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What is quark helicity PDF?

Quark helicityHai-Tao Shu 1 

The probability of finding a parton (constituent quark) with 
momentum fraction x in a longitudinally polarized fast-moving proton  

direction of hadron motion

proton spinquark spin



Why is it important?

Quark helicityHai-Tao Shu 2

Spin sum rule:

Image courtesy of Jian-Wei Qiu

[Jaffe and Manohar, NPB 337, 509 (1990)]

Quark model assumes spin of proton (1/2) equals spin of u+u+d,  
but European Muon Collaboration (EMC) found quarks only contribute < 30%



How to access it?

Quark helicityHai-Tao Shu 3

Drell-Yan DIS SIDIS

Measure structure functions (via longitudinal spin asymmetries) in processes 
like polarized lepton/hadron scattering off a polarized target proton

Existing experimental efforts in last 3 decades: 
p-p collision at RHIC;  
Open-charm muon production at COMPASS;  
Neg./pos. pion/kaon production at HERMES…

Global analysis of the experimental data
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Includes:

polarized 𝑊-lepton production at RHIC

SIDIS from COMPASS



Why EIC and EICc?

Quark helicityHai-Tao Shu 4

• Unprecedented low-x reach for polarized experiments  
• High luminosity provides more precise statistical measurements 
• High polarization capacities of electron and nucleon give more 

access to the spin-dependent observables

EicC white paper: Frontiers of Physics, Volume 16 Issue (6):64701, 2021
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Status of LQCD determinations

Quark helicityHai-Tao Shu 5

LQCD provides ab initio determination from first-principle!

<latexit sha1_base64="swDM/G0wOeBTXEy3RE1nhiafOt4=">AAACAnicbVC7TsMwFHV4lvIKMCEWiwrBFCU8O1awMDAUiT6kJlSO67ZWbSeyHaQqqlj4FRYGEGLlK9j4G5w2A7QcydLROffI954wZlRp1/225uYXFpeWCyvF1bX1jU17a7uuokRiUsMRi2QzRIowKkhNU81IM5YE8ZCRRji4yvzGA5GKRuJOD2MScNQTtEsx0kZq27s+R7oveXpTvT/xoQkwZ+RDr3zYtkuu444BZ4mXkxLIUW3bX34nwgknQmOGlGp5bqyDFElNMSOjop8oEiM8QD3SMlQgTlSQjk8YwQOjdGA3kuYJDcfq70SKuFJDHprJbGE17WXif14r0d1ykFIRJ5oIPPmomzCoI5j1ATtUEqzZ0BCEJTW7QtxHEmFtWiuaErzpk2dJ/djxzp2z29NS5TKvowD2wD44Ah64ABVwDaqgBjB4BM/gFbxZT9aL9W59TEbnrDyzA/7A+vwBI4aV+Q==</latexit>

LP3 Coll. 180
<latexit sha1_base64="Pd1uw1mVaO3rNDFyJatiX3wpW4o=">AAAB+nicbVDLSsNAFL2pr1pfqS7dBIvgqiTia1l047KCfUAbymQ6aYfOTMLMRAmxn+LGhSJu/RJ3/o2TNgttPTBwOOde7pkTxIwq7brfVmlldW19o7xZ2dre2d2zq/ttFSUSkxaOWCS7AVKEUUFammpGurEkiAeMdILJTe53HohUNBL3Oo2Jz9FI0JBipI00sKt9jvRY8iwep8qobDqwa27dncFZJl5BalCgObC/+sMIJ5wIjRlSque5sfYzJDXFjEwr/USRGOEJGpGeoQJxovxsFn3qHBtl6ISRNE9oZ6b+3sgQVyrlgZnMg6pFLxf/83qJDq/8jIo40UTg+aEwYY6OnLwHZ0glwZqlhiAsqcnq4DGSCGvTVsWU4C1+eZm0T+veRf387qzWuC7qKMMhHMEJeHAJDbiFJrQAwyM8wyu8WU/Wi/VufcxHS1axcwB/YH3+ACiOlJk=</latexit>

physical

<latexit sha1_base64="TS5PZ5DhIQBTzuEbGSaWsH/tKJ8=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiTia1l047KCfUASymQ6aYfOJGFmUiihf+LGhSJu/RN3/o2TNgttPTBwOOde7pkTppwp7TjfVmVtfWNzq7pd29nd2z+wD486KskkoW2S8ET2QqwoZzFta6Y57aWSYhFy2g3H94XfnVCpWBI/6WlKA4GHMYsYwdpIfdvGPvJ8gfVIijwSs6Bv152GMwdaJW5J6lCi1be//EFCMkFjTThWynOdVAc5lpoRTmc1P1M0xWSMh9QzNMaCqiCfJ5+hM6MMUJRI82KN5urvjRwLpaYiNJNFRrXsFeJ/npfp6DbIWZxmmsZkcSjKONIJKmpAAyYp0XxqCCaSmayIjLDERJuyaqYEd/nLq6Rz0XCvG1ePl/XmXVlHFU7gFM7BhRtowgO0oA0EJvAMr/Bm5daL9W59LEYrVrlzDH9gff4AgteTmg==</latexit>

a [fm]
<latexit sha1_base64="wyP6mSzuhSkHn1KDBw0t+DaBTRg=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEVyURX8uiGzdCBfuAJITJdNIOnZmEmYlQQsFfceNCEbd+hzv/xkmbhbYeGDiccy/3zIlSRpV2nG+rsrS8srpWXa9tbG5t79i7ex2VZBKTNk5YInsRUoRRQdqaakZ6qSSIR4x0o9FN4XcfiVQ0EQ96nJKAo4GgMcVIGym0D3jop9SHns+RHkqe35HOJAjtutNwpoCLxC1JHZRohfaX309wxonQmCGlPNdJdZAjqSlmZFLzM0VShEdoQDxDBeJEBfk0/gQeG6UP40SaJzScqr83csSVGvPITBYh1bxXiP95XqbjqyCnIs00EXh2KM4Y1AksuoB9KgnWbGwIwpKarBAPkURYm8ZqpgR3/suLpHPacC8a5/dn9eZ1WUcVHIIjcAJccAma4Ba0QBtgkINn8ArerCfrxXq3PmajFavc2Qd/YH3+ACc0laE=</latexit>

m⇡ [MeV]
<latexit sha1_base64="ktZ8T5XZtortINgt4xRveHfBzIw=">AAAB/HicbVC7TsMwFHXKq5RXoCOLRYXEVCWI11jBAGOR6ENqoshxndaq7US2gxSi8issDCDEyoew8Tc4bQYoHMnS0Tn36h6fMGFUacf5sipLyyura9X12sbm1vaOvbvXVXEqMengmMWyHyJFGBWko6lmpJ9IgnjISC+cXBV+755IRWNxp7OE+ByNBI0oRtpIgV1vBw8eHHgc6bHk+TXpTv3AbjhNZwb4l7glaYAS7cD+9IYxTjkRGjOk1MB1Eu3nSGqKGZnWvFSRBOEJGpGBoQJxovx8Fn4KD40yhFEszRMaztSfGzniSmU8NJNFSLXoFeJ/3iDV0YWfU5Gkmgg8PxSlDOoYFk3AIZUEa5YZgrCkJivEYyQR1qavminBXfzyX9I9brpnzdPbk0brsqyjCvbBATgCLjgHLXAD2qADMMjAE3gBr9aj9Wy9We/z0YpV7tTBL1gf33u8lK8=</latexit>

Pz [GeV]

<latexit sha1_base64="sVyvAJ/J2lu1a4Lv6bAxuoQ19y0=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgadn1fQx68RjRPCBZwuxkkgyZnV1meoWw5BO8eFDEq1/kzb9xkuxBowUNRVU33V1hIoVBz/tyCkvLK6trxfXSxubW9k55d69h4lQzXmexjHUrpIZLoXgdBUreSjSnUSh5MxzdTP3mI9dGxOoBxwkPIjpQoi8YRSvdn7pet1zxXG8G8pf4OalAjlq3/NnpxSyNuEImqTFt30swyKhGwSSflDqp4QllIzrgbUsVjbgJstmpE3JklR7px9qWQjJTf05kNDJmHIW2M6I4NIveVPzPa6fYvwoyoZIUuWLzRf1UEozJ9G/SE5ozlGNLKNPC3krYkGrK0KZTsiH4iy//JY0T179wz+/OKtXrPI4iHMAhHIMPl1CFW6hBHRgM4Ale4NWRzrPz5rzPWwtOPrMPv+B8fANZyo0z</latexit>

3.0
<latexit sha1_base64="s/DeF/ss9uqdskpKYGiXFkf566Y=">AAAB63icbVDLSgMxFL1TX7W+Rl26CRbBVZkRn7uiG5cV7APaoWTSTBuaZIYkI5Shv+DGhSJu/SF3/o2ZdhbaeiDkcM693HtPmHCmjed9O6WV1bX1jfJmZWt7Z3fP3T9o6ThVhDZJzGPVCbGmnEnaNMxw2kkUxSLktB2O73K//USVZrF8NJOEBgIPJYsYwSaXvJp303er9psBLRO/IFUo0Oi7X71BTFJBpSEca931vcQEGVaGEU6nlV6qaYLJGA9p11KJBdVBNtt1ik6sMkBRrOyTBs3U3x0ZFlpPRGgrBTYjvejl4n9eNzXRdZAxmaSGSjIfFKUcmRjlh6MBU5QYPrEEE8XsroiMsMLE2HgqNgR/8eRl0jqr+Ze1i4fzav22iKMMR3AMp+DDFdThHhrQBAIjeIZXeHOE8+K8Ox/z0pJT9BzCHzifP9ESjXM=</latexit>

0.09

<latexit sha1_base64="EiM0Q7PKsqgVQ3NOnJClh4QaDWU=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKez6Pga9eIxoHpAsYXYymwyZnV1meoWw5BO8eFDEq1/kzb9xkuxBowUNRVU33V1BIoVB1/1yCkvLK6trxfXSxubW9k55d69p4lQz3mCxjHU7oIZLoXgDBUreTjSnUSB5KxjdTP3WI9dGxOoBxwn3IzpQIhSMopXuTz23V664VXcG8pd4OalAjnqv/NntxyyNuEImqTEdz03Qz6hGwSSflLqp4QllIzrgHUsVjbjxs9mpE3JklT4JY21LIZmpPycyGhkzjgLbGVEcmkVvKv7ndVIMr/xMqCRFrth8UZhKgjGZ/k36QnOGcmwJZVrYWwkbUk0Z2nRKNgRv8eW/pHlS9S6q53dnldp1HkcRDuAQjsGDS6jBLdShAQwG8AQv8OpI59l5c97nrQUnn9mHX3A+vgFeWY02</latexit>

310
<latexit sha1_base64="mVuj+frW/45okDlDiKCESu2X/2Q=">AAAB7HicbVBNTwIxEJ3FL8Qv1KOXRmLiiewS/DgSvXjExEUS2JBumYWGbnfTdk0I4Td48aAxXv1B3vw3FtiDgi9p+vLeTGbmhang2rjut1NYW9/Y3Cpul3Z29/YPyodHLZ1kiqHPEpGodkg1Ci7RN9wIbKcKaRwKfAxHtzP/8QmV5ol8MOMUg5gOJI84o8ZKvlt167VeuWL/Ocgq8XJSgRzNXvmr209YFqM0TFCtO56bmmBCleFM4LTUzTSmlI3oADuWShqjDibzZafkzCp9EiXKPmnIXP3dMaGx1uM4tJUxNUO97M3E/7xOZqLrYMJlmhmUbDEoygQxCZldTvpcITNibAllittdCRtSRZmx+ZRsCN7yyaukVat6l9WL+3qlcZPHUYQTOIVz8OAKGnAHTfCBAYdneIU3RzovzrvzsSgtOHnPMfyB8/kDOwGNqg==</latexit>

0.042
<latexit sha1_base64="1vtk9QUgCFtMyKe7bm9Q9xHPkTQ=">AAAB63icbVBNS8NAEJ34WetX1aOXxSJ4CklR67HoxWMF+wFtKJvtpl26uwm7G6GE/gUvHhTx6h/y5r9x0+agrQ8GHu/NMDMvTDjTxvO+nbX1jc2t7dJOeXdv/+CwcnTc1nGqCG2RmMeqG2JNOZO0ZZjhtJsoikXIaSec3OV+54kqzWL5aKYJDQQeSRYxgk0u1dx6fVCpeq43B1olfkGqUKA5qHz1hzFJBZWGcKx1z/cSE2RYGUY4nZX7qaYJJhM8oj1LJRZUB9n81hk6t8oQRbGyJQ2aq78nMiy0norQdgpsxnrZy8X/vF5qopsgYzJJDZVksShKOTIxyh9HQ6YoMXxqCSaK2VsRGWOFibHxlG0I/vLLq6Rdc/1r9+rhstq4LeIowSmcwQX4UIcG3EMTWkBgDM/wCm+OcF6cd+dj0brmFDMn8AfO5w/bu416</latexit>

2.77

<latexit sha1_base64="qDN70O/qAliL7ovpfJXoit8LtKM=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovoKiTF17LopsuK9gFNKJPJpB06k4SZiVBCd278FTcuFHHrL7jzb5y0WWjrgYHDOfcw9x4/YVQq2/42SkvLK6tr5fXKxubW9o65u9eWcSowaeGYxaLrI0kYjUhLUcVINxEEcZ+Rjj+6yf3OAxGSxtG9GifE42gQ0ZBipLTUNw9djtRQ8KyBgjslUuxCHWLWxIW12gnsm1XbsqeAi8QpSBUUaPbNLzeIccpJpDBDUvYcO1FehoSimJFJxU0lSRAeoQHpaRohTqSXTe+YwGOtBDCMhX6RglP1dyJDXMox9/VkvrWc93LxP6+XqvDKy2iUpIpEePZRmDKoYpiXAgMqCFZsrAnCgupdIR4igbDS1VV0Cc78yYukXbOcC+v89qxavy7qKIMDcAROgQMuQR00QBO0AAaP4Bm8gjfjyXgx3o2P2WjJKDL74A+Mzx8xRZg3</latexit>

HadStruc Coll. 220
<latexit sha1_base64="yMqGtDe56zIcHCXABfA99Icl6dE=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHZVlCPRi0eM8khgQ2aHWZgwO7uZ6TUhhE/w4kFjvPpF3vwbB9iDopV0UqnqTndXkEhh0HW/nNzK6tr6Rn6zsLW9s7tX3D9omjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGNzO/9ci1EbF6wHHC/YgOlAgFo2il+/NKtVcsuWV3DvKXeBkpQYZ6r/jZ7ccsjbhCJqkxHc9N0J9QjYJJPi10U8MTykZ0wDuWKhpx40/mp07JiVX6JIy1LYVkrv6cmNDImHEU2M6I4tAsezPxP6+TYlj1J0IlKXLFFovCVBKMyexv0heaM5RjSyjTwt5K2JBqytCmU7AheMsv/yXNs7J3Wa7cXZRq11kceTiCYzgFD66gBrdQhwYwGMATvMCrI51n5815X7TmnGzmEH7B+fgGcI2NQg==</latexit>

358
<latexit sha1_base64="9ziJcVZaCNqmAMdDO7d63c3fKOY=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVP29FLx4ruG2hXUo2nW1Ds9klyQql9Dd48aCIV3+QN/+NabsHbX0Q8nhvhpl5YSq4Nq777RRWVtfWN4qbpa3tnd298v5BQyeZYuizRCSqFVKNgkv0DTcCW6lCGocCm+Hwbuo3n1BpnshHM0oxiGlf8ogzaqzku1X35rxbrth/BrJMvJxUIEe9W/7q9BKWxSgNE1TrtuemJhhTZTgTOCl1Mo0pZUPax7alksaog/Fs2Qk5sUqPRImyTxoyU393jGms9SgObWVMzUAvelPxP6+dmeg6GHOZZgYlmw+KMkFMQqaXkx5XyIwYWUKZ4nZXwgZUUWZsPiUbgrd48jJpnFW9y+rFw3mldpvHUYQjOIZT8OAKanAPdfCBAYdneIU3RzovzrvzMS8tOHnPIfyB8/kDRaKNsQ==</latexit>

0.094
<latexit sha1_base64="0rBO0OPawQzmOpWUEEGnx6OB3K0=">AAAB6nicbVBNSwMxEJ3Ur1q/qh69BIvgadktVj0WvXisaD+gXUo2zbah2eySZIWy9Cd48aCIV3+RN/+NabsHbX0w8Hhvhpl5QSK4Nq77jQpr6xubW8Xt0s7u3v5B+fCopeNUUdaksYhVJyCaCS5Z03AjWCdRjESBYO1gfDvz209MaR7LRzNJmB+RoeQhp8RY6aHq1Prliuu4c+BV4uWkAjka/fJXbxDTNGLSUEG07npuYvyMKMOpYNNSL9UsIXRMhqxrqSQR0342P3WKz6wywGGsbEmD5+rviYxEWk+iwHZGxIz0sjcT//O6qQmv/YzLJDVM0sWiMBXYxHj2Nx5wxagRE0sIVdzeiumIKEKNTadkQ/CWX14lrarjXTq1+4tK/SaPowgncArn4MEV1OEOGtAECkN4hld4QwK9oHf0sWgtoHzmGP4Aff4AX9iNNw==</latexit>

2.5

<latexit sha1_base64="WdWiBf4mSxKONbJ5/ZB6XO6hRLo=">AAACCnicbVC7TsMwFHXKq5RXgJHFUCEYUJVU5TFWsHRgKBJ9SE1UOY7TWnWcyHaQqqgzC7/CwgBCrHwBG3+D02aAliNd6eice3XvPV7MqFSW9W0UlpZXVteK66WNza3tHXN3ry2jRGDSwhGLRNdDkjDKSUtRxUg3FgSFHiMdb3ST+Z0HIiSN+L0ax8QN0YDTgGKktNQ3D50QqaEI00bEGB0g7kDEfQfeUn7mwGrtZNI3y1bFmgIuEjsnZZCj2Te/HD/CSUi4wgxJ2bOtWLkpEopiRiYlJ5EkRniEBqSnKUchkW46fWUCj7XiwyASuriCU/X3RIpCKcehpzuzw+W8l4n/eb1EBVduSnmcKMLxbFGQMKgimOUCfSoIVmysCcKC6lshHiKBsNLplXQI9vzLi6RdrdgXlfO7Wrl+ncdRBAfgCJwCG1yCOmiAJmgBDB7BM3gFb8aT8WK8Gx+z1oKRz+yDPzA+fwCcypmN</latexit>

Holligan and Lin, 24
0 <latexit sha1_base64="GQuMYZhMmwPAndQ0tTFN44pZFYg=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivV3V6p7FbcGcgy8XJShhy1Xumr249ZGqE0TFCtO56bGD+jynAmcFLsphoTykZ0gB1LJY1Q+9ns0Ak5tUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrzxMy6T1KBk80VhKoiJyfRr0ucKmRFjSyhT3N5K2JAqyozNpmhD8BZfXibN84p3VbmsX5Srt3kcBTiGEzgDD66hCvdQgwYwQHiGV3hzHp0X5935mLeuOPnMEfyB8/kDfFmMvg==</latexit>

0
<latexit sha1_base64="0ewihxjq6+aNgXf118bOliysQqs=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHZV1CPRi0eM8khgQ2aHBibMzm5mZk3Ihk/w4kFjvPpF3vwbB9iDgpV0UqnqTndXEAuujet+O7mV1bX1jfxmYWt7Z3evuH/Q0FGiGNZZJCLVCqhGwSXWDTcCW7FCGgYCm8Hoduo3n1BpHslHM47RD+lA8j5n1Fjp4dyrdIslt+zOQJaJl5ESZKh1i1+dXsSSEKVhgmrd9tzY+ClVhjOBk0In0RhTNqIDbFsqaYjaT2enTsiJVXqkHylb0pCZ+nsipaHW4zCwnSE1Q73oTcX/vHZi+td+ymWcGJRsvqifCGIiMv2b9LhCZsTYEsoUt7cSNqSKMmPTKdgQvMWXl0njrOxdliv3F6XqTRZHHo7gGE7Bgyuowh3UoA4MBvAMr/DmCOfFeXc+5q05J5s5hD9wPn8AZe2NOw==</latexit>

315
<latexit sha1_base64="PeKwgG+SsrPiG5J+8kV4emYFpHI=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0jEWo9FLx4rWFtoQ9lsN+3S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5YcKZNp737ZTW1jc2t8rblZ3dvf2D6uHRo45TRWibxDxW3RBrypmkbcMMp91EUSxCTjvh5Db3O09UaRbLBzNNaCDwSLKIEWxyyXcb9UG15rneHGiV+AWpQYHWoPrVH8YkFVQawrHWPd9LTJBhZRjhdFbpp5ommEzwiPYslVhQHWTzW2fozCpDFMXKljRorv6eyLDQeipC2ymwGetlLxf/83qpia6DjMkkNVSSxaIo5cjEKH8cDZmixPCpJZgoZm9FZIwVJsbGU7Eh+Msvr5LHC9e/cuv3l7XmTRFHGU7gFM7BhwY04Q5a0AYCY3iGV3hzhPPivDsfi9aSU8wcwx84nz/XLI13</latexit>

1.75

<latexit sha1_base64="2MJ/SXNhbzKq8Zt4P9TBol0C3Ok=">AAAB/HicbVDLSgMxFM34rPU12qWbYBFclRnxtSy6cVmhL+gMJZOmbWgeQ5JRhqH+ihsXirj1Q9z5N2baWWjrgcDhnHu5JyeKGdXG876dldW19Y3N0lZ5e2d3b989OGxrmShMWlgyqboR0oRRQVqGGka6sSKIR4x0oslt7nceiNJUiqZJYxJyNBJ0SDEyVuq7lYAjM1Y8a46pDuCjVJNp3616NW8GuEz8glRBgUbf/QoGEiecCIMZ0rrne7EJM6QMxYxMy0GiSYzwBI1Iz1KBONFhNgs/hSdWGcChVPYJA2fq740Mca1THtnJPKpe9HLxP6+XmOF1mFERJ4YIPD80TBg0EuZNwAFVBBuWWoKwojYrxGOkEDa2r7ItwV/88jJpn9X8y9rF/Xm1flPUUQJH4BicAh9cgTq4Aw3QAhik4Bm8gjfnyXlx3p2P+eiKU+xUwB84nz83wpUn</latexit>

This work
<latexit sha1_base64="L0/0haGjoMc0MhMCOXzdkat+E1E=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0jUqseiF48V7Ae0oWy2m3bp7ibsboQS+he8eFDEq3/Im//GTZuDVh8MPN6bYWZemHCmjed9OaWV1bX1jfJmZWt7Z3evun/Q1nGqCG2RmMeqG2JNOZO0ZZjhtJsoikXIaSec3OZ+55EqzWL5YKYJDQQeSRYxgk0u+W79fFCtea43B/pL/ILUoEBzUP3sD2OSCioN4Vjrnu8lJsiwMoxwOqv0U00TTCZ4RHuWSiyoDrL5rTN0YpUhimJlSxo0V39OZFhoPRWh7RTYjPWyl4v/eb3URNdBxmSSGirJYlGUcmRilD+OhkxRYvjUEkwUs7ciMsYKE2PjqdgQ/OWX/5L2metfuvX7i1rjpoijDEdwDKfgwxU04A6a0AICY3iCF3h1hPPsvDnvi9aSU8wcwi84H9/RGo1z</latexit>

1.53
<latexit sha1_base64="ZS99eh0QSk8N8YKCVnK76SzlHDQ=">AAAB7HicbVBNTwIxEJ3FL8Qv1KOXRmLiiewaBY9ELx4xcYUENqRbutDQ7W7aWRNC+A1ePGiMV3+QN/+NBfag4Euavrw3k5l5YSqFQdf9dgpr6xubW8Xt0s7u3v5B+fDo0SSZZtxniUx0O6SGS6G4jwIlb6ea0ziUvBWObmd+64lrIxL1gOOUBzEdKBEJRtFKvlt167VeuWL/Ocgq8XJSgRzNXvmr209YFnOFTFJjOp6bYjChGgWTfFrqZoanlI3ogHcsVTTmJpjMl52SM6v0SZRo+xSSufq7Y0JjY8ZxaCtjikOz7M3E/7xOhtF1MBEqzZArthgUZZJgQmaXk77QnKEcW0KZFnZXwoZUU4Y2n5INwVs+eZU8XlS9WvXq/rLSuMnjKMIJnMI5eFCHBtxBE3xgIOAZXuHNUc6L8+58LEoLTt5zDH/gfP4ARaCNsQ==</latexit>

0.076
<latexit sha1_base64="Pd1uw1mVaO3rNDFyJatiX3wpW4o=">AAAB+nicbVDLSsNAFL2pr1pfqS7dBIvgqiTia1l047KCfUAbymQ6aYfOTMLMRAmxn+LGhSJu/RJ3/o2TNgttPTBwOOde7pkTxIwq7brfVmlldW19o7xZ2dre2d2zq/ttFSUSkxaOWCS7AVKEUUFammpGurEkiAeMdILJTe53HohUNBL3Oo2Jz9FI0JBipI00sKt9jvRY8iwep8qobDqwa27dncFZJl5BalCgObC/+sMIJ5wIjRlSque5sfYzJDXFjEwr/USRGOEJGpGeoQJxovxsFn3qHBtl6ISRNE9oZ6b+3sgQVyrlgZnMg6pFLxf/83qJDq/8jIo40UTg+aEwYY6OnLwHZ0glwZqlhiAsqcnq4DGSCGvTVsWU4C1+eZm0T+veRf387qzWuC7qKMMhHMEJeHAJDbiFJrQAwyM8wyu8WU/Wi/VufcxHS1axcwB/YH3+ACiOlJk=</latexit>

physical

<latexit sha1_base64="vVxJTM7lvubS8tspr19JO92YPm8=">AAACEnicbZDLSsNAFIYn9VbrLerSzWARFSQkxduyqKDLKvYCTSiT6bQdOpmEmYlQQp7Bja/ixoUibl25822ctBG0emDg4//PYc75/YhRqWz70yjMzM7NLxQXS0vLK6tr5vpGQ4axwKSOQxaKlo8kYZSTuqKKkVYkCAp8Rpr+8Dzzm3dESBryWzWKiBegPqc9ipHSUsfcdwOkBiJILlGYHriQKBciZmn6Nmo3Fyms2Lsds2xb9rjgX3ByKIO8ah3zw+2GOA4IV5ghKduOHSkvQUJRzEhacmNJIoSHqE/aGjkKiPSS8Ukp3NFKF/ZCoR9XcKz+nEhQIOUo8HVntqec9jLxP68dq96pl1AexYpwPPmoFzOoQpjlA7tUEKzYSAPCgupdIR4ggbDSKZZ0CM70yX+hUbGcY+vo+rBcPcvjKIItsA32gANOQBVcgRqoAwzuwSN4Bi/Gg/FkvBpvk9aCkc9sgl9lvH8B23qcTw==</latexit>

Gao, et al., PRD200

• Having both continuum limit and physical mass limit is still challenging 
• This work: physical quark masses, small lattice spacing, NNLO&NNLL matching



Lattice setup

Quark helicityHai-Tao Shu 6

• Physical light & strange quark mass 
• Volume effects under control 
•  
• Momentum smearing to improve SNR

Pz = {0, 0.25, 1.02, 1.53} GeV

<latexit sha1_base64="QJPpj9BnG0D8G7YdK7WFPiSMfSQ=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBU0i0Vi9C0YsHDxXsB7SxbLabdulmE3Y3Sgn9H148KOLV/+LNf+O2zUFbHww83pthZp4fc6a043xbuaXlldW1/HphY3Nre6e4u9dQUSIJrZOIR7LlY0U5E7Sumea0FUuKQ5/Tpj+8nvjNRyoVi8S9HsXUC3FfsIARrI30EHY7MUO36BKd2uWzbrHk2M4UaJG4GSlBhlq3+NXpRSQJqdCEY6XarhNrL8VSM8LpuNBJFI0xGeI+bRsqcEiVl06vHqMjo/RQEElTQqOp+nsixaFSo9A3nSHWAzXvTcT/vHaigwsvZSJONBVktihIONIRmkSAekxSovnIEEwkM7ciMsASE22CKpgQ3PmXF0njxHYrduWuXKpeZXHk4QAO4RhcOIcq3EAN6kBAwjO8wpv1ZL1Y79bHrDVnZTP78AfW5w/OBJDF</latexit>

m⇡L = 3.45



Ingredient in Lattice QCD: matrix element

Quark helicityHai-Tao Shu 7

<latexit sha1_base64="+qkeIG0FZ0rD78bBgMhWHaWrTVM=">AAACAXicbVDLSgMxFM3UV62vUTeCm2ARKkiZEV8boejG5Qj2Ae0wZNJMG5pkhiQj1KFu/BU3LhRx61+4829M21lo9XAvHM65l+SeMGFUacf5sgpz8wuLS8Xl0srq2vqGvbnVUHEqManjmMWyFSJFGBWkrqlmpJVIgnjISDMcXI395h2RisbiVg8T4nPUEzSiGGkjBfaOF2Qdno4uKl7gHMJpecH9QWCXnaozAfxL3JyUQQ4vsD873RinnAiNGVKq7TqJ9jMkNcWMjEqdVJEE4QHqkbahAnGi/GxywQjuG6ULo1iaFhpO1J8bGeJKDXloJjnSfTXrjcX/vHaqo3M/oyJJNRF4+lCUMqhjOI4DdqkkWLOhIQhLav4KcR9JhLUJrWRCcGdP/ksaR1X3tHpyc1yuXeZxFMEu2AMV4IIzUAPXwAN1gMEDeAIv4NV6tJ6tN+t9Olqw8p1t8AvWxzePu5Rk</latexit>

Pµ = (P0, 0, 0, Pz)

<latexit sha1_base64="gUc5J7E+8F4q3JP3CQMbnzh3tCI=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBahgpREfG2EohuXEe0DmhAm02k7dCYJMxOhhm7c+CtuXCji1n9w5984TbPQ1sO9cDjnXmbuCWJGpbKsb6MwN7+wuFRcLq2srq1vmJtbDRklApM6jlgkWgGShNGQ1BVVjLRiQRAPGGkGg6ux37wnQtIovFPDmHgc9ULapRgpLfnm7q2fujwZXVQc/+EQWlm5PIaObx34ZtmqWhngLLFzUgY5HN/8cjsRTjgJFWZIyrZtxcpLkVAUMzIquYkkMcID1CNtTUPEifTS7IoR3NdKB3YjoTtUMFN/b6SISznkgZ7kSPXltDcW//PaieqeeykN40SREE8e6iYMqgiOI4EdKghWbKgJwoLqv0LcRwJhpYMr6RDs6ZNnSeOoap9WT26Oy7XLPI4i2AF7oAJscAZq4Bo4oA4weATP4BW8GU/Gi/FufExGC0a+sw3+wPj8AVZFleg=</latexit>

Sµ = (Pz, 0, 0,⌥P0)

<latexit sha1_base64="I6lx7kJ3J2ctPwbk+TFgr5/RVcU=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNryPRi0dI5JHAhswODYzMzm5mZk1wwxd48aAxXv0kb/6NA+xBwUo6qVR1p7sriAXXxnW/ndzK6tr6Rn6zsLW9s7tX3D9o6ChRDOssEpFqBVSj4BLrhhuBrVghDQOBzWB0O/Wbj6g0j+S9Gcfoh3QgeZ8zaqxUe+oWS27ZnYEsEy8jJchQ7Ra/Or2IJSFKwwTVuu25sfFTqgxnAieFTqIxpmxEB9i2VNIQtZ/ODp2QE6v0SD9StqQhM/X3REpDrcdhYDtDaoZ60ZuK/3ntxPSv/ZTLODEo2XxRPxHERGT6NelxhcyIsSWUKW5vJWxIFWXGZlOwIXiLLy+TxlnZuyxf1M5LlZssjjwcwTGcggdXUIE7qEIdGCA8wyu8OQ/Oi/PufMxbc042cwh/4Hz+AOyBjQg=</latexit>z

<latexit sha1_base64="zlDct7B4a2ly7yWFQDOTyk0Cn6c=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSA/bcXrniVt0ZyDLxclKBHPVe+avbj1kacYVMUmM6npugn1GNgkk+KXVTwxPKRnTAO5YqGnHjZ7NTJ+TEKn0SxtqWQjJTf09kNDJmHAW2M6I4NIveVPzP66QYXvuZUEmKXLH5ojCVBGMy/Zv0heYM5dgSyrSwtxI2pJoytOmUbAje4svLpHlW9S6rF/fnldpNHkcRjuAYTsGDK6jBHdShAQwG8Ayv8OZI58V5dz7mrQUnnzmEP3A+fwAHVI2l</latexit>

t0
<latexit sha1_base64="3kWfCYEb49VCCj7cqNzyQJe34Yo=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0UQhJKIr2XRjcsK9gFtCZPppB06k4SZG6GG4K+4caGIW//DnX/jpM1CWw8MHM65lzn3+LHgGhzn21pYXFpeWS2tldc3Nre27Z3dpo4SRVmDRiJSbZ9oJnjIGsBBsHasGJG+YC1/dJP7rQemNI/CexjHrCfJIOQBpwSM5Nn74Dkn4KVdSWCoZMpDnWWeXXGqzgR4nrgFqaACdc/+6vYjmkgWAhVE647rxNBLiQJOBcvK3USzmNARGbCOoSGRTPfSSfoMHxmlj4NImRcCnqi/N1IitR5L30zmIfWsl4v/eZ0EgqueuShOgIV0+lGQCAwRzqvAfa4YBTE2hFDFTVZMh0QRCqawsinBnT15njRPq+5F9fzurFK7LuoooQN0iI6Riy5RDd2iOmogih7RM3pFb9aT9WK9Wx/T0QWr2NlDf2B9/gADg5Wd</latexit>

t0 + tins
<latexit sha1_base64="Wqv9bOzOZFEH35D5xTpjTL4Cmwg=">AAAB/XicbVDLSgMxFM34rPU1PnZugkUQhDIjvpZFNy4r2Ae0ZcikmTY0mRmSO0IdBn/FjQtF3Pof7vwbM+0stPVA4HDOvcnJ8WPBNTjOt7WwuLS8slpaK69vbG5t2zu7TR0lirIGjUSk2j7RTPCQNYCDYO1YMSJ9wVr+6Cb3Ww9MaR6F9zCOWU+SQcgDTgkYybP3wXNOwEu7ksBQyVSzOMs8u+JUnQnwPHELUkEF6p791e1HNJEsBCqI1h3XiaGXEgWcCpaVu4m5l9ARGbCOoSGRTPfSSfoMHxmlj4NImRMCnqi/N1IitR5L30zmIfWsl4v/eZ0EgqteysM4ARbS6UNBIjBEOK8C97liFMTYEEIVN1kxHRJFKJjCyqYEd/bL86R5WnUvqud3Z5XadVFHCR2gQ3SMXHSJaugW1VEDUfSIntErerOerBfr3fqYji5Yxc4e+gPr8wcAgpWb</latexit>

t0 + tsep

<latexit sha1_base64="2TyYox69prPZKG28G7NCoWz8v3M=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNnJbDJmdnaZ6RXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LR3dRvPXFtRKwecJxwP6IDJULBKFqpjr1S2a24M5Bl4uWkDDlqvdJXtx+zNOIKmaTGdDw3QT+jGgWTfFLspoYnlI3ogHcsVTTixs9mh07IqVX6JIy1LYVkpv6eyGhkzDgKbGdEcWgWvan4n9dJMbzxM6GSFLli80VhKgnGZPo16QvNGcqxJZRpYW8lbEg1ZWizKdoQvMWXl0nzvOJdVS7rF+XqbR5HAY7hBM7Ag2uowj3UoAEMODzDK7w5j86L8+58zFtXnHzmCP7A+fwB42mNAg==</latexit>

t

<latexit sha1_base64="aNRMVVt4KQ7tidVzOAxMLjS4nYI=">AAAB8XicbVDJSgNBEK2JW4xb1KOXxiB4CjPidgx68RjRLJgMoadTkzTp6Rm6e4Qw5i+8eFDEq3/jzb+xsxw08UHB470qquoFieDauO63k1taXlldy68XNja3tneKu3t1HaeKYY3FIlbNgGoUXGLNcCOwmSikUSCwEQyux37jEZXmsbw3wwT9iPYkDzmjxkoPT9W7tqKyJ7BTLLlldwKySLwZKcEM1U7xq92NWRqhNExQrVuemxg/o8pwJnBUaKcaE8oGtIctSyWNUPvZ5OIRObJKl4SxsiUNmai/JzIaaT2MAtsZUdPX895Y/M9rpSa89DMuk9SgZNNFYSqIicn4fdLlCpkRQ0soU9zeSlifKsqMDalgQ/DmX14k9ZOyd14+uz0tVa5mceThAA7hGDy4gArcQBVqwEDCM7zCm6OdF+fd+Zi25pzZzD78gfP5A4+pkNw=</latexit>

|PSi<latexit sha1_base64="3YqtDIgxYNkDc/PZxcp/HLnNgc8=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKeyKr2PQi8eI5gGbJcxOepMhs7PLTK8QYj7DiwdFvPo13vwbJ8keNFrQUFR1090VplIYdN0vp7C0vLK6VlwvbWxube+Ud/eaJsk0hwZPZKLbITMghYIGCpTQTjWwOJTQCofXU7/1ANqIRN3jKIUgZn0lIsEZWsnvSKb6Emj97rFbrrhVdwb6l3g5qZAc9W75s9NLeBaDQi6ZMb7nphiMmUbBJUxKncxAyviQ9cG3VLEYTDCenTyhR1bp0SjRthTSmfpzYsxiY0ZxaDtjhgOz6E3F/zw/w+gyGAuVZgiKzxdFmaSY0On/tCc0cJQjSxjXwt5K+YBpxtGmVLIheIsv/yXNk6p3Xj27Pa3UrvI4iuSAHJJj4pELUiM3pE4ahJOEPJEX8uqg8+y8Oe/z1oKTz+yTX3A+vgHfV5EA</latexit>

hPS|

<latexit sha1_base64="+JQVHzEzSkerXTXD8LkGt787rHE=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoMQL2FXfB2DXjxGMA9IljA7mU2GzMwuM7NCXPILXjwo4tUf8ubfOJvsQRMLGoqqbrq7gpgzbVz32ymsrK6tbxQ3S1vbO7t75f2Dlo4SRWiTRDxSnQBrypmkTcMMp51YUSwCTtvB+Dbz249UaRbJBzOJqS/wULKQEWwyqV19Ou2XK27NnQEtEy8nFcjR6Je/eoOIJIJKQzjWuuu5sfFTrAwjnE5LvUTTGJMxHtKupRILqv10dusUnVhlgMJI2ZIGzdTfEykWWk9EYDsFNiO96GXif143MeG1nzIZJ4ZKMl8UJhyZCGWPowFTlBg+sQQTxeytiIywwsTYeEo2BG/x5WXSOqt5l7WL+/NK/SaPowhHcAxV8OAK6nAHDWgCgRE8wyu8OcJ5cd6dj3lrwclnDuEPnM8fW8CNzg==</latexit>

W (z)

<latexit sha1_base64="aNRMVVt4KQ7tidVzOAxMLjS4nYI=">AAAB8XicbVDJSgNBEK2JW4xb1KOXxiB4CjPidgx68RjRLJgMoadTkzTp6Rm6e4Qw5i+8eFDEq3/jzb+xsxw08UHB470qquoFieDauO63k1taXlldy68XNja3tneKu3t1HaeKYY3FIlbNgGoUXGLNcCOwmSikUSCwEQyux37jEZXmsbw3wwT9iPYkDzmjxkoPT9W7tqKyJ7BTLLlldwKySLwZKcEM1U7xq92NWRqhNExQrVuemxg/o8pwJnBUaKcaE8oGtIctSyWNUPvZ5OIRObJKl4SxsiUNmai/JzIaaT2MAtsZUdPX895Y/M9rpSa89DMuk9SgZNNFYSqIicn4fdLlCpkRQ0soU9zeSlifKsqMDalgQ/DmX14k9ZOyd14+uz0tVa5mceThAA7hGDy4gArcQBVqwEDCM7zCm6OdF+fd+Zi25pzZzD78gfP5A4+pkNw=</latexit>

|PSi<latexit sha1_base64="3YqtDIgxYNkDc/PZxcp/HLnNgc8=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKeyKr2PQi8eI5gGbJcxOepMhs7PLTK8QYj7DiwdFvPo13vwbJ8keNFrQUFR1090VplIYdN0vp7C0vLK6VlwvbWxube+Ud/eaJsk0hwZPZKLbITMghYIGCpTQTjWwOJTQCofXU7/1ANqIRN3jKIUgZn0lIsEZWsnvSKb6Emj97rFbrrhVdwb6l3g5qZAc9W75s9NLeBaDQi6ZMb7nphiMmUbBJUxKncxAyviQ9cG3VLEYTDCenTyhR1bp0SjRthTSmfpzYsxiY0ZxaDtjhgOz6E3F/zw/w+gyGAuVZgiKzxdFmaSY0On/tCc0cJQjSxjXwt5K+YBpxtGmVLIheIsv/yXNk6p3Xj27Pa3UrvI4iuSAHJJj4pELUiM3pE4ahJOEPJEX8uqg8+y8Oe/z1oKTz+yTX3A+vgHfV5EA</latexit>

hPS|

<latexit sha1_base64="fOxk2jhWpeUV4pVlXu+GIsTFWBU=">AAAB8XicbVDJSgNBEK2JW4xb1KOXxiAIapgRt4sQ9OIxglkwCaGnpydp0tMz9CKEIX/hxYMiXv0bb/6NnWQOmvig4PFeFVX1/IQzpV3328ktLC4tr+RXC2vrG5tbxe2duoqNJLRGYh7Lpo8V5UzQmmaa02YiKY58Thv+4HbsN56oVCwWD3qY0E6Ee4KFjGBtpcfw2pwEx8gcBd1iyS27E6B54mWkBBmq3eJXO4iJiajQhGOlWp6b6E6KpWaE01GhbRRNMBngHm1ZKnBEVSedXDxCB1YJUBhLW0Kjifp7IsWRUsPIt50R1n01643F/7yW0eFVJ2UiMZoKMl0UGo50jMbvo4BJSjQfWoKJZPZWRPpYYqJtSAUbgjf78jypn5a9i/L5/VmpcpPFkYc92IdD8OASKnAHVagBAQHP8ApvjnJenHfnY9qac7KZXfgD5/MHD3uP4Q==</latexit>

f = u� d, u+ d Hadron momentum in z direction

Hadron spin in +z/-z direction

Parton spin in z direction

isovector sector: free of  
disconnected contributions

<latexit sha1_base64="9evXqCDpdNUCzNcSlCOgkP/7cw0=">AAACE3icbVC7TsMwFHXKq5RXgJHFokJCDFWCeI0VLIxFog+piSLHdVqrthPZDlIV5R9Y+BUWBhBiZWHjb3DaDNByJEtH5z58zwkTRpV2nG+rsrS8srpWXa9tbG5t79i7ex0VpxKTNo5ZLHshUoRRQdqaakZ6iSSIh4x0w/FNUe8+EKloLO71JCE+R0NBI4qRNlJgnzgeY1AHmceRHkmeUaHyHM6JiiR5Hth1p+FMAReJW5I6KNEK7C9vEOOUE6ExQ0r1XSfRfoakppiRvOalZi/CYzQkfUMF4kT52dRTDo+MMoBRLM0TGk7V3xMZ4kpNeGg6iyPVfK0Q/6v1Ux1d+cZmkmoi8OyjKDV2Y1gEBAdUEqzZxBCEJTW3QjxCEmFtYqyZENx5y4ukc9pwLxrnd2f15nUZRxUcgENwDFxwCZrgFrRAG2DwCJ7BK3iznqwX6936mLVWrHJmH/yB9fkDdnefMw==</latexit>

0 ⌧ tins ⌧ tsep

<latexit sha1_base64="9tHZOgU9oaMQLH6wF2SDifKsIY4="></latexit>

ehB
1 (z, Pz, a) ⌘

1

2E

⌦
P, S

�� ̄(z) �5�z W (z, 0) (0)
��P, S

↵



Extraction of the bare matrix element

Quark helicityHai-Tao Shu 8

• Good description of the data by the the two-state ansatz 
• Sizable excited-state contaminations are under control

<latexit sha1_base64="v/lLwnzCDbSbUl3Kgi0aBLkriHQ="></latexit>

R(⌧, tsep, Pz; z) ⌘
C�

3pt

�
Pz, tsep, ⌧, z

�

C2pt

�
Pz, tsep

� = ehB
1 (z, Pz, a)

1 + c1(z, Pz)
�
e��E tins + e��E(tsep�tins)

�

1 + c2e��E tsep

tsep�⌧�0�������! ehB
1



 and  dependence of bare matrix elementz Pz

Quark helicityHai-Tao Shu 9

• Consistent results at  from different boosts  
• Pronounced momentum dependence for the real&imag parts

z = 0

<latexit sha1_base64="PpGdBD6LAfYokzzXMXppgizIwVY="></latexit>

gu�d
A = ZA

ehB
1 (z = 0, Pz = 0, a) = 1.211(12)



Renormalization-group invariant ratios
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• Normalized to 1 for the real part and 0 for the imaginary part 
• Substantial reduction of momentum dependence in the ratio

RI scheme ratios free of linear and logarithmic UV divergences:
<latexit sha1_base64="ZSBgMCa9Rk2qD1bSFOx47QhBiRY="></latexit>

M1(�, z
2) =

ehB
1 (z, Pz)

ehB
1 (z, P

0
z )

ehB
1 (0, P

0
z )

ehB
1 (0, Pz)

=
ehMS
1 (�, z2µ2)

ehMS
1 (�0, z2µ2)



Mellin moments from reduced ITD

Quark helicityHai-Tao Shu 11

Points:  from fits of different LQCD data sets 
Bands:  from global analysis JAM 22

⟨xn⟩
⟨xn⟩

Operator product expansion (OPE) approximation in  scheme:MS

 as fit parameters⟨xn⟩
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Quasi-PDF from Hybrid renormalization
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Ratio scheme renormalization

Self renormalization

<latexit sha1_base64="DhKX122L+fW/plIbLP9HJXw2qUo="></latexit>

ehR(z, Pz) =

8
>>>><

>>>>:

ehB
1 (z, Pz, a)
ehB
1 (z, 0, a)

, |z|  zs

ehB
1 (z, Pz, a)
ehB
1 (zs, 0, a)

e(�m+m0)(z�zs), |z| � zs

Two extrapolations are consistent in most regions of interest

Large  extrapolation:λ
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Quasi PDF to light-cone PDF
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Perturbative expansion:
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Perturbative matching:

NNLO matching coefficient: PRL. 126, 072001 (2021); PRL. 126, 072002 (2021). 
NNLO hybrid scheme corrections: Nucl. Phys. B 991, 116201 (2023).

• RG Resummation is needed when  
becomes small for  

• Threshold Resummation is needed when
 becomes small for  

• Both resummations applied up to NLL/
NNLL 

• Both scales are large + scale variations are 
small  reliable region 

2xPz
x → 0

2(1 − x)Pz x → 1

→ x ∈ [0.25, 0.75]



Comparison with the Coulomb gauge method
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• Good consistency for  
• Noticeable discrepancies for , potentially from the 

power corrections due to the small momentum 

x < 0.6
x > 0.6

Pz = 1.5 GeV

Results from Coulomb gauge method:  arXiv:2602.11283
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Constrain the endpoint regions
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h(z2, z ·P ) =

Z 1

�1
K(x!, z2, µ) g1(x, µ) dx

• Constrain the endpoint regions via short-distance factorization (SDF)  
• Fit the small-  matrix elements convoluted with perturbative matching 
• Power-law ansatz on both sides from Regge behavior and power 

counting rules

z
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z = {1a, 2a, 3a}

Good consistency between the fits and the lattice data



Complete comparison with global fits
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• Smooth connecting between the LaMET determinations and the SDF modeling 
• Elevated PDF than the global fitting PDF in mid-  region  
• Extra model uncertainties due to finite cutoff et al not quantified & shown 
• Further studies on lattice systematics and with higher hadron momentum needed

x



Conclusion
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Computed quark helicity matrix elements for the isovector sectors 

Computed the Mellin moments 

Computed the light cone PDF using the quasi-PDF approach with 

NNLO matching including NNLL resummations 

Constrain the endpoint regions using complementary approach

Push to larger momentum to suppress the power corrections 
Add more lattice spacings for the continuum limit
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• High luminosity provides more precise statistical measurements 
• High polarization capacities of electron and nucleon give more 

access to the spin-dependent observables 
• Unprecedented low-x reach for polarized DIS experiment

EIC White Paper: EPJA 52 (2016) 9, 268
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Backup: Why EIC?
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Backup: global helicity PDF

JAM 22: PRD106, L031502 (2022)

Non-zero contribution to spin 
from antiquarks



Backup: ratio ansatz
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Courtesy of Jun Hua
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Backup: RI-MOM

arXiv:2008.03886



Sanity check of the joint fit
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Good control of lattice discretization effects



Backup: -termd̃2
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-term: genuine twist-3 quark–gluon correlation inside the 
polarized proton, probing how the quark is coupled to the gluon
d̃2
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edu�d
2 (µ = 2 GeV) = 0.0024(46)
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Backup: determination of renormalon
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The size of -dependence and 
perturbative convergence is small
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a�m = 0.1597(16)
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Backup: full distributions g+ (valence dist. g-)
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Backup: iso-scalar u+d
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