
Probing TMDs with groomed jets

Yiannis Makris 

SCET 2019 - UCSD Mar. 26 2019 1

 Dĳet decorrelation (lepton colliders)/ jet-lepton decorrelation (DIS) 
 (In progress: YM, D. G-Reyes, I. Scimemi, V. Vaidya, and L. Zoppi)



TMDs with Jets
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Proposed observables:
- TMDFJF (measurement along the jet axis)   
   arXiv:1610.06508 (R. Bain, YM, T. Mehen) 
- JTMDFF (measurements along the winner-take-all axis) 

   arXiv:1612.04817 (D. Neill, I. Scimemi, W. J. Waalewĳn) 

   arXiv:1810.12915 (D. Neill, A. Papaefstathiou, W. J. Waalewĳn, L. Zoppi) 

- siTMDFJF (semi-inclusive) 
   arXiv:1705.08443 (Z-B. Kang, X. Liu, F. Ringer, H. Xing) 
   arXiv:1707.00913 (Z-B. Kang, A. Prokudin, F. Ringer, F. Yuan) 
- gTMDFJF (groomed jets) 
   arXiv:1712.07653 (YM, D. Neill, and V. Vaidya) 

   arXiv:1807.09805 (YM and V. Vaidya) 
- TMDJF 
   arXiv:1807.07573 (D. Gutierrez-Reyes, I. Scimemi, W. J. Waalewĳn, L. Zoppi) 
   arXiv:1812.07549 (M. G.A. Buffing, Z-B. Kang, K. Lee, X. Liu
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Measured observables:

Belle preliminary (arXiv: 1902.01552) 

See also: 

arXiv:1708.07080

Phys. Rev. D 97, 032004

TMDs with Jets
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<latexit sha1_base64="4agWFHqs8EBOXoR2DIsSpWfk4f4="></latexit>
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Drell-Yan:

TMDPDFs:

SIDIS:

TMDs with Jets

d�(b) � S̃�
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<latexit sha1_base64="4avtbftAjUIUQo4iz5eLEtmzRTM="></latexit>

Three dimensional momentum  
distribution of partons inside the proton. 

see talk by: Yong Zhao
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Drell-Yan:

TMDPDFs:

SIDIS:

Three dimensional momentum  
distribution of partons inside the proton. 

TMDs with Jets
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Non-perturbative effects: what is universal? 
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D̃�
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<latexit sha1_base64="gwbMrM3Z5UGbI6NpUHArt7RbtX4="></latexit>

D̃�,in-jet
i/h (zh, b, M) = S̃�

c (b, M) � D̃�
i/h(zh, b)

<latexit sha1_base64="GuXpifBgz763alHYwOlzq7spO/I="></latexit>

TMD-FF:

TMD-JF:

in-jet TMD-FF:

(narrow [R<<1] jet, 
groomed jet, 
WTA analysis) 
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i (b, M)

<latexit sha1_base64="KuXyKuUqoSh4ZHw4O2YpbhQpy3c="></latexit>



Non-perturbative effects: what is universal? 
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<latexit sha1_base64="gwbMrM3Z5UGbI6NpUHArt7RbtX4="></latexit>

TMD-FF:

TMD-JF:

in-jet TMD-FF: D̃�,in-jet
i/h (zh, b, M) = S̃�

c (b, M) � D̃�
i/h(zh, b)

<latexit sha1_base64="GuXpifBgz763alHYwOlzq7spO/I="></latexit>

(narrow [R<<1] jet, 
groomed jet, 
WTA analysis) New unknown function that need  

to be extracted from experiment…? 

J̃�
i/h(b, M) =

�
S̃�

2 (b) � J̃ �
i (b, M)

<latexit sha1_base64="KuXyKuUqoSh4ZHw4O2YpbhQpy3c="></latexit>



In this talk

- Groomed Jets: soft-drop 
- Dĳet de-correlation in e+e- 
                   Hadronization effects - Pythia simulations 
                  g-Jet mass cutoff   
                  Modes, factorization, and resummation 

SCET 2019 - UCSD Mar. 26 2019 8



C/A clustering algorithm 
 .  .  .  

- The algorithm is imposed only on the jet constituents 

- Record clustering history in each step

} Jet (R)

For details on soft-drop see: arXiv:1402.2657 A. J. Larkoski, S. Marzani, G. Soyez, and J. Thaler

- Particles closer in angle get clustered first
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Grooming algorithm: soft-drop



True 
Stop. Remaining particles 

consist groomed jet 

False 
Drop the softer of the two 

branchings

Declustering

“Declustering”  with the 
reverse order: 

 .  .  .  

i

j
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� = 0In this talk:

Grooming algorithm: soft-drop



Dĳet de-correlation (work in progress) 

� =
2q�
Q

<latexit sha1_base64="GqzlRU8Kd8mzkFDJvOh8r5fAeW8=">AAACHXicbZDLSgMxFIYzXmu9VV0KEiyCqzKjgm6EohuXCrYWOqVk0jNtaGYmJmfEMszO93DvVl/BnbgV38DHML0s1Hog8PP/5+QkX6CkMOi6n87M7Nz8wmJhqbi8srq2XtrYrJsk1RxqPJGJbgTMgBQx1FCghIbSwKJAwk3QPx/mN3egjUjiaxwoaEWsG4tQcIbWapd2fOwBMnpK/VAznh3ctjNfgVZ5nl3ltF0quxV3VHRaeBNRJpO6bJe+/E7C0whi5JIZ0/Rcha2MaRRcQl70UwOK8T7rQtPKmEVgWtnoHznds06Hhom2J0Y6cn9OZCwyZhAFtjNi2DN/s6H5X9ZMMTxpZSJWKULMx4vCVFJM6BAK7QgNHOXACsa1sG+lvMcsD7Toins/1wwvVxjd5xaN9xfEtKgfVLzDint1VK6eTSAVyDbZJfvEI8ekSi7IJakRTh7IE3kmL86j8+q8Oe/j1hlnMrNFfpXz8Q1FyKK3</latexit>

n̂G1
<latexit sha1_base64="MGrENvZ5Nmkuunb80vnn6ctCstI=">AAACCXicbVDLSsNAFJ34rPVVdekmWAquSqKCLosudFnBPqAJZTKdtENnJsPMjVhCvsC9W/0Fd+LWr/AP/AyTNovaeuDC4Zz74gSKMwOO822trK6tb2yWtsrbO7t7+5WDw7aJYk1oi0Q80t0AG8qZpC1gwGlXaYpFwGknGN/kfueRasMi+QATRX2Bh5KFjGDIJM8bYUhk2k9u3bRfqTp1Zwp7mbgFqaICzX7lxxtEJBZUAuHYmJ7rKPATrIERTtOyFxuqMBnjIe1lVGJBjZ9Mf07tWqYM7DDSWUmwp+r8RIKFMRMRZJ0Cw8gsern4n9eLIbzyEyZVDFSS2aEw5jZEdh6APWCaEuCTjGCiWfarTUZYYwJZTOXa/Jl8uQLxlEfjLgaxTNpndfe87txfVBvXRUgldIxO0Cly0SVqoDvURC1EkEIv6BW9Wc/Wu/Vhfc5aV6xi5gj9gfX1CzOkm0s=</latexit>

�pG2
<latexit sha1_base64="EkShZaEg5HktX9YMegRZiLqIjTY=">AAACCXicbVDLTgIxFO3gC/GFunTTSEhckRk00SXRhS4xETBhJqRTCjS0nabtEMlkvsC9W/0Fd8atX+Ef+Bl2YBYInuQmJ+fcV04oGdXGdb+dwtr6xuZWcbu0s7u3f1A+PGrrKFaYtHDEIvUYIk0YFaRlqGHkUSqCeMhIJxzfZH5nQpSmkXgwU0kCjoaCDihGxkq+PyE4kWkvua2nvXLFrbkzwFXi5aQCcjR75R+/H+GYE2EwQ1p3PVeaIEHKUMxIWvJjTSTCYzQkXUsF4kQHyeznFFat0oeDSNkSBs7UxYkEca2nPLSdHJmRXvYy8T+vG5vBVZBQIWNDBJ4fGsQMmghmAcA+VQQbNrUEYUXtrxCPkELY2JhK1cUz2XJp+FMWjbccxCpp12veec29v6g0rvOQiuAEnIIz4IFL0AB3oAlaAAMJXsAreHOenXfnw/mctxacfOYY/IHz9Qs6QZtP</latexit>

p�
G2

<latexit sha1_base64="qoRm2lUcSlTXLqZRc2cZ/bZ2YOA=">AAACC3icbVDLTgIxFO3gC/GFunTTSEhckRk00SXRhS4xkUcCA+mUAg1tp2k7RjKZT3DvVn/BnXHrR/gHfoYdmAWCJ7nJyTn3lRNIRrVx3W8nt7a+sbmV3y7s7O7tHxQPj5o6jBQmDRyyULUDpAmjgjQMNYy0pSKIB4y0gslN6rceidI0FA9mKonP0UjQIcXIWKkne3FXEiWTfnxbTfrFkltxZ4CrxMtICWSo94s/3UGII06EwQxp3fFcafwYKUMxI0mhG2kiEZ6gEelYKhAn2o9nXyewbJUBHIbKljBwpi5OxIhrPeWB7eTIjPWyl4r/eZ3IDK/8mAoZGSLw/NAwYtCEMI0ADqgi2LCpJQgran+FeIwUwsYGVSgvnkmXS8Of0mi85SBWSbNa8c4r7v1FqXadhZQHJ+AUnAEPXIIauAN10AAYKPACXsGb8+y8Ox/O57w152Qzx+APnK9f52WcOg==</latexit>

zi =
2EGi

Q
<latexit sha1_base64="r+gM/XnaD/x+v1n3Zf9QD+4mOL8=">AAACFnicbZBPS8MwGMbT+W/Of1UPHrwEx8DTaKegF2EooscN3CZspaRZuoUlbUlScZZ+D+9e9St4E69e/QZ+DNOth7n5QuDhed43b/LzIkalsqxvo7C0vLK6VlwvbWxube+Yu3ttGcYCkxYOWSjuPSQJowFpKaoYuY8EQdxjpOONrrK880CEpGFwp8YRcTgaBNSnGCltuebBk0vhBez5AuGkdu0mNzRNk2bqmmWrak0KLgo7F2WQV8M1f3r9EMecBAozJGXXtiLlJEgoihlJS71YkgjhERqQrpYB4kQ6yeQDKaxopw/9UOgTKDhxZycSxKUcc093cqSGcj7LzP+ybqz8cyehQRQrEuDpIj9mUIUwowH7VBCs2FgLhAXVb4V4iDQLpZmVKrNrsssjxR8zNPY8iEXRrlXtk6rVPC3XL3NIRXAIjsAxsMEZqINb0AAtgEEKXsAreDOejXfjw/icthaMfGYf/Cnj6xdeup+S</latexit>

Q � Qzcut � q�, R � 1
<latexit sha1_base64="6mBoiaeF4bIZRTtdFx92oLdFub8="></latexit>

�q� =
�p�

G2

z2
<latexit sha1_base64="8ccbAGdJTyDCPEgP402ngU1AhWQ="></latexit>

jet + jet 
jet + hadron (out) 
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Simulations (Pythia 8)
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Groomed Jet Axis (GJA) - Hadronization Effects 
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zcut = 0.1
<latexit sha1_base64="9SIBcwyB+bi521BNpb3ZV9WLSR8=">AAACCXicbVDLSsNAFJ3UV62vqks3g6XgKiQq6EYounFZwT6gDWUynbRDZ5IwcyPWkC9w71Z/wZ249Sv8Az/DSdtFbT1w4XDOfXH8WHANjvNtFVZW19Y3ipulre2d3b3y/kFTR4mirEEjEam2TzQTPGQN4CBYO1aMSF+wlj+6yf3WA1OaR+E9jGPmSTIIecApASN1n3opTSDDV47t9soVx3YmwMvEnZEKmqHeK/90+xFNJAuBCqJ1x3Vi8FKigFPBslI30SwmdEQGrGNoSCTTXjr5OcNVo/RxEClTIeCJOj+REqn1WPqmUxIY6kUvF//zOgkEl17KwzgBFtLpoSARGCKcB4D7XDEKYmwIoYqbXzEdEkUomJhK1fkz+fIY5GNmonEXg1gmzVPbPbOdu/NK7XoWUhEdoWN0glx0gWroFtVRA1EUoxf0it6sZ+vd+rA+p60FazZziP7A+voF92mahg==</latexit>
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Smaller jet radius does  
NOT fix the problem 



Groomed Jet Axis (GJA) - Hadronization Effects 
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The jet mass cutoff



The jet mass cutoff

� � 1
<latexit sha1_base64="KUoen9cXU7yQcOhWkNbtv9UVmg0=">AAACCXicbVDLSgMxFM3UV62vqks3wVJwVWZU0GXRjcsK9gGdoWTStA3NZEJyRyxDv8C9W/0Fd+LWr/AP/Awz7Sxq64ELh3PuixMqwQ247rdTWFvf2Nwqbpd2dvf2D8qHRy0TJ5qyJo1FrDshMUxwyZrAQbCO0oxEoWDtcHyb+e1Hpg2P5QNMFAsiMpR8wCkBK/k+jBgQ7AuBvV654tbcGfAq8XJSQTkavfKP349pEjEJVBBjup6rIEiJBk4Fm5b8xDBF6JgMWddSSSJmgnT28xRXrdLHg1jbkoBn6uJESiJjJlFoOyMCI7PsZeJ/XjeBwXWQcqkSYJLODw0SgSHGWQC4zzWjICaWEKq5/RXTEdGEgo2pVF08ky1XED1NbTTechCrpHVe8y5q7v1lpX6Th1REJ+gUnSEPXaE6ukMN1EQUKfSCXtGb8+y8Ox/O57y14OQzx+gPnK9fDG6alA==</latexit>

Improve our observable by imposing groomed jet mass cutoff. This will 
eliminate hard splittings which could induce boundary effects.

m2
G

Q2
= e � 1

<latexit sha1_base64="QaqiAw1JYf/tlNdMA09LGVztuMU=">AAACHXicbVBNS8MwGE79nPOr6lGQ4Bh4Gu0U9CIMPehxA/cBax1plm5hSVuSVBylN/+Hd6/6F7yJV/Ef+DNMtx7m5gMJD8/zfiSPFzEqlWV9G0vLK6tr64WN4ubW9s6uubffkmEsMGnikIWi4yFJGA1IU1HFSCcSBHGPkbY3us789gMRkobBnRpHxOVoEFCfYqS01DOPHF8gnPBecpPeV9OkoS94CQl0JOXQ7pklq2JNABeJnZMSyFHvmT9OP8QxJ4HCDEnZta1IuQkSimJG0qITSxIhPEID0tU0QJxIN5n8I4VlrfShHwp9AgUn6mxHgriUY+7pSo7UUM57mfif142Vf+EmNIhiRQI8XeTHDKoQZqHAPhUEKzbWBGFB9VshHiIdjNLRFcuza7LhkeKPqY7Gng9ikbSqFfu0YjXOSrWrPKQCOATH4ATY4BzUwC2ogybA4Am8gFfwZjwb78aH8TktXTLyngPwB8bXL7pEob4=</latexit>
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The jet mass cutoff
Improve our observable by imposing groomed jet mass cutoff. This will 
eliminate hard splittings which could induce boundary effects.

� � 1
<latexit sha1_base64="KUoen9cXU7yQcOhWkNbtv9UVmg0=">AAACCXicbVDLSgMxFM3UV62vqks3wVJwVWZU0GXRjcsK9gGdoWTStA3NZEJyRyxDv8C9W/0Fd+LWr/AP/Awz7Sxq64ELh3PuixMqwQ247rdTWFvf2Nwqbpd2dvf2D8qHRy0TJ5qyJo1FrDshMUxwyZrAQbCO0oxEoWDtcHyb+e1Hpg2P5QNMFAsiMpR8wCkBK/k+jBgQ7AuBvV654tbcGfAq8XJSQTkavfKP349pEjEJVBBjup6rIEiJBk4Fm5b8xDBF6JgMWddSSSJmgnT28xRXrdLHg1jbkoBn6uJESiJjJlFoOyMCI7PsZeJ/XjeBwXWQcqkSYJLODw0SgSHGWQC4zzWjICaWEKq5/RXTEdGEgo2pVF08ky1XED1NbTTechCrpHVe8y5q7v1lpX6Th1REJ+gUnSEPXaE6ukMN1EQUKfSCXtGb8+y8Ox/O57y14OQzx+gPnK9fDG6alA==</latexit>

m2
G

Q2
= e < ecut � 1

<latexit sha1_base64="vnlAoa+rOCOxizyfa79tv6LkP6M="></latexit>
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Modes-Factorization-Resummation



Modes
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p�

p+

Q

Q

Qzcut
<latexit sha1_base64="Sh2fq2tUA2eXfJFcirvcGnGHq8g=">AAACD3icbVDLTsJAFJ3iC/FVdelmIiFxRVo10SXRjUtI5JFA00yHKUyYPjJzS8CGj3DvVn/BnXHrJ/gHfoZT6ALBk9zk5Jz7yvFiwRVY1rdR2Njc2t4p7pb29g8Oj8zjk5aKEklZk0Yikh2PKCZ4yJrAQbBOLBkJPMHa3ug+89tjJhWPwkeYxswJyCDkPqcEtOSaZgM/uWkP2ARSmsBs5pplq2rNgdeJnZMyylF3zZ9eP6JJwEKggijVta0YnJRI4FSwWamXKBYTOiID1tU0JAFTTjr/fIYrWuljP5K6QsBzdXkiJYFS08DTnQGBoVr1MvE/r5uAf+ukPIwTYCFdHPITgSHCWQy4zyWjIKaaECq5/hXTIZGEgg6rVFk+ky2PIZhk0dirQayT1mXVvqpajety7S4PqYjO0Dm6QDa6QTX0gOqoiSgaoxf0it6MZ+Pd+DA+F60FI585RX9gfP0CSxKdfQ==</latexit>

q�
<latexit sha1_base64="qe9r/4LJOJujowF+Uc744r/Hz2k=">AAACBnicbVDLTgIxFO3gC/GFunTTSEhckRk10SXRjUtM5GFgQjrlAg3tTG07RjJh796t/oI749bf8A/8DDswCwRP0uTknPvqCSRn2rjut5NbWV1b38hvFra2d3b3ivsHDR3FikKdRjxSrYBo4CyEumGGQ0sqICLg0AxG16nffASlWRTembEEX5BByPqMEmOl+4du0pGg5KRbLLkVdwq8TLyMlFCGWrf40+lFNBYQGsqJ1m3PlcZPiDKMcpgUOrEGSeiIDKBtaUgEaD+ZHjzBZav0cD9S9oUGT9X5joQIrccisJWCmKFe9FLxP68dm/6ln7BQxgZCOlvUjzk2EU5/j3tMATV8bAmhitlbMR0SRaixGRXK82vS4dKIpzQabzGIZdI4rXhnFff2vFS9ykLKoyN0jE6Qhy5QFd2gGqojigR6Qa/ozXl23p0P53NWmnOynkP0B87XLzMrmjo=</latexit>

Qe
<latexit sha1_base64="vhF9pjEWX8R7ZUxkrpSWRGEqFdA=">AAACAHicbVDLTgIxFO3gC/GFunTTSEhckRk10SXRjUuI8khgQjqlQEPbmbR3jGTCxr1b/QV3xq1/4h/4GXZgFgiepMnJOffVE0SCG3Ddbye3tr6xuZXfLuzs7u0fFA+PmiaMNWUNGopQtwNimOCKNYCDYO1IMyIDwVrB+Db1W49MGx6qB5hEzJdkqPiAUwJWuq9j1iuW3Io7A14lXkZKKEOtV/zp9kMaS6aACmJMx3Mj8BOigVPBpoVubFhE6JgMWcdSRSQzfjI7dYrLVunjQajtU4Bn6mJHQqQxExnYSklgZJa9VPzP68QwuPYTrqIYmKLzRYNYYAhx+m/c55pREBNLCNXc3orpiGhCwaZTKC+uSYdHIJ+mNhpvOYhV0jyveBcVt35Zqt5kIeXRCTpFZ8hDV6iK7lANNRBFQ/SCXtGb8+y8Ox/O57w052Q9x+gPnK9fcG2W+Q==</latexit>

Qzcut
<latexit sha1_base64="Sh2fq2tUA2eXfJFcirvcGnGHq8g=">AAACD3icbVDLTsJAFJ3iC/FVdelmIiFxRVo10SXRjUtI5JFA00yHKUyYPjJzS8CGj3DvVn/BnXHrJ/gHfoZT6ALBk9zk5Jz7yvFiwRVY1rdR2Njc2t4p7pb29g8Oj8zjk5aKEklZk0Yikh2PKCZ4yJrAQbBOLBkJPMHa3ug+89tjJhWPwkeYxswJyCDkPqcEtOSaZgM/uWkP2ARSmsBs5pplq2rNgdeJnZMyylF3zZ9eP6JJwEKggijVta0YnJRI4FSwWamXKBYTOiID1tU0JAFTTjr/fIYrWuljP5K6QsBzdXkiJYFS08DTnQGBoVr1MvE/r5uAf+ukPIwTYCFdHPITgSHCWQy4zyWjIKaaECq5/hXTIZGEgg6rVFk+ky2PIZhk0dirQayT1mXVvqpajety7S4PqYjO0Dm6QDa6QTX0gOqoiSgaoxf0it6MZ+Pd+DA+F60FI585RX9gfP0CSxKdfQ==</latexit>

Qe
<latexit sha1_base64="vhF9pjEWX8R7ZUxkrpSWRGEqFdA=">AAACAHicbVDLTgIxFO3gC/GFunTTSEhckRk10SXRjUuI8khgQjqlQEPbmbR3jGTCxr1b/QV3xq1/4h/4GXZgFgiepMnJOffVE0SCG3Ddbye3tr6xuZXfLuzs7u0fFA+PmiaMNWUNGopQtwNimOCKNYCDYO1IMyIDwVrB+Db1W49MGx6qB5hEzJdkqPiAUwJWuq9j1iuW3Io7A14lXkZKKEOtV/zp9kMaS6aACmJMx3Mj8BOigVPBpoVubFhE6JgMWcdSRSQzfjI7dYrLVunjQajtU4Bn6mJHQqQxExnYSklgZJa9VPzP68QwuPYTrqIYmKLzRYNYYAhx+m/c55pREBNLCNXc3orpiGhCwaZTKC+uSYdHIJ+mNhpvOYhV0jyveBcVt35Zqt5kIeXRCTpFZ8hDV6iK7lANNRBFQ/SCXtGb8+y8Ox/O57w052Q9x+gPnK9fcG2W+Q==</latexit>

q�
<latexit sha1_base64="qe9r/4LJOJujowF+Uc744r/Hz2k=">AAACBnicbVDLTgIxFO3gC/GFunTTSEhckRk10SXRjUtM5GFgQjrlAg3tTG07RjJh796t/oI749bf8A/8DDswCwRP0uTknPvqCSRn2rjut5NbWV1b38hvFra2d3b3ivsHDR3FikKdRjxSrYBo4CyEumGGQ0sqICLg0AxG16nffASlWRTembEEX5BByPqMEmOl+4du0pGg5KRbLLkVdwq8TLyMlFCGWrf40+lFNBYQGsqJ1m3PlcZPiDKMcpgUOrEGSeiIDKBtaUgEaD+ZHjzBZav0cD9S9oUGT9X5joQIrccisJWCmKFe9FLxP68dm/6ln7BQxgZCOlvUjzk2EU5/j3tMATV8bAmhitlbMR0SRaixGRXK82vS4dKIpzQabzGIZdI4rXhnFff2vFS9ykLKoyN0jE6Qhy5QFd2gGqojigR6Qa/ozXl23p0P53NWmnOynkP0B87XLzMrmjo=</latexit>

p�

p+

Q

Q

Qzcut
<latexit sha1_base64="Sh2fq2tUA2eXfJFcirvcGnGHq8g=">AAACD3icbVDLTsJAFJ3iC/FVdelmIiFxRVo10SXRjUtI5JFA00yHKUyYPjJzS8CGj3DvVn/BnXHrJ/gHfoZT6ALBk9zk5Jz7yvFiwRVY1rdR2Njc2t4p7pb29g8Oj8zjk5aKEklZk0Yikh2PKCZ4yJrAQbBOLBkJPMHa3ug+89tjJhWPwkeYxswJyCDkPqcEtOSaZgM/uWkP2ARSmsBs5pplq2rNgdeJnZMyylF3zZ9eP6JJwEKggijVta0YnJRI4FSwWamXKBYTOiID1tU0JAFTTjr/fIYrWuljP5K6QsBzdXkiJYFS08DTnQGBoVr1MvE/r5uAf+ukPIwTYCFdHPITgSHCWQy4zyWjIKaaECq5/hXTIZGEgg6rVFk+ky2PIZhk0dirQayT1mXVvqpajety7S4PqYjO0Dm6QDa6QTX0gOqoiSgaoxf0it6MZ+Pd+DA+F60FI585RX9gfP0CSxKdfQ==</latexit>

q�
<latexit sha1_base64="qe9r/4LJOJujowF+Uc744r/Hz2k=">AAACBnicbVDLTgIxFO3gC/GFunTTSEhckRk10SXRjUtM5GFgQjrlAg3tTG07RjJh796t/oI749bf8A/8DDswCwRP0uTknPvqCSRn2rjut5NbWV1b38hvFra2d3b3ivsHDR3FikKdRjxSrYBo4CyEumGGQ0sqICLg0AxG16nffASlWRTembEEX5BByPqMEmOl+4du0pGg5KRbLLkVdwq8TLyMlFCGWrf40+lFNBYQGsqJ1m3PlcZPiDKMcpgUOrEGSeiIDKBtaUgEaD+ZHjzBZav0cD9S9oUGT9X5joQIrccisJWCmKFe9FLxP68dm/6ln7BQxgZCOlvUjzk2EU5/j3tMATV8bAmhitlbMR0SRaixGRXK82vS4dKIpzQabzGIZdI4rXhnFff2vFS9ykLKoyN0jE6Qhy5QFd2gGqojigR6Qa/ozXl23p0P53NWmnOynkP0B87XLzMrmjo=</latexit>

Qe
<latexit sha1_base64="vhF9pjEWX8R7ZUxkrpSWRGEqFdA=">AAACAHicbVDLTgIxFO3gC/GFunTTSEhckRk10SXRjUuI8khgQjqlQEPbmbR3jGTCxr1b/QV3xq1/4h/4GXZgFgiepMnJOffVE0SCG3Ddbye3tr6xuZXfLuzs7u0fFA+PmiaMNWUNGopQtwNimOCKNYCDYO1IMyIDwVrB+Db1W49MGx6qB5hEzJdkqPiAUwJWuq9j1iuW3Io7A14lXkZKKEOtV/zp9kMaS6aACmJMx3Mj8BOigVPBpoVubFhE6JgMWcdSRSQzfjI7dYrLVunjQajtU4Bn6mJHQqQxExnYSklgZJa9VPzP68QwuPYTrqIYmKLzRYNYYAhx+m/c55pREBNLCNXc3orpiGhCwaZTKC+uSYdHIJ+mNhpvOYhV0jyveBcVt35Zqt5kIeXRCTpFZ8hDV6iK7lANNRBFQ/SCXtGb8+y8Ox/O57w052Q9x+gPnK9fcG2W+Q==</latexit>

Qzcut
<latexit sha1_base64="Sh2fq2tUA2eXfJFcirvcGnGHq8g=">AAACD3icbVDLTsJAFJ3iC/FVdelmIiFxRVo10SXRjUtI5JFA00yHKUyYPjJzS8CGj3DvVn/BnXHrJ/gHfoZT6ALBk9zk5Jz7yvFiwRVY1rdR2Njc2t4p7pb29g8Oj8zjk5aKEklZk0Yikh2PKCZ4yJrAQbBOLBkJPMHa3ug+89tjJhWPwkeYxswJyCDkPqcEtOSaZgM/uWkP2ARSmsBs5pplq2rNgdeJnZMyylF3zZ9eP6JJwEKggijVta0YnJRI4FSwWamXKBYTOiID1tU0JAFTTjr/fIYrWuljP5K6QsBzdXkiJYFS08DTnQGBoVr1MvE/r5uAf+ukPIwTYCFdHPITgSHCWQy4zyWjIKaaECq5/hXTIZGEgg6rVFk+ky2PIZhk0dirQayT1mXVvqpajety7S4PqYjO0Dm6QDa6QTX0gOqoiSgaoxf0it6MZ+Pd+DA+F60FI585RX9gfP0CSxKdfQ==</latexit>

Qe
<latexit sha1_base64="vhF9pjEWX8R7ZUxkrpSWRGEqFdA=">AAACAHicbVDLTgIxFO3gC/GFunTTSEhckRk10SXRjUuI8khgQjqlQEPbmbR3jGTCxr1b/QV3xq1/4h/4GXZgFgiepMnJOffVE0SCG3Ddbye3tr6xuZXfLuzs7u0fFA+PmiaMNWUNGopQtwNimOCKNYCDYO1IMyIDwVrB+Db1W49MGx6qB5hEzJdkqPiAUwJWuq9j1iuW3Io7A14lXkZKKEOtV/zp9kMaS6aACmJMx3Mj8BOigVPBpoVubFhE6JgMWcdSRSQzfjI7dYrLVunjQajtU4Bn6mJHQqQxExnYSklgZJa9VPzP68QwuPYTrqIYmKLzRYNYYAhx+m/c55pREBNLCNXc3orpiGhCwaZTKC+uSYdHIJ+mNhpvOYhV0jyveBcVt35Zqt5kIeXRCTpFZ8hDV6iK7lANNRBFQ/SCXtGb8+y8Ox/O57w052Q9x+gPnK9fcG2W+Q==</latexit>

q�
<latexit sha1_base64="qe9r/4LJOJujowF+Uc744r/Hz2k=">AAACBnicbVDLTgIxFO3gC/GFunTTSEhckRk10SXRjUtM5GFgQjrlAg3tTG07RjJh796t/oI749bf8A/8DDswCwRP0uTknPvqCSRn2rjut5NbWV1b38hvFra2d3b3ivsHDR3FikKdRjxSrYBo4CyEumGGQ0sqICLg0AxG16nffASlWRTembEEX5BByPqMEmOl+4du0pGg5KRbLLkVdwq8TLyMlFCGWrf40+lFNBYQGsqJ1m3PlcZPiDKMcpgUOrEGSeiIDKBtaUgEaD+ZHjzBZav0cD9S9oUGT9X5joQIrccisJWCmKFe9FLxP68dm/6ln7BQxgZCOlvUjzk2EU5/j3tMATV8bAmhitlbMR0SRaixGRXK82vS4dKIpzQabzGIZdI4rXhnFff2vFS9ykLKoyN0jE6Qhy5QFd2gGqojigR6Qa/ozXl23p0P53NWmnOynkP0B87XLzMrmjo=</latexit>

q� � Q
�

e
<latexit sha1_base64="5CjDQO3I3vfA5xF8Ki7VgwwN6AI=">AAACGHicbVDLSgMxFM3UV62vUVfiJlgEV2VGBV2Kbly2YFuhLSWT3mpoMhOTO2IZiv/h3q3+gjtx684/8DPMtF34OhByOOc+khNpKSwGwYdXmJmdm18oLpaWlldW1/z1jYZNUsOhzhOZmMuIWZAihjoKlHCpDTAVSWhGg7Pcb96CsSKJL3CooaPYVSz6gjN0UtffuulmbQ1Gj2jbCkVr7roxmMGo65eDSjAG/UvCKSmTKapd/7PdS3iqIEYumbWtMNDYyZhBwSWMSu3UgmZ8wK6g5WjMFNhONv7CiO46pUf7iXEnRjpWv3dkTFk7VJGrVAyv7W8vF//zWin2jzuZiHWKEPPJon4qKSY0z4P2hAGOcugI40a4t1J+zQzj6FIr7X5fkw/XqO7yaMLfQfwljf1KeFAJaoflk9NpSEWyTXbIHgnJETkh56RK6oSTe/JInsiz9+C9eK/e26S04E17NskPeO9fw5ug5A==</latexit>

q� � Q
�

e
<latexit sha1_base64="PhFv3QPr9EQRKzZslRYd4XCrx5Q=">AAACF3icbVDLTgJBEJzFF+IL9WLiZSIh8UR21USPRC8eIZFHwhIyOzQwYXZ3mOk1kg3+h3ev+gvejFeP/oGf4S5wULCSTipV3dPT5SkpDNr2l5VZWV1b38hu5ra2d3b38vsHdRNGmkONhzLUTY8ZkCKAGgqU0FQamO9JaHjDm9Rv3IM2IgzucKyg7bN+IHqCM0ykTv5o1IldBVpNqNvv0yp1zUhjDJNOvmCX7CnoMnHmpEDmqHTy32435JEPAXLJjGk5tsJ2zDQKLmGScyMDivEh60MroQHzwbTj6QUTWkyULu2FOqkA6VT9PREz35ix7yWdPsOBWfRS8T+vFWHvqh2LQEUIAZ8t6kWSYkjTOGhXaOAoxwlhXIvkr5QPmGYck9Byxd9r0scV+g9pNM5iEMukflZyzkt29aJQvp6HlCXH5IScEodckjK5JRVSI5w8kmfyQl6tJ+vNerc+Zq0Zaz5zSP7A+vwBzr+gXw==</latexit>

S
<latexit sha1_base64="r1G+7Atha9eM0sAUqdVJ1muTUxY=">AAAB/nicbVDLTgIxFO3gC/GFunTTSEhckRk10SXRjUuI8khgQjrlDjS0nUnbMZIJiXu3+gvujFt/xT/wM+wACwRP0uTknPvqCWLOtHHdbye3tr6xuZXfLuzs7u0fFA+PmjpKFIUGjXik2gHRwJmEhmGGQztWQETAoRWMbjO/9QhKs0g+mHEMviADyUJGibFS/b5XLLkVdwq8Srw5KaE5ar3iT7cf0USANJQTrTueGxs/JcowymFS6CYaYkJHZAAdSyURoP10eugEl63Sx2Gk7JMGT9XFjpQIrccisJWCmKFe9jLxP6+TmPDaT5mMEwOSzhaFCccmwtmvcZ8poIaPLSFUMXsrpkOiCDU2m0J5cU02PDbiaWKj8ZaDWCXN84p3UXHrl6XqzTykPDpBp+gMeegKVdEdqqEGogjQC3pFb86z8+58OJ+z0pwz7zlGf+B8/QJT2JZi</latexit>

SC
<latexit sha1_base64="xhIFjdq1/gHPiQEEE4TGilEhhvM=">AAAB/3icbVDLTgIxFL2DL8QX6tJNIyFxRWbURJdENi7xwSOBCemUDjS0nUnbMZIJC/du9RfcGbd+in/gZ9gBFgqepMnJOffVE8ScaeO6X05uZXVtfSO/Wdja3tndK+4fNHWUKEIbJOKRagdYU84kbRhmOG3HimIRcNoKRrXMbz1QpVkk7804pr7AA8lCRrCx0u1drVcsuRV3CrRMvDkpwRz1XvG7249IIqg0hGOtO54bGz/FyjDC6aTQTTSNMRnhAe1YKrGg2k+nl05Q2Sp9FEbKPmnQVP3dkWKh9VgEtlJgM9SLXib+53USE176KZNxYqgks0VhwpGJUPZt1GeKEsPHlmCimL0VkSFWmBgbTqH8e002PDbicWKj8RaDWCbN04p3VnFvzkvVq3lIeTiCYzgBDy6gCtdQhwYQCOEZXuDVeXLenHfnY1aac+Y9h/AHzucP5HOWrw==</latexit>

CS
<latexit sha1_base64="cOfgdHDg613b0HlcBvxQE8F7AO8=">AAAB/3icbVDLTgIxFL2DL8QX6tJNIyFxRWbURJdENi7xwSOBCemUDjS0nUnbMZIJC/du9RfcGbd+in/gZ9gBFgqepMnJOffVE8ScaeO6X05uZXVtfSO/Wdja3tndK+4fNHWUKEIbJOKRagdYU84kbRhmOG3HimIRcNoKRrXMbz1QpVkk7804pr7AA8lCRrCx0m3trlcsuRV3CrRMvDkpwRz1XvG7249IIqg0hGOtO54bGz/FyjDC6aTQTTSNMRnhAe1YKrGg2k+nl05Q2Sp9FEbKPmnQVP3dkWKh9VgEtlJgM9SLXib+53USE176KZNxYqgks0VhwpGJUPZt1GeKEsPHlmCimL0VkSFWmBgbTqH8e002PDbicWKj8RaDWCbN04p3VnFvzkvVq3lIeTiCYzgBDy6gCtdQhwYQCOEZXuDVeXLenHfnY1aac+Y9h/AHzucP5GOWrw==</latexit>

C
<latexit sha1_base64="EGYgMJ7BfzL6snek3E3TO8m9OZs=">AAAB/nicbVDLTgIxFL2DL8QX6tJNIyFxRWbURJdENi4hkUcCE9IpBRrazqTtGMmExL1b/QV3xq2/4h/4GXZgFgiepMnJOffVE0ScaeO6305uY3Nreye/W9jbPzg8Kh6ftHQYK0KbJOSh6gRYU84kbRpmOO1EimIRcNoOJrXUbz9SpVkoH8w0or7AI8mGjGBjpUatXyy5FXcOtE68jJQgQ71f/OkNQhILKg3hWOuu50bGT7AyjHA6K/RiTSNMJnhEu5ZKLKj2k/mhM1S2ygANQ2WfNGiuLnckWGg9FYGtFNiM9aqXiv953dgMb/2EySg2VJLFomHMkQlR+ms0YIoSw6eWYKKYvRWRMVaYGJtNoby8Jh0eGfE0s9F4q0Gsk9ZlxbuquI3rUvUuCykPZ3AOF+DBDVThHurQBAIUXuAV3pxn5935cD4XpTkn6zmFP3C+fgE6OJZS</latexit>

CS
<latexit sha1_base64="cOfgdHDg613b0HlcBvxQE8F7AO8=">AAAB/3icbVDLTgIxFL2DL8QX6tJNIyFxRWbURJdENi7xwSOBCemUDjS0nUnbMZIJC/du9RfcGbd+in/gZ9gBFgqepMnJOffVE8ScaeO6X05uZXVtfSO/Wdja3tndK+4fNHWUKEIbJOKRagdYU84kbRhmOG3HimIRcNoKRrXMbz1QpVkk7804pr7AA8lCRrCx0m3trlcsuRV3CrRMvDkpwRz1XvG7249IIqg0hGOtO54bGz/FyjDC6aTQTTSNMRnhAe1YKrGg2k+nl05Q2Sp9FEbKPmnQVP3dkWKh9VgEtlJgM9SLXib+53USE176KZNxYqgks0VhwpGJUPZt1GeKEsPHlmCimL0VkSFWmBgbTqH8e002PDbicWKj8RaDWCbN04p3VnFvzkvVq3lIeTiCYzgBDy6gCtdQhwYQCOEZXuDVeXLenHfnY1aac+Y9h/AHzucP5GOWrw==</latexit>

SC
<latexit sha1_base64="xhIFjdq1/gHPiQEEE4TGilEhhvM=">AAAB/3icbVDLTgIxFL2DL8QX6tJNIyFxRWbURJdENi7xwSOBCemUDjS0nUnbMZIJC/du9RfcGbd+in/gZ9gBFgqepMnJOffVE8ScaeO6X05uZXVtfSO/Wdja3tndK+4fNHWUKEIbJOKRagdYU84kbRhmOG3HimIRcNoKRrXMbz1QpVkk7804pr7AA8lCRrCx0u1drVcsuRV3CrRMvDkpwRz1XvG7249IIqg0hGOtO54bGz/FyjDC6aTQTTSNMRnhAe1YKrGg2k+nl05Q2Sp9FEbKPmnQVP3dkWKh9VgEtlJgM9SLXib+53USE176KZNxYqgks0VhwpGJUPZt1GeKEsPHlmCimL0VkSFWmBgbTqH8e002PDbicWKj8RaDWCbN04p3VnFvzkvVq3lIeTiCYzgBDy6gCtdQhwYQCOEZXuDVeXLenHfnY1aac+Y9h/AHzucP5HOWrw==</latexit>

C
<latexit sha1_base64="EGYgMJ7BfzL6snek3E3TO8m9OZs=">AAAB/nicbVDLTgIxFL2DL8QX6tJNIyFxRWbURJdENi4hkUcCE9IpBRrazqTtGMmExL1b/QV3xq2/4h/4GXZgFgiepMnJOffVE0ScaeO6305uY3Nreye/W9jbPzg8Kh6ftHQYK0KbJOSh6gRYU84kbRpmOO1EimIRcNoOJrXUbz9SpVkoH8w0or7AI8mGjGBjpUatXyy5FXcOtE68jJQgQ71f/OkNQhILKg3hWOuu50bGT7AyjHA6K/RiTSNMJnhEu5ZKLKj2k/mhM1S2ygANQ2WfNGiuLnckWGg9FYGtFNiM9aqXiv953dgMb/2EySg2VJLFomHMkQlR+ms0YIoSw6eWYKKYvRWRMVaYGJtNoby8Jh0eGfE0s9F4q0Gsk9ZlxbuquI3rUvUuCykPZ3AOF+DBDVThHurQBAIUXuAV3pxn5935cD4XpTkn6zmFP3C+fgE6OJZS</latexit>

Q � Qzcut � q�, R � 1
<latexit sha1_base64="6mBoiaeF4bIZRTtdFx92oLdFub8="></latexit>



Factorization
electron-positron annihilation 
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jet + jet:

jet + hadron (out):

d�

d2�q�
= Hij

2 (Q; µ) � S�
2 (µ, �) � J �

i (ecut, Q, zcut; µ, �) � D�
j�h(Q; µ, �)

<latexit sha1_base64="yrqmBsYkxLjHxbB0HFcGSSYXmOE="></latexit>

d�

d2�q�
= Hij

2 (Q; µ) � S�
2 (µ, �) � J �

i (ecut, Q, zcut; µ, �) � J �
j (ecut, Q, zcut; µ, �)

<latexit sha1_base64="J10XD7yKbY9gXnBroQNMuJOaWn0="></latexit>

Universal soft function  
same for Drell-Yan

TMD jet function

Un-subtracted  
TMDFF



q� � Q
�

e
<latexit sha1_base64="5CjDQO3I3vfA5xF8Ki7VgwwN6AI=">AAACGHicbVDLSgMxFM3UV62vUVfiJlgEV2VGBV2Kbly2YFuhLSWT3mpoMhOTO2IZiv/h3q3+gjtx684/8DPMtF34OhByOOc+khNpKSwGwYdXmJmdm18oLpaWlldW1/z1jYZNUsOhzhOZmMuIWZAihjoKlHCpDTAVSWhGg7Pcb96CsSKJL3CooaPYVSz6gjN0UtffuulmbQ1Gj2jbCkVr7roxmMGo65eDSjAG/UvCKSmTKapd/7PdS3iqIEYumbWtMNDYyZhBwSWMSu3UgmZ8wK6g5WjMFNhONv7CiO46pUf7iXEnRjpWv3dkTFk7VJGrVAyv7W8vF//zWin2jzuZiHWKEPPJon4qKSY0z4P2hAGOcugI40a4t1J+zQzj6FIr7X5fkw/XqO7yaMLfQfwljf1KeFAJaoflk9NpSEWyTXbIHgnJETkh56RK6oSTe/JInsiz9+C9eK/e26S04E17NskPeO9fw5ug5A==</latexit>

q� � Q
�

e
<latexit sha1_base64="PhFv3QPr9EQRKzZslRYd4XCrx5Q=">AAACF3icbVDLTgJBEJzFF+IL9WLiZSIh8UR21USPRC8eIZFHwhIyOzQwYXZ3mOk1kg3+h3ev+gvejFeP/oGf4S5wULCSTipV3dPT5SkpDNr2l5VZWV1b38hu5ra2d3b38vsHdRNGmkONhzLUTY8ZkCKAGgqU0FQamO9JaHjDm9Rv3IM2IgzucKyg7bN+IHqCM0ykTv5o1IldBVpNqNvv0yp1zUhjDJNOvmCX7CnoMnHmpEDmqHTy32435JEPAXLJjGk5tsJ2zDQKLmGScyMDivEh60MroQHzwbTj6QUTWkyULu2FOqkA6VT9PREz35ix7yWdPsOBWfRS8T+vFWHvqh2LQEUIAZ8t6kWSYkjTOGhXaOAoxwlhXIvkr5QPmGYck9Byxd9r0scV+g9pNM5iEMukflZyzkt29aJQvp6HlCXH5IScEodckjK5JRVSI5w8kmfyQl6tJ+vNerc+Zq0Zaz5zSP7A+vwBzr+gXw==</latexit>
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TMD jet function re-factorization



q� � Q
�

e
<latexit sha1_base64="5CjDQO3I3vfA5xF8Ki7VgwwN6AI=">AAACGHicbVDLSgMxFM3UV62vUVfiJlgEV2VGBV2Kbly2YFuhLSWT3mpoMhOTO2IZiv/h3q3+gjtx684/8DPMtF34OhByOOc+khNpKSwGwYdXmJmdm18oLpaWlldW1/z1jYZNUsOhzhOZmMuIWZAihjoKlHCpDTAVSWhGg7Pcb96CsSKJL3CooaPYVSz6gjN0UtffuulmbQ1Gj2jbCkVr7roxmMGo65eDSjAG/UvCKSmTKapd/7PdS3iqIEYumbWtMNDYyZhBwSWMSu3UgmZ8wK6g5WjMFNhONv7CiO46pUf7iXEnRjpWv3dkTFk7VJGrVAyv7W8vF//zWin2jzuZiHWKEPPJon4qKSY0z4P2hAGOcugI40a4t1J+zQzj6FIr7X5fkw/XqO7yaMLfQfwljf1KeFAJaoflk9NpSEWyTXbIHgnJETkh56RK6oSTe/JInsiz9+C9eK/e26S04E17NskPeO9fw5ug5A==</latexit>

q� � Q
�

e
<latexit sha1_base64="PhFv3QPr9EQRKzZslRYd4XCrx5Q=">AAACF3icbVDLTgJBEJzFF+IL9WLiZSIh8UR21USPRC8eIZFHwhIyOzQwYXZ3mOk1kg3+h3ev+gvejFeP/oGf4S5wULCSTipV3dPT5SkpDNr2l5VZWV1b38hu5ra2d3b38vsHdRNGmkONhzLUTY8ZkCKAGgqU0FQamO9JaHjDm9Rv3IM2IgzucKyg7bN+IHqCM0ykTv5o1IldBVpNqNvv0yp1zUhjDJNOvmCX7CnoMnHmpEDmqHTy32435JEPAXLJjGk5tsJ2zDQKLmGScyMDivEh60MroQHzwbTj6QUTWkyULu2FOqkA6VT9PREz35ix7yWdPsOBWfRS8T+vFWHvqh2LQEUIAZ8t6kWSYkjTOGhXaOAoxwlhXIvkr5QPmGYck9Byxd9r0scV+g9pNM5iEMukflZyzkt29aJQvp6HlCXH5IScEodckjK5JRVSI5w8kmfyQl6tJ+vNerc+Zq0Zaz5zSP7A+vwBzr+gXw==</latexit>
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TMD jet function re-factorization

- The e_cut dependence can only change the normalization of the TMD spectrum  
and the change can be predicted analytically.  

- No jet radius dependence 



Jet radius dependence 
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Direction of the groomed jet axis insensitive to jet Radius (for R ~ 1):
In contrast to the SJA where the shift is greater as we approach the 
“large R” limit.

SCET 2019 - UCSD Mar. 26 2019 23

zcut = 0.2, ecut = 0.01, Q = 50 GeV
<latexit sha1_base64="YykfaVTQFfcX087SzaY1Zqxr+us="></latexit>

Q � Qzcut � q� � Q
�

e
<latexit sha1_base64="cPGQqf4UqvYHFCasWLEZuLK2EsQ=">AAACKnicbVDLSgMxFM34rPVVdekmWARBKDMq6LLoxmULVoW2DJn0tg1NZtLkjliHfoT/4d6t/oI7cevCzzBTu/B1IOTcc1/JibQUFn3/1ZuZnZtfWCwsFZdXVtfWSxublzZJDYcGT2RiriNmQYoYGihQwrU2wFQk4SoanOX5qxswViTxBY40tBXrxaIrOEMnhaX9eqvXo/W7MOMpjmkeDMOspcFoF1mhaN1dQ4MZjMNS2a/4E9C/JJiSMpmiFpY+Wp2Epwpi5JJZ2wx8je2MGRRcwrjYSi1oxgesB01HY6bAtrPJp8Z01ykd2k2MOzHSifq9I2PK2pGKXKVi2Le/c7n4X66ZYveknYlYpwgx/1rUTSXFhOYO0Y4wwFGOHGHcCPdWyvvMMI7Ox+Lu9zX5cI3qNrcm+G3EX3J5UAkOK379qFw9nZpUINtkh+yRgByTKjknNdIgnNyTR/JEnr0H78V79d6+Sme8ac8W+QHv/ROR5qgL</latexit>

Q � Qzcut � q� � Q
�

e
<latexit sha1_base64="fsNDCGNibGLA+GeIv28oleNTzNA=">AAACKnicbVDLSgMxFM34tr6qLt0ES0EQyowKuhTduLRgrdApQya9rcFkJiZ3xDr0I/wP9271F9yJWxd+hpm2C7UeCJyccx/JibUUFn3/3Zuanpmdm19YLC0tr6yuldc3Lm2aGQ4NnsrUXMXMghQJNFCghCttgKlYQjO+OS385h0YK9LkAvsa2or1EtEVnKGTovJuPez1aP0hynmGAxpaoehtlIcajHbXwnPircEcBlG54tf8IegkCcakQsY4j8pfYSflmYIEuWTWtgJfYztnBgWXMCiFmQXN+A3rQcvRhCmw7Xz4qQGtOqVDu6lxJ0E6VH925ExZ21exq1QMr+1frxD/81oZdo/auUh0hpDw0aJuJimmtEiIdoQBjrLvCONGuLdSfs0M4+hyLFV/rimGa1T3RTTB3yAmyeVeLdiv+fWDyvHJOKQFskW2yQ4JyCE5JmfknDQIJ4/kmbyQV+/Je/PevY9R6ZQ37tkkv+B9fgOTW6gL</latexit>

0.00 0.05 0.10 0.15 0.20 0.25 0.30
0

1

2

3



TMD evolution
Rapidity divergences in global soft and soft-collinear using: 
 J.-Y. Chiu, A. Jain, D. Neill and I. Z. Rothstein arXiv:1202.0814

One loop results:

2
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Consistency check (effect of power corrections) against  
Pythia simulations. 
  
NLL cross section in good agreement with partonic shower  
of MC.
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dq�
<latexit sha1_base64="ZdGAGYqpndVTjO9jWtVBqKtO9CQ=">AAACKHicbZC7TsMwFIadcivlVmBksaiQYKkSQIKxgoWxSJRWaqrKcU6KVTsxtoOoojwD78HOCq/Ahroy8Rg4JQO3I1n69f/n+NhfIDnTxnWnTmVufmFxqbpcW1ldW9+ob25d6yRVFDo04YnqBUQDZzF0DDMcelIBEQGHbjA+L/LuHSjNkvjKTCQMBBnFLGKUGGsN6wehr9lIEOzDbcrusB8pQrPSzLPwdpj5EpTM82G94TbdWeG/witFA5XVHtY//DChqYDYUE607nuuNIOMKMMoh7zmpxokoWMygr6VMRGgB9nsSznes06Io0TZExs8c79PZERoPRGB7RTE3OjfWWH+l/VTE50OMhbL1EBMvxZFKccmwQUfHDIF1PCJFYQqZt+K6Q2xUIylWNv7vqa4XBpxX6DxfoP4K64Pm95R0708brTOSkhVtIN20T7y0AlqoQvURh1E0QN6Qs/oxXl0Xp03Z/rVWnHKmW30o5z3T+AUqF8=</latexit>

SCET 2019 - UCSD Mar. 26 2019 25

Perturbative @NLL vs Pythia Had. OFF

b⇤ =
bp

1 + (b/bmax)2
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µ(b�) =
C0

b�<latexit sha1_base64="wJgB6Q+Wvqth1W8gbOEU5IywsjE=">AAACGnicbZC7TsMwFIadcivlFmDsYlFVKgxVUpBgQarowlgkepGaKnJcp7VqJ5HtIKqoA+/BzgqvwIZYWXgDHgOnzVBajmTp1/+f42N/XsSoVJb1beTW1jc2t/LbhZ3dvf0D8/CoLcNYYNLCIQtF10OSMBqQlqKKkW4kCOIeIx1v3EjzzgMRkobBvZpEpM/RMKA+xUhpyzWLDo9hxXPPTuE1dHyBcNJwrWminalrlqyqNSu4KuxMlEBWTdf8cQYhjjkJFGZIyp5tRaqfIKEoZmRacGJJIoTHaEh6WgaIE9lPZp+YwrJ2BtAPhT6BgjN3cSJBXMoJ93QnR2okl7PU/C/rxcq/6ic0iGJFAjxf5McMqhCmROCACoIVm2iBsKD6rRCPkCahNLdCeXFNenmk+GOKxl4GsSratap9Xq3dXZTqNxmkPCiCE1ABNrgEdXALmqAFMHgCL+AVvBnPxrvxYXzOW3NGNnMM/pTx9Qt4JqAC</latexit>
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Theoretical uncertainties estimated by varying canonical scales by factor 1/2 and 2. 

Envelope of virtuality added in quadrature with envelope from rapidity variation. 

Can we do better?

Perturbative @NLL scale variation



Resummation in b-space @ NNLL

Universal

We only need to figure the non-cusp part. 
Use consistency of factorization

N(2)LL from arXiv:1603.09338

�F (µ, � = Qzcut) = �S(µ)
<latexit sha1_base64="VzahxXFmCvvdH87DwRaDu72w84w="></latexit>
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For jet energies < 25 GeV, the theoretical uncertainty is relatively large for NNLL. 

Work in progress:  
- Implement other resummation schemes, e.g. zeta-prescription. 
- Cross section for DIS.
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Scale variation: NNLL vs NLL



Non-perturbative effects: rapidity AD
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Non-perturbative model for 
rapidity anomalous dimension 

D � D + gK(b, bmax)
<latexit sha1_base64="B/P+FihKJCXrbwfOMMzsZCcvqNI="></latexit>



Summary  

- Groomed jet axis much more stable during hadronization, independent of jet 
radius (R ~ 1) or jet algorithms. Factorization involves universal soft function.  

- Additional measurement needs to be imposed to avoid boundary effects 
(Not necessary for Winner-Take-All, see arXiv:1807.07573).  

- All ingredients for NNLL resummation are available.  

- In progress: Groomed jets in DIS give access to TMDPDFs with minimum 
additional input.  

- In progress: zeta-prescription using the arTiMiDe package. 

- We need to understand non-perturbative effects. 
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Additional slides 
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Groomed Jet Axis (GJA) - Hadronization Effects 
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zcut = 0.1
<latexit sha1_base64="9SIBcwyB+bi521BNpb3ZV9WLSR8=">AAACCXicbVDLSsNAFJ3UV62vqks3g6XgKiQq6EYounFZwT6gDWUynbRDZ5IwcyPWkC9w71Z/wZ249Sv8Az/DSdtFbT1w4XDOfXH8WHANjvNtFVZW19Y3ipulre2d3b3y/kFTR4mirEEjEam2TzQTPGQN4CBYO1aMSF+wlj+6yf3WA1OaR+E9jGPmSTIIecApASN1n3opTSDDV47t9soVx3YmwMvEnZEKmqHeK/90+xFNJAuBCqJ1x3Vi8FKigFPBslI30SwmdEQGrGNoSCTTXjr5OcNVo/RxEClTIeCJOj+REqn1WPqmUxIY6kUvF//zOgkEl17KwzgBFtLpoSARGCKcB4D7XDEKYmwIoYqbXzEdEkUomJhK1fkz+fIY5GNmonEXg1gmzVPbPbOdu/NK7XoWUhEdoWN0glx0gWroFtVRA1EUoxf0it6sZ+vd+rA+p60FazZziP7A+voF92mahg==</latexit>

ln(QR/q�)
<latexit sha1_base64="d8Y6HOWCj1/CUFVqr7koCwfl2BU=">AAACEHicbVDLTsJAFJ3iC/EFunTTSEhwg62a6JLoxiUYeSS0aabDFCZMp+PMVCVNf8K9W/0Fd8atf+Af+BkO0AWCJ7nJyTn3leNzSqSyrG8jt7K6tr6R3yxsbe/s7hVL+20ZxQLhFopoJLo+lJgShluKKIq7XGAY+hR3/NH1xO88YCFJxO7UmGM3hANGAoKg0pJXLDmUVZu3J/de4nAseHrsFctWzZrCXCZ2RsogQ8Mr/jj9CMUhZgpRKGXPtrhyEygUQRSnBSeWmEM0ggPc05TBEEs3mb6emhWt9M0gErqYMqfq/EQCQynHoa87Q6iGctGbiP95vVgFl25CGI8VZmh2KIipqSJzkoPZJwIjRceaQCSI/tVEQyggUjqtQmX+zGQ5V+FTqqOxF4NYJu3Tmn1Ws5rn5fpVFlIeHIIjUAU2uAB1cAMaoAUQeAQv4BW8Gc/Gu/FhfM5ac0Y2cwD+wPj6BbpInRQ=</latexit>

ln(QR/q�)
<latexit sha1_base64="d8Y6HOWCj1/CUFVqr7koCwfl2BU=">AAACEHicbVDLTsJAFJ3iC/EFunTTSEhwg62a6JLoxiUYeSS0aabDFCZMp+PMVCVNf8K9W/0Fd8atf+Af+BkO0AWCJ7nJyTn3leNzSqSyrG8jt7K6tr6R3yxsbe/s7hVL+20ZxQLhFopoJLo+lJgShluKKIq7XGAY+hR3/NH1xO88YCFJxO7UmGM3hANGAoKg0pJXLDmUVZu3J/de4nAseHrsFctWzZrCXCZ2RsogQ8Mr/jj9CMUhZgpRKGXPtrhyEygUQRSnBSeWmEM0ggPc05TBEEs3mb6emhWt9M0gErqYMqfq/EQCQynHoa87Q6iGctGbiP95vVgFl25CGI8VZmh2KIipqSJzkoPZJwIjRceaQCSI/tVEQyggUjqtQmX+zGQ5V+FTqqOxF4NYJu3Tmn1Ws5rn5fpVFlIeHIIjUAU2uAB1cAMaoAUQeAQv4BW8Gc/Gu/FhfM5ac0Y2cwD+wPj6BbpInRQ=</latexit> ? ln(Qzcut/q�)

<latexit sha1_base64="4YJrOF7+LTusFgRKW+RY07MHN5k=">AAACFnicbVC7TsMwFHXKq5RXgIGBJaKqVJaSABKMFSyMrUQfUltFjuu2Vh3H2DeIEuU/2FnhF9gQKyt/wGfgPoZSONKVjs6519f3BJIzDa77ZWWWlldW17LruY3Nre0de3evrqNYEVojEY9UM8CaciZoDRhw2pSK4jDgtBEMr8d+454qzSJxCyNJOyHuC9ZjBIORfPugzUWx+ugnJIb05M5P2pIqmR77dt4tuRM4f4k3I3k0Q8W3v9vdiMQhFUA41rrluRI6CVbACKdprh1rKjEZ4j5tGSpwSHUnmRyQOgWjdJ1epEwJcCbq/ESCQ61HYWA6QwwDveiNxf+8Vgy9y07ChIyBCjJd1Iu5A5EzTsPpMkUJ8JEhmChm/uqQAVaYgMksV5hfM35cQviQmmi8xSD+kvppyTsrudXzfPlqFlIWHaIjVEQeukBldIMqqIYIStEzekGv1pP1Zr1bH9PWjDWb2Ue/YH3+AEUxoBs=</latexit>
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Groomed Jet Axis (GJA) - Hadronization Effects 
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zcut = 0.2
<latexit sha1_base64="vLkK2ALAn8wSOuyPD9OTBdwCu+E=">AAACCXicbVDLSsNAFJ34rPVVdelmsBRchaQKuhGKblxWsA9oQ5lMJ+3QSTLM3Ig19Avcu9VfcCdu/Qr/wM9w0mZRWw9cOJxzXxxfCq7Bcb6tldW19Y3NwlZxe2d3b790cNjUcaIoa9BYxKrtE80Ej1gDOAjWloqR0Bes5Y9uMr/1wJTmcXQPY8m8kAwiHnBKwEjdp15KE5jgK8eu9kplx3amwMvEzUkZ5aj3Sj/dfkyTkEVABdG64zoSvJQo4FSwSbGbaCYJHZEB6xgakZBpL53+PMEVo/RxECtTEeCpOj+RklDrceibzpDAUC96mfif10kguPRSHskEWERnh4JEYIhxFgDuc8UoiLEhhCpufsV0SBShYGIqVubPZMslhI8TE427GMQyaVZt98x27s7Ltes8pAI6RifoFLnoAtXQLaqjBqJIohf0it6sZ+vd+rA+Z60rVj5zhP7A+voF+QOahw==</latexit>
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The jet mass cutoff
~ 80% of the cross section is captured with e_cut < 0.01

m2
G

Q2
= e < ecut � 1

<latexit sha1_base64="vnlAoa+rOCOxizyfa79tv6LkP6M="></latexit>

ecut
<latexit sha1_base64="mnhVr758aQPjmBVHtC/Qfn5Lu2I=">AAACC3icbVDLSsNAFJ3UV62vqks3wVJwVRIVdFl047KCfUAby2R60w6dTMLMjbSEfIJ7t/oL7sStH+Ef+BkmbRa19cCFwzn3xXFDwTVa1rdRWFvf2Nwqbpd2dvf2D8qHRy0dRIpBkwUiUB2XahBcQhM5CuiECqjvCmi749vMbz+B0jyQDzgNwfHpUHKPM4qp9Aj9uIcwwZhFmCT9csWqWTOYq8TOSYXkaPTLP71BwCIfJDJBte7aVohOTBVyJiAp9SINIWVjOoRuSiX1QTvx7OvErKbKwPQClZZEc6YuTsTU13rqu2mnT3Gkl71M/M/rRuhdOzGXYYQg2fyQFwkTAzOLwBxwBQzFNCWUKZ7+arIRVZRhGlSpungmWx6iP8misZeDWCWt85p9UbPuLyv1mzykIjkhp+SM2OSK1MkdaZAmYUSRF/JK3oxn4934MD7nrQUjnzkmf2B8/QKoIJyy</latexit>
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