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Spin interference effects

→

In QCD, spin correlations lead to azimuthal modulation of the form
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• Get the ME right for emissions well-separated in Lund plane

• Reproduce NLL resummations of known observables

PanScales NLL requirements
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Redoing all spin index contractions at every branching is inefficient

Solution: Collins-Knowles algorithm

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



Observables: Lund Declustering
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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Dreyer, Salam, Soyez JHEP 12 (2018) 064

Can also be defined between jets: EPR-like observable



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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Effects of Resummation

EEEC

6Chen, 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



All orders: PanScales Showers
Comparisons with real showers is technically challenging
Want to send             while keeping        fixed↵s ! 0
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→ 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
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→ Thoroughly tested to not alter observable



All orders: PanScales Showers vs. Toy Shower
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Large cancellations 

between channels
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<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:



Conclusions & Phenomenology

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>

→

� 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

9

• Implementation of Collins-Knowles in PanScales 
showers


• Definition of spin-sensitive observables

• Validation of NLL resummation

Phenomenological considerations



Backup

10



Matrix Element Comparison

11

⇥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

12

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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