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Pythia 
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• Probe the Standard Model & search for new physics

• Heavy-ion physics and Electron-Ion Collider

Jet substructure observables

• Recent measurements of new observables

• Constraints on nonperturbative physics

e.g. rapidity anomalous dimension

https://alice-figure.web.cern.ch/node/19522

• Nonperturbative effects, UE make comparison challenging
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Jet substructure observables

• Relative angles between 
different jet axes

• Energy fraction carried by 
inclusive & leading subjets

• Comparison to recent ALICE & LEP data

Neill, FR, Sato `21

Cal, Neill, FR, Waalewijn `20

`22, `21

<latexit sha1_base64="Lrpy/PLYFshhBn6Xdex0P0uavmE=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKewGUQ8egl48xkcekCxhdtJJhszOLjOzQljyCV48KOLVL/Lm3zhJ9qCJBQ1FVTfdXUEsuDau++3kVlbX1jfym4Wt7Z3dveL+QUNHiWJYZ5GIVCugGgWXWDfcCGzFCmkYCGwGo5up33xCpXkkH804Rj+kA8n7nFFjpQd1dd8tltyyOwNZJl5GSpCh1i1+dXoRS0KUhgmqddtzY+OnVBnOBE4KnURjTNmIDrBtqaQhaj+dnTohJ1bpkX6kbElDZurviZSGWo/DwHaG1Az1ojcV//Paielf+imXcWJQsvmifiKIicj0b9LjCpkRY0soU9zeStiQKsqMTadgQ/AWX14mjUrZOy9X7s5K1essjjwcwTGcggcXUIVbqEEdGAzgGV7hzRHOi/PufMxbc042cwh/4Hz+AAGrjZ8=</latexit>

r < R
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Outline

5

Angles between jet axes

Inclusive and leading 
subjets

Conclusions
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Angles between jet axes
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• Standard jet axis, E-scheme

• Winner-Take-All (WTA)

• Jet axis after removal of soft radiation, grooming

<latexit sha1_base64="pnt9nyZqCNVYPHlWeZEARS8uvK4=">AAACA3icbVDLSgMxFM34rPU16k43wSIIQpkZRN0IRTcuK9gHtOOQSTNtaDITkoxQhoIbf8WNC0Xc+hPu/Bsz7Sy09UC4h3Pu5eaeUDCqtON8WwuLS8srq6W18vrG5ta2vbPbVEkqMWnghCWyHSJFGI1JQ1PNSFtIgnjISCscXud+64FIRZP4To8E8TnqxzSiGGkjBfa+CDLXG993eXopAjevJyLw8hrYFafqTADniVuQCihQD+yvbi/BKSexxgwp1XEdof0MSU0xI+NyN1VEIDxEfdIxNEacKD+b3DCGR0bpwSiR5sUaTtTfExniSo14aDo50gM16+Xif14n1dGFn9FYpJrEeLooShnUCcwDgT0qCdZsZAjCkpq/QjxAEmFtYiubENzZk+dJ06u6Z1Xv9rRSuyriKIEDcAiOgQvOQQ3cgDpoAAwewTN4BW/Wk/VivVsf09YFq5jZA39gff4A/wuXHQ==</latexit>

pµ12 = pµ1 + pµ2

• Follow more energetic clustering

• Insensitive to soft recoil

• Angles are measures of soft physics
• Hadronization correction relatively well under control

Larkoski, Marzani, Soyez, Thaler `15

Cal, Neill, FR, Waalewijn `20
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Collinear factorization for inclusive jets

7

0
0.8 10.60.40.20

2

4

6

8

10

J
g
(z
,p

T
R
)

R = 0.7

pT = 100 GeV

z = pT /p̂T

pp ! jet +X•Jet production 

Dasgupta, Dreyer, Salam, Soyez `14
Mukherjee, Kaufmann, Vogelsang `15

Kang, FR, Vitev `16
Dai, Kim, Leibovich `16

X

Hab

fa/p

fa/p

R

H
c
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<latexit sha1_base64="LzQB9dsYtyOfHULIiKIjNZRxaTg=">AAAB/XicbVDLSgNBEOz1GeMr6tHLYBA8hd0g6jHoxWMC5gHJEmZne5Mhs7PLzKwQQvADvOoneBOvfotf4G84SfagiQUNRVU33V1BKrg2rvvlrK1vbG5tF3aKu3v7B4elo+OWTjLFsMkSkahOQDUKLrFpuBHYSRXSOBDYDkZ3M7/9iErzRD6YcYp+TAeSR5xRY6UG65fKbsWdg6wSLydlyFHvl757YcKyGKVhgmrd9dzU+BOqDGcCp8VepjGlbEQH2LVU0hi1P5kfOiXnVglJlChb0pC5+ntiQmOtx3FgO2NqhnrZm4n/etqeMsRwab2JbvwJl2lmULLF9igTxCRkFgUJuUJmxNgSyhS3DxA2pIoyYwMr2mS85RxWSata8a4q1cZluXabZ1SAUziDC/DgGmpwD3VoAgOEZ3iBV+fJeXPenY9F65qTz5zAHzifP6+Blcc=</latexit>c
z = pT /p̂T

<latexit sha1_base64="IULha1L4KH64nzULOabfwP0/7KU="></latexit>

d�pp!jetX

d⌘dpTdk?
= fa/p ⌦ fb/p ⌦H

c
ab ⌦z Gc(z, k?) + O(R2)
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pp ! jet +X•Jet production 
<latexit sha1_base64="IULha1L4KH64nzULOabfwP0/7KU="></latexit>

d�pp!jetX

d⌘dpTdk?
= fa/p ⌦ fb/p ⌦H

c
ab ⌦z Gc(z, k?) + O(R2)

Collinear factorization for inclusive jets

• Angle between Standard & WTA axes

Cal, Neill, FR, Waalewijn `20

• Where

• 1-loop result

• Power corrections negligible
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pp ! jet +X•Jet production 
<latexit sha1_base64="IULha1L4KH64nzULOabfwP0/7KU="></latexit>

d�pp!jetX

d⌘dpTdk?
= fa/p ⌦ fb/p ⌦H

c
ab ⌦z Gc(z, k?) + O(R2)

Collinear factorization for inclusive jets

• Angle between Standard & WTA axes

Cal, Neill, FR, Waalewijn `20

Collinear Soft Non-global

TMD factorization, SCETII, but IRC safe; Solve numerically in b-space w/ b* prescription
Collins, Soper, Sterman `85
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pp ! jet +X•Jet production 
<latexit sha1_base64="IULha1L4KH64nzULOabfwP0/7KU="></latexit>

d�pp!jetX

d⌘dpTdk?
= fa/p ⌦ fb/p ⌦H

c
ab ⌦z Gc(z, k?) + O(R2)

Collinear factorization for inclusive jets

• Angle between Standard & WTA axes

Cal, Neill, FR, Waalewijn `20

Non-global

• Grooming requires additional resummation & multi-differential calculation in
<latexit sha1_base64="0bSduvqBiec3AfEf5mHSXoNGyag=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hd0g6jHoxWN85AHJEmYnvZshs7PLzKwQQj7BiwdFvPpF3vwbJ8keNLGgoajqprsrSAXXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1EmmGDZYIhLVDqhGwSU2DDcC26lCGgcCW8HwZuq3nlBpnshHM0rRj2kkecgZNVZ6uO9FvVLZrbgzkGXi5aQMOeq90le3n7AsRmmYoFp3PDc1/pgqw5nASbGbaUwpG9IIO5ZKGqP2x7NTJ+TUKn0SJsqWNGSm/p4Y01jrURzYzpiagV70puJ/Xicz4ZU/5jLNDEo2XxRmgpiETP8mfa6QGTGyhDLF7a2EDaiizNh0ijYEb/HlZdKsVryLSvXuvFy7zuMowDGcwBl4cAk1uIU6NIBBBM/wCm+OcF6cd+dj3rri5DNH8AfO5w8l7o23</latexit>

Rg

Collinear Soft
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Comparison to ALICE data
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• Theory corrected to charged-particle 
level       underlying event and charged 
vs. full jets

• Avoids mathematical instabilities 
(ill-posed inverse problem)

• Model dependence on theory side, 
which may be easier updated later on

<latexit sha1_base64="JWFZX9ApNtT1DaCEDjvsNZFTaxw=">AAAB7HicbVBNS8NAEJ3Ur1q/oh69LBbBU0hKUS9C0YvHKqYttKFstpt26WYTdjdCCf0NXjwo4tUf5M1/47bNQVsfDDzem2FmXphyprTrflultfWNza3ydmVnd2//wD48aqkkk4T6JOGJ7IRYUc4E9TXTnHZSSXEcctoOx7czv/1EpWKJeNSTlAYxHgoWMYK1kfyHa9ep9+2q67hzoFXiFaQKBZp9+6s3SEgWU6EJx0p1PTfVQY6lZoTTaaWXKZpiMsZD2jVU4JiqIJ8fO0VnRhmgKJGmhEZz9fdEjmOlJnFoOmOsR2rZm4n/ed1MR1dBzkSaaSrIYlGUcaQTNPscDZikRPOJIZhIZm5FZIQlJtrkUzEheMsvr5JWzfEunNp9vdq4KeIowwmcwjl4cAkNuIMm+ECAwTO8wpslrBfr3fpYtJasYuYY/sD6/AF+7o3U</latexit>

R = 0.4
<latexit sha1_base64="lQAhLkZWRlKzJCE5Ux4AxDa5xJ0=">AAAB7HicbVBNS8NAEJ31s9avqkcvi0XwFJIi6kUoevFYxbSFNpTNdtMu3WzC7kYoob/BiwdFvPqDvPlv3LY5aOuDgcd7M8zMC1PBtXHdb7Syura+sVnaKm/v7O7tVw4OmzrJFGU+TUSi2iHRTHDJfMONYO1UMRKHgrXC0e3Ubz0xpXkiH804ZUFMBpJHnBJjJf/h2nVqvUrVddwZ8DLxClKFAo1e5avbT2gWM2moIFp3PDc1QU6U4VSwSbmbaZYSOiID1rFUkpjpIJ8dO8GnVunjKFG2pMEz9fdETmKtx3FoO2NihnrRm4r/eZ3MRFdBzmWaGSbpfFGUCWwSPP0c97li1IixJYQqbm/FdEgUocbmU7YheIsvL5NmzfEunNr9ebV+U8RRgmM4gTPw4BLqcAcN8IECh2d4hTck0Qt6Rx/z1hVUzBzBH6DPH3vmjdI=</latexit>

R = 0.2

Angle between Standard & WTA axes

Cal, Neill, FR, Waalewijn `20
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Comparison to ALICE data

12

Standard & WTA, 
Groomed & WTA axes

<latexit sha1_base64="JWFZX9ApNtT1DaCEDjvsNZFTaxw=">AAAB7HicbVBNS8NAEJ3Ur1q/oh69LBbBU0hKUS9C0YvHKqYttKFstpt26WYTdjdCCf0NXjwo4tUf5M1/47bNQVsfDDzem2FmXphyprTrflultfWNza3ydmVnd2//wD48aqkkk4T6JOGJ7IRYUc4E9TXTnHZSSXEcctoOx7czv/1EpWKJeNSTlAYxHgoWMYK1kfyHa9ep9+2q67hzoFXiFaQKBZp9+6s3SEgWU6EJx0p1PTfVQY6lZoTTaaWXKZpiMsZD2jVU4JiqIJ8fO0VnRhmgKJGmhEZz9fdEjmOlJnFoOmOsR2rZm4n/ed1MR1dBzkSaaSrIYlGUcaQTNPscDZikRPOJIZhIZm5FZIQlJtrkUzEheMsvr5JWzfEunNp9vdq4KeIowwmcwjl4cAkNuIMm+ECAwTO8wpslrBfr3fpYtJasYuYY/sD6/AF+7o3U</latexit>

R = 0.4

<latexit sha1_base64="lQAhLkZWRlKzJCE5Ux4AxDa5xJ0=">AAAB7HicbVBNS8NAEJ31s9avqkcvi0XwFJIi6kUoevFYxbSFNpTNdtMu3WzC7kYoob/BiwdFvPqDvPlv3LY5aOuDgcd7M8zMC1PBtXHdb7Syura+sVnaKm/v7O7tVw4OmzrJFGU+TUSi2iHRTHDJfMONYO1UMRKHgrXC0e3Ubz0xpXkiH804ZUFMBpJHnBJjJf/h2nVqvUrVddwZ8DLxClKFAo1e5avbT2gWM2moIFp3PDc1QU6U4VSwSbmbaZYSOiID1rFUkpjpIJ8dO8GnVunjKFG2pMEz9fdETmKtx3FoO2NihnrRm4r/eZ3MRFdBzmWaGSbpfFGUCWwSPP0c97li1IixJYQqbm/FdEgUocbmU7YheIsvL5NmzfEunNr9ebV+U8RRgmM4gTPw4BLqcAcN8IECh2d4hTck0Qt6Rx/z1hVUzBzBH6DPH3vmjdI=</latexit>

R = 0.2

with grooming

• Non-perturbative input

• Overall good agreement!

• Lattice QCD results see Shanahan et al.

Konychev, Nadolsky `06

Cal, Neill, FR, Waalewijn `20

• Best we can do w/o lattice results 
for real-time correlators
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Outline

13

Angles between jet axes

Inclusive and leading 
subjets

Conclusions
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Inclusive and leading subjets
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pp ! jet +X•Jet production 
<latexit sha1_base64="gxuCnzSzOSPS0mjKYAV7MhcXDmw="></latexit>

d�pp! jet X

d⌘dpTdzr
= fa/p ⌦ fb/p ⌦H

c
ab ⌦z Gc (z, zr) +O

�
R

2
�

z = pT /p̂T

<latexit sha1_base64="JteXVlojxytJRr41xR+cfiMCKeE=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqs4UUTdC0Y3LCn1BOw6ZNNOGZjJjkinUod/hxoUibv0Yd/6NaTsLbT1wL4dz7iU3x485U9q2v63cyura+kZ+s7C1vbO7V9w/aKookYQ2SMQj2faxopwJ2tBMc9qOJcWhz2nLH95O/daISsUiUdfjmLoh7gsWMIK1kdwnT17HXv1BnpnuFUt22Z4BLRMnIyXIUPOKX91eRJKQCk04Vqrj2LF2Uyw1I5xOCt1E0RiTIe7TjqECh1S56ezoCToxSg8FkTQlNJqpvzdSHCo1Dn0zGWI9UIveVPzP6yQ6uHJTJuJEU0HmDwUJRzpC0wRQj0lKNB8bgolk5lZEBlhiok1OBROCs/jlZdKslJ2LcuX+vFS9yeLIwxEcwyk4cAlVuIMaNIDAIzzDK7xZI+vFerc+5qM5K9s5hD+wPn8AUvOR0A==</latexit>

zr = prT /pT

Longitudinal momentum 
of subjets

Dasgupta, Dreyer, Salam, Soyez `14
Dai, Kim, Leibovich `16

Scott, Waalewijn `20
Neill, FR, Sato `21

<latexit sha1_base64="Lrpy/PLYFshhBn6Xdex0P0uavmE=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKewGUQ8egl48xkcekCxhdtJJhszOLjOzQljyCV48KOLVL/Lm3zhJ9qCJBQ1FVTfdXUEsuDau++3kVlbX1jfym4Wt7Z3dveL+QUNHiWJYZ5GIVCugGgWXWDfcCGzFCmkYCGwGo5up33xCpXkkH804Rj+kA8n7nFFjpQd1dd8tltyyOwNZJl5GSpCh1i1+dXoRS0KUhgmqddtzY+OnVBnOBE4KnURjTNmIDrBtqaQhaj+dnTohJ1bpkX6kbElDZurviZSGWo/DwHaG1Az1ojcV//Paielf+imXcWJQsvmifiKIicj0b9LjCpkRY0soU9zeStiQKsqMTadgQ/AWX14mjUrZOy9X7s5K1essjjwcwTGcggcXUIVbqEEdGAzgGV7hzRHOi/PufMxbc042cwh/4Hz+AAGrjZ8=</latexit>

r < R
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Inclusive and leading subjets

15

pp ! jet +X•Jet production 
<latexit sha1_base64="gxuCnzSzOSPS0mjKYAV7MhcXDmw="></latexit>

d�pp! jet X

d⌘dpTdzr
= fa/p ⌦ fb/p ⌦H

c
ab ⌦z Gc (z, zr) +O

�
R

2
�

z = pT /p̂T

<latexit sha1_base64="JteXVlojxytJRr41xR+cfiMCKeE=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqs4UUTdC0Y3LCn1BOw6ZNNOGZjJjkinUod/hxoUibv0Yd/6NaTsLbT1wL4dz7iU3x485U9q2v63cyura+kZ+s7C1vbO7V9w/aKookYQ2SMQj2faxopwJ2tBMc9qOJcWhz2nLH95O/daISsUiUdfjmLoh7gsWMIK1kdwnT17HXv1BnpnuFUt22Z4BLRMnIyXIUPOKX91eRJKQCk04Vqrj2LF2Uyw1I5xOCt1E0RiTIe7TjqECh1S56ezoCToxSg8FkTQlNJqpvzdSHCo1Dn0zGWI9UIveVPzP6yQ6uHJTJuJEU0HmDwUJRzpC0wRQj0lKNB8bgolk5lZEBlhiok1OBROCs/jlZdKslJ2LcuX+vFS9yeLIwxEcwyk4cAlVuIMaNIDAIzzDK7xZI+vFerc+5qM5K9s5hD+wPn8AUvOR0A==</latexit>

zr = prT /pT

• Differences between inclusive and leading jets

1. DGLAP vs. non-linear evolution

<latexit sha1_base64="FuIEBobMa/MVcYCHCPGbhE/ouVE="></latexit>

Jj (zj1, QR, µ)
<latexit sha1_base64="Bbu71avuNpFA+C+jDjVr0gb4t1s="></latexit>

Jk (zk1, QR, µ)
<latexit sha1_base64="JtJb0oUmkaRbpgvEdfI4XR6mM1U="></latexit>

µ
d

dµ
Ji (zi1, QR, µ)

0.6

0.4

0.5

0.5

0.8

0.2

= 0.32

= 0.08

= 0.3

= 0.3Solve with a parton shower
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Inclusive and leading subjets
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pp ! jet +X•Jet production 
<latexit sha1_base64="gxuCnzSzOSPS0mjKYAV7MhcXDmw="></latexit>

d�pp! jet X

d⌘dpTdzr
= fa/p ⌦ fb/p ⌦H

c
ab ⌦z Gc (z, zr) +O

�
R

2
�

z = pT /p̂T

<latexit sha1_base64="JteXVlojxytJRr41xR+cfiMCKeE=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqs4UUTdC0Y3LCn1BOw6ZNNOGZjJjkinUod/hxoUibv0Yd/6NaTsLbT1wL4dz7iU3x485U9q2v63cyura+kZ+s7C1vbO7V9w/aKookYQ2SMQj2faxopwJ2tBMc9qOJcWhz2nLH95O/daISsUiUdfjmLoh7gsWMIK1kdwnT17HXv1BnpnuFUt22Z4BLRMnIyXIUPOKX91eRJKQCk04Vqrj2LF2Uyw1I5xOCt1E0RiTIe7TjqECh1S56ezoCToxSg8FkTQlNJqpvzdSHCo1Dn0zGWI9UIveVPzP6yQ6uHJTJuJEU0HmDwUJRzpC0wRQj0lKNB8bgolk5lZEBlhiok1OBROCs/jlZdKslJ2LcuX+vFS9yeLIwxEcwyk4cAlVuIMaNIDAIzzDK7xZI+vFerc+5qM5K9s5hD+wPn8AUvOR0A==</latexit>

zr = prT /pT

• Differences between inclusive and leading jets

1. DGLAP vs. non-linear evolution

2. Factorization structure

Ji (zi, p̂TiR,µ) Jj (zj , p̂TjR,µ)
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Inclusive and leading subjets
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Leading

• Jet radius

• Threshold resummation

Inclusive

Neill, FR, Sato `21
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Inclusive and leading subjets
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Leading
Sensitive to non-linear QCD dynamics

• Jet radius

• Threshold resummation

Inclusive

Neill, FR, Sato `21
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Comparison to ALICE data

19

ALICE, 2204.10270

Inclusive subjets Leading subjets
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Comparison to LEP data

20

NLL’ result

NLO

Inclusive jets

ALEPH, 2111.09914

Jet energy
<latexit sha1_base64="GtjTaNfgHClIhujiyJjSHvjYVOo=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKewGUY9BETwmYB6QLGF20puMmZ1dZmaFEPIFXjwo4tVP8ubfOEn2oIkFDUVVN91dQSK4Nq777eTW1jc2t/LbhZ3dvf2D4uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj25nfekKleSwfzDhBP6IDyUPOqLFS/a5XLLlldw6ySryMlCBDrVf86vZjlkYoDRNU647nJsafUGU4EzgtdFONCWUjOsCOpZJGqP3J/NApObNKn4SxsiUNmau/JyY00nocBbYzomaol72Z+J/XSU147U+4TFKDki0WhakgJiazr0mfK2RGjC2hTHF7K2FDqigzNpuCDcFbfnmVNCtl77JcqV+UqjdZHHk4gVM4Bw+uoAr3UIMGMEB4hld4cx6dF+fd+Vi05pxs5hj+wPn8AZs3jNA=</latexit>

E
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Comparison to LEP data
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Event-wide 
leading di-jets

NLL’ result

ALEPH, 2111.09914

Jet energy
<latexit sha1_base64="GtjTaNfgHClIhujiyJjSHvjYVOo=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKewGUY9BETwmYB6QLGF20puMmZ1dZmaFEPIFXjwo4tVP8ubfOEn2oIkFDUVVN91dQSK4Nq777eTW1jc2t/LbhZ3dvf2D4uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj25nfekKleSwfzDhBP6IDyUPOqLFS/a5XLLlldw6ySryMlCBDrVf86vZjlkYoDRNU647nJsafUGU4EzgtdFONCWUjOsCOpZJGqP3J/NApObNKn4SxsiUNmau/JyY00nocBbYzomaol72Z+J/XSU147U+4TFKDki0WhakgJiazr0mfK2RGjC2hTHF7K2FDqigzNpuCDcFbfnmVNCtl77JcqV+UqjdZHHk4gVM4Bw+uoAr3UIMGMEB4hld4cx6dF+fd+Vi05pxs5hj+wPn8AZs3jNA=</latexit>
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Outline

22

Angles between jet axes

Inclusive and leading 
subjets

Conclusions



F. Ringer Conclusions May 12, 2022 23

Conclusions
• New jet substructure observables

• Quantitative comparisons to experimental results

• Results can constrain nonperturbative quantities

• Higher precision can be achieved in the future


