWuUBu5iKJbdI+e0LMxNe6MB+Pxw7pkLHb20TcYL+/VjJD1</latexit><latexit sha1_base64="X7dnjtHQY8gEU/eNaqV7vXruqio=">AAAB83icdVDLSsNAFJ34rPWV6tLNYBEqSEiKoO4KblxWaGyhDWEyvWmHTh7MTCol5E90I6Ir/8Qf8G+c1Ao+z+aee8+5cO8JUs6ksu03Y2l5ZXVtvbJR3dza3tk1a3s3MskEBZcmPBG9gEjgLAZXMcWhlwogUcChG0wuS707BSFZEnfULAUvIqOYhYwSpUe+Wcs7fj4QEQZeNOSJOi58s25bTbsE/k0ca17tOlqg7Zuvg2FCswhiRTmRsu/YqfJyIhSjHIrqIJOQEjohI+hrGpMIpJfPTy/wUZgIrMaA5/1Xb04iKWdRoD0RUWP5UyuHf2n9TIXnXs7iNFMQU23RWphxrBJcJoCHTABVfKYJoYLpKzEdE0Go0jlV9fufP+L/idu0Lizn+rTeai1yqKADdIgayEFnqIWuUBu5iKJbdI+e0LMxNe6MB+Pxw7pkLHb20TcYL+/VjJD1</latexit><latexit sha1_base64="X7dnjtHQY8gEU/eNaqV7vXruqio=">AAAB83icdVDLSsNAFJ34rPWV6tLNYBEqSEiKoO4KblxWaGyhDWEyvWmHTh7MTCol5E90I6Ir/8Qf8G+c1Ao+z+aee8+5cO8JUs6ksu03Y2l5ZXVtvbJR3dza3tk1a3s3MskEBZcmPBG9gEjgLAZXMcWhlwogUcChG0wuS707BSFZEnfULAUvIqOYhYwSpUe+Wcs7fj4QEQZeNOSJOi58s25bTbsE/k0ca17tOlqg7Zuvg2FCswhiRTmRsu/YqfJyIhSjHIrqIJOQEjohI+hrGpMIpJfPTy/wUZgIrMaA5/1Xb04iKWdRoD0RUWP5UyuHf2n9TIXnXs7iNFMQU23RWphxrBJcJoCHTABVfKYJoYLpKzEdE0Go0jlV9fufP+L/idu0Lizn+rTeai1yqKADdIgayEFnqIWuUBu5iKJbdI+e0LMxNe6MB+Pxw7pkLHb20TcYL+/VjJD1</latexit>

⇢(s, t) =
ReTel(s, t)

ImTel(s, t)<latexit sha1_base64="/MLMc5bO1IkSj/kALiRP36oZmTw="></latexit><latexit sha1_base64="/MLMc5bO1IkSj/kALiRP36oZmTw="></latexit><latexit sha1_base64="/MLMc5bO1IkSj/kALiRP36oZmTw="></latexit><latexit sha1_base64="/MLMc5bO1IkSj/kALiRP36oZmTw="></latexit>

Coulomb scattering ~ strong interaction at
t0⇠1/(14�tot)<latexit sha1_base64="Hor3GSyr2maJJUvUzZoWknia+sw=">AAACBHicdVDLSsNAFJ3UV62vqEs30xahbmpSCuqu4MZlBauFJoTJdNIOnUnCzI1QQtf6M7oR0ZVf4A/4N05rBZ9nc8+95wzMOWEquAbHebMKC4tLyyvF1dLa+sbmlr29c6mTTFHWoYlIVDckmgkesw5wEKybKkZkKNhVODqd6lfXTGmexBcwTpkvySDmEacEzCmwKxA4XtnTXHpl7B7W3KbhA0mC3FMSQwKTg8CuOvWGMwX+Tdz6bDpVNEc7sF+9fkIzyWKggmjdc50U/Jwo4FSwScnLNEsJHZEB6xkaE8m0n8+yTPB+lCgMQ4Zn+1dvTqTWYxkajyQw1D+16fEvrZdBdOznPE4zYDE1FqNFmTDp8LQS3OeKURBjQwhV3PwS0yFRhIIprmTif2bE/5NOo35Sd8+b1VZr3kMR7aEKqiEXHaEWOkNt1EEU3aJ79ISerRvrznqwHj+sBWv+Zhd9g/XyDmR3lro=</latexit><latexit sha1_base64="Hor3GSyr2maJJUvUzZoWknia+sw=">AAACBHicdVDLSsNAFJ3UV62vqEs30xahbmpSCuqu4MZlBauFJoTJdNIOnUnCzI1QQtf6M7oR0ZVf4A/4N05rBZ9nc8+95wzMOWEquAbHebMKC4tLyyvF1dLa+sbmlr29c6mTTFHWoYlIVDckmgkesw5wEKybKkZkKNhVODqd6lfXTGmexBcwTpkvySDmEacEzCmwKxA4XtnTXHpl7B7W3KbhA0mC3FMSQwKTg8CuOvWGMwX+Tdz6bDpVNEc7sF+9fkIzyWKggmjdc50U/Jwo4FSwScnLNEsJHZEB6xkaE8m0n8+yTPB+lCgMQ4Zn+1dvTqTWYxkajyQw1D+16fEvrZdBdOznPE4zYDE1FqNFmTDp8LQS3OeKURBjQwhV3PwS0yFRhIIprmTif2bE/5NOo35Sd8+b1VZr3kMR7aEKqiEXHaEWOkNt1EEU3aJ79ISerRvrznqwHj+sBWv+Zhd9g/XyDmR3lro=</latexit><latexit sha1_base64="Hor3GSyr2maJJUvUzZoWknia+sw=">AAACBHicdVDLSsNAFJ3UV62vqEs30xahbmpSCuqu4MZlBauFJoTJdNIOnUnCzI1QQtf6M7oR0ZVf4A/4N05rBZ9nc8+95wzMOWEquAbHebMKC4tLyyvF1dLa+sbmlr29c6mTTFHWoYlIVDckmgkesw5wEKybKkZkKNhVODqd6lfXTGmexBcwTpkvySDmEacEzCmwKxA4XtnTXHpl7B7W3KbhA0mC3FMSQwKTg8CuOvWGMwX+Tdz6bDpVNEc7sF+9fkIzyWKggmjdc50U/Jwo4FSwScnLNEsJHZEB6xkaE8m0n8+yTPB+lCgMQ4Zn+1dvTqTWYxkajyQw1D+16fEvrZdBdOznPE4zYDE1FqNFmTDp8LQS3OeKURBjQwhV3PwS0yFRhIIprmTif2bE/5NOo35Sd8+b1VZr3kMR7aEKqiEXHaEWOkNt1EEU3aJ79ISerRvrznqwHj+sBWv+Zhd9g/XyDmR3lro=</latexit><latexit sha1_base64="Hor3GSyr2maJJUvUzZoWknia+sw=">AAACBHicdVDLSsNAFJ3UV62vqEs30xahbmpSCuqu4MZlBauFJoTJdNIOnUnCzI1QQtf6M7oR0ZVf4A/4N05rBZ9nc8+95wzMOWEquAbHebMKC4tLyyvF1dLa+sbmlr29c6mTTFHWoYlIVDckmgkesw5wEKybKkZkKNhVODqd6lfXTGmexBcwTpkvySDmEacEzCmwKxA4XtnTXHpl7B7W3KbhA0mC3FMSQwKTg8CuOvWGMwX+Tdz6bDpVNEc7sF+9fkIzyWKggmjdc50U/Jwo4FSwScnLNEsJHZEB6xkaE8m0n8+yTPB+lCgMQ4Zn+1dvTqTWYxkajyQw1D+16fEvrZdBdOznPE4zYDE1FqNFmTDp8LQS3OeKURBjQwhV3PwS0yFRhIIprmTif2bE/5NOo35Sd8+b1VZr3kMR7aEKqiEXHaEWOkNt1EEU3aJ79ISerRvrznqwHj+sBWv+Zhd9g/XyDmR3lro=</latexit> 10-4 GeV2 at √s=7 TeV   

Theory

Non-exponentiation leads to NpDL type of counting. We reach N2DL in the narrow jet limit: 

Collinear ingredients:
• Running coupling α2l

s (kt)

• Hard-collinear correction to splitting function

Soft, wide angle contributions:
• Non-global logarithms

Flavor switching leads to a power correction, pt-degradation of the primary branch is N3DL
Multiple emissions do not enter by definition and free of clustering logarithms

∝ ln(zg)
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Observables #3: kt,g with dynamical grooming
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[Caucal, ASO, Takacs 2103.06566]

Resummation: we reach N2DL in the narrow jet limit by including                      

Fixed order: exact matrix element at          with MadGraph. C1 term through matching

Non-perturbative corrections:

strong sensitivity to the infra-red cutoff, 
i.e.                ,of the parton showerαs(μNP)=0

𝒪(αs)

Collinear ingredients:
• Running coupling
• Hard-collinear correction to splitting function

Soft, wide angle contributions:
• Non-global logarithms
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Very good description of ALICE data (also for        ) after including NPzg, θg

Observables #3: kt,g with dynamical grooming [Caucal, ASO, Takacs 2103.06566]
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How is the branching kernel,            , modified by the QGP?

P̃ vac(z, θ) ∝
dθ
θ

PAP(z)

7

√s

~b<latexit sha1_base64="WcQViw92bk1sTDeYIg+Q3vxqyPY=">AAAB5nicdVDLTgJBEJzFF+IL9ehlIjHxtJlFBPZG4sUjJi6QwIbMDg2MzD4yM0tCNnyDXozRkx/kD/g3DoiJGq1TdVd1UtVBIrjShLxbubX1jc2t/HZhZ3dv/6B4eNRScSoZeCwWsewEVIHgEXiaawGdRAINAwHtYHK10NtTkIrH0a2eJeCHdBTxIWdUm1WrNwWGg36xRGy3XnWdCiZ2mRC3WjPkwnXdywvs2GSJElqh2S++9QYxS0OINBNUqa5DEu1nVGrOBMwLvVRBQtmEjqBraERDUH62TDvHZ8NYYj0GvJy/ezMaKjULA+MJqR6r39pi+ZfWTfWw7mc8SlINETMWow1TgXWMF6XxgEtgWswMoUxykxKzMZWUafOagqn/1RH/T7yy7drOTaXUaKz+kEcn6BSdIwfVUANdoybyEEN36AE9oxeLW/fWo/X0ac1Zq5tj9APW6wcHS4yc</latexit><latexit sha1_base64="WcQViw92bk1sTDeYIg+Q3vxqyPY=">AAAB5nicdVDLTgJBEJzFF+IL9ehlIjHxtJlFBPZG4sUjJi6QwIbMDg2MzD4yM0tCNnyDXozRkx/kD/g3DoiJGq1TdVd1UtVBIrjShLxbubX1jc2t/HZhZ3dv/6B4eNRScSoZeCwWsewEVIHgEXiaawGdRAINAwHtYHK10NtTkIrH0a2eJeCHdBTxIWdUm1WrNwWGg36xRGy3XnWdCiZ2mRC3WjPkwnXdywvs2GSJElqh2S++9QYxS0OINBNUqa5DEu1nVGrOBMwLvVRBQtmEjqBraERDUH62TDvHZ8NYYj0GvJy/ezMaKjULA+MJqR6r39pi+ZfWTfWw7mc8SlINETMWow1TgXWMF6XxgEtgWswMoUxykxKzMZWUafOagqn/1RH/T7yy7drOTaXUaKz+kEcn6BSdIwfVUANdoybyEEN36AE9oxeLW/fWo/X0ac1Zq5tj9APW6wcHS4yc</latexit><latexit sha1_base64="WcQViw92bk1sTDeYIg+Q3vxqyPY=">AAAB5nicdVDLTgJBEJzFF+IL9ehlIjHxtJlFBPZG4sUjJi6QwIbMDg2MzD4yM0tCNnyDXozRkx/kD/g3DoiJGq1TdVd1UtVBIrjShLxbubX1jc2t/HZhZ3dv/6B4eNRScSoZeCwWsewEVIHgEXiaawGdRAINAwHtYHK10NtTkIrH0a2eJeCHdBTxIWdUm1WrNwWGg36xRGy3XnWdCiZ2mRC3WjPkwnXdywvs2GSJElqh2S++9QYxS0OINBNUqa5DEu1nVGrOBMwLvVRBQtmEjqBraERDUH62TDvHZ8NYYj0GvJy/ezMaKjULA+MJqR6r39pi+ZfWTfWw7mc8SlINETMWow1TgXWMF6XxgEtgWswMoUxykxKzMZWUafOagqn/1RH/T7yy7drOTaXUaKz+kEcn6BSdIwfVUANdoybyEEN36AE9oxeLW/fWo/X0ac1Zq5tj9APW6wcHS4yc</latexit><latexit sha1_base64="WcQViw92bk1sTDeYIg+Q3vxqyPY=">AAAB5nicdVDLTgJBEJzFF+IL9ehlIjHxtJlFBPZG4sUjJi6QwIbMDg2MzD4yM0tCNnyDXozRkx/kD/g3DoiJGq1TdVd1UtVBIrjShLxbubX1jc2t/HZhZ3dv/6B4eNRScSoZeCwWsewEVIHgEXiaawGdRAINAwHtYHK10NtTkIrH0a2eJeCHdBTxIWdUm1WrNwWGg36xRGy3XnWdCiZ2mRC3WjPkwnXdywvs2GSJElqh2S++9QYxS0OINBNUqa5DEu1nVGrOBMwLvVRBQtmEjqBraERDUH62TDvHZ8NYYj0GvJy/ezMaKjULA+MJqR6r39pi+ZfWTfWw7mc8SlINETMWow1TgXWMF6XxgEtgWswMoUxykxKzMZWUafOagqn/1RH/T7yy7drOTaXUaKz+kEcn6BSdIwfVUANdoybyEEN36AE9oxeLW/fWo/X0ac1Zq5tj9APW6wcHS4yc</latexit>

p<latexit sha1_base64="RMLzdPyT2tgmaFX3Ws1pguZMKZE=">AAAB4XicdVDLSgNBEOzxGeMr6tHLYBA8LbtBUG8BLx4TcE0gWcLspDcZMvtgZlYIS35ALyJ68pf8Af/G2RjBZ126uqsaujrMpNDGdd/I0vLK6tp6ZaO6ubW9s1vb27/Raa44+jyVqeqGTKMUCfpGGIndTCGLQ4mdcHJZ6p1bVFqkybWZZhjEbJSISHBm7KidDWp112m4Jehv4jnz6tZhgdag9tofpjyPMTFcMq17npuZoGDKCC5xVu3nGjPGJ2yEPUsTFqMOivmhM3ocpYqaMdJ5/9VbsFjraRxaT8zMWP/UyuFfWi830XlQiCTLDSbcWqwW5ZKalJZ56VAo5EZOLWFcCXsl5WOmGDf2K1Ub/zMj/Z/4DefC8dqn9WZz8YcKHMIRnIAHZ9CEK2iBDxwQ7uEJnsmQ3JEH8vhhXSKLnQP4BvLyDkf+imE=</latexit><latexit sha1_base64="RMLzdPyT2tgmaFX3Ws1pguZMKZE=">AAAB4XicdVDLSgNBEOzxGeMr6tHLYBA8LbtBUG8BLx4TcE0gWcLspDcZMvtgZlYIS35ALyJ68pf8Af/G2RjBZ126uqsaujrMpNDGdd/I0vLK6tp6ZaO6ubW9s1vb27/Raa44+jyVqeqGTKMUCfpGGIndTCGLQ4mdcHJZ6p1bVFqkybWZZhjEbJSISHBm7KidDWp112m4Jehv4jnz6tZhgdag9tofpjyPMTFcMq17npuZoGDKCC5xVu3nGjPGJ2yEPUsTFqMOivmhM3ocpYqaMdJ5/9VbsFjraRxaT8zMWP/UyuFfWi830XlQiCTLDSbcWqwW5ZKalJZ56VAo5EZOLWFcCXsl5WOmGDf2K1Ub/zMj/Z/4DefC8dqn9WZz8YcKHMIRnIAHZ9CEK2iBDxwQ7uEJnsmQ3JEH8vhhXSKLnQP4BvLyDkf+imE=</latexit><latexit sha1_base64="RMLzdPyT2tgmaFX3Ws1pguZMKZE=">AAAB4XicdVDLSgNBEOzxGeMr6tHLYBA8LbtBUG8BLx4TcE0gWcLspDcZMvtgZlYIS35ALyJ68pf8Af/G2RjBZ126uqsaujrMpNDGdd/I0vLK6tp6ZaO6ubW9s1vb27/Raa44+jyVqeqGTKMUCfpGGIndTCGLQ4mdcHJZ6p1bVFqkybWZZhjEbJSISHBm7KidDWp112m4Jehv4jnz6tZhgdag9tofpjyPMTFcMq17npuZoGDKCC5xVu3nGjPGJ2yEPUsTFqMOivmhM3ocpYqaMdJ5/9VbsFjraRxaT8zMWP/UyuFfWi830XlQiCTLDSbcWqwW5ZKalJZ56VAo5EZOLWFcCXsl5WOmGDf2K1Ub/zMj/Z/4DefC8dqn9WZz8YcKHMIRnIAHZ9CEK2iBDxwQ7uEJnsmQ3JEH8vhhXSKLnQP4BvLyDkf+imE=</latexit><latexit sha1_base64="RMLzdPyT2tgmaFX3Ws1pguZMKZE=">AAAB4XicdVDLSgNBEOzxGeMr6tHLYBA8LbtBUG8BLx4TcE0gWcLspDcZMvtgZlYIS35ALyJ68pf8Af/G2RjBZ126uqsaujrMpNDGdd/I0vLK6tp6ZaO6ubW9s1vb27/Raa44+jyVqeqGTKMUCfpGGIndTCGLQ4mdcHJZ6p1bVFqkybWZZhjEbJSISHBm7KidDWp112m4Jehv4jnz6tZhgdag9tofpjyPMTFcMq17npuZoGDKCC5xVu3nGjPGJ2yEPUsTFqMOivmhM3ocpYqaMdJ5/9VbsFjraRxaT8zMWP/UyuFfWi830XlQiCTLDSbcWqwW5ZKalJZ56VAo5EZOLWFcCXsl5WOmGDf2K1Ub/zMj/Z/4DefC8dqn9WZz8YcKHMIRnIAHZ9CEK2iBDxwQ7uEJnsmQ3JEH8vhhXSKLnQP4BvLyDkf+imE=</latexit>

✓<latexit sha1_base64="lVVhoqscyTc7RW5iGB+QGiKFgRs=">AAAB5nicdVDLTsJAFL3FF+ILdelmIjFx1bQNUNyRuHGJiQUSaMh0mMLI9JGZqQlp+AbdGKMrP8gf8G8cKiZq9KzOvefc3HtukHImlWW9G6W19Y3NrfJ2ZWd3b/+genjUlUkmCPVIwhPRD7CknMXUU0xx2k8FxVHAaS+YXS713h0VkiXxjZqn1I/wJGYhI1jpVneoplThUbVmmY7j1hs2ssyG26y7BWm2mo6LbNMqUIMVOqPq23CckCyisSIcSzmwrVT5ORaKEU4XlWEmaYrJDE/oQNMYR1T6eXHtAp2FiUB6Lyrq794cR1LOo0B7Iqym8re2bP6lDTIVtvycxWmmaEy0RWthxpFK0DI0GjNBieJzTTARTF+JyBQLTJR+TUXH/8qI/ieeY16Y9nW91m6v/lCGEziFc7DBhTZcQQc8IHALD/AMLwYz7o1H4+nTWjJWM8fwA8brB3NgjOQ=</latexit><latexit sha1_base64="lVVhoqscyTc7RW5iGB+QGiKFgRs=">AAAB5nicdVDLTsJAFL3FF+ILdelmIjFx1bQNUNyRuHGJiQUSaMh0mMLI9JGZqQlp+AbdGKMrP8gf8G8cKiZq9KzOvefc3HtukHImlWW9G6W19Y3NrfJ2ZWd3b/+genjUlUkmCPVIwhPRD7CknMXUU0xx2k8FxVHAaS+YXS713h0VkiXxjZqn1I/wJGYhI1jpVneoplThUbVmmY7j1hs2ssyG26y7BWm2mo6LbNMqUIMVOqPq23CckCyisSIcSzmwrVT5ORaKEU4XlWEmaYrJDE/oQNMYR1T6eXHtAp2FiUB6Lyrq794cR1LOo0B7Iqym8re2bP6lDTIVtvycxWmmaEy0RWthxpFK0DI0GjNBieJzTTARTF+JyBQLTJR+TUXH/8qI/ieeY16Y9nW91m6v/lCGEziFc7DBhTZcQQc8IHALD/AMLwYz7o1H4+nTWjJWM8fwA8brB3NgjOQ=</latexit><latexit sha1_base64="lVVhoqscyTc7RW5iGB+QGiKFgRs=">AAAB5nicdVDLTsJAFL3FF+ILdelmIjFx1bQNUNyRuHGJiQUSaMh0mMLI9JGZqQlp+AbdGKMrP8gf8G8cKiZq9KzOvefc3HtukHImlWW9G6W19Y3NrfJ2ZWd3b/+genjUlUkmCPVIwhPRD7CknMXUU0xx2k8FxVHAaS+YXS713h0VkiXxjZqn1I/wJGYhI1jpVneoplThUbVmmY7j1hs2ssyG26y7BWm2mo6LbNMqUIMVOqPq23CckCyisSIcSzmwrVT5ORaKEU4XlWEmaYrJDE/oQNMYR1T6eXHtAp2FiUB6Lyrq794cR1LOo0B7Iqym8re2bP6lDTIVtvycxWmmaEy0RWthxpFK0DI0GjNBieJzTTARTF+JyBQLTJR+TUXH/8qI/ieeY16Y9nW91m6v/lCGEziFc7DBhTZcQQc8IHALD/AMLwYz7o1H4+nTWjJWM8fwA8brB3NgjOQ=</latexit><latexit sha1_base64="lVVhoqscyTc7RW5iGB+QGiKFgRs=">AAAB5nicdVDLTsJAFL3FF+ILdelmIjFx1bQNUNyRuHGJiQUSaMh0mMLI9JGZqQlp+AbdGKMrP8gf8G8cKiZq9KzOvefc3HtukHImlWW9G6W19Y3NrfJ2ZWd3b/+genjUlUkmCPVIwhPRD7CknMXUU0xx2k8FxVHAaS+YXS713h0VkiXxjZqn1I/wJGYhI1jpVneoplThUbVmmY7j1hs2ssyG26y7BWm2mo6LbNMqUIMVOqPq23CckCyisSIcSzmwrVT5ORaKEU4XlWEmaYrJDE/oQNMYR1T6eXHtAp2FiUB6Lyrq794cR1LOo0B7Iqym8re2bP6lDTIVtvycxWmmaEy0RWthxpFK0DI0GjNBieJzTTARTF+JyBQLTJR+TUXH/8qI/ieeY16Y9nW91m6v/lCGEziFc7DBhTZcQQc8IHALD/AMLwYz7o1H4+nTWjJWM8fwA8brB3NgjOQ=</latexit> d�el

dt
=

1

4⇡ |Tel(s, t)|
2

<latexit sha1_base64="2ttpSBrMgCWTfDqje7QiuDagczE="></latexit><latexit sha1_base64="2ttpSBrMgCWTfDqje7QiuDagczE="></latexit><latexit sha1_base64="2ttpSBrMgCWTfDqje7QiuDagczE="></latexit><latexit sha1_base64="2ttpSBrMgCWTfDqje7QiuDagczE="></latexit>

t = �2p
2
(1� cos ✓)<latexit sha1_base64="4vaTxut6VGMKSrnUg58FdeqCYeQ="></latexit><latexit sha1_base64="4vaTxut6VGMKSrnUg58FdeqCYeQ="></latexit><latexit sha1_base64="4vaTxut6VGMKSrnUg58FdeqCYeQ="></latexit><latexit sha1_base64="4vaTxut6VGMKSrnUg58FdeqCYeQ="></latexit>with

Elastic scattering amplitude has a (small) real part

is the main building block of scattering theoryTel(s, t)<latexit sha1_base64="X7dnjtHQY8gEU/eNaqV7vXruqio=">AAAB83icdVDLSsNAFJ34rPWV6tLNYBEqSEiKoO4KblxWaGyhDWEyvWmHTh7MTCol5E90I6Ir/8Qf8G+c1Ao+z+aee8+5cO8JUs6ksu03Y2l5ZXVtvbJR3dza3tk1a3s3MskEBZcmPBG9gEjgLAZXMcWhlwogUcChG0wuS707BSFZEnfULAUvIqOYhYwSpUe+Wcs7fj4QEQZeNOSJOi58s25bTbsE/k0ca17tOlqg7Zuvg2FCswhiRTmRsu/YqfJyIhSjHIrqIJOQEjohI+hrGpMIpJfPTy/wUZgIrMaA5/1Xb04iKWdRoD0RUWP5UyuHf2n9TIXnXs7iNFMQU23RWphxrBJcJoCHTABVfKYJoYLpKzEdE0Go0jlV9fufP+L/idu0Lizn+rTeai1yqKADdIgayEFnqIWuUBu5iKJbdI+e0LMxNe6MB+Pxw7pkLHb20TcYL+/VjJD1</latexit><latexit sha1_base64="X7dnjtHQY8gEU/eNaqV7vXruqio=">AAAB83icdVDLSsNAFJ34rPWV6tLNYBEqSEiKoO4KblxWaGyhDWEyvWmHTh7MTCol5E90I6Ir/8Qf8G+c1Ao+z+aee8+5cO8JUs6ksu03Y2l5ZXVtvbJR3dza3tk1a3s3MskEBZcmPBG9gEjgLAZXMcWhlwogUcChG0wuS707BSFZEnfULAUvIqOYhYwSpUe+Wcs7fj4QEQZeNOSJOi58s25bTbsE/k0ca17tOlqg7Zuvg2FCswhiRTmRsu/YqfJyIhSjHIrqIJOQEjohI+hrGpMIpJfPTy/wUZgIrMaA5/1Xb04iKWdRoD0RUWP5UyuHf2n9TIXnXs7iNFMQU23RWphxrBJcJoCHTABVfKYJoYLpKzEdE0Go0jlV9fufP+L/idu0Lizn+rTeai1yqKADdIgayEFnqIWuUBu5iKJbdI+e0LMxNe6MB+Pxw7pkLHb20TcYL+/VjJD1</latexit><latexit sha1_base64="X7dnjtHQY8gEU/eNaqV7vXruqio=">AAAB83icdVDLSsNAFJ34rPWV6tLNYBEqSEiKoO4KblxWaGyhDWEyvWmHTh7MTCol5E90I6Ir/8Qf8G+c1Ao+z+aee8+5cO8JUs6ksu03Y2l5ZXVtvbJR3dza3tk1a3s3MskEBZcmPBG9gEjgLAZXMcWhlwogUcChG0wuS707BSFZEnfULAUvIqOYhYwSpUe+Wcs7fj4QEQZeNOSJOi58s25bTbsE/k0ca17tOlqg7Zuvg2FCswhiRTmRsu/YqfJyIhSjHIrqIJOQEjohI+hrGpMIpJfPTy/wUZgIrMaA5/1Xb04iKWdRoD0RUWP5UyuHf2n9TIXnXs7iNFMQU23RWphxrBJcJoCHTABVfKYJoYLpKzEdE0Go0jlV9fufP+L/idu0Lizn+rTeai1yqKADdIgayEFnqIWuUBu5iKJbdI+e0LMxNe6MB+Pxw7pkLHb20TcYL+/VjJD1</latexit><latexit sha1_base64="X7dnjtHQY8gEU/eNaqV7vXruqio=">AAAB83icdVDLSsNAFJ34rPWV6tLNYBEqSEiKoO4KblxWaGyhDWEyvWmHTh7MTCol5E90I6Ir/8Qf8G+c1Ao+z+aee8+5cO8JUs6ksu03Y2l5ZXVtvbJR3dza3tk1a3s3MskEBZcmPBG9gEjgLAZXMcWhlwogUcChG0wuS707BSFZEnfULAUvIqOYhYwSpUe+Wcs7fj4QEQZeNOSJOi58s25bTbsE/k0ca17tOlqg7Zuvg2FCswhiRTmRsu/YqfJyIhSjHIrqIJOQEjohI+hrGpMIpJfPTy/wUZgIrMaA5/1Xb04iKWdRoD0RUWP5UyuHf2n9TIXnXs7iNFMQU23RWphxrBJcJoCHTABVfKYJoYLpKzEdE0Go0jlV9fufP+L/idu0Lizn+rTeai1yqKADdIgayEFnqIWuUBu5iKJbdI+e0LMxNe6MB+Pxw7pkLHb20TcYL+/VjJD1</latexit>

⇢(s, t) =
ReTel(s, t)

ImTel(s, t)<latexit sha1_base64="/MLMc5bO1IkSj/kALiRP36oZmTw="></latexit><latexit sha1_base64="/MLMc5bO1IkSj/kALiRP36oZmTw="></latexit><latexit sha1_base64="/MLMc5bO1IkSj/kALiRP36oZmTw="></latexit><latexit sha1_base64="/MLMc5bO1IkSj/kALiRP36oZmTw="></latexit>

Coulomb scattering ~ strong interaction at
t0⇠1/(14�tot)<latexit sha1_base64="Hor3GSyr2maJJUvUzZoWknia+sw=">AAACBHicdVDLSsNAFJ3UV62vqEs30xahbmpSCuqu4MZlBauFJoTJdNIOnUnCzI1QQtf6M7oR0ZVf4A/4N05rBZ9nc8+95wzMOWEquAbHebMKC4tLyyvF1dLa+sbmlr29c6mTTFHWoYlIVDckmgkesw5wEKybKkZkKNhVODqd6lfXTGmexBcwTpkvySDmEacEzCmwKxA4XtnTXHpl7B7W3KbhA0mC3FMSQwKTg8CuOvWGMwX+Tdz6bDpVNEc7sF+9fkIzyWKggmjdc50U/Jwo4FSwScnLNEsJHZEB6xkaE8m0n8+yTPB+lCgMQ4Zn+1dvTqTWYxkajyQw1D+16fEvrZdBdOznPE4zYDE1FqNFmTDp8LQS3OeKURBjQwhV3PwS0yFRhIIprmTif2bE/5NOo35Sd8+b1VZr3kMR7aEKqiEXHaEWOkNt1EEU3aJ79ISerRvrznqwHj+sBWv+Zhd9g/XyDmR3lro=</latexit><latexit sha1_base64="Hor3GSyr2maJJUvUzZoWknia+sw=">AAACBHicdVDLSsNAFJ3UV62vqEs30xahbmpSCuqu4MZlBauFJoTJdNIOnUnCzI1QQtf6M7oR0ZVf4A/4N05rBZ9nc8+95wzMOWEquAbHebMKC4tLyyvF1dLa+sbmlr29c6mTTFHWoYlIVDckmgkesw5wEKybKkZkKNhVODqd6lfXTGmexBcwTpkvySDmEacEzCmwKxA4XtnTXHpl7B7W3KbhA0mC3FMSQwKTg8CuOvWGMwX+Tdz6bDpVNEc7sF+9fkIzyWKggmjdc50U/Jwo4FSwScnLNEsJHZEB6xkaE8m0n8+yTPB+lCgMQ4Zn+1dvTqTWYxkajyQw1D+16fEvrZdBdOznPE4zYDE1FqNFmTDp8LQS3OeKURBjQwhV3PwS0yFRhIIprmTif2bE/5NOo35Sd8+b1VZr3kMR7aEKqiEXHaEWOkNt1EEU3aJ79ISerRvrznqwHj+sBWv+Zhd9g/XyDmR3lro=</latexit><latexit sha1_base64="Hor3GSyr2maJJUvUzZoWknia+sw=">AAACBHicdVDLSsNAFJ3UV62vqEs30xahbmpSCuqu4MZlBauFJoTJdNIOnUnCzI1QQtf6M7oR0ZVf4A/4N05rBZ9nc8+95wzMOWEquAbHebMKC4tLyyvF1dLa+sbmlr29c6mTTFHWoYlIVDckmgkesw5wEKybKkZkKNhVODqd6lfXTGmexBcwTpkvySDmEacEzCmwKxA4XtnTXHpl7B7W3KbhA0mC3FMSQwKTg8CuOvWGMwX+Tdz6bDpVNEc7sF+9fkIzyWKggmjdc50U/Jwo4FSwScnLNEsJHZEB6xkaE8m0n8+yTPB+lCgMQ4Zn+1dvTqTWYxkajyQw1D+16fEvrZdBdOznPE4zYDE1FqNFmTDp8LQS3OeKURBjQwhV3PwS0yFRhIIprmTif2bE/5NOo35Sd8+b1VZr3kMR7aEKqiEXHaEWOkNt1EEU3aJ79ISerRvrznqwHj+sBWv+Zhd9g/XyDmR3lro=</latexit><latexit sha1_base64="Hor3GSyr2maJJUvUzZoWknia+sw=">AAACBHicdVDLSsNAFJ3UV62vqEs30xahbmpSCuqu4MZlBauFJoTJdNIOnUnCzI1QQtf6M7oR0ZVf4A/4N05rBZ9nc8+95wzMOWEquAbHebMKC4tLyyvF1dLa+sbmlr29c6mTTFHWoYlIVDckmgkesw5wEKybKkZkKNhVODqd6lfXTGmexBcwTpkvySDmEacEzCmwKxA4XtnTXHpl7B7W3KbhA0mC3FMSQwKTg8CuOvWGMwX+Tdz6bDpVNEc7sF+9fkIzyWKggmjdc50U/Jwo4FSwScnLNEsJHZEB6xkaE8m0n8+yTPB+lCgMQ4Zn+1dvTqTWYxkajyQw1D+16fEvrZdBdOznPE4zYDE1FqNFmTDp8LQS3OeKURBjQwhV3PwS0yFRhIIprmTif2bE/5NOo35Sd8+b1VZr3kMR7aEKqiEXHaEWOkNt1EEU3aJ79ISerRvrznqwHj+sBWv+Zhd9g/XyDmR3lro=</latexit> 10-4 GeV2 at √s=7 TeV   

Theory

dI
dωd2kt

Analytic approaches to compute the branching kernel

P̃ i(z, θ)

L

Aμ

ω, kt

• Multiple soft scattering approximation/BDMPS-Z

• Opacity expansion/GLV LO (N=0): vacuum 
radiation. NLO (N=1): single, hard scattering 

• Improved Opacity expansion LO:BDMPS-Z, 
NLO includes N=1 GLV

[Baier, Dokshitzer, Mueller, Peigné, Schiff’96]
[Zakharov’96]

All-orders numerical solution

[Gyulassy, Levai, Vitev’01]
[Wiedemann’00]

[Sievert, Vitev’19]

[Mehtar-Tani, Barata, Tywoniuk, ASO’19-21]

[Barata, M
ehtar-Tani, ASO

, 
Tyw

oniuk to appear]

[Andres, Apolinario, Dominguez’20]



Not only the branching kernel gets modified but also the prongs lose energy

Space-time picture of an in-medium jet
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e.g. opening angle of the hardest splitting as tagged by DyG
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Figure 9. The kinematic regions in the Lund plane that are covered by the SD algorithm in the
case of a high-energy jet (zcutpT > ωc) in the left figure and of a low-energy jet (zcutpT < ωc) in the
right figure. As suggested by the pictorial representation in the right figure, the most interesting
situation for “low-energy jets” is such that there is only little overlap between the kinematic region
for SD and the phase-space for MIEs.

explains the peak in the ratio R(zg) at small zg, visible in figure 8. The nuclear suppression

observe at large zg suggests that in this region, the energy loss effects dominate over the

BDMPS-Z emissions.

The above arguments show that the zg distribution is best discussed separately for

high-energy and low-energy jets, where the separation between the two regimes is set by

the ratio zcutpT0/ωc. The high-energy jets, for which pT0 > ωc/zcut, are conceptually

simper as the in-medium zg distribution is only affected by the energy loss via MIEs. For

low-energy jets, i.e. jets with pT0 < ωc/zcut, the zg distribution is affected by the medium

both directly when the SD condition is triggered by a MIE, and indirectly via the energy

loss of the two subjets emerging from the hard splitting. This second case is more complex

for a series of reasons and notably because MIEs do not obey angular ordering.

Since zg is intrinsically tied to energy loss effects, it is interesting to study how the

average jet energy loss correlates with zg. Our numerical results are presented in figure 10.

The dashed curve shows the MC results for the inclusive jets (all values of zg), the one

denoted “no zg” refers to jets which did not pass the SD criterion or failed the cut θg > θcut,

and the other curves correspond to different bins of zg. One clearly sees a distinction

between the “no zg” jets, which lose much less energy than the average jet, and those

which passed SD, whose energy loss is larger than the average and quasi-independent of zg.

The main reason for this behaviour is that jets passing the SD condition are effectively built

of two relatively hard subjets. Since the angular separation between these two hard subjets

is larger than θcut = 0.1 > θc ≃ 0.04, they lose energy (via MIEs) as two independent jets,

giving a larger-than-average energy loss. This is mostly controlled by the geometry of the

system, with only a limited sensitivity to the precise sharing of the energy between the

subjets. On the other hand, the jets which did not pass SD are typically narrow one-prong

jets with either no hard substructure or with some substructure at an angle smaller that

– 27 –

Observable #1: zg-distribution
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[Caucal, Iancu, Soyez JHEP10 (2019) 273]

Tune the grooming condition to explore different in-medium physics

pt < ωczcutpt > ωczcut

Outside medium

Inside medium

MIE

z > zcut + θ > θcut



Observable #1: zg-distribution
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Small zg: hard medium-induced emissions

[Caucal, Iancu, Soyez JHEP10 (2019) 273]
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Figure 15. Separation of the nuclear effects on the zg distribution of low-energy jets into a
contribution due to the MIEs (left) and a contribution due to the VLEs with energy loss (right).
Left: MIEs only (MC vs. analytic calculations). Right: Monte Carlo results for the full parton
shower (black) vs. the case where only VLEs with energy loss are included (red). We also show an
analytic result for the second case (dashed line).

Figure 15 (left) shows a qualitative agreement between the MC and the analytic calcu-

lations: all the curves have a visible rise at small zg, reflecting the fact that the BDMPS-Z

spectrum behaves like z−3/2 which is more singular than the vacuum spectrum ∝ z−1. This

being said, our analytic study is still too poor to quantitatively reproduce the MC results,

or to discriminate between various scenarios for the energy loss. In particular, the “zero

energy loss” scenario is not in clear disagreement with the MC results. This may be related

to the fact that the angular distribution in eq. (5.15) favours small values z ∼ zcut which

biases the distribution towards events with a smaller-than-average energy loss.

5.4.2 Low-energy jets: energy loss only

In this section, we consider the situation (opposite to the previous section) where the SD

condition is triggered by a VLE. In this case, we turn off the direct contribution of the

MIEs to SD, but only keep their (indirect) effect associated with incoherent energy loss of

the subjets found by the SD procedure. The physical situation is similar to the high-energy

case studied in section 5.3 where the “direct” contribution of the MIEs to SD was negligible

by definition.

To artificially remove the direct contribution of the MIEs from the MC simulations,

we have enforced that all the partons generated via MIEs propagate at angles θ ≫ R.

This obviously overestimates the jet energy loss, simply because some of the partons which

would have remained within the jet are artificially moved outside. This is fine as long as we

only focus on illustrating the qualitative effects of the energy loss on the zg distribution.

In figure 15 (right), we compare Monte Carlo results obtained with this artificial re-

moval of the direct contribution of MIEs (“energy loss only”, red, curve) to the full sim-

ulation (“full”, black, curve), where both VLEs and MIEs contribute directly. Figure 15

(right) also shows the prediction of an analytic calculation which ignores the direct contri-

bution of the MIEs to SD. This calculation is the same as the one presented in section 5.3

– 37 –

PBDMPS(z)/PAP(z) ∼ z−1/2

Large zg: incoherent energy loss
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New opportunity to measure the QGP resolution angle  θc
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[59], a critical novel aspect is how we isolate the structure
of NLL terms αnsLn. For each given observable v, with
L ¼ ln v, we consider the ratio to the true NLL result in the
limit αs ≡ αsðQÞ → 0 with fixed αsL. This helps us isolate
the NLL terms from yet higher-order contributions, which
vanish in that limit. Numerically, a parton shower cannot
be run in the αs → 0 limit for fixed αsL. However, with
suitable techniques [51] (Sec. 6), [60–62], one can run
multiple small values of αs and extrapolate to αs ¼ 0. We
examine not just our showers, but also our implementations
of two typical kt-ordered shower algorithms with dipole-
local recoil, those of PYTHIA8 [2] and DIRE V1 [11] [with the
αs þ Kα2s choice as in Eq. (4)].
A first test concerns the multiple-emission matrix

element. We have constructed our showers specifically
so that they reproduce the squared matrix elements in the
limits discussed above that are relevant for NLL accuracy.
A simple observable for testing this is to consider the two
highest-kt Lund-plane primary declusterings [63,64] with
transverse momenta kt1 and kt2 (originally defined for
hadronic collisions, the eþe− analogue is given in Sec. 4
of the Supplemental Material [51] and implemented with
FASTJET [65]). The αs → 0 limit for fixed αsL
(L ¼ ln kt1=Q), ensures that the two declusterings are soft
and widely separated in Lund-plane pseudorapidity η
(which spans jηj≲ jLj ∼ 1=αs). In this limit the full matrix
element reduces to independent emission and so the
difference of azimuthal angles between the two emissions,
Δψ12, should be uniformly distributed, for any ratio kt2=kt1
(recall that strongly angular-ordered soft emission is not
affected by spin correlations). We consider the Δψ12

distribution in Fig. 1.
The left-hand plot of Fig. 1 shows the PYTHIA8 dipole

algorithm (not designed as NLL accurate), while the middle
plot shows our PanGlobal shower with β¼ 0. The dipole

result is clearly not independent of Δψ12 for αs → 0, with
over 60% discrepancies, extending the fixed-order conclu-
sions of Ref. [37]. The discrepancy is only ≃30% for gg
events (not shown in Fig. 1), and the difference would, e.g.,
skew machine learning [67] for quark versus gluon dis-
crimination. PanGlobal is independent of Δψ12. The right-
hand plot shows the αs → 0 limit for multiple showers. The
overall pattern is as expected: PanLocal works for β¼ 0.5,
but not β¼ 0, demonstrating that with kt ordering it is not
sufficient just to change the dipole partition to get NLL
accuracy. PanGlobalworks forβ¼ 0 andβ¼ 0.5. (Showers
that coincide forαs → 0, e.g., DIREV1 and PYTHIA8, typically
differ at finite αs, reflecting NNLL differences.)
Next, we consider a range of more standard observables

at NLL accuracy. They include the Cambridge
ffiffiffiffiffiffi
y23

p

resolution scale [68], two jet broadenings, BT and BW
[69], fractional moments, FC1−βobs , of the energy-energy
correlations [47], the thrust [70,71], and the maximum ui ¼
kti=Qe−βobsjηij among primary Lund declusterings i. Each of
these is sensitive to soft-collinear radiation as kt=Qe−βobsjηj,
with the βobs values shown in Fig. 2 (right). Additionally,
the scalar sum of the transverse momenta in a rapidity slice
[72], of full-width 2, is useful to test nonglobal logarithms
(NGLs). These observables all have the property that their
distribution at NLL can be written as [47,66,72–74]

Σðαs; αsLÞ ¼ exp½α−1s g1ðαsLÞ þ g2ðαsLÞ þOðαnsLn−1Þ&;
ð6Þ

where Σ is the fraction of events where the observable is
smaller than eL (g1 ¼ 0 for the rapidity slice kt). We also
consider the kt-algorithm [75] subjet multiplicity [76],
Sec. 5 of the Supplemental Material [51].
Figure 2 (left) illustrates our all-order tests of the shower

for one observable,
ffiffiffiffiffiffi
y23

p
. It shows the ratio of the Σ as

FIG. 2. Left: ratio of the cumulative y23 distribution from several showers divided by the NLL answer, as a function of αs ln y23=2, for
αs → 0. Right: summary of deviations from NLL for many shower and observable combinations [either Σshowerðαs → 0; αsL ¼
−0.5Þ=ΣNLL − 1 or ½Nsubjet

showerðαs → 0; αsL2 ¼ 5Þ=Nsubjet
NLL − 1&= ffiffiffiffiffi

αs
p

]. Red squares indicate clear NLL failure; amber triangles indicate
NLL fixed-order failure that is masked at all orders; green circles indicate that all NLL tests passed.

PHYSICAL REVIEW LETTERS 125, 052002 (2020)

052002-4

• In vacuum, jet substructure as tool to gauge the accuracy of parton showers

• Analytic understanding of jet substructure observables to probe the different 
regimes of radiation phase space both in vacuum and in the medium

[D
asgupta et al. PRL 125 (2020)]

• Recent developments in jet quenching theory are paving the way to quantitative 
theory-to-data comparisons 


