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Motivation - The way from 0D to 5D

Moments of PDFs

<latexit sha1_base64="nMoHlU2PCypUofR/zdkiJxX9k9k=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2ARXJUZKdRlURE3QgX7gHYomTTThmYmQ3JHLGMX/oobF4q49Tfc+Tdm2i609cCFwzn3JvcePxZcg+N8W7ml5ZXVtfx6YWNza3vH3t1raJkoyupUCqlaPtFM8IjVgYNgrVgxEvqCNf3hReY375nSXEZ3MIqZF5J+xANOCRipax90gD1AeiNDFoHGMsC1yys97tpFp+RMgBeJOyNFNEOta391epIm2StUEK3brhODlxIFnAo2LnQSzWJCh6TP2oZGJGTaSyf7j/GxUXo4kMpUBHii/p5ISaj1KPRNZ0hgoOe9TPzPaycQnHkpj+IEWESnHwWJwCBxFgbuccUoiJEhhCpudsV0QBShYCIrmBDc+ZMXSeO05JZLldtysXo+iyOPDtEROkEuqqAqukY1VEcUPaJn9IrerCfrxXq3PqatOWs2s4/+wPr8AcARle8=</latexit>

Moments of PDFs

<latexit sha1_base64="nMoHlU2PCypUofR/zdkiJxX9k9k=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2ARXJUZKdRlURE3QgX7gHYomTTThmYmQ3JHLGMX/oobF4q49Tfc+Tdm2i609cCFwzn3JvcePxZcg+N8W7ml5ZXVtfx6YWNza3vH3t1raJkoyupUCqlaPtFM8IjVgYNgrVgxEvqCNf3hReY375nSXEZ3MIqZF5J+xANOCRipax90gD1AeiNDFoHGMsC1yys97tpFp+RMgBeJOyNFNEOta391epIm2StUEK3brhODlxIFnAo2LnQSzWJCh6TP2oZGJGTaSyf7j/GxUXo4kMpUBHii/p5ISaj1KPRNZ0hgoOe9TPzPaycQnHkpj+IEWESnHwWJwCBxFgbuccUoiJEhhCpudsV0QBShYCIrmBDc+ZMXSeO05JZLldtysXo+iyOPDtEROkEuqqAqukY1VEcUPaJn9IrerCfrxXq3PqatOWs2s4/+wPr8AcARle8=</latexit>

Charges

<latexit sha1_base64="6AarGRi19rFx/qpfQ90L9PjVq9w=">AAAB9XicbVDLTgJBEJzFF+IL9ehlIjHxRHaNCR6JXDxiIo8EkMwOvTBhdnYz06uSDf/hxYPGePVfvPk3DrAHBSvppFLVne4uP5bCoOt+O7m19Y3Nrfx2YWd3b/+geHjUNFGiOTR4JCPd9pkBKRQ0UKCEdqyBhb6Elj+uzfzWA2gjInWHkxh6IRsqEQjO0Er3XYQnTGsjpodgpv1iyS27c9BV4mWkRDLU+8Wv7iDiSQgKuWTGdDw3xl7KNAouYVroJgZixsdsCB1LFQvB9NL51VN6ZpUBDSJtSyGdq78nUhYaMwl92xkyHJllbyb+53USDK56qVBxgqD4YlGQSIoRnUVAB0IDRzmxhHEt7K2U2wQYRxtUwYbgLb+8SpoXZe+yXLm9LFWvszjy5IScknPikQqpkhtSJw3CiSbP5JW8OY/Oi/PufCxac042c0z+wPn8ARI1kuY=</latexit>

0D:

➡ In the past, lattice QCD 
focused

FFs(Q2), GFFs(Q2),Charges, Moments

<latexit sha1_base64="6vnSeWsivDtNFkilnzHxJT3bHsY=">AAACInicbVDLSgNBEJz1GeMr6tHLYBAihLArgkouwYB6ERSMCtkYZiedZHD2wUyvGJZ8ixd/xYsHRT0JfoyTuKAmFgwUVV30dHmRFBpt+8OamJyanpnNzGXnFxaXlnMrqxc6jBWHGg9lqK48pkGKAGooUMJVpID5noRL76Y68C9vQWkRBufYi6Dhs04g2oIzNFIzt394qAtn19tbRXr0Q12EO0yqXaY6oIt9t+yWKU3Vk9CHAHW/mcvbJXsIOk6clORJitNm7s1thTwepLlkWtcdO8JGwhQKLqGfdWMNEeM3rAN1QwPmg24kwxP7dNMoLdoOlXkB0qH6O5EwX+ue75lJn2FXj3oD8T+vHmN7r5GIIIoRAv69qB1LiiEd9EVbQgFH2TOEcSXMXyk3vTCOptWsKcEZPXmcXGyXnJ3S7tlOvnKQ1pEh62SDFIhDdkmFHJNTUiOc3JNH8kxerAfryXq13r9HJ6w0s0b+wPr8Ai8aobw=</latexit>

Center

Z
dx

<latexit sha1_base64="XG/Bu/MIcYlIbpq6vE88UIt2Dp4=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkUI9FLx4r2A9oQ9lstu3SzSbsTsQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbud+55FrI2L1gNOE+xEdKTEUjKKVOn2hkIRPg3LFrboLkHXi5aQCOZqD8lc/jFkacYVMUmN6npugn1GNgkk+K/VTwxPKJnTEe5YqGnHjZ4tzZ+TCKiEZxtqWXb9Qf09kNDJmGgW2M6I4NqveXPzP66U4vPYzoZIUuWLLRcNUEozJ/HcSCs0ZyqkllGlhbyVsTDVlaBMq2RC81ZfXSfuq6tWq9ftapXGTx1GEMziHS/CgDg24gya0gMEEnuEV3pzEeXHenY9la8HJZ07hD5zPHxhPj20=</latexit>

Z
dx xn�1

<latexit sha1_base64="BAJ7an8WF9+wW3RrkOEdMzZU/u0=">AAAB+nicbVDLSgMxFL3js9ZXq0s3wSK4scxIoYKbohuXFewDOrVkMpk2NJMZkoy2jP0UNy4UceuXuPNvTNtZaOuBwOGce7knx4s5U9q2v62V1bX1jc3cVn57Z3dvv1A8aKookYQ2SMQj2fawopwJ2tBMc9qOJcWhx2nLG15P/dYDlYpF4k6PY9oNcV+wgBGsjdQrFF0mNPJH7iUa3afizJn0CiW7bM+AlomTkRJkqPcKX64fkSSkQhOOleo4dqy7KZaaEU4neTdRNMZkiPu0Y6jAIVXddBZ9gk6M4qMgkuaZIDP190aKQ6XGoWcmQ6wHatGbiv95nUQHF92UiTjRVJD5oSDhSEdo2gPymaRE87EhmEhmsiIywBITbdrKmxKcxS8vk+Z52amUq7eVUu0qqyMHR3AMp+BAFWpwA3VoAIFHeIZXeLOerBfr3fqYj65Y2c4h/IH1+QMx4pNT</latexit>

Q
2
=
0

<latexit sha1_base64="B54rLcSqy0Gk0NfdIrcIFUejGMM=">AAAB7HicbVBNSwMxEJ31s9avqkcvwSJ4KrulUC9C0YvHFty20K4lm2bb0CS7JFmhLP0NXjwo4tUf5M1/Y9ruQVsfDDzem2FmXphwpo3rfjsbm1vbO7uFveL+weHRcenktK3jVBHqk5jHqhtiTTmT1DfMcNpNFMUi5LQTTu7mfueJKs1i+WCmCQ0EHkkWMYKNlfzWY/XGHZTKbsVdAK0TLydlyNEclL76w5ikgkpDONa657mJCTKsDCOczor9VNMEkwke0Z6lEguqg2xx7AxdWmWIoljZkgYt1N8TGRZaT0VoOwU2Y73qzcX/vF5qousgYzJJDZVkuShKOTIxmn+OhkxRYvjUEkwUs7ciMsYKE2PzKdoQvNWX10m7WvFqlXqrVm7c5nEU4Bwu4Ao8qEMD7qEJPhBg8Ayv8OZI58V5dz6WrRtOPnMGf+B8/gDEho4E</latexit>

Q
2
=

0

<latexit sha1_base64="B54rLcSqy0Gk0NfdIrcIFUejGMM=">AAAB7HicbVBNSwMxEJ31s9avqkcvwSJ4KrulUC9C0YvHFty20K4lm2bb0CS7JFmhLP0NXjwo4tUf5M1/Y9ruQVsfDDzem2FmXphwpo3rfjsbm1vbO7uFveL+weHRcenktK3jVBHqk5jHqhtiTTmT1DfMcNpNFMUi5LQTTu7mfueJKs1i+WCmCQ0EHkkWMYKNlfzWY/XGHZTKbsVdAK0TLydlyNEclL76w5ikgkpDONa657mJCTKsDCOczor9VNMEkwke0Z6lEguqg2xx7AxdWmWIoljZkgYt1N8TGRZaT0VoOwU2Y73qzcX/vF5qousgYzJJDZVkuShKOTIxmn+OhkxRYvjUEkwUs7ciMsYKE2PzKdoQvNWX10m7WvFqlXqrVm7c5nEU4Bwu4Ao8qEMD7qEJPhBg8Ayv8OZI58V5dz6WrRtOPnMGf+B8/gDEho4E</latexit>

PDFs(x)

<latexit sha1_base64="wMAgWfkyeRdazpMC0XQu5zhaa10=">AAAB9XicbVDLSgNBEOz1GeMr6tHLYBDiJexKIB6DiniMYB6QxDA7mU2GzD6Y6dWEJf/hxYMiXv0Xb/6Nk2QPmljQUFR1093lRlJotO1va2V1bX1jM7OV3d7Z3dvPHRzWdRgrxmsslKFqulRzKQJeQ4GSNyPFqe9K3nCHV1O/8ciVFmFwj+OId3zaD4QnGEUjPbSRjzCpXt/oSWF01s3l7aI9A1kmTkrykKLazX21eyGLfR4gk1TrlmNH2EmoQsEkn2TbseYRZUPa5y1DA+pz3UlmV0/IqVF6xAuVqQDJTP09kVBf67Hvmk6f4kAvelPxP68Vo3fRSUQQxcgDNl/kxZJgSKYRkJ5QnKEcG0KZEuZWwgZUUYYmqKwJwVl8eZnUz4tOqVi+K+Url2kcGTiGEyiAA2WowC1UoQYMFDzDK7xZT9aL9W59zFtXrHTmCP7A+vwBE9eSPw==</latexit>

1D: FFs(Q2)

<latexit sha1_base64="J6vkTbbI1uLxLzK/HHRMHb7Q+ak=">AAAB+HicbVBNS8NAEN34WetHox69LBahXkpSCvVYFIrHFuwHtLFsttt26WYTdidiDf0lXjwo4tWf4s1/47bNQVsfDDzem2Fmnh8JrsFxvq2Nza3tnd3MXnb/4PAoZx+ftHQYK8qaNBSh6vhEM8ElawIHwTqRYiTwBWv7k5u5335gSvNQ3sE0Yl5ARpIPOSVgpL6d6wF7hKRW07NC47502bfzTtFZAK8TNyV5lKLet796g5DGAZNABdG66zoReAlRwKlgs2wv1iwidEJGrGuoJAHTXrI4fIYvjDLAw1CZkoAX6u+JhARaTwPfdAYExnrVm4v/ed0YhldewmUUA5N0uWgYCwwhnqeAB1wxCmJqCKGKm1sxHRNFKJissiYEd/XlddIqFd1ysdIo56vXaRwZdIbOUQG5qIKq6BbVURNRFKNn9IrerCfrxXq3PpatG1Y6c4r+wPr8Ad6fkpU=</latexit>

GFFs(Q2)

<latexit sha1_base64="jYu74shyyw/L2/sJ+FpH+VrarVA=">AAAB+XicbVBNS8NAEN34WetX1KOXxSLUS0lKoR6LQvXYgv2ANpbNdtsu3WzC7qRYQv+JFw+KePWfePPfuG1z0NYHA4/3ZpiZ50eCa3Ccb2tjc2t7Zzezl90/ODw6tk9OmzqMFWUNGopQtX2imeCSNYCDYO1IMRL4grX88e3cb02Y0jyUDzCNmBeQoeQDTgkYqWfbXWBPkNxVq3qWrz8Wr3p2zik4C+B14qYkh1LUevZXtx/SOGASqCBad1wnAi8hCjgVbJbtxppFhI7JkHUMlSRg2ksWl8/wpVH6eBAqUxLwQv09kZBA62ngm86AwEivenPxP68Tw+DaS7iMYmCSLhcNYoEhxPMYcJ8rRkFMDSFUcXMrpiOiCAUTVtaE4K6+vE6axYJbKpTrpVzlJo0jg87RBcojF5VRBd2jGmogiiboGb2iNyuxXqx362PZumGlM2foD6zPH3SEkuY=</latexit>

➡ Relatively only recently we 
are able to do PDFs directly 
on the lattice

TMDs(x, k?)

<latexit sha1_base64="TOZcfC/uTw56Sh/Yq8sc6AdRzKs=">AAAB/3icbVDLSgNBEJyNrxhfUcGLl8UgRJCwK4F4DOrBixAhL0hCmJ30JkNmH8z0SsKag7/ixYMiXv0Nb/6Nk2QPmljQUFR1093lhIIrtKxvI7Wyura+kd7MbG3v7O5l9w/qKogkgxoLRCCbDlUguA815CigGUqgniOg4Qyvp37jAaTigV/FcQgdj/Z97nJGUUvd7FEbYYRx9e5GTfKj82G3HYIMz7rZnFWwZjCXiZ2QHElQ6Wa/2r2ARR74yARVqmVbIXZiKpEzAZNMO1IQUjakfWhp6lMPVCee3T8xT7XSM91A6vLRnKm/J2LqKTX2HN3pURyoRW8q/ue1InQvOzH3wwjBZ/NFbiRMDMxpGGaPS2AoxppQJrm+1WQDKilDHVlGh2AvvrxM6hcFu1go3Rdz5askjjQ5JickT2xSImVySyqkRhh5JM/klbwZT8aL8W58zFtTRjJzSP7A+PwBlJ2V1A==</latexit>

GPDs(x, ⇠, Q2)

<latexit sha1_base64="kyPLb3kmvkN+GILZnn/PfqioOkc=">AAAB/3icbVDLSsNAFJ34rPUVFdy4CRahQilJKdRlUUGXLdgHNLFMppN26OTBzI20xC78FTcuFHHrb7jzb5y2WWjrgQuHc+7l3nvciDMJpvmtrayurW9sZray2zu7e/v6wWFThrEgtEFCHoq2iyXlLKANYMBpOxIU+y6nLXd4NfVbD1RIFgZ3MI6o4+N+wDxGMCipqx/bQEeQ3NSu5SQ/KtgjVqjfl867es4smjMYy8RKSQ6lqHX1L7sXktinARCOpexYZgROggUwwukka8eSRpgMcZ92FA2wT6WTzO6fGGdK6RleKFQFYMzU3xMJ9qUc+67q9DEM5KI3Ff/zOjF4F07CgigGGpD5Ii/mBoTGNAyjxwQlwMeKYCKYutUgAywwARVZVoVgLb68TJqlolUuVurlXPUyjSODTtApyiMLVVAV3aIaaiCCHtEzekVv2pP2or1rH/PWFS2dOUJ/oH3+AKS9lTc=</latexit>

3D:
Z

d2k?

<latexit sha1_base64="mg+dnZ6x5yPsm+qGuJDYMjgHzog=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0VwVZJSqMuiG5cV7AOaGCaT23boJBlmJoUS+iduXCji1j9x5984bbPQ1gMDh3Pu5Z45oeBMacf5tkpb2zu7e+X9ysHh0fGJfXrWVWkmKXRoylPZD4kCzhLoaKY59IUEEocceuHkbuH3piAVS5NHPRPgx2SUsCGjRBspsG2PJRpHT3U8CTwBUgR21ak5S+BN4hakigq0A/vLi1KaxZBoyolSA9cR2s+J1IxymFe8TIEgdEJGMDA0ITEoP18mn+Mro0R4mErzTI6l+nsjJ7FSszg0kzHRY7XuLcT/vEGmhzd+zhKRaUjo6tAw41ineFEDjpgEqvnMEEIlM1kxHRNJqDZlVUwJ7vqXN0m3XnMbteZDo9q6Leooowt0ia6Ri5qohe5RG3UQRVP0jF7Rm5VbL9a79bEaLVnFzjn6A+vzB6qjkw0=</latexit>

⇠ =
0, Q

2 =
0

<latexit sha1_base64="d7GA74PD30mOFQK4Y4QcFPF4OBI=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgQUpSCvVSKHrx2IL9gDSWzXbTLt3sht2NWEJ/hhcPinj113jz37htc9DWBwOP92aYmRfEjCrtON9WbmNza3snv1vY2z84PCoen3SUSCQmbSyYkL0AKcIoJ21NNSO9WBIUBYx0g8nt3O8+Eqmo4Pd6GhM/QiNOQ4qRNpLXf6J156r1UKk7g2LJKTsL2OvEzUgJMjQHxa/+UOAkIlxjhpTyXCfWfoqkppiRWaGfKBIjPEEj4hnKUUSUny5OntkXRhnaoZCmuLYX6u+JFEVKTaPAdEZIj9WqNxf/87xEh9d+SnmcaMLxclGYMFsLe/6/PaSSYM2mhiAsqbnVxmMkEdYmpYIJwV19eZ10KmW3Wq61qqXGTRZHHs7gHC7BhRo04A6a0AYMAp7hFd4sbb1Y79bHsjVnZTOn8AfW5w95f5AW</latexit>

⇠
=

0,
Z

dx

<latexit sha1_base64="fA3misK38vLZwir+fI0PKaK0KkQ=">AAAB+3icbVDLSsNAFL2pr1pfsS7dDBbBhZREChWKUHTjsoJ9QBPKZDJph04ezEykJfRX3LhQxK0/4s6/cdpmoa0HLhzOuZd77/ESzqSyrG+jsLG5tb1T3C3t7R8cHpnH5Y6MU0Fom8Q8Fj0PS8pZRNuKKU57iaA49DjteuO7ud99okKyOHpU04S6IR5GLGAEKy0NzLIzYTfWpdNwGshhkUL+ZGBWrKq1AFondk4qkKM1ML8cPyZpSCNFOJayb1uJcjMsFCOczkpOKmmCyRgPaV/TCIdUutni9hk614qPgljo0usX6u+JDIdSTkNPd4ZYjeSqNxf/8/qpCq7djEVJqmhElouClCMVo3kQyGeCEsWnmmAimL4VkREWmCgdV0mHYK++vE46V1W7Vq0/1CrN2zyOIpzCGVyADXVowj20oA0EJvAMr/BmzIwX4934WLYWjHzmBP7A+PwBEeeTMA==</latexit>

⇠
=
0, Z

dx
x n�

1

<latexit sha1_base64="GiR8RdrbwpD8RRC1nFSet+tSrPg=">AAACBXicbVDLSsNAFJ34rPUVdamLwSK4qCWRQoUiFN24rGAf0MQymUzaoZNJmJlIS+jGjb/ixoUibv0Hd/6N0zYLbT1w4XDOvdx7jxczKpVlfRtLyyura+u5jfzm1vbOrrm335RRIjBp4IhFou0hSRjlpKGoYqQdC4JCj5GWN7ie+K0HIiSN+J0axcQNUY/TgGKktNQ1j5whvbSKTtWpQodyBf2hU4TD+5Sf2eOuWbBK1hRwkdgZKYAM9a755fgRTkLCFWZIyo5txcpNkVAUMzLOO4kkMcID1CMdTTkKiXTT6RdjeKIVHwaR0KUPmaq/J1IUSjkKPd0ZItWX895E/M/rJCq4cFPK40QRjmeLgoRBFcFJJNCngmDFRpogLKi+FeI+EggrHVxeh2DPv7xImuclu1yq3JYLtassjhw4BMfgFNigAmrgBtRBA2DwCJ7BK3gznowX4934mLUuGdnMAfgD4/MHvb6W1g==</latexit>

➡ First steps in the calculation 
of 3D imaging, GPDs & 
TMDs

GTMD(x, ⇠, k?, b?)

<latexit sha1_base64="Xd7rGGR//8DBMdRPGvMO1wVhd1E=">AAACC3icbVDJSgNBEO2JW4xb1KOXIUGIEMKMBOIxqKAXIUI2yITQ06kkTXoWumskYcjdi7/ixYMiXv0Bb/6NneWgiQ+KerxXRXc9NxRcoWV9G4m19Y3NreR2amd3b/8gfXhUV0EkGdRYIALZdKkCwX2oIUcBzVAC9VwBDXd4NfUbDyAVD/wqjkNoe7Tv8x5nFLXUSWcchBHGN9W760lulHdGPD/sOCHIMO/O+1knnbUK1gzmKrEXJEsWqHTSX043YJEHPjJBlWrZVojtmErkTMAk5UQKQsqGtA8tTX3qgWrHs1sm5qlWumYvkLp8NGfq742YekqNPVdPehQHatmbiv95rQh7F+2Y+2GE4LP5Q71ImBiY02DMLpfAUIw1oUxy/VeTDaikDHV8KR2CvXzyKqmfF+xioXRfzJYvF3EkyQnJkByxSYmUyS2pkBph5JE8k1fyZjwZL8a78TEfTRiLnWPyB8bnDzcgmok=</latexit>

5D:
Z

d2k?

<latexit sha1_base64="mg+dnZ6x5yPsm+qGuJDYMjgHzog=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0VwVZJSqMuiG5cV7AOaGCaT23boJBlmJoUS+iduXCji1j9x5984bbPQ1gMDh3Pu5Z45oeBMacf5tkpb2zu7e+X9ysHh0fGJfXrWVWkmKXRoylPZD4kCzhLoaKY59IUEEocceuHkbuH3piAVS5NHPRPgx2SUsCGjRBspsG2PJRpHT3U8CTwBUgR21ak5S+BN4hakigq0A/vLi1KaxZBoyolSA9cR2s+J1IxymFe8TIEgdEJGMDA0ITEoP18mn+Mro0R4mErzTI6l+nsjJ7FSszg0kzHRY7XuLcT/vEGmhzd+zhKRaUjo6tAw41ineFEDjpgEqvnMEEIlM1kxHRNJqDZlVUwJ7vqXN0m3XnMbteZDo9q6Leooowt0ia6Ri5qohe5RG3UQRVP0jF7Rm5VbL9a79bEaLVnFzjn6A+vzB6qjkw0=</latexit>

FT(b? ! Q2)

<latexit sha1_base64="rxQ6CqhbTeu0cNFx2iZuh78gaQg=">AAACC3icbVDJSgNBEO1xjXGLevTSJAh6CTMhEI9BQTwmkA0yMfR0KkmTnoXuGjUMuXvxV7x4UMSrP+DNv7GzHNT4oODxXhVV9bxICo22/WWtrK6tb2ymttLbO7t7+5mDw4YOY8WhzkMZqpbHNEgRQB0FSmhFCpjvSWh6o8up37wFpUUY1HAcQcdng0D0BWdopG4m6yLcY3JVm5x6XTcCFVFXicEQmVLhHa3eFM66mZydt2egy8RZkBxZoNLNfLq9kMc+BMgl07rt2BF2EqZQcAmTtBtriBgfsQG0DQ2YD7qTzH6Z0BOj9Gg/VKYCpDP150TCfK3Hvmc6fYZD/debiv957Rj7551EBFGMEPD5on4sKYZ0GgztCQUc5dgQxpUwt1I+ZIpxNPGlTQjO35eXSaOQd4r5UrWYK18s4kiRY5Ilp8QhJVIm16RC6oSTB/JEXsir9Wg9W2/W+7x1xVrMHJFfsD6+AW2Nmqc=</latexit>

⇠
=
0,

Z d
2 b ?

<latexit sha1_base64="hmkTdtKWMfef9U/jtdbeDhYz82g=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBbBhZSkFCqIUHTjsoJ9QBPDZDJph06SYWYillBw46+4caGIW3/CnX/jtM1CW88wcDjnXu69x+eMSmVZ30ZhaXllda24XtrY3NreMXf32jJJBSYtnLBEdH0kCaMxaSmqGOlyQVDkM9Lxh1cTv3NPhKRJfKtGnLgR6sc0pBgpLXnmgfNAL6xT51w/GisY3FWh7zmcCO6ZZatiTQEXiZ2TMsjR9MwvJ0hwGpFYYYak7NkWV26GhKKYkXHJSSXhCA9Rn/Q0jVFEpJtNbxjDY60EMEyE/nqPqfq7I0ORlKPI15URUgM5703E/7xeqsIzN6MxTxWJ8WxQmDKoEjgJBAZUEKzYSBOEBdW7QjxAAmGlYyvpEOz5kxdJu1qxa5X6Ta3cuMzjKIJDcAROgA3qoAGuQRO0AAaP4Bm8gjfjyXgx3o2PWWnByHv2wR8Ynz/h5pZs</latexit>

➡ Long way to go before we are able to do 5D imaging 
of the nucleon
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Computing observables on the Lattice

LQCD

Configurations 
Simulation

Quark          Propagators
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U
O(D�1[U ], U) det(D[U ]Nf )e�S[U ]

Data Analysis
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0D: Charges

•  Axial charge
•  Scalar charge
•  Tensor charge

<latexit sha1_base64="VTaivGztW/vwDoxN9sJlEWTr29E="></latexit>

O(x) =  ̄(x)� (x)
<latexit sha1_base64="4Wm8BUgI3HnvT5gpamr9YFGRU1g=">AAACBXicdZDLSsNAFIYn9VbrrepSF4NFcBWStrZ1IRRd6LKCvUATwmQ6bYfOJGFmIpTQjRtfxY0LRdz6Du58Gye9gIr+MPDxn3M4c34/YlQqy/o0MkvLK6tr2fXcxubW9k5+d68lw1hg0sQhC0XHR5IwGpCmooqRTiQI4j4jbX90mdbbd0RIGga3ahwRl6NBQPsUI6UtL3/oXCHOETyHziAF73QBDo+9fMEyz2qVYrkCLdOyqnbRTqFYLZfK0NZOqgKYq+HlP5xeiGNOAoUZkrJrW5FyEyQUxYxMck4sSYTwCA1IV2OAOJFuMr1iAo+104P9UOgXKDh1v08kiEs55r7u5EgN5e9aav5V68aqX3MTGkSxIgGeLerHDKoQppHAHhUEKzbWgLCg+q8QD5FAWOngcjqExaXwf2gVTbtilm7KhfrFPI4sOABH4ATYoArq4Bo0QBNgcA8ewTN4MR6MJ+PVeJu1Zoz5zD74IeP9C0qel9g=</latexit>

� = �5�µ
<latexit sha1_base64="IMcxcLZGOVGHPYgjqZCOseDarFw=">AAAB8XicdVDLSgMxFM3UV62vqks3wSK4GmamQ1sXQtGFLivYB7ZDyaSZNjTJDElGKKV/4caFIm79G3f+jZm2gooeuHA4517uvSdMGFXacT6s3Mrq2vpGfrOwtb2zu1fcP2ipOJWYNHHMYtkJkSKMCtLUVDPSSSRBPGSkHY4vM799T6SisbjVk4QEHA0FjShG2kh3vSvEOYLn0O0XS459Vqt4fgU6tuNUXc/NiFf1yz50jZKhBJZo9IvvvUGMU06Exgwp1XWdRAdTJDXFjMwKvVSRBOExGpKuoQJxooLp/OIZPDHKAEaxNCU0nKvfJ6aIKzXhoenkSI/Uby8T//K6qY5qwZSKJNVE4MWiKGVQxzB7Hw6oJFiziSEIS2puhXiEJMLahFQwIXx9Cv8nLc92K3b5xi/VL5Zx5MEROAanwAVVUAfXoAGaAAMBHsATeLaU9Wi9WK+L1py1nDkEP2C9fQJeJpAV</latexit>

� = 1
<latexit sha1_base64="DXlbUelhs0YEPbEQOJcrSn8tSWw=">AAACAXicdVBNSwMxEM36WetX1YvgJVgET8tuLa0ehKIHPVawKnRLmU2zNTTJLklWKEu9+Fe8eFDEq//Cm//GbK2gog8GHu/NMDMvTDjTxvPenanpmdm5+cJCcXFpeWW1tLZ+oeNUEdoiMY/VVQiaciZpyzDD6VWiKIiQ08twcJz7lzdUaRbLczNMaEdAX7KIETBW6pY2gxMQAvAhDjTrC+hmgUgDmY66pbLnHuzXKtUa9lzPq/sVPyeVenWvin2r5CijCZrd0lvQi0kqqDSEg9Zt30tMJwNlGOF0VAxSTRMgA+jTtqUSBNWdbPzBCO9YpYejWNmSBo/V7xMZCK2HIrSdAsy1/u3l4l9eOzXRfidjMkkNleRzUZRybGKcx4F7TFFi+NASIIrZWzG5BgXE2NCKNoSvT/H/5KLi+jV376xabhxN4iigLbSNdpGP6qiBTlETtRBBt+gePaIn5855cJ6dl8/WKWcys4F+wHn9AF8SluI=</latexit>

� = �µ⌫

Matrix elements
<latexit sha1_base64="+adlyYBXc3xLII4t0yWp6I5LdhE="></latexit>

hN |O(x)|Ni ! gA,S,T

First moment of the helicity PDF

First moment of the transversity PDF

<latexit sha1_base64="5HpDaY/0ryc47C51iRRNK81o7sk=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU1GPVi8cK9gPaWDbbSbt0swm7G6GE/ggvHhTx6u/x5r9x2+ag1QcDj/dmmJkXJIJr47pfTmFpeWV1rbhe2tjc2t4p7+41dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6mfqtR1Sax/LejBP0IzqQPOSMGiu1Br2rhyyd9MoVt+rOQP4SLycVyFHvlT+7/ZilEUrDBNW647mJ8TOqDGcCJ6VuqjGhbEQH2LFU0gi1n83OnZAjq/RJGCtb0pCZ+nMio5HW4yiwnRE1Q73oTcX/vE5qwks/4zJJDUo2XxSmgpiYTH8nfa6QGTG2hDLF7a2EDamizNiESjYEb/Hlv6R5UvXOq6d3Z5XadR5HEQ7gEI7BgwuowS3UoQEMRvAEL/DqJM6z8+a8z1sLTj6zD7/gfHwDXsyPmg==</latexit>

guA
<latexit sha1_base64="hib3rbr3shqcpJuP7WrkNFltatI=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU1GPVi8cK9gPaWDababt0swm7G6GE/ggvHhTx6u/x5r9x2+ag1QcDj/dmmJkXJIJr47pfTmFpeWV1rbhe2tjc2t4p7+41dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6mfqtR1Sax/LejBP0IzqQvM8ZNVZqDXpXD1k46ZUrbtWdgfwlXk4qkKPeK392w5ilEUrDBNW647mJ8TOqDGcCJ6VuqjGhbEQH2LFU0gi1n83OnZAjq4SkHytb0pCZ+nMio5HW4yiwnRE1Q73oTcX/vE5q+pd+xmWSGpRsvqifCmJiMv2dhFwhM2JsCWWK21sJG1JFmbEJlWwI3uLLf0nzpOqdV0/vziq16zyOIhzAIRyDBxdQg1uoQwMYjOAJXuDVSZxn5815n7cWnHxmH37B+fgGRPePiQ==</latexit>

gdA
<latexit sha1_base64="O2m/ka1LCjSrj6nUUDfCFocptN0=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU1GPVi8cK9gPaWDbbSbt0swm7G6GE/ggvHhTx6u/x5r9x2+ag1QcDj/dmmJkXJIJr47pfTmFpeWV1rbhe2tjc2t4p7+41dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6mfqtR1Sax/LejBP0IzqQPOSMGiu1Br2rh0xPeuWKW3VnIH+Jl5MK5Kj3yp/dfszSCKVhgmrd8dzE+BlVhjOBk1I31ZhQNqID7FgqaYTaz2bnTsiRVfokjJUtachM/TmR0UjrcRTYzoiaoV70puJ/Xic14aWfcZmkBiWbLwpTQUxMpr+TPlfIjBhbQpni9lbChlRRZmxCJRuCt/jyX9I8qXrn1dO7s0rtOo+jCAdwCMfgwQXU4Bbq0AAGI3iCF3h1EufZeXPe560FJ5/Zh19wPr4BW8KPmA==</latexit>

gsA

C. Alexandrou et al. ,Phys. Rev. D102 (2020)  054517, 1909.00485
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0D: Second Moment of  the unpolarized PDF
Direct access to moments 
of Parton Distribution Functions 

<latexit sha1_base64="kBeflRie3QHDuy4ZGorDNDsLDSk="></latexit>

O
µ⌫(x) =  ̄(x)�µD⌫ (x)

<latexit sha1_base64="spd7rJ5txZOIRu4R5oWY49nL49g="></latexit>

O
µ⌫(x) = Fµ⇢(x)F ⌫

⇢ (x)• Isovector combination is 
relatively easy to access

C. Alexandrou et al. ,Phys. Rev. D101 (2020)  034519, 1908.10706

Quantities are given in        scheme  at MS
<latexit sha1_base64="Gk6faO+Tr2zHDk9v5Tr8Q2CepI8=">AAAB+XicbVDLSgMxFM3UV62vVpdugkVwVWZEUHdFN26Eio4tdIaSSTNtaB5DklHK2E9x40LFrX/izr8x085CWw8EDufcw705UcKoNq777ZSWlldW18rrlY3Nre2dam33XstUYeJjyaTqREgTRgXxDTWMdBJFEI8YaUejy9xvPxClqRR3ZpyQkKOBoDHFyFipV60F0tp5OgsUh9e3k1617jbcKeAi8QpSBwVavepX0Jc45UQYzJDWXc9NTJghZShmZFIJUk0ShEdoQLqWCsSJDrPp6RN4aJU+jKWyTxg4VX8nMsS1HvPITnJkhnrey8X/vG5q4rMwoyJJDRF4tihOGTQS5j3APlUEGza2BGFF7a0QD5FC2Ni2KrYEb/7Li8Q/bpw3vJuTevOiaKMM9sEBOAIeOAVNcAVawAcYPIJn8ArenCfnxXl3PmajJafI7IE/cD5/AL8qk9w=</latexit><latexit sha1_base64="Gk6faO+Tr2zHDk9v5Tr8Q2CepI8=">AAAB+XicbVDLSgMxFM3UV62vVpdugkVwVWZEUHdFN26Eio4tdIaSSTNtaB5DklHK2E9x40LFrX/izr8x085CWw8EDufcw705UcKoNq777ZSWlldW18rrlY3Nre2dam33XstUYeJjyaTqREgTRgXxDTWMdBJFEI8YaUejy9xvPxClqRR3ZpyQkKOBoDHFyFipV60F0tp5OgsUh9e3k1617jbcKeAi8QpSBwVavepX0Jc45UQYzJDWXc9NTJghZShmZFIJUk0ShEdoQLqWCsSJDrPp6RN4aJU+jKWyTxg4VX8nMsS1HvPITnJkhnrey8X/vG5q4rMwoyJJDRF4tihOGTQS5j3APlUEGza2BGFF7a0QD5FC2Ni2KrYEb/7Li8Q/bpw3vJuTevOiaKMM9sEBOAIeOAVNcAVawAcYPIJn8ArenCfnxXl3PmajJafI7IE/cD5/AL8qk9w=</latexit><latexit sha1_base64="Gk6faO+Tr2zHDk9v5Tr8Q2CepI8=">AAAB+XicbVDLSgMxFM3UV62vVpdugkVwVWZEUHdFN26Eio4tdIaSSTNtaB5DklHK2E9x40LFrX/izr8x085CWw8EDufcw705UcKoNq777ZSWlldW18rrlY3Nre2dam33XstUYeJjyaTqREgTRgXxDTWMdBJFEI8YaUejy9xvPxClqRR3ZpyQkKOBoDHFyFipV60F0tp5OgsUh9e3k1617jbcKeAi8QpSBwVavepX0Jc45UQYzJDWXc9NTJghZShmZFIJUk0ShEdoQLqWCsSJDrPp6RN4aJU+jKWyTxg4VX8nMsS1HvPITnJkhnrey8X/vG5q4rMwoyJJDRF4tihOGTQS5j3APlUEGza2BGFF7a0QD5FC2Ni2KrYEb/7Li8Q/bpw3vJuTevOiaKMM9sEBOAIeOAVNcAVawAcYPIJn8ArenCfnxXl3PmajJafI7IE/cD5/AL8qk9w=</latexit><latexit sha1_base64="Gk6faO+Tr2zHDk9v5Tr8Q2CepI8=">AAAB+XicbVDLSgMxFM3UV62vVpdugkVwVWZEUHdFN26Eio4tdIaSSTNtaB5DklHK2E9x40LFrX/izr8x085CWw8EDufcw705UcKoNq777ZSWlldW18rrlY3Nre2dam33XstUYeJjyaTqREgTRgXxDTWMdBJFEI8YaUejy9xvPxClqRR3ZpyQkKOBoDHFyFipV60F0tp5OgsUh9e3k1617jbcKeAi8QpSBwVavepX0Jc45UQYzJDWXc9NTJghZShmZFIJUk0ShEdoQLqWCsSJDrPp6RN4aJU+jKWyTxg4VX8nMsS1HvPITnJkhnrey8X/vG5q4rMwoyJJDRF4tihOGTQS5j3APlUEGza2BGFF7a0QD5FC2Ni2KrYEb/7Li8Q/bpw3vJuTevOiaKMM9sEBOAIeOAVNcAVawAcYPIJn8ArenCfnxXl3PmajJafI7IE/cD5/AL8qk9w=</latexit>

µ2 = 4 GeV2
<latexit sha1_base64="Pl0rpBzGbj6hstKdvy2Pj/2u5As=">AAACAHicbVBNSwMxEM3Wr1q/Vr0IXoJF8FR2S0FFhKIHPVZw20J3W7Jp2oYm2SXJCmWpF/+KFw8qXv0Z3vw3pu0etPXBwOO9GWbmhTGjSjvOt5VbWl5ZXcuvFzY2t7Z37N29uooSiYmHIxbJZogUYVQQT1PNSDOWBPGQkUY4vJ74jQciFY3EvR7FJOCoL2iPYqSN1LEPfJ60y/ASVqB/AVNfcnhD6uN2uWMXnZIzBVwkbkaKIEOtY3/53QgnnAiNGVKq5TqxDlIkNcWMjAt+okiM8BD1SctQgThRQTr9YAyPjdKFvUiaEhpO1d8TKeJKjXhoOjnSAzXvTcT/vFaie2dBSkWcaCLwbFEvYVBHcBIH7FJJsGYjQxCW1NwK8QBJhLUJrWBCcOdfXiReuXRecu8qxepVlkYeHIIjcAJccAqq4BbUgAcweATP4BW8WU/Wi/Vufcxac1Y2sw/+wPr8AaoelKo=</latexit><latexit sha1_base64="Pl0rpBzGbj6hstKdvy2Pj/2u5As=">AAACAHicbVBNSwMxEM3Wr1q/Vr0IXoJF8FR2S0FFhKIHPVZw20J3W7Jp2oYm2SXJCmWpF/+KFw8qXv0Z3vw3pu0etPXBwOO9GWbmhTGjSjvOt5VbWl5ZXcuvFzY2t7Z37N29uooSiYmHIxbJZogUYVQQT1PNSDOWBPGQkUY4vJ74jQciFY3EvR7FJOCoL2iPYqSN1LEPfJ60y/ASVqB/AVNfcnhD6uN2uWMXnZIzBVwkbkaKIEOtY3/53QgnnAiNGVKq5TqxDlIkNcWMjAt+okiM8BD1SctQgThRQTr9YAyPjdKFvUiaEhpO1d8TKeJKjXhoOjnSAzXvTcT/vFaie2dBSkWcaCLwbFEvYVBHcBIH7FJJsGYjQxCW1NwK8QBJhLUJrWBCcOdfXiReuXRecu8qxepVlkYeHIIjcAJccAqq4BbUgAcweATP4BW8WU/Wi/Vufcxac1Y2sw/+wPr8AaoelKo=</latexit><latexit sha1_base64="Pl0rpBzGbj6hstKdvy2Pj/2u5As=">AAACAHicbVBNSwMxEM3Wr1q/Vr0IXoJF8FR2S0FFhKIHPVZw20J3W7Jp2oYm2SXJCmWpF/+KFw8qXv0Z3vw3pu0etPXBwOO9GWbmhTGjSjvOt5VbWl5ZXcuvFzY2t7Z37N29uooSiYmHIxbJZogUYVQQT1PNSDOWBPGQkUY4vJ74jQciFY3EvR7FJOCoL2iPYqSN1LEPfJ60y/ASVqB/AVNfcnhD6uN2uWMXnZIzBVwkbkaKIEOtY3/53QgnnAiNGVKq5TqxDlIkNcWMjAt+okiM8BD1SctQgThRQTr9YAyPjdKFvUiaEhpO1d8TKeJKjXhoOjnSAzXvTcT/vFaie2dBSkWcaCLwbFEvYVBHcBIH7FJJsGYjQxCW1NwK8QBJhLUJrWBCcOdfXiReuXRecu8qxepVlkYeHIIjcAJccAqq4BbUgAcweATP4BW8WU/Wi/Vufcxac1Y2sw/+wPr8AaoelKo=</latexit><latexit sha1_base64="Pl0rpBzGbj6hstKdvy2Pj/2u5As=">AAACAHicbVBNSwMxEM3Wr1q/Vr0IXoJF8FR2S0FFhKIHPVZw20J3W7Jp2oYm2SXJCmWpF/+KFw8qXv0Z3vw3pu0etPXBwOO9GWbmhTGjSjvOt5VbWl5ZXcuvFzY2t7Z37N29uooSiYmHIxbJZogUYVQQT1PNSDOWBPGQkUY4vJ74jQciFY3EvR7FJOCoL2iPYqSN1LEPfJ60y/ASVqB/AVNfcnhD6uN2uWMXnZIzBVwkbkaKIEOtY3/53QgnnAiNGVKq5TqxDlIkNcWMjAt+okiM8BD1SctQgThRQTr9YAyPjdKFvUiaEhpO1d8TKeJKjXhoOjnSAzXvTcT/vFaie2dBSkWcaCLwbFEvYVBHcBIH7FJJsGYjQxCW1NwK8QBJhLUJrWBCcOdfXiReuXRecu8qxepVlkYeHIIjcAJccAqq4BbUgAcweATP4BW8WU/Wi/Vufcxac1Y2sw/+wPr8AaoelKo=</latexit>

C. Alexandrou et al., Phys. Rev. D 101, 094513 (2020) 

✴Up and down quarks agree with phenomenology 
but lattice has very big errors 
✴Competitive results for the strange 
✴The gluon is still a challenge due to the large 

statistical errors

ETMC ‘20

<latexit sha1_base64="37W93CuuJgSxo8AcJCe1SLlhg44="></latexit>

hxiq
+

=

Z
dx x[q(x) + q̄(x)]

• Singlet is complicated because of 
the mixing and 
disconnected contributions
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1D: Form Factors - Electromagnetic
Nucleon Vector matrix element describes the coupling of nucleon with a vector 

hN(p0, s0)|jµ|N(p, s)i / ūN (p0, s0)

✓
�µF1(q

2) +
i�µ⌫q⌫

2mN
F2(q

2)

◆
uN (p, s)

jµ(x) =
2

3
ū(x)�µu(x)�

1

3
d̄(x)�µd(x)�

1

3
s̄(x)�µs(x)

GE(q
2) = F1(q

2) +
q2

2mN
F2(q

2)

GM (q2) = F1(q
2) + F2(q

2)

Parity-violating electron scattering data analysis
Experimental Data: E734, SAMPLE, HAPPEx,G0, PVA4
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S. Pate, D. Trujillo. EPJ Web Conf. 66 (2014) 06018

Results are consistent with zero

C. Alexandrou et al., Phys. Rev. D 101, 031501 (2020) 
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1D: Generalized FFs - Nucleon Spin

hN(p0, s0)|T̄µ⌫;q,g|N(p, s)i = ūN (p0, s0)



Aq,g
20 (q

2)�{µP ⌫} +Bq,g
20 (q2)

i�{µ⇢q⇢P ⌫}

2mN

+Cq,g
20 (q2)

q{µq⌫}

mN

�
uN (p, s)

<latexit sha1_base64="PdhnyPPibtrcnGr7ZJfy0lPINdc="></latexit>

 Nucleon matrix element decomp.

C. Alexandrou et al. ,Phys. Rev. D101 (2020)  034519, 1908.10706

Lq = Jq � 1

2
�⌃q

<latexit sha1_base64="SOTAVY5smtqJdWpMLe0PG1l0x/U="></latexit>

Jq,g =
1

2
[Aq,g

20 (0) +Bq,g
20 (0)]

<latexit sha1_base64="DaFxi9ApNS5nLqu0K2cLZz7joIM="></latexit>

 Summary Equations

1

2
=

X

q

✓
1

2
�⌃q+ + Lq+

◆
+ Jg

<latexit sha1_base64="l+jbL4G/ikQCexq/fGFfOcvxcFM="></latexit><latexit sha1_base64="l+jbL4G/ikQCexq/fGFfOcvxcFM="></latexit><latexit sha1_base64="l+jbL4G/ikQCexq/fGFfOcvxcFM="></latexit><latexit sha1_base64="l+jbL4G/ikQCexq/fGFfOcvxcFM="></latexit>

X. Ji, Phys. Rev. Left. 78, 610 (1997)

C. Alexandrou et al., Phys. Rev. D 101, 094513 (2020) 

• About 40% to the nucleon spin from 
intrinsic quark spin
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1D: Nucleon Spin

 Orbital Angular momentum

• The up quark is orbiting in the 
opposite direction compared to the 
proton spin like the down quark

• Up and down quarks are also 
cancelling each other

• Total has large uncertainties

 Angular momentum

• Including up, down, strange and 
charm quarks we get about 60% of  the 
proton spin

• About 40% comes from the gluon 
contribution but results still have large 
uncertainties

C. Alexandrou et al., Phys. Rev. D 101, 094513 (2020) 



Kyriakos Hadjiyiannakou The Role of Lattice QCD in nucleon imaging �12

1D: Parton Distribution Functions (PDFs)

★ Universal tools to study hadron structure (1D) 

★ Global fit analyses of DIS data:  
main source of information 

★ Global fits not without ambiguities 

A. Accardi et al., arXiv:1602.03154]  

★ PDFs parameterized  in terms of off-forward matrix elements of  
non-local light-cone operators (Not accessible in Euclidean lattice) 

★ Lattice QCD: long-standing history of moments of PDFs (via OPE),  
but reconstruction of PDFs not feasible  (gauge noise, mixing) 

★ Alternative approaches proposed, e.g.: quasi-PDFs, pseudo-PDFs, auxiliary 
heavy quark, hadronic tensor, OPE w/o OPE 

★ All methods are under investigation in lattice QCD

Calculation from  
first principle is needed
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1D: Accessing PDFs on a Euclidean

Matrix elements of spatial operators with fast moving hadrons

q̃ (x, μ2, P3) = ∫ dz
4π

e−i x P3 z ⟨N(P3) |Ψ̄(z) Γ %(z,0)Ψ(0) |N(P3)⟩μ2

Contact with light-cone PDFs feasible:
★ Matching procedure in large momentum ET 

(LaMET) to relate quasi-PDFs to light-cone PDF 
★ Difference reduced as P3 increases ! (Λ2

QCD/P2
3 , m2

N /P2
3)

X. Ji, Phys. Rev. Left. 110 (2013) 262002



Kyriakos Hadjiyiannakou The Role of Lattice QCD in nucleon imaging �14

1D: Progress in isovector PDFs
★ Prior 2017 lattice calculations missing two main ingredients,  

preventing comparison with phenomenological data on PDFs 
! Proper renormalization prescription 
! Appropriate matching expressions for lattice data 

➡ Investigation of  
the momentum 
dependence of 
the PDFs  

➡Unphysical 
oscillations are 
reduced with 
momentum 

➡Higher 
momenta are 
challenging
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C. Alexandrou et al., Phys. Rev. D 99 (2019) 11, 114504
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1D: Progress in isovector PDFs - Comparison
Comparison of lattice results with phenomenology

Helicity

Lattice

★ Helicity case: Better behaved and 
mostly in agreement with 
phenomenology 

Transversity
Lattice

★ Transversity case: Lattice results are 
much better constrained

Unpolarized

Lattice

★ Unpolarized case: Discrepancy with 
phenomenology - More thorough 
investigation is needed

C. Alexandrou et al., Phys. Rev. D 99 (2019) 11, 114504
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1D: Flavor decomposition - Helicity case
Up to now Lattice QCD has concentrated in the 
isovector combination of PDFS

Avoids expensive disconnected 
diagrams

Avoids mixing with gluons

• Isoscalar connected diagram: Straight 
forward to implement, 
computationally cheap

• Isoscalar disconnected diagram: Quark 
loop with Wilson line needs 
sophisticated algorithms - 
Computationally very demanding 

• Mixing with gluon is in progress…

C. Alexandrou et al., Phys. Rev. Lett. 126 (2021) 10, 102003
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1D: Flavor decomposition - Helicity case
First results about the flavor decomposition of the helicity Parton Distribution Function

C. Alexandrou et al., Phys. Rev. Lett. 126 (2021) 10, 102003

<latexit sha1_base64="k34xFBlnWomPuBLuJ+BUUzc0IGA="></latexit>

q+(x) ⌘ q(x) + q̄(x)

★ Calculation is done at 
a heavier than 
physical pion mass

Lattice
★ For the up quark 

mostly compatible 
except for x>0.6

★ For the down quark 
the agreement is 
better but the errors 
are bigger

★ For the strange quark, 
JAM17 results are 
very noisy - Lattice 
has the potential to 
have competitive 
results
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3D: Generalized Parton Distribution

★ GPDs provide information on spatial distribution of partons inside the 
hadron, and its mechanical properties M. Burkardt, Phys. Rev. D 62 071503 (2000), hep-ph/0005108

★ GPDs can be accessed experimentally in Deeply Virtual Compton Scattering 
(DVCS) and Deeply Virtual Meson Production (DVMP)
X. D. Ji, Phys. Rev. Lett. 78, 610 (1997), hep-ph/9603249

(Halls A,B,C (JLab), PHENIX, STAR, HERMES, COMPASS, GSI, BELLE, J-PARC)

★ Experimentally, GPDs are not well-constrained:
• independent measurements to disentangle GPDs 
• limited coverage of kinematic region 
• data are available on certain GPDs 
• GPDs phenomenology is more complicated than PDFs ( 

multi-dimensional objects)

Center
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3D: Generalized Parton Distribution - Lattice
Decomposition of matrix elements to GPDs • Kinematic factors 

defined by calculation 
setup 

• Decomposition similar 
to the way we 
decompose the form 
factors 

• Two unpolarized GPDs
<latexit sha1_base64="vOhoSfvE0iJuKSFgexviQiYvvAM=">AAACBnicdZBdSwJBFIZn7cvsy+oygiEJDER2V1GjGykCLxXyA1yT2XHUwdkPZmZDWbzqpr/STRdFdNtv6K5/06waWNQLAy/POYcz57V9RoXU9U8ttrK6tr4R30xsbe/s7iX3DxrCCzgmdewxj7dsJAijLqlLKhlp+Zwgx2akaY+uonrzjnBBPfdGTnzScdDApX2KkVSomzyupMcZa0wztVvzLAOtC3i9BLrJlJ49LxXMfAHqWV0vGqYRGbOYz+WhoUikFFio2k1+WD0PBw5xJWZIiLah+7ITIi4pZmSasAJBfIRHaEDayrrIIaITzs6YwlNFerDvcfVcCWd0eSJEjhATx1adDpJD8bsWwb9q7UD2S52Qun4giYvni/oBg9KDUSawRznBkk2UQZhT9VeIh4gjLFVyCRXC96Xwf9Mws0Yhm6vlU+XLRRxxcAROQBoYoAjKoAKqoA4wuAeP4Bm8aA/ak/aqvc1bY9pi5hD8kPb+BcDnliU=</latexit>

H(x, ⇠, Q2), E(x, ⇠, Q2)

<latexit sha1_base64="hm0tbG3wQRUM5PIunOqOUL9AFqg="></latexit>

H̃(x, ⇠, Q2), Ẽ(x, ⇠, Q2)

• Two helicity GPDs

<latexit sha1_base64="ojUhIJI1pZkGsoVg/8IF1COEYbM=">AAACAnicdVDLSgMxFM3UV62vqitxEyyCG4eZaWnrQii6cdmCfUBbhkyaaUMzmSHJiGUobvwVNy4UcetXuPNvzLQVVPTA5R7OuZfkHi9iVCrL+jAyS8srq2vZ9dzG5tb2Tn53ryXDWGDSxCELRcdDkjDKSVNRxUgnEgQFHiNtb3yZ+u0bIiQN+bWaRKQfoCGnPsVIacnNH/RuKTyHp7DnC4SThlucJg6s6+bmC5Z5Vi07pTK0TMuq2I6dEqdSKpagrZUUBbBA3c2/9wYhjgPCFWZIyq5tRaqfIKEoZmSa68WSRAiP0ZB0NeUoILKfzE6YwmOtDKAfCl1cwZn6fSNBgZSTwNOTAVIj+dtLxb+8bqz8aj+hPIoV4Xj+kB8zqEKY5gEHVBCs2EQThAXVf4V4hHQWSqeW0yF8XQr/Jy3HtMtmsVEq1C4WcWTBITgCJ8AGFVADV6AOmgCDO/AAnsCzcW88Gi/G63w0Yyx29sEPGG+fC5uV9Q==</latexit>

⇠ = � Q3

2P3
Skewness 

• Results with zero 
Skewness 

• Various combinations 
of matrix elements to 
isolate GPDs is needed

  C. Alexandrou et al., Phys.Rev.Lett. 125 (2020) 26, 262001 
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3D: Generalized Parton Distribution - Lattice

ERBL

★ ERBL region:
<latexit sha1_base64="fwh+FjanKbC2pRrXGbvBuwXcoUU=">AAAB8nicdVDLSsNAFJ3UV62vqks3g0Wom5Ckoa3goujGZQX7gDSUyXTSDp08mJlIS9rPcONCEbd+jTv/xklbQUUPXDiccy/33uPFjAppGB9abm19Y3Mrv13Y2d3bPygeHrVFlHBMWjhiEe96SBBGQ9KSVDLSjTlBgcdIxxtfZ37nnnBBo/BOTmPiBmgYUp9iJJXklGeTGbyEvQk97xdLhn5Rr1p2FRq6YdRMy8yIVbMrNjSVkqEEVmj2i++9QYSTgIQSMySEYxqxdFPEJcWMzAu9RJAY4TEaEkfREAVEuOni5Dk8U8oA+hFXFUq4UL9PpCgQYhp4qjNAciR+e5n4l+ck0q+7KQ3jRJIQLxf5CYMygtn/cEA5wZJNFUGYU3UrxCPEEZYqpYIK4etT+D9pW7pZ1Su3dqlxtYojD07AKSgDE9RAA9yAJmgBDCLwAJ7Asya1R+1Fe1225rTVzDH4Ae3tE1uAkKw=</latexit>

(|x| < ⇠)

amplitude of removing a quark-antiquark 
pair with momentum -Q3

DGLAP DGLAP

★ DGLAP region:
<latexit sha1_base64="aFqyaIEsQWCafql+zvKUsebzss0=">AAAB+HicdVDLSgMxFM3UV62Pjrp0EyxC3Qwz7dBWcFF047KCfUA7lEyaaUMzD5KMtE77JW5cKOLWT3Hn35hpK6jogXs5nHMvuTluxKiQpvmhZdbWNza3stu5nd29/bx+cNgSYcwxaeKQhbzjIkEYDUhTUslIJ+IE+S4jbXd8lfrtO8IFDYNbOY2I46NhQD2KkVRSX88XexMKL+BsMlPdOuvrBdM4r1VKdgWahmlWrZKVklLVLtvQUkqKAlih0dffe4MQxz4JJGZIiK5lRtJJEJcUMzLP9WJBIoTHaEi6igbIJ8JJFofP4alSBtALuapAwoX6fSNBvhBT31WTPpIj8dtLxb+8biy9mpPQIIolCfDyIS9mUIYwTQEOKCdYsqkiCHOqboV4hDjCUmWVUyF8/RT+T1olw6oY5Ru7UL9cxZEFx+AEFIEFqqAOrkEDNAEGMXgAT+BZu9cetRftdTma0VY7R+AHtLdPeyqRsg==</latexit>

(⇠ < |x| < 1)

amplitude of removing a quark-antiquark 
pair from the hadron and inserting it back 
with momentum increase Q3

<latexit sha1_base64="2yzjaKl/kDItKC+JY1h579jNePU="></latexit>

⇠ = 0, Q2 = 0.69 GeV2

<latexit sha1_base64="gF1pZqoK2zW0Jfr1mNNAck43LEs="></latexit>

|⇠| = 1/3, Q2 = 1.38 GeV2

★ ERBL region:
<latexit sha1_base64="fwh+FjanKbC2pRrXGbvBuwXcoUU=">AAAB8nicdVDLSsNAFJ3UV62vqks3g0Wom5Ckoa3goujGZQX7gDSUyXTSDp08mJlIS9rPcONCEbd+jTv/xklbQUUPXDiccy/33uPFjAppGB9abm19Y3Mrv13Y2d3bPygeHrVFlHBMWjhiEe96SBBGQ9KSVDLSjTlBgcdIxxtfZ37nnnBBo/BOTmPiBmgYUp9iJJXklGeTGbyEvQk97xdLhn5Rr1p2FRq6YdRMy8yIVbMrNjSVkqEEVmj2i++9QYSTgIQSMySEYxqxdFPEJcWMzAu9RJAY4TEaEkfREAVEuOni5Dk8U8oA+hFXFUq4UL9PpCgQYhp4qjNAciR+e5n4l+ck0q+7KQ3jRJIQLxf5CYMygtn/cEA5wZJNFUGYU3UrxCPEEZYqpYIK4etT+D9pW7pZ1Su3dqlxtYojD07AKSgDE9RAA9yAJmgBDCLwAJ7Asya1R+1Fe1225rTVzDH4Ae3tE1uAkKw=</latexit>

(|x| < ⇠)
• f1(x) dominant 
• H(x,1/3) suppressed compared to H(x,0)

★ DGLAP region:
<latexit sha1_base64="aFqyaIEsQWCafql+zvKUsebzss0=">AAAB+HicdVDLSgMxFM3UV62Pjrp0EyxC3Qwz7dBWcFF047KCfUA7lEyaaUMzD5KMtE77JW5cKOLWT3Hn35hpK6jogXs5nHMvuTluxKiQpvmhZdbWNza3stu5nd29/bx+cNgSYcwxaeKQhbzjIkEYDUhTUslIJ+IE+S4jbXd8lfrtO8IFDYNbOY2I46NhQD2KkVRSX88XexMKL+BsMlPdOuvrBdM4r1VKdgWahmlWrZKVklLVLtvQUkqKAlih0dffe4MQxz4JJGZIiK5lRtJJEJcUMzLP9WJBIoTHaEi6igbIJ8JJFofP4alSBtALuapAwoX6fSNBvhBT31WTPpIj8dtLxb+8biy9mpPQIIolCfDyIS9mUIYwTQEOKCdYsqkiCHOqboV4hDjCUmWVUyF8/RT+T1olw6oY5Ru7UL9cxZEFx+AEFIEFqqAOrkEDNAEGMXgAT+BZu9cetRftdTma0VY7R+AHtLdPeyqRsg==</latexit>

(⇠ < |x| < 1) • H(x,1/3) similar behavior as H(x,0)
• H(x,0) is asymptotically equal to f1(x)

  C. Alexandrou et al., Phys.Rev.Lett. 125 (2020) 26, 262001 
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Summary

 LQCD can compute nucleon charges, second moments (0D) reliably at 
the physical point of the theory, (axial, scalar, tensor, average momentum 
fraction)

 Strange EM form factors (1D) have been computed in good 
precision compared to experimental determinations

 LQCD can compute isovector PDFs (1D) now even at the physical point  
Sytematic errors are constantly improving  

 First steps (recently) to do the flavor decomposition of PDFs (1D)
Mixing with the gluons need to be treated 
Simulations at the physical point needed 

 First results for isovector GPDs for unpolarized and helicity (3D)
Need to find a way to access smaller Q2 values 
Simulations at the physical point needed  
 Transversity GPD is on the way


