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�
<latexit sha1_base64="Aby3fNMKRv/ZGBN8LQcSzUlF57g=">AAACBHicbVDLSgMxFM34rPVVdekmWAquykwVdFl047KCfUA7lEyaaUOTzJDcEcvQrXu3+gvuxK3/4R/4GWbaWdTWA4HDuY9zc4JYcAOu++2srW9sbm0Xdoq7e/sHh6Wj45aJEk1Zk0Yi0p2AGCa4Yk3gIFgn1ozIQLB2ML7N6u1Hpg2P1ANMYuZLMlQ85JSAldq9CLhkpl8qu1V3BrxKvJyUUY5Gv/TTG0Q0kUwBFcSYrufG4KdEA6eCTYu9xLCY0DEZsq6lilgTP52dO8UVqwxwGGn7FOCZujiREmnMRAa2UxIYmeVaJv5X6yYQXvspV3ECTNG5UZgIDBHO/o4HXDMKYmIJoZrbWzEdEU0o2ISKlUWbbHkM8mlqo/GWg1glrVrVu6jW7i/L9Zs8pAI6RWfoHHnoCtXRHWqgJqJojF7QK3pznp1358P5nLeuOfnMCfoD5+sXZgKZOg==</latexit>

λ-soft
collinear

thrust measurement TMD* measurement 

* TMD = transverse momentum distribution 

Q(�2, 1,�)
<latexit sha1_base64="/+OrCSeN/8EnnHw6/+7l6F3dupM=">AAACAHicdVDLSgMxFM3UV62vURcu3ASLUKEMyejUuiu6cdmCfUBbSyZN29DMgyQjlNKNv+LGhSJu/Qx3/o3pQ1DRA4HDOedyc48fC640Qh9Waml5ZXUtvZ7Z2Nza3rF392oqSiRlVRqJSDZ8opjgIatqrgVrxJKRwBes7g+vpn79jknFo/BGj2LWDkg/5D1OiTZSxz6owFxLmHyX3Lp5nF/wk46dRQ7GnnfhQuQUkFf0CoYg18MIQ+ygGbJggXLHfm91I5oELNRUEKWaGMW6PSZScyrYJNNKFIsJHZI+axoakoCp9nh2wAQeG6ULe5E0L9Rwpn6fGJNAqVHgm2RA9ED99qbiX14z0b1ie8zDONEspPNFvURAHcFpG7DLJaNajAwhVHLzV0gHRBKqTWcZU8LXpfB/UnMdfOq4lbNs6XJRRxocgiOQAxicgxK4BmVQBRRMwAN4As/WvfVovViv82jKWszsgx+w3j4BnmyVKA==</latexit>

Q(�,�,�)
<latexit sha1_base64="scFfw4STZSfcafm8Nif/mw7odrs=">AAACBHicdVBLSwMxGMzWV62vVY+9BItQQZbdttrtrejFYwv2Ae1SstlsG5p9kGSFsvTgxb/ixYMiXv0R3vw3pg9Biw6EDDPzkXzjxowKaZqfWmZtfWNzK7ud29nd2z/QD4/aIko4Ji0csYh3XSQIoyFpSSoZ6cacoMBlpOOOr2d+545wQaPwVk5i4gRoGFKfYiSVNNDzTVjsM5X30PnKfTbQC6ZRq1kVuwRN4+KyapuWIma5XLUr0DLMOQpgicZA/+h7EU4CEkrMkBA9y4ylkyIuKWZkmusngsQIj9GQ9BQNUUCEk86XmMJTpXjQj7g6oYRz9edEigIhJoGrkgGSI7HqzcS/vF4ifdtJaRgnkoR48ZCfMCgjOGsEepQTLNlEEYQ5VX+FeIQ4wlL1llMlfG8K/yftkmGVjVKzUqhfLevIgjw4AUVggSqogxvQAC2AwT14BM/gRXvQnrRX7W0RzWjLmWPwC9r7F32Ol2M=</latexit>

Q(�2,�2,�2)
<latexit sha1_base64="eiwUFEV8NWZCN2CXS4m8saMDxA8=">AAACCnicdVDLSgMxFM3UV62vUZduokWoIMPMtNrprujGZQv2Ae1YMpm0Dc08SDJCGbp246+4caGIW7/AnX9j+hBU9EDgcM653NzjxYwKaZofWmZpeWV1Lbue29jc2t7Rd/eaIko4Jg0csYi3PSQIoyFpSCoZacecoMBjpOWNLqd+65ZwQaPwWo5j4gZoENI+xUgqqacf1mGhy1TeRzf26R/spKfnTaNSsUqODU3j7LzsmJYiZrFYdkrQMswZ8mCBWk9/7/oRTgISSsyQEB3LjKWbIi4pZmSS6yaCxAiP0IB0FA1RQISbzk6ZwGOl+LAfcfVCCWfq94kUBUKMA08lAySH4rc3Ff/yOonsO25KwziRJMTzRf2EQRnBaS/Qp5xgycaKIMyp+ivEQ8QRlqq9nCrh61L4P2nahlU07HopX71Y1JEFB+AIFIAFyqAKrkANNAAGd+ABPIFn7V571F6013k0oy1m9sEPaG+fJRaZTw==</latexit>

Q(�2, 1,�)
<latexit sha1_base64="/+OrCSeN/8EnnHw6/+7l6F3dupM=">AAACAHicdVDLSgMxFM3UV62vURcu3ASLUKEMyejUuiu6cdmCfUBbSyZN29DMgyQjlNKNv+LGhSJu/Qx3/o3pQ1DRA4HDOedyc48fC640Qh9Waml5ZXUtvZ7Z2Nza3rF392oqSiRlVRqJSDZ8opjgIatqrgVrxJKRwBes7g+vpn79jknFo/BGj2LWDkg/5D1OiTZSxz6owFxLmHyX3Lp5nF/wk46dRQ7GnnfhQuQUkFf0CoYg18MIQ+ygGbJggXLHfm91I5oELNRUEKWaGMW6PSZScyrYJNNKFIsJHZI+axoakoCp9nh2wAQeG6ULe5E0L9Rwpn6fGJNAqVHgm2RA9ED99qbiX14z0b1ie8zDONEspPNFvURAHcFpG7DLJaNajAwhVHLzV0gHRBKqTWcZU8LXpfB/UnMdfOq4lbNs6XJRRxocgiOQAxicgxK4BmVQBRRMwAN4As/WvfVovViv82jKWszsgx+w3j4BnmyVKA==</latexit>

p = (p+, p�, p?)
<latexit sha1_base64="J0yeDo6HRhkk6fNwC1f+o/Qg4iw=">AAACA3icbVDLSgMxFM3UV62vUXe6CRahopaZKuhGKLpxWcE+oJ2WTJq2oZlMSDJCGQpu/BU3LhRx60+482/MtLPQ1gP3cjjnXpJ7fMGo0o7zbWUWFpeWV7KrubX1jc0te3unpsJIYlLFIQtlw0eKMMpJVVPNSENIggKfkbo/vEn8+gORiob8Xo8E8QLU57RHMdJG6th7Al5BWBDt4xMo2qdJi1uCSDE+6th5p+hMAOeJm5I8SFHp2F+tboijgHCNGVKq6TpCezGSmmJGxrlWpIhAeIj6pGkoRwFRXjy5YQwPjdKFvVCa4hpO1N8bMQqUGgW+mQyQHqhZLxH/85qR7l16MeUi0oTj6UO9iEEdwiQQ2KWSYM1GhiAsqfkrxAMkEdYmtpwJwZ09eZ7USkX3rFi6O8+Xr9M4smAfHIACcMEFKINbUAFVgMEjeAav4M16sl6sd+tjOpqx0p1d8AfW5w9hHZV2</latexit>

p+ = n · p = p0 � p3
<latexit sha1_base64="RkdHreGWDrpo4TeZqB3QBKq5qWA=">AAACA3icbZDLSgMxFIYz9VbrbdSdboJFEMQy0wq6EYpuXFawF2inJZPJtKGZTEgyQhkKbnwVNy4UcetLuPNtTNtZaOuBhI//P4fk/L5gVGnH+bZyS8srq2v59cLG5tb2jr2711BxIjGp45jFsuUjRRjlpK6pZqQlJEGRz0jTH95M/OYDkYrG/F6PBPEi1Oc0pBhpI/XsA9E9hVeQd3AQaygMiq4Dz8xd6dlFp+RMCy6Cm0ERZFXr2V+dIMZJRLjGDCnVdh2hvRRJTTEj40InUUQgPER90jbIUUSUl053GMNjowQwjKU5XMOp+nsiRZFSo8g3nRHSAzXvTcT/vHaiw0svpVwkmnA8eyhMGNQxnAQCAyoJ1mxkAGFJzV8hHiCJsDaxFUwI7vzKi9Aol9xKqXx3XqxeZ3HkwSE4AifABRegCm5BDdQBBo/gGbyCN+vJerHerY9Za87KZvbBn7I+fwDaTJUW</latexit>

n = (1, 0, 0, 1), n̄ = (1, 0, 0,�1)
<latexit sha1_base64="KONoakUxQWnoBOPFvwKoGVapTDc=">AAACEnicbVDLSsNAFJ3UV62vqEs3g0VooZakCgoiFN24rGAf0IQymU7aoZNJmJkIJfQb3Pgrblwo4taVO//GSRtQW89l4HDOvdy5x4sYlcqyvozc0vLK6lp+vbCxubW9Y+7utWQYC0yaOGSh6HhIEkY5aSqqGOlEgqDAY6Ttja5Tv31PhKQhv1PjiLgBGnDqU4yUlnpmmcNLWLIrli67XHEu0oKOh0TCJz/WsV3umUWrak0BF4mdkSLI0OiZn04/xHFAuMIMSdm1rUi5CRKKYkYmBSeWJEJ4hAakqylHAZFuMj1pAo+00od+KPTjCk7V3xMJCqQcB57uDJAaynkvFf/zurHyz92E8ihWhOPZIj9mUIUwzQf2qSBYsbEmCAuq/wrxEAmElU6xoEOw509eJK1a1T6p1m5Pi/WrLI48OACHoARscAbq4AY0QBNg8ACewAt4NR6NZ+PNeJ+15oxsZh/8gfHxDRLemBQ=</latexit>

p� = n̄ · p = p0 + p3
<latexit sha1_base64="WhaKaP6HZtN3MTnN/4Ztb/oUles=">AAACCXicbVDLSgMxFM34rPU16tJNsAiCWGZaQTdC0Y3LCvYBnWnJZDJtaCYTkoxQhm7d+CtuXCji1j9w59+YtrPQ1gP3cjjnXpJ7AsGo0o7zbS0tr6yurRc2iptb2zu79t5+UyWpxKSBE5bIdoAUYZSThqaakbaQBMUBI61geDPxWw9EKprwez0SxI9Rn9OIYqSN1LOh6J7BK+gFSGZ87OEw0VAYQXQdeGp6tWeXnLIzBVwkbk5KIEe9Z395YYLTmHCNGVKq4zpC+xmSmmJGxkUvVUQgPER90jGUo5goP5teMobHRglhlEhTXMOp+nsjQ7FSozgwkzHSAzXvTcT/vE6qo0s/o1ykmnA8eyhKGdQJnMQCQyoJ1mxkCMKSmr9CPEASYW3CK5oQ3PmTF0mzUnar5crdeal2ncdRAIfgCJwAF1yAGrgFddAAGDyCZ/AK3qwn68V6tz5mo0tWvnMA/sD6/AHTCJfb</latexit>

� =
p
⌧ ⌧ 1

<latexit sha1_base64="uTFRXu8/FRvG1kCclTjnqPg4LgI=">AAACBHicbVDLSsNAFJ3UV62vqMtuBovgqiRV0I1QdOOygn1AE8pkMm2HTiZx5kYooQs3/oobF4q49SPc+TdO2yy09cDA4ZxzuXNPkAiuwXG+rcLK6tr6RnGztLW9s7tn7x+0dJwqypo0FrHqBEQzwSVrAgfBOoliJAoEawej66nffmBK81jewThhfkQGkvc5JWCknl32hAmHBF9iT98ryDwg6QR7QmC3Z1ecqjMDXiZuTiooR6Nnf3lhTNOISaCCaN11nQT8jCjgVLBJyUs1SwgdkQHrGipJxLSfzY6Y4GOjhLgfK/Mk4Jn6eyIjkdbjKDDJiMBQL3pT8T+vm0L/ws+4TFJgks4X9VOBIcbTRnDIFaMgxoYQqrj5K6ZDoggF01vJlOAunrxMWrWqe1qt3Z5V6ld5HUVURkfoBLnoHNXRDWqgJqLoET2jV/RmPVkv1rv1MY8WrHzmEP2B9fkDiL+XYA==</latexit>

� = qT /Q ⌧ 1
<latexit sha1_base64="A7z4QK+KJ4W8zU/ZeSeWok4pu6c=">AAACAXicbVDLSsNAFL3xWesr6kZwM1gEVzWpgm6EohuXLfQFTQiTyaQdOnk4MxFKqRt/xY0LRdz6F+78G6dtFtp6YOBwzrncucdPOZPKsr6NpeWV1bX1wkZxc2t7Z9fc22/JJBOENknCE9HxsaScxbSpmOK0kwqKI5/Ttj+4nfjtByokS+KGGqbUjXAvZiEjWGnJMw8drsMBRtfo3mugM1RHyOEc2Z5ZssrWFGiR2DkpQY6aZ345QUKyiMaKcCxl17ZS5Y6wUIxwOi46maQpJgPco11NYxxR6Y6mF4zRiVYCFCZCv1ihqfp7YoQjKYeRr5MRVn05703E/7xupsIrd8TiNFM0JrNFYcaRStCkDhQwQYniQ00wEUz/FZE+FpgoXVpRl2DPn7xIWpWyfV6u1C9K1Zu8jgIcwTGcgg2XUIU7qEETCDzCM7zCm/FkvBjvxscsumTkMwfwB8bnD8TVlII=</latexit>

n = (1,~n)
<latexit sha1_base64="A2efZh70HO4MeLc3qiaoHg0gYyM=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEIFaQkVdCLUPTisYL9gDaUzXbSLt1swu6mUEN/iRcPinj1p3jz37htc9DWBwOP92aYmefHnCntON9Wbm19Y3Mrv13Y2d3bL9oHh00VJZJCg0Y8km2fKOBMQEMzzaEdSyChz6Hlj+5mfmsMUrFIPOpJDF5IBoIFjBJtpJ5dFPgGl93z7hhoKqZnPbvkVJw58CpxM1JCGeo9+6vbj2gSgtCUE6U6rhNrLyVSM8phWugmCmJCR2QAHUMFCUF56fzwKT41Sh8HkTQlNJ6rvydSEio1CX3TGRI9VMveTPzP6yQ6uPZSJuJEg6CLRUHCsY7wLAXcZxKo5hNDCJXM3IrpkEhCtcmqYEJwl19eJc1qxb2oVB8uS7XbLI48OkYnqIxcdIVq6B7VUQNRlKBn9IrerCfrxXq3PhatOSubOUJ/YH3+AMMVkd4=</latexit>

~n
<latexit sha1_base64="irSXCxU1O48cT1o7ktOsGZXlJyQ=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ae0oWy2k3bpZhN2N4US+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikpeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx/dxvT1BpHssnM03Qj+hQ8pAzaqzU7k2QZXLWL1fcqrsAWSdeTiqQo9Evf/UGMUsjlIYJqnXXcxPjZ1QZzgTOSr1UY0LZmA6xa6mkEWo/W5w7IxdWGZAwVrakIQv190RGI62nUWA7I2pGetWbi/953dSEt37GZZIalGy5KEwFMTGZ/04GXCEzYmoJZYrbWwkbUUWZsQmVbAje6svrpFWrelfV2uN1pX6Xx1GEMziHS/DgBurwAA1oAoMxPMMrvDmJ8+K8Ox/L1oKTz5zCHzifP6P/j8Q=</latexit>

µ� = Q⌧
<latexit sha1_base64="IxDeL+/Rkf7JGfI0OX7JfC2TK+c=">AAAB/3icdVDLSsNAFJ34rPUVFdy4GSyCq5C01aYLoejGZQv2AU0Ik8mkHTp5MDMRSuzCX3HjQhG3/oY7/8bpQ1DRAwOHc+7h3jl+yqiQpvmhLS2vrK6tFzaKm1vbO7v63n5HJBnHpI0TlvCejwRhNCZtSSUjvZQTFPmMdP3R1dTv3hIuaBLfyHFK3AgNYhpSjKSSPP3QiTIvd5hKBGgCL2ALOhJlnl4yjXrdqtplaBpn5zXbtBQxK5WaXYWWYc5QAgs0Pf3dCRKcRSSWmCEh+paZSjdHXFLMyKToZIKkCI/QgPQVjVFEhJvP7p/AE6UEMEy4erGEM/V7IkeREOPIV5MRkkPx25uKf3n9TIa2m9M4zSSJ8XxRmDEoEzgtAwaUEyzZWBGEOVW3QjxEHGGpKiuqEr5+Cv8nnbJhVYxyq1pqXC7qKIAjcAxOgQVqoAGuQRO0AQZ34AE8gWftXnvUXrTX+eiStsgcgB/Q3j4BfuWVxg==</latexit>

µ� = qT
<latexit sha1_base64="AXAl6XHYcgsxr0glB4gA8+F+/uQ=">AAAB/nicdVDLSsNAFJ34rPUVFVduBovgKiRttelCKLpxWaEvaEKYTCbt0MnDmYlQQsFfceNCEbd+hzv/xulDUNEDA4dz7uHeOX7KqJCm+aEtLa+srq0XNoqbW9s7u/refkckGcekjROW8J6PBGE0Jm1JJSO9lBMU+Yx0/dHV1O/eES5oErfkOCVuhAYxDSlGUkmefuhEmZc7TCUCNIEX8NZrQejpJdOo162qXYamcXZes01LEbNSqdlVaBnmDCWwQNPT350gwVlEYokZEqJvmal0c8QlxYxMik4mSIrwCA1IX9EYRUS4+ez8CTxRSgDDhKsXSzhTvydyFAkxjnw1GSE5FL+9qfiX189kaLs5jdNMkhjPF4UZgzKB0y5gQDnBko0VQZhTdSvEQ8QRlqqxoirh66fwf9IpG1bFKN9US43LRR0FcASOwSmwQA00wDVogjbAIAcP4Ak8a/fao/aivc5Hl7RF5gD8gPb2CUPHlQk=</latexit>

µc = qT
<latexit sha1_base64="q8MdgEPa7/oeNysceW5derlgar0=">AAAB9HicdVDLSgMxFM34rPVVdekmWARXQ6Y6tS6EohuXFfqCdhgyaaYNTWamSaZQhn6HGxeKuPVj3Pk3pg9BRQ9cOJxzL/feEyScKY3Qh7Wyura+sZnbym/v7O7tFw4OmypOJaENEvNYtgOsKGcRbWimOW0nkmIRcNoKhrczvzWmUrE4qutJQj2B+xELGcHaSF5XpH5GpvAajvy6Xygi23Fc96oEkV1GbsUtG4JKroMc6NhojiJYouYX3ru9mKSCRppwrFTHQYn2Miw1I5xO891U0QSTIe7TjqERFlR52fzoKTw1Sg+GsTQVaThXv09kWCg1EYHpFFgP1G9vJv7ldVIdVryMRUmqaUQWi8KUQx3DWQKwxyQlmk8MwUQycyskAywx0SanvAnh61P4P2mWbOfcLt1fFKs3yzhy4BicgDPggEtQBXegBhqAgBF4AE/g2Rpbj9aL9bpoXbGWM0fgB6y3T10Ckdc=</latexit>

µc = Q
p
⌧

<latexit sha1_base64="+AHm7YZoSs1qvPkGi4G3UI8tq9o=">AAACAHicdVDLSgNBEJz1bXxFPXjwMhgET8tsdGM8CKIXjwmYKGSXZXYy0SGzD2d6hbDsxV/x4kERr36GN//GyUNQ0YKGoqqb7q4wlUIDIR/W1PTM7Nz8wmJpaXllda28vtHWSaYYb7FEJuoqpJpLEfMWCJD8KlWcRqHkl2H/bOhf3nGlRRJfwCDlfkSvY9ETjIKRgvKWF2VBzgp8jJvY07cKcg9oVgTlCrEdx3WPqpjYNeLW3ZohpOo6xMGOTUaooAkaQfnd6yYsi3gMTFKtOw5Jwc+pAsEkL0pepnlKWZ9e846hMY249vPRAwXeNUoX9xJlKgY8Ur9P5DTSehCFpjOicKN/e0PxL6+TQa/u5yJOM+AxGy/qZRJDgodp4K5QnIEcGEKZEuZWzG6oogxMZiUTwten+H/SrtrOvl1tHlROTidxLKBttIP2kIMO0Qk6Rw3UQgwV6AE9oWfr3nq0XqzXceuUNZnZRD9gvX0CsAWWfQ==</latexit>



cc̄ : v2 ⇠ 0.3

bb̄ : v2 ⇠ 0.1

Relative velocity of the heavy quark and  
antiquark in the quarkonium

bottomonium
charmonium

⇤QCD

mQv

mQv
2

mQ

µ

Perturbative 

Non-Perturbative 

|pQ| ⇠ mQv
<latexit sha1_base64="LsLNZUv0gVvHbQqi1OoBtvZceA4=">AAACGXicbVBNS8MwGE7n15xfVY9egkPwNFoR9Dj04nEDtwlrKWmabmFJU5J0MEr/hhf/ihcPinjUk//GdOtBN18IefI870ue9wlTRpV2nG+rtra+sblV327s7O7tH9iHR30lMolJDwsm5EOIFGE0IT1NNSMPqSSIh4wMwsltqQ+mRCoqkns9S4nP0SihMcVIGyqwHc+oGnqhYJGacXPlHkd6LHmeFkXQhZWuKIfcPKeB3XRazrzgKnAr0ARVdQL704sEzjhJNGZIqaHrpNrPkdQUM1I0vEyRFOEJGpGhgQniRPn5fLMCnhkmgrGQ5iQaztnfEzniqrRtOkvXalkryf+0Yabjaz+nSZppkuDFR3HGoBawjAlGVBKs2cwAhCU1XiEeI4mwNmE2TAju8sqroH/Rcp2W271stm+qOOrgBJyCc+CCK9AGd6ADegCDR/AMXsGb9WS9WO/Wx6K1ZlUzx+BPWV8/cZihJQ==</latexit><latexit sha1_base64="LsLNZUv0gVvHbQqi1OoBtvZceA4=">AAACGXicbVBNS8MwGE7n15xfVY9egkPwNFoR9Dj04nEDtwlrKWmabmFJU5J0MEr/hhf/ihcPinjUk//GdOtBN18IefI870ue9wlTRpV2nG+rtra+sblV327s7O7tH9iHR30lMolJDwsm5EOIFGE0IT1NNSMPqSSIh4wMwsltqQ+mRCoqkns9S4nP0SihMcVIGyqwHc+oGnqhYJGacXPlHkd6LHmeFkXQhZWuKIfcPKeB3XRazrzgKnAr0ARVdQL704sEzjhJNGZIqaHrpNrPkdQUM1I0vEyRFOEJGpGhgQniRPn5fLMCnhkmgrGQ5iQaztnfEzniqrRtOkvXalkryf+0Yabjaz+nSZppkuDFR3HGoBawjAlGVBKs2cwAhCU1XiEeI4mwNmE2TAju8sqroH/Rcp2W271stm+qOOrgBJyCc+CCK9AGd6ADegCDR/AMXsGb9WS9WO/Wx6K1ZlUzx+BPWV8/cZihJQ==</latexit><latexit sha1_base64="LsLNZUv0gVvHbQqi1OoBtvZceA4=">AAACGXicbVBNS8MwGE7n15xfVY9egkPwNFoR9Dj04nEDtwlrKWmabmFJU5J0MEr/hhf/ihcPinjUk//GdOtBN18IefI870ue9wlTRpV2nG+rtra+sblV327s7O7tH9iHR30lMolJDwsm5EOIFGE0IT1NNSMPqSSIh4wMwsltqQ+mRCoqkns9S4nP0SihMcVIGyqwHc+oGnqhYJGacXPlHkd6LHmeFkXQhZWuKIfcPKeB3XRazrzgKnAr0ARVdQL704sEzjhJNGZIqaHrpNrPkdQUM1I0vEyRFOEJGpGhgQniRPn5fLMCnhkmgrGQ5iQaztnfEzniqrRtOkvXalkryf+0Yabjaz+nSZppkuDFR3HGoBawjAlGVBKs2cwAhCU1XiEeI4mwNmE2TAju8sqroH/Rcp2W271stm+qOOrgBJyCc+CCK9AGd6ADegCDR/AMXsGb9WS9WO/Wx6K1ZlUzx+BPWV8/cZihJQ==</latexit><latexit sha1_base64="LsLNZUv0gVvHbQqi1OoBtvZceA4=">AAACGXicbVBNS8MwGE7n15xfVY9egkPwNFoR9Dj04nEDtwlrKWmabmFJU5J0MEr/hhf/ihcPinjUk//GdOtBN18IefI870ue9wlTRpV2nG+rtra+sblV327s7O7tH9iHR30lMolJDwsm5EOIFGE0IT1NNSMPqSSIh4wMwsltqQ+mRCoqkns9S4nP0SihMcVIGyqwHc+oGnqhYJGacXPlHkd6LHmeFkXQhZWuKIfcPKeB3XRazrzgKnAr0ARVdQL704sEzjhJNGZIqaHrpNrPkdQUM1I0vEyRFOEJGpGhgQniRPn5fLMCnhkmgrGQ5iQaztnfEzniqrRtOkvXalkryf+0Yabjaz+nSZppkuDFR3HGoBawjAlGVBKs2cwAhCU1XiEeI4mwNmE2TAju8sqroH/Rcp2W271stm+qOOrgBJyCc+CCK9AGd6ADegCDR/AMXsGb9WS9WO/Wx6K1ZlUzx+BPWV8/cZihJQ==</latexit>

KQ ⇠ mQv
2

<latexit sha1_base64="3s2i8J5AD2tfWgAHaapX0Tzk4Mo=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEInkpSBD0WvQheWrAf0Maw2W7apbtJ2N0Uaugv8eJBEa/+FG/+G7dtDtr6YODx3gwz84KEM6Ud59sqbGxube8Ud0t7+weHZfvouK3iVBLaIjGPZTfAinIW0ZZmmtNuIikWAaedYHw79zsTKhWLowc9Tagn8DBiISNYG8m3y/d+s6+YQMJvosljzbcrTtVZAK0TNycVyNHw7a/+ICapoJEmHCvVc51EexmWmhFOZ6V+qmiCyRgPac/QCAuqvGxx+AydG2WAwliaijRaqL8nMiyUmorAdAqsR2rVm4v/eb1Uh9dexqIk1TQiy0VhypGO0TwFNGCSEs2nhmAimbkVkRGWmGiTVcmE4K6+vE7atarrVN3mZaV+k8dRhFM4gwtw4QrqcAcNaAGBFJ7hFd6sJ+vFerc+lq0FK585gT+wPn8AatmSRA==</latexit><latexit sha1_base64="3s2i8J5AD2tfWgAHaapX0Tzk4Mo=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEInkpSBD0WvQheWrAf0Maw2W7apbtJ2N0Uaugv8eJBEa/+FG/+G7dtDtr6YODx3gwz84KEM6Ud59sqbGxube8Ud0t7+weHZfvouK3iVBLaIjGPZTfAinIW0ZZmmtNuIikWAaedYHw79zsTKhWLowc9Tagn8DBiISNYG8m3y/d+s6+YQMJvosljzbcrTtVZAK0TNycVyNHw7a/+ICapoJEmHCvVc51EexmWmhFOZ6V+qmiCyRgPac/QCAuqvGxx+AydG2WAwliaijRaqL8nMiyUmorAdAqsR2rVm4v/eb1Uh9dexqIk1TQiy0VhypGO0TwFNGCSEs2nhmAimbkVkRGWmGiTVcmE4K6+vE7atarrVN3mZaV+k8dRhFM4gwtw4QrqcAcNaAGBFJ7hFd6sJ+vFerc+lq0FK585gT+wPn8AatmSRA==</latexit><latexit sha1_base64="3s2i8J5AD2tfWgAHaapX0Tzk4Mo=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEInkpSBD0WvQheWrAf0Maw2W7apbtJ2N0Uaugv8eJBEa/+FG/+G7dtDtr6YODx3gwz84KEM6Ud59sqbGxube8Ud0t7+weHZfvouK3iVBLaIjGPZTfAinIW0ZZmmtNuIikWAaedYHw79zsTKhWLowc9Tagn8DBiISNYG8m3y/d+s6+YQMJvosljzbcrTtVZAK0TNycVyNHw7a/+ICapoJEmHCvVc51EexmWmhFOZ6V+qmiCyRgPac/QCAuqvGxx+AydG2WAwliaijRaqL8nMiyUmorAdAqsR2rVm4v/eb1Uh9dexqIk1TQiy0VhypGO0TwFNGCSEs2nhmAimbkVkRGWmGiTVcmE4K6+vE7atarrVN3mZaV+k8dRhFM4gwtw4QrqcAcNaAGBFJ7hFd6sJ+vFerc+lq0FK585gT+wPn8AatmSRA==</latexit><latexit sha1_base64="3s2i8J5AD2tfWgAHaapX0Tzk4Mo=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEInkpSBD0WvQheWrAf0Maw2W7apbtJ2N0Uaugv8eJBEa/+FG/+G7dtDtr6YODx3gwz84KEM6Ud59sqbGxube8Ud0t7+weHZfvouK3iVBLaIjGPZTfAinIW0ZZmmtNuIikWAaedYHw79zsTKhWLowc9Tagn8DBiISNYG8m3y/d+s6+YQMJvosljzbcrTtVZAK0TNycVyNHw7a/+ICapoJEmHCvVc51EexmWmhFOZ6V+qmiCyRgPac/QCAuqvGxx+AydG2WAwliaijRaqL8nMiyUmorAdAqsR2rVm4v/eb1Uh9dexqIk1TQiy0VhypGO0TwFNGCSEs2nhmAimbkVkRGWmGiTVcmE4K6+vE7atarrVN3mZaV+k8dRhFM4gwtw4QrqcAcNaAGBFJ7hFd6sJ+vFerc+lq0FK585gT+wPn8AatmSRA==</latexit>

typical momentum of heavy  quark:

typical kinetic energy of heavy  quark:

(soft)

(ultra-soft)

1.5 GeV
<latexit sha1_base64="KMf08kIYI9kuYhnzfpwPNjMm/ag=">AAAB+HicbVDLSgNBEJyNrxgfWfXoZTAInpZdUfQY9KDHCOYByRJmJ51kyOyDmV4xLvkSLx4U8eqnePNvnCR70MSChqKqm+6uIJFCo+t+W4WV1bX1jeJmaWt7Z7ds7+03dJwqDnUey1i1AqZBigjqKFBCK1HAwkBCMxhdT/3mAygt4ugexwn4IRtEoi84QyN17bLnnNMOwiNm9AYak65dcR13BrpMvJxUSI5a1/7q9GKehhAhl0zrtucm6GdMoeASJqVOqiFhfMQG0DY0YiFoP5sdPqHHRunRfqxMRUhn6u+JjIVaj8PAdIYMh3rRm4r/ee0U+5d+JqIkRYj4fFE/lRRjOk2B9oQCjnJsCONKmFspHzLFOJqsSiYEb/HlZdI4dTzX8e7OKtWrPI4iOSRH5IR45IJUyS2pkTrhJCXP5JW8WU/Wi/VufcxbC1Y+c0D+wPr8AUaekjA=</latexit><latexit sha1_base64="KMf08kIYI9kuYhnzfpwPNjMm/ag=">AAAB+HicbVDLSgNBEJyNrxgfWfXoZTAInpZdUfQY9KDHCOYByRJmJ51kyOyDmV4xLvkSLx4U8eqnePNvnCR70MSChqKqm+6uIJFCo+t+W4WV1bX1jeJmaWt7Z7ds7+03dJwqDnUey1i1AqZBigjqKFBCK1HAwkBCMxhdT/3mAygt4ugexwn4IRtEoi84QyN17bLnnNMOwiNm9AYak65dcR13BrpMvJxUSI5a1/7q9GKehhAhl0zrtucm6GdMoeASJqVOqiFhfMQG0DY0YiFoP5sdPqHHRunRfqxMRUhn6u+JjIVaj8PAdIYMh3rRm4r/ee0U+5d+JqIkRYj4fFE/lRRjOk2B9oQCjnJsCONKmFspHzLFOJqsSiYEb/HlZdI4dTzX8e7OKtWrPI4iOSRH5IR45IJUyS2pkTrhJCXP5JW8WU/Wi/VufcxbC1Y+c0D+wPr8AUaekjA=</latexit><latexit sha1_base64="KMf08kIYI9kuYhnzfpwPNjMm/ag=">AAAB+HicbVDLSgNBEJyNrxgfWfXoZTAInpZdUfQY9KDHCOYByRJmJ51kyOyDmV4xLvkSLx4U8eqnePNvnCR70MSChqKqm+6uIJFCo+t+W4WV1bX1jeJmaWt7Z7ds7+03dJwqDnUey1i1AqZBigjqKFBCK1HAwkBCMxhdT/3mAygt4ugexwn4IRtEoi84QyN17bLnnNMOwiNm9AYak65dcR13BrpMvJxUSI5a1/7q9GKehhAhl0zrtucm6GdMoeASJqVOqiFhfMQG0DY0YiFoP5sdPqHHRunRfqxMRUhn6u+JjIVaj8PAdIYMh3rRm4r/ee0U+5d+JqIkRYj4fFE/lRRjOk2B9oQCjnJsCONKmFspHzLFOJqsSiYEb/HlZdI4dTzX8e7OKtWrPI4iOSRH5IR45IJUyS2pkTrhJCXP5JW8WU/Wi/VufcxbC1Y+c0D+wPr8AUaekjA=</latexit><latexit sha1_base64="KMf08kIYI9kuYhnzfpwPNjMm/ag=">AAAB+HicbVDLSgNBEJyNrxgfWfXoZTAInpZdUfQY9KDHCOYByRJmJ51kyOyDmV4xLvkSLx4U8eqnePNvnCR70MSChqKqm+6uIJFCo+t+W4WV1bX1jeJmaWt7Z7ds7+03dJwqDnUey1i1AqZBigjqKFBCK1HAwkBCMxhdT/3mAygt4ugexwn4IRtEoi84QyN17bLnnNMOwiNm9AYak65dcR13BrpMvJxUSI5a1/7q9GKehhAhl0zrtucm6GdMoeASJqVOqiFhfMQG0DY0YiFoP5sdPqHHRunRfqxMRUhn6u+JjIVaj8PAdIYMh3rRm4r/ee0U+5d+JqIkRYj4fFE/lRRjOk2B9oQCjnJsCONKmFspHzLFOJqsSiYEb/HlZdI4dTzX8e7OKtWrPI4iOSRH5IR45IJUyS2pkTrhJCXP5JW8WU/Wi/VufcxbC1Y+c0D+wPr8AUaekjA=</latexit>

NRQCD scales

3

NRQCD = Non-Relativistic QCD 

Quarkonia as tools: 13/01/2020



In this talk

4Quarkonia as tools: 13/01/2020

• In-jet production 

• Outside-jet production (w/ jets) 

• Outside-jet production (w/o jets) 

• The game of scales and the need for a new EFT



In-jet production

5Quarkonia as tools: 13/01/2020

Intuitively: a jet is a collimated spray of particles initiated  
by the hadronization of an energetic parton originating  
from the hard process. 

In practice: a jet is defined by a precise and IR-safe  
algorithm (anti-kT, C/A, Cone). The algorithms collect a  
subset of the particles in the event into the jet.

�
<latexit sha1_base64="Aby3fNMKRv/ZGBN8LQcSzUlF57g=">AAACBHicbVDLSgMxFM34rPVVdekmWAquykwVdFl047KCfUA7lEyaaUOTzJDcEcvQrXu3+gvuxK3/4R/4GWbaWdTWA4HDuY9zc4JYcAOu++2srW9sbm0Xdoq7e/sHh6Wj45aJEk1Zk0Yi0p2AGCa4Yk3gIFgn1ozIQLB2ML7N6u1Hpg2P1ANMYuZLMlQ85JSAldq9CLhkpl8qu1V3BrxKvJyUUY5Gv/TTG0Q0kUwBFcSYrufG4KdEA6eCTYu9xLCY0DEZsq6lilgTP52dO8UVqwxwGGn7FOCZujiREmnMRAa2UxIYmeVaJv5X6yYQXvspV3ECTNG5UZgIDBHO/o4HXDMKYmIJoZrbWzEdEU0o2ISKlUWbbHkM8mlqo/GWg1glrVrVu6jW7i/L9Zs8pAI6RWfoHHnoCtXRHWqgJqJojF7QK3pznp1358P5nLeuOfnMCfoD5+sXZgKZOg==</latexit>

 /⌥
<latexit sha1_base64="jqBlKybiK2zzCcb+SKKazhjNkB8=">AAAB9HicdVDLSgMxFM34rPVVdekmWARXY6bqON0V3bis4LSFzlAyaaYNzWTGJFMopd/hxoUibv0Yd/6N6UNQ0QP3cjjnXnJzoowzpRH6sJaWV1bX1gsbxc2t7Z3d0t5+Q6W5JNQnKU9lK8KKciaor5nmtJVJipOI02Y0uJ76zSGViqXiTo8yGia4J1jMCNZGCoNMsdPAN52nolMqIxt5Dqp6ENnuheu4yJBq1XNRBTo2mqEMFqh3Su9BNyV5QoUmHCvVdlCmwzGWmhFOJ8UgVzTDZIB7tG2owAlV4Xh29AQeG6UL41SaEhrO1O8bY5woNUoiM5lg3Ve/van4l9fOdeyFYyayXFNB5g/FOYc6hdMEYJdJSjQfGYKJZOZWSPpYYqJNTkUTwtdP4f+kUbGdM7tye16uXS3iKIBDcAROgAMuQQ3cgDrwAQH34AE8gWdraD1aL9brfHTJWuwcgB+w3j4BRJGScQ==</latexit>

In-Jet production = The quarkonium belongs to the jet

jet

What is a jet?



Looking outside the jet
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(Semi-)Inclusive: Exclusive:

Collinear radiation  
(energetic close to the jet axis) 

 can escape  the jet.  
Appropriate for small-R jets. 

The energetic radiation must 
be contained in the jets.  

Works well with both small and  
large-R jets.  

�
<latexit sha1_base64="Aby3fNMKRv/ZGBN8LQcSzUlF57g=">AAACBHicbVDLSgMxFM34rPVVdekmWAquykwVdFl047KCfUA7lEyaaUOTzJDcEcvQrXu3+gvuxK3/4R/4GWbaWdTWA4HDuY9zc4JYcAOu++2srW9sbm0Xdoq7e/sHh6Wj45aJEk1Zk0Yi0p2AGCa4Yk3gIFgn1ozIQLB2ML7N6u1Hpg2P1ANMYuZLMlQ85JSAldq9CLhkpl8qu1V3BrxKvJyUUY5Gv/TTG0Q0kUwBFcSYrufG4KdEA6eCTYu9xLCY0DEZsq6lilgTP52dO8UVqwxwGGn7FOCZujiREmnMRAa2UxIYmeVaJv5X6yYQXvspV3ECTNG5UZgIDBHO/o4HXDMKYmIJoZrbWzEdEU0o2ISKlUWbbHkM8mlqo/GWg1glrVrVu6jW7i/L9Zs8pAI6RWfoHHnoCtXRHWqgJqJojF7QK3pznp1358P5nLeuOfnMCfoD5+sXZgKZOg==</latexit>

�
<latexit sha1_base64="Aby3fNMKRv/ZGBN8LQcSzUlF57g=">AAACBHicbVDLSgMxFM34rPVVdekmWAquykwVdFl047KCfUA7lEyaaUOTzJDcEcvQrXu3+gvuxK3/4R/4GWbaWdTWA4HDuY9zc4JYcAOu++2srW9sbm0Xdoq7e/sHh6Wj45aJEk1Zk0Yi0p2AGCa4Yk3gIFgn1ozIQLB2ML7N6u1Hpg2P1ANMYuZLMlQ85JSAldq9CLhkpl8qu1V3BrxKvJyUUY5Gv/TTG0Q0kUwBFcSYrufG4KdEA6eCTYu9xLCY0DEZsq6lilgTP52dO8UVqwxwGGn7FOCZujiREmnMRAa2UxIYmeVaJv5X6yYQXvspV3ECTNG5UZgIDBHO/o4HXDMKYmIJoZrbWzEdEU0o2ISKlUWbbHkM8mlqo/GWg1glrVrVu6jW7i/L9Zs8pAI6RWfoHHnoCtXRHWqgJqJojF7QK3pznp1358P5nLeuOfnMCfoD5+sXZgKZOg==</latexit>

jet
jet-2

jet-1

A+B ! jet +X
<latexit sha1_base64="g3VOMQUBzRum2gFg/y+lyQheTKc=">AAAB/3icbVDJSgNBEO2JW4zbqODFS2MQhECYiYIeY7x4jGAWSELo6VSSNj0L3TViGHPwV7x4UMSrv+HNv7GzHDTxQcHjvSqq6nmRFBod59tKLS2vrK6l1zMbm1vbO/buXlWHseJQ4aEMVd1jGqQIoIICJdQjBcz3JNS8wdXYr92D0iIMbnEYQctnvUB0BWdopLZ9cJkr0SaGpuABkzvAEc3RetvOOnlnArpI3BnJkhnKbfur2Ql57EOAXDKtG64TYSthCgWXMMo0Yw0R4wPWg4ahAfNBt5LJ/SN6bJQO7YbKVIB0ov6eSJiv9dD3TKfPsK/nvbH4n9eIsXvRSkQQxQgBny7qxpKaf8dh0I5QwFEODWFcCXMr5X2mGEcTWcaE4M6/vEiqhbx7mi/cnGWLpVkcaXJIjsgJcck5KZJrUiYVwskjeSav5M16sl6sd+tj2pqyZjP75A+szx8Nc5TX</latexit>

A+B ! di-jet
<latexit sha1_base64="dfwmaXVhIAHSxpLeVBNb2AlP8gk=">AAAB/3icbVDJSgNBEO2JW4zbqODFS2MQBDHMREGPMV48RjALJCH0dCpJm56F7hoxjDn4K148KOLV3/Dm39hZDpr4oODxXhVV9bxICo2O822lFhaXllfSq5m19Y3NLXt7p6LDWHEo81CGquYxDVIEUEaBEmqRAuZ7Eqpe/2rkV+9BaREGtziIoOmzbiA6gjM0Usveuzwu0gaGpuABk7Y4uQMc0paddXLOGHSeuFOSJVOUWvZXox3y2IcAuWRa110nwmbCFAouYZhpxBoixvusC3VDA+aDbibj+4f00Cht2gmVqQDpWP09kTBf64HvmU6fYU/PeiPxP68eY+eimYggihECPlnUiSU1/47CoG2hgKMcGMK4EuZWyntMMY4msowJwZ19eZ5U8jn3NJe/OcsWitM40mSfHJAj4pJzUiDXpETKhJNH8kxeyZv1ZL1Y79bHpDVlTWd2yR9Ynz+RTJUu</latexit>



Looking inside the jet
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Measurements of the quarkonium state  
w.r.t. the jet

Measurements of the jet-substructure 

• Transverse momentum w.r.t.  

(some) jet axis.  

• Energy fractions (e.g.                        ) 

• Polarization 

x = E /Ejet
<latexit sha1_base64="kUH3st1lfBaAx0VIC3HH8tfgV1s=">AAACAnicdZBNS0JBFIbn9mn2ZbWKNkMStLKridYikCJoaZAWqMjc8aiTcz+YOTeUy6VNf6VNiyLa9iva9W8av6CiXhh4eM85nDmvE0ih0bY/rZnZufmFxcRScnlldW09tbFZ1X6oOFS4L3114zANUnhQQYESbgIFzHUkXDu9s2H9+g6UFr53hYMAGi7reKItOENjNVPb/ZPzZlQPtIgPhoDQx+gWMI6bqbSdyefyhWKejqGQm8IxzWbskdJkonIz9VFv+Tx0wUMumda1rB1gI2IKBZcQJ+uhhoDxHutAzaDHXNCNaHRCTPeM06JtX5nnIR253yci5mo9cB3T6TLs6t+1oflXrRZi+6gRCS8IETw+XtQOJUWfDvOgLaGAoxwYYFwJ81fKu0wxjia1pAlhein9H6q5TPYwk7vMp0unkzgSZIfskn2SJUVSIhekTCqEk3vySJ7Ji/VgPVmv1tu4dcaazGyRH7LevwBlwpgb</latexit>

• Angularities, jet-thrust, and other jet-

substructure observables  

• Jet energy



Standard, modified, and groomed jets

8Quarkonia as tools: 13/01/2020

Standard Jets Modified/Groomed Jets:

The Standard Jet Axis is  
defined using all particles  
(radiation) within the jet.

The jet axis is defined using  
only some of jet constituents. 
The goal is to focus on the  
energetic core of the jet while  
reducing the influence of soft,  
wide-angle radiation  

SJA�
<latexit sha1_base64="Aby3fNMKRv/ZGBN8LQcSzUlF57g=">AAACBHicbVDLSgMxFM34rPVVdekmWAquykwVdFl047KCfUA7lEyaaUOTzJDcEcvQrXu3+gvuxK3/4R/4GWbaWdTWA4HDuY9zc4JYcAOu++2srW9sbm0Xdoq7e/sHh6Wj45aJEk1Zk0Yi0p2AGCa4Yk3gIFgn1ozIQLB2ML7N6u1Hpg2P1ANMYuZLMlQ85JSAldq9CLhkpl8qu1V3BrxKvJyUUY5Gv/TTG0Q0kUwBFcSYrufG4KdEA6eCTYu9xLCY0DEZsq6lilgTP52dO8UVqwxwGGn7FOCZujiREmnMRAa2UxIYmeVaJv5X6yYQXvspV3ECTNG5UZgIDBHO/o4HXDMKYmIJoZrbWzEdEU0o2ISKlUWbbHkM8mlqo/GWg1glrVrVu6jW7i/L9Zs8pAI6RWfoHHnoCtXRHWqgJqJojF7QK3pznp1358P5nLeuOfnMCfoD5+sXZgKZOg==</latexit>

Winner-Take-All  (WTA) 

Jet-Broadening Axis (JBA) 

Groomed Jet Axis  (GJA) 

…and others



Formalism of fragmenting-jet-functions
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(Semi-)Inclusive:

Exclusive:

d�

dMdx
(ab ! jet( )) =

X

c

d�

dMdx
(ab ! c)⌦ Gc/ 

<latexit sha1_base64="p1Y2PR5g79Ab2RrADVp8RQuLe90="></latexit>

d�

dMdx
(ab ! dijet( )) =

X

i,j

Ha,b!ijSG(M)⌦ Ji(M)⌦ Gc/ (x,M)

<latexit sha1_base64="yzYkBoFGV46GL7e4JNK6ty/O+20="></latexit>

Fragmenting jet functions (FJFs)

FJFs for the semi-inclusive and exclusive cases are not the same. However the 
formalism and the EFT Feynman rules for calculating those are very similar.



FJFs for quarkonium production
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Long distance matrix elements

Gc/ = Hc ⇥ Cs ⌦ Jc ⌦

X

n

d
[n]
hO

[n]
i

<latexit sha1_base64="AzYa5GZN5/eEvySHM7vt13DoAkU="></latexit>

Gc/ = Cs ⌦ Jc ⌦

X

n

d[n]hO[n]
i

<latexit sha1_base64="wa3plOvGn+yDgtbFxOKumkDrWAI="></latexit>

{Quarkonium Fragmentation Functions (Semi-)Inclusive:

Exclusive:

Depending on the measurements inside the jet a “λ-soft” scale is present. The FJFs 
currently are only studied in the massless limit: µ� � mQ

<latexit sha1_base64="G4xf+Vyf7ZFvGcikHyc4bK8eUHk=">AAAB/nicdVDLSsNAFJ3UV62vqrhyM1gEVyFpq213RTcuW7Ct0IQwmUzSoTNJmJkIJRT8FTcuFHHrd7jzb5w+BBU9MHA45x7uneOnjEplWR9GYWV1bX2juFna2t7Z3SvvH/RlkglMejhhibj1kSSMxqSnqGLkNhUEcZ+RgT++mvmDOyIkTeIbNUmJy1EU05BipLTklY8cnnm5w3QiQFPoRBHkXtcrVyyz1bLrzSq0zPOLRtOyNbFqtUazDm3TmqMCluh45XcnSHDGSawwQ1IObStVbo6EopiRacnJJEkRHqOIDDWNESfSzefnT+GpVgIYJkK/WMG5+j2RIy7lhPt6kiM1kr+9mfiXN8xU2HRzGqeZIjFeLAozBlUCZ13AgAqCFZtogrCg+laIR0ggrHRjJV3C10/h/6RfNe2aWe3WK+3LZR1FcAxOwBmwQQO0wTXogB7AIAcP4Ak8G/fGo/FivC5GC8Yycwh+wHj7BEEXla8=</latexit>



Theoretical works to date

11Quarkonia as tools: 13/01/2020

Jet energy, energy fraction 
 arXiv:1406.2295

Angularities, energy fraction 
 arXiv:1603.06981

transverse momentum,  
energy fraction 

 arXiv:1610.06508 

Polarization, energy fraction 
 arXiv:1702.03287

Energy fraction 
 arXiv:1702.05525 



Measurements performed until now

12Quarkonia as tools: 13/01/2020

Only for the simplest measurement 
there are available data: 
arXiv:1701.05116 (LHCb) 
Nucl.Phys. A982 (2019) 186-188 (CMS)



Measurements performed until now

13Quarkonia as tools: 13/01/2020

Only for the simplest measurement 
there are available data: 
arXiv:1701.05116 (LHCb) 
arXiv:1702.05525 (Theory)
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In-jet production-summary 
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Jet algorithm

Semi-inclusive Exclusive

Groomed/Modified Standard jets

Measurements 

• Winner-Take-All  (WTA) 
• Jet-Broadening Axis (JBA) 
• Groomed Jet Axis  (GJA)

• anti-kT 
• C/A 
• Cone

• Transverse momentum  
• Energy fractions  
• Polarization  
• Jet substructure  
• Jet energy



Comparison with event generators 

15Quarkonia as tools: 13/01/2020

• Pythia generates consistently harder spectrum than theory and experiment 

• In-jet quarkonium provides a reference process for improving quarkonium 
fragmentation in EGs

MadGraph Pythia Fragmenting-Jet-Functions

Pqg
<latexit sha1_base64="aro5nduW55EAP3GbF+pZv0pJtA0=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GjLt2HZZdOOygn1AO5RMmrbRTDImGaEM/Qc3LhRx6/+482/MtBVU9MCFwzn3cu89YcyZNgh9OLmV1bX1jfxmYWt7Z3evuH/Q1jJRhLaI5FJ1Q6wpZ4K2DDOcdmNFcRRy2glvLzK/c0+VZlJcm2lMgwiPBRsxgo2V2s1BejeeDYol5J7VkV9FELnI9yu1Wka8asWrQs9Fc5TAEs1B8b0/lCSJqDCEY617HopNkGJlGOF0VugnmsaY3OIx7VkqcER1kM6vncETqwzhSCpbwsC5+n0ixZHW0yi0nRE2E/3by8S/vF5iRvUgZSJODBVksWiUcGgkzF6HQ6YoMXxqCSaK2VshmWCFibEBFWwIX5/C/0m77HoVt3zllxrnyzjy4Agcg1PggRpogEvQBC1AwA14AE/g2ZHOo/PivC5ac85y5hD8gPP2CRbvj3o=</latexit>

2Pqq
<latexit sha1_base64="d4qMPZCYYlp8IJXjhHKnp/j7DUc=">AAAB7nicdVDLSgNBEOz1GeMr6tHLYBA8LbPJmuQY9OIxgnlAsoTZySQZMvvIzKwQlnyEFw+KePV7vPk3ziYRVLSgoajqprvLjwVXGuMPa219Y3NrO7eT393bPzgsHB23VJRIypo0EpHs+EQxwUPW1FwL1oklI4EvWNufXGd++55JxaPwTs9i5gVkFPIhp0QbqV1q9NPpdN4vFLF9WcNuBSNsY9ctV6sZcSplp4IcGy9QhBUa/cJ7bxDRJGChpoIo1XVwrL2USM2pYPN8L1EsJnRCRqxraEgCprx0ce4cnRtlgIaRNBVqtFC/T6QkUGoW+KYzIHqsfnuZ+JfXTfSw5qU8jBPNQrpcNEwE0hHKfkcDLhnVYmYIoZKbWxEdE0moNgnlTQhfn6L/SatkO2W7dOsW61erOHJwCmdwAQ5UoQ430IAmUJjAAzzBsxVbj9aL9bpsXbNWMyfwA9bbJ5gDj8A=</latexit>

FFs

LDMEs



Outside-jet production (w/ jets)

16Quarkonia as tools: 13/01/2020

�
<latexit sha1_base64="Aby3fNMKRv/ZGBN8LQcSzUlF57g=">AAACBHicbVDLSgMxFM34rPVVdekmWAquykwVdFl047KCfUA7lEyaaUOTzJDcEcvQrXu3+gvuxK3/4R/4GWbaWdTWA4HDuY9zc4JYcAOu++2srW9sbm0Xdoq7e/sHh6Wj45aJEk1Zk0Yi0p2AGCa4Yk3gIFgn1ozIQLB2ML7N6u1Hpg2P1ANMYuZLMlQ85JSAldq9CLhkpl8qu1V3BrxKvJyUUY5Gv/TTG0Q0kUwBFcSYrufG4KdEA6eCTYu9xLCY0DEZsq6lilgTP52dO8UVqwxwGGn7FOCZujiREmnMRAa2UxIYmeVaJv5X6yYQXvspV3ECTNG5UZgIDBHO/o4HXDMKYmIJoZrbWzEdEU0o2ISKlUWbbHkM8mlqo/GWg1glrVrVu6jW7i/L9Zs8pAI6RWfoHHnoCtXRHWqgJqJojF7QK3pznp1358P5nLeuOfnMCfoD5+sXZgKZOg==</latexit>

 /⌥
<latexit sha1_base64="jqBlKybiK2zzCcb+SKKazhjNkB8=">AAAB9HicdVDLSgMxFM34rPVVdekmWARXY6bqON0V3bis4LSFzlAyaaYNzWTGJFMopd/hxoUibv0Yd/6N6UNQ0QP3cjjnXnJzoowzpRH6sJaWV1bX1gsbxc2t7Z3d0t5+Q6W5JNQnKU9lK8KKciaor5nmtJVJipOI02Y0uJ76zSGViqXiTo8yGia4J1jMCNZGCoNMsdPAN52nolMqIxt5Dqp6ENnuheu4yJBq1XNRBTo2mqEMFqh3Su9BNyV5QoUmHCvVdlCmwzGWmhFOJ8UgVzTDZIB7tG2owAlV4Xh29AQeG6UL41SaEhrO1O8bY5woNUoiM5lg3Ve/van4l9fOdeyFYyayXFNB5g/FOYc6hdMEYJdJSjQfGYKJZOZWSPpYYqJNTkUTwtdP4f+kUbGdM7tye16uXS3iKIBDcAROgAMuQQ3cgDrwAQH34AE8gWdraD1aL9brfHTJWuwcgB+w3j4BRJGScQ==</latexit>

Quarkonium recoils against a jet or  
jet-like configuration. 

Away from the  
kinematic endpoint 
and no additional  

measurement 

Soft-collinear sensitive  
measurement 

NRQCD 
Fragmentation  

approach 

New SCET-like  
approach is needed 

similar to in-jet 
factorization

Example: electron-positron  
annihilation

e�
<latexit sha1_base64="BVcoNCFM2rgewtfI5kcwLH4QHF8=">AAAB6nicdVDLSgMxFM3UV62vqks3wSK4cci0Y9tl0Y3LivYB7VgyaaYNzWSGJCOUoZ/gxoUibv0id/6NmbaCih64cDjnXu69x485UxqhDyu3srq2vpHfLGxt7+zuFfcP2ipKJKEtEvFIdn2sKGeCtjTTnHZjSXHoc9rxJ5eZ37mnUrFI3OppTL0QjwQLGMHaSDf07mxQLCH7vI7cKoLIRq5bqdUy4lQrThU6NpqjBJZoDorv/WFEkpAKTThWquegWHsplpoRTmeFfqJojMkEj2jPUIFDqrx0fuoMnhhlCINImhIaztXvEykOlZqGvukMsR6r314m/uX1Eh3UvZSJONFUkMWiIOFQRzD7Gw6ZpETzqSGYSGZuhWSMJSbapFMwIXx9Cv8n7bLtVOzytVtqXCzjyIMjcAxOgQNqoAGuQBO0AAEj8ACewLPFrUfrxXpdtOas5cwh+AHr7RNGqo3N</latexit>

e+
<latexit sha1_base64="NoJc4FhJieTL1IjwbV9wMK6JxXg=">AAAB6nicdVDLSgMxFM3UV62vqks3wSIIwpBpx7bLohuXFe0D2rFk0kwbmskMSUYoQz/BjQtF3PpF7vwbM20FFT1w4XDOvdx7jx9zpjRCH1ZuZXVtfSO/Wdja3tndK+4ftFWUSEJbJOKR7PpYUc4EbWmmOe3GkuLQ57TjTy4zv3NPpWKRuNXTmHohHgkWMIK1kW7o3dmgWEL2eR25VQSRjVy3UqtlxKlWnCp0bDRHCSzRHBTf+8OIJCEVmnCsVM9BsfZSLDUjnM4K/UTRGJMJHtGeoQKHVHnp/NQZPDHKEAaRNCU0nKvfJ1IcKjUNfdMZYj1Wv71M/MvrJTqoeykTcaKpIItFQcKhjmD2NxwySYnmU0MwkczcCskYS0y0SadgQvj6FP5P2mXbqdjla7fUuFjGkQdH4BicAgfUQANcgSZoAQJG4AE8gWeLW4/Wi/W6aM1Zy5lD8APW2ydDoo3L</latexit>

• Reconstructed recoiling jet  

• Event shape measurement:  

• TMD measurement:  

⌧ ⌧ 1
<latexit sha1_base64="8jOqXbp6No4pJIQBBuFOk/J3BM8=">AAAB8XicdVDLSsNAFJ34rPVVdelmsAiuQhJDq7uiG5cV7AObUCbTSTt0MgkzN0Ip/Qs3LhRx69+482+cvkBFD1w4nHMv994TZYJrcJxPa2V1bX1js7BV3N7Z3dsvHRw2dZoryho0FalqR0QzwSVrAAfB2pliJIkEa0XD66nfemBK81TewShjYUL6ksecEjDSfQAkx4EQ2O2Wyo7te36l6uM5qXhLcold25mhjBaod0sfQS+lecIkUEG07rhOBuGYKOBUsEkxyDXLCB2SPusYKknCdDieXTzBp0bp4ThVpiTgmfp9YkwSrUdJZDoTAgP925uKf3mdHOKLcMxllgOTdL4ozgWGFE/fxz2uGAUxMoRQxc2tmA6IIhRMSEUTwvJT/D9perZ7bnu3frl2tYijgI7RCTpDLqqiGrpBddRAFEn0iJ7Ri6WtJ+vVepu3rliLmSP0A9b7FwMAkH8=</latexit>

qT ⌧ Q
<latexit sha1_base64="xzEtVQlJzKduGshvxPy3LxcVNfw=">AAAB8HicdVDLSgMxFM3UV62vqks3wSK4GmbGodVd0Y3LFvqSdiiZNNOGJpkxyQhl6Fe4caGIWz/HnX9j+gIVPXDhcM693HtPmDCqtON8Wrm19Y3Nrfx2YWd3b/+geHjUUnEqMWnimMWyEyJFGBWkqalmpJNIgnjISDsc38z89gORisaioScJCTgaChpRjLSR7u77DdhjDNb7xZJj+55frvhwQcreilxB13bmKIElav3iR28Q45QToTFDSnVdJ9FBhqSmmJFpoZcqkiA8RkPSNVQgTlSQzQ+ewjOjDGAUS1NCw7n6fSJDXKkJD00nR3qkfnsz8S+vm+roMsioSFJNBF4silIGdQxn38MBlQRrNjEEYUnNrRCPkERYm4wKJoTVp/B/0vJs98L26n6per2MIw9OwCk4By6ogCq4BTXQBBhw8AiewYslrSfr1XpbtOas5cwx+AHr/QtFTZAT</latexit>



Formalism (factorization) for 2-“jet” limit
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“2-jet” limit : ⌧ ⌧ 1
.
(qT /Q) ⌧ 1

<latexit sha1_base64="BQAkNx5r7nFhiY99yp+H5xqTTpU="></latexit>

d�

dM =
X

i,j,n

Hij SG(M)⌦ Ji(M)⌦ Gj/ (M)

<latexit sha1_base64="ObMqrAUAWC3LxWcEkmVwICfrYlA="></latexit>

Gj/ = Jj ⌦

X

n

d[n]hO[n]
i

<latexit sha1_base64="WCjodBQlNC3UXdY+MIclDPbVQM4="></latexit>

This factorization is only true for :

E ⌧ µ� ⌧ m 
<latexit sha1_base64="T5r++i2s83deeZKnAJStIyzdK/8=">AAACDnicdVBLSwMxGMzWV62vqkcvwVLwtGSrW+utKILHCvYB3WXJpmkbmuwuSVYoS3+BF/+KFw+KePXszX9j+hBUdCAwmfmG5Jsw4UxphD6s3NLyyupafr2wsbm1vVPc3WupOJWENknMY9kJsaKcRbSpmea0k0iKRchpOxxdTP32LZWKxdGNHifUF3gQsT4jWBspKJYvg8xLFJt4nHsiNRduwj08gUaAYmEGxRKyHcd1zyoQ2VXk1tyqIajiOsiBjo1mKIEFGkHx3evFJBU00oRjpboOSrSfYakZ4XRS8FJFE0xGeEC7hkZYUOVns3UmsGyUHuzH0pxIw5n6PZFhodRYhGZSYD1Uv72p+JfXTXW/5mcsSlJNIzJ/qJ9yqGM47Qb2mKRE87EhmEhm/grJEEtMtGmwYEr42hT+T1oV2zm2K9cnpfr5oo48OACH4Ag44BTUwRVogCYg4A48gCfwbN1bj9aL9TofzVmLzD74AevtE381nQk=</latexit>

The formalisms of fragmenting-jets-functions can also be applied to event shapes 
in the soft and collinear limit even though no jet-algorithm has been introduced. 

⌧ ⌧ 1
.
(qT /Q) ⌧ 1

<latexit sha1_base64="BQAkNx5r7nFhiY99yp+H5xqTTpU="></latexit>



Outside-jet production (w/o jets)
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�
<latexit sha1_base64="Aby3fNMKRv/ZGBN8LQcSzUlF57g=">AAACBHicbVDLSgMxFM34rPVVdekmWAquykwVdFl047KCfUA7lEyaaUOTzJDcEcvQrXu3+gvuxK3/4R/4GWbaWdTWA4HDuY9zc4JYcAOu++2srW9sbm0Xdoq7e/sHh6Wj45aJEk1Zk0Yi0p2AGCa4Yk3gIFgn1ozIQLB2ML7N6u1Hpg2P1ANMYuZLMlQ85JSAldq9CLhkpl8qu1V3BrxKvJyUUY5Gv/TTG0Q0kUwBFcSYrufG4KdEA6eCTYu9xLCY0DEZsq6lilgTP52dO8UVqwxwGGn7FOCZujiREmnMRAa2UxIYmeVaJv5X6yYQXvspV3ECTNG5UZgIDBHO/o4HXDMKYmIJoZrbWzEdEU0o2ISKlUWbbHkM8mlqo/GWg1glrVrVu6jW7i/L9Zs8pAI6RWfoHHnoCtXRHWqgJqJojF7QK3pznp1358P5nLeuOfnMCfoD5+sXZgKZOg==</latexit>

 /⌥
<latexit sha1_base64="jqBlKybiK2zzCcb+SKKazhjNkB8=">AAAB9HicdVDLSgMxFM34rPVVdekmWARXY6bqON0V3bis4LSFzlAyaaYNzWTGJFMopd/hxoUibv0Yd/6N6UNQ0QP3cjjnXnJzoowzpRH6sJaWV1bX1gsbxc2t7Z3d0t5+Q6W5JNQnKU9lK8KKciaor5nmtJVJipOI02Y0uJ76zSGViqXiTo8yGia4J1jMCNZGCoNMsdPAN52nolMqIxt5Dqp6ENnuheu4yJBq1XNRBTo2mqEMFqh3Su9BNyV5QoUmHCvVdlCmwzGWmhFOJ8UgVzTDZIB7tG2owAlV4Xh29AQeG6UL41SaEhrO1O8bY5woNUoiM5lg3Ve/van4l9fOdeyFYyayXFNB5g/FOYc6hdMEYJdJSjQfGYKJZOZWSPpYYqJNTkUTwtdP4f+kUbGdM7tye16uXS3iKIBDcAROgAMuQQ3cgDrwAQH34AE8gWdraD1aL9brfHTJWuwcgB+w3j4BRJGScQ==</latexit>

Quarkonium recoils against soft 
and collinear init. state. 

Away from the  
kinematic endpoint 
and no additional  

measurement 

Soft-collinear sensitive  
measurement 

Fixed order  
(traditional) NRQCD 

approach 

New SCET-like  
approach is needed 

similar to in-jet 
factorization

Example: Semi-Inclusive DIS  
(photo/lepto-production)

e�
<latexit sha1_base64="BVcoNCFM2rgewtfI5kcwLH4QHF8=">AAAB6nicdVDLSgMxFM3UV62vqks3wSK4cci0Y9tl0Y3LivYB7VgyaaYNzWSGJCOUoZ/gxoUibv0id/6NmbaCih64cDjnXu69x485UxqhDyu3srq2vpHfLGxt7+zuFfcP2ipKJKEtEvFIdn2sKGeCtjTTnHZjSXHoc9rxJ5eZ37mnUrFI3OppTL0QjwQLGMHaSDf07mxQLCH7vI7cKoLIRq5bqdUy4lQrThU6NpqjBJZoDorv/WFEkpAKTThWquegWHsplpoRTmeFfqJojMkEj2jPUIFDqrx0fuoMnhhlCINImhIaztXvEykOlZqGvukMsR6r314m/uX1Eh3UvZSJONFUkMWiIOFQRzD7Gw6ZpETzqSGYSGZuhWSMJSbapFMwIXx9Cv8n7bLtVOzytVtqXCzjyIMjcAxOgQNqoAGuQBO0AAEj8ACewLPFrUfrxXpdtOas5cwh+AHr7RNGqo3N</latexit>

p
<latexit sha1_base64="/T10iIcb1Nl9I+W89Y/gI91Yisg=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4GnqSMckx6MVjAmaBZAg9nZ6ktWehu0cIQ77AiwdFvPpJ3vwbO4ugog8KHu9VUVXPTwRXGuMPK7e2vrG5ld8u7Ozu7R8UD486Kk4lZW0ai1j2fKKY4BFra64F6yWSkdAXrOvfXc397j2TisfRjZ4mzAvJOOIBp0QbqZUMiyVsX9SxW8UI29h1K7XanDjVilNFjo0XKMEKzWHxfTCKaRqySFNBlOo7ONFeRqTmVLBZYZAqlhB6R8asb2hEQqa8bHHoDJ0ZZYSCWJqKNFqo3ycyEio1DX3TGRI9Ub+9ufiX1091UPcyHiWpZhFdLgpSgXSM5l+jEZeMajE1hFDJza2ITogkVJtsCiaEr0/R/6RTtp2KXW65pcblKo48nMApnIMDNWjANTShDRQYPMATPFu31qP1Yr0uW3PWauYYfsB6+wQ5qY05</latexit>

Particularly interesting processes  
for accessing the momentum of  

gluons in the IS.



Factorization for soft-collinear limit
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This factorization is only true for:

Factorized cross section:

{

Important hierarchy to access the unintegrated  
gluon distribution functions 

LO NLO

Collinear gluon Soft gluon

1S[8]
0 , 3P [8]

0,2
<latexit sha1_base64="Om9hBkZHylkf5r38NHMLB+BuQ2U=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovgopSkFSy4KbpxWdE+IE3DZDpph04mYWYilNCdG3/FjQtF3PoL7vwbp20W2nrgwuGce7n3Hj9mVCrL+jZyK6tr6xv5zcLW9s7unrl/0JJRIjBp4ohFouMjSRjlpKmoYqQTC4JCn5G2P7qe+u0HIiSN+L0ax8QN0YDTgGKktOSZxz37zrN6qVNzJ6XuJexVG15qlSqTueSZRatszQCXiZ2RIsjQ8Myvbj/CSUi4wgxJ6dhWrNwUCUUxI5NCN5EkRniEBsTRlKOQSDed/TGBp1rpwyASuriCM/X3RIpCKcehrztDpIZy0ZuK/3lOooKam1IeJ4pwPF8UJAyqCE5DgX0qCFZsrAnCgupbIR4igbDS0RV0CPbiy8ukVSnb1XLl9rxYv8riyIMjcALOgA0uQB3cgAZoAgwewTN4BW/Gk/FivBsf89ackc0cgj8wPn8ABPqXgQ==</latexit>

d�

dM =
X

n

H�⇤g!cc̄[n] S
[n]
 (M)⌦Bg/P (M)

<latexit sha1_base64="1R5dRWJPok5M4XEru1ubrBlgwYo="></latexit>

µ� ⇠ p? ⌧ m 
<latexit sha1_base64="hMg+rBadvSXnBSiJVj/A999dPkc="></latexit>

No LDMEs



The game of scales
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Often we are interested in  the case where λ-soft is  
particularly small:  
e.g. hadronization and non-perturbative effects,  
parton distribution in nucleons

µ� ⌧ m or µ� ⇠ m 
<latexit sha1_base64="5gIhfa34N9X3R+lvzdfIfMwvG78="></latexit>

Warning! 
λ-soft and NRQCD-soft interplay. Overlap of modes requires new EFT and new 
factorization approach. 

µ(v)s = mQv
<latexit sha1_base64="HGdIsZxQxE1LajQSSYS4XNbBzDY=">AAAB+nicbVBNS8NAEJ34WetXqkcvi0Wol5KIoBeh6MVjC/YD2hA22027dDcJu5tKif0pXjwo4tVf4s1/47bNQVsfDDzem2FmXpBwprTjfFtr6xubW9uFneLu3v7BoV06aqk4lYQ2Scxj2QmwopxFtKmZ5rSTSIpFwGk7GN3N/PaYSsXi6EFPEuoJPIhYyAjWRvLtUk+kflYZn6spuhF+A419u+xUnTnQKnFzUoYcdd/+6vVjkgoaacKxUl3XSbSXYakZ4XRa7KWKJpiM8IB2DY2woMrL5qdP0ZlR+iiMpalIo7n6eyLDQqmJCEynwHqolr2Z+J/XTXV47WUsSlJNI7JYFKYc6RjNckB9JinRfGIIJpKZWxEZYomJNmkVTQju8surpHVRdZ2q27gs127zOApwAqdQAReuoAb3UIcmEHiEZ3iFN+vJerHerY9F65qVzxzDH1ifPw+YkzQ=</latexit><latexit sha1_base64="HGdIsZxQxE1LajQSSYS4XNbBzDY=">AAAB+nicbVBNS8NAEJ34WetXqkcvi0Wol5KIoBeh6MVjC/YD2hA22027dDcJu5tKif0pXjwo4tVf4s1/47bNQVsfDDzem2FmXpBwprTjfFtr6xubW9uFneLu3v7BoV06aqk4lYQ2Scxj2QmwopxFtKmZ5rSTSIpFwGk7GN3N/PaYSsXi6EFPEuoJPIhYyAjWRvLtUk+kflYZn6spuhF+A419u+xUnTnQKnFzUoYcdd/+6vVjkgoaacKxUl3XSbSXYakZ4XRa7KWKJpiM8IB2DY2woMrL5qdP0ZlR+iiMpalIo7n6eyLDQqmJCEynwHqolr2Z+J/XTXV47WUsSlJNI7JYFKYc6RjNckB9JinRfGIIJpKZWxEZYomJNmkVTQju8surpHVRdZ2q27gs127zOApwAqdQAReuoAb3UIcmEHiEZ3iFN+vJerHerY9F65qVzxzDH1ifPw+YkzQ=</latexit><latexit sha1_base64="HGdIsZxQxE1LajQSSYS4XNbBzDY=">AAAB+nicbVBNS8NAEJ34WetXqkcvi0Wol5KIoBeh6MVjC/YD2hA22027dDcJu5tKif0pXjwo4tVf4s1/47bNQVsfDDzem2FmXpBwprTjfFtr6xubW9uFneLu3v7BoV06aqk4lYQ2Scxj2QmwopxFtKmZ5rSTSIpFwGk7GN3N/PaYSsXi6EFPEuoJPIhYyAjWRvLtUk+kflYZn6spuhF+A419u+xUnTnQKnFzUoYcdd/+6vVjkgoaacKxUl3XSbSXYakZ4XRa7KWKJpiM8IB2DY2woMrL5qdP0ZlR+iiMpalIo7n6eyLDQqmJCEynwHqolr2Z+J/XTXV47WUsSlJNI7JYFKYc6RjNckB9JinRfGIIJpKZWxEZYomJNmkVTQju8surpHVRdZ2q27gs127zOApwAqdQAReuoAb3UIcmEHiEZ3iFN+vJerHerY9F65qVzxzDH1ifPw+YkzQ=</latexit><latexit sha1_base64="HGdIsZxQxE1LajQSSYS4XNbBzDY=">AAAB+nicbVBNS8NAEJ34WetXqkcvi0Wol5KIoBeh6MVjC/YD2hA22027dDcJu5tKif0pXjwo4tVf4s1/47bNQVsfDDzem2FmXpBwprTjfFtr6xubW9uFneLu3v7BoV06aqk4lYQ2Scxj2QmwopxFtKmZ5rSTSIpFwGk7GN3N/PaYSsXi6EFPEuoJPIhYyAjWRvLtUk+kflYZn6spuhF+A419u+xUnTnQKnFzUoYcdd/+6vVjkgoaacKxUl3XSbSXYakZ4XRa7KWKJpiM8IB2DY2woMrL5qdP0ZlR+iiMpalIo7n6eyLDQqmJCEynwHqolr2Z+J/XTXV47WUsSlJNI7JYFKYc6RjNckB9JinRfGIIJpKZWxEZYomJNmkVTQju8surpHVRdZ2q27gs127zOApwAqdQAReuoAb3UIcmEHiEZ3iFN+vJerHerY9F65qVzxzDH1ifPw+YkzQ=</latexit>

µ(v)s = mQv
<latexit sha1_base64="HGdIsZxQxE1LajQSSYS4XNbBzDY=">AAAB+nicbVBNS8NAEJ34WetXqkcvi0Wol5KIoBeh6MVjC/YD2hA22027dDcJu5tKif0pXjwo4tVf4s1/47bNQVsfDDzem2FmXpBwprTjfFtr6xubW9uFneLu3v7BoV06aqk4lYQ2Scxj2QmwopxFtKmZ5rSTSIpFwGk7GN3N/PaYSsXi6EFPEuoJPIhYyAjWRvLtUk+kflYZn6spuhF+A419u+xUnTnQKnFzUoYcdd/+6vVjkgoaacKxUl3XSbSXYakZ4XRa7KWKJpiM8IB2DY2woMrL5qdP0ZlR+iiMpalIo7n6eyLDQqmJCEynwHqolr2Z+J/XTXV47WUsSlJNI7JYFKYc6RjNckB9JinRfGIIJpKZWxEZYomJNmkVTQju8surpHVRdZ2q27gs127zOApwAqdQAReuoAb3UIcmEHiEZ3iFN+vJerHerY9F65qVzxzDH1ifPw+YkzQ=</latexit><latexit sha1_base64="HGdIsZxQxE1LajQSSYS4XNbBzDY=">AAAB+nicbVBNS8NAEJ34WetXqkcvi0Wol5KIoBeh6MVjC/YD2hA22027dDcJu5tKif0pXjwo4tVf4s1/47bNQVsfDDzem2FmXpBwprTjfFtr6xubW9uFneLu3v7BoV06aqk4lYQ2Scxj2QmwopxFtKmZ5rSTSIpFwGk7GN3N/PaYSsXi6EFPEuoJPIhYyAjWRvLtUk+kflYZn6spuhF+A419u+xUnTnQKnFzUoYcdd/+6vVjkgoaacKxUl3XSbSXYakZ4XRa7KWKJpiM8IB2DY2woMrL5qdP0ZlR+iiMpalIo7n6eyLDQqmJCEynwHqolr2Z+J/XTXV47WUsSlJNI7JYFKYc6RjNckB9JinRfGIIJpKZWxEZYomJNmkVTQju8surpHVRdZ2q27gs127zOApwAqdQAReuoAb3UIcmEHiEZ3iFN+vJerHerY9F65qVzxzDH1ifPw+YkzQ=</latexit><latexit sha1_base64="HGdIsZxQxE1LajQSSYS4XNbBzDY=">AAAB+nicbVBNS8NAEJ34WetXqkcvi0Wol5KIoBeh6MVjC/YD2hA22027dDcJu5tKif0pXjwo4tVf4s1/47bNQVsfDDzem2FmXpBwprTjfFtr6xubW9uFneLu3v7BoV06aqk4lYQ2Scxj2QmwopxFtKmZ5rSTSIpFwGk7GN3N/PaYSsXi6EFPEuoJPIhYyAjWRvLtUk+kflYZn6spuhF+A419u+xUnTnQKnFzUoYcdd/+6vVjkgoaacKxUl3XSbSXYakZ4XRa7KWKJpiM8IB2DY2woMrL5qdP0ZlR+iiMpalIo7n6eyLDQqmJCEynwHqolr2Z+J/XTXV47WUsSlJNI7JYFKYc6RjNckB9JinRfGIIJpKZWxEZYomJNmkVTQju8surpHVRdZ2q27gs127zOApwAqdQAReuoAb3UIcmEHiEZ3iFN+vJerHerY9F65qVzxzDH1ifPw+YkzQ=</latexit><latexit sha1_base64="HGdIsZxQxE1LajQSSYS4XNbBzDY=">AAAB+nicbVBNS8NAEJ34WetXqkcvi0Wol5KIoBeh6MVjC/YD2hA22027dDcJu5tKif0pXjwo4tVf4s1/47bNQVsfDDzem2FmXpBwprTjfFtr6xubW9uFneLu3v7BoV06aqk4lYQ2Scxj2QmwopxFtKmZ5rSTSIpFwGk7GN3N/PaYSsXi6EFPEuoJPIhYyAjWRvLtUk+kflYZn6spuhF+A419u+xUnTnQKnFzUoYcdd/+6vVjkgoaacKxUl3XSbSXYakZ4XRa7KWKJpiM8IB2DY2woMrL5qdP0ZlR+iiMpalIo7n6eyLDQqmJCEynwHqolr2Z+J/XTXV47WUsSlJNI7JYFKYc6RjNckB9JinRfGIIJpKZWxEZYomJNmkVTQju8surpHVRdZ2q27gs127zOApwAqdQAReuoAb3UIcmEHiEZ3iFN+vJerHerY9F65qVzxzDH1ifPw+YkzQ=</latexit>

TMD Region NRQCD

Fragmentation  
Functions  
(NRQCD)

µc = µ(�)s = pT
<latexit sha1_base64="boJv3XGL6wltZKd14UK2Vnd979w=">AAACBXicbVDNS8MwHE39nPOr6lEPwSHMy2hF0Mtg6MXjhH3BWkqaZltYkpYkFUbZxYv/ihcPinj1f/Dmf2O69aCbDxIe7/0eye+FCaNKO863tbK6tr6xWdoqb+/s7u3bB4cdFacSkzaOWSx7IVKEUUHammpGeokkiIeMdMPxbe53H4hUNBYtPUmIz9FQ0AHFSBspsE88nga4nt9Z1WMmGKFzNYV1mAStwK44NWcGuEzcglRAgWZgf3lRjFNOhMYMKdV3nUT7GZKaYkamZS9VJEF4jIakb6hAnCg/m20xhWdGieAgluYIDWfq70SGuFITHppJjvRILXq5+J/XT/Xg2s+oSFJNBJ4/NEgZ1DHMK4ERlQRrNjEEYUnNXyEeIYmwNsWVTQnu4srLpHNRc52ae39ZadwUdZTAMTgFVeCCK9AAd6AJ2gCDR/AMXsGb9WS9WO/Wx3x0xSoyR+APrM8fMqOXtg==</latexit><latexit sha1_base64="boJv3XGL6wltZKd14UK2Vnd979w=">AAACBXicbVDNS8MwHE39nPOr6lEPwSHMy2hF0Mtg6MXjhH3BWkqaZltYkpYkFUbZxYv/ihcPinj1f/Dmf2O69aCbDxIe7/0eye+FCaNKO863tbK6tr6xWdoqb+/s7u3bB4cdFacSkzaOWSx7IVKEUUHammpGeokkiIeMdMPxbe53H4hUNBYtPUmIz9FQ0AHFSBspsE88nga4nt9Z1WMmGKFzNYV1mAStwK44NWcGuEzcglRAgWZgf3lRjFNOhMYMKdV3nUT7GZKaYkamZS9VJEF4jIakb6hAnCg/m20xhWdGieAgluYIDWfq70SGuFITHppJjvRILXq5+J/XT/Xg2s+oSFJNBJ4/NEgZ1DHMK4ERlQRrNjEEYUnNXyEeIYmwNsWVTQnu4srLpHNRc52ae39ZadwUdZTAMTgFVeCCK9AAd6AJ2gCDR/AMXsGb9WS9WO/Wx3x0xSoyR+APrM8fMqOXtg==</latexit><latexit sha1_base64="boJv3XGL6wltZKd14UK2Vnd979w=">AAACBXicbVDNS8MwHE39nPOr6lEPwSHMy2hF0Mtg6MXjhH3BWkqaZltYkpYkFUbZxYv/ihcPinj1f/Dmf2O69aCbDxIe7/0eye+FCaNKO863tbK6tr6xWdoqb+/s7u3bB4cdFacSkzaOWSx7IVKEUUHammpGeokkiIeMdMPxbe53H4hUNBYtPUmIz9FQ0AHFSBspsE88nga4nt9Z1WMmGKFzNYV1mAStwK44NWcGuEzcglRAgWZgf3lRjFNOhMYMKdV3nUT7GZKaYkamZS9VJEF4jIakb6hAnCg/m20xhWdGieAgluYIDWfq70SGuFITHppJjvRILXq5+J/XT/Xg2s+oSFJNBJ4/NEgZ1DHMK4ERlQRrNjEEYUnNXyEeIYmwNsWVTQnu4srLpHNRc52ae39ZadwUdZTAMTgFVeCCK9AAd6AJ2gCDR/AMXsGb9WS9WO/Wx3x0xSoyR+APrM8fMqOXtg==</latexit><latexit sha1_base64="boJv3XGL6wltZKd14UK2Vnd979w=">AAACBXicbVDNS8MwHE39nPOr6lEPwSHMy2hF0Mtg6MXjhH3BWkqaZltYkpYkFUbZxYv/ihcPinj1f/Dmf2O69aCbDxIe7/0eye+FCaNKO863tbK6tr6xWdoqb+/s7u3bB4cdFacSkzaOWSx7IVKEUUHammpGeokkiIeMdMPxbe53H4hUNBYtPUmIz9FQ0AHFSBspsE88nga4nt9Z1WMmGKFzNYV1mAStwK44NWcGuEzcglRAgWZgf3lRjFNOhMYMKdV3nUT7GZKaYkamZS9VJEF4jIakb6hAnCg/m20xhWdGieAgluYIDWfq70SGuFITHppJjvRILXq5+J/XT/Xg2s+oSFJNBJ4/NEgZ1DHMK4ERlQRrNjEEYUnNXyEeIYmwNsWVTQnu4srLpHNRc52ae39ZadwUdZTAMTgFVeCCK9AAd6AJ2gCDR/AMXsGb9WS9WO/Wx3x0xSoyR+APrM8fMqOXtg==</latexit>

Expansion in     and in �
<latexit sha1_base64="E21MbPW1F1/2ZmPyXS+zH9Vc3GE=">AAAB7nicdVDLSgMxFM34rPVVdekmWARXw7x06q7oxmUF+4B2KJlMpg3NZIYkI5ShH+HGhSJu/R53/o2ZtoKKHggczjmX3HvCjFGpLOvDWFldW9/YrGxVt3d29/ZrB4cdmeYCkzZOWSp6IZKEUU7aiipGepkgKAkZ6YaT69Lv3hMhacrv1DQjQYJGnMYUI6Wl7oDpaISGtbplXvi+47nQMi3H9bxGSWz30j+HtmnNUQdLtIa190GU4jwhXGGGpOzbVqaCAglFMSOz6iCXJEN4gkakrylHCZFBMV93Bk+1EsE4FfpxBefq94kCJVJOk1AnE6TG8rdXin95/VzFjaCgPMsV4XjxUZwzqFJY3g4jKghWbKoJwoLqXSEeI4Gw0g1VdQlfl8L/Sccxbdd0br1682pZRwUcgxNwBmzggya4AS3QBhhMwAN4As9GZjwaL8brIrpiLGeOwA8Yb5+qoY/M</latexit>

v
<latexit sha1_base64="pnRH7o6EelEm0yVfzddL97djrrg=">AAAB6HicdVDLSgMxFM3UV62vqks3wSK4GualU3dFNy5bsA9oh5JJM21sJjMkmUIp/QI3LhRx6ye582/MtBVU9MCFwzn3cu89YcqoVJb1YRTW1jc2t4rbpZ3dvf2D8uFRSyaZwKSJE5aITogkYZSTpqKKkU4qCIpDRtrh+Cb32xMiJE34nZqmJIjRkNOIYqS01Jj0yxXLvPR9x3OhZVqO63nVnNjulX8BbdNaoAJWqPfL771BgrOYcIUZkrJrW6kKZkgoihmZl3qZJCnCYzQkXU05iokMZotD5/BMKwMYJUIXV3Chfp+YoVjKaRzqzhipkfzt5eJfXjdTUTWYUZ5minC8XBRlDKoE5l/DARUEKzbVBGFB9a0Qj5BAWOlsSjqEr0/h/6TlmLZrOg2vUrtexVEEJ+AUnAMb+KAGbkEdNAEGBDyAJ/Bs3BuPxovxumwtGKuZY/ADxtsnURyNSQ==</latexit>

� = q?/M
<latexit sha1_base64="lWjRPZc4kzpsf8TEfpicTGOqXZw=">AAACAHicdVDLSgMxFM34rPVVdeHCTbAIrsZ5VFsXQtGNG6GCfUBnGDKZTBuaeZhkhDJ046+4caGIWz/DnX9j+hBU9EDgcM653Nzjp4wKaRgf2tz8wuLScmGluLq2vrFZ2tpuiSTjmDRxwhLe8ZEgjMakKalkpJNygiKfkbY/uBj77TvCBU3iGzlMiRuhXkxDipFUklfadZgKBwiewVsvd1LC0xE8gldeqWzoJ9WqVbGhoRuWXanUxsS0T6vH0NSNCcpghoZXeneCBGcRiSVmSIiuaaTSzRGXFDMyKjqZICnCA9QjXUVjFBHh5pMDRvBAKQEME65eLOFE/T6Ro0iIYeSrZIRkX/z2xuJfXjeTYc3NaZxmksR4uijMGJQJHLcBA8oJlmyoCMKcqr9C3EccYak6K6oSvi6F/5OWpZu2bl1XyvXzWR0FsAf2wSEwQRXUwSVogCbAYAQewBN41u61R+1Fe51G57TZzA74Ae3tE3g1lbE=</latexit>

Example: TMD measurements: 

see also talk by Thomas Mehen 

this morning 



ultra-soft

soft

subleading

arXiv:hep-ph/9910209 (M. E. Luke, A. V. Manohar, I. Z. Rothstein)

pµs ⇠ mQv(1, 1, 1, 1)
<latexit sha1_base64="+bwPetbiY7t8HTFolxDa0tIXGWM=">AAACCXicbVDLSgMxFM34rPU16tJNsAgVpMyIoMuiG5ct2Ad0xiGTZtrQJDMkmUIZunXjr7hxoYhb/8Cdf2M6nYW2nsuFwzn3ktwTJowq7Tjf1srq2vrGZmmrvL2zu7dvHxy2VZxKTFo4ZrHshkgRRgVpaaoZ6SaSIB4y0glHtzO/MyZS0Vjc60lCfI4GgkYUI22kwIZJkKnpQ+bxdAo9RTnkQROOYdU9z+sssCtOzckBl4lbkAoo0AjsL68f45QToTFDSvVcJ9F+hqSmmJFp2UsVSRAeoQHpGSoQJ8rP8kum8NQofRjF0rTQMFd/b2SIKzXhoZnkSA/VojcT//N6qY6u/YyKJNVE4PlDUcqgjuEsFtinkmDNJoYgLKn5K8RDJBHWJryyCcFdPHmZtC9qrlNzm5eV+k0RRwkcgxNQBS64AnVwBxqgBTB4BM/gFbxZT9aL9W59zEdXrGLnCPyB9fkDN2OYCg==</latexit><latexit sha1_base64="+bwPetbiY7t8HTFolxDa0tIXGWM=">AAACCXicbVDLSgMxFM34rPU16tJNsAgVpMyIoMuiG5ct2Ad0xiGTZtrQJDMkmUIZunXjr7hxoYhb/8Cdf2M6nYW2nsuFwzn3ktwTJowq7Tjf1srq2vrGZmmrvL2zu7dvHxy2VZxKTFo4ZrHshkgRRgVpaaoZ6SaSIB4y0glHtzO/MyZS0Vjc60lCfI4GgkYUI22kwIZJkKnpQ+bxdAo9RTnkQROOYdU9z+sssCtOzckBl4lbkAoo0AjsL68f45QToTFDSvVcJ9F+hqSmmJFp2UsVSRAeoQHpGSoQJ8rP8kum8NQofRjF0rTQMFd/b2SIKzXhoZnkSA/VojcT//N6qY6u/YyKJNVE4PlDUcqgjuEsFtinkmDNJoYgLKn5K8RDJBHWJryyCcFdPHmZtC9qrlNzm5eV+k0RRwkcgxNQBS64AnVwBxqgBTB4BM/gFbxZT9aL9W59zEdXrGLnCPyB9fkDN2OYCg==</latexit><latexit sha1_base64="+bwPetbiY7t8HTFolxDa0tIXGWM=">AAACCXicbVDLSgMxFM34rPU16tJNsAgVpMyIoMuiG5ct2Ad0xiGTZtrQJDMkmUIZunXjr7hxoYhb/8Cdf2M6nYW2nsuFwzn3ktwTJowq7Tjf1srq2vrGZmmrvL2zu7dvHxy2VZxKTFo4ZrHshkgRRgVpaaoZ6SaSIB4y0glHtzO/MyZS0Vjc60lCfI4GgkYUI22kwIZJkKnpQ+bxdAo9RTnkQROOYdU9z+sssCtOzckBl4lbkAoo0AjsL68f45QToTFDSvVcJ9F+hqSmmJFp2UsVSRAeoQHpGSoQJ8rP8kum8NQofRjF0rTQMFd/b2SIKzXhoZnkSA/VojcT//N6qY6u/YyKJNVE4PlDUcqgjuEsFtinkmDNJoYgLKn5K8RDJBHWJryyCcFdPHmZtC9qrlNzm5eV+k0RRwkcgxNQBS64AnVwBxqgBTB4BM/gFbxZT9aL9W59zEdXrGLnCPyB9fkDN2OYCg==</latexit><latexit sha1_base64="+bwPetbiY7t8HTFolxDa0tIXGWM=">AAACCXicbVDLSgMxFM34rPU16tJNsAgVpMyIoMuiG5ct2Ad0xiGTZtrQJDMkmUIZunXjr7hxoYhb/8Cdf2M6nYW2nsuFwzn3ktwTJowq7Tjf1srq2vrGZmmrvL2zu7dvHxy2VZxKTFo4ZrHshkgRRgVpaaoZ6SaSIB4y0glHtzO/MyZS0Vjc60lCfI4GgkYUI22kwIZJkKnpQ+bxdAo9RTnkQROOYdU9z+sssCtOzckBl4lbkAoo0AjsL68f45QToTFDSvVcJ9F+hqSmmJFp2UsVSRAeoQHpGSoQJ8rP8kum8NQofRjF0rTQMFd/b2SIKzXhoZnkSA/VojcT//N6qY6u/YyKJNVE4PlDUcqgjuEsFtinkmDNJoYgLKn5K8RDJBHWJryyCcFdPHmZtC9qrlNzm5eV+k0RRwkcgxNQBS64AnVwBxqgBTB4BM/gFbxZT9aL9W59zEdXrGLnCPyB9fkDN2OYCg==</latexit>

pµus ⇠ mQv
2(1, 1, 1, 1)

<latexit sha1_base64="69hjlnVxJCRdubFZyF4mNvEME4k=">AAACDHicbVDNSgMxGMz6W+tf1aOXYBEqSNktgh6LXjy2YH+gu12yadqGJtklyRbKsg/gxVfx4kERrz6AN9/GdLsHbZ0QGGbmI/kmiBhV2ra/rbX1jc2t7cJOcXdv/+CwdHTcVmEsMWnhkIWyGyBFGBWkpalmpBtJgnjASCeY3M39zpRIRUPxoGcR8TgaCTqkGGkj+aVy5CexSvuJy+MUuopyyP0mnPZrsOJcZufCpOyqnQGuEicnZZCj4Ze+3EGIY06Exgwp1XPsSHsJkppiRtKiGysSITxBI9IzVCBOlJdky6Tw3CgDOAyluULDTP09kSCu1IwHJsmRHqtlby7+5/ViPbzxEiqiWBOBFw8NYwZ1COfNwAGVBGs2MwRhSc1fIR4jibA2/RVNCc7yyqukXas6dtVpXpXrt3kdBXAKzkAFOOAa1ME9aIAWwOARPINX8GY9WS/Wu/WxiK5Z+cwJ+APr8wdZHZkt</latexit><latexit sha1_base64="69hjlnVxJCRdubFZyF4mNvEME4k=">AAACDHicbVDNSgMxGMz6W+tf1aOXYBEqSNktgh6LXjy2YH+gu12yadqGJtklyRbKsg/gxVfx4kERrz6AN9/GdLsHbZ0QGGbmI/kmiBhV2ra/rbX1jc2t7cJOcXdv/+CwdHTcVmEsMWnhkIWyGyBFGBWkpalmpBtJgnjASCeY3M39zpRIRUPxoGcR8TgaCTqkGGkj+aVy5CexSvuJy+MUuopyyP0mnPZrsOJcZufCpOyqnQGuEicnZZCj4Ze+3EGIY06Exgwp1XPsSHsJkppiRtKiGysSITxBI9IzVCBOlJdky6Tw3CgDOAyluULDTP09kSCu1IwHJsmRHqtlby7+5/ViPbzxEiqiWBOBFw8NYwZ1COfNwAGVBGs2MwRhSc1fIR4jibA2/RVNCc7yyqukXas6dtVpXpXrt3kdBXAKzkAFOOAa1ME9aIAWwOARPINX8GY9WS/Wu/WxiK5Z+cwJ+APr8wdZHZkt</latexit><latexit sha1_base64="69hjlnVxJCRdubFZyF4mNvEME4k=">AAACDHicbVDNSgMxGMz6W+tf1aOXYBEqSNktgh6LXjy2YH+gu12yadqGJtklyRbKsg/gxVfx4kERrz6AN9/GdLsHbZ0QGGbmI/kmiBhV2ra/rbX1jc2t7cJOcXdv/+CwdHTcVmEsMWnhkIWyGyBFGBWkpalmpBtJgnjASCeY3M39zpRIRUPxoGcR8TgaCTqkGGkj+aVy5CexSvuJy+MUuopyyP0mnPZrsOJcZufCpOyqnQGuEicnZZCj4Ze+3EGIY06Exgwp1XPsSHsJkppiRtKiGysSITxBI9IzVCBOlJdky6Tw3CgDOAyluULDTP09kSCu1IwHJsmRHqtlby7+5/ViPbzxEiqiWBOBFw8NYwZ1COfNwAGVBGs2MwRhSc1fIR4jibA2/RVNCc7yyqukXas6dtVpXpXrt3kdBXAKzkAFOOAa1ME9aIAWwOARPINX8GY9WS/Wu/WxiK5Z+cwJ+APr8wdZHZkt</latexit><latexit sha1_base64="69hjlnVxJCRdubFZyF4mNvEME4k=">AAACDHicbVDNSgMxGMz6W+tf1aOXYBEqSNktgh6LXjy2YH+gu12yadqGJtklyRbKsg/gxVfx4kERrz6AN9/GdLsHbZ0QGGbmI/kmiBhV2ra/rbX1jc2t7cJOcXdv/+CwdHTcVmEsMWnhkIWyGyBFGBWkpalmpBtJgnjASCeY3M39zpRIRUPxoGcR8TgaCTqkGGkj+aVy5CexSvuJy+MUuopyyP0mnPZrsOJcZufCpOyqnQGuEicnZZCj4Ze+3EGIY06Exgwp1XPsSHsJkppiRtKiGysSITxBI9IzVCBOlJdky6Tw3CgDOAyluULDTP09kSCu1IwHJsmRHqtlby7+5/ViPbzxEiqiWBOBFw8NYwZ1COfNwAGVBGs2MwRhSc1fIR4jibA2/RVNCc7yyqukXas6dtVpXpXrt3kdBXAKzkAFOOAa1ME9aIAWwOARPINX8GY9WS/Wu/WxiK5Z+cwJ+APr8wdZHZkt</latexit>

ultra-soft:

soft:

NRQCD in brief (Lagrangian)
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⇠ m(v2, v, v, v)
<latexit sha1_base64="2Y2QwHXIpzYkfxnDZbZzaERC0VQ=">AAAB/nicdVDLSgMxFM34rPU1Kq7cBItQQYaZabXTXdGNywr2Ae1YMmnahiYzQ5IplKHgr7hxoYhbv8Odf2P6EFT0cC8czrmX3JwgZlQq2/4wlpZXVtfWMxvZza3tnV1zb78uo0RgUsMRi0QzQJIwGpKaooqRZiwI4gEjjWB4NfUbIyIkjcJbNY6Jz1E/pD2KkdJSxzxsS8ohh/nRnXsGR/M67Zg52yqXnaLnQts6vyh5tqOJXSiUvCJ0LHuGHFig2jHf290IJ5yECjMkZcuxY+WnSCiKGZlk24kkMcJD1CctTUPEifTT2fkTeKKVLuxFQneo4Ez9vpEiLuWYB3qSIzWQv72p+JfXSlTP81MaxokiIZ4/1EsYVBGcZgG7VBCs2FgThAXVt0I8QAJhpRPL6hC+fgr/J3XXcgqWe1PMVS4XcWTAETgGeeCAEqiAa1AFNYBBCh7AE3g27o1H48V4nY8uGYudA/ADxtsnSEeTxQ==</latexit>
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NRQCD in brief (factorization)
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hO(2S+1L[1,8]
J )i ⇠ v3+2L+2E+4M

d�(a+ b ! Q+X) =
X

n

d�(a+ b ! QQ(n) +X)hOQ
n i

d�0(1 + ↵sC1 + ↵2
sC2 + ...)

NRQCD Scaling  
Rules

Perturbative expansion  
in the strong coupling.

Q
hO

Q
n i

QQ̄(n)

O
n
2 =  †

K
n�

O
Q
n = O

n
2
†

 
X

X

|X +QihX +Q|

!
O

n
2

ultra-soft 
+  soft

LDME: Long Distance Matrix Elements

n = 2S+1L[c]
J

<latexit sha1_base64="BD0H5V4N4+tN+A87TUTaS81jFrc=">AAAB/3icbZDLSsNAFIZPvNZ6iwpu3ASLIAglKYJuhKIbERcV7QXSGCbTaTt0MgkzE6HELHwVNy4UcetruPNtnLZZaOsPAx//OYdz5g9iRqWy7W9jbn5hcWm5sFJcXVvf2DS3thsySgQmdRyxSLQCJAmjnNQVVYy0YkFQGDDSDAYXo3rzgQhJI36nhjHxQtTjtEsxUtryzV1+lmb3aeX2yMmu/fRKs4u9zDdLdtkey5oFJ4cS5Kr55le7E+EkJFxhhqR0HTtWXoqEopiRrNhOJIkRHqAecTVyFBLppeP7M+tAOx2rGwn9uLLG7u+JFIVSDsNAd4ZI9eV0bWT+V3MT1T31UsrjRBGOJ4u6CbNUZI3CsDpUEKzYUAPCgupbLdxHAmGlIyvqEJzpL89Co1J27LJzc1yqnudxFGAP9uEQHDiBKlxCDeqA4RGe4RXejCfjxXg3Piatc0Y+swN/ZHz+AHsVlb8=</latexit><latexit sha1_base64="BD0H5V4N4+tN+A87TUTaS81jFrc=">AAAB/3icbZDLSsNAFIZPvNZ6iwpu3ASLIAglKYJuhKIbERcV7QXSGCbTaTt0MgkzE6HELHwVNy4UcetruPNtnLZZaOsPAx//OYdz5g9iRqWy7W9jbn5hcWm5sFJcXVvf2DS3thsySgQmdRyxSLQCJAmjnNQVVYy0YkFQGDDSDAYXo3rzgQhJI36nhjHxQtTjtEsxUtryzV1+lmb3aeX2yMmu/fRKs4u9zDdLdtkey5oFJ4cS5Kr55le7E+EkJFxhhqR0HTtWXoqEopiRrNhOJIkRHqAecTVyFBLppeP7M+tAOx2rGwn9uLLG7u+JFIVSDsNAd4ZI9eV0bWT+V3MT1T31UsrjRBGOJ4u6CbNUZI3CsDpUEKzYUAPCgupbLdxHAmGlIyvqEJzpL89Co1J27LJzc1yqnudxFGAP9uEQHDiBKlxCDeqA4RGe4RXejCfjxXg3Piatc0Y+swN/ZHz+AHsVlb8=</latexit><latexit sha1_base64="BD0H5V4N4+tN+A87TUTaS81jFrc=">AAAB/3icbZDLSsNAFIZPvNZ6iwpu3ASLIAglKYJuhKIbERcV7QXSGCbTaTt0MgkzE6HELHwVNy4UcetruPNtnLZZaOsPAx//OYdz5g9iRqWy7W9jbn5hcWm5sFJcXVvf2DS3thsySgQmdRyxSLQCJAmjnNQVVYy0YkFQGDDSDAYXo3rzgQhJI36nhjHxQtTjtEsxUtryzV1+lmb3aeX2yMmu/fRKs4u9zDdLdtkey5oFJ4cS5Kr55le7E+EkJFxhhqR0HTtWXoqEopiRrNhOJIkRHqAecTVyFBLppeP7M+tAOx2rGwn9uLLG7u+JFIVSDsNAd4ZI9eV0bWT+V3MT1T31UsrjRBGOJ4u6CbNUZI3CsDpUEKzYUAPCgupbLdxHAmGlIyvqEJzpL89Co1J27LJzc1yqnudxFGAP9uEQHDiBKlxCDeqA4RGe4RXejCfjxXg3Piatc0Y+swN/ZHz+AHsVlb8=</latexit><latexit sha1_base64="BD0H5V4N4+tN+A87TUTaS81jFrc=">AAAB/3icbZDLSsNAFIZPvNZ6iwpu3ASLIAglKYJuhKIbERcV7QXSGCbTaTt0MgkzE6HELHwVNy4UcetruPNtnLZZaOsPAx//OYdz5g9iRqWy7W9jbn5hcWm5sFJcXVvf2DS3thsySgQmdRyxSLQCJAmjnNQVVYy0YkFQGDDSDAYXo3rzgQhJI36nhjHxQtTjtEsxUtryzV1+lmb3aeX2yMmu/fRKs4u9zDdLdtkey5oFJ4cS5Kr55le7E+EkJFxhhqR0HTtWXoqEopiRrNhOJIkRHqAecTVyFBLppeP7M+tAOx2rGwn9uLLG7u+JFIVSDsNAd4ZI9eV0bWT+V3MT1T31UsrjRBGOJ4u6CbNUZI3CsDpUEKzYUAPCgupbLdxHAmGlIyvqEJzpL89Co1J27LJzc1yqnudxFGAP9uEQHDiBKlxCDeqA4RGe4RXejCfjxXg3Piatc0Y+swN/ZHz+AHsVlb8=</latexit>

NRQCD is an expansion of  
QCD in the relative velocity  
of the heavy quark pair 
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p1
<latexit sha1_base64="j4vDrugQ4Zd55dWtMy9dOVZG/QQ=">AAACAHicbVDLSgMxFL1TX7W+qi7dDJaKqzIjgi4LblxWtA9oh5JJM21okglJRixDN+7d6i+4E7f+iX/gZ5hpZ1FbDwQO59xXTigZ1cbzvp3C2vrG5lZxu7Szu7d/UD48auk4UZg0ccxi1QmRJowK0jTUMNKRiiAeMtIOxzeZ334kStNYPJiJJAFHQ0EjipGx0r3s+/1yxat5M7irxM9JBXI0+uWf3iDGCSfCYIa07vqeNEGKlKGYkWmpl2giER6jIelaKhAnOkhnp07dqlUGbhQr+4RxZ+piR4q41hMe2kqOzEgve5n4n9dNTHQdpFTIxBCB54uihLkmdrN/uwOqCDZsYgnCitpbXTxCCmFj0ylVF9dkw6XhT1Mbjb8cxCppXdR8y+8uK/WzPKQinMApnIMPV1CHW2hAEzAM4QVe4c15dt6dD+dzXlpw8p5j+APn6xerGpcF</latexit><latexit sha1_base64="j4vDrugQ4Zd55dWtMy9dOVZG/QQ=">AAACAHicbVDLSgMxFL1TX7W+qi7dDJaKqzIjgi4LblxWtA9oh5JJM21okglJRixDN+7d6i+4E7f+iX/gZ5hpZ1FbDwQO59xXTigZ1cbzvp3C2vrG5lZxu7Szu7d/UD48auk4UZg0ccxi1QmRJowK0jTUMNKRiiAeMtIOxzeZ334kStNYPJiJJAFHQ0EjipGx0r3s+/1yxat5M7irxM9JBXI0+uWf3iDGCSfCYIa07vqeNEGKlKGYkWmpl2giER6jIelaKhAnOkhnp07dqlUGbhQr+4RxZ+piR4q41hMe2kqOzEgve5n4n9dNTHQdpFTIxBCB54uihLkmdrN/uwOqCDZsYgnCitpbXTxCCmFj0ylVF9dkw6XhT1Mbjb8cxCppXdR8y+8uK/WzPKQinMApnIMPV1CHW2hAEzAM4QVe4c15dt6dD+dzXlpw8p5j+APn6xerGpcF</latexit><latexit sha1_base64="j4vDrugQ4Zd55dWtMy9dOVZG/QQ=">AAACAHicbVDLSgMxFL1TX7W+qi7dDJaKqzIjgi4LblxWtA9oh5JJM21okglJRixDN+7d6i+4E7f+iX/gZ5hpZ1FbDwQO59xXTigZ1cbzvp3C2vrG5lZxu7Szu7d/UD48auk4UZg0ccxi1QmRJowK0jTUMNKRiiAeMtIOxzeZ334kStNYPJiJJAFHQ0EjipGx0r3s+/1yxat5M7irxM9JBXI0+uWf3iDGCSfCYIa07vqeNEGKlKGYkWmpl2giER6jIelaKhAnOkhnp07dqlUGbhQr+4RxZ+piR4q41hMe2kqOzEgve5n4n9dNTHQdpFTIxBCB54uihLkmdrN/uwOqCDZsYgnCitpbXTxCCmFj0ylVF9dkw6XhT1Mbjb8cxCppXdR8y+8uK/WzPKQinMApnIMPV1CHW2hAEzAM4QVe4c15dt6dD+dzXlpw8p5j+APn6xerGpcF</latexit><latexit sha1_base64="j4vDrugQ4Zd55dWtMy9dOVZG/QQ=">AAACAHicbVDLSgMxFL1TX7W+qi7dDJaKqzIjgi4LblxWtA9oh5JJM21okglJRixDN+7d6i+4E7f+iX/gZ5hpZ1FbDwQO59xXTigZ1cbzvp3C2vrG5lZxu7Szu7d/UD48auk4UZg0ccxi1QmRJowK0jTUMNKRiiAeMtIOxzeZ334kStNYPJiJJAFHQ0EjipGx0r3s+/1yxat5M7irxM9JBXI0+uWf3iDGCSfCYIa07vqeNEGKlKGYkWmpl2giER6jIelaKhAnOkhnp07dqlUGbhQr+4RxZ+piR4q41hMe2kqOzEgve5n4n9dNTHQdpFTIxBCB54uihLkmdrN/uwOqCDZsYgnCitpbXTxCCmFj0ylVF9dkw6XhT1Mbjb8cxCppXdR8y+8uK/WzPKQinMApnIMPV1CHW2hAEzAM4QVe4c15dt6dD+dzXlpw8p5j+APn6xerGpcF</latexit>

pm
<latexit sha1_base64="jNmnr+8Avk/twcLcL2msViA5wxQ=">AAACAHicbVDLSgMxFM3UV62vqks3g6XiqsyIoMuCG5cV7QPaoWTSTBuaZEJyRyxDN+7d6i+4E7f+iX/gZ5hpZ1FbDwQO59xXTqg4M+B5305hbX1jc6u4XdrZ3ds/KB8etUycaEKbJOax7oTYUM4kbQIDTjtKUyxCTtvh+Cbz249UGxbLB5goGgg8lCxiBIOV7lVf9MsVr+bN4K4SPycVlKPRL//0BjFJBJVAODam63sKghRrYITTaamXGKowGeMh7VoqsaAmSGenTt2qVQZuFGv7JLgzdbEjxcKYiQhtpcAwMsteJv7ndROIroOUSZUAlWS+KEq4C7Gb/dsdME0J8IklmGhmb3XJCGtMwKZTqi6uyYYrEE9TG42/HMQqaV3UfMvvLiv1szykIjpBp+gc+egK1dEtaqAmImiIXtArenOenXfnw/mclxacvOcY/YHz9QsLQZdB</latexit><latexit sha1_base64="jNmnr+8Avk/twcLcL2msViA5wxQ=">AAACAHicbVDLSgMxFM3UV62vqks3g6XiqsyIoMuCG5cV7QPaoWTSTBuaZEJyRyxDN+7d6i+4E7f+iX/gZ5hpZ1FbDwQO59xXTqg4M+B5305hbX1jc6u4XdrZ3ds/KB8etUycaEKbJOax7oTYUM4kbQIDTjtKUyxCTtvh+Cbz249UGxbLB5goGgg8lCxiBIOV7lVf9MsVr+bN4K4SPycVlKPRL//0BjFJBJVAODam63sKghRrYITTaamXGKowGeMh7VoqsaAmSGenTt2qVQZuFGv7JLgzdbEjxcKYiQhtpcAwMsteJv7ndROIroOUSZUAlWS+KEq4C7Gb/dsdME0J8IklmGhmb3XJCGtMwKZTqi6uyYYrEE9TG42/HMQqaV3UfMvvLiv1szykIjpBp+gc+egK1dEtaqAmImiIXtArenOenXfnw/mclxacvOcY/YHz9QsLQZdB</latexit><latexit sha1_base64="jNmnr+8Avk/twcLcL2msViA5wxQ=">AAACAHicbVDLSgMxFM3UV62vqks3g6XiqsyIoMuCG5cV7QPaoWTSTBuaZEJyRyxDN+7d6i+4E7f+iX/gZ5hpZ1FbDwQO59xXTqg4M+B5305hbX1jc6u4XdrZ3ds/KB8etUycaEKbJOax7oTYUM4kbQIDTjtKUyxCTtvh+Cbz249UGxbLB5goGgg8lCxiBIOV7lVf9MsVr+bN4K4SPycVlKPRL//0BjFJBJVAODam63sKghRrYITTaamXGKowGeMh7VoqsaAmSGenTt2qVQZuFGv7JLgzdbEjxcKYiQhtpcAwMsteJv7ndROIroOUSZUAlWS+KEq4C7Gb/dsdME0J8IklmGhmb3XJCGtMwKZTqi6uyYYrEE9TG42/HMQqaV3UfMvvLiv1szykIjpBp+gc+egK1dEtaqAmImiIXtArenOenXfnw/mclxacvOcY/YHz9QsLQZdB</latexit><latexit sha1_base64="jNmnr+8Avk/twcLcL2msViA5wxQ=">AAACAHicbVDLSgMxFM3UV62vqks3g6XiqsyIoMuCG5cV7QPaoWTSTBuaZEJyRyxDN+7d6i+4E7f+iX/gZ5hpZ1FbDwQO59xXTqg4M+B5305hbX1jc6u4XdrZ3ds/KB8etUycaEKbJOax7oTYUM4kbQIDTjtKUyxCTtvh+Cbz249UGxbLB5goGgg8lCxiBIOV7lVf9MsVr+bN4K4SPycVlKPRL//0BjFJBJVAODam63sKghRrYITTaamXGKowGeMh7VoqsaAmSGenTt2qVQZuFGv7JLgzdbEjxcKYiQhtpcAwMsteJv7ndROIroOUSZUAlWS+KEq4C7Gb/dsdME0J8IklmGhmb3XJCGtMwKZTqi6uyYYrEE9TG42/HMQqaV3UfMvvLiv1szykIjpBp+gc+egK1dEtaqAmImiIXtArenOenXfnw/mclxacvOcY/YHz9QsLQZdB</latexit>

p�
n

<latexit sha1_base64="kqj4tbAOGHVyFXT60WDcAoQm6+k=">AAACAXicbVDLSgMxFL1TX7W+qi7dDJaqqzIjgi4LblxWsA9oh5JJM21okglJRixDV+7d6i+4E7d+iX/gZ5hpZ1FbDwQO59xXTigZ1cbzvp3C2vrG5lZxu7Szu7d/UD48auk4UZg0ccxi1QmRJowK0jTUMNKRiiAeMtIOx7eZ334kStNYPJiJJAFHQ0EjipHJJHneF/1yxat5M7irxM9JBXI0+uWf3iDGCSfCYIa07vqeNEGKlKGYkWmpl2giER6jIelaKhAnOkhnt07dqlUGbhQr+4RxZ+piR4q41hMe2kqOzEgve5n4n9dNTHQTpFTIxBCB54uihLkmdrOPuwOqCDZsYgnCitpbXTxCCmFj4ylVF9dkw6XhT1Mbjb8cxCppXdZ8y++vKvWzPKQinMApXIAP11CHO2hAEzCM4AVe4c15dt6dD+dzXlpw8p5j+APn6xdxDZdz</latexit><latexit sha1_base64="kqj4tbAOGHVyFXT60WDcAoQm6+k=">AAACAXicbVDLSgMxFL1TX7W+qi7dDJaqqzIjgi4LblxWsA9oh5JJM21okglJRixDV+7d6i+4E7d+iX/gZ5hpZ1FbDwQO59xXTigZ1cbzvp3C2vrG5lZxu7Szu7d/UD48auk4UZg0ccxi1QmRJowK0jTUMNKRiiAeMtIOx7eZ334kStNYPJiJJAFHQ0EjipHJJHneF/1yxat5M7irxM9JBXI0+uWf3iDGCSfCYIa07vqeNEGKlKGYkWmpl2giER6jIelaKhAnOkhnt07dqlUGbhQr+4RxZ+piR4q41hMe2kqOzEgve5n4n9dNTHQTpFTIxBCB54uihLkmdrOPuwOqCDZsYgnCitpbXTxCCmFj4ylVF9dkw6XhT1Mbjb8cxCppXdZ8y++vKvWzPKQinMApXIAP11CHO2hAEzCM4AVe4c15dt6dD+dzXlpw8p5j+APn6xdxDZdz</latexit><latexit sha1_base64="kqj4tbAOGHVyFXT60WDcAoQm6+k=">AAACAXicbVDLSgMxFL1TX7W+qi7dDJaqqzIjgi4LblxWsA9oh5JJM21okglJRixDV+7d6i+4E7d+iX/gZ5hpZ1FbDwQO59xXTigZ1cbzvp3C2vrG5lZxu7Szu7d/UD48auk4UZg0ccxi1QmRJowK0jTUMNKRiiAeMtIOx7eZ334kStNYPJiJJAFHQ0EjipHJJHneF/1yxat5M7irxM9JBXI0+uWf3iDGCSfCYIa07vqeNEGKlKGYkWmpl2giER6jIelaKhAnOkhnt07dqlUGbhQr+4RxZ+piR4q41hMe2kqOzEgve5n4n9dNTHQTpFTIxBCB54uihLkmdrOPuwOqCDZsYgnCitpbXTxCCmFj4ylVF9dkw6XhT1Mbjb8cxCppXdZ8y++vKvWzPKQinMApXIAP11CHO2hAEzCM4AVe4c15dt6dD+dzXlpw8p5j+APn6xdxDZdz</latexit><latexit sha1_base64="kqj4tbAOGHVyFXT60WDcAoQm6+k=">AAACAXicbVDLSgMxFL1TX7W+qi7dDJaqqzIjgi4LblxWsA9oh5JJM21okglJRixDV+7d6i+4E7d+iX/gZ5hpZ1FbDwQO59xXTigZ1cbzvp3C2vrG5lZxu7Szu7d/UD48auk4UZg0ccxi1QmRJowK0jTUMNKRiiAeMtIOx7eZ334kStNYPJiJJAFHQ0EjipHJJHneF/1yxat5M7irxM9JBXI0+uWf3iDGCSfCYIa07vqeNEGKlKGYkWmpl2giER6jIelaKhAnOkhnt07dqlUGbhQr+4RxZ+piR4q41hMe2kqOzEgve5n4n9dNTHQTpFTIxBCB54uihLkmdrOPuwOqCDZsYgnCitpbXTxCCmFj4ylVF9dkw6XhT1Mbjb8cxCppXdZ8y++vKvWzPKQinMApXIAP11CHO2hAEzCM4AVe4c15dt6dD+dzXlpw8p5j+APn6xdxDZdz</latexit>

p�
1

<latexit sha1_base64="+8aHEUoRa2nr6DdS+mA8fSrvg3E=">AAACAXicbVDLSgMxFL1TX7W+qi7dDJaqqzIjgi4LblxWsA9oh5JJM21okglJRixDV+7d6i+4E7d+iX/gZ5hpZ1FbDwQO59xXTigZ1cbzvp3C2vrG5lZxu7Szu7d/UD48auk4UZg0ccxi1QmRJowK0jTUMNKRiiAeMtIOx7eZ334kStNYPJiJJAFHQ0EjipHJJHne9/vlilfzZnBXiZ+TCuRo9Ms/vUGME06EwQxp3fU9aYIUKUMxI9NSL9FEIjxGQ9K1VCBOdJDObp26VasM3ChW9gnjztTFjhRxrSc8tJUcmZFe9jLxP6+bmOgmSKmQiSECzxdFCXNN7GYfdwdUEWzYxBKEFbW3uniEFMLGxlOqLq7JhkvDn6Y2Gn85iFXSuqz5lt9fVepneUhFOIFTuAAfrqEOd9CAJmAYwQu8wpvz7Lw7H87nvLTg5D3H8AfO1y8PW5c2</latexit><latexit sha1_base64="+8aHEUoRa2nr6DdS+mA8fSrvg3E=">AAACAXicbVDLSgMxFL1TX7W+qi7dDJaqqzIjgi4LblxWsA9oh5JJM21okglJRixDV+7d6i+4E7d+iX/gZ5hpZ1FbDwQO59xXTigZ1cbzvp3C2vrG5lZxu7Szu7d/UD48auk4UZg0ccxi1QmRJowK0jTUMNKRiiAeMtIOx7eZ334kStNYPJiJJAFHQ0EjipHJJHne9/vlilfzZnBXiZ+TCuRo9Ms/vUGME06EwQxp3fU9aYIUKUMxI9NSL9FEIjxGQ9K1VCBOdJDObp26VasM3ChW9gnjztTFjhRxrSc8tJUcmZFe9jLxP6+bmOgmSKmQiSECzxdFCXNN7GYfdwdUEWzYxBKEFbW3uniEFMLGxlOqLq7JhkvDn6Y2Gn85iFXSuqz5lt9fVepneUhFOIFTuAAfrqEOd9CAJmAYwQu8wpvz7Lw7H87nvLTg5D3H8AfO1y8PW5c2</latexit><latexit sha1_base64="+8aHEUoRa2nr6DdS+mA8fSrvg3E=">AAACAXicbVDLSgMxFL1TX7W+qi7dDJaqqzIjgi4LblxWsA9oh5JJM21okglJRixDV+7d6i+4E7d+iX/gZ5hpZ1FbDwQO59xXTigZ1cbzvp3C2vrG5lZxu7Szu7d/UD48auk4UZg0ccxi1QmRJowK0jTUMNKRiiAeMtIOx7eZ334kStNYPJiJJAFHQ0EjipHJJHne9/vlilfzZnBXiZ+TCuRo9Ms/vUGME06EwQxp3fU9aYIUKUMxI9NSL9FEIjxGQ9K1VCBOdJDObp26VasM3ChW9gnjztTFjhRxrSc8tJUcmZFe9jLxP6+bmOgmSKmQiSECzxdFCXNN7GYfdwdUEWzYxBKEFbW3uniEFMLGxlOqLq7JhkvDn6Y2Gn85iFXSuqz5lt9fVepneUhFOIFTuAAfrqEOd9CAJmAYwQu8wpvz7Lw7H87nvLTg5D3H8AfO1y8PW5c2</latexit><latexit sha1_base64="+8aHEUoRa2nr6DdS+mA8fSrvg3E=">AAACAXicbVDLSgMxFL1TX7W+qi7dDJaqqzIjgi4LblxWsA9oh5JJM21okglJRixDV+7d6i+4E7d+iX/gZ5hpZ1FbDwQO59xXTigZ1cbzvp3C2vrG5lZxu7Szu7d/UD48auk4UZg0ccxi1QmRJowK0jTUMNKRiiAeMtIOx7eZ334kStNYPJiJJAFHQ0EjipHJJHne9/vlilfzZnBXiZ+TCuRo9Ms/vUGME06EwQxp3fU9aYIUKUMxI9NSL9FEIjxGQ9K1VCBOdJDObp26VasM3ChW9gnjztTFjhRxrSc8tJUcmZFe9jLxP6+bmOgmSKmQiSECzxdFCXNN7GYfdwdUEWzYxBKEFbW3uniEFMLGxlOqLq7JhkvDn6Y2Gn85iFXSuqz5lt9fVepneUhFOIFTuAAfrqEOd9CAJmAYwQu8wpvz7Lw7H87nvLTg5D3H8AfO1y8PW5c2</latexit>

· · ·<latexit sha1_base64="aIgEQlBE8J8LyLUX6+T1vigeyNE=">AAACA3icbVDLSgMxFM3UV62vqks3wVJxVWZE0GXBjcsK9gFtKZlMpo1NMkNyRyxDl+7d6i+4E7d+iH/gZ5hpZ1FbDwQO59xXjh8LbsB1v53C2vrG5lZxu7Szu7d/UD48apko0ZQ1aSQi3fGJYYIr1gQOgnVizYj0BWv745vMbz8ybXik7mESs74kQ8VDTglYqdWjQQRmUK64NXcGvEq8nFRQjsag/NMLIppIpoAKYkzXc2Pop0QDp4JNS73EsJjQMRmyrqWKSGb66ezaKa5aJcBhpO1TgGfqYkdKpDET6dtKSWBklr1M/M/rJhBe91Ou4gSYovNFYSIwRDj7Og64ZhTExBJCNbe3YjoimlCwAZWqi2uy4THIp6mNxlsOYpW0Lmqe5XeXlfpZHlIRnaBTdI48dIXq6BY1UBNR9IBe0Ct6c56dd+fD+ZyXFpy85xj9gfP1C3qomJw=</latexit><latexit sha1_base64="aIgEQlBE8J8LyLUX6+T1vigeyNE=">AAACA3icbVDLSgMxFM3UV62vqks3wVJxVWZE0GXBjcsK9gFtKZlMpo1NMkNyRyxDl+7d6i+4E7d+iH/gZ5hpZ1FbDwQO59xXjh8LbsB1v53C2vrG5lZxu7Szu7d/UD48apko0ZQ1aSQi3fGJYYIr1gQOgnVizYj0BWv745vMbz8ybXik7mESs74kQ8VDTglYqdWjQQRmUK64NXcGvEq8nFRQjsag/NMLIppIpoAKYkzXc2Pop0QDp4JNS73EsJjQMRmyrqWKSGb66ezaKa5aJcBhpO1TgGfqYkdKpDET6dtKSWBklr1M/M/rJhBe91Ou4gSYovNFYSIwRDj7Og64ZhTExBJCNbe3YjoimlCwAZWqi2uy4THIp6mNxlsOYpW0Lmqe5XeXlfpZHlIRnaBTdI48dIXq6BY1UBNR9IBe0Ct6c56dd+fD+ZyXFpy85xj9gfP1C3qomJw=</latexit><latexit sha1_base64="aIgEQlBE8J8LyLUX6+T1vigeyNE=">AAACA3icbVDLSgMxFM3UV62vqks3wVJxVWZE0GXBjcsK9gFtKZlMpo1NMkNyRyxDl+7d6i+4E7d+iH/gZ5hpZ1FbDwQO59xXjh8LbsB1v53C2vrG5lZxu7Szu7d/UD48apko0ZQ1aSQi3fGJYYIr1gQOgnVizYj0BWv745vMbz8ybXik7mESs74kQ8VDTglYqdWjQQRmUK64NXcGvEq8nFRQjsag/NMLIppIpoAKYkzXc2Pop0QDp4JNS73EsJjQMRmyrqWKSGb66ezaKa5aJcBhpO1TgGfqYkdKpDET6dtKSWBklr1M/M/rJhBe91Ou4gSYovNFYSIwRDj7Og64ZhTExBJCNbe3YjoimlCwAZWqi2uy4THIp6mNxlsOYpW0Lmqe5XeXlfpZHlIRnaBTdI48dIXq6BY1UBNR9IBe0Ct6c56dd+fD+ZyXFpy85xj9gfP1C3qomJw=</latexit><latexit sha1_base64="aIgEQlBE8J8LyLUX6+T1vigeyNE=">AAACA3icbVDLSgMxFM3UV62vqks3wVJxVWZE0GXBjcsK9gFtKZlMpo1NMkNyRyxDl+7d6i+4E7d+iH/gZ5hpZ1FbDwQO59xXjh8LbsB1v53C2vrG5lZxu7Szu7d/UD48apko0ZQ1aSQi3fGJYYIr1gQOgnVizYj0BWv745vMbz8ybXik7mESs74kQ8VDTglYqdWjQQRmUK64NXcGvEq8nFRQjsag/NMLIppIpoAKYkzXc2Pop0QDp4JNS73EsJjQMRmyrqWKSGb66ezaKa5aJcBhpO1TgGfqYkdKpDET6dtKSWBklr1M/M/rJhBe91Ou4gSYovNFYSIwRDj7Og64ZhTExBJCNbe3YjoimlCwAZWqi2uy4THIp6mNxlsOYpW0Lmqe5XeXlfpZHlIRnaBTdI48dIXq6BY1UBNR9IBe0Ct6c56dd+fD+ZyXFpy85xj9gfP1C3qomJw=</latexit>

· · ·<latexit sha1_base64="aIgEQlBE8J8LyLUX6+T1vigeyNE=">AAACA3icbVDLSgMxFM3UV62vqks3wVJxVWZE0GXBjcsK9gFtKZlMpo1NMkNyRyxDl+7d6i+4E7d+iH/gZ5hpZ1FbDwQO59xXjh8LbsB1v53C2vrG5lZxu7Szu7d/UD48apko0ZQ1aSQi3fGJYYIr1gQOgnVizYj0BWv745vMbz8ybXik7mESs74kQ8VDTglYqdWjQQRmUK64NXcGvEq8nFRQjsag/NMLIppIpoAKYkzXc2Pop0QDp4JNS73EsJjQMRmyrqWKSGb66ezaKa5aJcBhpO1TgGfqYkdKpDET6dtKSWBklr1M/M/rJhBe91Ou4gSYovNFYSIwRDj7Og64ZhTExBJCNbe3YjoimlCwAZWqi2uy4THIp6mNxlsOYpW0Lmqe5XeXlfpZHlIRnaBTdI48dIXq6BY1UBNR9IBe0Ct6c56dd+fD+ZyXFpy85xj9gfP1C3qomJw=</latexit><latexit sha1_base64="aIgEQlBE8J8LyLUX6+T1vigeyNE=">AAACA3icbVDLSgMxFM3UV62vqks3wVJxVWZE0GXBjcsK9gFtKZlMpo1NMkNyRyxDl+7d6i+4E7d+iH/gZ5hpZ1FbDwQO59xXjh8LbsB1v53C2vrG5lZxu7Szu7d/UD48apko0ZQ1aSQi3fGJYYIr1gQOgnVizYj0BWv745vMbz8ybXik7mESs74kQ8VDTglYqdWjQQRmUK64NXcGvEq8nFRQjsag/NMLIppIpoAKYkzXc2Pop0QDp4JNS73EsJjQMRmyrqWKSGb66ezaKa5aJcBhpO1TgGfqYkdKpDET6dtKSWBklr1M/M/rJhBe91Ou4gSYovNFYSIwRDj7Og64ZhTExBJCNbe3YjoimlCwAZWqi2uy4THIp6mNxlsOYpW0Lmqe5XeXlfpZHlIRnaBTdI48dIXq6BY1UBNR9IBe0Ct6c56dd+fD+ZyXFpy85xj9gfP1C3qomJw=</latexit><latexit sha1_base64="aIgEQlBE8J8LyLUX6+T1vigeyNE=">AAACA3icbVDLSgMxFM3UV62vqks3wVJxVWZE0GXBjcsK9gFtKZlMpo1NMkNyRyxDl+7d6i+4E7d+iH/gZ5hpZ1FbDwQO59xXjh8LbsB1v53C2vrG5lZxu7Szu7d/UD48apko0ZQ1aSQi3fGJYYIr1gQOgnVizYj0BWv745vMbz8ybXik7mESs74kQ8VDTglYqdWjQQRmUK64NXcGvEq8nFRQjsag/NMLIppIpoAKYkzXc2Pop0QDp4JNS73EsJjQMRmyrqWKSGb66ezaKa5aJcBhpO1TgGfqYkdKpDET6dtKSWBklr1M/M/rJhBe91Ou4gSYovNFYSIwRDj7Og64ZhTExBJCNbe3YjoimlCwAZWqi2uy4THIp6mNxlsOYpW0Lmqe5XeXlfpZHlIRnaBTdI48dIXq6BY1UBNR9IBe0Ct6c56dd+fD+ZyXFpy85xj9gfP1C3qomJw=</latexit><latexit sha1_base64="aIgEQlBE8J8LyLUX6+T1vigeyNE=">AAACA3icbVDLSgMxFM3UV62vqks3wVJxVWZE0GXBjcsK9gFtKZlMpo1NMkNyRyxDl+7d6i+4E7d+iH/gZ5hpZ1FbDwQO59xXjh8LbsB1v53C2vrG5lZxu7Szu7d/UD48apko0ZQ1aSQi3fGJYYIr1gQOgnVizYj0BWv745vMbz8ybXik7mESs74kQ8VDTglYqdWjQQRmUK64NXcGvEq8nFRQjsag/NMLIppIpoAKYkzXc2Pop0QDp4JNS73EsJjQMRmyrqWKSGb66ezaKa5aJcBhpO1TgGfqYkdKpDET6dtKSWBklr1M/M/rJhBe91Ou4gSYovNFYSIwRDj7Og64ZhTExBJCNbe3YjoimlCwAZWqi2uy4THIp6mNxlsOYpW0Lmqe5XeXlfpZHlIRnaBTdI48dIXq6BY1UBNR9IBe0Ct6c56dd+fD+ZyXFpy85xj9gfP1C3qomJw=</latexit>

(pQ + q)/2
<latexit sha1_base64="qsE6tO5Kuj2hKf7PMPCoqXVdZs0=">AAACFnicbVDLSsNAFJ3UV62vqAsXbgZLpSLUpAi6LLhx2YJ9QBvCZDpph84kcWYilpD/cO9Wf8GduHXrH/gZTtosavXAwOGc+5rjRYxKZVlfRmFldW19o7hZ2tre2d0z9w86MowFJm0cslD0PCQJowFpK6oY6UWCIO4x0vUmN5nffSBC0jC4U9OIOByNAupTjJSWXPOoGrnJgCM1xoglrTSF5/D+7KLummWrZs0A/xI7J2WQo+ma34NhiGNOAoUZkrJvW5FyEiQUxYykpUEsSYTwBI1IX9MAcSKdZPaBFFa0MoR+KPQLFJypix0J4lJOuacrs1PlspeJ/3n9WPnXTkKDKFYkwPNFfsygCmGWBhxSQbBiU00QFlTfCvEYCYSVzqxUWVyTDY8Uf0x1NPZyEH9Jp16zNW9dlhuneUhFcAxOQBXY4Ao0wC1ogjbAIAXP4AW8Gk/Gm/FufMxLC0becwh+wfj8AVl5ntI=</latexit><latexit sha1_base64="qsE6tO5Kuj2hKf7PMPCoqXVdZs0=">AAACFnicbVDLSsNAFJ3UV62vqAsXbgZLpSLUpAi6LLhx2YJ9QBvCZDpph84kcWYilpD/cO9Wf8GduHXrH/gZTtosavXAwOGc+5rjRYxKZVlfRmFldW19o7hZ2tre2d0z9w86MowFJm0cslD0PCQJowFpK6oY6UWCIO4x0vUmN5nffSBC0jC4U9OIOByNAupTjJSWXPOoGrnJgCM1xoglrTSF5/D+7KLummWrZs0A/xI7J2WQo+ma34NhiGNOAoUZkrJvW5FyEiQUxYykpUEsSYTwBI1IX9MAcSKdZPaBFFa0MoR+KPQLFJypix0J4lJOuacrs1PlspeJ/3n9WPnXTkKDKFYkwPNFfsygCmGWBhxSQbBiU00QFlTfCvEYCYSVzqxUWVyTDY8Uf0x1NPZyEH9Jp16zNW9dlhuneUhFcAxOQBXY4Ao0wC1ogjbAIAXP4AW8Gk/Gm/FufMxLC0becwh+wfj8AVl5ntI=</latexit><latexit sha1_base64="qsE6tO5Kuj2hKf7PMPCoqXVdZs0=">AAACFnicbVDLSsNAFJ3UV62vqAsXbgZLpSLUpAi6LLhx2YJ9QBvCZDpph84kcWYilpD/cO9Wf8GduHXrH/gZTtosavXAwOGc+5rjRYxKZVlfRmFldW19o7hZ2tre2d0z9w86MowFJm0cslD0PCQJowFpK6oY6UWCIO4x0vUmN5nffSBC0jC4U9OIOByNAupTjJSWXPOoGrnJgCM1xoglrTSF5/D+7KLummWrZs0A/xI7J2WQo+ma34NhiGNOAoUZkrJvW5FyEiQUxYykpUEsSYTwBI1IX9MAcSKdZPaBFFa0MoR+KPQLFJypix0J4lJOuacrs1PlspeJ/3n9WPnXTkKDKFYkwPNFfsygCmGWBhxSQbBiU00QFlTfCvEYCYSVzqxUWVyTDY8Uf0x1NPZyEH9Jp16zNW9dlhuneUhFcAxOQBXY4Ao0wC1ogjbAIAXP4AW8Gk/Gm/FufMxLC0becwh+wfj8AVl5ntI=</latexit><latexit sha1_base64="qsE6tO5Kuj2hKf7PMPCoqXVdZs0=">AAACFnicbVDLSsNAFJ3UV62vqAsXbgZLpSLUpAi6LLhx2YJ9QBvCZDpph84kcWYilpD/cO9Wf8GduHXrH/gZTtosavXAwOGc+5rjRYxKZVlfRmFldW19o7hZ2tre2d0z9w86MowFJm0cslD0PCQJowFpK6oY6UWCIO4x0vUmN5nffSBC0jC4U9OIOByNAupTjJSWXPOoGrnJgCM1xoglrTSF5/D+7KLummWrZs0A/xI7J2WQo+ma34NhiGNOAoUZkrJvW5FyEiQUxYykpUEsSYTwBI1IX9MAcSKdZPaBFFa0MoR+KPQLFJypix0J4lJOuacrs1PlspeJ/3n9WPnXTkKDKFYkwPNFfsygCmGWBhxSQbBiU00QFlTfCvEYCYSVzqxUWVyTDY8Uf0x1NPZyEH9Jp16zNW9dlhuneUhFcAxOQBXY4Ao0wC1ogjbAIAXP4AW8Gk/Gm/FufMxLC0becwh+wfj8AVl5ntI=</latexit>

(pQ � q)/2
<latexit sha1_base64="NZOP2JTxq+zAtOvAtCFUpgesztw=">AAACFnicbVC7TsMwFHXKq5RXgIGBxaIqKgMlqZBgrMTC2Er0IbVR5LhOa9VOgu0gqij/wc4Kv8CGWFn5Az4Dp81QCkeydHTOffl4EaNSWdaXUVhZXVvfKG6WtrZ3dvfM/YOODGOBSRuHLBQ9D0nCaEDaiipGepEgiHuMdL3JTeZ3H4iQNAzu1DQiDkejgPoUI6Ul1zyqRm4y4EiNMWJJK03hObw/u6i7ZtmqWTPAv8TOSRnkaLrm92AY4piTQGGGpOzbVqScBAlFMSNpaRBLEiE8QSPS1zRAnEgnmX0ghRWtDKEfCv0CBWfqYkeCuJRT7unK7FS57GXif14/Vv61k9AgihUJ8HyRHzOoQpilAYdUEKzYVBOEBdW3QjxGAmGlMytVFtdkwyPFH1Mdjb0cxF/SqddszVuX5cZpHlIRHIMTUAU2uAINcAuaoA0wSMEzeAGvxpPxZrwbH/PSgpH3HIJfMD5/AFy3ntQ=</latexit><latexit sha1_base64="NZOP2JTxq+zAtOvAtCFUpgesztw=">AAACFnicbVC7TsMwFHXKq5RXgIGBxaIqKgMlqZBgrMTC2Er0IbVR5LhOa9VOgu0gqij/wc4Kv8CGWFn5Az4Dp81QCkeydHTOffl4EaNSWdaXUVhZXVvfKG6WtrZ3dvfM/YOODGOBSRuHLBQ9D0nCaEDaiipGepEgiHuMdL3JTeZ3H4iQNAzu1DQiDkejgPoUI6Ul1zyqRm4y4EiNMWJJK03hObw/u6i7ZtmqWTPAv8TOSRnkaLrm92AY4piTQGGGpOzbVqScBAlFMSNpaRBLEiE8QSPS1zRAnEgnmX0ghRWtDKEfCv0CBWfqYkeCuJRT7unK7FS57GXif14/Vv61k9AgihUJ8HyRHzOoQpilAYdUEKzYVBOEBdW3QjxGAmGlMytVFtdkwyPFH1Mdjb0cxF/SqddszVuX5cZpHlIRHIMTUAU2uAINcAuaoA0wSMEzeAGvxpPxZrwbH/PSgpH3HIJfMD5/AFy3ntQ=</latexit><latexit sha1_base64="NZOP2JTxq+zAtOvAtCFUpgesztw=">AAACFnicbVC7TsMwFHXKq5RXgIGBxaIqKgMlqZBgrMTC2Er0IbVR5LhOa9VOgu0gqij/wc4Kv8CGWFn5Az4Dp81QCkeydHTOffl4EaNSWdaXUVhZXVvfKG6WtrZ3dvfM/YOODGOBSRuHLBQ9D0nCaEDaiipGepEgiHuMdL3JTeZ3H4iQNAzu1DQiDkejgPoUI6Ul1zyqRm4y4EiNMWJJK03hObw/u6i7ZtmqWTPAv8TOSRnkaLrm92AY4piTQGGGpOzbVqScBAlFMSNpaRBLEiE8QSPS1zRAnEgnmX0ghRWtDKEfCv0CBWfqYkeCuJRT7unK7FS57GXif14/Vv61k9AgihUJ8HyRHzOoQpilAYdUEKzYVBOEBdW3QjxGAmGlMytVFtdkwyPFH1Mdjb0cxF/SqddszVuX5cZpHlIRHIMTUAU2uAINcAuaoA0wSMEzeAGvxpPxZrwbH/PSgpH3HIJfMD5/AFy3ntQ=</latexit><latexit sha1_base64="NZOP2JTxq+zAtOvAtCFUpgesztw=">AAACFnicbVC7TsMwFHXKq5RXgIGBxaIqKgMlqZBgrMTC2Er0IbVR5LhOa9VOgu0gqij/wc4Kv8CGWFn5Az4Dp81QCkeydHTOffl4EaNSWdaXUVhZXVvfKG6WtrZ3dvfM/YOODGOBSRuHLBQ9D0nCaEDaiipGepEgiHuMdL3JTeZ3H4iQNAzu1DQiDkejgPoUI6Ul1zyqRm4y4EiNMWJJK03hObw/u6i7ZtmqWTPAv8TOSRnkaLrm92AY4piTQGGGpOzbVqScBAlFMSNpaRBLEiE8QSPS1zRAnEgnmX0ghRWtDKEfCv0CBWfqYkeCuJRT7unK7FS57GXif14/Vv61k9AgihUJ8HyRHzOoQpilAYdUEKzYVBOEBdW3QjxGAmGlMytVFtdkwyPFH1Mdjb0cxF/SqddszVuX5cZpHlIRHIMTUAU2uAINcAuaoA0wSMEzeAGvxpPxZrwbH/PSgpH3HIJfMD5/AFy3ntQ=</latexit>

S-wave octet:

P-wave singlet:

Decay to light quarks 
nice example that 
exhibits operator mixing 
as well as color-octet 
modification of the CSS 
kernel: 

LO matching 

Confirmed at LO:
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Factorization
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Quarkonium TMD-shape functions* encode both soft and non-perturbative 
quarkonium related effects. Further factorization is not possible due to Coulomb-
like interactions: 

*See: arXiv:1907.06494 (M. Echevarria)

heavy quark/antiquark

soft gluon
⇠ m(v2, v, v, v)
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Quarkonium shape functions 

Hard function: The same for  
S and P wave mechanism for  

this process. Importance  
consequence 

for IR finiteness of the observable  

Standard unsubtracted  
TMD fragmentation  

functions 
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TMD-shape functions
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S-wave octet:

P-wave singlet:

Ultra-soft gluons 
(Wilson-lines) are not 

shown to keep the 
expressions simple 
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Quarkonium shape functions 
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To be resolved 
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• In-jet quarkonium polarization. Could that give an insight into quarkonium 
production mechanisms? What is the possibility of future measurement? 

• Reliable event generators in the collinear and soft limits.  

• Quarkonium fragmentation in the limit:  
e.g. quarkonium TMD FF, useful for TMD studies in EIC.  

• Relative velocity and λ-soft power counting. Subleading factorization/
resummation for quarkonium photo production.

µ� ⇠ p? ⌧ m ⌧ E 
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