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Collinear Spin Correlations in Jets
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Spin interference effects

→

In QCD, collinear spin correlations lead to azimuthal modulation of the form
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Jet modelling through parton showers is mostly classical

Quantum interference effects do however appear, in the form of spin correlations



Spin in Monte Carlo
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Spin-sensitive observables at LEP:
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→

Talk by Stefan

→

Talk by Benjamin

Spin-sensitive observables between jets or inside jets

Matrix element

Parton shower • Lund plane density

• Energy correlators

• Machine learning

• ….

• Spin correlations are crucial for NLL 
accuracy in parton showers


• MC serves as input for ML models       
need to incorporate spin effects correctly  

→

This talk:

• Implementation of spin correlations in the PanScales showers

• Definition of some new spin-sensitive jet-substructure observables

• Validation of PanScales showers to NLL accuracy in those (collinear) observables 
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•Store the intermediate tensor with free spin indices            indices

•Redo the whole calculation at every branching       inefficient

→
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Solution: Collins-Knowles algorithm
Collins Nucl.Phys.B 304 (1988)
Knowles Nucl.Phys.B 304 (1988)
Richardson, Webster Eur.Phys.J.C 80 (2020)

Caveat in dipole showers: 
Shower azimuth collinear azimuth6=

<latexit sha1_base64="VH9Qn4xCqNclLCAWN0VnVe3hHJM=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48VTFtoQ9lsJ+3SzSbuboRS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCoqZNMMfRZIhLVDqlGwSX6hhuB7VQhjUOBrXB0O/NbT6g0T+SDGacYxHQgecQZNVbyuxIfSa9ccavuHGSVeDmpQI5Gr/zV7Scsi1EaJqjWHc9NTTChynAmcFrqZhpTykZ0gB1LJY1RB5P5sVNyZpU+iRJlSxoyV39PTGis9TgObWdMzVAvezPxP6+Tmeg6mHCZZgYlWyyKMkFMQmafkz5XyIwYW0KZ4vZWwoZUUWZsPiUbgrf88ippXlS9WvXyvlap3+RxFOEETuEcPLiCOtxBA3xgwOEZXuHNkc6L8+58LFoLTj5zDH/gfP4Aca+OdA==</latexit>

→ Boost-invariant branching amplitudes

M�a�b�c
a!bc =

1p
2

gs
pb·pc

F�a�b�c
a!bc (z)S⌧ (pb, pc)

<latexit sha1_base64="euMcFF3zy67SjToim5hivKoOEsQ="></latexit>

Spinor products

→
→ 2N
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Observables:
Fixed order: 

Angle between the planes of two subsequent branchings
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All orders: Lund plane declustering
•Decluster with C/A

•Find highest-    branching with

•Follow softest branch

•Find highest-    branching with 

•Compute angle          between two branching planes 

kt
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at Fixed-order

•Large cancellations between channels

•Peaks for soft intermediate gluons, balanced second branching



Observables: EEEC
Recently resummed Chen, Moult, Zhu Phys. Rev. Lett. 126 (2021)
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Energy weight removes soft contributions Opening angles

Angle between            -plane and                    -plane  (pi, pj)
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→ Talk by Hua Xing



Effects of Resummation

EEEC

8Chen, Moult, Zhu Phys. Rev. Lett. 126 (2021)

Numerical collinear resummation: 
MicroJets (toy shower) + Collins-Knowles

Dasgupta, Dreyer, Salam, Soyez JHEP 04 (2015)
Dasgupta, Dreyer, Salam, Soyez JHEP 06 (2016) 
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→Radiation dilutes spin content

Per channel



PanScales Showers vs. Toy Shower
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zcut = 0.1

<latexit sha1_base64="ooV7kqBrI/hgK771Xkw5baYuJxI=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2ARXJUZqehGKOjCZQX7gHYYMmmmDU0yQ5IR6jgLf8WNC0Xc+hvu/Bsz7Sy09UDgcM693JMTxIwq7TjfVmlpeWV1rbxe2djc2t6xd/faKkokJi0csUh2A6QIo4K0NNWMdGNJEA8Y6QTjq9zv3BOpaCTu9CQmHkdDQUOKkTaSbx88+GmfIz2SPMWJzjJ4CZ2a69tVp+ZMAReJW5AqKND07a/+IMIJJ0JjhpTquU6svRRJTTEjWaWfKBIjPEZD0jNUIE6Ul07zZ/DYKAMYRtI8oeFU/b2RIq7UhAdmMo+q5r1c/M/rJTq88FIq4kQTgWeHwoRBHcG8DDigkmDNJoYgLKnJCvEISYS1qaxiSnDnv7xI2qc1t147u61XG9dFHWVwCI7ACXDBOWiAG9AELYDBI3gGr+DNerJerHfrYzZasoqdffAH1ucPPe6Vlw==</latexit>

� ⌘ ↵sL = �0.5

<latexit sha1_base64="sMTUJ5/HbmznFq5dJyGDtnSdyOQ=">AAACCXicbVC7SgNBFJ31GeNr1dJmMAg2hl1J0EYIaGFhEcE8ILssd2cnyZDZhzOzgbCktfFXbCwUsfUP7PwbJ8kWmnhg4HDOudy5x084k8qyvo2l5ZXVtfXCRnFza3tn19zbb8o4FYQ2SMxj0fZBUs4i2lBMcdpOBIXQ57TlD64mfmtIhWRxdK9GCXVD6EWsywgoLXkmdrgOB4Ad+pCyIXaAJ33wJL7Fl/jUKlc9s2SVrSnwIrFzUkI56p755QQxSUMaKcJByo5tJcrNQChGOB0XnVTSBMgAerSjaQQhlW42vWSMj7US4G4s9IsUnqq/JzIIpRyFvk6GoPpy3puI/3mdVHUv3IxFSapoRGaLuinHKsaTWnDABCWKjzQBIpj+KyZ9EECULq+oS7DnT14kzbOyXSlX7yql2nVeRwEdoiN0gmx0jmroBtVRAxH0iJ7RK3oznowX4934mEWXjHzmAP2B8fkDlvOYVQ==</latexit>

↵s = 10�7

<latexit sha1_base64="lKAyaX3uA+y/kYxYt91IywIJ9cg=">AAAB+3icbVDLSsNAFJ34rPUV69LNYBHcWBKp1I1Q0IXLCvYBbQw300k7dDIJMxOxhPyKGxeKuPVH3Pk3Th8LbT1w4XDOvdx7T5BwprTjfFsrq2vrG5uFreL2zu7evn1Qaqk4lYQ2Scxj2QlAUc4EbWqmOe0kkkIUcNoORtcTv/1IpWKxuNfjhHoRDAQLGQFtJN8u9YAnQ/AVvsKu85Cd1XLfLjsVZwq8TNw5KaM5Gr791evHJI2o0ISDUl3XSbSXgdSMcJoXe6miCZARDGjXUAERVV42vT3HJ0bp4zCWpoTGU/X3RAaRUuMoMJ0R6KFa9Cbif1431eGllzGRpJoKMlsUphzrGE+CwH0mKdF8bAgQycytmAxBAtEmrqIJwV18eZm0zitutXJxVy3Xb+ZxFNAROkanyEU1VEe3qIGaiKAn9Ixe0ZuVWy/Wu/Uxa12x5jOH6A+szx8eNJM1</latexit>

L = �5 · 106

<latexit sha1_base64="ah8e2AUZkcc1xel4uko+knKCWCc=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgxpJIq26Egi5cuKhgH9DGMplM2qGTSZiZFEron7hxoYhb/8Sdf+P0sdDWAxcO59zLvff4CWdKO863lVtZXVvfyG8WtrZ3dvfs/YOGilNJaJ3EPJYtHyvKmaB1zTSnrURSHPmcNv3BzcRvDqlULBaPepRQL8I9wUJGsDZS17bv0TU6q3RIEGvkOk8XXbvolJwp0DJx56QIc9S69lcniEkaUaEJx0q1XSfRXoalZoTTcaGTKppgMsA92jZU4IgqL5tePkYnRglQGEtTQqOp+nsiw5FSo8g3nRHWfbXoTcT/vHaqwysvYyJJNRVktihMOdIxmsSAAiYp0XxkCCaSmVsR6WOJiTZhFUwI7uLLy6RxXnLLpcpDuVi9nceRhyM4hlNw4RKqcAc1qAOBITzDK7xZmfVivVsfs9acNZ85hD+wPn8AbrmRmw==</latexit>

↵s ! 0

<latexit sha1_base64="/0lYhYU2GHmOmrmQnEAuFN/BPTg=">AAACAHicbVBNS8NAEN3Ur1q/oh48eFksgqeSSEWPBT14rGA/oAlhst00SzfZsLtRSunFv+LFgyJe/Rne/Ddu2xy09cHA470ZZuaFGWdKO863VVpZXVvfKG9WtrZ3dvfs/YO2ErkktEUEF7IbgqKcpbSlmea0m0kKSchpJxxeT/3OA5WKifRejzLqJzBIWcQIaCMF9pEHPIshUNiTbBBrkFI8YgcHdtWpOTPgZeIWpIoKNAP7y+sLkic01YSDUj3XybQ/BqkZ4XRS8XJFMyBDGNCeoSkkVPnj2QMTfGqUPo6ENJVqPFN/T4whUWqUhKYzAR2rRW8q/uf1ch1d+WOWZrmmKZkvinKOtcDTNHCfSUo0HxkCRDJzKyYxSCDaZFYxIbiLLy+T9nnNrdcu7urVxk0RRxkdoxN0hlx0iRroFjVRCxE0Qc/oFb1ZT9aL9W59zFtLVjFziP7A+vwB+3CWBA==</latexit>

limit

Testing NLL accuracy of a full-fledged shower

d�

d 
/ exp

⇥
↵�1
s g1(↵sL) + g2(↵sL) +O(↵n

sL
n�1)

⇤

<latexit sha1_base64="VLy4/2V/QaROL+HG5WZ/emkSZus="></latexit>

LL NLL Higher order

Isolate NLL by taking the 
at fixed � ⌘ ↵sL

<latexit sha1_base64="ev6NPxPVNh7QA+a6JvE9sGD5lFk=">AAACAnicbVDLSsNAFJ34rPUVdSVuBovgqiRS0WXRjQsXFewDmhBuJpN26OThzKRQQnHjr7hxoYhbv8Kdf+O0zUJbDwwczjmXO/f4KWdSWda3sbS8srq2Xtoob25t7+yae/stmWSC0CZJeCI6PkjKWUybiilOO6mgEPmctv3B9cRvD6mQLInv1SilbgS9mIWMgNKSZx46XIcDwA59yNgQO8DTPngS33pmxapaU+BFYhekggo0PPPLCRKSRTRWhIOUXdtKlZuDUIxwOi47maQpkAH0aFfTGCIq3Xx6whifaCXAYSL0ixWeqr8ncoikHEW+Tkag+nLem4j/ed1MhZduzuI0UzQms0VhxrFK8KQPHDBBieIjTYAIpv+KSR8EEKVbK+sS7PmTF0nrrGrXqud3tUr9qqijhI7QMTpFNrpAdXSDGqiJCHpEz+gVvRlPxovxbnzMoktGMXOA/sD4/AFtrpbQ</latexit>



Phenomenological Considerations

10

→

� 12

<latexit sha1_base64="y/5HRGFsg/0xkOGO7av+FuKcIB4=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0lKRY8Fe/BYwX5AE8JmO2mXbjZhd1Moof/EiwdFvPpPvPlv3LY5aOuDgcd7M8zMC1POlHacb6u0tb2zu1ferxwcHh2f2KdnXZVkkkKHJjyR/ZAo4ExARzPNoZ9KIHHIoRdO7hd+bwpSsUQ86VkKfkxGgkWMEm2kwLa9FnBNsJcqFuRufR7YVafmLIE3iVuQKirQDuwvb5jQLAahKSdKDVwn1X5OpGaUw7ziZQpSQidkBANDBYlB+fny8jm+MsoQR4k0JTReqr8nchIrNYtD0xkTPVbr3kL8zxtkOrrzcybSTIOgq0VRxrFO8CIGPGQSqOYzQwiVzNyK6ZhIQrUJq2JCcNdf3iTdes1t1G4eG9Vmq4ijjC7QJbpGLrpFTfSA2qiDKJqiZ/SK3qzcerHerY9Va8kqZs7RH1ifP8S1kx0=</latexit>

•         generally has larger relative  
azimuthal modulation

Easier to observe experimentally
• Modulations may be enhanced further 

by adjusting the value ofzcut

<latexit sha1_base64="n337tOJMloYsu7YaUKGYw79YtEg=">AAAB+XicbVDLSsNAFL2pr1pfUZdugkVwVRJRdFnQhcsK9gFtCJPppB06Mwkzk0IN+RM3LhRx65+482+ctFlo64GBwzn3cs+cMGFUadf9tipr6xubW9Xt2s7u3v6BfXjUUXEqMWnjmMWyFyJFGBWkralmpJdIgnjISDec3BZ+d0qkorF41LOE+ByNBI0oRtpIgW0/BdmAIz2WPMOpzvPArrsNdw5nlXglqUOJVmB/DYYxTjkRGjOkVN9zE+1nSGqKGclrg1SRBOEJGpG+oQJxovxsnjx3zowydKJYmie0M1d/b2SIKzXjoZksQqplrxD/8/qpjm78jIok1UTgxaEoZY6OnaIGZ0glwZrNDEFYUpPVwWMkEdamrJopwVv+8irpXDS8y8bVw2W9eVfWUYUTOIVz8OAamnAPLWgDhik8wyu8WZn1Yr1bH4vRilXuHMMfWJ8/nE+UTw==</latexit>

→
• There are large cancellations between flavour channels

Clear advantage to performing measurements with flavour tagging
• Many subleading effects at LHC energies

- Quark masses

- Recoil effects

- Non-perturbative corrections

a2/a0

<latexit sha1_base64="EMSSjVNkeWc2cR3Fi0HzaKyzURo=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4qkmp6LGgB48V7Ae0IUy2m3bpZhN2N0Ip/RFePCji1d/jzX/jts1BWx8MPN6bYWZemAqujet+O2vrG5tb24Wd4u7e/sFh6ei4pZNMUdakiUhUJ0TNBJesabgRrJMqhnEoWDsc3c789hNTmify0YxT5sc4kDziFI2V2hhULzFwg1LZrbhzkFXi5aQMORpB6avXT2gWM2moQK27npsaf4LKcCrYtNjLNEuRjnDAupZKjJn2J/Nzp+TcKn0SJcqWNGSu/p6YYKz1OA5tZ4xmqJe9mfif181MdONPuEwzwyRdLIoyQUxCZr+TPleMGjG2BKni9lZCh6iQGptQ0YbgLb+8SlrVilerXD3UyvW7PI4CnMIZXIAH11CHe2hAEyiM4Ble4c1JnRfn3flYtK45+cwJ/IHz+QM5mI7b</latexit>

� = 0.5

<latexit sha1_base64="+Wr1JiStWnxnKy5snLYHAY2o/9o=">AAAB9HicbVDLSsNAFL2pr1pfVZduBovgKiTSohuh4MZlBfuANpTJZNIOnUzizKRQQr/DjQtF3Pox7vwbJ20W2npg4HDOudw7x084U9pxvq3SxubW9k55t7K3f3B4VD0+6ag4lYS2Scxj2fOxopwJ2tZMc9pLJMWRz2nXn9zlfndKpWKxeNSzhHoRHgkWMoK1kbwBN9EAo1vk2I1htebYzgJonbgFqUGB1rD6NQhikkZUaMKxUn3XSbSXYakZ4XReGaSKJphM8Ij2DRU4osrLFkfP0YVRAhTG0jyh0UL9PZHhSKlZ5JtkhPVYrXq5+J/XT3V442VMJKmmgiwXhSlHOkZ5AyhgkhLNZ4ZgIpm5FZExlpho01PFlOCufnmddK5st243Huq1ZrOoowxncA6X4MI1NOEeWtAGAk/wDK/wZk2tF+vd+lhGS1Yxcwp/YH3+AMvPkM8=</latexit>

→ Requires a comprehensive phenomenological study



Spin in the Soft Limit (preliminary)

11

The Collins-Knowles algorithm was originally designed collinear branchings only
→ Spin correlations also appear in the soft limit

Solution: correct the branching amplitudes to also be accurate in the soft limit
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Observables:           (preliminary)           � slice
12

<latexit sha1_base64="0Qk1bIGNgfycHQN3C6Xm4RByfXI=">AAACCHicbZA7SwNBFIVnfcb4ilpaOBgEq7AbIloGtLBMwDwgG8Ps5CYZMvtg5q4YlgUbG/+KjYUitv4EO/+Nk0ehiQcGPs65w8w9XiSFRtv+tpaWV1bX1jMb2c2t7Z3d3N5+XYex4lDjoQxV02MapAighgIlNCMFzPckNLzh5Thv3IHSIgxucBRB22f9QPQEZ2isTu7IvQKJjLqRFp3EKaa3iYtwj4mWgkOadnJ5u2BPRBfBmUGezFTp5L7cbshjHwLkkmndcuwI2wlTKLiENOvGGiLGh6wPLYMB80G3k8kiKT0xTpf2QmVOgHTi/r6RMF/rke+ZSZ/hQM9nY/O/rBVj76KdiCCKEQI+fagXS4ohHbdCu0IBRzkywLgS5q+UD5hiHE13WVOCM7/yItSLBadUOKuW8uXqw7SODDkkx+SUOOSclMk1qZAa4eSRPJNX8mY9WS/Wu/UxHV2yZhUekD+yPn8AeQ6avw==</latexit>

→ Adapt � 12

<latexit sha1_base64="gGpaEOUVR3BWoQotARMyfHoIea0=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0lKRY8FFTxWsB/QhLDZbtqlm03Y3RRK6D/x4kERr/4Tb/4bt20O2vpg4PHeDDPzwpQzpR3n2yptbG5t75R3K3v7B4dH9vFJRyWZJLRNEp7IXogV5UzQtmaa014qKY5DTrvh+HbudydUKpaIJz1NqR/joWARI1gbKbBt745yjZGXKhbkbn0W2FWn5iyA1olbkCoUaAX2lzdISBZToQnHSvVdJ9V+jqVmhNNZxcsUTTEZ4yHtGypwTJWfLy6foQujDFCUSFNCo4X6eyLHsVLTODSdMdYjterNxf+8fqajGz9nIs00FWS5KMo40gmax4AGTFKi+dQQTCQztyIywhITbcKqmBDc1ZfXSadecxu1q8dGtXlfxFGGMziHS3DhGprwAC1oA4EJPMMrvFm59WK9Wx/L1pJVzJzCH1ifP8UCkx4=</latexit>
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∞§ ! qq̄
Currently no known resummed observables sensitive to soft spin effects 

•Decluster with C/A

•Find highest-    branching with soft branch 
with               and hard branch with 

•Follow softest branch

•Find highest-    branching with 

•Compute angle           between two  
branching planes 

kt

<latexit sha1_base64="1fyyJHyZvRhcxqrOCBaJLYPeKqA=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseCCB4r2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUMnGqGW+yWMa6E1DDpVC8iQIl7ySa0yiQvB2Mb2Z++4lrI2L1iJOE+xEdKhEKRtFKD+M+9ssVt+rOQVaJl5MK5Gj0y1+9QczSiCtkkhrT9dwE/YxqFEzyaamXGp5QNqZD3rVU0YgbP5ufOiVnVhmQMNa2FJK5+nsio5ExkyiwnRHFkVn2ZuJ/XjfF8NrPhEpS5IotFoWpJBiT2d9kIDRnKCeWUKaFvZWwEdWUoU2nZEPwll9eJa2LqlerXt7XKvXbPI4inMApnIMHV1CHO2hAExgM4Rle4c2Rzovz7nwsWgtOPnMMf+B8/gBg7Y3h</latexit>

kt

<latexit sha1_base64="1fyyJHyZvRhcxqrOCBaJLYPeKqA=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseCCB4r2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUMnGqGW+yWMa6E1DDpVC8iQIl7ySa0yiQvB2Mb2Z++4lrI2L1iJOE+xEdKhEKRtFKD+M+9ssVt+rOQVaJl5MK5Gj0y1+9QczSiCtkkhrT9dwE/YxqFEzyaamXGp5QNqZD3rVU0YgbP5ufOiVnVhmQMNa2FJK5+nsio5ExkyiwnRHFkVn2ZuJ/XjfF8NrPhEpS5IotFoWpJBiT2d9kIDRnKCeWUKaFvZWwEdWUoU2nZEPwll9eJa2LqlerXt7XKvXbPI4inMApnIMHV1CHO2hAExgM4Rle4c2Rzovz7nwsWgtOPnMMf+B8/gBg7Y3h</latexit>

z2 � zcut

<latexit sha1_base64="GMkOFFOtyjJHYIBerZH0CUuFIb4=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEVyUpFV0WRHBZwT6gCWEynbRDJ5M4MxHaENz4K25cKOLWr3Dn3zhps9DWAxcO59zLvff4MaNSWda3UVpZXVvfKG9WtrZ3dvfM/YOOjBKBSRtHLBI9H0nCKCdtRRUjvVgQFPqMdP3xVe53H4iQNOJ3ahITN0RDTgOKkdKSZx5NvTp0huQeTr3UCZEaiTDFicoyz6xaNWsGuEzsglRBgZZnfjmDCCch4QozJGXftmLlpkgoihnJKk4iSYzwGA1JX1OOQiLddPZCBk+1MoBBJHRxBWfq74kUhVJOQl935kfKRS8X//P6iQou3ZTyOFGE4/miIGFQRTDPAw6oIFixiSYIC6pvhXiEBMJKp1bRIdiLLy+TTr1mN2rnt41q87qIowyOwQk4Aza4AE1wA1qgDTB4BM/gFbwZT8aL8W58zFtLRjFzCP7A+PwBh0yXjg==</latexit>

|⌘| < ⌘max

<latexit sha1_base64="gmHVa3GJheSSOBFemEg7FnvmFXI=">AAACA3icbVC7SgNBFJ31GeMraqfNYBCswq5EtLAI2lhGMA9IlmV2cpMMmX0wc1cSNgEbf8XGQhFbf8LOv3HyKDTxwOUezrmXmXv8WAqNtv1tLS2vrK6tZzaym1vbO7u5vf2qjhLFocIjGam6zzRIEUIFBUqoxwpY4Euo+b2bsV97AKVFFN7jIAY3YJ1QtAVnaCQvdzhsArIhvaLj7qVNhD6mAeuPRl4ubxfsCegicWYkT2Yoe7mvZiviSQAhcsm0bjh2jG7KFAouYZRtJhpixnusAw1DQxaAdtPJDSN6YpQWbUfKVIh0ov7eSFmg9SDwzWTAsKvnvbH4n9dIsH3ppiKME4SQTx9qJ5JiRMeB0JZQwFEODGFcCfNXyrtMMY4mtqwJwZk/eZFUzwpOsXB+V8yXrmdxZMgROSanxCEXpERuSZlUCCeP5Jm8kjfryXqx3q2P6eiSNds5IH9gff4AbmuYDQ==</latexit>

|⌘| > ⌘max

<latexit sha1_base64="L9E6rz5Pm3f35VMd2t1pevwdhA4=">AAACA3icbVDJSgNBEO1xjXGLetNLYxA8hRmJ6EmCXjxGMAskw9DTqSRNeha6ayRhEvDir3jxoIhXf8Kbf2NnOWjig6Ie71XRXc+PpdBo29/W0vLK6tp6ZiO7ubW9s5vb26/qKFEcKjySkar7TIMUIVRQoIR6rIAFvoSa37sZ+7UHUFpE4T0OYnAD1glFW3CGRvJyh8MmIBvSKzruXtpE6GMasP5o5OXydsGegC4SZ0byZIayl/tqtiKeBBAil0zrhmPH6KZMoeASRtlmoiFmvMc60DA0ZAFoN53cMKInRmnRdqRMhUgn6u+NlAVaDwLfTAYMu3reG4v/eY0E25duKsI4QQj59KF2IilGdBwIbQkFHOXAEMaVMH+lvMsU42hiy5oQnPmTF0n1rOAUC+d3xXzpehZHhhyRY3JKHHJBSuSWlEmFcPJInskrebOerBfr3fqYji5Zs50D8gfW5w9xl5gP</latexit>

� slice
12

<latexit sha1_base64="R6fSDwBk8apBasRcbdrLWRa+nFU=">AAACCHicbVDJSgNBEO2JW4xb1KMHG4PgKcyEiB6DevAYwSyQiaGnU0ma9Cx014hhmKMXf8WLB0W8+gne/Bs7y0ETHxQ83quiqp4XSaHRtr+tzNLyyupadj23sbm1vZPf3avrMFYcajyUoWp6TIMUAdRQoIRmpID5noSGN7wc+417UFqEwS2OImj7rB+InuAMjdTJH7pXIJFRN9Kikzil9C5xER4w0VJwSNNOvmAX7QnoInFmpEBmqHbyX2435LEPAXLJtG45doTthCkUXEKac2MNEeND1oeWoQHzQbeTySMpPTZKl/ZCZSpAOlF/TyTM13rke6bTZzjQ895Y/M9rxdg7byciiGKEgE8X9WJJMaTjVGhXKOAoR4YwroS5lfIBU4yjyS5nQnDmX14k9VLRKRdPb8qFysUsjiw5IEfkhDjkjFTINamSGuHkkTyTV/JmPVkv1rv1MW3NWLOZffIH1ucPTouaMA==</latexit>

ln kt

⌘
g1

q0 q̄0

q̄ q
g1

q̄0q0

�⌘max ⌘max



Conclusions
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• Implementation of Collins-Knowles in PanScales showers

• New jet-substructure observables sensitive to spin interference effects

• Validate (collinear) NLL resummation within the PanScales showers

• More detailed phenomenological study required
→ Subleading effects, parametric sensitivity, etc…



Backup
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All orders: PanScales Showers
Comparisons with real showers is technically challenging
Want to send             while keeping        fixed↵s ! 0

<latexit sha1_base64="Ni9z8VhCCy8puuyXrLPEA4Mn6f4=">AAAB/3icbVBNS8NAEN34WetXVPDiZbEInkoiFT0W9OCxgv2AJoTJdtMu3WzC7kYpsQf/ihcPinj1b3jz37htc9DWBwOP92aYmRemnCntON/W0vLK6tp6aaO8ubW9s2vv7bdUkklCmyThieyEoChngjY105x2UkkhDjlth8Orid++p1KxRNzpUUr9GPqCRYyANlJgH3rA0wEECnuS9QcapEwesBPYFafqTIEXiVuQCirQCOwvr5eQLKZCEw5KdV0n1X4OUjPC6bjsZYqmQIbQp11DBcRU+fn0/jE+MUoPR4k0JTSeqr8ncoiVGsWh6YxBD9S8NxH/87qZji79nIk001SQ2aIo41gneBIG7jFJieYjQ4BIZm7FZAASiDaRlU0I7vzLi6R1VnVr1fPbWqV+XcRRQkfoGJ0iF12gOrpBDdREBD2iZ/SK3qwn68V6tz5mrUtWMXOA/sD6/AGdepXa</latexit>

↵sL

<latexit sha1_base64="XrJjiZ/BPkKaAIBrI65nlJxHTXM=">AAAB8XicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0TKghYVFBPOByRHmNnvJkr29Y3dPCEf+hY2FIrb+Gzv/jZvkCk18MPB4b4aZeUEiuDau++0UVlbX1jeKm6Wt7Z3dvfL+QVPHqaKsQWMRq3aAmgkuWcNwI1g7UQyjQLBWMLqe+q0npjSP5YMZJ8yPcCB5yCkaKz12USRD7Gly1ytX3Ko7A1kmXk4qkKPeK391+zFNIyYNFah1x3MT42eoDKeCTUrdVLME6QgHrGOpxIhpP5tdPCEnVumTMFa2pCEz9fdEhpHW4yiwnRGaoV70puJ/Xic14ZWfcZmkhkk6XxSmgpiYTN8nfa4YNWJsCVLF7a2EDlEhNTakkg3BW3x5mTTPqt559eL+vFK7yeMowhEcwyl4cAk1uIU6NICChGd4hTdHOy/Ou/Mxby04+cwh/IHz+QMQR5CI</latexit>

→ Run showers to very small cutoff scale

•Shower stores directional differences in dipoles
→ Avoids large cancellation in dot products

•Dedicated double_exp floating-point type

→ Allows for larger exponent in a double

•Remove soft radiation
→ Avoids multiplicity exploding

15

→ Thoroughly tested to not alter observable



Matrix Element Comparison
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⇥12 = max (✓1, ✓2/✓1)

<latexit sha1_base64="P3hH+q7NdnW5tICKtsVxQvvH/Kc=">AAACJXicbZBNSwMxEIaz9bt+rXr0EixCBam7paIHBUEPHivYKnRLyaazbWj2g2RWLEv/jBf/ihcPFhE8+VdMawW1DgQe3neGybx+IoVGx3m3cjOzc/MLi0v55ZXVtXV7Y7Ou41RxqPFYxurWZxqkiKCGAiXcJgpY6Eu48XvnI//mDpQWcXSN/QSaIetEIhCcoZFa9ol33QVkrcwtD+gp9UJ270kIsEg9HBvu/jeVD74l6inR6eJeyy44JWdcdBrcCRTIpKote+i1Y56GECGXTOuG6yTYzJhCwSUM8l6qIWG8xzrQMBixEHQzG185oLtGadMgVuZFSMfqz4mMhVr3Q990hgy7+q83Ev/zGikGx81MREmKEPGvRUEqKcZ0FBltCwUcZd8A40qYv1LeZYpxNMHmTQju35OnoV4uuZXS4VWlcHYxiWORbJMdUiQuOSJn5JJUSY1w8kCeyAsZWo/Ws/VqvX215qzJzBb5VdbHJxazo8w=</latexit>

z1 = 0.01

<latexit sha1_base64="omMKeUYWeClTKv/TS1c841P+sgI=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBU9mVil6Egh48VrAf2C4lm6ZtaDa7JLNCXfovvHhQxKv/xpv/xrTdg7Y+CHm8N8PMvCCWwqDrfju5ldW19Y38ZmFre2d3r7h/0DBRohmvs0hGuhVQw6VQvI4CJW/FmtMwkLwZjK6nfvORayMidY/jmPshHSjRF4yilR6euh65Im7Z9brFkv1mIMvEy0gJMtS6xa9OL2JJyBUySY1pe26Mfko1Cib5pNBJDI8pG9EBb1uqaMiNn842npATq/RIP9L2KSQz9XdHSkNjxmFgK0OKQ7PoTcX/vHaC/Us/FSpOkCs2H9RPJMGITM8nPaE5Qzm2hDIt7K6EDammDG1IBRuCt3jyMmmclb1K+fyuUqreZHHk4QiO4RQ8uIAq3EIN6sBAwTO8wptjnBfn3fmYl+acrOcQ/sD5/AH+UY8u</latexit>

z2 = 0.3

<latexit sha1_base64="Skz8J1K/2LxDIzuC3n/UC4lu2/s=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbB07JbK3oRCnrwWMF+SLuUbJq2oUl2SbJCXforvHhQxKs/x5v/xrTdg7Y+GHi8N8PMvDDmTBvP+3ZyK6tr6xv5zcLW9s7uXnH/oKGjRBFaJxGPVCvEmnImad0ww2krVhSLkNNmOLqe+s1HqjSL5L0ZxzQQeCBZnxFsrPTw1C2jK+S5Z91iyXO9GdAy8TNSggy1bvGr04tIIqg0hGOt274XmyDFyjDC6aTQSTSNMRnhAW1bKrGgOkhnB0/QiVV6qB8pW9Kgmfp7IsVC67EIbafAZqgXvan4n9dOTP8ySJmME0MlmS/qJxyZCE2/Rz2mKDF8bAkmitlbERlihYmxGRVsCP7iy8ukUXb9int+VylVb7I48nAEx3AKPlxAFW6hBnUgIOAZXuHNUc6L8+58zFtzTjZzCH/gfP4AkxqO9w==</latexit>



Removing Soft Radiation
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ln zPS
cut = �10

<latexit sha1_base64="Te1ibhMDScT2W1SImNXYHlwTjb4=">AAACEXicbVDLSsNAFJ3UV62vqEs3g0XoxpJIRTdCQRcuK9oHNDFMppN26GQSZiZCDfkFN/6KGxeKuHXnzr9x0hbR1gMDZ865l3vv8WNGpbKsL6OwsLi0vFJcLa2tb2xumds7LRklApMmjlgkOj6ShFFOmooqRjqxICj0GWn7w/Pcb98RIWnEb9QoJm6I+pwGFCOlJc+sOIzDey91QqQGIkxxorLs9ufbuM4yeAYPbcszy1bVGgPOE3tKymCKhmd+Or0IJyHhCjMkZde2YuWmSCiKGclKTiJJjPAQ9UlXU45CIt10fFEGD7TSg0Ek9OMKjtXfHSkKpRyFvq7MN5WzXi7+53UTFZy6KeVxogjHk0FBwqCKYB4P7FFBsGIjTRAWVO8K8QAJhJUOsaRDsGdPnieto6pdqx5f1cr1i2kcRbAH9kEF2OAE1MElaIAmwOABPIEX8Go8Gs/Gm/E+KS0Y055d8AfGxzeW1J12</latexit>

↵s = 0.01

<latexit sha1_base64="ZkVv/09qqy7fsxb+WCjChMQ5Hdc=">AAAB+HicbVDLSgNBEOyNrxgfWfXoZTAInsKuRPQiBPTgMYJ5QLIsvZPZZMjsg5lZIYZ8iRcPinj1U7z5N06SPWhiQdNFVTfTU0EquNKO820V1tY3NreK26Wd3b39sn1w2FJJJilr0kQkshOgYoLHrKm5FqyTSoZRIFg7GN3M/PYjk4on8YMep8yLcBDzkFPURvLtcg9FOkRfkWviVB3XtyumzUFWiZuTCuRo+PZXr5/QLGKxpgKV6rpOqr0JSs2pYNNSL1MsRTrCAesaGmPElDeZHz4lp0bpkzCRpmJN5urvjQlGSo2jwExGqIdq2ZuJ/3ndTIdX3oTHaaZZTBcPhZkgOiGzFEifS0a1GBuCVHJzK6FDlEi1yapkQnCXv7xKWudVt1a9uK9V6rd5HEU4hhM4AxcuoQ530IAmUMjgGV7hzXqyXqx362MxWrDynSP4A+vzB4+tkbs=</latexit>

L = �27.5

<latexit sha1_base64="PqP6rrRtEcPohho9iMmW4QQcnjQ=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBiyEpLfUiFPTgwUMF+yFtKJvtpl262YTdjVBCf4UXD4p49ed489+4bXPQ1gcDj/dmmJnnx5wp7TjfVm5tfWNzK79d2Nnd2z8oHh61VJRIQpsk4pHs+FhRzgRtaqY57cSS4tDntO2Pr2d++4lKxSLxoCcx9UI8FCxgBGsjPd6hK3RRrtnVfrHk2M4caJW4GSlBhka/+NUbRCQJqdCEY6W6rhNrL8VSM8LptNBLFI0xGeMh7RoqcEiVl84PnqIzowxQEElTQqO5+nsixaFSk9A3nSHWI7XszcT/vG6ig0svZSJONBVksShIONIRmn2PBkxSovnEEEwkM7ciMsISE20yKpgQ3OWXV0mrbLsVu3pfKdVvsjjycAKncA4u1KAOt9CAJhAI4Rle4c2S1ov1bn0sWnNWNnMMf2B9/gAMW46g</latexit>



Rotational Invariance of Spinor Products
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