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Jet algorithms (Part 1)  

Event grooming and substructure  (Part 2)  



Jets as proxies for partons 

4

deep inelastic scattering

<̀latexit sha1_base64="+yaUcq5uEPFrld245Q9B28qoM3U=">AAAB63icbVDJSgNBEK1xjXGLevTSGARPw0wSt1vQi8cIZoFkCD2dnqRJd8/Q3SOEkF/w4kERr/6QN//GniygxgcFj/eqqKoXJpxp43lfzsrq2vrGZm4rv72zu7dfODhs6DhVhNZJzGPVCrGmnElaN8xw2koUxSLktBkObzO/+UiVZrF8MKOEBgL3JYsYwSaTOpTzbqHoud4UyHMvyuel6wryF8qCFGGOWrfw2enFJBVUGsKx1m3fS0wwxsowwukk30k1TTAZ4j5tWyqxoDoYT2+doFOr9FAUK1vSoKn6c2KMhdYjEdpOgc1A//Uy8T+vnZroKhgzmaSGSjJbFKUcmRhlj6MeU5QYPrIEE8XsrYgMsMLE2HjyNoSll5dJo+T6Zbd0XylWb+Zx5OAYTuAMfLiEKtxBDepAYABP8AKvjnCenTfnfda64sxnjuAXnI9vOhiOXQ==</latexit>

<̀latexit sha1_base64="+yaUcq5uEPFrld245Q9B28qoM3U=">AAAB63icbVDJSgNBEK1xjXGLevTSGARPw0wSt1vQi8cIZoFkCD2dnqRJd8/Q3SOEkF/w4kERr/6QN//GniygxgcFj/eqqKoXJpxp43lfzsrq2vrGZm4rv72zu7dfODhs6DhVhNZJzGPVCrGmnElaN8xw2koUxSLktBkObzO/+UiVZrF8MKOEBgL3JYsYwSaTOpTzbqHoud4UyHMvyuel6wryF8qCFGGOWrfw2enFJBVUGsKx1m3fS0wwxsowwukk30k1TTAZ4j5tWyqxoDoYT2+doFOr9FAUK1vSoKn6c2KMhdYjEdpOgc1A//Uy8T+vnZroKhgzmaSGSjJbFKUcmRhlj6MeU5QYPrIEE8XsrYgMsMLE2HjyNoSll5dJo+T6Zbd0XylWb+Zx5OAYTuAMfLiEKtxBDepAYABP8AKvjnCenTfnfda64sxnjuAXnI9vOhiOXQ==</latexit>
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deep inelastic scattering

<̀latexit sha1_base64="+yaUcq5uEPFrld245Q9B28qoM3U=">AAAB63icbVDJSgNBEK1xjXGLevTSGARPw0wSt1vQi8cIZoFkCD2dnqRJd8/Q3SOEkF/w4kERr/6QN//GniygxgcFj/eqqKoXJpxp43lfzsrq2vrGZm4rv72zu7dfODhs6DhVhNZJzGPVCrGmnElaN8xw2koUxSLktBkObzO/+UiVZrF8MKOEBgL3JYsYwSaTOpTzbqHoud4UyHMvyuel6wryF8qCFGGOWrfw2enFJBVUGsKx1m3fS0wwxsowwukk30k1TTAZ4j5tWyqxoDoYT2+doFOr9FAUK1vSoKn6c2KMhdYjEdpOgc1A//Uy8T+vnZroKhgzmaSGSjJbFKUcmRhlj6MeU5QYPrIEE8XsrYgMsMLE2HjyNoSll5dJo+T6Zbd0XylWb+Zx5OAYTuAMfLiEKtxBDepAYABP8AKvjnCenTfnfda64sxnjuAXnI9vOhiOXQ==</latexit>

<̀latexit sha1_base64="+yaUcq5uEPFrld245Q9B28qoM3U=">AAAB63icbVDJSgNBEK1xjXGLevTSGARPw0wSt1vQi8cIZoFkCD2dnqRJd8/Q3SOEkF/w4kERr/6QN//GniygxgcFj/eqqKoXJpxp43lfzsrq2vrGZm4rv72zu7dfODhs6DhVhNZJzGPVCrGmnElaN8xw2koUxSLktBkObzO/+UiVZrF8MKOEBgL3JYsYwSaTOpTzbqHoud4UyHMvyuel6wryF8qCFGGOWrfw2enFJBVUGsKx1m3fS0wwxsowwukk30k1TTAZ4j5tWyqxoDoYT2+doFOr9FAUK1vSoKn6c2KMhdYjEdpOgc1A//Uy8T+vnZroKhgzmaSGSjJbFKUcmRhlj6MeU5QYPrIEE8XsrYgMsMLE2HjyNoSll5dJo+T6Zbd0XylWb+Zx5OAYTuAMfLiEKtxBDepAYABP8AKvjnCenTfnfda64sxnjuAXnI9vOhiOXQ==</latexit>

q, q̄, g ! {⇡±/0, p, n,K±, ⇢, ...}
<latexit sha1_base64="zMi8iWLZ0rDpMKKUGNEM6++g5d8="></latexit>

hadronization
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<̀latexit sha1_base64="+yaUcq5uEPFrld245Q9B28qoM3U=">AAAB63icbVDJSgNBEK1xjXGLevTSGARPw0wSt1vQi8cIZoFkCD2dnqRJd8/Q3SOEkF/w4kERr/6QN//GniygxgcFj/eqqKoXJpxp43lfzsrq2vrGZm4rv72zu7dfODhs6DhVhNZJzGPVCrGmnElaN8xw2koUxSLktBkObzO/+UiVZrF8MKOEBgL3JYsYwSaTOpTzbqHoud4UyHMvyuel6wryF8qCFGGOWrfw2enFJBVUGsKx1m3fS0wwxsowwukk30k1TTAZ4j5tWyqxoDoYT2+doFOr9FAUK1vSoKn6c2KMhdYjEdpOgc1A//Uy8T+vnZroKhgzmaSGSjJbFKUcmRhlj6MeU5QYPrIEE8XsrYgMsMLE2HjyNoSll5dJo+T6Zbd0XylWb+Zx5OAYTuAMfLiEKtxBDepAYABP8AKvjnCenTfnfda64sxnjuAXnI9vOhiOXQ==</latexit>

q, q̄, g ! {⇡±/0, p, n,K±, ⇢, ...}
<latexit sha1_base64="zMi8iWLZ0rDpMKKUGNEM6++g5d8="></latexit>

hadronization



Jets as proxies for partons 

7
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<̀latexit sha1_base64="+yaUcq5uEPFrld245Q9B28qoM3U=">AAAB63icbVDJSgNBEK1xjXGLevTSGARPw0wSt1vQi8cIZoFkCD2dnqRJd8/Q3SOEkF/w4kERr/6QN//GniygxgcFj/eqqKoXJpxp43lfzsrq2vrGZm4rv72zu7dfODhs6DhVhNZJzGPVCrGmnElaN8xw2koUxSLktBkObzO/+UiVZrF8MKOEBgL3JYsYwSaTOpTzbqHoud4UyHMvyuel6wryF8qCFGGOWrfw2enFJBVUGsKx1m3fS0wwxsowwukk30k1TTAZ4j5tWyqxoDoYT2+doFOr9FAUK1vSoKn6c2KMhdYjEdpOgc1A//Uy8T+vnZroKhgzmaSGSjJbFKUcmRhlj6MeU5QYPrIEE8XsrYgMsMLE2HjyNoSll5dJo+T6Zbd0XylWb+Zx5OAYTuAMfLiEKtxBDepAYABP8AKvjnCenTfnfda64sxnjuAXnI9vOhiOXQ==</latexit>

q, q̄, g ! {⇡±/0, p, n,K±, ⇢, ...}
<latexit sha1_base64="zMi8iWLZ0rDpMKKUGNEM6++g5d8="></latexit>

hadronization



Jets as proxies for partons 

8

deep inelastic scattering
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q, q̄, g ! {⇡±/0, p, n,K±, ⇢, ...}
<latexit sha1_base64="zMi8iWLZ0rDpMKKUGNEM6++g5d8="></latexit>

hadronization

Jet algorithms: 
Algorithmic, reproducible, 

processes that define the jet

IR-safe definitions of jets   

p1, p2, p3, ...pn ! {p1, p2, p3, ...}jet-1, pi, pi+1, ...{pk, pk+1, ..}jet-2
<latexit sha1_base64="VwYeFEMU1yw44aQCnWMtm1ygBWk="></latexit>

All particles in event jet-1 jet-2



Jets at Electron-Ion-Collider (EIC)
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Source: inspirehep.net

references on “EIC jets”

http://www.eicug.org/web/content/yellow-report-initiative

http://inspirehep.net


Application of jets at EIC
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Extraction of strong-coupling: multi-jet rates, event shapes, jet substructure,…

Hadronic structure: Jet-TMDs, in-jet fragmentation, multi-jet rates, diffractive processes,… 

Nuclear matter probes: Jet substructure, jet rates and jet quenching,… 

Hadronization: Jet substructure, in-jet fragmentation, jet energy loss,…



Introduction to jets (Brief and basic) 

Jet algorithms (Part 1)

Event grooming and substructure (Part 2) 



The kT-type algorithms 
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dij = min[k2pTi, k
2p
Tj ]

(⌘i � ⌘j)2 + (�i � �j)2

R2
<latexit sha1_base64="ZMgHEk5QB+kO7jxbnPZ5JTZlK9c="></latexit>

1. Evaluate distance:

2. Merge “nearest”

diB = k2pTi
<latexit sha1_base64="w7qp2mPZpKF24rMmW9Jtl38U5as=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1gEVyWpgm6EUjcuK/QFbQyTybQdOnkwMxFqCP6KGxeKuPU/3Pk3TtsstPXAhcM593LvPV7MmVSW9W0UVlbX1jeKm6Wt7Z3dPXP/oC2jRBDaIhGPRNfDknIW0pZiitNuLCgOPE473vhm6nceqJAsCptqElMnwMOQDRjBSkuueeS7Katn6BqN3bTJsvu0GmeuWbYq1gxomdg5KUOOhmt+9f2IJAENFeFYyp5txcpJsVCMcJqV+omkMSZjPKQ9TUMcUOmks+szdKoVHw0ioStUaKb+nkhxIOUk8HRngNVILnpT8T+vl6jBlZOyME4UDcl80SDhSEVoGgXymaBE8YkmmAimb0VkhAUmSgdW0iHYiy8vk3a1Yp9XqncX5Vo9j6MIx3ACZ2DDJdTgFhrQAgKP8Ayv8GY8GS/Gu/Exby0Y+cwh/IHx+QPRJZTR</latexit>

3. Repeat

“particle”-“particle”

“particle”-“beam”

Anti-kT:          p = -1

arXiv:0802.1189 (M. Cacciari, G. P. Salam and G. Soyez)

Selectors (e.g. )pT > 20 GeV

Final set of jets



Breit Frame kinematics 
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proton

struck quark

Pµ
<latexit sha1_base64="kmY/cApx9VWrOxNprbZujvMqwZ4=">AAAB7nicbVBNSwMxEJ3Ur1q/qh69hBbBU9mtgh4LXjxWsB/QriWbZtvQJLskWaEs/RFePCji1d/jzX9j2u5BWx8MPN6bYWZemAhurOd9o8LG5tb2TnG3tLd/cHhUPj5pmzjVlLVoLGLdDYlhgivWstwK1k00IzIUrBNObud+54lpw2P1YKcJCyQZKR5xSqyTOs3HrC/T2aBc9WreAnid+DmpQo7moPzVH8Y0lUxZKogxPd9LbJARbTkVbFbqp4YlhE7IiPUcVUQyE2SLc2f43ClDHMXalbJ4of6eyIg0ZipD1ymJHZtVby7+5/VSG90EGVdJapmiy0VRKrCN8fx3POSaUSumjhCqubsV0zHRhFqXUMmF4K++vE7a9Zp/WavfX1UblTyOIpxBBS7Ah2towB00oQUUJvAMr/CGEvSC3tHHsrWA8plT+AP0+QNvXY+I</latexit>

qµ
<latexit sha1_base64="0cgoIJSTku3r50jGpvakIC1rI/U=">AAAB7nicbVDLSgNBEOz1GeMr6tHLkCB4CrtR0GPAi8cI5gHJGmYns8mQmdl1HkJY8hFePCji1e/x5t84SfagiQUNRVU33V1Rypk2vv/tra1vbG5tF3aKu3v7B4elo+OWTqwitEkSnqhOhDXlTNKmYYbTTqooFhGn7Wh8M/PbT1Rplsh7M0lpKPBQspgRbJzUfnzIesJO+6WKX/XnQKskyEkFcjT6pa/eICFWUGkIx1p3Az81YYaVYYTTabFnNU0xGeMh7ToqsaA6zObnTtGZUwYoTpQradBc/T2RYaH1RESuU2Az0sveTPzP61oTX4cZk6k1VJLFothyZBI0+x0NmKLE8IkjmCjmbkVkhBUmxiVUdCEEyy+vklatGlxUa3eXlXo5j6MAp1CGcwjgCupwCw1oAoExPMMrvHmp9+K9ex+L1jUvnzmBP/A+fwCiJ4+p</latexit>

qµ + xPµ
<latexit sha1_base64="bHfUeMypbdGWv1L4QJcN+fB52W8=">AAAB+3icdVDLSgMxFM34rPU11qWb0CIIwpBpZ6jdFdy4rGAf0I4lk6ZtaOZhkpGWob/ixoUibv0Rd/6NmbaCih64cDjnXu69x485kwqhD2NtfWNzazu3k9/d2z84NI8KLRklgtAmiXgkOj6WlLOQNhVTnHZiQXHgc9r2J5eZ376nQrIovFGzmHoBHoVsyAhWWuqbhbvbtBckc3g+hY0l7ZslZNVsp1JFEFmu47ooI8hxK24N2hZaoARWaPTN994gIklAQ0U4lrJro1h5KRaKEU7n+V4iaYzJBI9oV9MQB1R66eL2OTzVygAOI6ErVHChfp9IcSDlLPB1Z4DVWP72MvEvr5uo4YWXsjBOFA3JctEw4VBFMAsCDpigRPGZJpgIpm+FZIwFJkrHldchfH0K/yetsmVXrPK1U6oXV3HkwAkogjNggyqogyvQAE1AwBQ8gCfwbMyNR+PFeF22rhmrmWPwA8bbJ/9+lFQ=</latexit>

e�
<latexit sha1_base64="b0KvndnJOqbL3VxCIxD2zkqH07w=">AAAB6nicdVDLSgNBEOyNrxhfUY9ehgTBi8smBswx4MVjRPOAZA2zk95kyOyDmVkhLPkELx4U8eoXefNvnCQbUNGChqKqm+4uLxZcacf5tHJr6xubW/ntws7u3v5B8fCoraJEMmyxSESy61GFgofY0lwL7MYSaeAJ7HiTq7nfeUCpeBTe6WmMbkBHIfc5o9pIt3h/PiiWHdtZgDh2bUXqS1LJrDJkaA6KH/1hxJIAQ80EVapXcWLtplRqzgTOCv1EYUzZhI6wZ2hIA1Ruujh1Rk6NMiR+JE2FmizU7xMpDZSaBp7pDKgeq9/eXPzL6yXar7spD+NEY8iWi/xEEB2R+d9kyCUyLaaGUCa5uZWwMZWUaZNOwYSw+pT8T9pVu3JhV29q5UYpiyMPJ1CCM6jAJTTgGprQAgYjeIRneLGE9WS9Wm/L1pyVzRzDD1jvX+/8jXg=</latexit>

e�
<latexit sha1_base64="b0KvndnJOqbL3VxCIxD2zkqH07w=">AAAB6nicdVDLSgNBEOyNrxhfUY9ehgTBi8smBswx4MVjRPOAZA2zk95kyOyDmVkhLPkELx4U8eoXefNvnCQbUNGChqKqm+4uLxZcacf5tHJr6xubW/ntws7u3v5B8fCoraJEMmyxSESy61GFgofY0lwL7MYSaeAJ7HiTq7nfeUCpeBTe6WmMbkBHIfc5o9pIt3h/PiiWHdtZgDh2bUXqS1LJrDJkaA6KH/1hxJIAQ80EVapXcWLtplRqzgTOCv1EYUzZhI6wZ2hIA1Ruujh1Rk6NMiR+JE2FmizU7xMpDZSaBp7pDKgeq9/eXPzL6yXar7spD+NEY8iWi/xEEB2R+d9kyCUyLaaGUCa5uZWwMZWUaZNOwYSw+pT8T9pVu3JhV29q5UYpiyMPJ1CCM6jAJTTgGprQAgYjeIRneLGE9WS9Wm/L1pyVzRzDD1jvX+/8jXg=</latexit>

nµ = (1, 0, 0,+1)
<latexit sha1_base64="+pkA86+1fS89C0xIimZ7lWUVJF4=">AAAB+3icbVDLSgMxFL1TX7W+xrp0EyxCRSkzVdCNUHTjsoJ9QDuWTJppQzOZIcmIZeivuHGhiFt/xJ1/Y9rOQqvncuFwzr3k5vgxZ0o7zpeVW1peWV3Lrxc2Nre2d+zdYlNFiSS0QSIeybaPFeVM0IZmmtN2LCkOfU5b/uh66rceqFQsEnd6HFMvxAPBAkawNlLPLor7bpigS1R2TxxTx+5Rzy45FWcG9Je4GSlBhnrP/uz2I5KEVGjCsVId14m1l2KpGeF0UugmisaYjPCAdgwVOKTKS2e3T9ChUfooiKRpodFM/bmR4lCpceibyRDroVr0puJ/XifRwYWXMhEnmgoyfyhIONIRmgaB+kxSovnYEEwkM7ciMsQSE23iKpgQ3MUv/yXNasU9rVRvz0q1qyyOPOzDAZTBhXOowQ3UoQEEHuEJXuDVmljP1pv1Ph/NWdnOHvyC9fENyNuRrA==</latexit>

n̄µ = (1, 0, 0,�1)
<latexit sha1_base64="o473sb8tXB1otfW+eYlLvZk+Azk=">AAACAXicbVDLSgMxFM3UV62vUTeCm2ARKmiZqYJuhKIblxXsAzpjyaSZNjTJDElGKEPd+CtuXCji1r9w59+YtrPQ1nO5cDjnXpJ7gphRpR3n28otLC4tr+RXC2vrG5tb9vZOQ0WJxKSOIxbJVoAUYVSQuqaakVYsCeIBI81gcD32mw9EKhqJOz2Mic9RT9CQYqSN1LH3vADJVIzuPZ7AS1hyjx1TJ+5Rxy46ZWcCOE/cjBRBhlrH/vK6EU44ERozpFTbdWLtp0hqihkZFbxEkRjhAeqRtqECcaL8dHLBCB4apQvDSJoWGk7U3xsp4koNeWAmOdJ9NeuNxf+8dqLDCz+lIk40EXj6UJgwqCM4jgN2qSRYs6EhCEtq/gpxH0mEtQmtYEJwZ0+eJ41K2T0tV27PitWrLI482AcHoARccA6q4AbUQB1g8AiewSt4s56sF+vd+piO5qxsZxf8gfX5A7Y7lHM=</latexit>

Pµ =
Q

2xB
nµ

<latexit sha1_base64="OU6pGH5ZLD0LNK7DGinHMnYnnDw=">AAACCnicbVDLSsNAFJ34rPUVdelmtAiuSlIF3Qilbly2YB/QxjCZTtqhM5MwMxFLyNqNv+LGhSJu/QJ3/o3TNgttPXDhcM693HtPEDOqtON8W0vLK6tr64WN4ubW9s6uvbffUlEiMWniiEWyEyBFGBWkqalmpBNLgnjASDsYXU/89j2RikbiVo9j4nE0EDSkGGkj+fZR/S7t8SSDV7AXSoTTRpZW4INfy6CYOb5dcsrOFHCRuDkpgRx13/7q9SOccCI0ZkipruvE2kuR1BQzkhV7iSIxwiM0IF1DBeJEeen0lQyeGKUPw0iaEhpO1d8TKeJKjXlgOjnSQzXvTcT/vG6iw0svpSJONBF4tihMGNQRnOQC+1QSrNnYEIQlNbdCPEQmEW3SK5oQ3PmXF0mrUnbPypXGealay+MogENwDE6BCy5AFdyAOmgCDB7BM3gFb9aT9WK9Wx+z1iUrnzkAf2B9/gB2rZog</latexit>

qµ =
Q

2
(nµ � n̄µ)

<latexit sha1_base64="LAfeNLHNONvd8YJg2cy4vEg5cW4=">AAACGnicbVDLSgMxFM3UV62vUZdugkWoC8tMFXQjFN24bME+oFNLJs20oZnMmGSEEuY73Pgrblwo4k7c+Dem7Sy09cCFk3PuJfceP2ZUKsf5tnJLyyura/n1wsbm1vaOvbvXlFEiMGngiEWi7SNJGOWkoahipB0LgkKfkZY/up74rQciJI34rRrHpBuiAacBxUgZqWe793faC5MUXkIvEAjreqorMIUlnukn0POR0DzN3sc9u+iUnSngInEzUgQZaj370+tHOAkJV5ghKTuuE6uuRkJRzEha8BJJYoRHaEA6hnIUEtnV09NSeGSUPgwiYYorOFV/T2gUSjkOfdMZIjWU895E/M/rJCq46GrK40QRjmcfBQmDKoKTnGCfCoIVGxuCsKBmV4iHyCSkTJoFE4I7f/IiaVbK7mm5Uj8rVq+yOPLgAByCEnDBOaiCG1ADDYDBI3gGr+DNerJerHfrY9aas7KZffAH1tcP9Z6gMQ==</latexit>

pµ = qµ + xPµ =
Q

2
n̄µ

<latexit sha1_base64="UkV7JtfA+oJD93dN2mLEOhGl6VY=">AAACIXicbZDLSgMxFIYzXmu9VV26CRZBEMpMFexGKLpx2YK9QGcsmTTThmYyY5IRS5hXceOruHGhSHfiy5i2g2jrgcDH/5/Dyfn9mFGpbPvTWlpeWV1bz23kN7e2d3YLe/tNGSUCkwaOWCTaPpKEUU4aiipG2rEgKPQZafnD64nfeiBC0ojfqlFMvBD1OQ0oRspI3UIlvtNumKTwEt5ndAofYe1HdQOBsK6nupy6PhKapzOrWyjaJXtacBGcDIogq1q3MHZ7EU5CwhVmSMqOY8fK00goihlJ824iSYzwEPVJxyBHIZGenl6YwmOj9GAQCfO4glP194RGoZSj0DedIVIDOe9NxP+8TqKCiqcpjxNFOJ4tChIGVQQnccEeFQQrNjKAsKDmrxAPkIlEmVDzJgRn/uRFaJZLzlmpXD8vVq+yOHLgEByBE+CAC1AFN6AGGgCDJ/AC3sC79Wy9Wh/WeNa6ZGUzB+BPWV/fdP2jvw==</latexit>

Proton

Photon

Struck quark

proton

struck quark

Pµ
<latexit sha1_base64="kmY/cApx9VWrOxNprbZujvMqwZ4=">AAAB7nicbVBNSwMxEJ3Ur1q/qh69hBbBU9mtgh4LXjxWsB/QriWbZtvQJLskWaEs/RFePCji1d/jzX9j2u5BWx8MPN6bYWZemAhurOd9o8LG5tb2TnG3tLd/cHhUPj5pmzjVlLVoLGLdDYlhgivWstwK1 k00IzIUrBNObud+54lpw2P1YKcJCyQZKR5xSqyTOs3HrC/T2aBc9WreAnid+DmpQo7moPzVH8Y0lUxZKogxPd9LbJARbTkVbFbqp4YlhE7IiPUcVUQyE2SLc2f43ClDHMXalbJ4of6eyIg0ZipD1ymJHZtVby7+5/VSG90EGVdJapmiy0VRKrCN8fx3POSaUSumjhCqubsV0zHRhFqXUMmF4K++vE7a9Zp/WavfX1UblTyOIpxBBS7Ah2towB00oQUUJvAMr/CGEvSC3tHHsrWA8plT+AP0+QNvXY+I</latexit>

qµ
<latexit sha1_base64="0cgoIJSTku3r50jGpvakIC1rI/U=">AAAB7nicbVDLSgNBEOz1GeMr6tHLkCB4CrtR0GPAi8cI5gHJGmYns8mQmdl1HkJY8hFePCji1e/x5t84SfagiQUNRVU33V1Rypk2vv/tra1vbG5tF3aKu3v7B4elo+OWTqwitEkSnqhOhDXlTNKmYYbTT qooFhGn7Wh8M/PbT1Rplsh7M0lpKPBQspgRbJzUfnzIesJO+6WKX/XnQKskyEkFcjT6pa/eICFWUGkIx1p3Az81YYaVYYTTabFnNU0xGeMh7ToqsaA6zObnTtGZUwYoTpQradBc/T2RYaH1RESuU2Az0sveTPzP61oTX4cZk6k1VJLFothyZBI0+x0NmKLE8IkjmCjmbkVkhBUmxiVUdCEEyy+vklatGlxUa3eXlXo5j6MAp1CGcwjgCupwCw1oAoExPMMrvHmp9+K9ex+L1jUvnzmBP/A+fwCiJ4+p</latexit>

qµ + xPµ
<latexit sha1_base64="bHfUeMypbdGWv1L4QJcN+fB52W8=">AAAB+3icdVDLSgMxFM34rPU11qWb0CIIwpBpZ6jdFdy4rGAf0I4lk6ZtaOZhkpGWob/ixoUibv0Rd/6NmbaCih64cDjnXu69x485kwqhD2NtfWNzazu3k9/d2z84NI8KLRklgtAmiXgkOj6WlLOQNhVTnHZiQXHgc9r2J5eZ376nQrIovFGzmHoBHoVsyAhWWuqbhbvbtBckc3g+hY0l7ZslZNVsp1JFEFmu47ooI8hxK24N2hZaoARWaPTN994gIklAQ0U4lrJro1h5KRaKEU7n+V4iaYzJBI9oV9MQB1R66eL2OTzVygAOI6ErVHChfp9IcSDlLPB1Z4DVWP72MvEvr5uo4YWXsjBOFA3JctEw4VBFMAsCDpigRPGZJpgIpm+FZIwFJkrHldchfH0K/yetsmVXrPK1U6oXV3HkwAkogjNggyqogyvQAE1AwBQ8gCfwbMyNR+PFeF22rhmrmWPwA8bbJ/9+lFQ=</latexit>

e�
<latexit sha1_base64="b0KvndnJOqbL3VxCIxD2zkqH07w=">AAAB6nicdVDLSgNBEOyNrxhfUY9ehgTBi8smBswx4MVjRPOAZA2zk95kyOyDmVkhLPkELx4U8eoXefNvnCQbUNGChqKqm+4uLxZcacf5tHJr6xubW/ntws7u3v5B8fCoraJEMmyxSESy61GFgofY0lwL7MYSaeAJ7HiTq7nfeUCpeBTe6WmMbkBHIfc5o9pIt3h/PiiWHdtZgDh2bUXqS1LJrDJkaA6KH/1hxJIAQ80EVapXcWLtplRqzgTOCv1EYUzZhI6wZ2hIA1Ruujh1Rk6NMiR+JE2FmizU7xMpDZSaBp7pDKgeq9/eXPzL6yXar7spD+NEY8iWi/xEEB2R+d9kyCUyLaaGUCa5uZWwMZWUaZNOwYSw+pT8T9pVu3JhV29q5UYpiyMPJ1CCM6jAJTTgGprQAgYjeIRneLGE9WS9Wm/L1pyVzRzDD1jvX+/8jXg=</latexit>

e�
<latexit sha1_base64="b0KvndnJOqbL3VxCIxD2zkqH07w=">AAAB6nicdVDLSgNBEOyNrxhfUY9ehgTBi8smBswx4MVjRPOAZA2zk95kyOyDmVkhLPkELx4U8eoXefNvnCQbUNGChqKqm+4uLxZcacf5tHJr6xubW/ntws7u3v5B8fCoraJEMmyxSESy61GFgofY0lwL7MYSaeAJ7HiTq7nfeUCpeBTe6WmMbkBHIfc5o9pIt3h/PiiWHdtZgDh2bUXqS1LJrDJkaA6KH/1hxJIAQ80EVapXcWLtplRqzgTOCv1EYUzZhI6wZ2hIA1Ruujh1Rk6NMiR+JE2FmizU7xMpDZSaBp7pDKgeq9/eXPzL6yXar7spD+NEY8iWi/xEEB2R+d9kyCUyLaaGUCa5uZWwMZWUaZNOwYSw+pT8T9pVu3JhV29q5UYpiyMPJ1CCM6jAJTTgGprQAgYjeIRneLGE9WS9Wm/L1pyVzRzDD1jvX+/8jXg=</latexit>

pjet
<latexit sha1_base64="nktXF2UHrsaxXrl07CyeO7KNTI0=">AAAB9XicbVBNS8NAEN34WetX1aOXYBE8laQKeix68VjBfkAby2Y7adduNmF3opaQ/+HFgyJe/S/e/Ddu2xy09cHA470ZZub5seAaHefbWlpeWV1bL2wUN7e2d3ZLe/tNHSWKQYNFIlJtn2oQXEIDOQpoxwpo6Ato+aOrid96AKV5JG9xHIMX0oHkAWcUjXQX99IuwhOm94BZ1iuVnYozhb1I3JyUSY56r/TV7UcsCUEiE1TrjuvE6KVUIWcCsmI30RBTNqID6BgqaQjaS6dXZ/axUfp2EClTEu2p+nsipaHW49A3nSHFoZ73JuJ/XifB4MJLuYwTBMlmi4JE2BjZkwjsPlfAUIwNoUxxc6vNhlRRhiaoognBnX95kTSrFfe0Ur05K9cu8zgK5JAckRPiknNSI9ekThqEEUWeySt5sx6tF+vd+pi1Lln5zAH5A+vzB4Zsky0=</latexit>

P
<latexit sha1_base64="bzZbWfGTwOVHfOXRUHQsbNaA++g=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBIvgqsxUQZdFNy5bsA9oB8mkd9rYTGZIMkIZ+gVuXCji1k9y59+YtrPQ1gOBwznnkntPkAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8H4duZ3nlBpHst7M0nQj+hQ8pAzaqzUbDyUK27VnYOsEi8nFchh81/9QczSCKVhgmrd89zE+BlVhjOB01I/1ZhQNqZD7FkqaYTaz+aLTsmZVQYkjJV90pC5+nsio5HWkyiwyYiakV72ZuJ/Xi814bWfcZmkBiVbfBSmgpiYzK4mA66QGTGxhDLF7a6EjaiizNhuSrYEb/nkVdKuVb2Laq15Wanf5HUU4QRO4Rw8uII63EEDWsAA4Rle4c15dF6cd+djES04+cwx/IHz+QOq54zY</latexit>

“current fragmentation” 

“target fragmentation”



Longitudinally invariant algorithms
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However, in Breit Frame since they cluster in the η-φ space, 
they fail to capture jets in the very backward direction, where we are looking for one.

⇡/2
<latexit sha1_base64="edgOKEg7/eVbIMqqSxqa/k4f0sk=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4qkkV9Fjw4rGCaQttKJvtpF262YTdjVBCf4MXD4p49Qd589+4bXPQ1gcDj/dmmJkXpoJr47rfztr6xubWdmmnvLu3f3BYOTpu6SRTDH2WiER1QqpRcIm+4UZgJ1VI41BgOxzfzfz2EyrNE/loJikGMR1KHnFGjZX8Xsov6/1K1a25c5BV4hWkCgWa/cpXb5CwLEZpmKBadz03NUFOleFM4LTcyzSmlI3pELuWShqjDvL5sVNybpUBiRJlSxoyV39P5DTWehKHtjOmZqSXvZn4n9fNTHQb5FymmUHJFouiTBCTkNnnZMAVMiMmllCmuL2VsBFVlBmbT9mG4C2/vEpa9Zp3Vas/XFcbpIijBKdwBhfgwQ004B6a4AMDDs/wCm+OdF6cd+dj0brmFDMn8AfO5w8mT44k</latexit>

⇡/4
<latexit sha1_base64="1Xm5TQ2/XPs9azACsNfbr7vXODU=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU01qQY8FLx4rmLbQhrLZbtqlm03YnQil9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSqFQdf9dgobm1vbO8Xd0t7+weFR+fikZZJMM+6zRCa6E1LDpVDcR4GSd1LNaRxK3g7Hd3O//cS1EYl6xEnKg5gOlYgEo2glv5eKq3q/XHGr7gJknXg5qUCOZr/81RskLIu5QiapMV3PTTGYUo2CST4r9TLDU8rGdMi7lioacxNMF8fOyIVVBiRKtC2FZKH+npjS2JhJHNrOmOLIrHpz8T+vm2F0G0yFSjPkii0XRZkkmJD552QgNGcoJ5ZQpoW9lbAR1ZShzadkQ/BWX14nrVrVu67WHuqVBsnjKMIZnMMleHADDbiHJvjAQMAzvMKbo5wX5935WLYWnHzmFP7A+fwBKVeOJg==</latexit>

3⇡/4
<latexit sha1_base64="uaJO6peb4WW47jvdQ3lIm1Jn/uc=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU91tC3osePFYwX5Au5Rsmm1js8mSZIWy9D948aCIV/+PN/+N2XYP2vpg4PHeDDPzgpgzbVz32ylsbG5t7xR3S3v7B4dH5eOTjpaJIrRNJJeqF2BNORO0bZjhtBcriqOA024wvc387hNVmknxYGYx9SM8FixkBBsrdeqDmF01huWKW3UXQOvEy0kFcrSG5a/BSJIkosIQjrXue25s/BQrwwin89Ig0TTGZIrHtG+pwBHVfrq4do4urDJCoVS2hEEL9fdEiiOtZ1FgOyNsJnrVy8T/vH5iwhs/ZSJODBVkuShMODISZa+jEVOUGD6zBBPF7K2ITLDCxNiASjYEb/XlddKpVb16tXbfqDRRHkcRzuAcLsGDa2jCHbSgDQQe4Rle4c2Rzovz7nwsWwtOPnMKf+B8/gCcjo5j</latexit>

⇡
<latexit sha1_base64="EGuXNweaF4LlNUlOXgYSJQV16Ac=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lqQY8FLx4r2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbud+54lrI2L1iNOE+xEdKREKRtFKD/1EDMoVt+ouQNaJl5MK5GgOyl/9YczSiCtkkhrT89wE/YxqFEzyWamfGp5QNqEj3rNU0YgbP1ucOiMXVhmSMNa2FJKF+nsio5Ex0yiwnRHFsVn15uJ/Xi/F8MbPhEpS5IotF4WpJBiT+d9kKDRnKKeWUKaFvZWwMdWUoU2nZEPwVl9eJ+1a1buq1u7rlQbJ4yjCGZzDJXhwDQ24gya0gMEInuEV3hzpvDjvzseyteDkM6fwB87nD0bRja8=</latexit>

� = ⇡
<latexit sha1_base64="F4heqzS3Uvk6eDnIq2Uhok6/O4I=">AAAB8XicbVDLSgMxFL3js9ZX1aWbYBFclZkq6EYouHFZwT6wM5RMmmlDM0lIMkIZ+hduXCji1r9x59+YPhBtPXDhcM693HtPrDgz1ve/vJXVtfWNzcJWcXtnd2+/dHDYNDLThDaI5FK3Y2woZ4I2LLOctpWmOI05bcXDm4nfeqTaMCnu7UjRKMV9wRJGsHXSQ6gGDF2jULFuqexX/CnQDwkWSRnmqHdLn2FPkiylwhKOjekEvrJRjrVlhNNxMcwMVZgMcZ92HBU4pSbKpxeP0alTeiiR2pWwaKr+nshxaswojV1niu3ALHoT8T+vk9nkKsqZUJmlgswWJRlHVqLJ+6jHNCWWjxzBRDN3KyIDrDGxLqSiC2Hp5WXSrFaC80r17qJcQ/M4CnAMJ3AGAVxCDW6hDg0gIOAJXuDVM96z9+a9z1pXvPnMEfyB9/ENiGOQEA==</latexit>

� = �⇡
<latexit sha1_base64="T+FfJRROb3Cl0KEqrZ3CPYX/idQ=">AAAB83icdVDLSgMxFM3UV62vqks3wSK4cci01U4XQsGNywq2FjpDyaSZNjSTCUlGKKW/4caFIm79GXf+jelDUNEDFw7n3Mu990SSM20Q+nByK6tr6xv5zcLW9s7uXnH/oK3TTBHaIilPVSfCmnImaMsww2lHKoqTiNO7aHQ18+/uqdIsFbdmLGmY4IFgMSPYWCkI5JDBS3gGA8l6xRJy63Wv6pchcs8vaj7yLEGVSs2vQs9Fc5TAEs1e8T3opyRLqDCEY627HpImnGBlGOF0WggyTSUmIzygXUsFTqgOJ/Obp/DEKn0Yp8qWMHCufp+Y4ETrcRLZzgSbof7tzcS/vG5mYj+cMCEzQwVZLIozDk0KZwHAPlOUGD62BBPF7K2QDLHCxNiYCjaEr0/h/6Rddr2KW76plhpwGUceHIFjcAo8UAMNcA2aoAUIkOABPIFnJ3MenRfnddGac5Yzh+AHnLdPxkuQxQ==</latexit>

✓ = 0
<latexit sha1_base64="+pJEhYemBjsoylEwJdXM5RqOcUQ=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBbBU0mqoBeh4MVjBfuBbSib7aRdutmE3YlQQv+FFw+KePXfePPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewtr6xuVXcLu3s7u0flA+PWiZONYcmj2WsOwEzIIWCJgqU0Ek0sCiQ0A7GtzO//QTaiFg94CQBP2JDJULBGVrpsYcjQEZvqNsvV9yqOwddJV5OKiRHo1/+6g1inkagkEtmTNdzE/QzplFwCdNSLzWQMD5mQ+haqlgExs/mF0/pmVUGNIy1LYV0rv6eyFhkzCQKbGfEcGSWvZn4n9dNMbz2M6GSFEHxxaIwlRRjOnufDoQGjnJiCeNa2FspHzHNONqQSjYEb/nlVdKqVb2Lau3+slKneRxFckJOyTnxyBWpkzvSIE3CiSLP5JW8OcZ5cd6dj0VrwclnjskfOJ8/P+OP3w==</latexit>

proton

Centauro
<latexit sha1_base64="aArSodrjxqcNviUBfUnihmt9lts=">AAAB+HicbVDLSgMxFM34rPXRUZduhhbBVZmpgi4L3bisYB/QDiWTZtrQTDIkN2Id+iVuXCji1k9x59+YtrPQ1gMXDufcm9x7opQzDb7/7Wxsbm3v7Bb2ivsHh0cl9/ikraVRhLaI5FJ1I6wpZ4K2gAGn3VRRnEScdqJJY+53HqjSTIp7mKY0TPBIsJgRDFYauKU+0EfIGlQANkrOBm7Fr/oLeOskyEkF5WgO3K/+UBKT2AcIx1r3Aj+FMMMKGOF0VuwbTVNMJnhEe5YKnFAdZovFZ965VYZeLJUtAd5C/T2R4UTraRLZzgTDWK96c/E/r2cgvgkzJlIDVJDlR7HhHkhvnoI3ZIoS4FNLMFHM7uqRMVaYgM2qaEMIVk9eJ+1aNbis1u6uKvVyHkcBnaEyukABukZ1dIuaqIUIMugZvaI358l5cd6dj2XrhpPPnKI/cD5/AHGak38=</latexit>

anti-kT (SI)
<latexit sha1_base64="BhVBW5fKbIUW9KRU6qbxEwJ+oM0=">AAACBXicbVC7SgNBFJ2Nrxhfq5ZaDAlCLAy7UdAyYKNdxLwgWZbZySQZMju7zNwVw5LGxl+xsVDE1n+w82+cPAqNHrhwOOde7r0niAXX4DhfVmZpeWV1Lbue29jc2t6xd/caOkoUZXUaiUi1AqKZ4JLVgYNgrVgxEgaCNYPh5cRv3jGleSRrMIqZF5K+5D1OCRjJtw87wO4hJRL4yRgP/RouzpTb6/GxbxeckjMF/kvcOSmgOaq+/dnpRjQJmQQqiNZt14nBS4kCTgUb5zqJZjGhQ9JnbUMlCZn20ukXY3xklC7uRcqUBDxVf06kJNR6FAamMyQw0IveRPzPayfQu/BSLuMEmKSzRb1EYIjwJBLc5YpRECNDCFXc3IrpgChCwQSXMyG4iy//JY1yyT0tlW/OCpX8PI4sOkB5VEQuOkcVdIWqqI4oekBP6AW9Wo/Ws/Vmvc9aM9Z8Zh/9gvXxDcSgl/0=</latexit>

anti-kT (LI)
<latexit sha1_base64="+udXylvXRe8pXarlzaQSIgPdj0Q=">AAACBXicbVC7SgNBFJ2Nrxhfq5ZaDAlCLAy7UdAyYKNgESEvSJZldjJJhszOLjN3xbCksfFXbCwUsfUf7PwbJ49CowcuHM65l3vvCWLBNTjOl5VZWl5ZXcuu5zY2t7Z37N29ho4SRVmdRiJSrYBoJrhkdeAgWCtWjISBYM1geDnxm3dMaR7JGoxi5oWkL3mPUwJG8u3DDrB7SIkEfjLGQ7+GizPl5np87NsFp+RMgf8Sd04KaI6qb392uhFNQiaBCqJ123Vi8FKigFPBxrlOollM6JD0WdtQSUKmvXT6xRgfGaWLe5EyJQFP1Z8TKQm1HoWB6QwJDPSiNxH/89oJ9C68lMs4ASbpbFEvERgiPIkEd7liFMTIEEIVN7diOiCKUDDB5UwI7uLLf0mjXHJPS+Xbs0IlP48jiw5QHhWRi85RBV2hKqojih7QE3pBr9aj9Wy9We+z1ow1n9lHv2B9fAO575f2</latexit>

struck quark

Each color is a jet  

ProtonStruck Quark ⇡ � ✓
<latexit sha1_base64="X9c8ggo4Mqt7fYXG9jbEFHvkLoE=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBiyWpgh6LXjxWsB/QhLLZbtqlm03YnQil9G948aCIV/+MN/+N2zYHbX0w8Hhvhpl5YSqFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZZJMM95kiUx0J6SGS6F4EwVK3kk1p3EoeTsc3c389hPXRiTqEccpD2I6UCISjKKVfD8V5IL4OORIe+WKW3XnIKvEy0kFcjR65S+/n7As5gqZpMZ0PTfFYEI1Cib5tORnhqeUjeiAdy1VNOYmmMxvnpIzq/RJlGhbCslc/T0xobEx4zi0nTHFoVn2ZuJ/XjfD6CaYCJVmyBVbLIoySTAhswBIX2jOUI4toUwLeythQ6opQxtTyYbgLb+8Slq1qndZrT1cVeq3eRxFOIFTOAcPrqEO99CAJjBI4Rle4c3JnBfn3flYtBacfOYY/sD5/AELu5EK</latexit>

Each disc is a particle  

dij ⇠ (⌘i � ⌘j)
2 + (�i � �j)

2
<latexit sha1_base64="Qs1M2DaQA0FHPvT83tpEVsR6070=">AAACHHicbZDLSsNAFIYnXmu9RV26GSxCRSxJK+iy6MZlBXuBJobJZNJOO7kwMxFK6IO48VXcuFDEjQvBt3GSZqGtB4b5+P9zmDm/GzMqpGF8a0vLK6tr66WN8ubW9s6uvrffEVHCMWnjiEW85yJBGA1JW1LJSC/mBAUuI113fJ353QfCBY3COzmJiR2gQUh9ipFUkqM3PCeloym0BA1g1SISORSewRxGJ/d1eFq14iHNxPzONEevGDUjL7gIZgEVUFTL0T8tL8JJQEKJGRKibxqxtFPEJcWMTMtWIkiM8BgNSF9hiAIi7DRfbgqPleJBP+LqhBLm6u+JFAVCTAJXdQZIDsW8l4n/ef1E+pd2SsM4kSTEs4f8hEEZwSwp6FFOsGQTBQhzqv4K8RBxhKXKs6xCMOdXXoROvWY2avXb80rzqoijBA7BEagCE1yAJrgBLdAGGDyCZ/AK3rQn7UV71z5mrUtaMXMA/pT29QMEaJ9v</latexit>



Universal TMDs in the Breit frame
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Breit frameLAB frame

Not universal Universal

qT =
pjetT

zjet

���
w.r.t. jet-2

<latexit sha1_base64="zwgd0pM4LY2V/kqoSYHypbpgGg0="></latexit>

d� ⇠
⇣
f(x, b)Sn1n2(b)

⌘
J(z, b)

<latexit sha1_base64="MB5sdyx5dOClkTUdTFhTP+4W+Xk="></latexit>

d� ⇠
⇣
f(x, b)

p
Snn̄(b)

⌘⇣
D(z, b)

p
Snn̄(b)

⌘

<latexit sha1_base64="lh1s92Llq8rALrlOPrmjn8rKO3k="></latexit>

pT = pjetT + p`T
<latexit sha1_base64="KrRVHkt0d+GLzGtJGYELrBHrhOw=">AAACDHicbVDLSgMxFM34rPVVdekmWARBKDNV0I1QdOOyQl/Q1pJJb9vYzIPkjliG+QA3/oobF4q49QPc+Tem7Sy09UDC4ZxzSe5xQyk02va3tbC4tLyymlnLrm9sbm3ndnZrOogUhyoPZKAaLtMghQ9VFCihESpgniuh7g6vxn79HpQWgV/BUQhtj/V90ROcoZE6uXzYqdALau7buIXwgPEdYJLQ41QCKROTsgv2BHSeOCnJkxTlTu6r1Q145IGPXDKtm44dYjtmCgWXkGRbkYaQ8SHrQ9NQn3mg2/FkmYQeGqVLe4Eyx0c6UX9PxMzTeuS5JukxHOhZbyz+5zUj7J23Y+GHEYLPpw/1IkkxoONmaFco4ChHhjCuhPkr5QOmGEfTX9aU4MyuPE9qxYJzUijenOZLl2kdGbJPDsgRccgZKZFrUiZVwskjeSav5M16sl6sd+tjGl2w0pk98gfW5w8LT5r/</latexit>

Also non-perturbative analysis for jet substructure observables (e.g. jet mass) 
is simplified in the Breit frame (work in progress) 

arXiv:1812.08077 (X. Liu, F. Ringer,  W. Vogelsang, and F. Yuan) arXiv:1807.07573 (D. G.-Reyes, I. Scimemi, W. J. Waalewijn, L. Zoppi)



Alternative algorithms
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dij = min(E2p
i , E2p

j )
1� cos ✓ij
1� cosR

<latexit sha1_base64="lzLAZqg2bKpBfcTlN26Ne5sAUcs="></latexit>

diB = E2p
i

<latexit sha1_base64="5OGQTIw5lxvcmvrBvWga6Fjor+k=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUmqoBuhVASXFewD2hgmk2k7dPJgZqKUmE9x40IRt36JO//GaZuFth64cDjnXu69x4s5k8qyvo3Cyura+kZxs7S1vbO7Z5b32zJKBKEtEvFIdD0sKWchbSmmOO3GguLA47Tjja+mfueBCsmi8E5NYuoEeBiyASNYack1y76bskaGLtG1y+7TWpy5ZsWqWjOgZWLnpAI5mq751fcjkgQ0VIRjKXu2FSsnxUIxwmlW6ieSxpiM8ZD2NA1xQKWTzk7P0LFWfDSIhK5QoZn6eyLFgZSTwNOdAVYjuehNxf+8XqIGF07KwjhRNCTzRYOEIxWhaQ7IZ4ISxSeaYCKYvhWRERaYKJ1WSYdgL768TNq1qn1ard2eVeqNPI4iHMIRnIAN51CHG2hCCwg8wjO8wpvxZLwY78bHvLVg5DMH8AfG5w8bwZNB</latexit>

p = �1
<latexit sha1_base64="dFLlSL5K0kmGVl/91w1ziFnbdu4=">AAAB7XicbVBNSwMxEJ2tX7V+rXr0EiyCF8tuFfQiFL14rGA/oF1KNs22sdlkSbJCWfofvHhQxKv/x5v/xrTdg7Y+GHi8N8PMvDDhTBvP+3YKK6tr6xvFzdLW9s7unrt/0NQyVYQ2iORStUOsKWeCNgwznLYTRXEcctoKR7dTv/VElWZSPJhxQoMYDwSLGMHGSs0EXaMzv+eWvYo3A1omfk7KkKPec7+6fUnSmApDONa643uJCTKsDCOcTkrdVNMEkxEe0I6lAsdUB9ns2gk6sUofRVLZEgbN1N8TGY61Hseh7YyxGepFbyr+53VSE10FGRNJaqgg80VRypGRaPo66jNFieFjSzBRzN6KyBArTIwNqGRD8BdfXibNasU/r1TvL8q1mzyOIhzBMZyCD5dQgzuoQwMIPMIzvMKbI50X5935mLcWnHzmEP7A+fwB482OBQ==</latexit>

Similar algorithm for DIS by:
S. Catani, Y. L. Dokshitzer, and B. Webber,  (1992) 

Here we use:

Spherically invariant 

kT-type (SI)

f(x) = x+O(x2)
<latexit sha1_base64="wurcSadEWjWrZlej1dEzAMJhPio=">AAACA3icbVDLSgNBEOz1GeNr1ZteBoOQIITdKOhFCHrxZgTzgGQNs5PZZMjsg5lZSVgCXvwVLx4U8epPePNvnE1y0MSChqKqm+4uN+JMKsv6NhYWl5ZXVjNr2fWNza1tc2e3JsNYEFolIQ9Fw8WSchbQqmKK00YkKPZdTutu/yr16w9USBYGd2oYUcfH3YB5jGClpba57+UHBXSBBseo5WPVI5gnN6P84L5UaJs5q2iNgeaJPSU5mKLSNr9anZDEPg0U4VjKpm1FykmwUIxwOsq2YkkjTPq4S5uaBtin0knGP4zQkVY6yAuFrkChsfp7IsG+lEPf1Z3pnXLWS8X/vGasvHMnYUEUKxqQySIv5kiFKA0EdZigRPGhJpgIpm9FpIcFJkrHltUh2LMvz5NaqWifFEu3p7ny5TSODBzAIeTBhjMowzVUoAoEHuEZXuHNeDJejHfjY9K6YExn9uAPjM8fM2eV+A==</latexit>

⌘̄i = � 2Q

n̄ · q
p?i
n · pi

<latexit sha1_base64="FjajIVyPtfEaJIuFJZHL+33HL6k="></latexit>

⌘̄i(BF) = 2p?i /p
+
i

<latexit sha1_base64="kJOd5gdccGWY7AlybyC+54m5Wqg=">AAACG3icbVDLSgNBEJyN7/iKevQyGISIEHejoBdBFMSjgtFANi6zk04cnN0dZnrFsOx/ePFXvHhQxJPgwb9x8jj4KmioqepmuitUUhh03U+nMDY+MTk1PVOcnZtfWCwtLV+YJNUc6jyRiW6EzIAUMdRRoISG0sCiUMJleHPU9y9vQRuRxOfYU9CKWDcWHcEZWiko1fyQ6cwHZHkgaMVHuMPs8DjfoPu0RlWQifwq8xVolW8NX5tBqexW3QHoX+KNSJmMcBqU3v12wtMIYuSSGdP0XIWtjGkUXEJe9FMDivEb1oWmpTGLwLSywW05XbdKm3YSbStGOlC/T2QsMqYXhbYzYnhtfnt98T+vmWJnr5WJWKUIMR9+1EklxYT2g6JtoYGj7FnCuBZ2V8qvmWYcbZxFG4L3++S/5KJW9bartbOd8sHhKI5pskrWSIV4ZJcckBNySuqEk3vySJ7Ji/PgPDmvztuwteCMZlbIDzgfXz4xoOw=</latexit>

Asymmetric measure 

Longitudinally invariant 
Centauro

dij = min[z2pi , z2pj ](�f2
ij + 2fifj(1� cos��ij))/R

2
<latexit sha1_base64="YX/ifSOdVsP9KIzXHtbFDEeRKng="></latexit>

diB = z2pi
<latexit sha1_base64="GeZjpQMIRYw/ZUpL4djP3eDi4Qc=">AAAB/HicbZDLSsNAFIZPvNZ6i3bpZrAIrkpSBd0IpW5cVrAXaGOYTKbt0MmFmYkQQ3wVNy4UceuDuPNtnLZZaOsPAx//OYdz5vdizqSyrG9jZXVtfWOztFXe3tnd2zcPDjsySgShbRLxSPQ8LClnIW0rpjjtxYLiwOO0602up/XuAxWSReGdSmPqBHgUsiEjWGnLNSu+m7Fmjq7Qo4b8PqvHuWtWrZo1E1oGu4AqFGq55tfAj0gS0FARjqXs21asnAwLxQineXmQSBpjMsEj2tcY4oBKJ5sdn6MT7fhoGAn9QoVm7u+JDAdSpoGnOwOsxnKxNjX/q/UTNbx0MhbGiaIhmS8aJhypCE2TQD4TlCieasBEMH0rImMsMFE6r7IOwV788jJ06jX7rFa/Pa82mkUcJTiCYzgFGy6gATfQgjYQSOEZXuHNeDJejHfjY966YhQzFfgj4/MHPX2Ugg==</latexit>



Longitudinally invariant Spherically invariant Longitudinally invariant 
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Jet area shrinks in the 
proton direction

The algorithm 
captures the beam 

axis along the struck 
quark direction

Centauro: a hybrid algorithm

⇡ � ✓
<latexit sha1_base64="X9c8ggo4Mqt7fYXG9jbEFHvkLoE=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBiyWpgh6LXjxWsB/QhLLZbtqlm03YnQil9G948aCIV/+MN/+N2zYHbX0w8Hhvhpl5YSqFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZZJMM95kiUx0J6SGS6F4EwVK3kk1p3EoeTsc3c389hPXRiTqEccpD2I6UCISjKKVfD8V5IL4OORIe+WKW3XnIKvEy0kFcjR65S+/n7As5gqZpMZ0PTfFYEI1Cib5tORnhqeUjeiAdy1VNOYmmMxvnpIzq/RJlGhbCslc/T0xobEx4zi0nTHFoVn2ZuJ/XjfD6CaYCJVmyBVbLIoySTAhswBIX2jOUI4toUwLeythQ6opQxtTyYbgLb+8Slq1qndZrT1cVeq3eRxFOIFTOAcPrqEO99CAJjBI4Rle4c3JnBfn3flYtBacfOYY/sD5/AELu5EK</latexit>



Clustering
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⇡/2
<latexit sha1_base64="edgOKEg7/eVbIMqqSxqa/k4f0sk=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4qkkV9Fjw4rGCaQttKJvtpF262YTdjVBCf4MXD4p49Qd589+4bXPQ1gcDj/dmmJkXpoJr47rfztr6xubWdmmnvLu3f3BYOTpu6SRTDH2WiER1QqpRcIm+4UZgJ1VI41BgOxzfzfz2EyrNE/loJikGMR1KHnFGjZX8Xsov6/1K1a25c5BV4hWkCgWa/cpXb5CwLEZpmKBadz03NUFOleFM4LTcyzSmlI3pELuWShqjDvL5sVNybpUBiRJlSxoyV39P5DTWehKHtjOmZqSXvZn4n9fNTHQb5FymmUHJFouiTBCTkNnnZMAVMiMmllCmuL2VsBFVlBmbT9mG4C2/vEpa9Zp3Vas/XFcbpIijBKdwBhfgwQ004B6a4AMDDs/wCm+OdF6cd+dj0brmFDMn8AfO5w8mT44k</latexit>

⇡/4
<latexit sha1_base64="1Xm5TQ2/XPs9azACsNfbr7vXODU=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU01qQY8FLx4rmLbQhrLZbtqlm03YnQil9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSqFQdf9dgobm1vbO8Xd0t7+weFR+fikZZJMM+6zRCa6E1LDpVDcR4GSd1LNaRxK3g7Hd3O//cS1EYl6xEnKg5gOlYgEo2glv5eKq3q/XHGr7gJknXg5qUCOZr/81RskLIu5QiapMV3PTTGYUo2CST4r9TLDU8rGdMi7lioacxNMF8fOyIVVBiRKtC2FZKH+npjS2JhJHNrOmOLIrHpz8T+vm2F0G0yFSjPkii0XRZkkmJD552QgNGcoJ5ZQpoW9lbAR1ZShzadkQ/BWX14nrVrVu67WHuqVBsnjKMIZnMMleHADDbiHJvjAQMAzvMKbo5wX5935WLYWnHzmFP7A+fwBKVeOJg==</latexit>

3⇡/4
<latexit sha1_base64="uaJO6peb4WW47jvdQ3lIm1Jn/uc=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU91tC3osePFYwX5Au5Rsmm1js8mSZIWy9D948aCIV/+PN/+N2XYP2vpg4PHeDDPzgpgzbVz32ylsbG5t7xR3S3v7B4dH5eOTjpaJIrRNJJeqF2BNORO0bZjhtBcriqOA024wvc387hNVmknxYGYx9SM8FixkBBsrdeqDmF01huWKW3UXQOvEy0kFcrSG5a/BSJIkosIQjrXue25s/BQrwwin89Ig0TTGZIrHtG+pwBHVfrq4do4urDJCoVS2hEEL9fdEiiOtZ1FgOyNsJnrVy8T/vH5iwhs/ZSJODBVkuShMODISZa+jEVOUGD6zBBPF7K2ITLDCxNiASjYEb/XlddKpVb16tXbfqDRRHkcRzuAcLsGDa2jCHbSgDQQe4Rle4c2Rzovz7nwsWwtOPnMKf+B8/gCcjo5j</latexit>

⇡
<latexit sha1_base64="EGuXNweaF4LlNUlOXgYSJQV16Ac=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lqQY8FLx4r2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbud+54lrI2L1iNOE+xEdKREKRtFKD/1EDMoVt+ouQNaJl5MK5GgOyl/9YczSiCtkkhrT89wE/YxqFEzyWamfGp5QNqEj3rNU0YgbP1ucOiMXVhmSMNa2FJKF+nsio5Ex0yiwnRHFsVn15uJ/Xi/F8MbPhEpS5IotF4WpJBiT+d9kKDRnKKeWUKaFvZWwMdWUoU2nZEPwVl9eJ+1a1buq1u7rlQbJ4yjCGZzDJXhwDQ24gya0gMEInuEV3hzpvDjvzseyteDkM6fwB87nD0bRja8=</latexit>

� = ⇡
<latexit sha1_base64="F4heqzS3Uvk6eDnIq2Uhok6/O4I=">AAAB8XicbVDLSgMxFL3js9ZX1aWbYBFclZkq6EYouHFZwT6wM5RMmmlDM0lIMkIZ+hduXCji1r9x59+YPhBtPXDhcM693HtPrDgz1ve/vJXVtfWNzcJWcXtnd2+/dHDYNDLThDaI5FK3Y2woZ4I2LLOctpWmOI05bcXDm4nfeqTaMCnu7UjRKMV9wRJGsHXSQ6gGDF2jULFuqexX/CnQDwkWSRnmqHdLn2FPkiylwhKOjekEvrJRjrVlhNNxMcwMVZgMcZ92HBU4pSbKpxeP0alTeiiR2pWwaKr+nshxaswojV1niu3ALHoT8T+vk9nkKsqZUJmlgswWJRlHVqLJ+6jHNCWWjxzBRDN3KyIDrDGxLqSiC2Hp5WXSrFaC80r17qJcQ/M4CnAMJ3AGAVxCDW6hDg0gIOAJXuDVM96z9+a9z1pXvPnMEfyB9/ENiGOQEA==</latexit>

� = �⇡
<latexit sha1_base64="T+FfJRROb3Cl0KEqrZ3CPYX/idQ=">AAAB83icdVDLSgMxFM3UV62vqks3wSK4cci01U4XQsGNywq2FjpDyaSZNjSTCUlGKKW/4caFIm79GXf+jelDUNEDFw7n3Mu990SSM20Q+nByK6tr6xv5zcLW9s7uXnH/oK3TTBHaIilPVSfCmnImaMsww2lHKoqTiNO7aHQ18+/uqdIsFbdmLGmY4IFgMSPYWCkI5JDBS3gGA8l6xRJy63Wv6pchcs8vaj7yLEGVSs2vQs9Fc5TAEs1e8T3opyRLqDCEY627HpImnGBlGOF0WggyTSUmIzygXUsFTqgOJ/Obp/DEKn0Yp8qWMHCufp+Y4ETrcRLZzgSbof7tzcS/vG5mYj+cMCEzQwVZLIozDk0KZwHAPlOUGD62BBPF7K2QDLHCxNiYCjaEr0/h/6Rddr2KW76plhpwGUceHIFjcAo8UAMNcA2aoAUIkOABPIFnJ3MenRfnddGac5Yzh+AHnLdPxkuQxQ==</latexit>

✓ = 0
<latexit sha1_base64="+pJEhYemBjsoylEwJdXM5RqOcUQ=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBbBU0mqoBeh4MVjBfuBbSib7aRdutmE3YlQQv+FFw+KePXfePPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewtr6xuVXcLu3s7u0flA+PWiZONYcmj2WsOwEzIIWCJgqU0Ek0sCiQ0A7GtzO//QTaiFg94CQBP2JDJULBGVrpsYcjQEZvqNsvV9yqOwddJV5OKiRHo1/+6g1inkagkEtmTNdzE/QzplFwCdNSLzWQMD5mQ+haqlgExs/mF0/pmVUGNIy1LYV0rv6eyFhkzCQKbGfEcGSWvZn4n9dNMbz2M6GSFEHxxaIwlRRjOnufDoQGjnJiCeNa2FspHzHNONqQSjYEb/nlVdKqVb2Lau3+slKneRxFckJOyTnxyBWpkzvSIE3CiSLP5JW8OcZ5cd6dj0VrwclnjskfOJ8/P+OP3w==</latexit>

proton

Centauro
<latexit sha1_base64="aArSodrjxqcNviUBfUnihmt9lts=">AAAB+HicbVDLSgMxFM34rPXRUZduhhbBVZmpgi4L3bisYB/QDiWTZtrQTDIkN2Id+iVuXCji1k9x59+YtrPQ1gMXDufcm9x7opQzDb7/7Wxsbm3v7Bb2ivsHh0cl9/ikraVRhLaI5FJ1I6wpZ4K2gAGn3VRRnEScdqJJY+53HqjSTIp7mKY0TPBIsJgRDFYauKU+0EfIGlQANkrOBm7Fr/oLeOskyEkF5WgO3K/+UBKT2AcIx1r3Aj+FMMMKGOF0VuwbTVNMJnhEe5YKnFAdZovFZ965VYZeLJUtAd5C/T2R4UTraRLZzgTDWK96c/E/r2cgvgkzJlIDVJDlR7HhHkhvnoI3ZIoS4FNLMFHM7uqRMVaYgM2qaEMIVk9eJ+1aNbis1u6uKvVyHkcBnaEyukABukZ1dIuaqIUIMugZvaI358l5cd6dj2XrhpPPnKI/cD5/AHGak38=</latexit>

anti-kT (SI)
<latexit sha1_base64="BhVBW5fKbIUW9KRU6qbxEwJ+oM0=">AAACBXicbVC7SgNBFJ2Nrxhfq5ZaDAlCLAy7UdAyYKNdxLwgWZbZySQZMju7zNwVw5LGxl+xsVDE1n+w82+cPAqNHrhwOOde7r0niAXX4DhfVmZpeWV1Lbue29jc2t6xd/caOkoUZXUaiUi1AqKZ4JLVgYNgrVgxEgaCNYPh5cRv3jGleSRrMIqZF5K+5D1OCRjJtw87wO4hJRL4yRgP/RouzpTb6/GxbxeckjMF/kvcOSmgOaq+/dnpRjQJmQQqiNZt14nBS4kCTgUb5zqJZjGhQ9JnbUMlCZn20ukXY3xklC7uRcqUBDxVf06kJNR6FAamMyQw0IveRPzPayfQu/BSLuMEmKSzRb1EYIjwJBLc5YpRECNDCFXc3IrpgChCwQSXMyG4iy//JY1yyT0tlW/OCpX8PI4sOkB5VEQuOkcVdIWqqI4oekBP6AW9Wo/Ws/Vmvc9aM9Z8Zh/9gvXxDcSgl/0=</latexit>

anti-kT (LI)
<latexit sha1_base64="+udXylvXRe8pXarlzaQSIgPdj0Q=">AAACBXicbVC7SgNBFJ2Nrxhfq5ZaDAlCLAy7UdAyYKNgESEvSJZldjJJhszOLjN3xbCksfFXbCwUsfUf7PwbJ49CowcuHM65l3vvCWLBNTjOl5VZWl5ZXcuu5zY2t7Z37N29ho4SRVmdRiJSrYBoJrhkdeAgWCtWjISBYM1geDnxm3dMaR7JGoxi5oWkL3mPUwJG8u3DDrB7SIkEfjLGQ7+GizPl5np87NsFp+RMgf8Sd04KaI6qb392uhFNQiaBCqJ123Vi8FKigFPBxrlOollM6JD0WdtQSUKmvXT6xRgfGaWLe5EyJQFP1Z8TKQm1HoWB6QwJDPSiNxH/89oJ9C68lMs4ASbpbFEvERgiPIkEd7liFMTIEEIVN7diOiCKUDDB5UwI7uLLf0mjXHJPS+Xbs0IlP48jiw5QHhWRi85RBV2hKqojih7QE3pBr9aj9Wy9We+z1ow1n9lHv2B9fAO575f2</latexit>

struck quark

Longitudinally invariant 
Asymmetric 

Longitudinally invariant 
Symmetric

Spherically invariant 
Symmetric



Introduction to jets (Brief and basic) 

Jet algorithms (Part 1)

Event grooming and substructure (Part 2)



Jet grooming
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jet

Z

ideal true groomed

Z Z



mMDT
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C/A clustering algorithm 
 .  .  .  

- The algorithm is imposed only on the jet constituents 

- Particles closer in angle get clustered first

jet constituents only

- Record clustering history in each step (example coming soon)

arXiv:1307.0007 (M. Dasgupta, A. Fregoso, S. Marzani, G. P. Salam)
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 .  .  .  

Declustering

min{Ei, Ej}
Ei + Ej

> zcut

True
Stop. Remaining particles 

consist groomed jet 

False
Drop the softer of the two 

branchings

i

j

mMDT



Jet grooming
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jet axis

Jet grooming

- Isolates collinear-energetic radiation near the center of the jet
  insensitive to the cone/boundary

- Reduce contamination from underlying event  

- Removes soft (= not energetic) wide angle radiation

jet boundary



The grooming algorithm in DIS events

UE will not be a problem in EIC

No non-global effects

Handle on soft radiation 

Dial on non-perturbative corrections 

Universal FS matrix elements 

Low particle multiplicity !



proton

struck quark

Pµ
<latexit sha1_base64="kmY/cApx9VWrOxNprbZujvMqwZ4=">AAAB7nicbVBNSwMxEJ3Ur1q/qh69hBbBU9mtgh4LXjxWsB/QriWbZtvQJLskWaEs/RFePCji1d/jzX9j2u5BWx8MPN6bYWZemAhurOd9o8LG5tb2TnG3tLd/cHhUPj5pmzjVlLVoLGLdDYlhgivWstwK1k00IzIUrBNObud+54lpw2P1YKcJCyQZKR5xSqyTOs3HrC/T2aBc9WreAnid+DmpQo7moPzVH8Y0lUxZKogxPd9LbJARbTkVbFbqp4YlhE7IiPUcVUQyE2SLc2f43ClDHMXalbJ4of6eyIg0ZipD1ymJHZtVby7+5/VSG90EGVdJapmiy0VRKrCN8fx3POSaUSumjhCqubsV0zHRhFqXUMmF4K++vE7a9Zp/WavfX1UblTyOIpxBBS7Ah2towB00oQUUJvAMr/CGEvSC3tHHsrWA8plT+AP0+QNvXY+I</latexit>

qµ
<latexit sha1_base64="0cgoIJSTku3r50jGpvakIC1rI/U=">AAAB7nicbVDLSgNBEOz1GeMr6tHLkCB4CrtR0GPAi8cI5gHJGmYns8mQmdl1HkJY8hFePCji1e/x5t84SfagiQUNRVU33V1Rypk2vv/tra1vbG5tF3aKu3v7B4elo+OWTqwitEkSnqhOhDXlTNKmYYbTT qooFhGn7Wh8M/PbT1Rplsh7M0lpKPBQspgRbJzUfnzIesJO+6WKX/XnQKskyEkFcjT6pa/eICFWUGkIx1p3Az81YYaVYYTTabFnNU0xGeMh7ToqsaA6zObnTtGZUwYoTpQradBc/T2RYaH1RESuU2Az0sveTPzP61oTX4cZk6k1VJLFothyZBI0+x0NmKLE8IkjmCjmbkVkhBUmxiVUdCEEyy+vklatGlxUa3eXlXo5j6MAp1CGcwjgCupwCw1oAoExPMMrvHmp9+K9ex+L1jUvnzmBP/A+fwCiJ4+p</latexit>

qµ + xPµ
<latexit sha1_base64="bHfUeMypbdGWv1L4QJcN+fB52W8=">AAAB+3icdVDLSgMxFM34rPU11qWb0CIIwpBpZ6jdFdy4rGAf0I4lk6ZtaOZhkpGWob/ixoUibv0Rd/6NmbaCih64cDjnXu69x485kwqhD2NtfWNzazu3k9/d2z84NI8KLRklgtAmiXgkOj6WlLOQNhVTnHZiQXHgc9r2J5eZ376nQrIovFGzmHoBHoVsyAhWWuqbhbvbtBckc3g+hY0l7ZslZNVsp1JFEFmu47ooI8hxK24N2hZaoARWaPTN994gIklAQ0U4lrJro1h5KRaKEU7n+V4iaYzJBI9oV9MQB1R66eL2OTzVygAOI6ErVHChfp9IcSDlLPB1Z4DVWP72MvEvr5uo4YWXsjBOFA3JctEw4VBFMAsCDpigRPGZJpgIpm+FZIwFJkrHldchfH0K/yetsmVXrPK1U6oXV3HkwAkogjNggyqogyvQAE1AwBQ8gCfwbMyNR+PFeF22rhmrmWPwA8bbJ/9+lFQ=</latexit>

e�
<latexit sha1_base64="b0KvndnJOqbL3VxCIxD2zkqH07w=">AAAB6nicdVDLSgNBEOyNrxhfUY9ehgTBi8smBswx4MVjRPOAZA2zk95kyOyDmVkhLPkELx4U8eoXefNvnCQbUNGChqKqm+4uLxZcacf5tHJr6xubW/ntws7u3v5B8fCoraJEMmyxSESy61GFgofY0lwL7 MYSaeAJ7HiTq7nfeUCpeBTe6WmMbkBHIfc5o9pIt3h/PiiWHdtZgDh2bUXqS1LJrDJkaA6KH/1hxJIAQ80EVapXcWLtplRqzgTOCv1EYUzZhI6wZ2hIA1Ruujh1Rk6NMiR+JE2FmizU7xMpDZSaBp7pDKgeq9/eXPzL6yXar7spD+NEY8iWi/xEEB2R+d9kyCUyLaaGUCa5uZWwMZWUaZNOwYSw+pT8T9pVu3JhV29q5UYpiyMPJ1CCM6jAJTTgGprQAgYjeIRneLGE9WS9Wm/L1pyVzRzDD1jvX+/8jXg=</latexit>

e�
<latexit sha1_base64="b0KvndnJOqbL3VxCIxD2zkqH07w=">AAAB6nicdVDLSgNBEOyNrxhfUY9ehgTBi8smBswx4MVjRPOAZA2zk95kyOyDmVkhLPkELx4U8eoXefNvnCQbUNGChqKqm+4uLxZcacf5tHJr6xubW/ntws7u3v5B8fCoraJEMmyxSESy61GFgofY0lwL7 MYSaeAJ7HiTq7nfeUCpeBTe6WmMbkBHIfc5o9pIt3h/PiiWHdtZgDh2bUXqS1LJrDJkaA6KH/1hxJIAQ80EVapXcWLtplRqzgTOCv1EYUzZhI6wZ2hIA1Ruujh1Rk6NMiR+JE2FmizU7xMpDZSaBp7pDKgeq9/eXPzL6yXar7spD+NEY8iWi/xEEB2R+d9kyCUyLaaGUCa5uZWwMZWUaZNOwYSw+pT8T9pVu3JhV29q5UYpiyMPJ1CCM6jAJTTgGprQAgYjeIRneLGE9WS9Wm/L1pyVzRzDD1jvX+/8jXg=</latexit>

Breit Frame kinematics 
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proton

struck quark

Pµ
<latexit sha1_base64="kmY/cApx9VWrOxNprbZujvMqwZ4=">AAAB7nicbVBNSwMxEJ3Ur1q/qh69hBbBU9mtgh4LXjxWsB/QriWbZtvQJLskWaEs/RFePCji1d/jzX9j2u5BWx8MPN6bYWZemAhurOd9o8LG5tb2TnG3tLd/cHhUPj5pmzjVlLVoLGLdDYlhgivWstwK1k00IzIUrBNObud+54lpw2P1YKcJCyQZKR5xSqyTOs3HrC/T2aBc9WreAnid+DmpQo7moPzVH8Y0lUxZKogxPd9LbJARbTkVbFbqp4YlhE7IiPUcVUQyE2SLc2f43ClDHMXalbJ4of6eyIg0ZipD1ymJHZtVby7+5/VSG90EGVdJapmiy0VRKrCN8fx3POSaUSumjhCqubsV0zHRhFqXUMmF4K++vE7a9Zp/WavfX1UblTyOIpxBBS7Ah2towB00oQUUJvAMr/CGEvSC3tHHsrWA8plT+AP0+QNvXY+I</latexit>

qµ
<latexit sha1_base64="0cgoIJSTku3r50jGpvakIC1rI/U=">AAAB7nicbVDLSgNBEOz1GeMr6tHLkCB4CrtR0GPAi8cI5gHJGmYns8mQmdl1HkJY8hFePCji1e/x5t84SfagiQUNRVU33V1Rypk2vv/tra1vbG5tF3aKu3v7B4elo+OWTqwitEkSnqhOhDXlTNKmYYbTTqooFhGn7Wh8M/PbT1Rplsh7M0lpKPBQspgRbJzUfnzIesJO+6WKX/XnQKskyEkFcjT6pa/eICFWUGkIx1p3Az81YYaVYYTTabFnNU0xGeMh7ToqsaA6zObnTtGZUwYoTpQradBc/T2RYaH1RESuU2Az0sveTPzP61oTX4cZk6k1VJLFothyZBI0+x0NmKLE8IkjmCjmbkVkhBUmxiVUdCEEyy+vklatGlxUa3eXlXo5j6MAp1CGcwjgCupwCw1oAoExPMMrvHmp9+K9ex+L1jUvnzmBP/A+fwCiJ4+p</latexit>

qµ + xPµ
<latexit sha1_base64="bHfUeMypbdGWv1L4QJcN+fB52W8=">AAAB+3icdVDLSgMxFM34rPU11qWb0CIIwpBpZ6jdFdy4rGAf0I4lk6ZtaOZhkpGWob/ixoUibv0Rd/6NmbaCih64cDjnXu69x485kwqhD2NtfWNzazu3k9/d2z84NI8KLRklgtAmiXgkOj6WlLOQNhVTnHZiQXHgc9r2J5eZ376nQrIovFGzmHoBHoVsyAhWWuqbhbvbtBckc3g+hY0l7ZslZNVsp1JFEFmu47ooI8hxK24N2hZaoARWaPTN994gIklAQ0U4lrJro1h5KRaKEU7n+V4iaYzJBI9oV9MQB1R66eL2OTzVygAOI6ErVHChfp9IcSDlLPB1Z4DVWP72MvEvr5uo4YWXsjBOFA3JctEw4VBFMAsCDpigRPGZJpgIpm+FZIwFJkrHldchfH0K/yetsmVXrPK1U6oXV3HkwAkogjNggyqogyvQAE1AwBQ8gCfwbMyNR+PFeF22rhmrmWPwA8bbJ/9+lFQ=</latexit>

e�
<latexit sha1_base64="b0KvndnJOqbL3VxCIxD2zkqH07w=">AAAB6nicdVDLSgNBEOyNrxhfUY9ehgTBi8smBswx4MVjRPOAZA2zk95kyOyDmVkhLPkELx4U8eoXefNvnCQbUNGChqKqm+4uLxZcacf5tHJr6xubW/ntws7u3v5B8fCoraJEMmyxSESy61GFgofY0lwL7MYSaeAJ7HiTq7nfeUCpeBTe6WmMbkBHIfc5o9pIt3h/PiiWHdtZgDh2bUXqS1LJrDJkaA6KH/1hxJIAQ80EVapXcWLtplRqzgTOCv1EYUzZhI6wZ2hIA1Ruujh1Rk6NMiR+JE2FmizU7xMpDZSaBp7pDKgeq9/eXPzL6yXar7spD+NEY8iWi/xEEB2R+d9kyCUyLaaGUCa5uZWwMZWUaZNOwYSw+pT8T9pVu3JhV29q5UYpiyMPJ1CCM6jAJTTgGprQAgYjeIRneLGE9WS9Wm/L1pyVzRzDD1jvX+/8jXg=</latexit>

e�
<latexit sha1_base64="b0KvndnJOqbL3VxCIxD2zkqH07w=">AAAB6nicdVDLSgNBEOyNrxhfUY9ehgTBi8smBswx4MVjRPOAZA2zk95kyOyDmVkhLPkELx4U8eoXefNvnCQbUNGChqKqm+4uLxZcacf5tHJr6xubW/ntws7u3v5B8fCoraJEMmyxSESy61GFgofY0lwL7MYSaeAJ7HiTq7nfeUCpeBTe6WmMbkBHIfc5o9pIt3h/PiiWHdtZgDh2bUXqS1LJrDJkaA6KH/1hxJIAQ80EVapXcWLtplRqzgTOCv1EYUzZhI6wZ2hIA1Ruujh1Rk6NMiR+JE2FmizU7xMpDZSaBp7pDKgeq9/eXPzL6yXar7spD+NEY8iWi/xEEB2R+d9kyCUyLaaGUCa5uZWwMZWUaZNOwYSw+pT8T9pVu3JhV29q5UYpiyMPJ1CCM6jAJTTgGprQAgYjeIRneLGE9WS9Wm/L1pyVzRzDD1jvX+/8jXg=</latexit>

Proton

Photon

Struck quark

z-axis

Pµ =
Q

2xB
(1, 0, 0, 1)

<latexit sha1_base64="7wPZGz18NeBvREEASkS7qigSgVk=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4tSQUpSBd0IRTcuW7APaGKZTCft0MkkzEzEErJ346+4caGIW3/AnX/jtM1CW8/lwuGce5m5x4sYlcqyvo3c0vLK6lp+vbCxubW9Y+7utWQYC0yaOGSh6HhIEkY5aSqqGOlEgqDAY6Ttja4nfvueCElDfqvGEXEDNODUpxgpLfXMYv0ucYI4hZfQ8QXCSSNNqg+9qxSW7RNLl33cM0tWxZoCLhI7IyWQod4zv5x+iOOAcIUZkrJrW5FyEyQUxYykBSeWJEJ4hAakqylHAZFuMr0lhYda6UM/FLq5glP190aCAinHgacnA6SGct6biP953Vj5F25CeRQrwvHsIT9mUIVwEgzsU0GwYmNNEBZU/xXiIdKRKB1fQYdgz5+8SFrVin1aqTbOSrWjLI48OABFUAY2OAc1cAPqoAkweATP4BW8GU/Gi/FufMxGc0a2sw/+wPj8AUOUmIM=</latexit>

pµ =
Q

2
(1, 0, 0,�1)

<latexit sha1_base64="XjoUlzh20P29qZgmGUhCIY8Jj4U=">AAACCXicbVDLSgMxFM3UV62vUZdugkWpoGWmCroRCm5ctmAf0Kklk2ba0CQzJBmhDLN146+4caGIW//AnX9j2s5CW8/lwuGce0nu8SNGlXacbyu3tLyyupZfL2xsbm3v2Lt7TRXGEpMGDlko2z5ShFFBGppqRtqRJIj7jLT80c3Ebz0QqWgo7vQ4Il2OBoIGFCNtpJ4No/vE43EKr6EXSISTeppUUlhyTx1TZ+5Jzy46ZWcKuEjcjBRBhlrP/vL6IY45ERozpFTHdSLdTZDUFDOSFrxYkQjhERqQjqECcaK6yfSSFB4ZpQ+DUJoWGk7V3xsJ4kqNuW8mOdJDNe9NxP+8TqyDq25CRRRrIvDsoSBmUIdwEgvsU0mwZmNDEJbU/BXiITKBaBNewYTgzp+8SJqVsntertQvitXjLI48OACHoARccAmq4BbUQANg8AiewSt4s56sF+vd+piN5qxsZx/8gfX5A63Wl6M=</latexit>

qµ = (0, 0, 0,�Q)
<latexit sha1_base64="/iXaY4rU1vz3W0+6sMRKgPJ3oi0=">AAAB/nicbVDLSgMxFM34rPU1Kq7cBItSQctMFXQjFNy4bME+oB1LJs20oUlmTDJCGQr+ihsXirj1O9z5N2baWWjruVw4nHMvuTl+xKjSjvNtLSwuLa+s5tby6xubW9v2zm5DhbHEpI5DFsqWjxRhVJC6ppqRViQJ4j4jTX94k/rNRyIVDcWdHkXE46gvaEAx0kbq2vsP90mHx2N4DWHROU3rrHbStQtOyZkAzhM3IwWQodq1vzq9EMecCI0ZUqrtOpH2EiQ1xYyM851YkQjhIeqTtqECcaK8ZHL+GB4ZpQeDUJoWGk7U3xsJ4kqNuG8mOdIDNeul4n9eO9bBlZdQEcWaCDx9KIgZ1CFMs4A9KgnWbGQIwpKaWyEeIImwNonlTQju7JfnSaNccs9L5dpFoXKcxZEDB+AQFIELLkEF3IIqqAMMEvAMXsGb9WS9WO/Wx3R0wcp29sAfWJ8/JXKS6g==</latexit>



Event grooming
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P
<latexit sha1_base64="bzZbWfGTwOVHfOXRUHQsbNaA++g=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBIvgqsxUQZdFNy5bsA9oB8mkd9rYTGZIMkIZ+gVuXCji1k9y59+YtrPQ1gOBwznnkntPkAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8H4duZ3nlBpHst7M0nQj+hQ8pAzaqzUbDyUK27VnYOsEi8nFchh81/9QczSCKVhgmrd89zE+BlVhjOB01I/1ZhQNqZD7FkqaYTaz+aLTsmZVQYkjJV90pC5+nsio5HWkyiwyYiakV72ZuJ/Xi814bWfcZmkBiVbfBSmgpiYzK4mA66QGTGxhDLF7a6EjaiizNhuSrYEb/nkVdKuVb2Laq15Wanf5HUU4QRO4Rw8uII63EEDWsAA4Rle4c15dF6cd+djES04+cwx/IHz+QOq54zY</latexit>

“jet” axis

P
<latexit sha1_base64="bzZbWfGTwOVHfOXRUHQsbNaA++g=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBIvgqsxUQZdFNy5bsA9oB8mkd9rYTGZIMkIZ+gVuXCji1k9y59+YtrPQ1gOBwznnkntPkAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8H4duZ3nlBpHst7M0nQj+hQ8pAzaqzUbDyUK27VnYOsEi8nFchh81/9QczSCKVhgmrd89zE+BlVhjOB01I/1ZhQNqZD7FkqaYTaz+aLTsmZVQYkjJV90pC5+nsio5HWkyiwyYiakV72ZuJ/Xi814bWfcZmkBiVbfBSmgpiYzK4mA66QGTGxhDLF7a6EjaiizNhuSrYEb/nkVdKuVb2Laq15Wanf5HUU4QRO4Rw8uII63EEDWsAA4Rle4c15dF6cd+djES04+cwx/IHz+QOq54zY</latexit>

Event grooming in DIS



The grooming algorithm
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modified MassDrop Tagger (mMDT) 

Centauro clustering measure,  (instead of C/A) *

Modified grooming condition,  (  instead of )

Applied to the event, (instead of jets or hemispheres)

p+ p0 min(Ei, Ej)

Ei + Ej
> zcut !

min(zi, zj)

zi + zj
> zcut

<latexit sha1_base64="yud0Gq9zWSl/lvP+K03G4DQS+3s="></latexit>

min(Ei, Ej)

Ei + Ej
> zcut !

min(zi, zj)

zi + zj
> zcut

<latexit sha1_base64="yud0Gq9zWSl/lvP+K03G4DQS+3s="></latexit>

* A similar procedure can be imposed in the Laboratory frame using C/A (L.I.) 



The grooming algorithm

28

1. For all pair of particles  calculate: (i, j)

2. Find the smallest measure and cluster particles  and  into a single branchi j

3. Repeat until all particles are clustered together

(Step 1/2) Clustering

dij = (⌘̄i � ⌘̄j)
2 + 2⌘̄i⌘̄j(1� cos(�i � �j))

<latexit sha1_base64="aOemcKxVzzc4Y5TH8x/dP4wm4Ao="></latexit>



The grooming algorithm
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1. For these two branches test the condition:

(Step 2/2) DeClustering: Open the clustered tree in the reverse order.  
In each decluttering step there are two branches. 

2. If the condition is false, drop the branch with smallest , 

and continue with the decluttering (point1) of the branch largest .

zi
zi

3. Repeat until the condition evaluate true

min(zi, zj)

zi + zj
> zcut

<latexit sha1_base64="JnmBUII/SdrokaZ9QdhZC1fWT+A=">AAACHHicbVDLSgMxFM34tr5GXboJFqFiKTOtoCsR3bhUsK3QKUMmzbSxmcyQ3BHbYT7Ejb/ixoUiblwI/o1p7cLXgZCTc+7l5p4gEVyD43xYU9Mzs3PzC4uFpeWV1TV7faOh41RRVqexiNVVQDQTXLI6cBDsKlGMRIFgzaB/OvKbN0xpHstLGCSsHZGu5CGnBIzk2zUvVIRmXsRlaejzMvbKQ/96N8/MA+9hw3N8ZK7MA3YLGU0hz3276FScMfBf4k5IEU1w7ttvXiemacQkUEG0brlOAu2MKOBUsLzgpZolhPZJl7UMlSRiup2Nl8vxjlE6OIyVORLwWP3ekZFI60EUmMqIQE//9kbif14rhfCwnXGZpMAk/RoUpgJDjEdJ4Q5XjIIYGEKo4uavmPaISQtMngUTgvt75b+kUa24tUr1Yr94fDKJYwFtoW1UQi46QMfoDJ2jOqLoDj2gJ/Rs3VuP1ov1+lU6ZU16NtEPWO+fRGChgw==</latexit>

zi =
P · pi
P · q zi(Breit frame) = p+i /Q zi � 0

X

i2event

zi = 1 zi < 1
<latexit sha1_base64="7ZJE/usalzIPj+QeFVh4FoBBXXw="></latexit>



Energy fraction (of particle )i
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zi ⇠ 1
<latexit sha1_base64="LNlqwGff5ibFV0zJsj+XeiRRRts=">AAAB8XicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoxWME88BkCbOT2WTIPJaZWSEu+QsvHhTx6t9482+cJHvQxIKGoqqb7q4o4cxY3//2VlbX1jc2C1vF7Z3dvf3SwWHTqFQT2iCKK92OsKGcSdqwzHLaTjTFIuK0FY1upn7rkWrDlLy344SGAg8kixnB1kkPTz2GuoYJFPRKZb/iz4CWSZCTMuSo90pf3b4iqaDSEo6N6QR+YsMMa8sIp5NiNzU0wWSEB7TjqMSCmjCbXTxBp07po1hpV9Kimfp7IsPCmLGIXKfAdmgWvan4n9dJbXwVZkwmqaWSzBfFKUdWoen7qM80JZaPHcFEM3crIkOsMbEupKILIVh8eZk0q5XgvFK9uyjXrvM4CnAMJ3AGAVxCDW6hDg0gIOEZXuHNM96L9+59zFtXvHzmCP7A+/wBoFuQOg==</latexit>

i

photon

collinear

zi ⌧ 1
<latexit sha1_base64="SBfaXBlrDdE+bCT33v11E/z/1zA=">AAAB8HicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoxWME85BkCbOT2WTIPJaZWSEu+QovHhTx6ud482+cJHvQxIKGoqqb7q4o4cxY3//2VlbX1jc2C1vF7Z3dvf3SwWHTqFQT2iCKK92OsKGcSdqwzHLaTjTFIuK0FY1upn7rkWrDlLy344SGAg8kixnB1kkPTz2GupyjoFcq+xV/BrRMgpyUIUe9V/rq9hVJBZWWcGxMJ/ATG2ZYW0Y4nRS7qaEJJiM8oB1HJRbUhNns4Ak6dUofxUq7khbN1N8TGRbGjEXkOgW2Q7PoTcX/vE5q46swYzJJLZVkvihOObIKTb9HfaYpsXzsCCaauVsRGWKNiXUZFV0IweLLy6RZrQTnlerdRbl2ncdRgGM4gTMI4BJqcAt1aAABAc/wCm+e9l68d+9j3rri5TNH8Afe5w/MkY+/</latexit>

i

soft

zi ⌧ 1
<latexit sha1_base64="SBfaXBlrDdE+bCT33v11E/z/1zA=">AAAB8HicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoxWME85BkCbOT2WTIPJaZWSEu+QovHhTx6ud482+cJHvQxIKGoqqb7q4o4cxY3//2VlbX1jc2C1vF7Z3dvf3SwWHTqFQT2iCKK92OsKGcSdqwzHLaTjTFIuK0FY1upn7rkWrDlLy344SGAg8kixnB1kkPTz2GupyjoFcq+xV/BrRMgpyUIUe9V/rq9hVJBZWWcGxMJ/ATG2ZYW0Y4nRS7qaEJJiM8oB1HJRbUhNns4Ak6dUofxUq7khbN1N8TGRbGjEXkOgW2Q7PoTcX/vE5q46swYzJJLZVkvihOObIKTb9HfaYpsXzsCCaauVsRGWKNiXUZFV0IweLLy6RZrQTnlerdRbl2ncdRgGM4gTMI4BJqcAt1aAABAc/wCm+e9l68d+9j3rri5TNH8Afe5w/MkY+/</latexit>

i

anti-collinear

zi =
P · pi
P · q zi(Breit frame) = p+i /Q zi � 0

X

i2event

zi = 1 zi < 1
<latexit sha1_base64="7ZJE/usalzIPj+QeFVh4FoBBXXw="></latexit>

zi =
P · pi
P · q zi(Breit frame)p+i /Q zi � 0

X

i2event

zi = 1 zi < 1
<latexit sha1_base64="dAiHZQciB/VM4aCcfKUCfMMzU58="></latexit>

zi =
P · pi
P · q zi(Breit frame)p+i /Q zi � 0

X

i2event

zi = 1 zi < 1
<latexit sha1_base64="dAiHZQciB/VM4aCcfKUCfMMzU58="></latexit>

zi =
P · pi
P · q zi(Breit frame)p+i /Q zi � 0

X

i2event

zi = 1 zi < 1
<latexit sha1_base64="dAiHZQciB/VM4aCcfKUCfMMzU58="></latexit>

zi =
P · pi
P · q zi(Breit frame) = p+i /Q zi � 0

X

i2event

zi = 1 zi < 1
<latexit sha1_base64="7ZJE/usalzIPj+QeFVh4FoBBXXw="></latexit>

Boundaries

Limits (geometric interpretation in the Breit frame) 

Definition
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⇡/2
<latexit sha1_base64="edgOKEg7/eVbIMqqSxqa/k4f0sk=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4qkkV9Fjw4rGCaQttKJvtpF262YTdjVBCf4MXD4p49Qd589+4bXPQ1gcDj/dmmJkXpoJr47rfztr6xubWdmmnvLu3f3BYOTpu6SRTDH2WiER1QqpRcIm+4UZgJ1VI41BgOxzfzfz2EyrNE/loJikGMR1KHnFGjZX8Xsov6/1K1a25c5BV4hWkCgWa/cpXb5CwLEZpmKBadz03NUFOleFM4LTcyzSmlI3pELuWShqjDvL5sVNybpUBiRJlSxoyV39P5DTWehKHtjOmZqSXvZn4n9fNTHQb5FymmUHJFouiTBCTkNnnZMAVMiMmllCmuL2VsBFVlBmbT9mG4C2/vEpa9Zp3Vas/XFcbpIijBKdwBhfgwQ004B6a4AMDDs/wCm+OdF6cd+dj0brmFDMn8AfO5w8mT44k</latexit>

⇡/4
<latexit sha1_base64="1Xm5TQ2/XPs9azACsNfbr7vXODU=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU01qQY8FLx4rmLbQhrLZbtqlm03YnQil9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSqFQdf9dgobm1vbO8Xd0t7+weFR+fikZZJMM+6zRCa6E1LDpVDcR4GSd1LNaRxK3g7Hd3O//cS1EYl6xEnKg5gOlYgEo2glv5eKq3q/XHGr7gJknXg5qUCOZr/81RskLIu5QiapMV3PTTGYUo2CST4r9TLDU8rGdMi7lioacxNMF8fOyIVVBiRKtC2FZKH+npjS2JhJHNrOmOLIrHpz8T+vm2F0G0yFSjPkii0XRZkkmJD552QgNGcoJ5ZQpoW9lbAR1ZShzadkQ/BWX14nrVrVu67WHuqVBsnjKMIZnMMleHADDbiHJvjAQMAzvMKbo5wX5935WLYWnHzmFP7A+fwBKVeOJg==</latexit>

3⇡/4
<latexit sha1_base64="uaJO6peb4WW47jvdQ3lIm1Jn/uc=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU91tC3osePFYwX5Au5Rsmm1js8mSZIWy9D948aCIV/+PN/+N2XYP2vpg4PHeDDPzgpgzbVz32ylsbG5t7xR3S3v7B4dH5eOTjpaJIrRNJJeqF2BNORO0bZjhtBcriqOA024wvc387hNVmknxYGYx9SM8FixkBBsrdeqDmF01huWKW3UXQOvEy0kFcrSG5a/BSJIkosIQjrXue25s/BQrwwin89Ig0TTGZIrHtG+pwBHVfrq4do4urDJCoVS2hEEL9fdEiiOtZ1FgOyNsJnrVy8T/vH5iwhs/ZSJODBVkuShMODISZa+jEVOUGD6zBBPF7K2ITLDCxNiASjYEb/XlddKpVb16tXbfqDRRHkcRzuAcLsGDa2jCHbSgDQQe4Rle4c2Rzovz7nwsWwtOPnMKf+B8/gCcjo5j</latexit>

⇡
<latexit sha1_base64="EGuXNweaF4LlNUlOXgYSJQV16Ac=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lqQY8FLx4r2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbud+54lrI2L1iNOE+xEdKREKRtFKD/1EDMoVt+ouQNaJl5MK5GgOyl/9YczSiCtkkhrT89wE/YxqFEzyWamfGp5QNqEj3rNU0YgbP1ucOiMXVhmSMNa2FJKF+nsio5Ex0yiwnRHFsVn15uJ/Xi/F8MbPhEpS5IotF4WpJBiT+d9kKDRnKKeWUKaFvZWwMdWUoU2nZEPwVl9eJ+1a1buq1u7rlQbJ4yjCGZzDJXhwDQ24gya0gMEInuEV3hzpvDjvzseyteDkM6fwB87nD0bRja8=</latexit>

� = ⇡
<latexit sha1_base64="F4heqzS3Uvk6eDnIq2Uhok6/O4I=">AAAB8XicbVDLSgMxFL3js9ZX1aWbYBFclZkq6EYouHFZwT6wM5RMmmlDM0lIMkIZ+hduXCji1r9x59+YPhBtPXDhcM693HtPrDgz1ve/vJXVtfWNzcJWcXtnd2+/dHDYNDLThDaI5FK3Y2woZ4I2LLOctpWmOI05bcXDm4nfeqTaMCnu7UjRKMV9wRJGsHXSQ6gGDF2jULFuqexX/CnQDwkWSRnmqHdLn2FPkiylwhKOjekEvrJRjrVlhNNxMcwMVZgMcZ92HBU4pSbKpxeP0alTeiiR2pWwaKr+nshxaswojV1niu3ALHoT8T+vk9nkKsqZUJmlgswWJRlHVqLJ+6jHNCWWjxzBRDN3KyIDrDGxLqSiC2Hp5WXSrFaC80r17qJcQ/M4CnAMJ3AGAVxCDW6hDg0gIOAJXuDVM96z9+a9z1pXvPnMEfyB9/ENiGOQEA==</latexit>

� = �⇡
<latexit sha1_base64="T+FfJRROb3Cl0KEqrZ3CPYX/idQ=">AAAB83icdVDLSgMxFM3UV62vqks3wSK4cci01U4XQsGNywq2FjpDyaSZNjSTCUlGKKW/4caFIm79GXf+jelDUNEDFw7n3Mu990SSM20Q+nByK6tr6xv5zcLW9s7uXnH/oK3TTBHaIilPVSfCmnImaMsww2lHKoqTiNO7aHQ18+/uqdIsFbdmLGmY4IFgMSPYWCkI5JDBS3gGA8l6xRJy63Wv6pchcs8vaj7yLEGVSs2vQs9Fc5TAEs1e8T3opyRLqDCEY627HpImnGBlGOF0WggyTSUmIzygXUsFTqgOJ/Obp/DEKn0Yp8qWMHCufp+Y4ETrcRLZzgSbof7tzcS/vG5mYj+cMCEzQwVZLIozDk0KZwHAPlOUGD62BBPF7K2QDLHCxNiYCjaEr0/h/6Rddr2KW76plhpwGUceHIFjcAo8UAMNcA2aoAUIkOABPIFnJ3MenRfnddGac5Yzh+AHnLdPxkuQxQ==</latexit>

✓ = 0
<latexit sha1_base64="+pJEhYemBjsoylEwJdXM5RqOcUQ=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBbBU0mqoBeh4MVjBfuBbSib7aRdutmE3YlQQv+FFw+KePXfePPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewtr6xuVXcLu3s7u0flA+PWiZONYcmj2WsOwEzIIWCJgqU0Ek0sCiQ0A7GtzO//QTaiFg94CQBP2JDJULBGVrpsYcjQEZvqNsvV9yqOwddJV5OKiRHo1/+6g1inkagkEtmTNdzE/QzplFwCdNSLzWQMD5mQ+haqlgExs/mF0/pmVUGNIy1LYV0rv6eyFhkzCQKbGfEcGSWvZn4n9dNMbz2M6GSFEHxxaIwlRRjOnufDoQGjnJiCeNa2FspHzHNONqQSjYEb/nlVdKqVb2Lau3+slKneRxFckJOyTnxyBWpkzvSIE3CiSLP5JW8OcZ5cd6dj0VrwclnjskfOJ8/P+OP3w==</latexit>

protonstruck quark

event-1
<latexit sha1_base64="89hgteATPkLlgnxAbYB82oiG0WE=">AAAB9XicbVDLSsNAFJ3UV62vqks3waK4sSRV0GXBjcsK9gFtLJPpTTt0MgkzN9US+h9uXCji1n9x5984bbPQ1gMDh3Pu4d45fiy4Rsf5tnIrq2vrG/nNwtb2zu5ecf+goaNEMaizSESq5VMNgkuoI0cBrVgBDX0BTX94M/WbI1CaR/IexzF4Ie1LHnBG0UgPHYQnTGEEEs/dSbdYcsrODPYycTNSIhlq3eJXpxexJDRxJqjWbdeJ0UupQs4ETAqdRENM2ZD2oW2opCFoL51dPbFPjNKzg0iZJ9Geqb8TKQ21Hoe+mQwpDvSiNxX/89oJBtdeymWcIEg2XxQkwsbInlZg97gChmJsCGWKm1ttNqCKMjRFFUwJ7uKXl0mjUnYvypW7y1L1NKsjT47IMTkjLrkiVXJLaqROGFHkmbySN+vRerHerY/5aM7KMofkD6zPH6wTkoc=</latexit>

event-2
<latexit sha1_base64="AlmeOVE8esb9PQrnkYaVkYnYq0Y=">AAAB9XicbVDLTgJBEJzFF+IL9ehlItF4keyiiR5JvHjERB4JrGR26IUJs4/M9KJkw3948aAxXv0Xb/6NA+xBwUomqVR1pXvKi6XQaNvfVm5ldW19I79Z2Nre2d0r7h80dJQoDnUeyUi1PKZBihDqKFBCK1bAAk9C0xveTP3mCJQWUXiP4xjcgPVD4QvO0EgPHYQnTGEEIZ5XJt1iyS7bM9Bl4mSkRDLUusWvTi/iSWDiXDKt244do5syhYJLmBQ6iYaY8SHrQ9vQkAWg3XR29YSeGKVH/UiZFyKdqb8TKQu0HgeemQwYDvSiNxX/89oJ+tduKsI4QQj5fJGfSIoRnVZAe0IBRzk2hHElzK2UD5hiHE1RBVOCs/jlZdKolJ2LcuXuslQ9zerIkyNyTM6IQ65IldySGqkTThR5Jq/kzXq0Xqx362M+mrOyzCH5A+vzB62Ykog=</latexit>

event-3
<latexit sha1_base64="5aUXuBYYcYKVUOJBe/YU5wz7myQ=">AAAB9XicbVDLTgJBEJz1ifhCPXqZSDReJLtgokcSLx4xkUcCK5kdemHC7CMzvSjZ8B9ePGiMV//Fm3/jAHtQsJJJKlVd6Z7yYik02va3tbK6tr6xmdvKb+/s7u0XDg4bOkoUhzqPZKRaHtMgRQh1FCihFStggSeh6Q1vpn5zBEqLKLzHcQxuwPqh8AVnaKSHDsITpjCCEC8qk26haJfsGegycTJSJBlq3cJXpxfxJDBxLpnWbceO0U2ZQsElTPKdREPM+JD1oW1oyALQbjq7ekJPjdKjfqTMC5HO1N+JlAVajwPPTAYMB3rRm4r/ee0E/Ws3FWGcIIR8vshPJMWITiugPaGAoxwbwrgS5lbKB0wxjqaovCnBWfzyMmmUS06lVL67LFbPsjpy5JickHPikCtSJbekRuqEE0WeySt5sx6tF+vd+piPrlhZ5oj8gfX5A68dkok=</latexit>

= Pass Grooming

= Fail Grooming

Narrow “jet” Wide “jet” “di-jet”

Each disc is a particle:  

⇡/2
<latexit sha1_base64="edgOKEg7/eVbIMqqSxqa/k4f0sk=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4qkkV9Fjw4rGCaQttKJvtpF262YTdjVBCf4MXD4p49Qd589+4bXPQ1gcDj/dmmJkXpoJr47rfztr6xubWdmmnvLu3f3BYOTpu6SRTDH2WiER1QqpRcIm+4UZgJ1VI41BgOxzfzfz2EyrNE/loJikGMR1KHnFGjZX8Xsov6/1K1a25c5BV4hWkCgWa/cpXb5CwLEZpmKBadz03NUFOleFM4LTcyzSmlI3pELuWShqjDvL5sVNybpUBiRJlSxoyV39P5DTWehKHtjOmZqSXvZn4n9fNTHQb5FymmUHJFouiTBCTkNnnZMAVMiMmllCmuL2VsBFVlBmbT9mG4C2/vEpa9Zp3Vas/XFcbpIijBKdwBhfgwQ004B6a4AMDDs/wCm+OdF6cd+dj0brmFDMn8AfO5w8mT44k</latexit>

⇡/4
<latexit sha1_base64="1Xm5TQ2/XPs9azACsNfbr7vXODU=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU01qQY8FLx4rmLbQhrLZbtqlm03YnQil9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSqFQdf9dgobm1vbO8Xd0t7+weFR+fikZZJMM+6zRCa6E1LDpVDcR4GSd1LNaRxK3g7Hd3O//cS1EYl6xEnKg5gOlYgEo2glv5eKq3q/XHGr7gJknXg5qUCOZr/81RskLIu5QiapMV3PTTGYUo2CST4r9TLDU8rGdMi7lioacxNMF8fOyIVVBiRKtC2FZKH+npjS2JhJHNrOmOLIrHpz8T+vm2F0G0yFSjPkii0XRZkkmJD552QgNGcoJ5ZQpoW9lbAR1ZShzadkQ/BWX14nrVrVu67WHuqVBsnjKMIZnMMleHADDbiHJvjAQMAzvMKbo5wX5935WLYWnHzmFP7A+fwBKVeOJg==</latexit>

3⇡/4
<latexit sha1_base64="uaJO6peb4WW47jvdQ3lIm1Jn/uc=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU91tC3osePFYwX5Au5Rsmm1js8mSZIWy9D948aCIV/+PN/+N2XYP2vpg4PHeDDPzgpgzbVz32ylsbG5t7xR3S3v7B4dH5eOTjpaJIrRNJJeqF2BNORO0bZjhtBcriqOA024wvc387hNVmknxYGYx9SM8FixkBBsrdeqDmF01huWKW3UXQOvEy0kFcrSG5a/BSJIkosIQjrXue25s/BQrwwin89Ig0TTGZIrHtG+pwBHVfrq4do4urDJCoVS2hEEL9fdEiiOtZ1FgOyNsJnrVy8T/vH5iwhs/ZSJODBVkuShMODISZa+jEVOUGD6zBBPF7K2ITLDCxNiASjYEb/XlddKpVb16tXbfqDRRHkcRzuAcLsGDa2jCHbSgDQQe4Rle4c2Rzovz7nwsWwtOPnMKf+B8/gCcjo5j</latexit>

⇡
<latexit sha1_base64="EGuXNweaF4LlNUlOXgYSJQV16Ac=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lqQY8FLx4r2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbud+54lrI2L1iNOE+xEdKREKRtFKD/1EDMoVt+ouQNaJl5MK5GgOyl/9YczSiCtkkhrT89wE/YxqFEzyWamfGp5QNqEj3rNU0YgbP1ucOiMXVhmSMNa2FJKF+nsio5Ex0yiwnRHFsVn15uJ/Xi/F8MbPhEpS5IotF4WpJBiT+d9kKDRnKKeWUKaFvZWwMdWUoU2nZEPwVl9eJ+1a1buq1u7rlQbJ4yjCGZzDJXhwDQ24gya0gMEInuEV3hzpvDjvzseyteDkM6fwB87nD0bRja8=</latexit>

� = ⇡
<latexit sha1_base64="F4heqzS3Uvk6eDnIq2Uhok6/O4I=">AAAB8XicbVDLSgMxFL3js9ZX1aWbYBFclZkq6EYouHFZwT6wM5RMmmlDM0lIMkIZ+hduXCji1r9x59+YPhBtPXDhcM693HtPrDgz1ve/vJXVtfWNzcJWcXtnd2+/dHDYNDLThDaI5FK3Y2woZ4I2LLOctpWmOI05bcXDm4nfeqTaMCnu7UjRKMV9wRJGsHXSQ6gGDF2jULFuqexX/CnQDwkWSRnmqHdLn2FPkiylwhKOjekEvrJRjrVlhNNxMcwMVZgMcZ92HBU4pSbKpxeP0alTeiiR2pWwaKr+nshxaswojV1niu3ALHoT8T+vk9nkKsqZUJmlgswWJRlHVqLJ+6jHNCWWjxzBRDN3KyIDrDGxLqSiC2Hp5WXSrFaC80r17qJcQ/M4CnAMJ3AGAVxCDW6hDg0gIOAJXuDVM96z9+a9z1pXvPnMEfyB9/ENiGOQEA==</latexit>

� = �⇡
<latexit sha1_base64="T+FfJRROb3Cl0KEqrZ3CPYX/idQ=">AAAB83icdVDLSgMxFM3UV62vqks3wSK4cci01U4XQsGNywq2FjpDyaSZNjSTCUlGKKW/4caFIm79GXf+jelDUNEDFw7n3Mu990SSM20Q+nByK6tr6xv5zcLW9s7uXnH/oK3TTBHaIilPVSfCmnImaMsww2lHKoqTiNO7aHQ18+/uqdIsFbdmLGmY4IFgMSPYWCkI5JDBS3gGA8l6xRJy63Wv6pchcs8vaj7yLEGVSs2vQs9Fc5TAEs1e8T3opyRLqDCEY627HpImnGBlGOF0WggyTSUmIzygXUsFTqgOJ/Obp/DEKn0Yp8qWMHCufp+Y4ETrcRLZzgSbof7tzcS/vG5mYj+cMCEzQwVZLIozDk0KZwHAPlOUGD62BBPF7K2QDLHCxNiYCjaEr0/h/6Rddr2KW76plhpwGUceHIFjcAo8UAMNcA2aoAUIkOABPIFnJ3MenRfnddGac5Yzh+AHnLdPxkuQxQ==</latexit>

✓ = 0
<latexit sha1_base64="+pJEhYemBjsoylEwJdXM5RqOcUQ=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBbBU0mqoBeh4MVjBfuBbSib7aRdutmE3YlQQv+FFw+KePXfePPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewtr6xuVXcLu3s7u0flA+PWiZONYcmj2WsOwEzIIWCJgqU0Ek0sCiQ0A7GtzO//QTaiFg94CQBP2JDJULBGVrpsYcjQEZvqNsvV9yqOwddJV5OKiRHo1/+6g1inkagkEtmTNdzE/QzplFwCdNSLzWQMD5mQ+haqlgExs/mF0/pmVUGNIy1LYV0rv6eyFhkzCQKbGfEcGSWvZn4n9dNMbz2M6GSFEHxxaIwlRRjOnufDoQGjnJiCeNa2FspHzHNONqQSjYEb/nlVdKqVb2Lau3+slKneRxFckJOyTnxyBWpkzvSIE3CiSLP5JW8OcZ5cd6dj0VrwclnjskfOJ8/P+OP3w==</latexit>

protonstruck quark

event-1
<latexit sha1_base64="89hgteATPkLlgnxAbYB82oiG0WE=">AAAB9XicbVDLSsNAFJ3UV62vqks3waK4sSRV0GXBjcsK9gFtLJPpTTt0MgkzN9US+h9uXCji1n9x5984bbPQ1gMDh3Pu4d45fiy4Rsf5tnIrq2vrG/nNwtb2zu5ecf+goaNEMaizSESq5VMNgkuoI0cBrVgBDX0BTX94M/WbI1CaR/IexzF4Ie1LHnBG0UgPHYQnTGEEEs/dSbdYcsrODPYycTNSIhlq3eJXpxexJDRxJqjWbdeJ0UupQs4ETAqdRENM2ZD2oW2opCFoL51dPbFPjNKzg0iZJ9Geqb8TKQ21Hoe+mQwpDvSiNxX/89oJBtdeymWcIEg2XxQkwsbInlZg97gChmJsCGWKm1ttNqCKMjRFFUwJ7uKXl0mjUnYvypW7y1L1NKsjT47IMTkjLrkiVXJLaqROGFHkmbySN+vRerHerY/5aM7KMofkD6zPH6wTkoc=</latexit>

event-2
<latexit sha1_base64="AlmeOVE8esb9PQrnkYaVkYnYq0Y=">AAAB9XicbVDLTgJBEJzFF+IL9ehlItF4keyiiR5JvHjERB4JrGR26IUJs4/M9KJkw3948aAxXv0Xb/6NA+xBwUomqVR1pXvKi6XQaNvfVm5ldW19I79Z2Nre2d0r7h80dJQoDnUeyUi1PKZBihDqKFBCK1bAAk9C0xveTP3mCJQWUXiP4xjcgPVD4QvO0EgPHYQnTGEEIZ5XJt1iyS7bM9Bl4mSkRDLUusWvTi/iSWDiXDKt244do5syhYJLmBQ6iYaY8SHrQ9vQkAWg3XR29YSeGKVH/UiZFyKdqb8TKQu0HgeemQwYDvSiNxX/89oJ+tduKsI4QQj5fJGfSIoRnVZAe0IBRzk2hHElzK2UD5hiHE1RBVOCs/jlZdKolJ2LcuXuslQ9zerIkyNyTM6IQ65IldySGqkTThR5Jq/kzXq0Xqx362M+mrOyzCH5A+vzB62Ykog=</latexit>

event-3
<latexit sha1_base64="5aUXuBYYcYKVUOJBe/YU5wz7myQ=">AAAB9XicbVDLTgJBEJz1ifhCPXqZSDReJLtgokcSLx4xkUcCK5kdemHC7CMzvSjZ8B9ePGiMV//Fm3/jAHtQsJJJKlVd6Z7yYik02va3tbK6tr6xmdvKb+/s7u0XDg4bOkoUhzqPZKRaHtMgRQh1FCihFStggSeh6Q1vpn5zBEqLKLzHcQxuwPqh8AVnaKSHDsITpjCCEC8qk26haJfsGegycTJSJBlq3cJXpxfxJDBxLpnWbceO0U2ZQsElTPKdREPM+JD1oW1oyALQbjq7ekJPjdKjfqTMC5HO1N+JlAVajwPPTAYMB3rRm4r/ee0E/Ws3FWGcIIR8vshPJMWITiugPaGAoxwbwrgS5lbKB0wxjqaovCnBWfzyMmmUS06lVL67LFbPsjpy5JickHPikCtSJbekRuqEE0WeySt5sx6tF+vd+piPrlhZ5oj8gfX5A68dkok=</latexit>
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Applications for EIC
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3D-structure of the proton (complementary to semi-inclusive DIS)

Event-shape observables in ep

Cold nuclear matter effects

Dynamics  and interplay of perturbative QCD and hadronization 

Extracting QCD fundamental constants (strong coupling)

Clean access to modifications from propagation in nuclear medium

Fragmentation of heavy quarks

Probe to initial state (proton/nuclear) TMDs    (no TMD-FFs)

Probe to final state TMDs and TMD evolution  (no TMD-PDFs)

Jet substructure  Event substructure → (zg, θg)
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Discuss next (as an example 1-jettiness/“jet”-mass)

3D-structure of the proton (complementary to semi-inclusive DIS)

Event-shape observables in ep

Cold nuclear matter effects

Dynamics  and interplay of perturbative QCD and hadronization 

Extracting QCD fundamental constants (strong coupling)

Clean access to modifications from propagation in nuclear medium

Fragmentation of heavy quarks

Probe to initial state (proton/nuclear) TMDs    (no TMD-FFs)

Probe to final state TMDs and TMD evolution  (no TMD-PDFs)

Jet substructure  Event substructure → (zg, θg)



1-jettiness in DIS
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⌧1 =
2

Q2

X

i2event

min(qB · pi, qJ · pi)
<latexit sha1_base64="chDLtKdTmfTr1RMjxwUdd7fqTvo="></latexit>

qµB = xPµ
<latexit sha1_base64="8MI2IIoC3PZHW9tCjgEKAgWCI0w=">AAAB/nicbZDLSsNAFIZP6q3WW1RcuRksiquSVEE3QtGNywr2Am0Mk+m0HTqTxJmJWELBV3HjQhG3Poc738Zpm4W2/jDw8Z9zOGf+IOZMacf5tnILi0vLK/nVwtr6xuaWvb1TV1EiCa2RiEeyGWBFOQtpTTPNaTOWFIuA00YwuBrXGw9UKhaFt3oYU0/gXsi6jGBtLN/eu/cv79K2SEYIXaDH6pR9u+iUnInQPLgZFCFT1be/2p2IJIKGmnCsVMt1Yu2lWGpGOB0V2omiMSYD3KMtgyEWVHnp5PwROjROB3UjaV6o0cT9PZFiodRQBKZTYN1Xs7Wx+V+tlejuuZeyME40Dcl0UTfhSEdonAXqMEmJ5kMDmEhmbkWkjyUm2iRWMCG4s1+eh3q55J6UyjenxcpRFkce9uEAjsGFM6jANVShBgRSeIZXeLOerBfr3fqYtuasbGYX/sj6/AFdf5UE</latexit>

qµJ =
Q

2
(1, t̂) ⌘ Q

2
nµ
J

<latexit sha1_base64="pJBPUSGbAOqXPxpRNBldTOVNIP8="></latexit>

P
<latexit sha1_base64="bzZbWfGTwOVHfOXRUHQsbNaA++g=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBIvgqsxUQZdFNy5bsA9oB8mkd9rYTGZIMkIZ+gVuXCji1k9y59+YtrPQ1gOBwznnkntPkAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8H4duZ3nlBpHst7M0nQj+hQ8pAzaqzUbDyUK27VnYOsEi8nFchh81/9QczSCKVhgmrd89zE+BlVhjOB01I/1ZhQNqZD7FkqaYTaz+aLTsmZVQYkjJV90pC5+nsio5HWkyiwyYiakV72ZuJ/Xi814bWfcZmkBiVbfBSmgpiYzK4mA66QGTGxhDLF7a6EjaiizNhuSrYEb/nkVdKuVb2Laq15Wanf5HUU4QRO4Rw8uII63EEDWsAA4Rle4c15dF6cd+djES04+cwx/IHz+QOq54zY</latexit>

Breit frame illustration:

τ1 → 0 = 1 jet
τ2 → 0 = 2 jets
τ3 → 0 = 3 jets
⋮

arXiv: 1204.5469 (Z.-B. Kang, S. Mantry, J.-W. Qiu)

arXiv: 1303.6952 (D. Kang, C. Lee, I. W. Stewart1)

P
<latexit sha1_base64="bzZbWfGTwOVHfOXRUHQsbNaA++g=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBIvgqsxUQZdFNy5bsA9oB8mkd9rYTGZIMkIZ+gVuXCji1k9y59+YtrPQ1gOBwznnkntPkAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8H4duZ3nlBpHst7M0nQj+hQ8pAzaqzUbDyUK27VnYOsEi8nFchh81/9QczSCKVhgmrd89zE+BlVhjOB01I/1ZhQNqZD7FkqaYTaz+aLTsmZVQYkjJV90pC5+nsio5HWkyiwyYiakV72ZuJ/Xi814bWfcZmkBiVbfBSmgpiYzK4mA66QGTGxhDLF7a6EjaiizNhuSrYEb/nkVdKuVb2Laq15Wanf5HUU4QRO4Rw8uII63EEDWsAA4Rle4c15dF6cd+djES04+cwx/IHz+QOq54zY</latexit>

τ1 → 0 τ1 ∼ 1

arXiv: 1004.2489 (I. W. Stewart, F. J. Tackmann, and W. J. Waalewijn)

https://arxiv.org/pdf/1204.5469.pdf
https://arxiv.org/pdf/1303.6952.pdf
https://arxiv.org/pdf/1004.2489.pdf


Groomed 1-jettiness: definition
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qµB = xPµ
<latexit sha1_base64="8MI2IIoC3PZHW9tCjgEKAgWCI0w=">AAAB/nicbZDLSsNAFIZP6q3WW1RcuRksiquSVEE3QtGNywr2Am0Mk+m0HTqTxJmJWELBV3HjQhG3Poc738Zpm4W2/jDw8Z9zOGf+IOZMacf5tnILi0vLK/nVwtr6xuaWvb1TV1EiCa2RiEeyGWBFOQtpTTPNaTOWFIuA00YwuBrXGw9UKhaFt3oYU0/gXsi6jGBtLN/eu/cv79K2SEYIXaDH6pR9u+iUnInQPLgZFCFT1be/2p2IJIKGmnCsVMt1Yu2lWGpGOB0V2omiMSYD3KMtgyEWVHnp5PwROjROB3UjaV6o0cT9PZFiodRQBKZTYN1Xs7Wx+V+tlejuuZeyME40Dcl0UTfhSEdonAXqMEmJ5kMDmEhmbkWkjyUm2iRWMCG4s1+eh3q55J6UyjenxcpRFkce9uEAjsGFM6jANVShBgRSeIZXeLOerBfr3fqYtuasbGYX/sj6/AFdf5UE</latexit>

qµJ =
Q

2
(1, t̂) ⌘ Q

2
nµ
J

<latexit sha1_base64="pJBPUSGbAOqXPxpRNBldTOVNIP8="></latexit>

⌧1 =
2

Q2

X

i2gr. ent.

min(qB · pi, qJ · pi)
<latexit sha1_base64="RFyFk/YoM3y6wKbTiuzgj09vIhs="></latexit>

Only radiation that passed 
grooming will contribute to 
the measurement.

P
<latexit sha1_base64="bzZbWfGTwOVHfOXRUHQsbNaA++g=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBIvgqsxUQZdFNy5bsA9oB8mkd9rYTGZIMkIZ+gVuXCji1k9y59+YtrPQ1gOBwznnkntPkAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8H4duZ3nlBpHst7M0nQj+hQ8pAzaqzUbDyUK27VnYOsEi8nFchh81/9QczSCKVhgmrd89zE+BlVhjOB01I/1ZhQNqZD7FkqaYTaz+aLTsmZVQYkjJV90pC5+nsio5HWkyiwyYiakV72ZuJ/Xi814bWfcZmkBiVbfBSmgpiYzK4mA66QGTGxhDLF7a6EjaiizNhuSrYEb/nkVdKuVb2Laq15Wanf5HUU4QRO4Rw8uII63EEDWsAA4Rle4c15dF6cd+djES04+cwx/IHz+QOq54zY</latexit>

Breit frame illustration:

P
<latexit sha1_base64="bzZbWfGTwOVHfOXRUHQsbNaA++g=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBIvgqsxUQZdFNy5bsA9oB8mkd9rYTGZIMkIZ+gVuXCji1k9y59+YtrPQ1gOBwznnkntPkAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8H4duZ3nlBpHst7M0nQj+hQ8pAzaqzUbDyUK27VnYOsEi8nFchh81/9QczSCKVhgmrd89zE+BlVhjOB01I/1ZhQNqZD7FkqaYTaz+aLTsmZVQYkjJV90pC5+nsio5HWkyiwyYiakV72ZuJ/Xi814bWfcZmkBiVbfBSmgpiYzK4mA66QGTGxhDLF7a6EjaiizNhuSrYEb/nkVdKuVb2Laq15Wanf5HUU4QRO4Rw8uII63EEDWsAA4Rle4c15dF6cd+djES04+cwx/IHz+QOq54zY</latexit>

τ1 → 0 τ1 ∼ 1



Groomed invariant-mass: definition
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Only radiation that passed 
grooming will contribute to 
the measurement.

P
<latexit sha1_base64="bzZbWfGTwOVHfOXRUHQsbNaA++g=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBIvgqsxUQZdFNy5bsA9oB8mkd9rYTGZIMkIZ+gVuXCji1k9y59+YtrPQ1gOBwznnkntPkAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8H4duZ3nlBpHst7M0nQj+hQ8pAzaqzUbDyUK27VnYOsEi8nFchh81/9QczSCKVhgmrd89zE+BlVhjOB01I/1ZhQNqZD7FkqaYTaz+aLTsmZVQYkjJV90pC5+nsio5HWkyiwyYiakV72ZuJ/Xi814bWfcZmkBiVbfBSmgpiYzK4mA66QGTGxhDLF7a6EjaiizNhuSrYEb/nkVdKuVb2Laq15Wanf5HUU4QRO4Rw8uII63EEDWsAA4Rle4c15dF6cd+djES04+cwx/IHz+QOq54zY</latexit>

Breit frame illustration:

P
<latexit sha1_base64="bzZbWfGTwOVHfOXRUHQsbNaA++g=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBIvgqsxUQZdFNy5bsA9oB8mkd9rYTGZIMkIZ+gVuXCji1k9y59+YtrPQ1gOBwznnkntPkAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8H4duZ3nlBpHst7M0nQj+hQ8pAzaqzUbDyUK27VnYOsEi8nFchh81/9QczSCKVhgmrd89zE+BlVhjOB01I/1ZhQNqZD7FkqaYTaz+aLTsmZVQYkjJV90pC5+nsio5HWkyiwyYiakV72ZuJ/Xi814bWfcZmkBiVbfBSmgpiYzK4mA66QGTGxhDLF7a6EjaiizNhuSrYEb/nkVdKuVb2Laq15Wanf5HUU4QRO4Rw8uII63EEDWsAA4Rle4c15dF6cd+djES04+cwx/IHz+QOq54zY</latexit>

m2
gr./Q2 → 0

m2
gr. =

⇣ X

i2gr. ent.

pµi

⌘2

<latexit sha1_base64="hBDEIn6/jOa8dniBIOuqlMzWQ8g="></latexit>

m2
gr./Q2 ∼ 1

No hemispheres, no boundary conditions
no jet definitions. 
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Breit frame illustration:

P
<latexit sha1_base64="bzZbWfGTwOVHfOXRUHQsbNaA++g=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBIvgqsxUQZdFNy5bsA9oB8mkd9rYTGZIMkIZ+gVuXCji1k9y59+YtrPQ1gOBwznnkntPkAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8H4duZ3nlBpHst7M0nQj+hQ8pAzaqzUbDyUK27VnYOsEi8nFchh81/9QczSCKVhgmrd89zE+BlVhjOB01I/1ZhQNqZD7FkqaYTaz+aLTsmZVQYkjJV90pC5+nsio5HWkyiwyYiakV72ZuJ/Xi814bWfcZmkBiVbfBSmgpiYzK4mA66QGTGxhDLF7a6EjaiizNhuSrYEb/nkVdKuVb2Laq15Wanf5HUU4QRO4Rw8uII63EEDWsAA4Rle4c15dF6cd+djES04+cwx/IHz+QOq54zY</latexit>

m2
gr. =

⇣ X

i2gr. ent.

pµi

⌘2

<latexit sha1_base64="hBDEIn6/jOa8dniBIOuqlMzWQ8g="></latexit>

No hemispheres, no boundary conditions
no jet definitions. 

m2
gr. = Q2⌧1 +O(⌧21 )

<latexit sha1_base64="GOhbKrm3lGyCzkTu/j9LBnPn/4s=">AAACHnicbVDLSgMxFM34rPVVdekmWISKUGZGRTdC0Y07W7AP6LRDJk3b0MyD5I5YhvkSN/6KGxeKCK70b0wfC209kHA4517uvceLBFdgmt/GwuLS8spqZi27vrG5tZ3b2a2pMJaUVWkoQtnwiGKCB6wKHARrRJIR3xOs7g2uR379nknFw+AOhhFr+aQX8C6nBLTk5s58N3GAPUDSk8U0bdv4Elf07wCJXQsfY8cn0KdEJLdpYSK27SM3lzeL5hh4nlhTkkdTlN3cp9MJaeyzAKggSjUtM4JWQiRwKliadWLFIkIHpMeamgbEZ6qVjM9L8aFWOrgbSv0CwGP1d0dCfKWGvqcrR8uqWW8k/uc1Y+hetBIeRDGwgE4GdWOBIcSjrHCHS0ZBDDUhVHK9K6Z9IgkFnWhWh2DNnjxPanbROinaldN86WoaRwbtowNUQBY6RyV0g8qoiih6RM/oFb0ZT8aL8W58TEoXjGnPHvoD4+sHpG6g6A==</latexit>

In the back-to-back limit the two 
observables are related: 

m2
gr./Q2 → 0

Groomed invariant-mass: definition



Groomed 1-jettiness: Simulations
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~2% ~2%

The groomed observable 
is mostly insensitive to the rapidity
cutoff imposed in the laboratory frame 



Groomed 1-jettiness: Simulations
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minimum particle pT threshold shows 
larger effect but still much smaller 
compared to the ungroomed case. 

pT > 200 MeV
<latexit sha1_base64="vGQJC6TD9/HE/yaHhhAxQwfdoJ8=">AAAB/3icbVDLSgNBEJyNrxhfUcGLl8EgeAq7UVAQJOjFixAhDyEJYXbSmwyZfTDTK4Y1B3/FiwdFvPob3vwbJ8keNLGgoajqprvLjaTQaNvfVmZhcWl5JbuaW1vf2NzKb+/UdRgrDjUeylDduUyDFAHUUKCEu0gB810JDXdwNfYb96C0CIMqDiNo+6wXCE9whkbq5PeiTpVe0JJtt85pC+EBkxuojzr5gl20J6DzxElJgaSodPJfrW7IYx8C5JJp3XTsCNsJUyi4hFGuFWuIGB+wHjQNDZgPup1M7h/RQ6N0qRcqUwHSifp7ImG+1kPfNZ0+w76e9cbif14zRu+snYggihECPl3kxZJiSMdh0K5QwFEODWFcCXMr5X2mGEcTWc6E4My+PE/qpaJzXCzdnhTKl2kcWbJPDsgRccgpKZNrUiE1wskjeSav5M16sl6sd+tj2pqx0pld8gfW5w+h/pSW</latexit>

No cuto↵
<latexit sha1_base64="rQW8JH2rs/+7DYF2OSFmKpz9P+s=">AAAB+XicbVBNSwMxEM3Wr1q/Vj16CRbBU9mtgh6LXjxJBfsB7VKyabYNzSZLMlssS/+JFw+KePWfePPfmLZ70NYHA4/3ZpiZFyaCG/C8b6ewtr6xuVXcLu3s7u0fuIdHTaNSTVmDKqF0OySGCS5ZAzgI1k40I3EoWCsc3c781phpw5V8hEnCgpgMJI84JWClnut2gT1Bdq8wTUFF0bTnlr2KNwdeJX5OyihHved+dfuKpjGTQAUxpuN7CQQZ0cCpYNNSNzUsIXREBqxjqSQxM0E2v3yKz6zSx5HStiTgufp7IiOxMZM4tJ0xgaFZ9mbif14nheg6yLhMUmCSLhZFqcCg8CwG3OeaURATSwjV3N6K6ZBoQsGGVbIh+Msvr5JmteJfVKoPl+XaTR5HEZ2gU3SOfHSFaugO1VEDUTRGz+gVvTmZ8+K8Ox+L1oKTzxyjP3A+fwDaGJPM</latexit>

Laboratory frame illustration:

<̀latexit sha1_base64="LFlsLvVQcqFF/daUg52MXqKuVJg=">AAAB63icdVDLSgMxFM3UV62vqks3wSK4GjKjU+uu6MZlBfuAdiiZNNOGJpkhyQil9BfcuFDErT/kzr8x01ZQ0QMXDufcy733RCln2iD04RRWVtfWN4qbpa3tnd298v5BSyeZIrRJEp6oToQ15UzSpmGG006qKBYRp+1ofJ377XuqNEvknZmkNBR4KFnMCDa51KOc98sV5HpeEFz6ELlVFNSCqiXIDzzkQc9Fc1TAEo1++b03SEgmqDSEY627HkpNOMXKMMLprNTLNE0xGeMh7VoqsaA6nM5vncETqwxgnChb0sC5+n1iioXWExHZToHNSP/2cvEvr5uZuBZOmUwzQyVZLIozDk0C88fhgClKDJ9Ygoli9lZIRlhhYmw8JRvC16fwf9LyXe/M9W/PK/WrZRxFcASOwSnwwAWogxvQAE1AwAg8gCfw7Ajn0XlxXhetBWc5cwh+wHn7BGjYjn0=</latexit>

jet

Beam

zcut = 0.2 zcut = 0.1 ungroomed
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QCD-Collinear factorization (τ1 ∼ 1)

SCET factorization (τ1 ≪ 1)

Groomed 1-jettiness: Factorization

SCET = Soft-Collinear Effective Theory



Groomed 1-jettiness: Factorization
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d�

dxdQ2d⌧1
= �0(x,Q)H(Q,µ)S(Qzcut, µ)

X

f

B(x,Q2
zcut, µ)

Z �+i1

��i1
du

exp(u⌧1)

2⇡i
J

⇣
Q

2

u
, µ

⌘
C
⇣

Q
2

uzcut
, µ

2
⌘

<latexit sha1_base64="oIT/+8Q2K+sPoWrcpyleFDd40/o="></latexit>

Hard
Matching between 
QCD and SCET

Soft
Uniform soft 
dynamics. 
Dim-reg: scaleless
up-to clustering 
effects

“Beam”
Incoming hadron
matrix element
Matched onto the
PDF for:

Jet
Jet-mass
jet function
Final-state collinear 
matrix element

Collinear-soft
The same as for 
SoftDrop (jet mass).
Mode scaling:

Q
p
zcut � ⇤QCD

<latexit sha1_base64="fj4PNq4hdMwpv2b6XoNgMP/GTZ4="></latexit>

pµcs ⇠ Qzcut
⇣ ⌧1
zcut

, 1,

r
⌧1
zcut

⌘

<latexit sha1_base64="qDhK9xU+H2Aas7XcZK6gN5hMK/0="></latexit>

S = 1 +O(↵2
s)

<latexit sha1_base64="C3J0+D9bYhDRF3c+nOdTluxfGuE="></latexit>

⌧1 ⌧ zcut ⌧ 1
<latexit sha1_base64="Asd3pxZGC8d4vlRtijy8JLIZO+A=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhbBVUmqoMuiG5cV7AOaECbTaTt08mDmRqwhSzf+ihsXirj1E9z5N07TLLT1wIXDOfdy7z1+LLgCy/o2SkvLK6tr5fXKxubW9o65u9dWUSIpa9FIRLLrE8UED1kLOAjWjSUjgS9Yxx9fTf3OHZOKR+EtTGLmBmQY8gGnBLTkmYcOkMSzsSMEfvBSB9g9pDSBLMsl2zOrVs3KgReJXZAqKtD0zC+nH9EkYCFQQZTq2VYMbkokcCpYVnESxWJCx2TIepqGJGDKTfNHMnyslT4eRFJXCDhXf0+kJFBqEvi6MyAwUvPeVPzP6yUwuHBTHsYJsJDOFg0SgSHC01Rwn0tGQUw0IVRyfSumIyIJBZ1dRYdgz7+8SNr1mn1aq9+cVRuXRRxldICO0Amy0TlqoGvURC1E0SN6Rq/ozXgyXox342PWWjKKmX30B8bnDyaXmWo=</latexit>

⌧1 ! m2
gr./Q

2
<latexit sha1_base64="X3znpk/N1rleOg7UB01F1Ysiaz4=">AAACCXicbVC7TsMwFHXKq5RXgJHFokJiCklBgrGChbGV6EPqI3Jcp7VqJ5F9g6iiriz8CgsDCLHyB2z8De5jgJYjWT46517Z5wSJ4Bpc99vKrayurW/kNwtb2zu7e/b+QV3HqaKsRmMRq2ZANBM8YjXgIFgzUYzIQLBGMLyZ+I17pjSPozsYJawjST/iIacEjOTbuA0k9T1zxVj6WRvYA2R95YzH3RI+q3ZLvl10HXcKvEy8OSmiOSq+/dXuxTSVLAIqiNYtz02gkxEFnAo2LrRTzRJCh6TPWoZGRDLdyaZJxvjEKD0cxsqcCPBU/b2REan1SAZmUhIY6EVvIv7ntVIIrzoZj5IUWERnD4WpwCb2pBbc44pRECNDCFXc/BXTAVGEgimvYErwFiMvk3rJ8c6dUvWiWL6e15FHR+gYnSIPXaIyukUVVEMUPaJn9IrerCfrxXq3PmajOWu+c4j+wPr8ARGDmUg=</latexit>

For invariant mass:



Groomed 1-jettiness: Resummation
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From RG invariance of cross-section:

�H + �S + �B + �J + �C = 0
<latexit sha1_base64="uEf+LrzXU8J+bDIPGQ4/MUwAwNc="></latexit>

Non trivial check of factorization
order-by-order in PT

d

d lnµ
F (µ) = �F (µ)F (µ)

<latexit sha1_base64="GaHn4ae8ks0bz3NBf0smq8GNX38=">AAACGXicbVDLSgMxFM34rPU16tJNsAh1U2aqoBuhKIjLCvYBnWHIZDJtaJIZkoxQhv6GG3/FjQtFXOrKvzFtZ6GtB8I9OedeknvClFGlHefbWlpeWV1bL22UN7e2d3btvf22SjKJSQsnLJHdECnCqCAtTTUj3VQSxENGOuHweuJ3HohUNBH3epQSn6O+oDHFSBspsB0vlgjn0TiPPCagx7MxvKmacgIvoddHnKOguM9KYFecmjMFXCRuQSqgQDOwP70owRknQmOGlOq5Tqr9HElNMSPjspcpkiI8RH3SM1QgTpSfTzcbw2OjRDBOpDlCw6n6eyJHXKkRD00nR3qg5r2J+J/Xy3R84edUpJkmAs8eijMGdQInMcGISoI1GxmCsKTmrxAPkIlKmzDLJgR3fuVF0q7X3NNa/e6s0rgq4iiBQ3AEqsAF56ABbkETtAAGj+AZvII368l6sd6tj1nrklXMHIA/sL5+ALISns0=</latexit>

Q
<latexit sha1_base64="EBNjKNxNlTGeUErxTnQUcH/POuo=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbFU0mqoMeCF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZrNfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQlv/IzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJu1b1Lqu15lWlfp7HUYQTOIUL8OAa6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fo/+MvQ==</latexit>

Qzcut
<latexit sha1_base64="gpX0YIHFsDgPKTAsJM52UuQa2Ow=">AAAB+XicbVBNS8NAEN34WetX1KOXxaJ4KkkV9Fjw4rEF+wFtCJvtpl262YTdSbGG/BMvHhTx6j/x5r9x2+agrQ8GHu/NMDMvSATX4Djf1tr6xubWdmmnvLu3f3BoHx23dZwqylo0FrHqBkQzwSVrAQfBuoliJAoE6wTju5nfmTCleSwfYJowLyJDyUNOCRjJt+0mfvKzPrBHyGgKee7bFafqzIFXiVuQCirQ8O2v/iCmacQkUEG07rlOAl5GFHAqWF7up5olhI7JkPUMlSRi2svml+f43CgDHMbKlAQ8V39PZCTSehoFpjMiMNLL3kz8z+ulEN56GZdJCkzSxaIwFRhiPIsBD7hiFMTUEEIVN7diOiKKUDBhlU0I7vLLq6Rdq7pX1VrzulK/KOIooVN0hi6Ri25QHd2jBmohiiboGb2iNyuzXqx362PRumYVMyfoD6zPHw8Vk9o=</latexit>

Q
p
zcut

<latexit sha1_base64="fdJNxx0LR4GLfCF2AXBeZjftUOw=">AAACAHicbVC7TsNAEDzzDOFloKCgORGBqCI7IEEZiYYykchDii3rfDknp5wf3K0RwXLDr9BQgBAtn0HH33BJXEDCSCuNZna1u+MngiuwrG9jaXlldW29tFHe3Nre2TX39tsqTiVlLRqLWHZ9opjgEWsBB8G6iWQk9AXr+KPrid+5Z1LxOLqFccLckAwiHnBKQEueedjEjrqTkD16mQPsATKaQp7nnlmxqtYUeJHYBamgAg3P/HL6MU1DFgEVRKmebSXgZkQCp4LlZSdVLCF0RAasp2lEQqbcbPpAjk+00sdBLHVFgKfq74mMhEqNQ193hgSGat6biP95vRSCKzfjUZICi+hsUZAKDDGepIH7XDIKYqwJoZLrWzEdEkko6MzKOgR7/uVF0q5V7fNqrXlRqZ8WcZTQETpGZ8hGl6iOblADtRBFOXpGr+jNeDJejHfjY9a6ZBQzB+gPjM8fA/eXPg==</latexit>

Q
p
zcut⌧1

<latexit sha1_base64="XJWrQ1uU5sXAV4y5cwgLrBkosBs=">AAACB3icbVDLSsNAFJ3UV62vqEtBBoviqiRV0GXBjcsW7AOaEibTSTt08nDmRqwhOzf+ihsXirj1F9z5N07bLLT1wIXDOfdy7z1eLLgCy/o2CkvLK6trxfXSxubW9o65u9dSUSIpa9JIRLLjEcUED1kTOAjWiSUjgSdY2xtdTfz2HZOKR+ENjGPWC8gg5D6nBLTkmocN7KhbCemDmzrA7iGlCWQZdoAkrp25ZtmqWFPgRWLnpIxy1F3zy+lHNAlYCFQQpbq2FUMvJRI4FSwrOYliMaEjMmBdTUMSMNVLp39k+FgrfexHUlcIeKr+nkhJoNQ48HRnQGCo5r2J+J/XTcC/7KU8jBNgIZ0t8hOBIcKTUHCfS0ZBjDUhVHJ9K6ZDIgkFHV1Jh2DPv7xIWtWKfVapNs7LtZM8jiI6QEfoFNnoAtXQNaqjJqLoET2jV/RmPBkvxrvxMWstGPnMPvoD4/MH3RSZ2g==</latexit>

Q
p
⌧1

<latexit sha1_base64="C6PBV+Ww1I1Vht8W0d9xK/dOAiQ=">AAAB+HicbVBNS8NAEN34WetHox69LBbFU0mqoMeCF48t2A9oQthsN+3SzSbuToQa+ku8eFDEqz/Fm//GbZuDtj4YeLw3w8y8MBVcg+N8W2vrG5tb26Wd8u7e/kHFPjzq6CRTlLVpIhLVC4lmgkvWBg6C9VLFSBwK1g3HtzO/+8iU5om8h0nK/JgMJY84JWCkwK60sKcfFOQekCxwp4FddWrOHHiVuAWpogLNwP7yBgnNYiaBCqJ133VS8HOigFPBpmUv0ywldEyGrG+oJDHTfj4/fIrPjDLAUaJMScBz9fdETmKtJ3FoOmMCI73szcT/vH4G0Y2fc5lmwCRdLIoygSHBsxTwgCtGQUwMIVRxcyumI6IIBZNV2YTgLr+8Sjr1mntZq7euqo3zIo4SOkGn6AK56Bo10B1qojaiKEPP6BW9WU/Wi/VufSxa16xi5hj9gfX5A4xNku4=</latexit>

�C
<latexit sha1_base64="LahAaduGuseNawRzT1Wsx+e+2Ik=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5CRbFVUmqoMtCNy4r2FpoQriZTtqhM0mYmQg1BH/FjQtF3Pof7vwbJ20W2npg4HDOvdwzJ0gYlcq2v43Kyura+kZ1s7a1vbO7Z+4f9GScCky6OGax6AcgCaMR6SqqGOknggAPGLkPJu3Cv38gQtI4ulPThHgcRhENKQalJd88ckfAOfiZy0GNMbCsnee+Wbcb9gzWMnFKUkclOr755Q5jnHISKcxAyoFjJ8rLQCiKGclrbipJAngCIzLQNAJOpJfN0ufWqVaGVhgL/SJlzdTfGxlwKac80JNFRrnoFeJ/3iBV4bWX0ShJFYnw/FCYMkvFVlGFNaSCYMWmmgAWVGe18BgEYKULq+kSnMUvL5Nes+FcNJq3l/XWWVlHFR2jE3SOHHSFWugGdVAXYfSIntErejOejBfj3fiYj1aMcucQ/YHx+QMH5pWC</latexit>

�B
<latexit sha1_base64="EZO+9YonXK6cEciEXzL4vpPdRjk=">AAAB/XicbVDLSsNAFJ34rPUVHzs3waK4KkkVdFl047KCfUATws100g6dScLMRKgh+CtuXCji1v9w5984abPQ1gMDh3Pu5Z45QcKoVLb9bSwtr6yurVc2qptb2zu75t5+R8apwKSNYxaLXgCSMBqRtqKKkV4iCPCAkW4wvin87gMRksbRvZokxOMwjGhIMSgt+eahOwTOwc9cDmqEgWXXee6bNbtuT2EtEqckNVSi5Ztf7iDGKSeRwgyk7Dt2orwMhKKYkbzqppIkgMcwJH1NI+BEetk0fW6daGVghbHQL1LWVP29kQGXcsIDPVlklPNeIf7n9VMVXnkZjZJUkQjPDoUps1RsFVVYAyoIVmyiCWBBdVYLj0AAVrqwqi7Bmf/yIuk06s55vXF3UWuelnVU0BE6RmfIQZeoiW5RC7URRo/oGb2iN+PJeDHejY/Z6JJR7hygPzA+fwAGYJWB</latexit>

�S
<latexit sha1_base64="qhARwuqEydQUJnh1E7rj1/HgS24=">AAAB8XicbVBNS8NAEJ34WetX1aOXYFE8laQKeix48VjRfmAbymS7aZfubsLuRiih/8KLB0W8+m+8+W/ctjlo64OBx3szzMwLE8608bxvZ2V1bX1js7BV3N7Z3dsvHRw2dZwqQhsk5rFqh6gpZ5I2DDOcthNFUYSctsLRzdRvPVGlWSwfzDihgcCBZBEjaKz02B2gENjL7ie9UtmreDO4y8TPSRly1Hulr24/Jqmg0hCOWnd8LzFBhsowwumk2E01TZCMcEA7lkoUVAfZ7OKJe2qVvhvFypY07kz9PZGh0HosQtsp0Az1ojcV//M6qYmug4zJJDVUkvmiKOWuid3p+26fKUoMH1uCRDF7q0uGqJAYG1LRhuAvvrxMmtWKf1Gp3l2Wa2d5HAU4hhM4Bx+uoAa3UIcGEJDwDK/w5mjnxXl3PuatK04+cwR/4Hz+AKVIkM8=</latexit>

�J
<latexit sha1_base64="RL9L10AZdicXUwYCwt1LhwLGByM=">AAAB8XicbVBNS8NAEJ34WetX1aOXYFE8laQKeix4EU8V7Ae2oUy2m3bp7ibsboQS+i+8eFDEq//Gm//GbZuDtj4YeLw3w8y8MOFMG8/7dlZW19Y3Ngtbxe2d3b390sFhU8epIrRBYh6rdoiaciZpwzDDaTtRFEXIaSsc3Uz91hNVmsXywYwTGggcSBYxgsZKj90BCoG97G7SK5W9ijeDu0z8nJQhR71X+ur2Y5IKKg3hqHXH9xITZKgMI5xOit1U0wTJCAe0Y6lEQXWQzS6euKdW6btRrGxJ487U3xMZCq3HIrSdAs1QL3pT8T+vk5roOsiYTFJDJZkvilLumtidvu/2maLE8LElSBSzt7pkiAqJsSEVbQj+4svLpFmt+BeV6v1luXaWx1GAYziBc/DhCmpwC3VoAAEJz/AKb452Xpx352PeuuLkM0fwB87nD5ebkMY=</latexit>

Hard

Beam

Soft

Jet

Collinear-soft

µ
<latexit sha1_base64="YUIm7Tsc5b5P2pMGLKWRa4Nw0cU=">AAAB6nicbVBNSwMxEJ3Ur1q/qh69BIvgqexWQY9FLx4r2g9ol5JNs21okl2SrFCW/gQvHhTx6i/y5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61TJxqypo0FrHuhMQwwRVrWm4F6ySaERkK1g7HtzO//cS04bF6tJOEBZIMFY84JdZJDz2Z9ssVr+rNgVeJn5MK5Gj0y1+9QUxTyZSlghjT9b3EBhnRllPBpqVealhC6JgMWddRRSQzQTY/dYrPnDLAUaxdKYvn6u+JjEhjJjJ0nZLYkVn2ZuJ/Xje10XWQcZWklim6WBSlAtsYz/7GA64ZtWLiCKGau1sxHRFNqHXplFwI/vLLq6RVq/oX1dr9ZaV+k8dRhBM4hXPw4QrqcAcNaAKFITzDK7whgV7QO/pYtBZQPnMMf4A+fwBerI3a</latexit>



The normalized distribution for [x,Q] bins
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e ⌘ Q2⌧1
<latexit sha1_base64="DavD66v/un/LbNnpC7bZG41OvWQ=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYFFclaQKuiy4cdmCfUATw2R60w6dPJyZFEKov+LGhSJu/RB3/o3TNgttPXDhcM693HuPn3AmlWV9G2vrG5tb26Wd8u7e/sGheXTckXEqKLRpzGPR84kEziJoK6Y49BIBJPQ5dP3x7czvTkBIFkf3KkvADckwYgGjRGnJMyuAHXhM2QS3HurYUST1bM+sWjVrDrxK7IJUUYGmZ345g5imIUSKciJl37YS5eZEKEY5TMtOKiEhdEyG0Nc0IiFIN58fP8VnWhngIBa6IoXn6u+JnIRSZqGvO0OiRnLZm4n/ef1UBTduzqIkVRDRxaIg5VjFeJYEHjABVPFME0IF07diOiKCUKXzKusQ7OWXV0mnXrMva/XWVbVxXsRRQifoFF0gG12jBrpDTdRGFGXoGb2iN+PJeDHejY9F65pRzFTQHxifPyIik7M=</latexit>

(1) re-scaled observable

(2) normalized cross section

(3) in terms of factorization

Warning:  and :  must 
remain within the region of validity 

of factorization! 

emin emax

e ⌘ m2
gr.

<latexit sha1_base64="ECVDvvajI75BlYgioGkMr7Uw3ko=">AAACAnicbVDJSgNBEO2JW4xb1JN4aQyCpzATBT0GvXiMYBbIxKGnU0ma9Cx21wTDELz4K148KOLVr/Dm39hZDpr4oODxXhVV9fxYCo22/W1llpZXVtey67mNza3tnfzuXk1HieJQ5ZGMVMNnGqQIoYoCJTRiBSzwJdT9/tXYrw9AaRGFtziMoRWwbig6gjM0kpc/AOrCfSIGNPBSF+EB064qjkZ3JS9fsIv2BHSRODNSIDNUvPyX2454EkCIXDKtm44dYytlCgWXMMq5iYaY8T7rQtPQkAWgW+nkhRE9NkqbdiJlKkQ6UX9PpCzQehj4pjNg2NPz3lj8z2sm2LlopSKME4SQTxd1EkkxouM8aFso4CiHhjCuhLmV8h5TjKNJLWdCcOZfXiS1UtE5LZZuzgrly1kcWXJIjsgJccg5KZNrUiFVwskjeSav5M16sl6sd+tj2pqxZjP75A+szx8p6ZdI</latexit>



 versus Pythia @ NLL s = 318 GeV
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emin =
⇤2
NP

zcut
<latexit sha1_base64="vknfWowQSyQAwud0SacNgzxe18U=">AAACJnicbVDLSgMxFM34rPVVdekmWBRXZaYKuikU3LgQqWBV6NSSSe9oMJMZkjtiHeZr3PgrblwoIu78FNOHoNYDgXPPuTfJPUEihUHX/XAmJqemZ2YLc8X5hcWl5dLK6pmJU82hyWMZ64uAGZBCQRMFSrhINLAokHAe3Bz0/fNb0EbE6hR7CbQjdqVEKDhDK3VKNehkPsIdZpFQeU5r1A8145l/ZO/ossvqt33cyPM8u/8ueYq27pTKbsUdgI4Tb0TKZIRGp/Tid2OeRqCQS2ZMy3MTbGdMo+AS8qKfGkgYv2FX0LJUsQhMOxusmdNNq3RpGGt7FNKB+nMiY5ExvSiwnRHDa/PX64v/ea0Uw/12JlSSIig+fChMJcWY9jOjXaGBo+xZwrgW9q+UXzMbE9pkizYE7+/K4+SsWvF2KtWT3XJ9axRHgayTDbJNPLJH6uSQNEiTcPJAnsgLeXUenWfnzXkftk44o5k18gvO5xf8N6fk</latexit>

emax =
Q2zcut

2
<latexit sha1_base64="O3v17bMSBWtuLI2xj/LD4Bspy0g=">AAACFnicbVDLSgNBEJz1bXxFPXoZDIoXw+4q6EUIePGoYEwgiWF20psMmX0w0yuJy36FF3/FiwdFvIo3/8bJQ9DEgoaiqpvuLi+WQqNtf1kzs3PzC4tLy7mV1bX1jfzm1o2OEsWhzCMZqarHNEgRQhkFSqjGCljgSah43fOBX7kDpUUUXmM/hkbA2qHwBWdopGb+EJppHaGHacB6WUbPaN1XjKdXty69/7F4glmWpW7WzBfsoj0EnSbOmBTIGJfN/Ge9FfEkgBC5ZFrXHDvGRsoUCi4hy9UTDTHjXdaGmqEhC0A30uFbGd0zSov6kTIVIh2qvydSFmjdDzzTGTDs6ElvIP7n1RL0TxupCOMEIeSjRX4iKUZ0kBFtCQUcZd8QxpUwt1LeYSYWNEnmTAjO5MvT5MYtOkdF9+q4UNofx7FEdsguOSAOOSElckEuSZlw8kCeyAt5tR6tZ+vNeh+1zljjmW3yB9bHN67HoD4=</latexit>
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Softest scale becomes 
non-perturbative:

Power corrections to
factorization:

The effective region shrinks quickly with 
decreasing . 

This will only get worse at EIC expected 
energies where 

zcut

Q ∼ 10 GeVemin =
⇤2
NP

zcut
<latexit sha1_base64="vknfWowQSyQAwud0SacNgzxe18U=">AAACJnicbVDLSgMxFM34rPVVdekmWBRXZaYKuikU3LgQqWBV6NSSSe9oMJMZkjtiHeZr3PgrblwoIu78FNOHoNYDgXPPuTfJPUEihUHX/XAmJqemZ2YLc8X5hcWl5dLK6pmJU82hyWMZ64uAGZBCQRMFSrhINLAokHAe3Bz0/fNb0EbE6hR7CbQjdqVEKDhDK3VKNehkPsIdZpFQeU5r1A8145l/ZO/ossvqt33cyPM8u/8ueYq27pTKbsUdgI4Tb0TKZIRGp/Tid2OeRqCQS2ZMy3MTbGdMo+AS8qKfGkgYv2FX0LJUsQhMOxusmdNNq3RpGGt7FNKB+nMiY5ExvSiwnRHDa/PX64v/ea0Uw/12JlSSIig+fChMJcWY9jOjXaGBo+xZwrgW9q+UXzMbE9pkizYE7+/K4+SsWvF2KtWT3XJ9axRHgayTDbJNPLJH6uSQNEiTcPJAnsgLeXUenWfnzXkftk44o5k18gvO5xf8N6fk</latexit>

emax = 0.1
<latexit sha1_base64="pRVfVLfWVBYkpzdlJWSgsfa3rkI=">AAAB9XicbVBNSwMxEJ31s9avqkcvwSJ4WnaroBeh6MVjBfsB7VqyabYNTbJLklXL0v/hxYMiXv0v3vw3pu0etPXBwOO9GWbmhQln2njet7O0vLK6tl7YKG5ube/slvb2GzpOFaF1EvNYtUKsKWeS1g0znLYSRbEIOW2Gw+uJ33ygSrNY3plRQgOB+5JFjGBjpXvazToCP43RJfJcv1sqe643BVokfk7KkKPWLX11ejFJBZWGcKx12/cSE2RYGUY4HRc7qaYJJkPcp21LJRZUB9n06jE6tkoPRbGyJQ2aqr8nMiy0HonQdgpsBnrem4j/ee3URBdBxmSSGirJbFGUcmRiNIkA9ZiixPCRJZgoZm9FZIAVJsYGVbQh+PMvL5JGxfVP3crtWbl6lcdRgEM4ghPw4RyqcAM1qAMBBc/wCm/Oo/PivDsfs9YlJ585gD9wPn8A5QKRdA==</latexit>



 versus Pythia @ NLL s = 140 GeV
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Softest scale becomes 
non-perturbative:

Power corrections to
factorization:

The effective region shrinks quickly with 
decreasing . 

This will only get worse at EIC expected 
energies where 

zcut

Q ∼ 10 GeVemin =
⇤2
NP

zcut
<latexit sha1_base64="vknfWowQSyQAwud0SacNgzxe18U=">AAACJnicbVDLSgMxFM34rPVVdekmWBRXZaYKuikU3LgQqWBV6NSSSe9oMJMZkjtiHeZr3PgrblwoIu78FNOHoNYDgXPPuTfJPUEihUHX/XAmJqemZ2YLc8X5hcWl5dLK6pmJU82hyWMZ64uAGZBCQRMFSrhINLAokHAe3Bz0/fNb0EbE6hR7CbQjdqVEKDhDK3VKNehkPsIdZpFQeU5r1A8145l/ZO/ossvqt33cyPM8u/8ueYq27pTKbsUdgI4Tb0TKZIRGp/Tid2OeRqCQS2ZMy3MTbGdMo+AS8qKfGkgYv2FX0LJUsQhMOxusmdNNq3RpGGt7FNKB+nMiY5ExvSiwnRHDa/PX64v/ea0Uw/12JlSSIig+fChMJcWY9jOjXaGBo+xZwrgW9q+UXzMbE9pkizYE7+/K4+SsWvF2KtWT3XJ9axRHgayTDbJNPLJH6uSQNEiTcPJAnsgLeXUenWfnzXkftk44o5k18gvO5xf8N6fk</latexit>

emax = 0.2
<latexit sha1_base64="D5XeAcVnGeCJwjy4Yfdni9wnXlc=">AAAB9XicbVBNSwMxEM36WetX1aOXYBE8LbtV0ItQ9OKxgv2Adi3ZdLYNTbJLklXL0v/hxYMiXv0v3vw3pu0etPXBwOO9GWbmhQln2njet7O0vLK6tl7YKG5ube/slvb2GzpOFYU6jXmsWiHRwJmEumGGQytRQETIoRkOryd+8wGUZrG8M6MEAkH6kkWMEmOle+hmHUGexvgSe26lWyp7rjcFXiR+TsooR61b+ur0YpoKkIZyonXb9xITZEQZRjmMi51UQ0LokPShbakkAnSQTa8e42Or9HAUK1vS4Kn6eyIjQuuRCG2nIGag572J+J/XTk10EWRMJqkBSWeLopRjE+NJBLjHFFDDR5YQqpi9FdMBUYQaG1TRhuDPv7xIGhXXP3Urt2fl6lUeRwEdoiN0gnx0jqroBtVQHVGk0DN6RW/Oo/PivDsfs9YlJ585QH/gfP4A5oaRdQ==</latexit>
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 predictionsN2LL
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uncertainty = 10-20 %
scale variations:  × 2/ × 0.5 (µJ , µC , µ = Qmin)

<latexit sha1_base64="XhSlAV+r7rCxfgL1ZgFLDLvCOws="></latexit>

⇤NP = 1.4 GeV
<latexit sha1_base64="vcgvghFRiXQ6LzhNgO6l9dCVJp8="></latexit>
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Sensitivity to hadronization effects
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For model function see: arXiv:1402.2657 A. J. Larkoski, S. Marzani, G. Soyez, and J. Thaler

https://arxiv.org/abs/1402.2657


Outlook

Event (groomed) substructure studies 

Hadronization corrections for jet mass with Centauro and anti-kT

FastJet framework: effects of soft radiation (optimization, Grooming,  WTA, e.t.c)

Other…?

https://github.com/miguelignacio/CentauroJetAlgorithm

The necessary files can be found here:

https://github.com/miguelignacio/CentauroJetAlgorithm


Grooming algorithms for DIS:  example 1-jettiness  

In this talk:

arXiv: 2102.05669
In collaboration with:
H.T. Li and I.  Vitev

underlying principle:
utilize the asymmetric nature of the process 

See also:

(Backward) energy-energy correlation (B-EEC) in DIS

arXiv 2101.02708

Asymmetric jet clustering in deep-inelastic scattering arXiv: 2006.10751
In collaboration with:
M. Arratia, D. Neill, F. Ringer,
N. Sato 

https://arxiv.org/abs/2102.05669
https://arxiv.org/abs/2101.02708
https://arxiv.org/abs/2006.10751

