
The role of the chiral anomaly in GPDs
Andrey Tarasov

RBRC Workshop: Workshop on Generalized Parton Distributions for Nucleon Tomography in the EIC Era, 19th January 2024

Based on Andrey Tarasov and Raju Venugopalan 
Phys. Rev. D 102 (2020) 11, 114022, 
Phys. Rev. D 105 (2022) 1, 014020
and in preparation



Off-forward Compton amplitude 

Basis of momentum vectors:

A. Hannaford-Gunn et al. (2022)

k1

<latexit sha1_base64="6wuQJuDrVp8L9tRa5PbveQ9iIlQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjxWtB/QhrLZTtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj25nffkKleSwfzSRBP6JDyUPOqLHSw7jv9csVt+rOQVaJl5MK5Gj0y1+9QczSCKVhgmrd9dzE+BlVhjOB01Iv1ZhQNqZD7FoqaYTaz+anTsmZVQYkjJUtachc/T2R0UjrSRTYzoiakV72ZuJ/Xjc14ZWfcZmkBiVbLApTQUxMZn+TAVfIjJhYQpni9lbCRlRRZmw6JRuCt/zyKmldVL1a9fq+Vqnf5HEU4QRO4Rw8uIQ63EEDmsBgCM/wCm+OcF6cd+dj0Vpw8plj+APn8wf7s42f</latexit>

k3

<latexit sha1_base64="WbMgSVmoEeiMzwywRAGCEDjb4WQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0oN6KXjxWtB/QhrLZbtqlm03YnQgl9Cd48aCIV3+RN/+N2zYHrT4YeLw3w8y8IJHCoOt+OYWV1bX1jeJmaWt7Z3evvH/QMnGqGW+yWMa6E1DDpVC8iQIl7ySa0yiQvB2Mb2Z++5FrI2L1gJOE+xEdKhEKRtFK9+P+eb9ccavuHOQv8XJSgRyNfvmzN4hZGnGFTFJjup6boJ9RjYJJPi31UsMTysZ0yLuWKhpx42fzU6fkxCoDEsbalkIyV39OZDQyZhIFtjOiODLL3kz8z+umGF76mVBJilyxxaIwlQRjMvubDITmDOXEEsq0sLcSNqKaMrTplGwI3vLLf0nrrOrVqld3tUr9Oo+jCEdwDKfgwQXU4RYa0AQGQ3iCF3h1pPPsvDnvi9aCk88cwi84H9/+u42h</latexit>

⌧1

<latexit sha1_base64="YRrl7iwIA5s72O/3LQCBEXPuauo=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjxWsB/QhrLZbtq1m03YnQgl9D948aCIV/+PN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38789hPXRsTqAScJ9yM6VCIUjKKVWj2kad/rlytu1Z2DrBIvJxXI0eiXv3qDmKURV8gkNabruQn6GdUomOTTUi81PKFsTIe8a6miETd+Nr92Ss6sMiBhrG0pJHP190RGI2MmUWA7I4ojs+zNxP+8borhlZ8JlaTIFVssClNJMCaz18lAaM5QTiyhTAt7K2EjqilDG1DJhuAtv7xKWhdVr1a9vq9V6jd5HEU4gVM4Bw8uoQ530IAmMHiEZ3iFNyd2Xpx352PRWnDymWP4A+fzB0zdjvg=</latexit>

⌧3

<latexit sha1_base64="klLdHl9SiQJTxm18yZYc+k0YX8A=">AAAB7XicbVBNS8NAEJ34WetX1aOXxSJ4KokW1FvRi8cK9gPaUDbbTbt2kw27E6GE/gcvHhTx6v/x5r9x2+agrQ8GHu/NMDMvSKQw6Lrfzsrq2vrGZmGruL2zu7dfOjhsGpVqxhtMSaXbATVcipg3UKDk7URzGgWSt4LR7dRvPXFthIofcJxwP6KDWISCUbRSs4s07V30SmW34s5AlomXkzLkqPdKX92+YmnEY2SSGtPx3AT9jGoUTPJJsZsanlA2ogPesTSmETd+Nrt2Qk6t0ieh0rZiJDP190RGI2PGUWA7I4pDs+hNxf+8TorhlZ+JOEmRx2y+KEwlQUWmr5O+0JyhHFtCmRb2VsKGVFOGNqCiDcFbfHmZNM8rXrVyfV8t127yOApwDCdwBh5cQg3uoA4NYPAIz/AKb45yXpx352PeuuLkM0fwB87nD0/ljvo=</latexit>

⌧2

<latexit sha1_base64="pK+f/0leYl6+EKsYQx8vbjKDT9g=">AAAB7XicbVBNS8NAEJ34WetX1aOXxSJ4KkkpqLeiF48V7Ae0oWy2m3btJht2J0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekEhh0HW/nbX1jc2t7cJOcXdv/+CwdHTcMirVjDeZkkp3Amq4FDFvokDJO4nmNAokbwfj25nffuLaCBU/4CThfkSHsQgFo2ilVg9p2q/2S2W34s5BVomXkzLkaPRLX72BYmnEY2SSGtP13AT9jGoUTPJpsZcanlA2pkPetTSmETd+Nr92Ss6tMiCh0rZiJHP190RGI2MmUWA7I4ojs+zNxP+8borhlZ+JOEmRx2yxKEwlQUVmr5OB0JyhnFhCmRb2VsJGVFOGNqCiDcFbfnmVtKoVr1a5vq+V6zd5HAU4hTO4AA8uoQ530IAmMHiEZ3iFN0c5L86787FoXXPymRP4A+fzB05hjvk=</latexit>

⌧4

<latexit sha1_base64="bX/tu+wDwN5e2KyMX5sp7tX79lU=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjxWsB/QhrLZbtq1m03YnQgl9D948aCIV/+PN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38789hPXRsTqAScJ9yM6VCIUjKKVWj2kab/WL1fcqjsHWSVeTiqQo9Evf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5511JFI278bH7tlJxZZUDCWNtSSObq74mMRsZMosB2RhRHZtmbif953RTDKz8TKkmRK7ZYFKaSYExmr5OB0JyhnFhCmRb2VsJGVFOGNqCSDcFbfnmVtC6qXq16fV+r1G/yOIpwAqdwDh5cQh3uoAFNYPAIz/AKb07svDjvzseiteDkM8fwB87nD1Fpjvs=</latexit>

A↵(k2)

<latexit sha1_base64="DhEK6qXCtV/LKditzAY4iK6RFmo=">AAAB9HicbVDLTgJBEOzFF+IL9ehlIjHBC9klJOoN9eIRE0ES2Gx6h1mYMPtwZpaEEL7DiweN8erHePNvHGAPClbSSaWqO91dfiK40rb9beXW1jc2t/LbhZ3dvf2D4uFRS8WppKxJYxHLto+KCR6xpuZasHYiGYa+YI/+8HbmP46YVDyOHvQ4YW6I/YgHnKI2knvtdVEkAywPveq5VyzZFXsOskqcjJQgQ8MrfnV7MU1DFmkqUKmOYyfanaDUnAo2LXRTxRKkQ+yzjqERhky5k/nRU3JmlB4JYmkq0mSu/p6YYKjUOPRNZ4h6oJa9mfif10l1cOlOeJSkmkV0sShIBdExmSVAelwyqsXYEKSSm1sJHaBEqk1OBROCs/zyKmlVK06tcnVfK9VvsjjycAKnUAYHLqAOd9CAJlB4gmd4hTdrZL1Y79bHojVnZTPH8AfW5w+TWZFX</latexit>

A�(k4)

<latexit sha1_base64="dGyL2Nk56QNV4q92IAcXEo5BfK4=">AAAB83icbVBNS8NAEN3Ur1q/qh69BItQLyWRgnqrevFYwX5AE8JmO2mXbjZhdyKU0r/hxYMiXv0z3vw3btsctPXBwOO9GWbmhangGh3n2yqsrW9sbhW3Szu7e/sH5cOjtk4yxaDFEpGobkg1CC6hhRwFdFMFNA4FdMLR3czvPIHSPJGPOE7Bj+lA8ogzikbybgIvBKTVUVA/D8oVp+bMYa8SNycVkqMZlL+8fsKyGCQyQbXuuU6K/oQq5EzAtORlGlLKRnQAPUMljUH7k/nNU/vMKH07SpQpifZc/T0xobHW4zg0nTHFoV72ZuJ/Xi/D6MqfcJlmCJItFkWZsDGxZwHYfa6AoRgbQpni5labDamiDE1MJROCu/zyKmlf1Nx67fqhXmnc5nEUyQk5JVXikkvSIPekSVqEkZQ8k1fyZmXWi/VufSxaC1Y+c0z+wPr8Acv4kOU=</latexit>

µ

<latexit sha1_base64="f07fvjvEmfORWUNjRlniwZ57t5Q=">AAAB6nicbVBNSwMxEJ3Ur1q/qh69BIvgqexKQb0VvXisaD+gXUo2zbahSXZJskJZ+hO8eFDEq7/Im//GtN2Dtj4YeLw3w8y8MBHcWM/7RoW19Y3NreJ2aWd3b/+gfHjUMnGqKWvSWMS6ExLDBFesabkVrJNoRmQoWDsc38789hPThsfq0U4SFkgyVDzilFgnPfRk2i9XvKo3B14lfk4qkKPRL3/1BjFNJVOWCmJM1/cSG2REW04Fm5Z6qWEJoWMyZF1HFZHMBNn81Ck+c8oAR7F2pSyeq78nMiKNmcjQdUpiR2bZm4n/ed3URldBxlWSWqboYlGUCmxjPPsbD7hm1IqJI4Rq7m7FdEQ0odalU3Ih+Msvr5LWRdWvVa/va5X6TR5HEU7gFM7Bh0uowx00oAkUhvAMr/CGBHpB7+hj0VpA+cwx/AH6/AFhPo3i</latexit>

⌫

<latexit sha1_base64="3C0HiAm+hgVAw6FNqb9y4lWpXE4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjxWtB/QhrLZTtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj25nffkKleSwfzSRBP6JDyUPOqLHSQ0+m/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mpU3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeOVnXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtOyYbgLb+8SloXVa9Wvb6vVeo3eRxFOIFTOAcPLqEOd9CAJjAYwjO8wpsjnBfn3flYtBacfOYY/sD5/AFiw43j</latexit>

  

<latexit sha1_base64="fflT8DIRgZ1NzRM/p9XN3nEVhs4=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY9ELx4hkUcCGzI79MLI7Ow6M2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJb3ZpygH9GB5CFn1Fip/tgrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdlr1Ku1C9L1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AN8vjQA=</latexit>q
<latexit sha1_base64="aQspOUAAtQjWmvXkilifhqpZCQU=">AAAB6XicbVDLTgJBEOzFF+IL9ehlIjF6IrvGoEeiF49o5JEAIbPDLEyYnV1nek3Ihj/w4kFjvPpH3vwbB9iDgpV0UqnqTneXH0th0HW/ndzK6tr6Rn6zsLW9s7tX3D9omCjRjNdZJCPd8qnhUiheR4GSt2LNaehL3vRHN1O/+cS1EZF6wHHMuyEdKBEIRtFK94+nvWLJLbszkGXiZaQEGWq94lenH7Ek5AqZpMa0PTfGbko1Cib5pNBJDI8pG9EBb1uqaMhNN51dOiEnVumTINK2FJKZ+nsipaEx49C3nSHFoVn0puJ/XjvB4KqbChUnyBWbLwoSSTAi07dJX2jOUI4toUwLeythQ6opQxtOwYbgLb68TBrnZa9SrtxdlKrXWRx5OIJjOAMPLqEKt1CDOjAI4Ble4c0ZOS/Ou/Mxb8052cwh/IHz+QM/r40x</latexit>

q0

<latexit sha1_base64="Yn4FUbA9ZpYWpTp7727OaUkUyeQ=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJdFNy5bsA9oB8mkd9rYTGZIMkIZ+gVuXCji1k9y59+YtrPQ1gOBwznnkntPkAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8H4duZ3nlBpHst7M0nQj+hQ8pAzaqzUbDyUK27VnYOsEi8nFchh81/9QczSCKVhgmrd89zE+BlVhjOB01I/1ZhQNqZD7FkqaYTaz+aLTsmZVQYkjJV90pC5+nsio5HWkyiwyYiakV72ZuJ/Xi814bWfcZmkBiVbfBSmgpiYzK4mA66QGTGxhDLF7a6EjaiizNhuSrYEb/nkVdK+qHq1aq15Wanf5HUU4QRO4Rw8uII63EEDWsAA4Rle4c15dF6cd+djES04+cwx/IHz+QOtK4zf</latexit>

P
<latexit sha1_base64="5kHe4OkPTbTodcq3dnrf3edpHGQ=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ6KolI9Vj04rGK/YA2lM120i7dbMLuRiih/8CLB0W8+o+8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtJ1Sax/LRjBP0IzqQPOSMGis91M96pbJbcWcgy8TLSRly1Hulr24/ZmmE0jBBte54bmL8jCrDmcBJsZtqTCgb0QF2LJU0Qu1ns0sn5NQqfRLGypY0ZKb+nshopPU4CmxnRM1QL3pT8T+vk5rw2s+4TFKDks0XhakgJibTt0mfK2RGjC2hTHF7K2FDqigzNpyiDcFbfHmZNC8qXrVSvb8s127yOApwDCdwDh5cQQ3uoA4NYBDCM7zCmzNyXpx352PeuuLkM0fwB87nDw2KjRA=</latexit>

P 0

<latexit sha1_base64="5Ky3ff6D7U8qAWDZ/CtrF3XlZDc="></latexit>

Tµ⌫ = i

Z
d4ze

i
2 (q+q0)zhP 0|T{jµ(z/2)j⌫(�z/2)}|P i

<latexit sha1_base64="pUgK6L9UQlSrsWa4ro2MZ+McR8g=">AAACBnicbVDLSsNAFJ3UV62vqEsRBotYEUpSpLoRim5cRrAPaEKZTCft0MkkzEyEErJy46+4caGIW7/BnX/jtM1CWw9cOJxzL/fe48eMSmVZ30ZhaXllda24XtrY3NreMXf3WjJKBCZNHLFIdHwkCaOcNBVVjHRiQVDoM9L2RzcTv/1AhKQRv1fjmHghGnAaUIyUlnrmoesjkToZvIJuIBBO7SytZRUHnkHn5LRnlq2qNQVcJHZOyiCH0zO/3H6Ek5BwhRmSsmtbsfJSJBTFjGQlN5EkRniEBqSrKUchkV46fSODx1rpwyASuriCU/X3RIpCKcehrztDpIZy3puI/3ndRAWXXkp5nCjC8WxRkDCoIjjJBPapIFixsSYIC6pvhXiIdBpKJ1fSIdjzLy+SVq1q16v1u/Ny4zqPowgOwBGoABtcgAa4BQ5oAgwewTN4BW/Gk/FivBsfs9aCkc/sgz8wPn8AIsOW/A==</latexit>

P̄ =
1

2
(P + P 0)

<latexit sha1_base64="HRyWSFjcOezc5HtOgT7P89dy+R0=">AAACBnicbVDLSsNAFJ3UV62vqEsRBotYEUpSpLoRim5cVrAPaEKZTCft0MkknZkIJWTlxl9x40IRt36DO//GaZuFth64cDjnXu69x4sYlcqyvo3c0vLK6lp+vbCxubW9Y+7uNWUYC0waOGShaHtIEkY5aSiqGGlHgqDAY6TlDW8mfuuBCElDfq/GEXED1OfUpxgpLXXNQ8dDIhml8Ao6vkA4sdOkkpZG8AyOTk67ZtEqW1PARWJnpAgy1Lvml9MLcRwQrjBDUnZsK1JugoSimJG04MSSRAgPUZ90NOUoINJNpm+k8FgrPeiHQhdXcKr+nkhQIOU48HRngNRAznsT8T+vEyv/0k0oj2JFOJ4t8mMGVQgnmcAeFQQrNtYEYUH1rRAPkE5D6eQKOgR7/uVF0qyU7Wq5enderF1nceTBATgCJWCDC1ADt6AOGgCDR/AMXsGb8WS8GO/Gx6w1Z2Qz++APjM8fvM6XXw==</latexit>

q̄ =
1

2
(q + q0)

<latexit sha1_base64="crFeePABwtghmfMhX41G2cYXtZw=">AAAB/3icbZC7SgNBFIbPxluMt1XBxmYwSGwSdkWijRDUwnIFc4FkCbOT2WTI7CUzs0JYU/gqNhaK2Poadr6Nk0uhiT8MfPznHM6Z34s5k8qyvo3M0vLK6lp2PbexubW9Y+7u1WSUCEKrJOKRaHhYUs5CWlVMcdqIBcWBx2nd61+P6/UHKiSLwns1jKkb4G7IfEaw0lbbPGjdUK4wukROARWRo2FQHBTaZt4qWROhRbBnkIeZnLb51epEJAloqAjHUjZtK1ZuioVihNNRrpVIGmPSx13a1BjigEo3ndw/Qsfa6SA/EvqFCk3c3xMpDqQcBp7uDLDqyfna2Pyv1kyUf+GmLIwTRUMyXeQnHKkIjcNAHSYoUXyoARPB9K2I9LDAROnIcjoEe/7Li1A7LdnlUvnuLF+5msWRhUM4ghOw4RwqcAsOVIHAIzzDK7wZT8aL8W58TFszxmxmH/7I+PwBi7uTPA==</latexit>

� = P 0 � P = q � q0

Scalar variables: <latexit sha1_base64="rkwBwtLU3z7seVsL7PBVpAgKIsI=">AAACH3icbZBNS8MwGMfT+TbnW9Wjl+AQPI12yPQiDL143MC9wFpHmqZbWNrUJBVG6Tfx4lfx4kER8bZvY9b1oJt/CPzyf56H5Pl7MaNSWdbMKK2tb2xulbcrO7t7+wfm4VFX8kRg0sGccdH3kCSMRqSjqGKkHwuCQo+Rnje5ndd7T0RIyqN7NY2JG6JRRAOKkdLW0Gw4HhKpw0MyQhm8hk4gEE7rudvKHOxzBfPLY5alObSzh3o2NKtWzcoFV8EuoAoKtYbmt+NznIQkUpghKQe2FSs3RUJRzEhWcRJJYoQnaEQGGiMUEumm+X4ZPNOODwMu9IkUzN3fEykKpZyGnu4MkRrL5drc/K82SFRw5aY0ihNFIrx4KEgYVBzOw4I+FQQrNtWAsKD6rxCPkU5I6UgrOgR7eeVV6NZrdqPWaF9UmzdFHGVwAk7BObDBJWiCO9ACHYDBM3gF7+DDeDHejE/ja9FaMoqZY/BHxuwHMGKjug==</latexit>

!̄ =
2P̄ · q̄
Q̄2

<latexit sha1_base64="hpsCriheQztxC5qrkdYDRcuLSdI=">AAACG3icbZA9SwNBEIb3/IzxK2ppsxgEG8NdELURglpYKhgVcjHMbebM4t6Hu3NCOO5/2PhXbCwUsRIs/DduYgq/Xlh4eGeG2XmDVElDrvvhjI1PTE5Nl2bKs3PzC4uVpeUzk2RaYFMkKtEXARhUMsYmSVJ4kWqEKFB4HlwfDOrnt6iNTOJT6qfYjuAqlqEUQNbqVOr+LWjqIQHf45vcDzWI3D9EReCLbkJ+ADq/KYp8CCfFZb3oVKpuzR2K/wVvBFU20nGn8uZ3E5FFGJNQYEzLc1Nq53avFAqLsp8ZTEFcwxW2LMYQoWnnw9sKvm6dLg8TbV9MfOh+n8ghMqYfBbYzAuqZ37WB+V+tlVG4285lnGaEsfhaFGaKU8IHQfGu1ChI9S2A0NL+lYse2HjIxlm2IXi/T/4LZ/Wat13bPtmqNvZHcZTYKltjG8xjO6zBjtgxazLB7tgDe2LPzr3z6Lw4r1+tY85oZoX9kPP+CYYnocc=</latexit>

# = �� · q̄
Q̄2

<latexit sha1_base64="i6sZ9XTHzpXWCvYxsAthCuUpUhI=">AAAB83icbVDLSgNBEOz1GeMr6tHLYBA8hd0g0YsQ1IPHCOYB2TXMTmaTIbMPZnqFsOQ3vHhQxKs/482/cZLsQRMLGoqqbrq7/EQKjbb9ba2srq1vbBa2its7u3v7pYPDlo5TxXiTxTJWHZ9qLkXEmyhQ8k6iOA19ydv+6Gbqt5+40iKOHnCccC+kg0gEglE0kovkiri3XCJ9rPZKZbtiz0CWiZOTMuRo9Epfbj9macgjZJJq3XXsBL2MKhRM8knRTTVPKBvRAe8aGtGQay+b3Twhp0bpkyBWpiIkM/X3REZDrcehbzpDikO96E3F/7xuisGll4koSZFHbL4oSCXBmEwDIH2hOEM5NoQyJcythA2pogxNTEUTgrP48jJpVStOrVK7Py/Xr/M4CnAMJ3AGDlxAHe6gAU1gkMAzvMKblVov1rv1MW9dsfKZI/gD6/MHl8yQxA==</latexit>

t = �2
<latexit sha1_base64="iG8TgdDQqSICQOEGvNjQWKOZBQk=">AAACAHicbVDLSsNAFL3xWesr6sKFm8EiuLEkRaoboejGZQv2AW0sk+mkHTp5ODMRSsjGX3HjQhG3foY7/8ZpmoW2Hhg495x7uXOPG3EmlWV9G0vLK6tr64WN4ubW9s6uubffkmEsCG2SkIei42JJOQtoUzHFaScSFPsup213fDP1249USBYGd2oSUcfHw4B5jGClpb552HOxSBrpfQVdoTOUVQ+66pslq2xlQIvEzkkJctT75ldvEJLYp4EiHEvZta1IOQkWihFO02IvljTCZIyHtKtpgH0qnSQ7IEUnWhkgLxT6BQpl6u+JBPtSTnxXd/pYjeS8NxX/87qx8i6dhAVRrGhAZou8mCMVomkaaMAEJYpPNMFEMP1XREZYYKJ0ZkUdgj1/8iJpVcp2tVxtnJdq13kcBTiCYzgFGy6gBrdQhyYQSOEZXuHNeDJejHfjY9a6ZOQzB/AHxucP7EuVWg==</latexit>

Q̄2 = �q̄2
Skewness variable:

<latexit sha1_base64="5mu9RLmgdv/pmoDKDE/T9mAI9VY=">AAACBXicbVC7SgNBFJ2NrxhfUUstBoNgFXdFoo0QtLGMYB6QDeHu5CYZMvtgZjYYljQ2/oqNhSK2/oOdf+Mk2UITD1w4nHPvzL3HiwRX2ra/rczS8srqWnY9t7G5tb2T392rqTCWDKssFKFseKBQ8ACrmmuBjUgi+J7Auje4mfj1IUrFw+BejyJs+dALeJcz0EZq5w/dB06vqDsEqfuo4dT1QCZu6GMPxu18wS7aU9BF4qSkQFJU2vkvtxOy2MdAMwFKNR070q3EvM2ZwHHOjRVGwAbQw6ahAfioWsn0ijE9NkqHdkNpKtB0qv6eSMBXauR7ptMH3Vfz3kT8z2vGunvZSngQxRoDNvuoGwuqQzqJhHa4RKbFyBBgkptdKeuDBKZNcDkTgjN/8iKpnRWdUrF0d14oX6dxZMkBOSInxCEXpExuSYVUCSOP5Jm8kjfryXqx3q2PWWvGSmf2yR9Ynz8h9phg</latexit>

⇠ = #/!̄

General decomposition of the off-forward Compton amplitude contains 18 tensorial structures  18 off-forward 
Compton amplitudes      ,      etc.:

⇒

17

which yields

P4Q
2Bµν
4 =

1

12
Ġ13Ġ31Ġ32Ġ43

1

k2 · k4

(1
2
kµ3 ϵ

ναηρq̄α∆ηP̄ρ +
1

2
kν3 ϵ

µαηρq̄α∆ηP̄ρ

−q̄ · k3ϵµναρq̄αP̄ρ +
1

2
q̄ · k3ϵµναρq̄α∆ρ +

1

4
∆ · k3ϵµναρ∆αP̄ρ +

1

2
k23ϵ

µναη q̄α∆η

)
F (k3)F̃ (k4)

+
1

12
Ġ14Ġ41Ġ42Ġ34

1

k2 · k3

(
− 1

2
kµ4 ϵ

ναηρq̄α∆ηP̄ρ −
1

2
kν4 ϵ

µαηρq̄α∆ηP̄ρ

+q̄ · k4ϵµναρq̄αP̄ρ +
1

2
q̄ · k4ϵµναρq̄α∆ρ −

1

4
∆ · k4ϵµναρ∆αP̄ρ +

1

2
k24ϵ

µναη q̄α∆η

)
F (k3)F̃ (k4)

+
1

12
Ġ23Ġ32Ġ31Ġ43

1

k1 · k4

(
− 1

2
kµ3 ϵ

νηαρq̄η∆αP̄ρ −
1

2
kν3 ϵ

µηαρq̄η∆αP̄ρ

−1

2
k1 · k3ϵµναρ(−q̄α +

1

2
∆α)(P̄ρ −

1

2
∆ρ)−

1

2
k2 · k3ϵµνηρ(q̄η +

1

2
∆η)(P̄ρ −

1

2
∆ρ) +

1

2
k23ϵ

µνηαq̄η∆α

)
F (k3)F̃ (k4)

+
1

12
Ġ24Ġ42Ġ41Ġ34

1

k1 · k3

(1
2
kµ4 ϵ

νηαρq̄η∆αP̄ρ +
1

2
kν4 ϵ

µηαρq̄η∆αP̄ρ

−1

2
k1 · k4ϵµναρ(−q̄α +

1

2
∆α)(−P̄ρ −

1

2
∆ρ)−

1

2
k2 · k4ϵµνηρ(q̄η +

1

2
∆η)(−P̄ρ −

1

2
∆ρ) +

1

2
k24ϵ

µνηαq̄η∆α

)
F (k3)F̃ (k4)(118)

V. PARAMETRIZATIONOFTHEHADRONICTENSOR

In general, parametrization of the hadronic tensor has a form:

T̄µν =
1

2P̄ · q̄

[
−
(
h · q̄H1 + e · q̄E1

)
gµν +

1

P̄ · q̄

(
h · q̄H2 + e · q̄E2

)
P̄µP̄ν +H3h{µP̄ν}

]

+
i

2P̄ · q̄
ϵµνρκq̄

ρ
(
h̃κH̃1 + ẽκẼ1

)
+

i

2(P̄ · q̄)2
ϵµνρκq̄

ρ
[(

P̄ · q̄h̃κ − h̃ · q̄P̄κ
)
H̃2 +

(
P̄ · q̄ẽκ − ẽ · q̄P̄κ

)
Ẽ2
]

+
(
P̄µq

′
ν + P̄νqµ

)(
h · q̄K1 + e · q̄K2

)
+
(
P̄µq

′
ν − P̄νqµ

)(
h · q̄K3 + e · q̄K4

)
+ qµq

′
ν

(
h · q̄ − e · q̄

)
K5

+h[µP̄ν]K6 +
(
hµq

′
ν + hνqµ

)
K7 +

(
hµq

′
ν − hνqµ

)
K8 + P̄{µū(P

′)iσν}αu(P )q̄αK9 (119)

where

P̄ =
1

2
(P + P ′), q̄ =

1

2
(q + q′), ∆ = P ′ − P = q − q′ (120)

and

hµ = ū(P ′)γµu(P ), eµ = ū(P ′)
iσµα∆α

2M
u(P )

h̃µ = ū(P ′)γµγ5u(P ), ẽµ =
∆µ

2M
ū(P ′)γ5u(P ) (121)

The proton state can be defined as

u(P,λ)⊗ ū(P ′,λ′) =
(/P +M)( /P

′
+M)

2M
√

(P + P ′)2
1

2
(δλλ′ − iγ5/n

′
i(P

′)τ iλ′λ) (122)

Let’s rewrite the general decomposition substituting:

q = q̄ +
1

2
∆; q′ = q̄ − 1

2
∆ (123)

Perrottet (1973)
Tarrach (1975)
D. Drechsel, G. Knochlein, 
A. Y. Korchin, A. Metz, and 
S. Scherer (1998)

<latexit sha1_base64="OT1yNSxI6hIMWLs8LkTCXjAIc5A=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJdFN11WsA9oh5JJM21oJhmTTKEM/Q43LhRx68e482/MtLPQ1gOBwzn3ck9OEHOmjet+O4WNza3tneJuaW//4PCofHzS1jJRhLaI5FJ1A6wpZ4K2DDOcdmNFcRRw2gkm95nfmVKlmRSPZhZTP8IjwUJGsLGS34+wGRPM08Z84A3KFbfqLoDWiZeTCuRoDspf/aEkSUSFIRxr3fPc2PgpVoYRTuelfqJpjMkEj2jPUoEjqv10EXqOLqwyRKFU9gmDFurvjRRHWs+iwE5mIfWql4n/eb3EhLd+ykScGCrI8lCYcGQkyhpAQ6YoMXxmCSaK2ayIjLHCxNieSrYEb/XL66R9VfVq1drDdaV+l9dRhDM4h0vw4Abq0IAmtIDAEzzDK7w5U+fFeXc+lqMFJ985hT9wPn8ArA+SDQ==</latexit>

H1
<latexit sha1_base64="9fac5GumlWU/Y2PrL4DKKZKnjao=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJdFEVxWsA9oh5JJM21oJhmTTKEM/Q43LhRx68e482/MtLPQ1gOBwzn3ck9OEHOmjet+O4W19Y3NreJ2aWd3b/+gfHjU0jJRhDaJ5FJ1AqwpZ4I2DTOcdmJFcRRw2g7Gt5nfnlClmRSPZhpTP8JDwUJGsLGS34uwGRHM07tZ3+uXK27VnQOtEi8nFcjR6Je/egNJkogKQzjWuuu5sfFTrAwjnM5KvUTTGJMxHtKupQJHVPvpPPQMnVllgEKp7BMGzdXfGymOtJ5GgZ3MQuplLxP/87qJCa/9lIk4MVSQxaEw4chIlDWABkxRYvjUEkwUs1kRGWGFibE9lWwJ3vKXV0nrourVqrWHy0r9Jq+jCCdwCufgwRXU4R4a0AQCT/AMr/DmTJwX5935WIwWnHznGP7A+fwBp3qSCg==</latexit>

E1



Off-forward Compton amplitude 

k1

<latexit sha1_base64="6wuQJuDrVp8L9tRa5PbveQ9iIlQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjxWtB/QhrLZTtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj25nffkKleSwfzSRBP6JDyUPOqLHSw7jv9csVt+rOQVaJl5MK5Gj0y1+9QczSCKVhgmrd9dzE+BlVhjOB01Iv1ZhQNqZD7FoqaYTaz+anTsmZVQYkjJUtachc/T2R0UjrSRTYzoiakV72ZuJ/Xjc14ZWfcZmkBiVbLApTQUxMZn+TAVfIjJhYQpni9lbCRlRRZmw6JRuCt/zyKmldVL1a9fq+Vqnf5HEU4QRO4Rw8uIQ63EEDmsBgCM/wCm+OcF6cd+dj0Vpw8plj+APn8wf7s42f</latexit>

k3

<latexit sha1_base64="WbMgSVmoEeiMzwywRAGCEDjb4WQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0oN6KXjxWtB/QhrLZbtqlm03YnQgl9Cd48aCIV3+RN/+N2zYHrT4YeLw3w8y8IJHCoOt+OYWV1bX1jeJmaWt7Z3evvH/QMnGqGW+yWMa6E1DDpVC8iQIl7ySa0yiQvB2Mb2Z++5FrI2L1gJOE+xEdKhEKRtFK9+P+eb9ccavuHOQv8XJSgRyNfvmzN4hZGnGFTFJjup6boJ9RjYJJPi31UsMTysZ0yLuWKhpx42fzU6fkxCoDEsbalkIyV39OZDQyZhIFtjOiODLL3kz8z+umGF76mVBJilyxxaIwlQRjMvubDITmDOXEEsq0sLcSNqKaMrTplGwI3vLLf0nrrOrVqld3tUr9Oo+jCEdwDKfgwQXU4RYa0AQGQ3iCF3h1pPPsvDnvi9aCk88cwi84H9/+u42h</latexit>

⌧1

<latexit sha1_base64="YRrl7iwIA5s72O/3LQCBEXPuauo=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjxWsB/QhrLZbtq1m03YnQgl9D948aCIV/+PN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38789hPXRsTqAScJ9yM6VCIUjKKVWj2kad/rlytu1Z2DrBIvJxXI0eiXv3qDmKURV8gkNabruQn6GdUomOTTUi81PKFsTIe8a6miETd+Nr92Ss6sMiBhrG0pJHP190RGI2MmUWA7I4ojs+zNxP+8borhlZ8JlaTIFVssClNJMCaz18lAaM5QTiyhTAt7K2EjqilDG1DJhuAtv7xKWhdVr1a9vq9V6jd5HEU4gVM4Bw8uoQ530IAmMHiEZ3iFNyd2Xpx352PRWnDymWP4A+fzB0zdjvg=</latexit>

⌧3

<latexit sha1_base64="klLdHl9SiQJTxm18yZYc+k0YX8A=">AAAB7XicbVBNS8NAEJ34WetX1aOXxSJ4KokW1FvRi8cK9gPaUDbbTbt2kw27E6GE/gcvHhTx6v/x5r9x2+agrQ8GHu/NMDMvSKQw6Lrfzsrq2vrGZmGruL2zu7dfOjhsGpVqxhtMSaXbATVcipg3UKDk7URzGgWSt4LR7dRvPXFthIofcJxwP6KDWISCUbRSs4s07V30SmW34s5AlomXkzLkqPdKX92+YmnEY2SSGtPx3AT9jGoUTPJJsZsanlA2ogPesTSmETd+Nrt2Qk6t0ieh0rZiJDP190RGI2PGUWA7I4pDs+hNxf+8TorhlZ+JOEmRx2y+KEwlQUWmr5O+0JyhHFtCmRb2VsKGVFOGNqCiDcFbfHmZNM8rXrVyfV8t127yOApwDCdwBh5cQg3uoA4NYPAIz/AKb45yXpx352PeuuLkM0fwB87nD0/ljvo=</latexit>

⌧2

<latexit sha1_base64="pK+f/0leYl6+EKsYQx8vbjKDT9g=">AAAB7XicbVBNS8NAEJ34WetX1aOXxSJ4KkkpqLeiF48V7Ae0oWy2m3btJht2J0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekEhh0HW/nbX1jc2t7cJOcXdv/+CwdHTcMirVjDeZkkp3Amq4FDFvokDJO4nmNAokbwfj25nffuLaCBU/4CThfkSHsQgFo2ilVg9p2q/2S2W34s5BVomXkzLkaPRLX72BYmnEY2SSGtP13AT9jGoUTPJpsZcanlA2pkPetTSmETd+Nr92Ss6tMiCh0rZiJHP190RGI2MmUWA7I4ojs+zNxP+8borhlZ+JOEmRx2yxKEwlQUVmr5OB0JyhnFhCmRb2VsJGVFOGNqCiDcFbfnmVtKoVr1a5vq+V6zd5HAU4hTO4AA8uoQ530IAmMHiEZ3iFN0c5L86787FoXXPymRP4A+fzB05hjvk=</latexit>

⌧4

<latexit sha1_base64="bX/tu+wDwN5e2KyMX5sp7tX79lU=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjxWsB/QhrLZbtq1m03YnQgl9D948aCIV/+PN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38789hPXRsTqAScJ9yM6VCIUjKKVWj2kab/WL1fcqjsHWSVeTiqQo9Evf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5511JFI278bH7tlJxZZUDCWNtSSObq74mMRsZMosB2RhRHZtmbif953RTDKz8TKkmRK7ZYFKaSYExmr5OB0JyhnFhCmRb2VsJGVFOGNqCSDcFbfnmVtC6qXq16fV+r1G/yOIpwAqdwDh5cQh3uoAFNYPAIz/AKb07svDjvzseiteDkM8fwB87nD1Fpjvs=</latexit>

A↵(k2)

<latexit sha1_base64="DhEK6qXCtV/LKditzAY4iK6RFmo=">AAAB9HicbVDLTgJBEOzFF+IL9ehlIjHBC9klJOoN9eIRE0ES2Gx6h1mYMPtwZpaEEL7DiweN8erHePNvHGAPClbSSaWqO91dfiK40rb9beXW1jc2t/LbhZ3dvf2D4uFRS8WppKxJYxHLto+KCR6xpuZasHYiGYa+YI/+8HbmP46YVDyOHvQ4YW6I/YgHnKI2knvtdVEkAywPveq5VyzZFXsOskqcjJQgQ8MrfnV7MU1DFmkqUKmOYyfanaDUnAo2LXRTxRKkQ+yzjqERhky5k/nRU3JmlB4JYmkq0mSu/p6YYKjUOPRNZ4h6oJa9mfif10l1cOlOeJSkmkV0sShIBdExmSVAelwyqsXYEKSSm1sJHaBEqk1OBROCs/zyKmlVK06tcnVfK9VvsjjycAKnUAYHLqAOd9CAJlB4gmd4hTdrZL1Y79bHojVnZTPH8AfW5w+TWZFX</latexit>

A�(k4)

<latexit sha1_base64="dGyL2Nk56QNV4q92IAcXEo5BfK4=">AAAB83icbVBNS8NAEN3Ur1q/qh69BItQLyWRgnqrevFYwX5AE8JmO2mXbjZhdyKU0r/hxYMiXv0z3vw3btsctPXBwOO9GWbmhangGh3n2yqsrW9sbhW3Szu7e/sH5cOjtk4yxaDFEpGobkg1CC6hhRwFdFMFNA4FdMLR3czvPIHSPJGPOE7Bj+lA8ogzikbybgIvBKTVUVA/D8oVp+bMYa8SNycVkqMZlL+8fsKyGCQyQbXuuU6K/oQq5EzAtORlGlLKRnQAPUMljUH7k/nNU/vMKH07SpQpifZc/T0xobHW4zg0nTHFoV72ZuJ/Xi/D6MqfcJlmCJItFkWZsDGxZwHYfa6AoRgbQpni5labDamiDE1MJROCu/zyKmlf1Nx67fqhXmnc5nEUyQk5JVXikkvSIPekSVqEkZQ8k1fyZmXWi/VufSxaC1Y+c0z+wPr8Acv4kOU=</latexit>

µ

<latexit sha1_base64="f07fvjvEmfORWUNjRlniwZ57t5Q=">AAAB6nicbVBNSwMxEJ3Ur1q/qh69BIvgqexKQb0VvXisaD+gXUo2zbahSXZJskJZ+hO8eFDEq7/Im//GtN2Dtj4YeLw3w8y8MBHcWM/7RoW19Y3NreJ2aWd3b/+gfHjUMnGqKWvSWMS6ExLDBFesabkVrJNoRmQoWDsc38789hPThsfq0U4SFkgyVDzilFgnPfRk2i9XvKo3B14lfk4qkKPRL3/1BjFNJVOWCmJM1/cSG2REW04Fm5Z6qWEJoWMyZF1HFZHMBNn81Ck+c8oAR7F2pSyeq78nMiKNmcjQdUpiR2bZm4n/ed3URldBxlWSWqboYlGUCmxjPPsbD7hm1IqJI4Rq7m7FdEQ0odalU3Ih+Msvr5LWRdWvVa/va5X6TR5HEU7gFM7Bh0uowx00oAkUhvAMr/CGBHpB7+hj0VpA+cwx/AH6/AFhPo3i</latexit>

⌫

<latexit sha1_base64="3C0HiAm+hgVAw6FNqb9y4lWpXE4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjxWtB/QhrLZTtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj25nffkKleSwfzSRBP6JDyUPOqLHSQ0+m/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mpU3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeOVnXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtOyYbgLb+8SloXVa9Wvb6vVeo3eRxFOIFTOAcPLqEOd9CAJjAYwjO8wpsjnBfn3flYtBacfOYY/sD5/AFiw43j</latexit>

  

<latexit sha1_base64="fflT8DIRgZ1NzRM/p9XN3nEVhs4=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY9ELx4hkUcCGzI79MLI7Ow6M2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJb3ZpygH9GB5CFn1Fip/tgrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdlr1Ku1C9L1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AN8vjQA=</latexit>q
<latexit sha1_base64="aQspOUAAtQjWmvXkilifhqpZCQU=">AAAB6XicbVDLTgJBEOzFF+IL9ehlIjF6IrvGoEeiF49o5JEAIbPDLEyYnV1nek3Ihj/w4kFjvPpH3vwbB9iDgpV0UqnqTneXH0th0HW/ndzK6tr6Rn6zsLW9s7tX3D9omCjRjNdZJCPd8qnhUiheR4GSt2LNaehL3vRHN1O/+cS1EZF6wHHMuyEdKBEIRtFK94+nvWLJLbszkGXiZaQEGWq94lenH7Ek5AqZpMa0PTfGbko1Cib5pNBJDI8pG9EBb1uqaMhNN51dOiEnVumTINK2FJKZ+nsipaEx49C3nSHFoVn0puJ/XjvB4KqbChUnyBWbLwoSSTAi07dJX2jOUI4toUwLeythQ6opQxtOwYbgLb68TBrnZa9SrtxdlKrXWRx5OIJjOAMPLqEKt1CDOjAI4Ble4c0ZOS/Ou/Mxb8052cwh/IHz+QM/r40x</latexit>

q0

<latexit sha1_base64="Yn4FUbA9ZpYWpTp7727OaUkUyeQ=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJdFNy5bsA9oB8mkd9rYTGZIMkIZ+gVuXCji1k9y59+YtrPQ1gOBwznnkntPkAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8H4duZ3nlBpHst7M0nQj+hQ8pAzaqzUbDyUK27VnYOsEi8nFchh81/9QczSCKVhgmrd89zE+BlVhjOB01I/1ZhQNqZD7FkqaYTaz+aLTsmZVQYkjJV90pC5+nsio5HWkyiwyYiakV72ZuJ/Xi814bWfcZmkBiVbfBSmgpiYzK4mA66QGTGxhDLF7a6EjaiizNhuSrYEb/nkVdK+qHq1aq15Wanf5HUU4QRO4Rw8uII63EEDWsAA4Rle4c15dF6cd+djES04+cwx/IHz+QOtK4zf</latexit>

P
<latexit sha1_base64="5kHe4OkPTbTodcq3dnrf3edpHGQ=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ6KolI9Vj04rGK/YA2lM120i7dbMLuRiih/8CLB0W8+o+8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtJ1Sax/LRjBP0IzqQPOSMGis91M96pbJbcWcgy8TLSRly1Hulr24/ZmmE0jBBte54bmL8jCrDmcBJsZtqTCgb0QF2LJU0Qu1ns0sn5NQqfRLGypY0ZKb+nshopPU4CmxnRM1QL3pT8T+vk5rw2s+4TFKDks0XhakgJibTt0mfK2RGjC2hTHF7K2FDqigzNpyiDcFbfHmZNC8qXrVSvb8s127yOApwDCdwDh5cQQ3uoA4NYBDCM7zCmzNyXpx352PeuuLkM0fwB87nDw2KjRA=</latexit>

P 0 The amplitudes are related to DIS structure functions:

Decomposition depends on the Dirac bilinear:

<latexit sha1_base64="CxncCPteXVH/UEDy37G4LKeH42w=">AAACBnicbVDLSgNBEJz1GeMr6lGEwSB6Crsi0YsQ9OIxgnlAdg29k0kyZGZ3mYcQlpy8+CtePCji1W/w5t842eSgiQUNRVU33V1hwpnSrvvtLCwuLa+s5tby6xubW9uFnd26io0ktEZiHstmCIpyFtGaZprTZiIpiJDTRji4HvuNByoVi6M7PUxoIKAXsS4joK3ULhz0731h8CX2Q5CpGR1jvwdCQKaadqHoltwMeJ54U1JEU1TbhS+/ExMjaKQJB6VanpvoIAWpGeF0lPeNogmQAfRoy9IIBFVBmr0xwkdW6eBuLG1FGmfq74kUhFJDEdpOAbqvZr2x+J/XMrp7EaQsSoymEZks6hqOdYzHmeAOk5RoPrQEiGT2Vkz6IIFom1zehuDNvjxP6qclr1wq354VK1fTOHJoHx2iE+Shc1RBN6iKaoigR/SMXtGb8+S8OO/Ox6R1wZnO7KE/cD5/APMQmC4=</latexit>

hµ = ū0�µu

<latexit sha1_base64="kJA6ArQ4oqb7Wdeifh2cva23Lnk="></latexit>

eµ = ū0 i�
µ↵�↵

2M
u

<latexit sha1_base64="IpQ6to+edubWKHq1dcVOoYGX+N8=">AAACFnicbZC7SgNBFIZn4y3G26qlzWAQbQy7otFGCNpYRjAXyMZwdjJJhszsLnMRwpKnsPFVbCwUsRU738bJpdDEHwY+/nMOZ84fJpwp7XnfTmZhcWl5JbuaW1vf2Nxyt3eqKjaS0AqJeSzrISjKWUQrmmlO64mkIEJOa2H/elSvPVCpWBzd6UFCmwK6EeswAtpaLfc40Iy3adob3gfC4EschCBTMzzEQReEgJE7odYZNi037xW8sfA8+FPIo6nKLfcraMfECBppwkGphu8lupmC1IxwOswFRtEESB+6tGExAkFVMx2fNcQH1mnjTiztizQeu78nUhBKDURoOwXonpqtjcz/ag2jOxfNlEWJ0TQik0Udw7GO8Sgj3GaSEs0HFoBIZv+KSQ8kEG2TzNkQ/NmT56F6UvCLheLtab50NY0ji/bQPjpCPjpHJXSDyqiCCHpEz+gVvTlPzovz7nxMWjPOdGYX/ZHz+QPPR58n</latexit>

h̃µ = ū0�µ�5u

<latexit sha1_base64="7ZwK2EDvyu5svpitWHokUbBKj/Y="></latexit>

ẽµ =
�µ

2M
ū0�5u

<latexit sha1_base64="3E95O3x91uDebyD25kesrv5+M/8=">AAACLHicbVBNSwMxFMz6bf2qevQSLIKnsitSPRZ78ahgtdAtJZu+boPZZEneKmXZH+TFvyKIB0W8+jtM6x7UOhAYZt4jbyZKpbDo+2/e3PzC4tLyymplbX1jc6u6vXNtdWY4tLmW2nQiZkEKBW0UKKGTGmBJJOEmum1N/Js7MFZodYXjFHoJi5UYCs7QSf1qK0QhB5CHCcMRZzI/L4p+EFpk/NaAzDFETf0iD6VWsRHxCJkx+r6g5V7spvvVml/3p6CzJChJjZS46Fefw4HmWQIKuWTWdgM/xV7ODAouoaiEmYXUHcBi6DqqWAK2l0/DFvTAKQM61MY9hXSq/tzIWWLtOInc5CST/etNxP+8bobD014uVJohKP790TCT1BUwaY4OhAGOcuwI40a4WykfMcM4un4rroTgb+RZcn1UDxr1xuVxrXlW1rFC9sg+OSQBOSFNck4uSJtw8kCeyCt58x69F+/d+/genfPKnV3yC97nF4mGqjo=</latexit>

H̃1
t!0
�! g̃1

<latexit sha1_base64="11bd5O/pJRflQT0Ik60fWRORUdE=">AAACCHicbVBNS8NAEN3Ur1q/oh49uFgETyUpUr0IRS96q2BboQlhs9mkS3eTsLsRSsjRi3/FiwdFvPoTvPlv3LY5aOuDgcd7M8zM81NGpbKsb6OytLyyulZdr21sbm3vmLt7PZlkApMuTlgi7n0kCaMx6SqqGLlPBUHcZ6Tvj64mfv+BCEmT+E6NU+JyFMU0pBgpLXnmYe4IDm94AR1FWUDyqPBseAGbTkph5NmeWbca1hRwkdglqYMSHc/8coIEZ5zECjMk5cC2UuXmSCiKGSlqTiZJivAIRWSgaYw4kW4+faSAx1oJYJgIXbGCU/X3RI64lGPu606O1FDOexPxP2+QqfDczWmcZorEeLYozBhUCZykAgMqCFZsrAnCgupbIR4igbDS2dV0CPb8y4uk12zYrUbr9rTevizjqIIDcAROgA3OQBtcgw7oAgwewTN4BW/Gk/FivBsfs9aKUc7sgz8wPn8Al8yYbQ==</latexit>

Img̃1 = 2⇡g1
<latexit sha1_base64="DGCOo1gqRUnI6wRsCsf54yhGIfk=">AAACLHicbVBNSwMxFMz6bf2qevQSLIKnsitSPYpePCpYW+iWkk1ft8FssiRvlbLsD/LiXxHEgyJe/R2mdQ/aOhAYZt4jbyZKpbDo++/e3PzC4tLyymplbX1jc6u6vXNrdWY4NLmW2rQjZkEKBU0UKKGdGmBJJKEV3V2M/dY9GCu0usFRCt2ExUoMBGfopF71IkQh+5CHCcMhZzK/LIreUWiR8TsDMscQNfWLPJRaxUbEQ2TG6IeClnuxm+5Va37dn4DOkqAkNVLiqld9CfuaZwko5JJZ2wn8FLs5Myi4hKISZhZSdwCLoeOoYgnYbj4JW9ADp/TpQBv3FNKJ+nsjZ4m1oyRyk+NMdtobi/95nQwHp91cqDRDUPzno0EmqStg3BztCwMc5cgRxo1wt1I+ZIZxdP1WXAnBdORZcntUDxr1xvVx7ey8rGOF7JF9ckgCckLOyCW5Ik3CySN5Jm/k3XvyXr0P7/NndM4rd3bJH3hf34y8qjw=</latexit>

H̃2
t!0
�! g̃2

<latexit sha1_base64="IxFjfLws9qhtl12dniF9rCKtCow=">AAACCHicbVBNS8NAEN3Ur1q/oh49uFgETyUpUr0IRS96q2BboQlhs9mkS3eTsLsRSsjRi3/FiwdFvPoTvPlv3LY5aOuDgcd7M8zM81NGpbKsb6OytLyyulZdr21sbm3vmLt7PZlkApMuTlgi7n0kCaMx6SqqGLlPBUHcZ6Tvj64mfv+BCEmT+E6NU+JyFMU0pBgpLXnmYe4IDm94AR1FWUDyqPCa8AI2nZTCyGt6Zt1qWFPARWKXpA5KdDzzywkSnHESK8yQlAPbSpWbI6EoZqSoOZkkKcIjFJGBpjHiRLr59JECHmslgGEidMUKTtXfEzniUo65rzs5UkM5703E/7xBpsJzN6dxmikS49miMGNQJXCSCgyoIFixsSYIC6pvhXiIBMJKZ1fTIdjzLy+SXrNhtxqt29N6+7KMowoOwBE4ATY4A21wDTqgCzB4BM/gFbwZT8aL8W58zForRjmzD/7A+PwBmt+Ybw==</latexit>

Img̃2 = 2⇡g2

We are interested in gluonic contribution to the Compton amplitudes. In the leading order 
it’s represented by a quark box diagram with two background gluons.

k1

<latexit sha1_base64="6wuQJuDrVp8L9tRa5PbveQ9iIlQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjxWtB/QhrLZTtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj25nffkKleSwfzSRBP6JDyUPOqLHSw7jv9csVt+rOQVaJl5MK5Gj0y1+9QczSCKVhgmrd9dzE+BlVhjOB01Iv1ZhQNqZD7FoqaYTaz+anTsmZVQYkjJUtachc/T2R0UjrSRTYzoiakV72ZuJ/Xjc14ZWfcZmkBiVbLApTQUxMZn+TAVfIjJhYQpni9lbCRlRRZmw6JRuCt/zyKmldVL1a9fq+Vqnf5HEU4QRO4Rw8uIQ63EEDmsBgCM/wCm+OcF6cd+dj0Vpw8plj+APn8wf7s42f</latexit>

k3

<latexit sha1_base64="WbMgSVmoEeiMzwywRAGCEDjb4WQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0oN6KXjxWtB/QhrLZbtqlm03YnQgl9Cd48aCIV3+RN/+N2zYHrT4YeLw3w8y8IJHCoOt+OYWV1bX1jeJmaWt7Z3evvH/QMnGqGW+yWMa6E1DDpVC8iQIl7ySa0yiQvB2Mb2Z++5FrI2L1gJOE+xEdKhEKRtFK9+P+eb9ccavuHOQv8XJSgRyNfvmzN4hZGnGFTFJjup6boJ9RjYJJPi31UsMTysZ0yLuWKhpx42fzU6fkxCoDEsbalkIyV39OZDQyZhIFtjOiODLL3kz8z+umGF76mVBJilyxxaIwlQRjMvubDITmDOXEEsq0sLcSNqKaMrTplGwI3vLLf0nrrOrVqld3tUr9Oo+jCEdwDKfgwQXU4RYa0AQGQ3iCF3h1pPPsvDnvi9aCk88cwi84H9/+u42h</latexit>

⌧1

<latexit sha1_base64="YRrl7iwIA5s72O/3LQCBEXPuauo=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjxWsB/QhrLZbtq1m03YnQgl9D948aCIV/+PN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38789hPXRsTqAScJ9yM6VCIUjKKVWj2kad/rlytu1Z2DrBIvJxXI0eiXv3qDmKURV8gkNabruQn6GdUomOTTUi81PKFsTIe8a6miETd+Nr92Ss6sMiBhrG0pJHP190RGI2MmUWA7I4ojs+zNxP+8borhlZ8JlaTIFVssClNJMCaz18lAaM5QTiyhTAt7K2EjqilDG1DJhuAtv7xKWhdVr1a9vq9V6jd5HEU4gVM4Bw8uoQ530IAmMHiEZ3iFNyd2Xpx352PRWnDymWP4A+fzB0zdjvg=</latexit>

⌧3

<latexit sha1_base64="klLdHl9SiQJTxm18yZYc+k0YX8A=">AAAB7XicbVBNS8NAEJ34WetX1aOXxSJ4KokW1FvRi8cK9gPaUDbbTbt2kw27E6GE/gcvHhTx6v/x5r9x2+agrQ8GHu/NMDMvSKQw6Lrfzsrq2vrGZmGruL2zu7dfOjhsGpVqxhtMSaXbATVcipg3UKDk7URzGgWSt4LR7dRvPXFthIofcJxwP6KDWISCUbRSs4s07V30SmW34s5AlomXkzLkqPdKX92+YmnEY2SSGtPx3AT9jGoUTPJJsZsanlA2ogPesTSmETd+Nrt2Qk6t0ieh0rZiJDP190RGI2PGUWA7I4pDs+hNxf+8TorhlZ+JOEmRx2y+KEwlQUWmr5O+0JyhHFtCmRb2VsKGVFOGNqCiDcFbfHmZNM8rXrVyfV8t127yOApwDCdwBh5cQg3uoA4NYPAIz/AKb45yXpx352PeuuLkM0fwB87nD0/ljvo=</latexit>

⌧2

<latexit sha1_base64="pK+f/0leYl6+EKsYQx8vbjKDT9g=">AAAB7XicbVBNS8NAEJ34WetX1aOXxSJ4KkkpqLeiF48V7Ae0oWy2m3btJht2J0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekEhh0HW/nbX1jc2t7cJOcXdv/+CwdHTcMirVjDeZkkp3Amq4FDFvokDJO4nmNAokbwfj25nffuLaCBU/4CThfkSHsQgFo2ilVg9p2q/2S2W34s5BVomXkzLkaPRLX72BYmnEY2SSGtP13AT9jGoUTPJpsZcanlA2pkPetTSmETd+Nr92Ss6tMiCh0rZiJHP190RGI2MmUWA7I4ojs+zNxP+8borhlZ+JOEmRx2yxKEwlQUVmr5OB0JyhnFhCmRb2VsJGVFOGNqCiDcFbfnmVtKoVr1a5vq+V6zd5HAU4hTO4AA8uoQ530IAmMHiEZ3iFN0c5L86787FoXXPymRP4A+fzB05hjvk=</latexit>

⌧4

<latexit sha1_base64="bX/tu+wDwN5e2KyMX5sp7tX79lU=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjxWsB/QhrLZbtq1m03YnQgl9D948aCIV/+PN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38789hPXRsTqAScJ9yM6VCIUjKKVWj2kab/WL1fcqjsHWSVeTiqQo9Evf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5511JFI278bH7tlJxZZUDCWNtSSObq74mMRsZMosB2RhRHZtmbif953RTDKz8TKkmRK7ZYFKaSYExmr5OB0JyhnFhCmRb2VsJGVFOGNqCSDcFbfnmVtC6qXq16fV+r1G/yOIpwAqdwDh5cQh3uoAFNYPAIz/AKb07svDjvzseiteDkM8fwB87nD1Fpjvs=</latexit>

A↵(k2)

<latexit sha1_base64="DhEK6qXCtV/LKditzAY4iK6RFmo=">AAAB9HicbVDLTgJBEOzFF+IL9ehlIjHBC9klJOoN9eIRE0ES2Gx6h1mYMPtwZpaEEL7DiweN8erHePNvHGAPClbSSaWqO91dfiK40rb9beXW1jc2t/LbhZ3dvf2D4uFRS8WppKxJYxHLto+KCR6xpuZasHYiGYa+YI/+8HbmP46YVDyOHvQ4YW6I/YgHnKI2knvtdVEkAywPveq5VyzZFXsOskqcjJQgQ8MrfnV7MU1DFmkqUKmOYyfanaDUnAo2LXRTxRKkQ+yzjqERhky5k/nRU3JmlB4JYmkq0mSu/p6YYKjUOPRNZ4h6oJa9mfif10l1cOlOeJSkmkV0sShIBdExmSVAelwyqsXYEKSSm1sJHaBEqk1OBROCs/zyKmlVK06tcnVfK9VvsjjycAKnUAYHLqAOd9CAJlB4gmd4hTdrZL1Y79bHojVnZTPH8AfW5w+TWZFX</latexit>

A�(k4)

<latexit sha1_base64="dGyL2Nk56QNV4q92IAcXEo5BfK4=">AAAB83icbVBNS8NAEN3Ur1q/qh69BItQLyWRgnqrevFYwX5AE8JmO2mXbjZhdyKU0r/hxYMiXv0z3vw3btsctPXBwOO9GWbmhangGh3n2yqsrW9sbhW3Szu7e/sH5cOjtk4yxaDFEpGobkg1CC6hhRwFdFMFNA4FdMLR3czvPIHSPJGPOE7Bj+lA8ogzikbybgIvBKTVUVA/D8oVp+bMYa8SNycVkqMZlL+8fsKyGCQyQbXuuU6K/oQq5EzAtORlGlLKRnQAPUMljUH7k/nNU/vMKH07SpQpifZc/T0xobHW4zg0nTHFoV72ZuJ/Xi/D6MqfcJlmCJItFkWZsDGxZwHYfa6AoRgbQpni5labDamiDE1MJROCu/zyKmlf1Nx67fqhXmnc5nEUyQk5JVXikkvSIPekSVqEkZQ8k1fyZmXWi/VufSxaC1Y+c0z+wPr8Acv4kOU=</latexit>

µ

<latexit sha1_base64="f07fvjvEmfORWUNjRlniwZ57t5Q=">AAAB6nicbVBNSwMxEJ3Ur1q/qh69BIvgqexKQb0VvXisaD+gXUo2zbahSXZJskJZ+hO8eFDEq7/Im//GtN2Dtj4YeLw3w8y8MBHcWM/7RoW19Y3NreJ2aWd3b/+gfHjUMnGqKWvSWMS6ExLDBFesabkVrJNoRmQoWDsc38789hPThsfq0U4SFkgyVDzilFgnPfRk2i9XvKo3B14lfk4qkKPRL3/1BjFNJVOWCmJM1/cSG2REW04Fm5Z6qWEJoWMyZF1HFZHMBNn81Ck+c8oAR7F2pSyeq78nMiKNmcjQdUpiR2bZm4n/ed3URldBxlWSWqboYlGUCmxjPPsbD7hm1IqJI4Rq7m7FdEQ0odalU3Ih+Msvr5LWRdWvVa/va5X6TR5HEU7gFM7Bh0uowx00oAkUhvAMr/CGBHpB7+hj0VpA+cwx/AH6/AFhPo3i</latexit>

⌫

<latexit sha1_base64="3C0HiAm+hgVAw6FNqb9y4lWpXE4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjxWtB/QhrLZTtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj25nffkKleSwfzSRBP6JDyUPOqLHSQ0+m/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mpU3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeOVnXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtOyYbgLb+8SloXVa9Wvb6vVeo3eRxFOIFTOAcPLqEOd9CAJjAYwjO8wpsjnBfn3flYtBacfOYY/sD5/AFiw43j</latexit>

<latexit sha1_base64="fflT8DIRgZ1NzRM/p9XN3nEVhs4=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY9ELx4hkUcCGzI79MLI7Ow6M2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJb3ZpygH9GB5CFn1Fip/tgrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdlr1Ku1C9L1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AN8vjQA=</latexit>q
<latexit sha1_base64="aQspOUAAtQjWmvXkilifhqpZCQU=">AAAB6XicbVDLTgJBEOzFF+IL9ehlIjF6IrvGoEeiF49o5JEAIbPDLEyYnV1nek3Ihj/w4kFjvPpH3vwbB9iDgpV0UqnqTneXH0th0HW/ndzK6tr6Rn6zsLW9s7tX3D9omCjRjNdZJCPd8qnhUiheR4GSt2LNaehL3vRHN1O/+cS1EZF6wHHMuyEdKBEIRtFK94+nvWLJLbszkGXiZaQEGWq94lenH7Ek5AqZpMa0PTfGbko1Cib5pNBJDI8pG9EBb1uqaMhNN51dOiEnVumTINK2FJKZ+nsipaEx49C3nSHFoVn0puJ/XjvB4KqbChUnyBWbLwoSSTAi07dJX2jOUI4toUwLeythQ6opQxtOwYbgLb68TBrnZa9SrtxdlKrXWRx5OIJjOAMPLqEKt1CDOjAI4Ble4c0ZOS/Ou/Mxb8052cwh/IHz+QM/r40x</latexit>

q0

<latexit sha1_base64="Yn4FUbA9ZpYWpTp7727OaUkUyeQ=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJdFNy5bsA9oB8mkd9rYTGZIMkIZ+gVuXCji1k9y59+YtrPQ1gOBwznnkntPkAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8H4duZ3nlBpHst7M0nQj+hQ8pAzaqzUbDyUK27VnYOsEi8nFchh81/9QczSCKVhgmrd89zE+BlVhjOB01I/1ZhQNqZD7FkqaYTaz+aLTsmZVQYkjJV90pC5+nsio5HWkyiwyYiakV72ZuJ/Xi814bWfcZmkBiVbfBSmgpiYzK4mA66QGTGxhDLF7a6EjaiizNhuSrYEb/nkVdK+qHq1aq15Wanf5HUU4QRO4Rw8uII63EEDWsAA4Rle4c15dF6cd+djES04+cwx/IHz+QOtK4zf</latexit>

P
<latexit sha1_base64="5kHe4OkPTbTodcq3dnrf3edpHGQ=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ6KolI9Vj04rGK/YA2lM120i7dbMLuRiih/8CLB0W8+o+8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtJ1Sax/LRjBP0IzqQPOSMGis91M96pbJbcWcgy8TLSRly1Hulr24/ZmmE0jBBte54bmL8jCrDmcBJsZtqTCgb0QF2LJU0Qu1ns0sn5NQqfRLGypY0ZKb+nshopPU4CmxnRM1QL3pT8T+vk5rw2s+4TFKDks0XhakgJibTt0mfK2RGjC2hTHF7K2FDqigzNpyiDcFbfHmZNC8qXrVSvb8s127yOApwDCdwDh5cQQ3uoA4NYBDCM7zCmzNyXpx352PeuuLkM0fwB87nDw2KjRA=</latexit>

P 0

In general, such off-forward calculation in a general 
kinematics is a formidable tasks. We apply the worldline 
approach which is a powerful technique for calculation of 
multi-leg Feynman diagrams



Worldline approach

<latexit sha1_base64="nNGz1Je1d1EUhSl0s78Xs0t3Q4s="></latexit>

eiW[A,B] =

Z
D D ̄eiS[ ̄,A,B, ]

<latexit sha1_base64="w87QOY2mHlcJtzB2w5fK2kPzGVs="></latexit>

S[ ̄, A,B, ] =

Z
d4x ̄[i/@ + /A+ �5 /B] 

Vector and axial-vector couplings to 
external fields

<latexit sha1_base64="x0MspzDAER7N8YEfpg9pJYv5XTA=">AAAB/XicbVDLSsNAFL2pr1pfVZdugkVwVRIRdVl147IF+4A2lMnkph06mYSZiVBC8QPc6ie4E7d+i1/gbzhts7CtBy4czrmXe+/xE86Udpxvq7C2vrG5Vdwu7ezu7R+UD49aKk4lxSaNeSw7PlHImcCmZppjJ5FIIp9j2x/dT/32E0rFYvGoxwl6ERkIFjJKtJEat/1yxak6M9irxM1JBXLU++WfXhDTNEKhKSdKdV0n0V5GpGaU46TUSxUmhI7IALuGChKh8rLZoRP7zCiBHcbSlND2TP07kZFIqXHkm86I6KFa9qbif1431eGNlzGRpBoFnS8KU27r2J5+bQdMItV8bAihkplbbTokklBtslnYosxTQwwmJZOMu5zDKmldVN2r6mXjslK7yzMqwgmcwjm4cA01eIA6NIECwgu8wpv1bL1bH9bnvLVg5TPHsADr6xdj45Wn</latexit>

A

<latexit sha1_base64="x0MspzDAER7N8YEfpg9pJYv5XTA=">AAAB/XicbVDLSsNAFL2pr1pfVZdugkVwVRIRdVl147IF+4A2lMnkph06mYSZiVBC8QPc6ie4E7d+i1/gbzhts7CtBy4czrmXe+/xE86Udpxvq7C2vrG5Vdwu7ezu7R+UD49aKk4lxSaNeSw7PlHImcCmZppjJ5FIIp9j2x/dT/32E0rFYvGoxwl6ERkIFjJKtJEat/1yxak6M9irxM1JBXLU++WfXhDTNEKhKSdKdV0n0V5GpGaU46TUSxUmhI7IALuGChKh8rLZoRP7zCiBHcbSlND2TP07kZFIqXHkm86I6KFa9qbif1431eGNlzGRpBoFnS8KU27r2J5+bQdMItV8bAihkplbbTokklBtslnYosxTQwwmJZOMu5zDKmldVN2r6mXjslK7yzMqwgmcwjm4cA01eIA6NIECwgu8wpv1bL1bH9bnvLVg5TPHsADr6xdj45Wn</latexit>

A

<latexit sha1_base64="x0MspzDAER7N8YEfpg9pJYv5XTA=">AAAB/XicbVDLSsNAFL2pr1pfVZdugkVwVRIRdVl147IF+4A2lMnkph06mYSZiVBC8QPc6ie4E7d+i1/gbzhts7CtBy4czrmXe+/xE86Udpxvq7C2vrG5Vdwu7ezu7R+UD49aKk4lxSaNeSw7PlHImcCmZppjJ5FIIp9j2x/dT/32E0rFYvGoxwl6ERkIFjJKtJEat/1yxak6M9irxM1JBXLU++WfXhDTNEKhKSdKdV0n0V5GpGaU46TUSxUmhI7IALuGChKh8rLZoRP7zCiBHcbSlND2TP07kZFIqXHkm86I6KFa9qbif1431eGNlzGRpBoFnS8KU27r2J5+bQdMItV8bAihkplbbTokklBtslnYosxTQwwmJZOMu5zDKmldVN2r6mXjslK7yzMqwgmcwjm4cA01eIA6NIECwgu8wpv1bL1bH9bnvLVg5TPHsADr6xdj45Wn</latexit>

A

<latexit sha1_base64="1gf66Vg2P+V1/PzD+xZI4O4fies=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMcQLx4TMA9IljA725sMmX0wMyuEJfgBXvUTvIlXv8Uv8DecJHswiQUNRVU33V1eIrjStv1tFTY2t7Z3irulvf2Dw6Py8Ulbxalk2GKxiGXXowoFj7CluRbYTSTS0BPY8cb3M7/zhFLxOHrUkwTdkA4jHnBGtZGa9UG5YlftOcg6cXJSgRyNQfmn78csDTHSTFCleo6daDejUnMmcFrqpwoTysZ0iD1DIxqicrP5oVNyYRSfBLE0FWkyV/9OZDRUahJ6pjOkeqRWvZn4n9dLdXDnZjxKUo0RWywKUkF0TGZfE59LZFpMDKFMcnMrYSMqKdMmm6Utyjw1Qn9aMsk4qzmsk/ZV1bmpXjevK7V6nlERzuAcLsGBW6jBAzSgBQwQXuAV3qxn6936sD4XrQUrnzmFJVhfv2V8lag=</latexit>

B
quark loop

<latexit sha1_base64="x0MspzDAER7N8YEfpg9pJYv5XTA=">AAAB/XicbVDLSsNAFL2pr1pfVZdugkVwVRIRdVl147IF+4A2lMnkph06mYSZiVBC8QPc6ie4E7d+i1/gbzhts7CtBy4czrmXe+/xE86Udpxvq7C2vrG5Vdwu7ezu7R+UD49aKk4lxSaNeSw7PlHImcCmZppjJ5FIIp9j2x/dT/32E0rFYvGoxwl6ERkIFjJKtJEat/1yxak6M9irxM1JBXLU++WfXhDTNEKhKSdKdV0n0V5GpGaU46TUSxUmhI7IALuGChKh8rLZoRP7zCiBHcbSlND2TP07kZFIqXHkm86I6KFa9qbif1431eGNlzGRpBoFnS8KU27r2J5+bQdMItV8bAihkplbbTokklBtslnYosxTQwwmJZOMu5zDKmldVN2r6mXjslK7yzMqwgmcwjm4cA01eIA6NIECwgu8wpv1bL1bH9bnvLVg5TPHsADr6xdj45Wn</latexit>

A

In the worldline approach the effective action is rewritten as a quantum mechanical point 
particle path integrals over classical trajectories  and , where spin degrees of 
freedom of a particle (quark) are expressed in terms of Grassmann variables .

x(τ) ψ(τ)
ψ

<latexit sha1_base64="1gf66Vg2P+V1/PzD+xZI4O4fies=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMcQLx4TMA9IljA725sMmX0wMyuEJfgBXvUTvIlXv8Uv8DecJHswiQUNRVU33V1eIrjStv1tFTY2t7Z3irulvf2Dw6Py8Ulbxalk2GKxiGXXowoFj7CluRbYTSTS0BPY8cb3M7/zhFLxOHrUkwTdkA4jHnBGtZGa9UG5YlftOcg6cXJSgRyNQfmn78csDTHSTFCleo6daDejUnMmcFrqpwoTysZ0iD1DIxqicrP5oVNyYRSfBLE0FWkyV/9OZDRUahJ6pjOkeqRWvZn4n9dLdXDnZjxKUo0RWywKUkF0TGZfE59LZFpMDKFMcnMrYSMqKdMmm6Utyjw1Qn9aMsk4qzmsk/ZV1bmpXjevK7V6nlERzuAcLsGBW6jBAzSgBQwQXuAV3qxn6936sD4XrQUrnzmFJVhfv2V8lag=</latexit>

B

<latexit sha1_base64="x0MspzDAER7N8YEfpg9pJYv5XTA=">AAAB/XicbVDLSsNAFL2pr1pfVZdugkVwVRIRdVl147IF+4A2lMnkph06mYSZiVBC8QPc6ie4E7d+i1/gbzhts7CtBy4czrmXe+/xE86Udpxvq7C2vrG5Vdwu7ezu7R+UD49aKk4lxSaNeSw7PlHImcCmZppjJ5FIIp9j2x/dT/32E0rFYvGoxwl6ERkIFjJKtJEat/1yxak6M9irxM1JBXLU++WfXhDTNEKhKSdKdV0n0V5GpGaU46TUSxUmhI7IALuGChKh8rLZoRP7zCiBHcbSlND2TP07kZFIqXHkm86I6KFa9qbif1431eGNlzGRpBoFnS8KU27r2J5+bQdMItV8bAihkplbbTokklBtslnYosxTQwwmJZOMu5zDKmldVN2r6mXjslK7yzMqwgmcwjm4cA01eIA6NIECwgu8wpv1bL1bH9bnvLVg5TPHsADr6xdj45Wn</latexit>

A

<latexit sha1_base64="x0MspzDAER7N8YEfpg9pJYv5XTA=">AAAB/XicbVDLSsNAFL2pr1pfVZdugkVwVRIRdVl147IF+4A2lMnkph06mYSZiVBC8QPc6ie4E7d+i1/gbzhts7CtBy4czrmXe+/xE86Udpxvq7C2vrG5Vdwu7ezu7R+UD49aKk4lxSaNeSw7PlHImcCmZppjJ5FIIp9j2x/dT/32E0rFYvGoxwl6ERkIFjJKtJEat/1yxak6M9irxM1JBXLU++WfXhDTNEKhKSdKdV0n0V5GpGaU46TUSxUmhI7IALuGChKh8rLZoRP7zCiBHcbSlND2TP07kZFIqXHkm86I6KFa9qbif1431eGNlzGRpBoFnS8KU27r2J5+bQdMItV8bAihkplbbTokklBtslnYosxTQwwmJZOMu5zDKmldVN2r6mXjslK7yzMqwgmcwjm4cA01eIA6NIECwgu8wpv1bL1bH9bnvLVg5TPHsADr6xdj45Wn</latexit>

A

<latexit sha1_base64="x0MspzDAER7N8YEfpg9pJYv5XTA=">AAAB/XicbVDLSsNAFL2pr1pfVZdugkVwVRIRdVl147IF+4A2lMnkph06mYSZiVBC8QPc6ie4E7d+i1/gbzhts7CtBy4czrmXe+/xE86Udpxvq7C2vrG5Vdwu7ezu7R+UD49aKk4lxSaNeSw7PlHImcCmZppjJ5FIIp9j2x/dT/32E0rFYvGoxwl6ERkIFjJKtJEat/1yxak6M9irxM1JBXLU++WfXhDTNEKhKSdKdV0n0V5GpGaU46TUSxUmhI7IALuGChKh8rLZoRP7zCiBHcbSlND2TP07kZFIqXHkm86I6KFa9qbif1431eGNlzGRpBoFnS8KU27r2J5+bQdMItV8bAihkplbbTokklBtslnYosxTQwwmJZOMu5zDKmldVN2r6mXjslK7yzMqwgmcwjm4cA01eIA6NIECwgu8wpv1bL1bH9bnvLVg5TPHsADr6xdj45Wn</latexit>

A

<latexit sha1_base64="x0MspzDAER7N8YEfpg9pJYv5XTA=">AAAB/XicbVDLSsNAFL2pr1pfVZdugkVwVRIRdVl147IF+4A2lMnkph06mYSZiVBC8QPc6ie4E7d+i1/gbzhts7CtBy4czrmXe+/xE86Udpxvq7C2vrG5Vdwu7ezu7R+UD49aKk4lxSaNeSw7PlHImcCmZppjJ5FIIp9j2x/dT/32E0rFYvGoxwl6ERkIFjJKtJEat/1yxak6M9irxM1JBXLU++WfXhDTNEKhKSdKdV0n0V5GpGaU46TUSxUmhI7IALuGChKh8rLZoRP7zCiBHcbSlND2TP07kZFIqXHkm86I6KFa9qbif1431eGNlzGRpBoFnS8KU27r2J5+bQdMItV8bAihkplbbTokklBtslnYosxTQwwmJZOMu5zDKmldVN2r6mXjslK7yzMqwgmcwjm4cA01eIA6NIECwgu8wpv1bL1bH9bnvLVg5TPHsADr6xdj45Wn</latexit>

A

Functional integrals over classical 
trajectories in two spaces of bosonic 
and fermionic degrees of freedom

We start with a general form of the QCD effective action written in the form of a 
functional integral over quark fields:

<latexit sha1_base64="YbBmF9cLVJicKTTSe/U+AzewiY4="></latexit>

W[A,B] = �1

2
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P
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Z
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D e�Sw.l.(x, ,A,B)

Proper time variable                              defines position of a point on the 
worldline,  is a period (“size”) of the worldlineT

<latexit sha1_base64="qEIL4OjFnZUoNT8RR3CWl3Zvuy0=">AAACDXicbVDLSsNAFJ3UV62PRl26GSyCCymJSHVZdOOyQl+QhDKZTNqhk0mYh1BCv8EPcKuf4E7c+g1+gb/htM3Cth64cDjnXu69J8wYlcpxvq3SxubW9k55t7K3f3BYtY+OuzLVApMOTlkq+iGShFFOOooqRvqZICgJGemF4/uZ33siQtKUt9UkI0GChpzGFCNlpIFd9RXS0Kcces4lbAcDu+bUnTngOnELUgMFWgP7x49SrBPCFWZISs91MhXkSCiKGZlWfC1JhvAYDYlnKEcJkUE+P3wKz40SwTgVpriCc/XvRI4SKSdJaDoTpEZy1ZuJ/3meVvFtkFOeaUU4XiyKNYMqhbMUYEQFwYpNDEFYUHMrxCMkEFYmq6Ut0jw1ItG0YpJxV3NYJ92rutuoNx6va827IqMyOAVn4AK44AY0wQNogQ7AQIMX8ArerGfr3fqwPhetJauYOQFLsL5+AQa1msY=</latexit>

⌧ 2 [0, T ]



Worldline representation of the effective action
free prop.

scalar QED fermionic degrees 
of freedomboundary conditions

The functional integrals can be easily evaluated using Green functions 
(worldline propagators) of the corresponding free field operator:

<latexit sha1_base64="ZdFvnhUlJV4+Xn+Lf3h8ih98CcY="></latexit>

@2
⌧GB(⌧, ⌧

0) = 2�(⌧ � ⌧ 0)� 2

T
<latexit sha1_base64="NsWjxCcT7W+L72X12O8BAO7cUpo=">AAACJ3icbZDLSgMxFIYzXmu9jbp0EyxiC1pmSlE3SqkLXVboDdqxZNJMG5q5kGSEMu3buPFV3AgqokvfxEw7i9p6IOHj/88hOb8dMCqkYXxrS8srq2vrqY305tb2zq6+t18XfsgxqWGf+bxpI0EY9UhNUslIM+AEuTYjDXtwE/uNR8IF9b2qHAbEclHPow7FSCqpo1/fdsrZtkThKYzvkxy8gqOY4NlUGMXgcISj7KyceyiMo+q4o2eMvDEpuAhmAhmQVKWjv7W7Pg5d4knMkBAt0wikFSEuKWZknG6HggQID1CPtBR6yCXCiiZ7juGxUrrQ8bk6noQTdXYiQq4QQ9dWnS6SfTHvxeJ/XiuUzqUVUS8IJfHw9CEnZFD6MA4NdiknWLKhAoQ5VX+FuI9UKFJFm1YhmPMrL0K9kDfP88X7YqZUTuJIgUNwBLLABBegBO5ABdQABk/gBbyDD+1Ze9U+ta9p65KWzByAP6X9/AK2qaLX</latexit>

GB(⌧, ⌧
0) = |⌧ � ⌧ 0|� (⌧ � ⌧ 0)2

T

<latexit sha1_base64="1gf66Vg2P+V1/PzD+xZI4O4fies=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMcQLx4TMA9IljA725sMmX0wMyuEJfgBXvUTvIlXv8Uv8DecJHswiQUNRVU33V1eIrjStv1tFTY2t7Z3irulvf2Dw6Py8Ulbxalk2GKxiGXXowoFj7CluRbYTSTS0BPY8cb3M7/zhFLxOHrUkwTdkA4jHnBGtZGa9UG5YlftOcg6cXJSgRyNQfmn78csDTHSTFCleo6daDejUnMmcFrqpwoTysZ0iD1DIxqicrP5oVNyYRSfBLE0FWkyV/9OZDRUahJ6pjOkeqRWvZn4n9dLdXDnZjxKUo0RWywKUkF0TGZfE59LZFpMDKFMcnMrYSMqKdMmm6Utyjw1Qn9aMsk4qzmsk/ZV1bmpXjevK7V6nlERzuAcLsGBW6jBAzSgBQwQXuAV3qxn6936sD4XrQUrnzmFJVhfv2V8lag=</latexit>

B

<latexit sha1_base64="x0MspzDAER7N8YEfpg9pJYv5XTA=">AAAB/XicbVDLSsNAFL2pr1pfVZdugkVwVRIRdVl147IF+4A2lMnkph06mYSZiVBC8QPc6ie4E7d+i1/gbzhts7CtBy4czrmXe+/xE86Udpxvq7C2vrG5Vdwu7ezu7R+UD49aKk4lxSaNeSw7PlHImcCmZppjJ5FIIp9j2x/dT/32E0rFYvGoxwl6ERkIFjJKtJEat/1yxak6M9irxM1JBXLU++WfXhDTNEKhKSdKdV0n0V5GpGaU46TUSxUmhI7IALuGChKh8rLZoRP7zCiBHcbSlND2TP07kZFIqXHkm86I6KFa9qbif1431eGNlzGRpBoFnS8KU27r2J5+bQdMItV8bAihkplbbTokklBtslnYosxTQwwmJZOMu5zDKmldVN2r6mXjslK7yzMqwgmcwjm4cA01eIA6NIECwgu8wpv1bL1bH9bnvLVg5TPHsADr6xdj45Wn</latexit>

A

<latexit sha1_base64="x0MspzDAER7N8YEfpg9pJYv5XTA=">AAAB/XicbVDLSsNAFL2pr1pfVZdugkVwVRIRdVl147IF+4A2lMnkph06mYSZiVBC8QPc6ie4E7d+i1/gbzhts7CtBy4czrmXe+/xE86Udpxvq7C2vrG5Vdwu7ezu7R+UD49aKk4lxSaNeSw7PlHImcCmZppjJ5FIIp9j2x/dT/32E0rFYvGoxwl6ERkIFjJKtJEat/1yxak6M9irxM1JBXLU++WfXhDTNEKhKSdKdV0n0V5GpGaU46TUSxUmhI7IALuGChKh8rLZoRP7zCiBHcbSlND2TP07kZFIqXHkm86I6KFa9qbif1431eGNlzGRpBoFnS8KU27r2J5+bQdMItV8bAihkplbbTokklBtslnYosxTQwwmJZOMu5zDKmldVN2r6mXjslK7yzMqwgmcwjm4cA01eIA6NIECwgu8wpv1bL1bH9bnvLVg5TPHsADr6xdj45Wn</latexit>

A

<latexit sha1_base64="x0MspzDAER7N8YEfpg9pJYv5XTA=">AAAB/XicbVDLSsNAFL2pr1pfVZdugkVwVRIRdVl147IF+4A2lMnkph06mYSZiVBC8QPc6ie4E7d+i1/gbzhts7CtBy4czrmXe+/xE86Udpxvq7C2vrG5Vdwu7ezu7R+UD49aKk4lxSaNeSw7PlHImcCmZppjJ5FIIp9j2x/dT/32E0rFYvGoxwl6ERkIFjJKtJEat/1yxak6M9irxM1JBXLU++WfXhDTNEKhKSdKdV0n0V5GpGaU46TUSxUmhI7IALuGChKh8rLZoRP7zCiBHcbSlND2TP07kZFIqXHkm86I6KFa9qbif1431eGNlzGRpBoFnS8KU27r2J5+bQdMItV8bAihkplbbTokklBtslnYosxTQwwmJZOMu5zDKmldVN2r6mXjslK7yzMqwgmcwjm4cA01eIA6NIECwgu8wpv1bL1bH9bnvLVg5TPHsADr6xdj45Wn</latexit>

A

<latexit sha1_base64="x0MspzDAER7N8YEfpg9pJYv5XTA=">AAAB/XicbVDLSsNAFL2pr1pfVZdugkVwVRIRdVl147IF+4A2lMnkph06mYSZiVBC8QPc6ie4E7d+i1/gbzhts7CtBy4czrmXe+/xE86Udpxvq7C2vrG5Vdwu7ezu7R+UD49aKk4lxSaNeSw7PlHImcCmZppjJ5FIIp9j2x/dT/32E0rFYvGoxwl6ERkIFjJKtJEat/1yxak6M9irxM1JBXLU++WfXhDTNEKhKSdKdV0n0V5GpGaU46TUSxUmhI7IALuGChKh8rLZoRP7zCiBHcbSlND2TP07kZFIqXHkm86I6KFa9qbif1431eGNlzGRpBoFnS8KU27r2J5+bQdMItV8bAihkplbbTokklBtslnYosxTQwwmJZOMu5zDKmldVN2r6mXjslK7yzMqwgmcwjm4cA01eIA6NIECwgu8wpv1bL1bH9bnvLVg5TPHsADr6xdj45Wn</latexit>

A

<latexit sha1_base64="abz90De57YPK38oKeufYn5iPSAs="></latexit>
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<latexit sha1_base64="Yz+2KgPPqRzEZSHToUIS2/RrY64=">AAACH3icbVDLSgNBEJyN7/ha9ehlMIgRNOyKRC9CUFCPCiYGsmHpnUySwdkHM71CCP6JF3/FiwdFxFv+xtm4B40WzFBUddPdFSRSaHSckVWYmp6ZnZtfKC4uLa+s2mvrDR2nivE6i2WsmgFoLkXE6yhQ8maiOISB5LfB3Vnm395zpUUc3eAg4e0QepHoCgZoJN+uegkoFCB9DyGlF/55OSN7NPt3dukJPfA6XCKMZbqf675dcirOGPQvcXNSIjmufPvT68QsDXmETILWLddJsD3MZjPJH4peqnkC7A56vGVoBCHX7eH4vge6bZQO7cbKvAjpWP3ZMYRQ60EYmMoQsK8nvUz8z2ul2D1uD0WUpMgj9j2om0qKMc3Coh2hOEM5MASYEmZXyvqggKGJtGhCcCdP/ksaBxW3WqleH5Zqp3kc82STbJEycckRqZFLckXqhJFH8kxeyZv1ZL1Y79bHd2nByns2yC9Yoy8dMaCC</latexit>
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GF (⌧, ⌧
0) = sign(⌧ � ⌧ 0)

int. term (gauge phase)

Calculation of the functional integrals is straightforward!

The approach is explicitly gauge invariant: interaction with the background field 
via gauge phase (Wilson line) and strength tensor  analogous to the 
background field method

→
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The approach can be efficiently applied to various 
challenging problems. Example: calculation of the cusp 
anomalous dimension Feal, Tarasov, Venugopalan, in preparation



Example: vacuum polarization tensors112 C. Schubert / Physics Reports 355 (2001) 73–234

Fig. 13. Scalar QED vacuum polarization diagrams.

at the location of the second vertex operator, u2 =0; u1 = u. We have then

GB(!1; !2)=Tu(1− u) ;

ĠB(!1; !2)=1− 2u : (4.37)

Taking the free determinant factor Eq. (4.8) into account, and performing the global proper-time
integration, one !nds

"#$
scal(k) = e2[k#k$ − g#$k2]

∫ ∞

0

dT
T
e−m2T (4%T )−D=2T 2

∫ 1

0
du(1− 2u)2e−Tu(1−u)k2

=
e2

(4%)D=2 [k
#k$ − g#$k2]&

(
2− D

2

)∫ 1

0
du(1− 2u)2[m2 + u(1− u)k2](D=2)−2 :

(4.38)

The reader is invited to verify that this agrees with the result reached by calculating, in dimen-
sional regularization, the sum of the corresponding two Feynman diagrams (Fig. 13).

4.3.2. Spinor QED
For the fermion loop the path integral for the two-photon amplitude becomes, in the compo-

nent formalism,

&#$
spin[k1; k2] = −1

2
(−ie)2

∫ ∞

0

dT
T
e−m2T

∫
Dx
∫

D 
∫ T

0
d!1

∫ T

0
d!2(ẋ

#
1 + 2i 

#
1  1 · k1)

×eik1 · x1(ẋ$2 + 2i $
2 2 · k2)eik2 · x2e−

∫ T
0 d!(1=4ẋ

2+1=2  ̇ ) :

The calculation of Dx is identical with the scalar QED calculation. Only the calculation of D 
is new, and amounts to a single Wick contraction,

(2i)2⟨ #
1  1 · k1 

$
2 2 · k2⟩=G2F12[g

#$k1 · k2 − k#
2 k

$
1] : (4.39)

Adding this term to the bosonic result shows that, up to the global normalization, the parameter
integral for the spinor loop is obtained from the one for the scalar loop simply by replacing,
in Eq. (4.36),

Ġ
2
B12→ Ġ

2
B12 −G2F12 : (4.40)
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free actioninteraction vertexes

It’s easy to write a general expression for a given amplitude
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V µ
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Z T

0
d⌧i(ẋ

µ
i + 2i µ

i kj ·  j)e
iki·xiVertexes describe interaction of a worldline with an external current:

The functional integral can be easily evaluated as well:

The really interesting result can be obtained after IBP (integration by part) procedure which eliminated ··GB12
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scalar coefficient (scalar integrals over proper-time variables) tensorial structure

After IBP: scalar coefficient multiplied by a tensorial structure 
 Decomposition of the Compton scattering amplitude→

The method allows unambiguously define the tensorial 
structure of the diagram
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Spin puzzle and the role of anomaly in polarized DIS
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Sµ�⌃(Q2) =
1

MN
hP, S|Jµ

5 (0)|P, Si

isosinglet axial vector current

DIS experiments showed that quarks carry only about 30% of the proton’s spin: , which 
is much smaller than predicted by the quark model  - spin puzzle

ΔΣ ≈ 0.32
ΔΣ ≈ 0.6

Why calculation in full off-forward kinematics are important? Example: the structure of the        amplitude
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Img̃1 = 2⇡g1DIS structure functions:
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The first moment of  defines quark helicity:g1
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In the parton model:



Spin puzzle and the role of anomaly in polarized DIS
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isosinglet axial vector current

The isosinglet current couples to 
the topological charge density in 
the polarized proton!
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Fµ⌫(x)F̃

µ⌫(x)
⌘

Fundamental property of the current. The anomaly equation

New tools for an old problem: the small value of  can be explained due to interplay between 
parton dynamics and the topology of the QCD vacuum in the helicity structure of the proton 

ΔΣ

Hard to see in the standard pQCD calculations! Requires calculations in full 
kinematics in a general background field

The anomaly arises from the non-invariance of the path integral measure under 
chiral ( ) rotations. Topological properties of the QCD vacuum!γ5 K. Fujikawa, PRL. 42, 1195 (1979) 



Thinking efficiently about anomalies with worldlines
How does the anomaly manifest itself? To extract the anomaly effects we perform 
calculation in general kinematics. The exact worldline calculation gives:

R. L. Jaffe, A. Manohar (1990) 
Shore, Veneziano (1990)
Tarasov, Venugopalan (2020)
Bhattacharya, Hatta, Vogelsang (2022)
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infrared pole
topological charge density 
(pseudoscalar operator)
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l = p� q

exact result! ABJ anomaly

The worldline approach allows unambiguously define both the kinematic 
coefficient and the operator structure corresponding to the background gluons

<latexit sha1_base64="c0IJREKec/w8cXOY/lmrzQnUaqM="></latexit>

T̄[µ⌫] =
i

2P̄ · q̄
✏µ⌫⇢q̄

⇢
⇣
h̃

H̃1 + ẽẼ1
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the triangle can be related to off-
forward amplitudes (first moments)
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ẽµ =
lµ

2M
ū0�5u

Why poles are important? Mechanism of the pole cancellation allows to relate 
amplitudes (first moments) between each other and topological properties of 
the QCD vacuum

<latexit sha1_base64="aK/LGrLqYaB/64nfjRPgpLKeJ1Y="></latexit>
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pseudoscalar 
coupling!



Wess-Zumino-Witten coupling

Leutwyler (1996); Herrara-Sikody et al (1997); 
Leutwyler-Kaiser (2000)

<latexit sha1_base64="7XtJWwRdw4X0/GRF5C2mMeMHLEQ="></latexit>
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d4x⇧(x)Fµ⌫(x)F̃

µ⌫(x)

Using the worldline approach, we calculate the imaginary part of the 
effective action in the leading order in , which generates the isosinglet 
Wess-Zumino-Witten coupling 

Π
∝ η̄FF̃

Tarasov, Venugopalan (2022)in agreement with the corresponding term in  which was derived from 
chiral perturbation theory

ℒWZW

p↵

<latexit sha1_base64="qSbWG5iO/696KdlZpGcnS+++rqE=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4r2A9oY5lsN+3STbLuboQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8QAqujet+O4WV1bX1jeJmaWt7Z3evvH/Q1EmqKGvQRCSqHaBmgsesYbgRrC0VwygQrBWMbqZ+64kpzZP43owl8yMcxDzkFI2V2vKhi0IOsVeuuFV3BrJMvJxUIEe9V/7q9hOaRiw2VKDWHc+Vxs9QGU4Fm5S6qWYS6QgHrGNpjBHTfja7d0JOrNInYaJsxYbM1N8TGUZaj6PAdkZohnrRm4r/eZ3UhJd+xmOZGhbT+aIwFcQkZPo86XPFqBFjS5Aqbm8ldIgKqbERlWwI3uLLy6R5VvXOq1d355XadR5HEY7gGE7BgwuowS3UoQEUBDzDK7w5j86L8+58zFsLTj5zCH/gfP4AFtmQBg==</latexit>
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<latexit sha1_base64="f/BnzgFqMWdI5BBVjnHp7PW144k=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4r2A9oY9lsN+3SzSbuToQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbqZ+64lrI2J1j+OE+xEdKBEKRtFKrceHbsCR9soVt+rOQJaJl5MK5Kj3yl/dfszSiCtkkhrT8dwE/YxqFEzySambGp5QNqID3rFU0YgbP5udOyEnVumTMNa2FJKZ+nsio5Ex4yiwnRHFoVn0puJ/XifF8NLPhEpS5IrNF4WpJBiT6e+kLzRnKMeWUKaFvZWwIdWUoU2oZEPwFl9eJs2zqndevbo7r9Su8ziKcATHcAoeXEANbqEODWAwgmd4hTcncV6cd+dj3lpw8plD+APn8wdP5o+T</latexit>

l⇢

<latexit sha1_base64="IUDPYPgMczjc7YKndltrdh54o0M=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoN6KXjxWsB/QriWbZtvYbLIkWaEs/Q9ePCji1f/jzX9j2u5BWx8MPN6bYWZemAhurOd9o8LK6tr6RnGztLW9s7tX3j9oGpVqyhpUCaXbITFMcMkallvB2olmJA4Fa4Wjm6nfemLacCXv7ThhQUwGkkecEuukpnjo6qHqlSte1ZsBLxM/JxXIUe+Vv7p9RdOYSUsFMabje4kNMqItp4JNSt3UsITQERmwjqOSxMwE2ezaCT5xSh9HSruSFs/U3xMZiY0Zx6HrjIkdmkVvKv7ndVIbXQYZl0lqmaTzRVEqsFV4+jruc82oFWNHCNXc3YrpkGhCrQuo5ELwF19eJs2zqn9evbo7r9Su8ziKcATHcAo+XEANbqEODaDwCM/wCm9IoRf0jj7mrQWUzxzCH6DPH6MtjzE=</latexit>

<latexit sha1_base64="6m+RfNUfgpXEqT3LgfBfsDfcw7M=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh15D9MsVt+rOQVaJl5MK5Gj0y1+9QczSiCtkkhrT9dwE/YxqFEzyaamXGp5QNqZD3rVU0YgbP5ufOiVnVhmQMNa2FJK5+nsio5ExkyiwnRHFkVn2ZuJ/XjfF8NrPhEpS5IotFoWpJBiT2d9kIDRnKCeWUKaFvZWwEdWUoU2nZEPwll9eJa2LqndZrd3XKvWbPI4inMApnIMHV1CHO2hAExgM4Rle4c2Rzovz7nwsWgtOPnMMf+B8/gAiC422</latexit>

⇧

<latexit sha1_base64="nWwFofU58f/o0tULfi1Y4v69JVA=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY+oF4+QyCOBDZkdemFkdnYzM2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR3cxvPaHSPJYPZpygH9GB5CFn1FipftMrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdl77JcqVdK1dssjjycwCmcgwdXUIV7qEEDGCA8wyu8OY/Oi/PufCxac042cwx/4Hz+AJXLjM4=</latexit>

A
<latexit sha1_base64="nWwFofU58f/o0tULfi1Y4v69JVA=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY+oF4+QyCOBDZkdemFkdnYzM2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR3cxvPaHSPJYPZpygH9GB5CFn1FipftMrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdl77JcqVdK1dssjjycwCmcgwdXUIV7qEEDGCA8wyu8OY/Oi/PufCxac042cwx/4Hz+AJXLjM4=</latexit>
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<latexit sha1_base64="udpF5pLbFhkcwG6WI3xmNwt9RQA="></latexit>
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<latexit sha1_base64="OEDpAK86zpLbGPY26ksfWCCQH+s="></latexit>
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↵s
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Tr
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FF̃

⌘

where  is a massless “primordial” ninth Goldstone boson arising from the 
spontaneous symmetry breaking of the flavor group 

η̄
UL(3) × UR(3)

a b c d

<latexit sha1_base64="bK0h8rnaEqYVGvxS1hyN+ALzeXo=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ac2oUy223bpZhN2N0IJ/RdePCji1X/jzX/jts1BWx8MPN6bYWZemAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqKGvSWMSqE6JmgkvWNNwI1kkUwygUrB2Ob2d++4kpzWP5YCYJCyIcSj7gFI2VHv0QVeYzg9NeueJW3TnIKvFyUoEcjV75y+/HNI2YNFSg1l3PTUyQoTKcCjYt+almCdIxDlnXUokR00E2v3hKzqzSJ4NY2ZKGzNXfExlGWk+i0HZGaEZ62ZuJ/3nd1Ayug4zLJDVM0sWiQSqIicnsfdLnilEjJpYgVdzeSugIFVJjQyrZELzll1dJ66LqXVZr97VK/SaPowgncArn4MEV1OEOGtAEChKe4RXeHO28OO/Ox6K14OQzx/AHzucP0OaRBg==</latexit>

⌘̄
<latexit sha1_base64="DzWvjiddrWkRGkNYct76Pr//Q+o=">AAAB9HicbVBNSwMxEJ31s9avqkcvwSJ4KrulqMeiF48V7Ae0a8mm2TY0m6xJtlCW/R1ePCji1R/jzX9j2u5BWx8MPN6bYWZeEHOmjet+O2vrG5tb24Wd4u7e/sFh6ei4pWWiCG0SyaXqBFhTzgRtGmY47cSK4ijgtB2Mb2d+e0KVZlI8mGlM/QgPBQsZwcZKfi9UmKRelvLHatYvld2KOwdaJV5OypCj0S999QaSJBEVhnCsdddzY+OnWBlGOM2KvUTTGJMxHtKupQJHVPvp/OgMnVtlgEKpbAmD5urviRRHWk+jwHZG2Iz0sjcT//O6iQmv/ZSJODFUkMWiMOHISDRLAA2YosTwqSWYKGZvRWSEbQ7G5lS0IXjLL6+SVrXiXVZq97Vy/SaPowCncAYX4MEV1OEOGtAEAk/wDK/w5kycF+fd+Vi0rjn5zAn8gfP5A8GPkho=</latexit>

1

l2

another pole

How does the pole cancel? The crucial role is played by the Wess-Zumino-Witten 
(WZW) coupling



Anomaly pole and the  problemUA(1)

a b c d

<latexit sha1_base64="bK0h8rnaEqYVGvxS1hyN+ALzeXo=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ac2oUy223bpZhN2N0IJ/RdePCji1X/jzX/jts1BWx8MPN6bYWZemAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqKGvSWMSqE6JmgkvWNNwI1kkUwygUrB2Ob2d++4kpzWP5YCYJCyIcSj7gFI2VHv0QVeYzg9NeueJW3TnIKvFyUoEcjV75y+/HNI2YNFSg1l3PTUyQoTKcCjYt+almCdIxDlnXUokR00E2v3hKzqzSJ4NY2ZKGzNXfExlGWk+i0HZGaEZ62ZuJ/3nd1Ayug4zLJDVM0sWiQSqIicnsfdLnilEjJpYgVdzeSugIFVJjQyrZELzll1dJ66LqXVZr97VK/SaPowgncArn4MEV1OEOGtAEChKe4RXeHO28OO/Ox6K14OQzx/AHzucP0OaRBg==</latexit>

⌘̄

However  is not observed. Instead there is a heavy  
( ) - the famous  problem.

η̄ η′ 

mη′ 
≈ 957MeV UA(1)

<latexit sha1_base64="DzWvjiddrWkRGkNYct76Pr//Q+o=">AAAB9HicbVBNSwMxEJ31s9avqkcvwSJ4KrulqMeiF48V7Ae0a8mm2TY0m6xJtlCW/R1ePCji1R/jzX9j2u5BWx8MPN6bYWZeEHOmjet+O2vrG5tb24Wd4u7e/sFh6ei4pWWiCG0SyaXqBFhTzgRtGmY47cSK4ijgtB2Mb2d+e0KVZlI8mGlM/QgPBQsZwcZKfi9UmKRelvLHatYvld2KOwdaJV5OypCj0S999QaSJBEVhnCsdddzY+OnWBlGOM2KvUTTGJMxHtKupQJHVPvp/OgMnVtlgEKpbAmD5urviRRHWk+jwHZG2Iz0sjcT//O6iQmv/ZSJODFUkMWiMOHISDRLAA2YosTwqSWYKGZvRWSEbQ7G5lS0IXjLL6+SVrXiXVZq97Vy/SaPowCncAYX4MEV1OEOGtAEAk/wDK/w5kycF+fd+Vi0rjn5zAn8gfP5A8GPkho=</latexit>

1

l2

There is no Goldstone pole just as there is no anomaly pole 
in the QCD spectrum

We demonstrate that the dynamical interplay between the physics of 
the anomaly, and that of the isosinglet pseudoscalar  sector of 
QCD resolves both problems simultaneously: the lifting of the  pole 
by topological mass generation of the  and the cancellation of the 
anomaly pole

UA(1)
η̄

η′ 
a b c d

<latexit sha1_base64="rPJwPmsMDalSJnHjj9VNmCMF41w=">AAACBHicbVC7TsMwFHV4lvIKMHaxqBAsVElVAWMFC2OR6ENq0spxndaq7US2g1RFGVj4FRYGEGLlI9j4G9w2A7Qc6UpH59yre+8JYkaVdpxva2V1bX1js7BV3N7Z3du3Dw5bKkokJk0csUh2AqQIo4I0NdWMdGJJEA8YaQfjm6nffiBS0Ujc60lMfI6GgoYUI22kvl3yQolw6mYp61XhOeS9aj/1iEanWda3y07FmQEuEzcnZZCj0be/vEGEE06Exgwp1XWdWPspkppiRrKilygSIzxGQ9I1VCBOlJ/OnsjgiVEGMIykKaHhTP09kSKu1IQHppMjPVKL3lT8z+smOrzyUyriRBOB54vChEEdwWkicEAlwZpNDEFYUnMrxCNkUtEmt6IJwV18eZm0qhX3olK7q5Xr13kcBVACx+AMuOAS1MEtaIAmwOARPINX8GY9WS/Wu/Uxb12x8pkj8AfW5w9u7pdV</latexit>
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<latexit sha1_base64="BR/tUfH1z/NBeJbWM8UbnHGmgLk=">AAAB7HicbVBNS8NAEN3Ur1q/qh69LBbRU0mkqMeiF48VTFtoQ9lsJ+3SzSbsToRS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNEmmOfg8kYluh8yAFAp8FCihnWpgcSihFY7uZn7rCbQRiXrEcQpBzAZKRIIztJLfBWTnvXLFrbpz0FXi5aRCcjR65a9uP+FZDAq5ZMZ0PDfFYMI0Ci5hWupmBlLGR2wAHUsVi8EEk/mxU3pmlT6NEm1LIZ2rvycmLDZmHIe2M2Y4NMveTPzP62QY3QQTodIMQfHFoiiTFBM6+5z2hQaOcmwJ41rYWykfMs042nxKNgRv+eVV0ryselfV2kOtUr/N4yiSE3JKLohHrkmd3JMG8QkngjyTV/LmKOfFeXc+Fq0FJ585Jn/gfP4AbWyOcg==</latexit>

⌘0

the same 
mechanism

p↵

<latexit sha1_base64="qSbWG5iO/696KdlZpGcnS+++rqE=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4r2A9oY5lsN+3STbLuboQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8QAqujet+O4WV1bX1jeJmaWt7Z3evvH/Q1EmqKGvQRCSqHaBmgsesYbgRrC0VwygQrBWMbqZ+64kpzZP43owl8yMcxDzkFI2V2vKhi0IOsVeuuFV3BrJMvJxUIEe9V/7q9hOaRiw2VKDWHc+Vxs9QGU4Fm5S6qWYS6QgHrGNpjBHTfja7d0JOrNInYaJsxYbM1N8TGUZaj6PAdkZohnrRm4r/eZ3UhJd+xmOZGhbT+aIwFcQkZPo86XPFqBFjS5Aqbm8ldIgKqbERlWwI3uLLy6R5VvXOq1d355XadR5HEY7gGE7BgwuowS3UoQEUBDzDK7w5j86L8+58zFsLTj5zCH/gfP4AFtmQBg==</latexit>

q�

<latexit sha1_base64="f/BnzgFqMWdI5BBVjnHp7PW144k=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4r2A9oY9lsN+3SzSbuToQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbqZ+64lrI2J1j+OE+xEdKBEKRtFKrceHbsCR9soVt+rOQJaJl5MK5Kj3yl/dfszSiCtkkhrT8dwE/YxqFEzySambGp5QNqID3rFU0YgbP5udOyEnVumTMNa2FJKZ+nsio5Ex4yiwnRHFoVn0puJ/XifF8NLPhEpS5IrNF4WpJBiT6e+kLzRnKMeWUKaFvZWwIdWUoU2oZEPwFl9eJs2zqndevbo7r9Su8ziKcATHcAoeXEANbqEODWAwgmd4hTcncV6cd+dj3lpw8plD+APn8wdP5o+T</latexit>

l⇢

<latexit sha1_base64="IUDPYPgMczjc7YKndltrdh54o0M=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoN6KXjxWsB/QriWbZtvYbLIkWaEs/Q9ePCji1f/jzX9j2u5BWx8MPN6bYWZemAhurOd9o8LK6tr6RnGztLW9s7tX3j9oGpVqyhpUCaXbITFMcMkallvB2olmJA4Fa4Wjm6nfemLacCXv7ThhQUwGkkecEuukpnjo6qHqlSte1ZsBLxM/JxXIUe+Vv7p9RdOYSUsFMabje4kNMqItp4JNSt3UsITQERmwjqOSxMwE2ezaCT5xSh9HSruSFs/U3xMZiY0Zx6HrjIkdmkVvKv7ndVIbXQYZl0lqmaTzRVEqsFV4+jruc82oFWNHCNXc3YrpkGhCrQuo5ELwF19eJs2zqn9evbo7r9Su8ziKcATHcAo+XEANbqEODaDwCM/wCm9IoRf0jj7mrQWUzxzCH6DPH6MtjzE=</latexit>

<latexit sha1_base64="ngfDidpB5NeuKRZNNpn3kF6LIIE=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBi2VXSvUiFL14rGA/pF1KNs22oUl2TbJCWforvHhQxKs/x5v/xrTdg7Y+GHi8N8PMvCDmTBvX/XZyK6tr6xv5zcLW9s7uXnH/oKmjRBHaIBGPVDvAmnImacMww2k7VhSLgNNWMLqZ+q0nqjSL5L0Zx9QXeCBZyAg2Vnrg6ArF6Aw99oolt+zOgJaJl5ESZKj3il/dfkQSQaUhHGvd8dzY+ClWhhFOJ4VuommMyQgPaMdSiQXVfjo7eIJOrNJHYaRsSYNm6u+JFAutxyKwnQKboV70puJ/Xicx4aWfMhknhkoyXxQmHJkITb9HfaYoMXxsCSaK2VsRGWKFibEZFWwI3uLLy6R5Xvaq5cpdpVS7zuLIwxEcwyl4cAE1uIU6NICAgGd4hTdHOS/Ou/Mxb8052cwh/IHz+QO/H48U</latexit>

l = p� q

<latexit sha1_base64="hF0qzrBl13GDRSOtsENRaFeb2vc=">AAAB8XicbVDLSgNBEOz1GeMr6tHLYBDiJexKfByDXsRTBPPAZA2zk9lkyMzsMjMrhCV/4cWDIl79G2/+jZNkD5pY0FBUddPdFcScaeO6387S8srq2npuI7+5tb2zW9jbb+goUYTWScQj1QqwppxJWjfMcNqKFcUi4LQZDK8nfvOJKs0ieW9GMfUF7ksWMoKNlR5uHzsi6Z6V3JNuoeiW3SnQIvEyUoQMtW7hq9OLSCKoNIRjrdueGxs/xcowwuk430k0jTEZ4j5tWyqxoNpPpxeP0bFVeiiMlC1p0FT9PZFiofVIBLZTYDPQ895E/M9rJya89FMm48RQSWaLwoQjE6HJ+6jHFCWGjyzBRDF7KyIDrDAxNqS8DcGbf3mRNE7L3nm5clcpVq+yOHJwCEdQAg8uoAo3UIM6EJDwDK/w5mjnxXl3PmatS042cwB/4Hz+ABPZj+I=</latexit>

Jµ
5 (0)

<latexit sha1_base64="w2mk8yZx0N/IKeQHKl7eaD6qq8o=">AAAB+nicbVDLTsMwENyUVymvFI5cLCokTlVSVcCxggvHItGH1IbKcZ3WquNEtgOqQj6FCwcQ4sqXcONvcNscoGWk1Y5mduX1+DFnSjvOt1VYW9/Y3Cpul3Z29/YP7PJhW0WJJLRFIh7Jro8V5UzQlmaa024sKQ59Tjv+5Hrmdx6oVCwSd3oaUy/EI8ECRrA20sAu9wOJScrv+2GSmVbLBnbFqTpzoFXi5qQCOZoD+6s/jEgSUqEJx0r1XCfWXoqlZoTTrNRPFI0xmeAR7RkqcEiVl85Pz9CpUYYoiKQpodFc/b2R4lCpaeibyRDrsVr2ZuJ/Xi/RwaWXMhEnmgqyeChIONIRmuWAhkxSovnUEEwkM7ciMsYmC23SKpkQ3OUvr5J2reqeV+u39UrjKo+jCMdwAmfgwgU04Aaa0AICj/AMr/BmPVkv1rv1sRgtWPnOEfyB9fkDsFuUSg==</latexit>

lµ

l2

This mechanism relates the helicity structure of the proton to the topology 
of the QCD vacuum



Pseudovector vs. pseudoscalar coupling

a b c d

<latexit sha1_base64="dGz8E6JbGlSVeKCKWPayT5rgHZI="></latexit>

hP 0, S|Jµ
5 |P, Si = ū(P 0, S)

h
�µ�5GA(l

2) + lµ�5GP (l
2)
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Pseudoscalar coupling to the 
polarized proton

Direct axial-vector coupling
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related due to the pole 
cancellationrelated due to the 

anomaly equation

This relations will allow us to 
connect quark helicity     to the 
topological properties of QCD
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topological screening

Shore, Veneziano (1992)

We recover a Shore-Veneziano result (derived using 
anomalous functional chiral Ward identities)



Anomaly pole in the box diagram
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triangle diagram contribution

first moments are related (cancellation 
of the  pole + anomaly equation)
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Why poles are important? Mechanism of the pole cancellation allows to relate amplitudes (first moments) 
between each other and topological properties of the QCD vacuum

Does this relation go beyond the first moment?  calculation of the off-forward box diagram without 
kinematical approximations (in the standard calculations            )

→
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infrared pole non-local operator
Tarasov, Venugopalan (2020)
Bhattacharya, Hatta, Vogelsang (2022)

How does the pole cancel? Can we relate amplitudes beyond the 
first moment (what about symmetric part)? Non-local anomaly 
equations? What is a logarithmic structure related to the anomaly, 
interplay between poles and logarithms?
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FIG. 8. The vacuum energy of ✓-vacua as function of the Chern-Simons number NCS labeled by positive and negative integers.
The arrows denote instanton/anti-instanton tunneling configurations and over-the-barrier sphaleron configurations; both of
these e↵ects result in a change of the Chern-Simons number.

The explicit derivation in [39], performed in the real-time Schwinger-Keldysh formalism, gives after thermal averaging
(here corresponding to the averaging of sources),

@2⌘0

@t2
= ��

@⌘0

@t
� m2

⌘0⌘0 . (92)

A subtle point, discussed at length in [39], is that the coupling of the gauge fields to the color charges does not alter
topological mass generation whereby ⌘̄ ! ⌘0. Both ⌘̄ and ⌘0 couple identically to ⌦, with the only di↵erence being
the strength of the coupling given by the di↵erence in their respective decay constants.

In particular, note that the only di↵erence in the equations of motion relative to that derived from Eq. (80) is the
term with the friction coe�cient �. This term reflects the drag on ⌘0 propagation due to the coupling of the color
sources to the gauge field. In our picture, this is fundamentally what causes the quenching of the coe�cient (g1) of
the spin four-vector Sµ reflecting the e�ciency of spin di↵usion28.

The underlying dynamics is illustrated in Fig. 8. In ‘t Hooft’s picture [16, 17], tunneling instanton-anti-instanton
configurations generate the nontrivial Yang-Mills topological susceptibility which, we have seen, are responsible for the
large ⌘0 mass. The e↵ect of the coupling to large x sources, and the averaging over WY [⇢] is to introduce the saturation
momentum QS > ⇤QCD, which can lead to over-the-barrier sphaleron transitions as shown in Fig. 8. For the finite
temperature case, the friction coe�cient � is proportional to the sphaleron transition rate [39]: � = 2nf�sphaleron/F 2

⌘̄ T ,
where29

�sphaleron = lim
�t!1

1

V �t
h(NCS(t + �t) � NCS(t))2i , (93)

with NCS(t) =
R

d3x K0. Here V denotes the three dimensional volume of the system. At finite temperature,
�sphaleron = ↵5

s T 4, where  is a nonperturbative constant [40]. In the CGC, from parametric arguments alone30,

one can deduce that �sphaleron / Q4
S and � / 2nf

Q3
S

F 2
⌘̄

. Parametrically, for t ⇠ 1/QS , the interaction time of the probe

with the shock wave, the first term on the r.h.s will dominate over the second for when �2 > m2
⌘0 , or equivalently,

28 In high energy DIS, it is more convenient to represent Eq. (91) in lightcone coordinates. Clearly, this choice of coordinates should not
alter our discussion of the physics of spin di↵usion.

29 The Chern-Simons current Kµ = g2

8⇡2 "
µ⌫⇢�Tr

⇣
A⌫@⇢A� � 2ig

3 A⌫A⇢A�

⌘
, which satisfies @µKµ = ⌦.

30 Interestingly, in numerical simulations of the hot and dense Glasma [42, 82, 83] produced in a nuclear collision, one finds that the
sphaleron transition rate scales with the string tension of a spatial Wilson loop in the Glasma [42].

1.2.2 The Nucleus, a QCD Laboratory

The nucleus is a QCD “molecule”, with a complex structure corresponding to bound states
of nucleons. Understanding the formation of nuclei in QCD is an ultimate long-term goal of
nuclear physics. With its wide kinematic reach, as shown in Fig. 1.5 (Left), the capability
to probe a variety of nuclei in both inclusive and semi-inclusive DIS measurements, the
EIC will be the first experimental facility capable of exploring the internal 3-dimensional
sea quark and gluon structure of a fast-moving nucleus. Furthermore, the nucleus itself is
an unprecedented QCD laboratory for discovering the collective behavior of gluonic matter
at an unprecedented occupation number of gluons, and for studying the propagation of
fast-moving color charges in a nuclear medium.
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Figure 1.5: Left: The range in the square of the transferred momentum by the electron to the
nucleus, Q2, versus the parton momentum fraction x accessible to the EIC in e-A collisions at
two di↵erent center-of-mass energies, compared with the existing data. Right: The schematic
probe resolution vs. energy landscape, indicating regions of non-perturbative and perturbative
QCD, including in the latter, low to high saturated parton density, and the transition region
between them.

QCD at Extreme Parton Densities
In QCD, the large soft-gluon density enables
the non-linear process of gluon-gluon recom-
bination to limit the density growth. Such a
QCD self-regulation mechanism necessarily
generates a dynamic scale from the interac-
tion of high density massless gluons, known
as the saturation scale, Qs, at which gluon
splitting and recombination reach a balance.
At this scale, the density of gluons is ex-
pected to saturate, producing new and uni-
versal properties of hadronic matter. The
saturation scale Qs separates the condensed
and saturated soft gluonic matter from the
dilute, but confined, quarks and gluons in a
hadron, as shown in Fig. 1.5 (Right).

The existence of such a state of satu-
rated, soft gluon matter, often referred to as
the Color Glass Condensate (CGC), is a di-
rect consequence of gluon self-interactions in
QCD. It has been conjectured that the CGC
of QCD has universal properties common to
nucleons and all nuclei, which could be sys-
tematically computed if the dynamic satu-
ration scale Qs is su�ciently large. How-
ever, such a semi-hard Qs is di�cult to
reach unambiguously in electron-proton scat-
tering without a multi-TeV proton beam.
Heavy ion beams at the EIC could provide
precocious access to the saturation regime
and the properties of the CGC because the
virtual photon in forward lepton scattering

7

Sphaleron transitions
There are two scales in the problem at small- :  and ! Gluon saturation ( ) can be treated as a perturbation 
around an instanton solution and induce over the barrier sphaleron-like transitions between different topological 
sectors of the QCD vacuum, each corresponding to distinct integer valued Chern-Simons number 

xB m2
η′ 

Q2
s Q2

s

NCS

While at large  the gluon field is dominated by the instanton configurations, at small 
 the CGC background ( ) can induce over-the-barrier transitions. We 

predict over-the-barrier sphaleron transitions between different topological sectors of 
the QCD vacuum  can be detected in DIS and DVCS

xB
xB Q2

s > m2
η′ 

⇒
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NCS(t) =

Z
d3xK0

The sphaleron-like transitions induced by interactions with the small-x background 
fields introduce a “drag force” on  “axion” propagation proportional to sphaleron 
transition rate:

η̄
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which yields

P4Q
2Bµν
4 =

1

12
Ġ13Ġ31Ġ32Ġ43

1

k2 · k4

(1
2
kµ3 ϵ

ναηρq̄α∆ηP̄ρ +
1

2
kν3 ϵ

µαηρq̄α∆ηP̄ρ

−q̄ · k3ϵµναρq̄αP̄ρ +
1

2
q̄ · k3ϵµναρq̄α∆ρ +

1

4
∆ · k3ϵµναρ∆αP̄ρ +

1

2
k23ϵ

µναη q̄α∆η

)
F (k3)F̃ (k4)

+
1

12
Ġ14Ġ41Ġ42Ġ34

1

k2 · k3

(
− 1

2
kµ4 ϵ

ναηρq̄α∆ηP̄ρ −
1

2
kν4 ϵ

µαηρq̄α∆ηP̄ρ

+q̄ · k4ϵµναρq̄αP̄ρ +
1

2
q̄ · k4ϵµναρq̄α∆ρ −

1

4
∆ · k4ϵµναρ∆αP̄ρ +

1

2
k24ϵ

µναη q̄α∆η

)
F (k3)F̃ (k4)

+
1

12
Ġ23Ġ32Ġ31Ġ43

1

k1 · k4

(
− 1

2
kµ3 ϵ

νηαρq̄η∆αP̄ρ −
1

2
kν3 ϵ

µηαρq̄η∆αP̄ρ

−1

2
k1 · k3ϵµναρ(−q̄α +

1

2
∆α)(P̄ρ −

1

2
∆ρ)−

1

2
k2 · k3ϵµνηρ(q̄η +

1

2
∆η)(P̄ρ −

1

2
∆ρ) +

1

2
k23ϵ

µνηαq̄η∆α

)
F (k3)F̃ (k4)

+
1

12
Ġ24Ġ42Ġ41Ġ34

1

k1 · k3

(1
2
kµ4 ϵ

νηαρq̄η∆αP̄ρ +
1

2
kν4 ϵ

µηαρq̄η∆αP̄ρ

−1

2
k1 · k4ϵµναρ(−q̄α +

1

2
∆α)(−P̄ρ −

1

2
∆ρ)−

1

2
k2 · k4ϵµνηρ(q̄η +

1

2
∆η)(−P̄ρ −

1

2
∆ρ) +

1

2
k24ϵ

µνηαq̄η∆α

)
F (k3)F̃ (k4)(118)

V. PARAMETRIZATIONOFTHEHADRONICTENSOR

In general, parametrization of the hadronic tensor has a form:

T̄µν =
1

2P̄ · q̄

[
−
(
h · q̄H1 + e · q̄E1

)
gµν +

1

P̄ · q̄

(
h · q̄H2 + e · q̄E2

)
P̄µP̄ν +H3h{µP̄ν}

]

+
i

2P̄ · q̄
ϵµνρκq̄

ρ
(
h̃κH̃1 + ẽκẼ1

)
+

i

2(P̄ · q̄)2
ϵµνρκq̄

ρ
[(

P̄ · q̄h̃κ − h̃ · q̄P̄κ
)
H̃2 +

(
P̄ · q̄ẽκ − ẽ · q̄P̄κ

)
Ẽ2
]

+
(
P̄µq

′
ν + P̄νqµ

)(
h · q̄K1 + e · q̄K2

)
+
(
P̄µq

′
ν − P̄νqµ

)(
h · q̄K3 + e · q̄K4

)
+ qµq

′
ν

(
h · q̄ − e · q̄

)
K5

+h[µP̄ν]K6 +
(
hµq

′
ν + hνqµ

)
K7 +

(
hµq

′
ν − hνqµ

)
K8 + P̄{µū(P

′)iσν}αu(P )q̄αK9 (119)

where

P̄ =
1

2
(P + P ′), q̄ =

1

2
(q + q′), ∆ = P ′ − P = q − q′ (120)

and

hµ = ū(P ′)γµu(P ), eµ = ū(P ′)
iσµα∆α

2M
u(P )

h̃µ = ū(P ′)γµγ5u(P ), ẽµ =
∆µ

2M
ū(P ′)γ5u(P ) (121)

The proton state can be defined as

u(P,λ)⊗ ū(P ′,λ′) =
(/P +M)( /P

′
+M)

2M
√

(P + P ′)2
1

2
(δλλ′ − iγ5/n

′
i(P

′)τ iλ′λ) (122)

Let’s rewrite the general decomposition substituting:

q = q̄ +
1

2
∆; q′ = q̄ − 1

2
∆ (123)
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<latexit sha1_base64="bX/tu+wDwN5e2KyMX5sp7tX79lU=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjxWsB/QhrLZbtq1m03YnQgl9D948aCIV/+PN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38789hPXRsTqAScJ9yM6VCIUjKKVWj2kab/WL1fcqjsHWSVeTiqQo9Evf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5511JFI278bH7tlJxZZUDCWNtSSObq74mMRsZMosB2RhRHZtmbif953RTDKz8TKkmRK7ZYFKaSYExmr5OB0JyhnFhCmRb2VsJGVFOGNqCSDcFbfnmVtC6qXq16fV+r1G/yOIpwAqdwDh5cQh3uoAFNYPAIz/AKb07svDjvzseiteDkM8fwB87nD1Fpjvs=</latexit>

A↵(k2)

<latexit sha1_base64="DhEK6qXCtV/LKditzAY4iK6RFmo=">AAAB9HicbVDLTgJBEOzFF+IL9ehlIjHBC9klJOoN9eIRE0ES2Gx6h1mYMPtwZpaEEL7DiweN8erHePNvHGAPClbSSaWqO91dfiK40rb9beXW1jc2t/LbhZ3dvf2D4uFRS8WppKxJYxHLto+KCR6xpuZasHYiGYa+YI/+8HbmP46YVDyOHvQ4YW6I/YgHnKI2knvtdVEkAywPveq5VyzZFXsOskqcjJQgQ8MrfnV7MU1DFmkqUKmOYyfanaDUnAo2LXRTxRKkQ+yzjqERhky5k/nRU3JmlB4JYmkq0mSu/p6YYKjUOPRNZ4h6oJa9mfif10l1cOlOeJSkmkV0sShIBdExmSVAelwyqsXYEKSSm1sJHaBEqk1OBROCs/zyKmlVK06tcnVfK9VvsjjycAKnUAYHLqAOd9CAJlB4gmd4hTdrZL1Y79bHojVnZTPH8AfW5w+TWZFX</latexit>

A�(k4)

<latexit sha1_base64="dGyL2Nk56QNV4q92IAcXEo5BfK4=">AAAB83icbVBNS8NAEN3Ur1q/qh69BItQLyWRgnqrevFYwX5AE8JmO2mXbjZhdyKU0r/hxYMiXv0z3vw3btsctPXBwOO9GWbmhangGh3n2yqsrW9sbhW3Szu7e/sH5cOjtk4yxaDFEpGobkg1CC6hhRwFdFMFNA4FdMLR3czvPIHSPJGPOE7Bj+lA8ogzikbybgIvBKTVUVA/D8oVp+bMYa8SNycVkqMZlL+8fsKyGCQyQbXuuU6K/oQq5EzAtORlGlLKRnQAPUMljUH7k/nNU/vMKH07SpQpifZc/T0xobHW4zg0nTHFoV72ZuJ/Xi/D6MqfcJlmCJItFkWZsDGxZwHYfa6AoRgbQpni5labDamiDE1MJROCu/zyKmlf1Nx67fqhXmnc5nEUyQk5JVXikkvSIPekSVqEkZQ8k1fyZmXWi/VufSxaC1Y+c0z+wPr8Acv4kOU=</latexit>

µ

<latexit sha1_base64="f07fvjvEmfORWUNjRlniwZ57t5Q=">AAAB6nicbVBNSwMxEJ3Ur1q/qh69BIvgqexKQb0VvXisaD+gXUo2zbahSXZJskJZ+hO8eFDEq7/Im//GtN2Dtj4YeLw3w8y8MBHcWM/7RoW19Y3NreJ2aWd3b/+gfHjUMnGqKWvSWMS6ExLDBFesabkVrJNoRmQoWDsc38789hPThsfq0U4SFkgyVDzilFgnPfRk2i9XvKo3B14lfk4qkKPRL3/1BjFNJVOWCmJM1/cSG2REW04Fm5Z6qWEJoWMyZF1HFZHMBNn81Ck+c8oAR7F2pSyeq78nMiKNmcjQdUpiR2bZm4n/ed3URldBxlWSWqboYlGUCmxjPPsbD7hm1IqJI4Rq7m7FdEQ0odalU3Ih+Msvr5LWRdWvVa/va5X6TR5HEU7gFM7Bh0uowx00oAkUhvAMr/CGBHpB7+hj0VpA+cwx/AH6/AFhPo3i</latexit>

⌫

<latexit sha1_base64="3C0HiAm+hgVAw6FNqb9y4lWpXE4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjxWtB/QhrLZTtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj25nffkKleSwfzSRBP6JDyUPOqLHSQ0+m/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mpU3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeOVnXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtOyYbgLb+8SloXVa9Wvb6vVeo3eRxFOIFTOAcPLqEOd9CAJjAYwjO8wpsjnBfn3flYtBacfOYY/sD5/AFiw43j</latexit>

<latexit sha1_base64="fflT8DIRgZ1NzRM/p9XN3nEVhs4=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY9ELx4hkUcCGzI79MLI7Ow6M2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJb3ZpygH9GB5CFn1Fip/tgrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdlr1Ku1C9L1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AN8vjQA=</latexit>q
<latexit sha1_base64="aQspOUAAtQjWmvXkilifhqpZCQU=">AAAB6XicbVDLTgJBEOzFF+IL9ehlIjF6IrvGoEeiF49o5JEAIbPDLEyYnV1nek3Ihj/w4kFjvPpH3vwbB9iDgpV0UqnqTneXH0th0HW/ndzK6tr6Rn6zsLW9s7tX3D9omCjRjNdZJCPd8qnhUiheR4GSt2LNaehL3vRHN1O/+cS1EZF6wHHMuyEdKBEIRtFK94+nvWLJLbszkGXiZaQEGWq94lenH7Ek5AqZpMa0PTfGbko1Cib5pNBJDI8pG9EBb1uqaMhNN51dOiEnVumTINK2FJKZ+nsipaEx49C3nSHFoVn0puJ/XjvB4KqbChUnyBWbLwoSSTAi07dJX2jOUI4toUwLeythQ6opQxtOwYbgLb68TBrnZa9SrtxdlKrXWRx5OIJjOAMPLqEKt1CDOjAI4Ble4c0ZOS/Ou/Mxb8052cwh/IHz+QM/r40x</latexit>

q0

<latexit sha1_base64="Yn4FUbA9ZpYWpTp7727OaUkUyeQ=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJdFNy5bsA9oB8mkd9rYTGZIMkIZ+gVuXCji1k9y59+YtrPQ1gOBwznnkntPkAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8H4duZ3nlBpHst7M0nQj+hQ8pAzaqzUbDyUK27VnYOsEi8nFchh81/9QczSCKVhgmrd89zE+BlVhjOB01I/1ZhQNqZD7FkqaYTaz+aLTsmZVQYkjJV90pC5+nsio5HWkyiwyYiakV72ZuJ/Xi814bWfcZmkBiVbfBSmgpiYzK4mA66QGTGxhDLF7a6EjaiizNhuSrYEb/nkVdK+qHq1aq15Wanf5HUU4QRO4Rw8uII63EEDWsAA4Rle4c15dF6cd+djES04+cwx/IHz+QOtK4zf</latexit>

P
<latexit sha1_base64="5kHe4OkPTbTodcq3dnrf3edpHGQ=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ6KolI9Vj04rGK/YA2lM120i7dbMLuRiih/8CLB0W8+o+8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtJ1Sax/LRjBP0IzqQPOSMGis91M96pbJbcWcgy8TLSRly1Hulr24/ZmmE0jBBte54bmL8jCrDmcBJsZtqTCgb0QF2LJU0Qu1ns0sn5NQqfRLGypY0ZKb+nshopPU4CmxnRM1QL3pT8T+vk5rw2s+4TFKDks0XhakgJibTt0mfK2RGjC2hTHF7K2FDqigzNpyiDcFbfHmZNC8qXrVSvb8s127yOApwDCdwDh5cQQ3uoA4NYBDCM7zCmzNyXpx352PeuuLkM0fwB87nDw2KjRA=</latexit>

P 0

How does the box diagram contribute to the off-forward Compton amplitudes 
in general?

These questions motivate further calculation of the off-forward box diagram

• tensorial structures generated by the box diagram
• pole and non-pole terms
• logarithms
• operator structures corresponding to background gluons

 Calculation of the box diagram in the most general kinematics→



Box diagram in the worldline approach

Calculation of the box diagram in 
the most general kinematics

The worldline approach is a powerful approach which 
allows to determine both the tensorial structure of the 
diagram and the corresponding kinematic coefficients. 
Example: triangle diagram

interaction 
vertexes

free action
external fields/pol. 

vectors

General expression in the worldline approach:

Functional integrals over trajectories can be easily evaluated:
<latexit sha1_base64="eaA6/JOwuSMfDgtdmRuipd+tsrc="></latexit>

� e2g2

2

Z 1

0

dT

T
(4⇡T )�

D
2 Trc

Z T

0

4Y

i=1
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<latexit sha1_base64="6YxWX4UptdRgCc4NO+HLUdrgv4Q="></latexit>
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ẋ2 +

1

2
 µ ̇

µ
⌘o
✏1µ✏2⌫TrcA↵(k3)A�(k4)

11

Finally, we need to integrate over the proper time variables uk which define the position of the interaction points
on the worldline. Using the rotational invariance of the worldline loop [16], it is convenient to fix u1 = 0 (which is
equivalent then to u1 = 1). There are six possible orderings [1] of the proper time variables uk, which can be split
into the two classes shown in Fig. 3a and 3b.

a

<latexit sha1_base64="bihfQSgohUCaiZLH8E/K/puHk0I=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjy2YGuhDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BCMb2f+wxMqzWN5byYJ+hEdSh5yRo2VmrRfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/IzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6Lq1arXzVqlfpPHUYQTOIVz8OAS6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fxz2M8Q==</latexit>

b

<latexit sha1_base64="9Y1xYV9hakFu8xV0cEnjrRUGU9E=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjy2YGuhDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BCMb2f+wxMqzWN5byYJ+hEdSh5yRo2VmkG/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+RmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S9kXVq1Wvm7VK/SaPowgncArn4MEl1OEOGtACBgjP8ApvzqPz4rw7H4vWgpPPHMMfOJ8/yMGM8g==</latexit>

k1

<latexit sha1_base64="6wuQJuDrVp8L9tRa5PbveQ9iIlQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjxWtB/QhrLZTtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj25nffkKleSwfzSRBP6JDyUPOqLHSw7jv9csVt+rOQVaJl5MK5Gj0y1+9QczSCKVhgmrd9dzE+BlVhjOB01Iv1ZhQNqZD7FoqaYTaz+anTsmZVQYkjJUtachc/T2R0UjrSRTYzoiakV72ZuJ/Xjc14ZWfcZmkBiVbLApTQUxMZn+TAVfIjJhYQpni9lbCRlRRZmw6JRuCt/zyKmldVL1a9fq+Vqnf5HEU4QRO4Rw8uIQ63EEDmsBgCM/wCm+OcF6cd+dj0Vpw8plj+APn8wf7s42f</latexit>

k2

<latexit sha1_base64="EggZBQXb6Mxyzvj9Xu4JwQddQls=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKQb0VvXisaGuhDWWznbRLN5uwuxFK6E/w4kERr/4ib/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BiMb2b+4xMqzWP5YCYJ+hEdSh5yRo2V7sf9Wr9ccavuHGSVeDmpQI5mv/zVG8QsjVAaJqjWXc9NjJ9RZTgTOC31Uo0JZWM6xK6lkkao/Wx+6pScWWVAwljZkobM1d8TGY20nkSB7YyoGellbyb+53VTE176GZdJalCyxaIwFcTEZPY3GXCFzIiJJZQpbm8lbEQVZcamU7IheMsvr5J2rerVq1d39UrjOo+jCCdwCufgwQU04Baa0AIGQ3iGV3hzhPPivDsfi9aCk88cwx84nz/9N42g</latexit>

k3

<latexit sha1_base64="WbMgSVmoEeiMzwywRAGCEDjb4WQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0oN6KXjxWtB/QhrLZbtqlm03YnQgl9Cd48aCIV3+RN/+N2zYHrT4YeLw3w8y8IJHCoOt+OYWV1bX1jeJmaWt7Z3evvH/QMnGqGW+yWMa6E1DDpVC8iQIl7ySa0yiQvB2Mb2Z++5FrI2L1gJOE+xEdKhEKRtFK9+P+eb9ccavuHOQv8XJSgRyNfvmzN4hZGnGFTFJjup6boJ9RjYJJPi31UsMTysZ0yLuWKhpx42fzU6fkxCoDEsbalkIyV39OZDQyZhIFtjOiODLL3kz8z+umGF76mVBJilyxxaIwlQRjMvubDITmDOXEEsq0sLcSNqKaMrTplGwI3vLLf0nrrOrVqld3tUr9Oo+jCEdwDKfgwQXU4RYa0AQGQ3iCF3h1pPPsvDnvi9aCk88cwi84H9/+u42h</latexit>

k4

<latexit sha1_base64="4jskZJLpNYS6LdYBVqE7uOEVrW4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjxWtB/QhrLZTtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj25nffkKleSwfzSRBP6JDyUPOqLHSw7hf65crbtWdg6wSLycVyNHol796g5ilEUrDBNW667mJ8TOqDGcCp6VeqjGhbEyH2LVU0gi1n81PnZIzqwxIGCtb0pC5+nsio5HWkyiwnRE1I73szcT/vG5qwis/4zJJDUq2WBSmgpiYzP4mA66QGTGxhDLF7a2EjaiizNh0SjYEb/nlVdK6qHq16vV9rVK/yeMowgmcwjl4cAl1uIMGNIHBEJ7hFd4c4bw4787HorXg5DPH8AfO5w8ATo2i</latexit>

k4

<latexit sha1_base64="4jskZJLpNYS6LdYBVqE7uOEVrW4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjxWtB/QhrLZTtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj25nffkKleSwfzSRBP6JDyUPOqLHSw7hf65crbtWdg6wSLycVyNHol796g5ilEUrDBNW667mJ8TOqDGcCp6VeqjGhbEyH2LVU0gi1n81PnZIzqwxIGCtb0pC5+nsio5HWkyiwnRE1I73szcT/vG5qwis/4zJJDUq2WBSmgpiYzP4mA66QGTGxhDLF7a2EjaiizNh0SjYEb/nlVdK6qHq16vV9rVK/yeMowgmcwjl4cAl1uIMGNIHBEJ7hFd4c4bw4787HorXg5DPH8AfO5w8ATo2i</latexit>

k3

<latexit sha1_base64="WbMgSVmoEeiMzwywRAGCEDjb4WQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0oN6KXjxWtB/QhrLZbtqlm03YnQgl9Cd48aCIV3+RN/+N2zYHrT4YeLw3w8y8IJHCoOt+OYWV1bX1jeJmaWt7Z3evvH/QMnGqGW+yWMa6E1DDpVC8iQIl7ySa0yiQvB2Mb2Z++5FrI2L1gJOE+xEdKhEKRtFK9+P+eb9ccavuHOQv8XJSgRyNfvmzN4hZGnGFTFJjup6boJ9RjYJJPi31UsMTysZ0yLuWKhpx42fzU6fkxCoDEsbalkIyV39OZDQyZhIFtjOiODLL3kz8z+umGF76mVBJilyxxaIwlQRjMvubDITmDOXEEsq0sLcSNqKaMrTplGwI3vLLf0nrrOrVqld3tUr9Oo+jCEdwDKfgwQXU4RYa0AQGQ3iCF3h1pPPsvDnvi9aCk88cwi84H9/+u42h</latexit>

k1

<latexit sha1_base64="6wuQJuDrVp8L9tRa5PbveQ9iIlQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjxWtB/QhrLZTtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj25nffkKleSwfzSRBP6JDyUPOqLHSw7jv9csVt+rOQVaJl5MK5Gj0y1+9QczSCKVhgmrd9dzE+BlVhjOB01Iv1ZhQNqZD7FoqaYTaz+anTsmZVQYkjJUtachc/T2R0UjrSRTYzoiakV72ZuJ/Xjc14ZWfcZmkBiVbLApTQUxMZn+TAVfIjJhYQpni9lbCRlRRZmw6JRuCt/zyKmldVL1a9fq+Vqnf5HEU4QRO4Rw8uIQ63EEDmsBgCM/wCm+OcF6cd+dj0Vpw8plj+APn8wf7s42f</latexit>

k2

<latexit sha1_base64="EggZBQXb6Mxyzvj9Xu4JwQddQls=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKQb0VvXisaGuhDWWznbRLN5uwuxFK6E/w4kERr/4ib/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BiMb2b+4xMqzWP5YCYJ+hEdSh5yRo2V7sf9Wr9ccavuHGSVeDmpQI5mv/zVG8QsjVAaJqjWXc9NjJ9RZTgTOC31Uo0JZWM6xK6lkkao/Wx+6pScWWVAwljZkobM1d8TGY20nkSB7YyoGellbyb+53VTE176GZdJalCyxaIwFcTEZPY3GXCFzIiJJZQpbm8lbEQVZcamU7IheMsvr5J2rerVq1d39UrjOo+jCCdwCufgwQU04Baa0AIGQ3iGV3hzhPPivDsfi9aCk88cwx84nz/9N42g</latexit>

FIG. 3. Two distinct topologies corresponding to the ordering of the proper time coordinates uk.

The first class of diagrams in Fig. 3a corresponds to configurations where there are no gluon insertions between
the two electromagnetic currents. There are four such possible orderings: u3 > u2 > u4, u3 > u4 > u2, u2 > u4 > u3,
u4 > u2 > u3. By explicit calculation of the integrals over uk presented below, one finds that all these orderings yield
the same contribution with an infrared anomaly pole ⇠ 1

(k2+k4)2
. Indeed, as discussed at length in [92], such graphs

have the generic structure 1
(k2+k4)2

1
(k1+k2)2

! 1
t

1
Q2+2xP ·q , where recall k2 +k4 = l, k

2
1 = Q

2 and we define k2 = 2xP .

The second class of diagrams in Fig. 3b corresponds to a gluon insertion between the two electromagnetic currents
(corresponding to a “cat’s eye” topology) and have two possible orderings: u2 > u3 > u4 and u4 > u3 > u2.
These diagrams do not have an infrared pole ! This is because in this case the diagrams have the generic structure

1
(k1+k4)2

1
(k2+k3)2

! 1
Q2+2xP ·q

1
Q2+2xP ·q and therefore do not have an infrared pole in the forward limit lµ ! 0. Note

that this class of diagrams is suppressed by a factor of 1/Q
2 relative to those given by Fig. 3a and therefore does not

contribute in the Bjorken limit.
Since all four orderings in Fig. 3a give the same result, we will fix the ordering of the proper times variables

(multiplying the expression by a factor of 4) in Eq. (52) as
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� k1 · k2GB(0, u2)

�k1 · k3GB(0, u3) � k1 · k4GB(0, u4) � k2 · k3GB(u2, u3) � k2 · k4GB(u2, u4) � k3 · k4GB(u3, u4)
i�2

. (53)

We now introduce the change of variables ui ! ai, where the latter can be identified as the standard Feynman
parameters [11],

a1 = 1 � u3; a2 = u3 � u4; a3 = u4 � u2; a4 = u2 , (54)

and rewrite Eq. (53) as
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i�2
. (55)
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P4(ĠBij , G̈Bij , GFij) = G̈B12✏1 · ✏2G̈B34A(k3) ·A(k4) + . . .
polynom constructed from 

worldline propagators



IBP procedure
Previously we saw that to reveal the tensorial structure of the diagram 
one needs to perform the IBP procedure, which eliminates :··GB
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P4(ĠBij , G̈Bij , GFij) ! Q4(ĠBij , GFij)
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The form of the polynomial after IBP procedure is known Ahmadiniaz, Lopez-Arcos, Lopez-Lopez, Schubert (2020)
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scalar functions tensorial structure

• The problem simplifies to the calculation of the scalar coefficients and decomposition of the tensorial structure
• The tensorial structure is constructed from gauge covariant objects

strength tensors!



Projectors for the tensorial structure
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�(ĠB31ĠB12ĠB24ĠB43 �GF31GF12GF24GF43)Fµ⌫(k3)f
⌫⇢(k1)f⇢�(k2)F

�µ(k4)

tensorial structure

The tensorial structure contains a direct product of two background gluon strength tensors
 it needs to be decomposed into irreducible components. There are 6 such components:→

G
roupTheory

version
9.0.1,A

pril8,2011

Symmetric
︷ ︸︸ ︷

Antisymmetric
︷ ︸︸ ︷

A ⊗ A = V1 ⊕ V2 ⊕ V3 ⊕ V4 ⊕ V5 ⊕ V6

Young tableaux × = • + + + + +

Dynkin labels (010…)×(010…) = (00…) + (20…) + (02…) + (00010…) + (010…) + (1010…)

Dimensions n2(n−1)2

4 = 1 + (n−1)(n+2)
2 + (n−3)n(n+1)(n+2)

12 + n(n−1)(n−2)(n−3)
24 + n(n−1)

2 + n(n+2)(n−1)(n−3)
8

SO(3) 9 = 1 + 5 + 0 + 0 + 3 + 0

SO(4) 36 = 1 + 9 + 10 + 1 + 6 + 9

SO(5)=Sp(4) 100 = 1 + 14 + 35 + 5 + 10 + 35

SO(6)=SU(4) 225 = 1 + 20 + 84 + 15 + 15 + (45+45)

SO(7) 441 = 1 + 27 + 168 + 35 + 21 + 189

SO(8) 784 = 1 + 35 + 300 + 70 + 28 + 350

SO(9) 1296 = 1 + 44 + 495 + 126 + 36 + 594

SO(10) 2025 = 1 + 54 + 770 + 210 + 45 + 945

Projection operators

P1 = 2
n(n−1) , P4 = 1

3

{

− 2

}

P2 = 4
n−2

{

− 1
n

}

, P5 = 1
n−2

P3 = 2
3

{

+

}

− 4
n−2 + 2

(n−1)(n−2) , P6 = − 1
n−2

Table 10.3 SO(n), n ≥ 3 Clebsch-Gordan series for A⊗A.

e.g. Cvitanovic (2011)
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Each irreducible component should 
be parametrized in terms of parton 
distributions



Example: P4 projector
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For us particularly interesting is 

Applying it to polynomials in the worldline result for the box diagram:
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The result can be compared with the decomposition of the off-forward Compton amplitude
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2M
ū0�5uWe find that the P4 provides contribution to      and

A similar analysis can be performed for other projectors, which provides 
a whole set of amplitudes with contribution of the box diagram 
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Example: P4 projector
Applying projector P4 to the expression for the box diagrams we obtain
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scalar functions tensorial structure

Finally, we need to calculate a scalar integral over proper-time variables

With a certain change of variables the last integral can be rewritten in terms of integration over DGLAP and 
ERBL regions

However, to better understand dependence on the kinematical variables we want to perform all integrations

11

Finally, we need to integrate over the proper time variables uk which define the position of the interaction points
on the worldline. Using the rotational invariance of the worldline loop [16], it is convenient to fix u1 = 0 (which is
equivalent then to u1 = 1). There are six possible orderings [1] of the proper time variables uk, which can be split
into the two classes shown in Fig. 3a and 3b.
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FIG. 3. Two distinct topologies corresponding to the ordering of the proper time coordinates uk.

The first class of diagrams in Fig. 3a corresponds to configurations where there are no gluon insertions between
the two electromagnetic currents. There are four such possible orderings: u3 > u2 > u4, u3 > u4 > u2, u2 > u4 > u3,
u4 > u2 > u3. By explicit calculation of the integrals over uk presented below, one finds that all these orderings yield
the same contribution with an infrared anomaly pole ⇠ 1

(k2+k4)2
. Indeed, as discussed at length in [92], such graphs

have the generic structure 1
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1
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2
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2 and we define k2 = 2xP .

The second class of diagrams in Fig. 3b corresponds to a gluon insertion between the two electromagnetic currents
(corresponding to a “cat’s eye” topology) and have two possible orderings: u2 > u3 > u4 and u4 > u3 > u2.
These diagrams do not have an infrared pole ! This is because in this case the diagrams have the generic structure

1
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1
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1
Q2+2xP ·q and therefore do not have an infrared pole in the forward limit lµ ! 0. Note

that this class of diagrams is suppressed by a factor of 1/Q
2 relative to those given by Fig. 3a and therefore does not

contribute in the Bjorken limit.
Since all four orderings in Fig. 3a give the same result, we will fix the ordering of the proper times variables

(multiplying the expression by a factor of 4) in Eq. (52) as
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We now introduce the change of variables ui ! ai, where the latter can be identified as the standard Feynman
parameters [11],

a1 = 1 � u3; a2 = u3 � u4; a3 = u4 � u2; a4 = u2 , (54)

and rewrite Eq. (53) as
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<latexit sha1_base64="+UtLy7GXdpM7sBc5C199jB2v8AU=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI9FLx4r2FpoQ9lsN+3azSbsToQS+h+8eFDEq//Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNnGqGW+xWMa6E1DDpVC8hQIl7ySa0yiQ/CEY38z8hyeujYjVPU4S7kd0qEQoGEUrtXtI036tX664VXcOskq8nFQgR7Nf/uoNYpZGXCGT1Jiu5yboZ1SjYJJPS73U8ISyMR3yrqWKRtz42fzaKTmzyoCEsbalkMzV3xMZjYyZRIHtjCiOzLI3E//zuimGV34mVJIiV2yxKEwlwZjMXicDoTlDObGEMi3srYSNqKYMbUAlG4K3/PIqaV9UvXq1flerNK7zOIpwAqdwDh5cQgNuoQktYPAIz/AKb07svDjvzseiteDkM8fwB87nD1Ebjvo=</latexit>⌧4

Two types of ordering of 
the proper-time variables 
(six contributions in total):
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Finally, we need to integrate over the proper time variables uk which define the position of the interaction points
on the worldline. Using the rotational invariance of the worldline loop [16], it is convenient to fix u1 = 0 (which is
equivalent then to u1 = 1). There are six possible orderings [1] of the proper time variables uk, which can be split
into the two classes shown in Fig. 3a and 3b.
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FIG. 3. Two distinct topologies corresponding to the ordering of the proper time coordinates uk.

The first class of diagrams in Fig. 3a corresponds to configurations where there are no gluon insertions between
the two electromagnetic currents. There are four such possible orderings: u3 > u2 > u4, u3 > u4 > u2, u2 > u4 > u3,
u4 > u2 > u3. By explicit calculation of the integrals over uk presented below, one finds that all these orderings yield
the same contribution with an infrared anomaly pole ⇠ 1

(k2+k4)2
. Indeed, as discussed at length in [92], such graphs

have the generic structure 1
(k2+k4)2

1
(k1+k2)2

! 1
t

1
Q2+2xP ·q , where recall k2 +k4 = l, k

2
1 = Q

2 and we define k2 = 2xP .

The second class of diagrams in Fig. 3b corresponds to a gluon insertion between the two electromagnetic currents
(corresponding to a “cat’s eye” topology) and have two possible orderings: u2 > u3 > u4 and u4 > u3 > u2.
These diagrams do not have an infrared pole ! This is because in this case the diagrams have the generic structure

1
(k1+k4)2

1
(k2+k3)2

! 1
Q2+2xP ·q

1
Q2+2xP ·q and therefore do not have an infrared pole in the forward limit lµ ! 0. Note

that this class of diagrams is suppressed by a factor of 1/Q
2 relative to those given by Fig. 3a and therefore does not

contribute in the Bjorken limit.
Since all four orderings in Fig. 3a give the same result, we will fix the ordering of the proper times variables

(multiplying the expression by a factor of 4) in Eq. (52) as
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We now introduce the change of variables ui ! ai, where the latter can be identified as the standard Feynman
parameters [11],

a1 = 1 � u3; a2 = u3 � u4; a3 = u4 � u2; a4 = u2 , (54)

and rewrite Eq. (53) as
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second type of diagrams (with 
gluons on mass-shell) can be 

easily calculated

The scalar integrals for all 
six projectors has the 
same structure!



Calculation of the scalar integral
Calculation of the scalar integrals of the first type is more challenging 
but can be done using differential equations method
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Finally, we need to integrate over the proper time variables uk which define the position of the interaction points
on the worldline. Using the rotational invariance of the worldline loop [16], it is convenient to fix u1 = 0 (which is
equivalent then to u1 = 1). There are six possible orderings [1] of the proper time variables uk, which can be split
into the two classes shown in Fig. 3a and 3b.
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FIG. 3. Two distinct topologies corresponding to the ordering of the proper time coordinates uk.

The first class of diagrams in Fig. 3a corresponds to configurations where there are no gluon insertions between
the two electromagnetic currents. There are four such possible orderings: u3 > u2 > u4, u3 > u4 > u2, u2 > u4 > u3,
u4 > u2 > u3. By explicit calculation of the integrals over uk presented below, one finds that all these orderings yield
the same contribution with an infrared anomaly pole ⇠ 1

(k2+k4)2
. Indeed, as discussed at length in [92], such graphs

have the generic structure 1
(k2+k4)2

1
(k1+k2)2

! 1
t

1
Q2+2xP ·q , where recall k2 +k4 = l, k

2
1 = Q

2 and we define k2 = 2xP .

The second class of diagrams in Fig. 3b corresponds to a gluon insertion between the two electromagnetic currents
(corresponding to a “cat’s eye” topology) and have two possible orderings: u2 > u3 > u4 and u4 > u3 > u2.
These diagrams do not have an infrared pole ! This is because in this case the diagrams have the generic structure

1
(k1+k4)2

1
(k2+k3)2

! 1
Q2+2xP ·q

1
Q2+2xP ·q and therefore do not have an infrared pole in the forward limit lµ ! 0. Note

that this class of diagrams is suppressed by a factor of 1/Q
2 relative to those given by Fig. 3a and therefore does not

contribute in the Bjorken limit.
Since all four orderings in Fig. 3a give the same result, we will fix the ordering of the proper times variables

(multiplying the expression by a factor of 4) in Eq. (52) as
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. (53)

We now introduce the change of variables ui ! ai, where the latter can be identified as the standard Feynman
parameters [11],

a1 = 1 � u3; a2 = u3 � u4; a3 = u4 � u2; a4 = u2 , (54)

and rewrite Eq. (53) as
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Bern, Dixon, Kosower (1993)

After integration over period of the worldline  and a linear change of the proper-
time variables ( ) the scalar integral can be rewritten as

T
τ → a
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Polynomial of the fourth order defined by the dependence on the 
worldline propagators, which is generated by a projector Pi 

kinematical variables
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Calculation of the scalar integral
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Finally, we need to integrate over the proper time variables uk which define the position of the interaction points
on the worldline. Using the rotational invariance of the worldline loop [16], it is convenient to fix u1 = 0 (which is
equivalent then to u1 = 1). There are six possible orderings [1] of the proper time variables uk, which can be split
into the two classes shown in Fig. 3a and 3b.
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FIG. 3. Two distinct topologies corresponding to the ordering of the proper time coordinates uk.

The first class of diagrams in Fig. 3a corresponds to configurations where there are no gluon insertions between
the two electromagnetic currents. There are four such possible orderings: u3 > u2 > u4, u3 > u4 > u2, u2 > u4 > u3,
u4 > u2 > u3. By explicit calculation of the integrals over uk presented below, one finds that all these orderings yield
the same contribution with an infrared anomaly pole ⇠ 1

(k2+k4)2
. Indeed, as discussed at length in [92], such graphs

have the generic structure 1
(k2+k4)2

1
(k1+k2)2

! 1
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Q2+2xP ·q , where recall k2 +k4 = l, k

2
1 = Q

2 and we define k2 = 2xP .

The second class of diagrams in Fig. 3b corresponds to a gluon insertion between the two electromagnetic currents
(corresponding to a “cat’s eye” topology) and have two possible orderings: u2 > u3 > u4 and u4 > u3 > u2.
These diagrams do not have an infrared pole ! This is because in this case the diagrams have the generic structure

1
(k1+k4)2

1
(k2+k3)2

! 1
Q2+2xP ·q

1
Q2+2xP ·q and therefore do not have an infrared pole in the forward limit lµ ! 0. Note

that this class of diagrams is suppressed by a factor of 1/Q
2 relative to those given by Fig. 3a and therefore does not

contribute in the Bjorken limit.
Since all four orderings in Fig. 3a give the same result, we will fix the ordering of the proper times variables

(multiplying the expression by a factor of 4) in Eq. (52) as
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We now introduce the change of variables ui ! ai, where the latter can be identified as the standard Feynman
parameters [11],

a1 = 1 � u3; a2 = u3 � u4; a3 = u4 � u2; a4 = u2 , (54)

and rewrite Eq. (53) as
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The problem is simplified to the calculation of the following scalar integral

Using the differentiation technique we obtain the following representation for such integrals:

The integral can be obtained by differentiation of the basic integrals

where P4 is an arbitrary polynomial of the fourth order which should be represented (for 
technical reason) as P3ak

<latexit sha1_base64="xdiX1vi/qKyZt7eJJCIqlZ0QqQE="></latexit>
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Î4[ak]

The expression for the basic integrals (up to ) 
can be deduced from literature

ϵ0

Bern, Dixon, Kosower (1993)
Davydychev, Ussyukina (1991-1994)
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No actual calculation of the integrals is 
required! The integrals can be obtained by 
differentiation, which can be easily 
automatized. This solves the problem of 
calculation of the scalar integrals



Summary
We want to deter the contribution of the box diagram to the off-forward Compton amplitudes
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<latexit sha1_base64="dGyL2Nk56QNV4q92IAcXEo5BfK4=">AAAB83icbVBNS8NAEN3Ur1q/qh69BItQLyWRgnqrevFYwX5AE8JmO2mXbjZhdyKU0r/hxYMiXv0z3vw3btsctPXBwOO9GWbmhangGh3n2yqsrW9sbhW3Szu7e/sH5cOjtk4yxaDFEpGobkg1CC6hhRwFdFMFNA4FdMLR3czvPIHSPJGPOE7Bj+lA8ogzikbybgIvBKTVUVA/D8oVp+bMYa8SNycVkqMZlL+8fsKyGCQyQbXuuU6K/oQq5EzAtORlGlLKRnQAPUMljUH7k/nNU/vMKH07SpQpifZc/T0xobHW4zg0nTHFoV72ZuJ/Xi/D6MqfcJlmCJItFkWZsDGxZwHYfa6AoRgbQpni5labDamiDE1MJROCu/zyKmlf1Nx67fqhXmnc5nEUyQk5JVXikkvSIPekSVqEkZQ8k1fyZmXWi/VufSxaC1Y+c0z+wPr8Acv4kOU=</latexit>
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<latexit sha1_base64="f07fvjvEmfORWUNjRlniwZ57t5Q=">AAAB6nicbVBNSwMxEJ3Ur1q/qh69BIvgqexKQb0VvXisaD+gXUo2zbahSXZJskJZ+hO8eFDEq7/Im//GtN2Dtj4YeLw3w8y8MBHcWM/7RoW19Y3NreJ2aWd3b/+gfHjUMnGqKWvSWMS6ExLDBFesabkVrJNoRmQoWDsc38789hPThsfq0U4SFkgyVDzilFgnPfRk2i9XvKo3B14lfk4qkKPRL3/1BjFNJVOWCmJM1/cSG2REW04Fm5Z6qWEJoWMyZF1HFZHMBNn81Ck+c8oAR7F2pSyeq78nMiKNmcjQdUpiR2bZm4n/ed3URldBxlWSWqboYlGUCmxjPPsbD7hm1IqJI4Rq7m7FdEQ0odalU3Ih+Msvr5LWRdWvVa/va5X6TR5HEU7gFM7Bh0uowx00oAkUhvAMr/CGBHpB7+hj0VpA+cwx/AH6/AFhPo3i</latexit>
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P 0

The worldline approach is a powerful approach which allows to determine both the tensorial 
structure of the diagram and the corresponding kinematic coefficients

<latexit sha1_base64="2T9m32JCsamkI2EmSbw01V9qKRY="></latexit>
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<latexit sha1_base64="gZg78pgnp94ew9fon4KbCoqlpEA="></latexit>
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scalar functions tensorial structure

The problem can be simplified to decomposition of the tensorial structure and calculation of the 
kinematic (scalar) coefficient

Using projectors onto 
irreducible components the 
result can be identified with the 
corresponding amplitudes

The integrals can be computed using differential equations method, which 
allows efficient automatization. The calculation is currently in progress



Thank you for your attention!


