
In questo manuale sono illustrate 
le regole base per la corretta 
applicazione del marchio 
Università di Pavia. 
Il logo, i caratteri tipografici e i colori 
scelti sono infatti gli elementi 
che partecipano alla costruzione 
dell’identità visiva di qualsiasi attore 
che voglia presentarsi al mercato, 
sia esso un prodotto mass market, 
un’Istituzione o un ateneo. 
Sono il suo volto commerciale ma 
anche istituzionale, quello che 
permetterà all’Università di Pavia di 
essere riconoscibile nel tempo 
agli occhi del suo pubblico interno, 
ma anche esterno. 
Proprio per il ruolo centrale  
che rivestono, tali elementi devono 
essere rappresentati e utilizzati 

secondo regole precise e inderogabili, 
al fine di garantire la coerenza e 
l’efficacia dell’intero sistema di identità 
visiva. Per questo è importante che il 
manuale, nella sua forma cartacea 
o digitale, venga trasmesso a tutti 
coloro che in futuro si occuperanno 
di progettare elementi di 
comunicazione per l’Università di 
Pavia.
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``What proton is depends on how you look at it, or rather on how hard you hit it’’  
A. Cooper-Sarkar, CERN Courier, June, 2019 

Q2
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hadronic d.o.f. nucleon resonances partonic d.o.f.

How can we explain the evolving picture of hadrons  
from low to high Q2?

100 years of the discovery of the proton



The existence of hadrons, their properties and their binding into nuclei,  
do not appear in the Lagrangian of QCD

The Science questions:  
The 2015 Long Range Plan for Nuclear Science

• How did visible matter come into being and how does it evolve? 

• How does subatomic matter organise itself and what phenomena emerge? 

• Are the fundamental interactions that are basic to the structure of matter fully understood?
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The Proton Charge Radius

Spectroscopy measurements: VC = �↵em
q2 � 4⇡↵em

dGE(0)
dQ2
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<latexit sha1_base64="zsWH7KB9FFD2LWy0BMiTjfbHzL4="></latexit>

Mean square radius:Charge distribution
(up to relativistic corrections)

Final PRad (JLab) result from ep scattering supports the smaller radius from spectroscopy

Talks of N. Liyanage, R. Pohl

CODATA 2018 (all available data through 31 Dec. 2018): 0.8414    0.019 fm±
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The missing piece

Measure radius with proton-muon scattering! 

rE (fm)

Spectroscopy

Scattering ???

µp
<latexit sha1_base64="zjv13mTT4Xj+woRYFeeQpOKgM6g=">AAACEHicbVC7SgNBFJ2NrxhfUUubwSCKRdiNhRYWARvLCOYBSQizs3eTITOz68yssCz5BBt/xcZCEVtLO//GyaOIiQcuHM65l3vv8WPOtHHdHye3srq2vpHfLGxt7+zuFfcPGjpKFIU6jXikWj7RwJmEumGGQytWQITPoekPb8Z+8xGUZpG8N2kMXUH6koWMEmOlXvG040OfyQweJFGKpOejQkckOC50QAZzaq9YcsvuBHiZeDNSQjPUesXvThDRRIA0lBOt254bm25GlGGUg92SaIgJHZI+tC2VRIDuZpOHRvjEKgEOI2VLGjxR5ycyIrROhW87BTEDveiNxf+8dmLCq27GZJwYkHS6KEw4NhEep4MDpoAanlpCqGL2VkwHRBFqbIYFG4K3+PIyaVTK3kW5clcpVa9nceTRETpGZ8hDl6iKblEN1RFFT+gFvaF359l5dT6cz2lrzpnNHKI/cL5+AdKGnQ0=</latexit>

ep
<latexit sha1_base64="0HlbsZ4w+xTC1t40hnpX/tyFosE=">AAACDnicbVA9SwNBEN2LX/H8OrW0WQwBsQh3sdDCImBjGcF8QHKEvc0kWbK3d+7uCceRX2DjX7GxUMTW2s5/4ya5IiY+GHi8N8PMvCDmTGnX/bEKa+sbm1vFbXtnd2//wDk8aqookRQaNOKRbAdEAWcCGpppDu1YAgkDDq1gfDP1W48gFYvEvU5j8EMyFGzAKNFG6jnlbgBDJjJ4EERKkp5PbMCx3QXRX9B6TsmtuDPgVeLlpIRy1HvOd7cf0SQEoSknSnU8N9Z+RqRmlMPE7iYKYkLHZAgdQwUJQfnZ7J0JLhuljweRNCU0nqmLExkJlUrDwHSGRI/UsjcV//M6iR5c+RkTcaJB0PmiQcKxjvA0G9xnEqjmqSGESmZuxXREJKHaJGibELzll1dJs1rxLirVu2qpdp3HUUQn6BSdIQ9dohq6RXXUQBQ9oRf0ht6tZ+vV+rA+560FK585Rn9gff0CILScIA==</latexit>

0.84087± 0.00039
<latexit sha1_base64="TMR5P3sUAp59fE0tf2HJu4gIkl8=">AAAB/XicdVDLSgMxFM3UV62v+ti5CbaCqyEzHdrpruDGZQX7gHYomTTThmYeJBmhluKvuHGhiFv/w51/Y6atoKIHAodzzuXeHD/hTCqEPozc2vrG5lZ+u7Czu7d/UDw8ass4FYS2SMxj0fWxpJxFtKWY4rSbCIpDn9OOP7nM/M4tFZLF0Y2aJtQL8ShiASNYaWlQPCkj03WQW+snIUQmQqhSLw+KJWTW3artVBdazbKtjNg1p+JAK0tplMAKzUHxvT+MSRrSSBGOpexZKFHeDAvFCKfzQj+VNMFkgke0p2mEQyq92eL6OTzXyhAGsdAvUnChfp+Y4VDKaejrZIjVWP72MvEvr5eqwPVmLEpSRSOyXBSkHKoYZlXAIROUKD7VBBPB9K2QjLHAROnCCrqEr5/C/0nbNq2KaV/bpYa7qiMPTsEZuAAWqIEGuAJN0AIE3IEH8ASejXvj0XgxXpfRnLGaOQY/YLx9ApbqkhE=</latexit>

0.8770± 0.060
<latexit sha1_base64="ubWV0FCd1hUAJCN5ghZ+OLOf7oY=">AAAB+nicdVDLSgMxFM34rPXV6tJNsBVcDckInemu4MZlBfuAtpRMmrahmcyQZJRS+yluXCji1i9x59+YaSuo6IELh3Pu5d57wkRwbRD6cNbWNza3tnM7+d29/YPDQvGoqeNUUdagsYhVOySaCS5Zw3AjWDtRjEShYK1wcpn5rVumNI/ljZkmrBeRkeRDTomxUr9QLCM38H3UTSKIXFRB5X6hZAlCGONMQdivIEuq1cDDAcSZZVECK9T7hffuIKZpxKShgmjdwSgxvRlRhlPB5vluqllC6ISMWMdSSSKme7PF6XN4ZpUBHMbKljRwoX6fmJFI62kU2s6ImLH+7WXiX14nNcOgN+MySQ2TdLlomApoYpjlAAdcMWrE1BJCFbe3QjomilBj08rbEL4+hf+TpufiC9e79kq1YBVHDpyAU3AOMPBBDVyBOmgACu7AA3gCz8698+i8OK/L1jVnNXMMfsB5+wQd0ZFM</latexit>

0.8758± 0.077
<latexit sha1_base64="LjRCyNBOjRgSTgmYMEt8Y8SUA2o=">AAAB+nicdVDLSgMxFM3UV62vVpdugq3gakhGdKa7ghuXFWwttKVk0kwbmnmQZJQy9lPcuFDErV/izr8x01ZQ0QMXDufcy733+IngSiP0YRVWVtfWN4qbpa3tnd29cmW/reJUUtaisYhlxyeKCR6xluZasE4iGQl9wW78yUXu39wyqXgcXetpwvohGUU84JRoIw3KlRqyPffM6yUhRDZy3dqgXDUEIYxxriDsniND6nXPwR7EuWVQBUs0B+X33jCmacgiTQVRqotRovsZkZpTwWalXqpYQuiEjFjX0IiETPWz+ekzeGyUIQxiaSrScK5+n8hIqNQ09E1nSPRY/fZy8S+vm+rA62c8SlLNIrpYFKQC6hjmOcAhl4xqMTWEUMnNrZCOiSRUm7RKJoSvT+H/pO3Y+NR2rpxqw1vGUQSH4AicAAxc0ACXoAlagII78ACewLN1bz1aL9brorVgLWcOwA9Yb58zTJFa</latexit>

•MUSE at PSI 

•ProRad at PRAE, Paris/Orsay 

•ELPH, Tohoku U., Japan 

•MAMI at Mainz 

•COMPASS++ at CERN 



Two-photon Physics

�
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RCS polarizabilities VCS generalized pol. VVCS generalized pol.

�⇤
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<latexit sha1_base64="ppMMtIWolWGmKqTpp6SVfEcvE38=">AAAB8XicbVBNS8NAEJ34WetX1aOXxVbwICVtoeqt4MVjC/YD21g22027dLMJuxuhhP4LLx4U8eq/8ea/cZMGUeuDgcd7M8zMc0POlLbtT2tldW19YzO3ld/e2d3bLxwcdlQQSULbJOCB7LlYUc4EbWumOe2FkmLf5bTrTq8Tv/tApWKBuNWzkDo+HgvmMYK1ke5K6rx1Xx1wXhoWinbZToGWSSUjRcjQHBY+BqOARD4VmnCsVL9ih9qJsdSMcDrPDyJFQ0ymeEz7hgrsU+XE6cVzdGqUEfICaUpolKo/J2LsKzXzXdPpYz1Rf71E/M/rR9q7dGImwkhTQRaLvIgjHaDkfTRikhLNZ4ZgIpm5FZEJlphoE1I+DeEqQf375WXSqZYrtXKtVS026lkcOTiGEziDClxAA26gCW0gIOARnuHFUtaT9Wq9LVpXrGzmCH7Bev8CJGeQAw==</latexit>

Compton scattering at threshold can be interpreted  
as electron scattering by a target which is in constant electric and magnetic fields



Two-photon Physics

�
<latexit sha1_base64="VD9RBgFywepTl2FY39/dnfLR1k4=">AAAB73icbVA9SwNBEJ3zM8avqKXNYSJYhbtYmDJgYxnBfEByhLnNXrJkd+/c3RPCkT9hY6GIrX/Hzn/jJrlCEx8MPN6bYWZemHCmjed9OxubW9s7u4W94v7B4dFx6eS0reNUEdoiMY9VN0RNOZO0ZZjhtJsoiiLktBNObud+54kqzWL5YKYJDQSOJIsYQWOlbqU/QiGwMiiVvaq3gLtO/JyUIUdzUPrqD2OSCioN4ah1z/cSE2 SoDCOczor9VNMEyQRHtGepREF1kC3unbmXVhm6UaxsSeMu1N8TGQqtpyK0nQLNWK96c/E/r5eaqB5kTCapoZIsF0Upd03szp93h0xRYvjUEiSK2VtdMkaFxNiIijYEf/XlddKuVf3rau2+Vm7U8zgKcA4XcAU+3EAD7qAJLSDA4Rle4c15dF6cd+dj2brh5DNn8AfO5w8+/49p</latexit>

�
<latexit sha1_base64="VD9RBgFywepTl2FY39/dnfLR1k4=">AAAB73icbVA9SwNBEJ3zM8avqKXNYSJYhbtYmDJgYxnBfEByhLnNXrJkd+/c3RPCkT9hY6GIrX/Hzn/jJrlCEx8MPN6bYWZemHCmjed9OxubW9s7u4W94v7B4dFx6eS0reNUEdoiMY9VN0RNOZO0ZZjhtJsoiiLktBNObud+54kqzWL5YKYJDQSOJIsYQWOlbqU/QiGwMiiVvaq3gLtO/JyUIUdzUPrqD2OSCioN4ah1z/cSE2SoDCOczor9VNMEyQRHtGepREF1kC3unbmXVhm6UaxsSeMu1N8TGQqtpyK0nQLNWK96c/E/r5eaqB5kTCapoZIsF0Upd03szp93h0xRYvjUEiSK2VtdMkaFxNiIijYEf/XlddKuVf3rau2+Vm7U8zgKcA4XcAU+3EAD7qAJLSDA4Rle4c15dF6cd+dj2brh5DNn8AfO5w8+/49p</latexit>

RCS polarizabilities VCS generalized pol. VVCS generalized pol.

�⇤
<latexit sha1_base64="eMYmBMq3+D0okuTa5pX8Gqa2OC0=">AAAB8XicbVA9TwJBEJ3zE/ELtbS5CCbGgtxhISWJjSUm8hHhJHPLAht29y67eybkwr+wsdAYW/+Nnf/GBa5Q8CWTvLw3k5l5YcyZNp737aytb2xubed28rt7+weHhaPjpo4SRWiDRDxS7RA15UzShmGG03asKIqQ01Y4vpn5rSeqNIvkvZnENBA4lGzACBorPZS6QxQCHy9LvULRK3tzuKvEz0gRMtR7ha9uPyKJoNIQjlp3fC82QYrKMMLpNN9NNI2RjHFIO5ZKFFQH6fziqXtulb47iJQtady5+nsiRaH1RIS2U6AZ6WVvJv7ndRIzqAYpk3FiqCSLRYOEuyZyZ++7faYoMXxiCRLF7K0uGaFCYmxIeRuCv/zyKmlWyv5VuXJXKdaqWRw5OIUzuAAfrqEGt1CHBhCQ8Ayv8OZo58V5dz4WrWtONnMCf+B8/gBdAJAF</latexit>

�⇤
<latexit sha1_base64="eMYmBMq3+D0okuTa5pX8Gqa2OC0=">AAAB8XicbVA9TwJBEJ3zE/ELtbS5CCbGgtxhISWJjSUm8hHhJHPLAht29y67eybkwr+wsdAYW/+Nnf/GBa5Q8CWTvLw3k5l5YcyZNp737aytb2xubed28rt7+weHhaPjpo4SRWiDRDxS7RA15UzShmGG03asKIqQ01Y4vpn5rSeqNIvkvZnENBA4lGzACBorPZS6QxQCHy9LvULRK3tzuKvEz0gRMtR7ha9uPyKJoNIQjlp3fC82QYrKMMLpNN9NNI2RjHFIO5ZKFFQH6fziqXtulb47iJQtady5+nsiRaH1RIS2U6AZ6WVvJv7ndRIzqAYpk3FiqCSLRYOEuyZyZ++7faYoMXxiCRLF7K0uGaFCYmxIeRuCv/zyKmlWyv5VuXJXKdaqWRw5OIUzuAAfrqEGt1CHBhCQ8Ayv8OZo58V5dz4WrWtONnMCf+B8/gBdAJAF</latexit>

Q2
<latexit sha1_base64="r55eqSRAZosAiRtZGmQ6+4SZCa4=">AAAB7HicbVBNT8JAEJ3iF+IX6tHLRjDxRNp6kCOJF4+QWCCBSrbLFjZst83u1oQ0/AYvHjTGqz/Im//GLfSg4EsmeXlvJjPzgoQzpW372yptbe/s7pX3KweHR8cn1dOzropTSahHYh7LfoAV5UxQTzPNaT+RFEcBp71gdpf7vScqFYvFg54n1I/wRLCQEayN5NU7j259VK3ZDXsJtEmcgtSgQHtU/RqOY5JGVGjCsVIDx060n2GpGeF0URmmiiaYzPCEDgwVOKLKz5bHLtCVUcYojKUpodFS/T2R4UipeRSYzgjrqVr3cvE/b5DqsOlnTCSppoKsFoUpRzpG+edozCQlms8NwUQycysiUywx0SafignBWX95k3TdhnPTcDturdUs4ijDBVzCNThwCy24hzZ4QIDBM7zCmyWsF+vd+li1lqxi5hz+wPr8AYZUjc0=</latexit>

Q2
<latexit sha1_base64="r55eqSRAZosAiRtZGmQ6+4SZCa4=">AAAB7HicbVBNT8JAEJ3iF+IX6tHLRjDxRNp6kCOJF4+QWCCBSrbLFjZst83u1oQ0/AYvHjTGqz/Im//GLfSg4EsmeXlvJjPzgoQzpW372yptbe/s7pX3KweHR8cn1dOzropTSahHYh7LfoAV5UxQTzPNaT+RFEcBp71gdpf7vScqFYvFg54n1I/wRLCQEayN5NU7j259VK3ZDXsJtEmcgtSgQHtU/RqOY5JGVGjCsVIDx060n2GpGeF0URmmiiaYzPCEDgwVOKLKz5bHLtCVUcYojKUpodFS/T2R4UipeRSYzgjrqVr3cvE/b5DqsOlnTCSppoKsFoUpRzpG+edozCQlms8NwUQycysiUywx0SafignBWX95k3TdhnPTcDturdUs4ijDBVzCNThwCy24hzZ4QIDBM7zCmyWsF+vd+li1lqxi5hz+wPr8AYZUjc0=</latexit>

DVCS 
 generalized parton distributions

s,Q2 �
<latexit sha1_base64="q9jvOMo/Y873XHj451Gtcu9p/z8=">AAAB8XicbVBNS8NAEJ34WetX1aOXYCt4kJK0UPVW8OKxBfuBbSyb7SZdutmE3Y1QQv+FFw+KePXfePPfuEmDqPXBwOO9GWbmuRGjUlnWp7Gyura+sVnYKm7v7O7tlw4OuzKMBSYdHLJQ9F0kCaOcdBRVjPQjQVDgMtJzp9ep33sgQtKQ36pZRJwA+Zx6FCOlpbuKPG/f14a+XxmVylbVymAuEzsnZcjRGpU+huMQxwHhCjMk5cC2IuUkSCiKGZkXh7EkEcJT5JOBphwFRDpJdvHcPNXK2PRCoYsrM1N/TiQokHIWuLozQGoi/3qp+J83iJV36SSUR7EiHC8WeTEzVWim75tjKghWbKYJwoLqW008QQJhpUMqZiFcpWh8v7xMurWqXa/W27Vys5HHUYBjOIEzsOECmnADLegABg6P8AwvhjSejFfjbdG6YuQzR/ALxvsXFTCP+Q==</latexit>

DIS 
 parton distributions

s,Q2 �
<latexit sha1_base64="q9jvOMo/Y873XHj451Gtcu9p/z8=">AAAB8XicbVBNS8NAEJ34WetX1aOXYCt4kJK0UPVW8OKxBfuBbSyb7SZdutmE3Y1QQv+FFw+KePXfePPfuEmDqPXBwOO9GWbmuRGjUlnWp7Gyura+sVnYKm7v7O7tlw4OuzKMBSYdHLJQ9F0kCaOcdBRVjPQjQVDgMtJzp9ep33sgQtKQ36pZRJwA+Zx6FCOlpbuKPG/f14a+XxmVylbVymAuEzsnZcjRGpU+huMQxwHhCjMk5cC2IuUkSCiKGZkXh7EkEcJT5JOBphwFRDpJdvHcPNXK2PRCoYsrM1N/TiQokHIWuLozQGoi/3qp+J83iJV36SSUR7EiHC8WeTEzVWim75tjKghWbKYJwoLqW008QQJhpUMqZiFcpWh8v7xMurWqXa/W27Vys5HHUYBjOIEzsOECmnADLegABg6P8AwvhjSejFfjbdG6YuQzR/ALxvsXFTCP+Q==</latexit>

�
<latexit sha1_base64="VD9RBgFywepTl2FY39/dnfLR1k4=">AAAB73icbVA9SwNBEJ3zM8avqKXNYSJYhbtYmDJgYxnBfEByhLnNXrJkd+/c3RPCkT9hY6GIrX/Hzn/jJrlCEx8MPN6bYWZemHCmjed9OxubW9s7u4W94v7B4dFx6eS0reNUEdoiMY9VN0RNOZO0ZZjhtJsoiiLktBNObud+54kqzWL5YKYJDQSOJIsYQWOlbqU/QiGwMiiVvaq3gLtO/JyUIUdzUPrqD2OSCioN4ah1z/cSE2SoDCOczor9VNMEyQRHtGepREF1kC3unbmXVhm6UaxsSeMu1N8TGQqtpyK0nQLNWK96c/E/r5eaqB5kTCapoZIsF0Upd03szp93h0xRYvjUEiSK2VtdMkaFxNiIijYEf/XlddKuVf3rau2+Vm7U8zgKcA4XcAU+3EAD7qAJLSDA4Rle4c15dF6cd+dj2brh5DNn8AfO5w8+/49p</latexit>

�⇤
<latexit sha1_base64="eMYmBMq3+D0okuTa5pX8Gqa2OC0=">AAAB8XicbVA9TwJBEJ3zE/ELtbS5CCbGgtxhISWJjSUm8hHhJHPLAht29y67eybkwr+wsdAYW/+Nnf/GBa5Q8CWTvLw3k5l5YcyZNp737aytb2xubed28rt7+weHhaPjpo4SRWiDRDxS7RA15UzShmGG03asKIqQ01Y4vpn5rSeqNIvkvZnENBA4lGzACBorPZS6QxQCHy9LvULRK3tzuKvEz0gRMtR7ha9uPyKJoNIQjlp3fC82QYrKMMLpNN9NNI2RjHFIO5ZKFFQH6fziqXtulb47iJQtady5+nsiRaH1RIS2U6AZ6WVvJv7ndRIzqAYpk3FiqCSLRYOEuyZyZ++7faYoMXxiCRLF7K0uGaFCYmxIeRuCv/zyKmlWyv5VuXJXKdaqWRw5OIUzuAAfrqEGt1CHBhCQ8Ayv8OZo58V5dz4WrWtONnMCf+B8/gBdAJAF</latexit>

�⇤
<latexit sha1_base64="eMYmBMq3+D0okuTa5pX8Gqa2OC0=">AAAB8XicbVA9TwJBEJ3zE/ELtbS5CCbGgtxhISWJjSUm8hHhJHPLAht29y67eybkwr+wsdAYW/+Nnf/GBa5Q8CWTvLw3k5l5YcyZNp737aytb2xubed28rt7+weHhaPjpo4SRWiDRDxS7RA15UzShmGG03asKIqQ01Y4vpn5rSeqNIvkvZnENBA4lGzACBorPZS6QxQCHy9LvULRK3tzuKvEz0gRMtR7ha9uPyKJoNIQjlp3fC82QYrKMMLpNN9NNI2RjHFIO5ZKFFQH6fziqXtulb47iJQtady5+nsiRaH1RIS2U6AZ6WVvJv7ndRIzqAYpk3FiqCSLRYOEuyZyZ++7faYoMXxiCRLF7K0uGaFCYmxIeRuCv/zyKmlWyv5VuXJXKdaqWRw5OIUzuAAfrqEGt1CHBhCQ8Ayv8OZo58V5dz4WrWtONnMCf+B8/gBdAJAF</latexit>

�⇤
<latexit sha1_base64="eMYmBMq3+D0okuTa5pX8Gqa2OC0=">AAAB8XicbVA9TwJBEJ3zE/ELtbS5CCbGgtxhISWJjSUm8hHhJHPLAht29y67eybkwr+wsdAYW/+Nnf/GBa5Q8CWTvLw3k5l5YcyZNp737aytb2xubed28rt7+weHhaPjpo4SRWiDRDxS7RA15UzShmGG03asKIqQ01Y4vpn5rSeqNIvkvZnENBA4lGzACBorPZS6QxQCHy9LvULRK3tzuKvEz0gRMtR7ha9uPyKJoNIQjlp3fC82QYrKMMLpNN9NNI2RjHFIO5ZKFFQH6fziqXtulb47iJQtady5+nsiRaH1RIS2U6AZ6WVvJv7ndRIzqAYpk3FiqCSLRYOEuyZyZ++7faYoMXxiCRLF7K0uGaFCYmxIeRuCv/zyKmlWyv5VuXJXKdaqWRw5OIUzuAAfrqEGt1CHBhCQ8Ayv8OZo58V5dz4WrWtONnMCf+B8/gBdAJAF</latexit>

Q2
<latexit sha1_base64="r55eqSRAZosAiRtZGmQ6+4SZCa4=">AAAB7HicbVBNT8JAEJ3iF+IX6tHLRjDxRNp6kCOJF4+QWCCBSrbLFjZst83u1oQ0/AYvHjTGqz/Im//GLfSg4EsmeXlvJjPzgoQzpW372yptbe/s7pX3KweHR8cn1dOzropTSahHYh7LfoAV5UxQTzPNaT+RFEcBp71gdpf7vScqFYvFg54n1I/wRLCQEayN5NU7j259VK3ZDXsJtEmcgtSgQHtU/RqOY5JGVGjCsVIDx060n2GpGeF0URmmiiaYzPCEDgwVOKLKz5bHLtCVUcYojKUpodFS/T2R4UipeRSYzgjrqVr3cvE/b5DqsOlnTCSppoKsFoUpRzpG+edozCQlms8NwUQycysiUywx0SafignBWX95k3TdhnPTcDturdUs4ijDBVzCNThwCy24hzZ4QIDBM7zCmyWsF+vd+li1lqxi5hz+wPr8AYZUjc0=</latexit>

Q2
<latexit sha1_base64="r55eqSRAZosAiRtZGmQ6+4SZCa4=">AAAB7HicbVBNT8JAEJ3iF+IX6tHLRjDxRNp6kCOJF4+QWCCBSrbLFjZst83u1oQ0/AYvHjTGqz/Im//GLfSg4EsmeXlvJjPzgoQzpW372yptbe/s7pX3KweHR8cn1dOzropTSahHYh7LfoAV5UxQTzPNaT+RFEcBp71gdpf7vScqFYvFg54n1I/wRLCQEayN5NU7j259VK3ZDXsJtEmcgtSgQHtU/RqOY5JGVGjCsVIDx060n2GpGeF0URmmiiaYzPCEDgwVOKLKz5bHLtCVUcYojKUpodFS/T2R4UipeRSYzgjrqVr3cvE/b5DqsOlnTCSppoKsFoUpRzpG+edozCQlms8NwUQycysiUywx0SafignBWX95k3TdhnPTcDturdUs4ijDBVzCNThwCy24hzZ4QIDBM7zCmyWsF+vd+li1lqxi5hz+wPr8AYZUjc0=</latexit>

Q2
<latexit sha1_base64="r55eqSRAZosAiRtZGmQ6+4SZCa4=">AAAB7HicbVBNT8JAEJ3iF+IX6tHLRjDxRNp6kCOJF4+QWCCBSrbLFjZst83u1oQ0/AYvHjTGqz/Im//GLfSg4EsmeXlvJjPzgoQzpW372yptbe/s7pX3KweHR8cn1dOzropTSahHYh7LfoAV5UxQTzPNaT+RFEcBp71gdpf7vScqFYvFg54n1I/wRLCQEayN5NU7j259VK3ZDXsJtEmcgtSgQHtU/RqOY5JGVGjCsVIDx060n2GpGeF0URmmiiaYzPCEDgwVOKLKz5bHLtCVUcYojKUpodFS/T2R4UipeRSYzgjrqVr3cvE/b5DqsOlnTCSppoKsFoUpRzpG+edozCQlms8NwUQycysiUywx0SafignBWX95k3TdhnPTcDturdUs4ijDBVzCNThwCy24hzZ4QIDBM7zCmyWsF+vd+li1lqxi5hz+wPr8AYZUjc0=</latexit>

�
<latexit sha1_base64="VD9RBgFywepTl2FY39/dnfLR1k4=">AAAB73icbVA9SwNBEJ3zM8avqKXNYSJYhbtYmDJgYxnBfEByhLnNXrJkd+/c3RPCkT9hY6GIrX/Hzn/jJrlCEx8MPN6bYWZemHCmjed9OxubW9s7u4W94v7B4dFx6eS0reNUEdoiMY9VN0RNOZO0ZZjhtJsoiiLktBNObud+54kqzWL5YKYJDQSOJIsYQWOlbqU/QiGwMiiVvaq3gLtO/JyUIUdzUPrqD2OSCioN4ah1z/cSE2SoDCOczor9VNMEyQRHtGepREF1kC3unbmXVhm6UaxsSeMu1N8TGQqtpyK0nQLNWK96c/E/r5eaqB5kTCapoZIsF0Upd03szp93h0xRYvjUEiSK2VtdMkaFxNiIijYEf/XlddKuVf3rau2+Vm7U8zgKcA4XcAU+3EAD7qAJLSDA4Rle4c15dF6cd+dj2brh5DNn8AfO5w8+/49p</latexit>�⇤

<latexit sha1_base64="eMYmBMq3+D0okuTa5pX8Gqa2OC0=">AAAB8XicbVA9TwJBEJ3zE/ELtbS5CCbGgtxhISWJjSUm8hHhJHPLAht29y67eybkwr+wsdAYW/+Nnf/GBa5Q8CWTvLw3k5l5YcyZNp737aytb2xubed28rt7+weHhaPjpo4SRWiDRDxS7RA15UzShmGG03asKIqQ01Y4vpn5rSeqNIvkvZnENBA4lGzACBorPZS6QxQCHy9LvULRK3tzuKvEz0gRMtR7ha9uPyKJoNIQjlp3fC82QYrKMMLpNN9NNI2RjHFIO5ZKFFQH6fziqXtulb47iJQtady5+nsiRaH1RIS2U6AZ6WVvJv7ndRIzqAYpk3FiqCSLRYOEuyZyZ++7faYoMXxiCRLF7K0uGaFCYmxIeRuCv/zyKmlWyv5VuXJXKdaqWRw5OIUzuAAfrqEGt1CHBhCQ8Ayv8OZo58V5dz4WrWtONnMCf+B8/gBdAJAF</latexit>

Q2
<latexit sha1_base64="r55eqSRAZosAiRtZGmQ6+4SZCa4=">AAAB7HicbVBNT8JAEJ3iF+IX6tHLRjDxRNp6kCOJF4+QWCCBSrbLFjZst83u1oQ0/AYvHjTGqz/Im//GLfSg4EsmeXlvJjPzgoQzpW372yptbe/s7pX3KweHR8cn1dOzropTSahHYh7LfoAV5UxQTzPNaT+RFEcBp71gdpf7vScqFYvFg54n1I/wRLCQEayN5NU7j259VK3ZDXsJtEmcgtSgQHtU/RqOY5JGVGjCsVIDx060n2GpGeF0URmmiiaYzPCEDgwVOKLKz5bHLtCVUcYojKUpodFS/T2R4UipeRSYzgjrqVr3cvE/b5DqsOlnTCSppoKsFoUpRzpG+edozCQlms8NwUQycysiUywx0SafignBWX95k3TdhnPTcDturdUs4ijDBVzCNThwCy24hzZ4QIDBM7zCmyWsF+vd+li1lqxi5hz+wPr8AYZUjc0=</latexit>

s,Q2 ⌧
<latexit sha1_base64="ppMMtIWolWGmKqTpp6SVfEcvE38=">AAAB8XicbVBNS8NAEJ34WetX1aOXxVbwICVtoeqt4MVjC/YD21g22027dLMJuxuhhP4LLx4U8eq/8ea/cZMGUeuDgcd7M8zMc0POlLbtT2tldW19YzO3ld/e2d3bLxwcdlQQSULbJOCB7LlYUc4EbWumOe2FkmLf5bTrTq8Tv/tApWKBuNWzkDo+HgvmMYK1ke5K6rx1Xx1wXhoWinbZToGWSSUjRcjQHBY+BqOARD4VmnCsVL9ih9qJsdSMcDrPDyJFQ0ymeEz7hgrsU+XE6cVzdGqUEfICaUpolKo/J2LsKzXzXdPpYz1Rf71E/M/rR9q7dGImwkhTQRaLvIgjHaDkfTRikhLNZ4ZgIpm5FZEJlphoE1I+DeEqQf375WXSqZYrtXKtVS026lkcOTiGEziDClxAA26gCW0gIOARnuHFUtaT9Wq9LVpXrGzmCH7Bev8CJGeQAw==</latexit>

s,Q2 ⌧
<latexit sha1_base64="ppMMtIWolWGmKqTpp6SVfEcvE38=">AAAB8XicbVBNS8NAEJ34WetX1aOXxVbwICVtoeqt4MVjC/YD21g22027dLMJuxuhhP4LLx4U8eq/8ea/cZMGUeuDgcd7M8zMc0POlLbtT2tldW19YzO3ld/e2d3bLxwcdlQQSULbJOCB7LlYUc4EbWumOe2FkmLf5bTrTq8Tv/tApWKBuNWzkDo+HgvmMYK1ke5K6rx1Xx1wXhoWinbZToGWSSUjRcjQHBY+BqOARD4VmnCsVL9ih9qJsdSMcDrPDyJFQ0ymeEz7hgrsU+XE6cVzdGqUEfICaUpolKo/J2LsKzXzXdPpYz1Rf71E/M/rR9q7dGImwkhTQRaLvIgjHaDkfTRikhLNZ4ZgIpm5FZEJlphoE1I+DeEqQf375WXSqZYrtXKtVS026lkcOTiGEziDClxAA26gCW0gIOARnuHFUtaT9Wq9LVpXrGzmCH7Bev8CJGeQAw==</latexit>



Measure of the strength of induced polarizations: 2 scalar polarizabilities + 4 spin polarizabilities

Real Compton Scattering at low energies



Measure of the strength of induced polarizations: 2 scalar polarizabilities + 4 spin polarizabilities
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~DE ⇠ ↵E1
~E

<latexit sha1_base64="+6tvojHJEVBq7YEfUxvhsBAfa4o="></latexit>

Unlike atoms,  
it is not proportional to volume 

V ⇠ hrpi3 ⇡ 0.6 fm3
<latexit sha1_base64="revbn3dyCA9tUgSXvdysMJxfj00="></latexit>

much ``stiffer’’ than hydrogen! 

↵E1 ⇡ 10�4 Vp
<latexit sha1_base64="+tj8TZ0qUSe0E92Lb2hj5DXTBUw=">AAACEnicbVDLSsNAFJ3UV62vqks3g62goCVppequIILLCvYBTQ0302k7dJIMMxOxhHyDG3/FjQtF3Lpy59+YPhC1HrhwOOde7r3HFZwpbZqfRmpufmFxKb2cWVldW9/Ibm7VVRBKQmsk4IFsuqAoZz6taaY5bQpJwXM5bbiD85HfuKVSscC/1kNB2x70fNZlBHQiOdmDvA1c9MGJIlt6+MKKYxuEkMEdtsyb6Og4xvYhrjsi72RzZsEcA88Sa0pyaIqqk/2wOwEJPeprwkGplmUK3Y5AakY4jTN2qKgAMoAebSXUB4+qdjR+KcZ7idLB3UAm5Ws8Vn9OROApNfTcpNMD3Vd/vZH4n9cKdfe0HTFfhJr6ZLKoG3KsAzzKB3eYpETzYUKASJbcikkfJBCdpJgZh3A2Qvn75VlSLxasUqF0VcxVytM40mgH7aJ9ZKETVEGXqIpqiKB79Iie0YvxYDwZr8bbpDVlTGe20S8Y71/BgZxT</latexit>
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<latexit sha1_base64="lw8HfPuRZ4qjNkFx81F4fYZ5xMU="></latexit>

proton spin aligns  
with external field

induced current  
of  pion cloud generates field  
opposite to the external one 

�dia
M1 < 0

<latexit sha1_base64="+CTkddC4NG1vYvgi8fRFgq2brcY="></latexit>
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TAPS data, uDRs [2001]

Baldin sum rule

Zieger et al. [1992]

PDG2018

Federspiel et al. [1991]

McGibbon et al., uDRs [1995]

HBChPT 
Mc Govern et al. [2013]

BChPT 
Lensky et al. [2014]

Status of RCS scalar polarizabilities

PDG2018: ↵E1 = 11.2± 0.4
<latexit sha1_base64="ke2MQ6JH/sKVayKkoWJimGMsZTM=">AAACCXicbVDLSsNAFJ3UV62vqEs3g63gKiStVF0IBRFcVrAPaEKYTCft0JkkzEyEErp146+4caGIW//AnX9jkgZR64ELh3Pu5d57vIhRqUzzUystLa+srpXXKxubW9s7+u5eV4axwKSDQxaKvockYTQgHUUVI/1IEMQ9Rnre5DLze3dESBoGt2oaEYejUUB9ipFKJVeHNRuxaIzcJLEFh1fWbHZhWUbdjjg0jRNYc/WqaZg54CKxClIFBdqu/mEPQxxzEijMkJQDy4yUkyChKGZkVrFjSSKEJ2hEBikNECfSSfJPZvAoVYbQD0VagYK5+nMiQVzKKffSTo7UWP71MvE/bxAr/8xJaBDFigR4vsiPGVQhzGKBQyoIVmyaEoQFTW+FeIwEwioNr5KHcJ6h+f3yIunWDathNG7q1VaziKMMDsAhOAYWOAUtcA3aoAMwuAeP4Bm8aA/ak/aqvc1bS1oxsw9+QXv/AstLl+g=</latexit>

�M1 = 2.5± 0.4
<latexit sha1_base64="Sca6kttexuWfXU9t54WXxgub0es=">AAACB3icbVDLSsNAFJ3UV62vqktBBlvBVUharboQCm7cCBXsA5oQJtNJO3QmCTMToYTu3Pgrblwo4tZfcOffOE2LqPXAhcM593LvPX7MqFSW9WnkFhaXllfyq4W19Y3NreL2TktGicCkiSMWiY6PJGE0JE1FFSOdWBDEfUba/vBy4rfviJA0Cm/VKCYuR/2QBhQjpSWvuF92fKKQl6aO4PDaHo8vKuaJE3Nomcew7BVLlmllgPPEnpESmKHhFT+cXoQTTkKFGZKya1uxclMkFMWMjAtOIkmM8BD1SVfTEHEi3TT7YwwPtdKDQSR0hQpm6s+JFHEpR9zXnRypgfzrTcT/vG6igjM3pWGcKBLi6aIgYVBFcBIK7FFBsGIjTRAWVN8K8QAJhJWOrpCFcD5B7fvledKqmHbVrN5USvXaLI482AMH4AjY4BTUwRVogCbA4B48gmfwYjwYT8ar8TZtzRmzmV3wC8b7F5Nfl0U=</latexit>

Baldin sum rule: ↵E1 + �M1 = 13.8± 0.4
<latexit sha1_base64="5F/9Snq8gUnTPMT59nTzDBWns80=">AAACGXicbZDLSsNAFIYn9VbrLerSzWArCEJIWql1IRREcCNUsBdoSplMJ+3QmSTMTIQS+hpufBU3LhRxqSvfxklbRa0/DPx85xzOnN+LGJXKtj+MzMLi0vJKdjW3tr6xuWVu7zRkGAtM6jhkoWh5SBJGA1JXVDHSigRB3GOk6Q3P03rzlghJw+BGjSLS4agfUJ9ipDTqmnbBRSwaoG6SuILDC2c8PnI9or7AlQZnTsmquBGHtnVc6Jp527IngvPGmZk8mKnWNd/cXohjTgKFGZKy7diR6iRIKIoZGefcWJII4SHqk7a2AeJEdpLJZWN4oEkP+qHQL1BwQn9OJIhLOeKe7uRIDeTfWgr/q7Vj5Vc6CQ2iWJEATxf5MYMqhGlMsEcFwYqNtEFYUP1XiAdIIKx0mLlJCKepyt8nz5tG0dLJla6L+Wp5FkcW7IF9cAgccAKq4BLUQB1gcAcewBN4Nu6NR+PFeJ22ZozZzC74JeP9E3Fnnrs=</latexit>

sDRs 
Pasquini et al. [2019]

Fig. from BP, Pedroni, Sconfietti,  
 JPG 42 (2019) 
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Mc Govern et al. [2013]
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Status of RCS scalar polarizabilities

Extractions obtained using different data sets and different theoretical models:

HBChPT
�M1 = 3.15± 0.35 (stat.)± 0.2 (Baldin)± 0.3 (th.)

<latexit sha1_base64="/ZMBBJYwnPqU9Jwi2U+F41kPjQI="></latexit>

↵E1 = 10.65± 0.35 (stat.)± 0.2 (Baldin)± 0.3 (th.)
<latexit sha1_base64="vpL3PXaTDSXJCGeUjb5OuJT57Yc="></latexit>

Subtracted 
Dispersion 
Relations

↵E1 = 12.03+0.48
�0.54

<latexit sha1_base64="bSSE3d3ledpKZqe3CBc3dQC8a+s="></latexit>

�M1 = 1.77+0.52
�0.54

<latexit sha1_base64="YdfLKu3+M49qvH1wSbTIA+VNm9M=">AAACEHicbVDLSgMxFM3UV62vUZdugq0oiMNMq60uhIIbN0IF+4C2Dpk004ZmHiQZoQzzCW78FTcuFHHr0p1/Y9oOotYDl3s4516Se5yQUSFN81PLzM0vLC5ll3Mrq2vrG/rmVkMEEcekjgMW8JaDBGHUJ3VJJSOtkBPkOYw0neHF2G/eES5o4N/IUUi6Hur71KUYSSXZ+n6h4xCJ7DjucA9eWUlybhmVym18aBonxcSOj1Q/Tgq2njcNcwI4S6yU5EGKmq1/dHoBjjziS8yQEG3LDGU3RlxSzEiS60SChAgPUZ+0FfWRR0Q3nhyUwD2l9KAbcFW+hBP150aMPCFGnqMmPSQH4q83Fv/z2pF0T7sx9cNIEh9PH3IjBmUAx+nAHuUESzZSBGFO1V8hHiCOsFQZ5iYhnI1R/j55ljSKhlUyStfFfLWcxpEFO2AXHAALVEAVXIIaqAMM7sEjeAYv2oP2pL1qb9PRjJbubINf0N6/AGrhml0=</latexit>

PDG2018: ↵E1 = 11.2± 0.4
<latexit sha1_base64="ke2MQ6JH/sKVayKkoWJimGMsZTM=">AAACCXicbVDLSsNAFJ3UV62vqEs3g63gKiStVF0IBRFcVrAPaEKYTCft0JkkzEyEErp146+4caGIW//AnX9jkgZR64ELh3Pu5d57vIhRqUzzUystLa+srpXXKxubW9s7+u5eV4axwKSDQxaKvockYTQgHUUVI/1IEMQ9Rnre5DLze3dESBoGt2oaEYejUUB9ipFKJVeHNRuxaIzcJLEFh1fWbHZhWUbdjjg0jRNYc/WqaZg54CKxClIFBdqu/mEPQxxzEijMkJQDy4yUkyChKGZkVrFjSSKEJ2hEBikNECfSSfJPZvAoVYbQD0VagYK5+nMiQVzKKffSTo7UWP71MvE/bxAr/8xJaBDFigR4vsiPGVQhzGKBQyoIVmyaEoQFTW+FeIwEwioNr5KHcJ6h+f3yIunWDathNG7q1VaziKMMDsAhOAYWOAUtcA3aoAMwuAeP4Bm8aA/ak/aqvc1bS1oxsw9+QXv/AstLl+g=</latexit>

�M1 = 2.5± 0.4
<latexit sha1_base64="Sca6kttexuWfXU9t54WXxgub0es=">AAACB3icbVDLSsNAFJ3UV62vqktBBlvBVUharboQCm7cCBXsA5oQJtNJO3QmCTMToYTu3Pgrblwo4tZfcOffOE2LqPXAhcM593LvPX7MqFSW9WnkFhaXllfyq4W19Y3NreL2TktGicCkiSMWiY6PJGE0JE1FFSOdWBDEfUba/vBy4rfviJA0Cm/VKCYuR/2QBhQjpSWvuF92fKKQl6aO4PDaHo8vKuaJE3Nomcew7BVLlmllgPPEnpESmKHhFT+cXoQTTkKFGZKya1uxclMkFMWMjAtOIkmM8BD1SVfTEHEi3TT7YwwPtdKDQSR0hQpm6s+JFHEpR9zXnRypgfzrTcT/vG6igjM3pWGcKBLi6aIgYVBFcBIK7FFBsGIjTRAWVN8K8QAJhJWOrpCFcD5B7fvledKqmHbVrN5USvXaLI482AMH4AjY4BTUwRVogCbA4B48gmfwYjwYT8ar8TZtzRmzmV3wC8b7F5Nfl0U=</latexit>

Baldin sum rule: ↵E1 + �M1 = 13.8± 0.4
<latexit sha1_base64="5F/9Snq8gUnTPMT59nTzDBWns80=">AAACGXicbZDLSsNAFIYn9VbrLerSzWArCEJIWql1IRREcCNUsBdoSplMJ+3QmSTMTIQS+hpufBU3LhRxqSvfxklbRa0/DPx85xzOnN+LGJXKtj+MzMLi0vJKdjW3tr6xuWVu7zRkGAtM6jhkoWh5SBJGA1JXVDHSigRB3GOk6Q3P03rzlghJw+BGjSLS4agfUJ9ipDTqmnbBRSwaoG6SuILDC2c8PnI9or7AlQZnTsmquBGHtnVc6Jp527IngvPGmZk8mKnWNd/cXohjTgKFGZKy7diR6iRIKIoZGefcWJII4SHqk7a2AeJEdpLJZWN4oEkP+qHQL1BwQn9OJIhLOeKe7uRIDeTfWgr/q7Vj5Vc6CQ2iWJEATxf5MYMqhGlMsEcFwYqNtEFYUP1XiAdIIKx0mLlJCKepyt8nz5tG0dLJla6L+Wp5FkcW7IF9cAgccAKq4BLUQB1gcAcewBN4Nu6NR+PFeJ22ZozZzC74JeP9E3Fnnrs=</latexit>

sDRs 
Pasquini et al. [2019]

Fig. from BP, Pedroni, Sconfietti,  
 JPG 42 (2019) 
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Status of RCS scalar polarizabilities

Extractions obtained using different data sets and different theoretical models:

HBChPT
�M1 = 3.15± 0.35 (stat.)± 0.2 (Baldin)± 0.3 (th.)

<latexit sha1_base64="/ZMBBJYwnPqU9Jwi2U+F41kPjQI="></latexit>

↵E1 = 10.65± 0.35 (stat.)± 0.2 (Baldin)± 0.3 (th.)
<latexit sha1_base64="vpL3PXaTDSXJCGeUjb5OuJT57Yc="></latexit>

Subtracted 
Dispersion 
Relations

↵E1 = 12.03+0.48
�0.54

<latexit sha1_base64="bSSE3d3ledpKZqe3CBc3dQC8a+s="></latexit>

�M1 = 1.77+0.52
�0.54

<latexit sha1_base64="YdfLKu3+M49qvH1wSbTIA+VNm9M=">AAACEHicbVDLSgMxFM3UV62vUZdugq0oiMNMq60uhIIbN0IF+4C2Dpk004ZmHiQZoQzzCW78FTcuFHHr0p1/Y9oOotYDl3s4516Se5yQUSFN81PLzM0vLC5ll3Mrq2vrG/rmVkMEEcekjgMW8JaDBGHUJ3VJJSOtkBPkOYw0neHF2G/eES5o4N/IUUi6Hur71KUYSSXZ+n6h4xCJ7DjucA9eWUlybhmVym18aBonxcSOj1Q/Tgq2njcNcwI4S6yU5EGKmq1/dHoBjjziS8yQEG3LDGU3RlxSzEiS60SChAgPUZ+0FfWRR0Q3nhyUwD2l9KAbcFW+hBP150aMPCFGnqMmPSQH4q83Fv/z2pF0T7sx9cNIEh9PH3IjBmUAx+nAHuUESzZSBGFO1V8hHiCOsFQZ5iYhnI1R/j55ljSKhlUyStfFfLWcxpEFO2AXHAALVEAVXIIaqAMM7sEjeAYv2oP2pL1qb9PRjJbubINf0N6/AGrhml0=</latexit>

First extraction of spin pol. and very accurate data for scalar pol. from MAMI:  
talks of P. Martel and E. Mornacchi

PDG2018: ↵E1 = 11.2± 0.4
<latexit sha1_base64="ke2MQ6JH/sKVayKkoWJimGMsZTM=">AAACCXicbVDLSsNAFJ3UV62vqEs3g63gKiStVF0IBRFcVrAPaEKYTCft0JkkzEyEErp146+4caGIW//AnX9jkgZR64ELh3Pu5d57vIhRqUzzUystLa+srpXXKxubW9s7+u5eV4axwKSDQxaKvockYTQgHUUVI/1IEMQ9Rnre5DLze3dESBoGt2oaEYejUUB9ipFKJVeHNRuxaIzcJLEFh1fWbHZhWUbdjjg0jRNYc/WqaZg54CKxClIFBdqu/mEPQxxzEijMkJQDy4yUkyChKGZkVrFjSSKEJ2hEBikNECfSSfJPZvAoVYbQD0VagYK5+nMiQVzKKffSTo7UWP71MvE/bxAr/8xJaBDFigR4vsiPGVQhzGKBQyoIVmyaEoQFTW+FeIwEwioNr5KHcJ6h+f3yIunWDathNG7q1VaziKMMDsAhOAYWOAUtcA3aoAMwuAeP4Bm8aA/ak/aqvc1bS1oxsw9+QXv/AstLl+g=</latexit>

�M1 = 2.5± 0.4
<latexit sha1_base64="Sca6kttexuWfXU9t54WXxgub0es=">AAACB3icbVDLSsNAFJ3UV62vqktBBlvBVUharboQCm7cCBXsA5oQJtNJO3QmCTMToYTu3Pgrblwo4tZfcOffOE2LqPXAhcM593LvPX7MqFSW9WnkFhaXllfyq4W19Y3NreL2TktGicCkiSMWiY6PJGE0JE1FFSOdWBDEfUba/vBy4rfviJA0Cm/VKCYuR/2QBhQjpSWvuF92fKKQl6aO4PDaHo8vKuaJE3Nomcew7BVLlmllgPPEnpESmKHhFT+cXoQTTkKFGZKya1uxclMkFMWMjAtOIkmM8BD1SVfTEHEi3TT7YwwPtdKDQSR0hQpm6s+JFHEpR9zXnRypgfzrTcT/vG6igjM3pWGcKBLi6aIgYVBFcBIK7FFBsGIjTRAWVN8K8QAJhJWOrpCFcD5B7fvledKqmHbVrN5USvXaLI482AMH4AjY4BTUwRVogCbA4B48gmfwYjwYT8ar8TZtzRmzmV3wC8b7F5Nfl0U=</latexit>

Baldin sum rule: ↵E1 + �M1 = 13.8± 0.4
<latexit sha1_base64="5F/9Snq8gUnTPMT59nTzDBWns80=">AAACGXicbZDLSsNAFIYn9VbrLerSzWArCEJIWql1IRREcCNUsBdoSplMJ+3QmSTMTIQS+hpufBU3LhRxqSvfxklbRa0/DPx85xzOnN+LGJXKtj+MzMLi0vJKdjW3tr6xuWVu7zRkGAtM6jhkoWh5SBJGA1JXVDHSigRB3GOk6Q3P03rzlghJw+BGjSLS4agfUJ9ipDTqmnbBRSwaoG6SuILDC2c8PnI9or7AlQZnTsmquBGHtnVc6Jp527IngvPGmZk8mKnWNd/cXohjTgKFGZKy7diR6iRIKIoZGefcWJII4SHqk7a2AeJEdpLJZWN4oEkP+qHQL1BwQn9OJIhLOeKe7uRIDeTfWgr/q7Vj5Vc6CQ2iWJEATxf5MYMqhGlMsEcFwYqNtEFYUP1XiAdIIKx0mLlJCKepyt8nz5tG0dLJla6L+Wp5FkcW7IF9cAgccAKq4BLUQB1gcAcewBN4Nu6NR+PFeJ22ZozZzC74JeP9E3Fnnrs=</latexit>
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Fig. from BP, Pedroni, Sconfietti,  
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Fig. from Fonvieille, BP, Sparveris, 
arXiv:1910.11071

New JLAB data under analysis: 0.3GeV2  Q2  0.75GeV2
<latexit sha1_base64="Q4Vx97bx/Xcm+o8bQtSb0PO87fU=">AAACGnicbVDLSsNAFJ3UV62vqEs3g63gQkLSqtVdwYUuW7APaGqZTG/boZMHMxOhhH6HG3/FjQtF3Ikb/8YkLWKtBy73cM69zNzjBJxJZZpfWmZpeWV1Lbue29jc2t7Rd/ca0g8FhTr1uS9aDpHAmQd1xRSHViCAuA6HpjO6SvzmPQjJfO9WjQPouGTgsT6jRMVSV7cKplGyT3BkCxdfQ2NyV7Q54Nq0mUb5DM+7ha6eNw0zBV4k1ozk0QzVrv5h93wauuApyomUbcsMVCciQjHKYZKzQwkBoSMygHZMPeKC7ETpaRN8FCs93PdFXJ7Cqfp7IyKulGPXiSddoobyr5eI/3ntUPUvOhHzglCBR6cP9UOOlY+TnHCPCaCKj2NCqGDxXzEdEkGoitPMpSFcJjj/OXmRNIqGVTJKtWK+cjqLI4sO0CE6RhYqowq6QVVURxQ9oCf0gl61R+1Ze9Pep6MZbbazj+agfX4Dxj+dFA==</latexit>

DR  
fitted to data

Plans to extract spin GPs directly from data under study 
and 

Efforts to reduce theoretical model dependence 

Two analysis methods: Low-Energy Expansion (LEX)  
                                 Dispersion Relations (DRs) 

Model dependence: 
spin GPs are taken from DR theory 

�
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Mean square polarizabilities radius

<r2>GP (fm2) resonance

excitation pion cloud Total

↵E1
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2.67 +0.51
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Fonvieille, BP, Sparveris, arXiv:1910.11071

radius of induced electric and magnetic polarizations  
(up to relativistic corrections) 

• Square radius of electric GP much larger than square radius of charge distribution 

• Dominance of long range effects of pion cloud

hr2iGP = � 6

GP(0)

d

dQ2
GP(Q2)

���
Q2=0

<latexit sha1_base64="zsFEmbNxo84hlNFhFn6myrv5QxA="></latexit>



Gorchtein, Lorcé, BP, Vanderhaeghen, PRL104 (2010) 112001

Spatial density of induced polarizations

light (dark) regions              larger (smaller) values 

unpolarized proton target transversely pol. proton target

Light-front frame with fast moving proton in the        
            longitudinal direction and                    Q2 = q2?
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FT
true probabilistic interpretation!

~E ⇠ iq00~✏ 0
?
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quasi-static electric field induced polarization depending  
on scalar and spin GPs

~P
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Partonic description: Deeply Virtual Compton Scattering

�
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N(p0)
<latexit sha1_base64="3QCN5mnHzoroSFhsu0TgThuxVcc=">AAAB8HicbVDLSgMxFM3UV62vqks3wVasmzLTQtVdwY0rqWAf0g4lk2ba0CQzJBmhDP0KNy4UcevnuPNvzEwHUeuBC4dz7uXee7yQUaVt+9PKrayurW/kNwtb2zu7e8X9g44KIolJGwcskD0PKcKoIG1NNSO9UBLEPUa63vQq8bsPRCoaiDs9C4nL0VhQn2KkjXRfhvCmEp6elYfFkl21U8Bl4mSkBDK0hsWPwSjAESdCY4aU6jt2qN0YSU0xI/PCIFIkRHiKxqRvqECcKDdOD57DE6OMoB9IU0LDVP05ESOu1Ix7ppMjPVF/vUT8z+tH2r9wYyrCSBOBF4v8iEEdwOR7OKKSYM1mhiAsqbkV4gmSCGuTUSEN4TJB4/vlZdKpVZ16tX5bKzUbWRx5cASOQQU44Bw0wTVogTbAgINH8AxeLGk9Wa/W26I1Z2Uzh+AXrPcvFx6Ouw==</latexit>

N(p)
<latexit sha1_base64="PvYx3xqLICwgi8R+zM0c5WszfmE=">AAAB73icbVBNS8NAEJ34WetX1aOXxVaol5K0UPVW8OJJKtgPaEPZbDft0s0m7m6EUvonvHhQxKt/x5v/xk0aRK0PBh7vzTAzz4s4U9q2P62V1bX1jc3cVn57Z3dvv3Bw2FZhLAltkZCHsuthRTkTtKWZ5rQbSYoDj9OON7lK/M4DlYqF4k5PI+oGeCSYzwjWRuqWELopR2elQaFoV+wUaJk4GSlChuag8NEfhiQOqNCEY6V6jh1pd4alZoTTeb4fKxphMsEj2jNU4IAqd5beO0enRhkiP5SmhEap+nNihgOlpoFnOgOsx+qvl4j/eb1Y+xfujIko1lSQxSI/5kiHKHkeDZmkRPOpIZhIZm5FZIwlJtpElE9DuExQ/355mbSrFadWqd1Wi416FkcOjuEEyuDAOTTgGprQAgIcHuEZXqx768l6td4WrStWNnMEv2C9fwG1aY6K</latexit>

M =[parton Ampl.]⌦ [GPDs]factorization for large Q2,  |t|<< Q2 , s

GPDs

•Transverse position size as function of x (2D+1D map)  

•Form Factors of Energy Momentum Tensor        ``mechanical’’ properties of the nucleon 

x+ ⇠
<latexit sha1_base64="jtpc4tFo8MJBVqdjcnzWI2YqMHo=">AAAB73icbVDLSsNAFJ3UV62vqks3g60gCCFpg7a7ghuXFewD2lAm00k7dDKJMxNpCf0JNy4UcevvuPNvnLRRfB24cDjnXu69x4sYlcqy3o3cyura+kZ+s7C1vbO7V9w/aMswFpi0cMhC0fWQJIxy0lJUMdKNBEGBx0jHm1ymfueOCElDfqNmEXEDNOLUpxgpLXXLcHrWn9LyoFiyTWsBaJkVp+Y4dU0y5dMqgQzNQfGtPwxxHBCuMENS9mwrUm6ChKKYkXmhH0sSITxBI9LTlKOASDdZ3DuHJ1oZQj8UuriCC/X7RIICKWeBpzsDpMbyt5eK/3m9WPk1N6E8ihXheLnIjxlUIUyfh0MqCFZspgnCgupbIR4jgbDSERV0CJZZT3H+9fJf0q6YdtWsXldKDSeLIw+OwDE4BTa4AA1wBZqgBTBg4B48gifj1ngwno2XZWvOyGYOwQ8Yrx/xiI9Z</latexit>

x� ⇠
<latexit sha1_base64="eT0zMbfarsNWLDOig2Z6iT7gcKo=">AAAB73icbVDLSsNAFJ3UV62vqks3g63gxpA0tequ4MZlBfuANpTJdNIOnUzizERaQn/CjQtF3Po77vwbJ20UXwcuHM65l3vv8SJGpbKsdyO3tLyyupZfL2xsbm3vFHf3WjKMBSZNHLJQdDwkCaOcNBVVjHQiQVDgMdL2xpep374jQtKQ36hpRNwADTn1KUZKS50ynJz0JrTcL5Zs05oDWqZTdWr2qSaZ8mmVQIZGv/jWG4Q4DghXmCEpu7YVKTdBQlHMyKzQiyWJEB6jIelqylFApJvM753BI60MoB8KXVzBufp9IkGBlNPA050BUiP520vF/7xurPxzN6E8ihXheLHIjxlUIUyfhwMqCFZsqgnCgupbIR4hgbDSERV0CJZ5kaL29fJf0qqYtmM615VSvZrFkQcH4BAcAxucgTq4Ag3QBBgwcA8ewZNxazwYz8bLojVnZDP74AeM1w/nn49S</latexit>

t = �2
<latexit sha1_base64="NxZdAiwOqha/xZ1/GjdxKm/ucso=">AAAB9HicbVDLSsNAFJ3UV62vqks3g63gqiSt+FgIBV24rGAf0MYymU7aoZNJnLkplNDvcONCEbd+jDv/xiQNotYDFw7n3Mu99ziB4BpM89PILS2vrK7l1wsbm1vbO8XdvZb2Q0VZk/rCVx2HaCa4ZE3gIFgnUIx4jmBtZ3yV+O0JU5r78g6mAbM9MpTc5ZRALNllDJe9ayaA3FfL/WLJrJgp8CKxMlJCGRr94kdv4NPQYxKoIFp3LTMAOyIKOBVsVuiFmgWEjsmQdWMqice0HaVHz/BRrAyw66u4JOBU/TkREU/rqefEnR6Bkf7rJeJ/XjcE99yOuAxCYJLOF7mhwODjJAE84IpRENOYEKp4fCumI6IIhTinQhrCRYLT75cXSatasWqV2m21VD/J4sijA3SIjpGFzlAd3aAGaiKKHtAjekYvxsR4Ml6Nt3lrzshm9tEvGO9fDQeREg==</latexit>

GPDs=GPDs (x, ⇠, t)
<latexit sha1_base64="dnNaAoagiGYMPR14KNe8WsCKN+c=">AAAB83icbVDLSsNAFJ3UV62vqks3g61QoYRJqtXuCm5cVrAPaEKZTCft0MmDmYm0hP6GGxeKuPVn3Pk3Jmkpvg5cOJxzL/fe44ScSYXQp5ZbW9/Y3MpvF3Z29/YPiodHHRlEgtA2CXggeg6WlDOfthVTnPZCQbHncNp1Jjep332gQrLAv1ezkNoeHvnMZQSrRLLKsDKtWlNWVeflQbGEdGSY6LIOkV4zDaPegIaOMqxICSzRGhQ/rGFAIo/6inAsZd9AobJjLBQjnM4LViRpiMkEj2g/oT72qLTj7OY5PEuUIXQDkZSvYKZ+n4ixJ+XMc5JOD6ux/O2l4n9eP1LutR0zP4wU9clikRtxqAKYBgCHTFCi+CwhmAiW3ArJGAtMVBJTIQuhkaL+9/cV6Zi6UdNrd2apebGMIw9OwCmoAANcgSa4BS3QBgSE4BE8gxct0p60V+1t0ZrTljPH4Ae09y8FlJB4</latexit>

t = (p0 � p)2
<latexit sha1_base64="9eR6zp+0jLQxidDlN2LGRXVnXrA=">AAAB9HicbVDLSgMxFM3UV62vqks3wVasC8tMKz4WQsGNywr2Ae1YMmmmDc1kYpIplNLvcONCEbd+jDv/xsx0EF8HLhzOuZd77/EEo0rb9oeVWVhcWl7JrubW1jc2t/LbO00VRhKTBg5ZKNseUoRRThqaakbaQhIUeIy0vNFV7LfGRCoa8ls9EcQN0IBTn2KkjeQWob4sicNjcXRXKfbyBbtsJ4B/iZOSAkhR7+Xfu/0QRwHhGjOkVMexhXanSGqKGZnlupEiAuERGpCOoRwFRLnT5OgZPDBKH/qhNMU1TNTvE1MUKDUJPNMZID1Uv71Y/M/rRNo/d6eUi0gTjueL/IhBHcI4AdinkmDNJoYgLKm5FeIhkghrk1MuCeEixunXy39Js1J2quXqTaVQO0njyII9sA9KwAFnoAauQR00AAb34AE8gWdrbD1aL9brvDVjpTO74Aest0/kkpBR</latexit>



Generalized Parton 
Distributions 
(Fourier transformed) 
 1D+2D map 
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The errors are large,  
but slowly we are getting some 3D information

x-dependent transverse squared radius(t = �~�2
?) extrapolation from data⇠ = 0

<latexit sha1_base64="fxKAoPFKAgFPZRg5P/VFAwPAa48=">AAAB73icbVA9SwNBEJ2LXzF+RS1tFhPBKtylUBshYGMZwXxAcoS9zSRZsrd37u6J4cifsLFQxNa/Y+e/cZNcoYkPBh7vzTAzL4gF18Z1v53c2vrG5lZ+u7Czu7d/UDw8auooUQwbLBKRagdUo+ASG4Ybge1YIQ0Dga1gfDPzW4+oNI/kvZnE6Id0KPmAM2qs1C53n/g1ccu9YsmtuHOQVeJlpAQZ6r3iV7cfsSREaZigWnc8NzZ+SpXhTOC00E00xpSN6RA7lkoaovbT+b1TcmaVPhlEypY0ZK7+nkhpqPUkDGxnSM1IL3sz8T+vk5jBlZ9yGScGJVssGiSCmIjMnid9rpAZMbGEMsXtrYSNqKLM2IgKNgRv+eVV0qxWPLfi3VVLtYssjjycwCmcgweXUINbqEMDGAh4hld4cx6cF+fd+Vi05pxs5hj+wPn8AVpOjs4=</latexit><latexit sha1_base64="fxKAoPFKAgFPZRg5P/VFAwPAa48=">AAAB73icbVA9SwNBEJ2LXzF+RS1tFhPBKtylUBshYGMZwXxAcoS9zSRZsrd37u6J4cifsLFQxNa/Y+e/cZNcoYkPBh7vzTAzL4gF18Z1v53c2vrG5lZ+u7Czu7d/UDw8auooUQwbLBKRagdUo+ASG4Ybge1YIQ0Dga1gfDPzW4+oNI/kvZnE6Id0KPmAM2qs1C53n/g1ccu9YsmtuHOQVeJlpAQZ6r3iV7cfsSREaZigWnc8NzZ+SpXhTOC00E00xpSN6RA7lkoaovbT+b1TcmaVPhlEypY0ZK7+nkhpqPUkDGxnSM1IL3sz8T+vk5jBlZ9yGScGJVssGiSCmIjMnid9rpAZMbGEMsXtrYSNqKLM2IgKNgRv+eVV0qxWPLfi3VVLtYssjjycwCmcgweXUINbqEMDGAh4hld4cx6cF+fd+Vi05pxs5hj+wPn8AVpOjs4=</latexit><latexit sha1_base64="fxKAoPFKAgFPZRg5P/VFAwPAa48=">AAAB73icbVA9SwNBEJ2LXzF+RS1tFhPBKtylUBshYGMZwXxAcoS9zSRZsrd37u6J4cifsLFQxNa/Y+e/cZNcoYkPBh7vzTAzL4gF18Z1v53c2vrG5lZ+u7Czu7d/UDw8auooUQwbLBKRagdUo+ASG4Ybge1YIQ0Dga1gfDPzW4+oNI/kvZnE6Id0KPmAM2qs1C53n/g1ccu9YsmtuHOQVeJlpAQZ6r3iV7cfsSREaZigWnc8NzZ+SpXhTOC00E00xpSN6RA7lkoaovbT+b1TcmaVPhlEypY0ZK7+nkhpqPUkDGxnSM1IL3sz8T+vk5jBlZ9yGScGJVssGiSCmIjMnid9rpAZMbGEMsXtrYSNqKLM2IgKNgRv+eVV0qxWPLfi3VVLtYssjjycwCmcgweXUINbqEMDGAh4hld4cx6cF+fd+Vi05pxs5hj+wPn8AVpOjs4=</latexit><latexit sha1_base64="fxKAoPFKAgFPZRg5P/VFAwPAa48=">AAAB73icbVA9SwNBEJ2LXzF+RS1tFhPBKtylUBshYGMZwXxAcoS9zSRZsrd37u6J4cifsLFQxNa/Y+e/cZNcoYkPBh7vzTAzL4gF18Z1v53c2vrG5lZ+u7Czu7d/UDw8auooUQwbLBKRagdUo+ASG4Ybge1YIQ0Dga1gfDPzW4+oNI/kvZnE6Id0KPmAM2qs1C53n/g1ccu9YsmtuHOQVeJlpAQZ6r3iV7cfsSREaZigWnc8NzZ+SpXhTOC00E00xpSN6RA7lkoaovbT+b1TcmaVPhlEypY0ZK7+nkhpqPUkDGxnSM1IL3sz8T+vk5jBlZ9yGScGJVssGiSCmIjMnid9rpAZMbGEMsXtrYSNqKLM2IgKNgRv+eVV0qxWPLfi3VVLtYssjjycwCmcgweXUINbqEMDGAh4hld4cx6cF+fd+Vi05pxs5hj+wPn8AVpOjs4=</latexit>

CLAS and HERMES data

x-dependent transverse squared charge radius

H(x, 0,~b?) =

Z +1

�1
d2~�? H(x, 0, t) e�i~�?·~b?

<latexit sha1_base64="KnrX+11CwFfCC7oEISnY06doL7c="></latexit>
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As x      1, the active parton carries all the momentum  
 and represents the centre of momentum 

extrapolating  
in the unmeasured  

x-range

x-dependent transverse squared radius(t = �~�2
?) extrapolation from data⇠ = 0

<latexit sha1_base64="fxKAoPFKAgFPZRg5P/VFAwPAa48=">AAAB73icbVA9SwNBEJ2LXzF+RS1tFhPBKtylUBshYGMZwXxAcoS9zSRZsrd37u6J4cifsLFQxNa/Y+e/cZNcoYkPBh7vzTAzL4gF18Z1v53c2vrG5lZ+u7Czu7d/UDw8auooUQwbLBKRagdUo+ASG4Ybge1YIQ0Dga1gfDPzW4+oNI/kvZnE6Id0KPmAM2qs1C53n/g1ccu9YsmtuHOQVeJlpAQZ6r3iV7cfsSREaZigWnc8NzZ+SpXhTOC00E00xpSN6RA7lkoaovbT+b1TcmaVPhlEypY0ZK7+nkhpqPUkDGxnSM1IL3sz8T+vk5jBlZ9yGScGJVssGiSCmIjMnid9rpAZMbGEMsXtrYSNqKLM2IgKNgRv+eVV0qxWPLfi3VVLtYssjjycwCmcgweXUINbqEMDGAh4hld4cx6cF+fd+Vi05pxs5hj+wPn8AVpOjs4=</latexit><latexit sha1_base64="fxKAoPFKAgFPZRg5P/VFAwPAa48=">AAAB73icbVA9SwNBEJ2LXzF+RS1tFhPBKtylUBshYGMZwXxAcoS9zSRZsrd37u6J4cifsLFQxNa/Y+e/cZNcoYkPBh7vzTAzL4gF18Z1v53c2vrG5lZ+u7Czu7d/UDw8auooUQwbLBKRagdUo+ASG4Ybge1YIQ0Dga1gfDPzW4+oNI/kvZnE6Id0KPmAM2qs1C53n/g1ccu9YsmtuHOQVeJlpAQZ6r3iV7cfsSREaZigWnc8NzZ+SpXhTOC00E00xpSN6RA7lkoaovbT+b1TcmaVPhlEypY0ZK7+nkhpqPUkDGxnSM1IL3sz8T+vk5jBlZ9yGScGJVssGiSCmIjMnid9rpAZMbGEMsXtrYSNqKLM2IgKNgRv+eVV0qxWPLfi3VVLtYssjjycwCmcgweXUINbqEMDGAh4hld4cx6cF+fd+Vi05pxs5hj+wPn8AVpOjs4=</latexit><latexit sha1_base64="fxKAoPFKAgFPZRg5P/VFAwPAa48=">AAAB73icbVA9SwNBEJ2LXzF+RS1tFhPBKtylUBshYGMZwXxAcoS9zSRZsrd37u6J4cifsLFQxNa/Y+e/cZNcoYkPBh7vzTAzL4gF18Z1v53c2vrG5lZ+u7Czu7d/UDw8auooUQwbLBKRagdUo+ASG4Ybge1YIQ0Dga1gfDPzW4+oNI/kvZnE6Id0KPmAM2qs1C53n/g1ccu9YsmtuHOQVeJlpAQZ6r3iV7cfsSREaZigWnc8NzZ+SpXhTOC00E00xpSN6RA7lkoaovbT+b1TcmaVPhlEypY0ZK7+nkhpqPUkDGxnSM1IL3sz8T+vk5jBlZ9yGScGJVssGiSCmIjMnid9rpAZMbGEMsXtrYSNqKLM2IgKNgRv+eVV0qxWPLfi3VVLtYssjjycwCmcgweXUINbqEMDGAh4hld4cx6cF+fd+Vi05pxs5hj+wPn8AVpOjs4=</latexit><latexit sha1_base64="fxKAoPFKAgFPZRg5P/VFAwPAa48=">AAAB73icbVA9SwNBEJ2LXzF+RS1tFhPBKtylUBshYGMZwXxAcoS9zSRZsrd37u6J4cifsLFQxNa/Y+e/cZNcoYkPBh7vzTAzL4gF18Z1v53c2vrG5lZ+u7Czu7d/UDw8auooUQwbLBKRagdUo+ASG4Ybge1YIQ0Dga1gfDPzW4+oNI/kvZnE6Id0KPmAM2qs1C53n/g1ccu9YsmtuHOQVeJlpAQZ6r3iV7cfsSREaZigWnc8NzZ+SpXhTOC00E00xpSN6RA7lkoaovbT+b1TcmaVPhlEypY0ZK7+nkhpqPUkDGxnSM1IL3sz8T+vk5jBlZ9yGScGJVssGiSCmIjMnid9rpAZMbGEMsXtrYSNqKLM2IgKNgRv+eVV0qxWPLfi3VVLtYssjjycwCmcgweXUINbqEMDGAh4hld4cx6cF+fd+Vi05pxs5hj+wPn8AVpOjs4=</latexit>

CLAS and HERMES data

x-dependent transverse squared charge radius

H(x, 0,~b?) =

Z +1

�1
d2~�? H(x, 0, t) e�i~�?·~b?

<latexit sha1_base64="KnrX+11CwFfCC7oEISnY06doL7c="></latexit>



Moutarde et al., EPJC (2018)78

New parametrization based on DRs: reduce problems related to the extrapolation to         

 u quarkCLAS and HERMES data

New results from COMPASS Coll.: arXiv:1802.02739 

Model dependence can not be avoided, but different fit methods and parametrizations can  
help to constraint the theoretical uncertainties 

h~b 2
?(x)i = 2hB(x)i

<latexit sha1_base64="O25ULKEUCTzten78K42dAIbf7tI="></latexit> h~ b
2 ?
(x
)i

<latexit sha1_base64="hY3rMEfZmC6ktOjcHpLpMYG0vQg="></latexit>

Talk of D. Sokhan

⇠ = 0
<latexit sha1_base64="UKC54NhG8eqQoCYLxvCBQddJLYM=">AAAB73icbVDJSgNBEK2JW4xb1KOXxkTwNEwWYnIQAl48RjALJEPo6fQkTXoWu3vEMOQnvHhQxKu/482/sScZxe1BweO9KqrqOSFnUlnWu5FZWV1b38hu5ra2d3b38vsHHRlEgtA2CXggeg6WlDOfthVTnPZCQbHncNp1pheJ372lQrLAv1azkNoeHvvMZQQrLfWKgzt2jqziMF8omdYCyDLL1Xq12tAkVT6tAqRoDfNvg1FAIo/6inAsZb9khcqOsVCMcDrPDSJJQ0ymeEz7mvrYo9KOF/fO0YlWRsgNhC5foYX6fSLGnpQzz9GdHlYT+dtLxP+8fqTcuh0zP4wU9clykRtxpAKUPI9GTFCi+EwTTATTtyIywQITpSPK6RAss5Gg9vXyX9Ipm6WKWbkqF5q1NI4sHMExnEIJzqAJl9CCNhDgcA+P8GTcGA/Gs/GybM0Y6cwh/IDx+gGhZI8l</latexit>

d�

dt
⇡ e�B(x)|t|

<latexit sha1_base64="WidylPK+Jjvoz9vuc+5LdbDOvf8="></latexit>



Probabilistic interpretation

no sensitivity to longitudinal Lorentz contraction✓  

✓              : Transverse boosts no transverse Lorentz contraction

�+ = 0
<latexit sha1_base64="5mT1Se5FJrAFlkySDG5RYBhdC2I=">AAAB9XicbVDLSsNAFJ34rPVVdelmsBUEoSQt+AKhoAuXFewD2rRMpjft0MkkzEyUEvofblwo4tZ/ceffmKRB1HrgwuGce7n3HifgTGnT/DQWFpeWV1Zza/n1jc2t7cLOblP5oaTQoD73ZdshCjgT0NBMc2gHEojncGg546vEb92DVMwXd3oSgO2RoWAuo0THUq+EcfcauCa940uz1C8UzbKZAs8TKyNFlKHeL3x0Bz4NPRCacqJUxzIDbUdEakY5TPPdUEFA6JgMoRNTQTxQdpRePcWHsTLAri/jEhqn6s+JiHhKTTwn7vSIHqm/XiL+53VC7Z7ZERNBqEHQ2SI35Fj7OIkAD5gEqvkkJoRKFt+K6YhIQnUcVD4N4TzByffL86RZKVvVcvW2UqxdZHHk0D46QEfIQqeohm5QHTUQRRI9omf0YjwYT8ar8TZrXTCymT30C8b7F/POkPc=</latexit>

✓ Particle number is conserved in Drell-Yan frame �+ = 0
<latexit sha1_base64="5mT1Se5FJrAFlkySDG5RYBhdC2I=">AAAB9XicbVDLSsNAFJ34rPVVdelmsBUEoSQt+AKhoAuXFewD2rRMpjft0MkkzEyUEvofblwo4tZ/ceffmKRB1HrgwuGce7n3HifgTGnT/DQWFpeWV1Zza/n1jc2t7cLOblP5oaTQoD73ZdshCjgT0NBMc2gHEojncGg546vEb92DVMwXd3oSgO2RoWAuo0THUq+EcfcauCa940uz1C8UzbKZAs8TKyNFlKHeL3x0Bz4NPRCacqJUxzIDbUdEakY5TPPdUEFA6JgMoRNTQTxQdpRePcWHsTLAri/jEhqn6s+JiHhKTTwn7vSIHqm/XiL+53VC7Z7ZERNBqEHQ2SI35Fj7OIkAD5gEqvkkJoRKFt+K6YhIQnUcVD4N4TzByffL86RZKVvVcvW2UqxdZHHk0D46QEfIQqeohm5QHTUQRRI9omf0YjwYT8ar8TZrXTCymT30C8b7F/POkPc=</latexit>

Drell-Yan frame: �+ = 0
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Relation with means square radius measured extracted from GE 
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G.A. Miller, PRC99 (2019) 
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T 30 T 31 T 32 T 33

nucleon momentum carried by parton 

angular momentum of partons

Relation with second-moments of GPDs:  

D-term ( “stability” of the nucleon)

“Charges” of the EMT Form Factors at t=0
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
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Form Factors of Energy Momentum Tensor



Polyakov and Schweitzer,  
Int. J. Mod. Phys. A33 (2018) 1830025 

D-term form factor
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= 6D(0)R 0
�1 dtD(t)
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Normal force distribution in the system:

hr2imech ⇡ 0.75 hr2icharge
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Chiral quark soliton model



Polyakov and Schweitzer,  
Int. J. Mod. Phys. A33 (2018) 1830025 

D-term form factor



Polyakov and Schweitzer,  
Int. J. Mod. Phys. A33 (2018) 1830025 

D-term form factor

Dispersion Relations: 
 BP, Polyakov, Vanderhaeghen, PLB739(2014)133

D-term from t-channel dispersion relations
�⇤� ! ⇡⇡ ! NN̄
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Polyakov and Schweitzer,  
Int. J. Mod. Phys. A33 (2018) 1830025 

D-term form factor

the diamagnetic contribution to               from DRs �M1(Q2)
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the same two-pion correlated state enters

Efforts to develop unified framework connecting low and high Q2 regimes

Belitsky, Mueller, Yao Ji, NPB878(2014)214; Eichmann, Fischer, PRD87 (2013)
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Dispersion Relations: 
 BP, Polyakov, Vanderhaeghen, PLB739(2014)133

D-term from t-channel dispersion relations
�⇤� ! ⇡⇡ ! NN̄
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data before 6 GeV 
6 GeV JLab 
projected 12 GeV JLab 

Radial pressure distribution

Girod, Elouadrhiri,Burkert, Nature 557 (2018) 7705

Necessary to verify model assumptions in the exp extraction 
with more data coming  from JLab, COMPASS and the future EIC

Kumericki, Nature 570 (2019) 7759

Talks of Elouadrhiri, Shanahan, Trawinski 

D̃(r)
FT ! D(t)
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r2
p(
r)

(1
0�

2
G
eV

fm
�
1
)

<latexit sha1_base64="J4qSDxiG/2wx0FMmLiB/5qGIQIg=">AAACEHicbVDLSsNAFJ34rPVVdelmsBFbqCVJoequ4EKXFewDmrRMppN26OTBzEQooZ/gxl9x40IRty7d+TdO2yBqPXDhcM693HuPGzEqpGF8akvLK6tr65mN7ObW9s5ubm+/KcKYY9LAIQt520WCMBqQhqSSkXbECfJdRlru6HLqt+4IFzQMbuU4Io6PBgH1KEZSSb3cic67VlTgRbsEC6bRTU6tCbRLWR1ekSb0fF0p5qSo93J5o2zMABeJmZI8SFHv5T7sfohjnwQSMyRExzQi6SSIS4oZmWTtWJAI4REakI6iAfKJcJLZQxN4rJQ+9EKuKpBwpv6cSJAvxNh3VaeP5FD89abif14nlt65k9AgiiUJ8HyRFzMoQzhNB/YpJ1iysSIIc6puhXiIOMJSZZidhXAxRfX75UXStMpmpVy5sfK1ahpHBhyCI1AAJjgDNXAN6qABMLgHj+AZvGgP2pP2qr3NW5e0dOYA/IL2/gWkRJip</latexit>

r (fm)
<latexit sha1_base64="QhzNBE1/hOtxBL8OC+b9MyUjLig=">AAAB73icbVDLSsNAFL3xWeur6tLNYCvUTUla8LEruHFZwT6gDWUynbRDZyZxZiKU0J9w40IRt/6OO//GJA2i1gMXDufcy733eCFn2tj2p7Wyura+sVnYKm7v7O7tlw4OOzqIFKFtEvBA9TysKWeStg0znPZCRbHwOO160+vU7z5QpVkg78wspK7AY8l8RrBJpF5FVVDVF2fDUtmu2RnQMnFyUoYcrWHpYzAKSCSoNIRjrfuOHRo3xsowwum8OIg0DTGZ4jHtJ1RiQbUbZ/fO0WmijJAfqKSkQZn6cyLGQuuZ8JJOgc1E//VS8T+vHxn/0o2ZDCNDJVks8iOOTIDS59GIKUoMnyUEE8WSWxGZYIWJSSIqZiFcpTj/fnmZdOo1p1Fr3NbLzXoeRwGO4QSq4MAFNOEGWtAGAhwe4RlerHvryXq13hatK1Y+cwS/YL1/AVHYju0=</latexit>



The knowledge of pressure in hadronic matter can in principle  
allows us to make predictions on the behaviour of neutron stars

Exciting results but need more solid underpinnings!

Lorcè, Moutarde,Trawinski, EPJ C79 (2019) 89

Rajan, Liuti, Yagi, arXiv:1812.01479 

proton

Annala et al., PRL120 (2018) 172703

neutron star

Talk of J. Van den Brand



X. Ji, PRL 78 (1997) 610

not directly accessible

 quark and gluon contribution to the nucleon spin

from DIS

•Requires extrapolation at t=0 

•Requires spanning x at fixed values of     (          is the most convenient) 

•Does not have an interpretation as angular momentum density as a function of x 
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from DIS

J
q,g = 1

2

R 1
�1 dx x (Hq,g(x, ⇠, 0) + E

q,g(x, ⇠, 0))
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 at         unpolarized PDF⇠ = 0
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Angular Momentum Relation (Ji’s Sum Rule)



Quark spin Gluon spinZ 1

xmin

dx�⌃(x,Q2)
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Z 1

xmin

dx�g(x,Q2)
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Gluon spin with EICZ 1

xmin

dx�g(x,Q2)
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Spin contributions to proton angular momentum from data

We are constantly improving the knowledge of the contributions to the spin of the nucleon

Aschenauer, Sassot and Stratmann, PRD92 (2015) 094030; Aschenauer et al. Rep.Prog.Phys. 82 (2019) 024301 

What about a direct measurement of orbital angular momentum?

However the details on the flavor and sea contributions are still sketchy

Talk of R. Fatemi
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extractions from HERMES 
data using two different 
models

QCDSF: PoS (Lattice 2007) 158

LHPC: PRD77 (2008) 094502

Lattice results

DFJK, EPJC39 (2005) 1

GPDs extracted from form factors

Orbital angular momentum of the proton from GPDs

Problem of model dependent extractions 
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QCDSF: PoS (Lattice 2007) 158

LHPC: PRD77 (2008) 094502

Lattice results

DFJK, EPJC39 (2005) 1

GPDs extracted from form factors

Orbital angular momentum of the proton from GPDs

Problem of model dependent extractions 

Lq = �
R 1
�1 dxxG

q
2(x, ⇠ = 0, t = 0)
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Twist-3 GPDs? 

Recent formalism: Kriesten et al., arXiv:1903.05742

Very challenging! We can not address the individual twist-3 GPDs [Aslan et al., PRD 98 (2018) 014038]



Lorcé, BP, Xiong, Yuan, PRD 85 (2012) 114006

Hatta, PLB 708 (2012) 186

Orbital angular momentum of the proton from Wigner functions

Lorcé, BP, PRD 84 (2011) 014015

Lq
z =

Z
dxd2~k?d

2~b?(~b? ⇥ ~k?)Wq
LU (x,

~b?,~k?)
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Orbital angular momentum of the proton from Wigner functions

Lorcé, BP, PRD 84 (2011) 014015

relation to GTMD: Lq
z = �

Z
dx d2~k?

~k 2
?

M2
F q
1,4(x,~k

2
?)

��
�=0
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Lq
z =

Z
dxd2~k?d

2~b?(~b? ⇥ ~k?)Wq
LU (x,

~b?,~k?)
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•mutually orthogonal components of quark position and momentum

no conflict with uncertainty principle

•the integrand      represents the OAM densityLq
z
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•intuitive definition of OAM

•same equation for both Jaffe-Manohar (staple-like link) and Ji (straight link) OAM

•equation holds also for gluon OAM

•it can be calculated in LQCD     Engelhardt, PRD95 (2017) 094505
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Orbital angular momentum of the proton from Wigner functions

Lorcé, BP, PRD 84 (2011) 014015

h~k?(~b?)i=
R
dxd~k? ~k? ⇢qLU (

~b?,~k?, x)
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Proton spin
u-quark OAM
d-quark OAM

Orbital angular momentum of the proton from Wigner functions

Lorcé, BP, PRD 84 (2011) 014015

h~k?(~b?)i=
R
dxd~k? ~k? ⇢qLU (

~b?,~k?, x)
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GPD U L T

U H ET
L H̃ ẼT

T E Ẽ HT , H̃T

TMD U L T

U f1 h?
1

L g1L h?
1L

T f?
1T g1T h1, h?

1T

the distributions in red vanish if there is no quark orbital angular momentum 

the distributions in black survive in the collinear limit  

each distribution contains unique information

Angular correlations

R
d2~k?
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Hatta, Xiao, Yuan, PRL 116 (2016) 202301 
Hatta, Nakagawa, Xiao, Yuan, Zhao, PRD 95 (2017) 114032 

Bhattacharya, Metz, Zhou, PLB 771 (2017) 396

Exclusive pion-nucleon double Drell-Yan  
(quark GTMDs)

Exclusive double quarkonia production 
in nucleon-nucleon collisions (gluon GTMDs)

Bhattacharya, Metz, Ojha, Tsai, Zhou, arXiv:1802.10550
Boussarie, Hatta, Xiao, Yuan, arXiv: 1807.08697 

q

q1

q2
k −∆/2

k +∆/2

Hagiwara, et al., PRD 96 (2016) 034009

GTMDs from observables

Exclusive dijet production in ep DIS and in pa UPC (gluon GTMDs)
Ji, Yuan, Zhao, PRL 118 (2017) 192004



•Complete momentum spectrum of single particle 

•Transverse momentum size as function of x (3D map) 

•Spin-Spin and Spin-Orbit Correlations of partons 

•Information on parton orbital angular momentum  
(no direct model-independent relation) 

•Extractions from SIDIS require knowledge of Fragmentation Functions 

•Test what we can calculate with QCD (perturbative and lattice)

Key information from Transverse Momentum Dependent PDFs 

Talks of A. Prokudin, M. Chiosso, M. Engelhardt 



Framework HERMES COMPASS DY Z 
Production

N of 
points

KN 2006

hep-ph/0506225

NLL/NLO 98

Pavia 2013 
arXiv:1309.3507

No evo 1538

Torino 2014 
arXiv:1312.6261

No evo
(separately) (separately)

576(H) 
6284(C)

DEMS 2014 
arXiv:1407.3311

NNLL/NLO 223

EIKV 2014 
arXiv:1401.5078

NLL/LO 1(x,Q2)bin 1(x,Q2)bin 500

Pavia 2016 
arXiv:1703.10157

NLL/LO 8059

SV 2017 
arXiv:1706.01473

NNLL/NNLO 309

BSV 2019 
arXiv:1902.08474

NNLL/NNLO 457

Quark unpolarized TMD extractions



Bacchetta, Delcarro, Pisano, Radici, Signori,  
JHEP 1706 (2017) 081

Bertone, Scimemi, Vladimirov,  
JHEP 1906 (2019) 28

• Density in transverse-momentum space for unpolarized quark in unpolarized nucleon 
monopole distribution, wider at smaller xB

reconstructed from measured data  

Quark unpolarized TMD extractions
f1(x,~k?)

<latexit sha1_base64="cLHIHXIIQualSDVfKm7qW0XVr34="></latexit>



Bacchetta, Delcarro, Pisano, Radici, Signori,  
JHEP 1706 (2017) 081
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Quark unpolarized TMD extractions
f1(x,~k?)
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Open issues: 
 Flavor dependence and more flexible functional forms 
 Different choices in implementation of TMD formalism 
 More data needed to test the formalism 
 Improvements on the knowledge of the fragmentation functions



Library and Plotting tools for collinear parton distributions

LHAPDF
lhapdf.hepforge.org

www.xfitter.org
github.com/vbertone/apfelxx 

apfel.mi.infn.it

Dedicated software to study and fit TMDs

arTeMiDe
teorica.fis.ucm.es/artemide

TMD lib and TMD Plotter
tmdlib.hepforge.org

NangaParbat
public soon

Dedicated Softwares to study GPDs

GeParD PARtonic 
Tomography 
Of 
Nucleon 
Softwarepartons.cea.fr not yet public

Efforts to combine different inputs to understand TMDs and GPDs in an unified framework 



????

Proton mass decomposition

M = Mq +Mg +Mm +Ma
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X. Ji, PRD 52 (1995) 271

quark/gluon kinetic energy｛

quark mass trace anomaly

Mq +Mg :
<latexit sha1_base64="gaf2e0ZuiRK40d2zfP2OwEVYf48=">AAACDHicbVDLSsNAFJ3UV62vqks3wSKIQklaUOuq4MZNoYJ9QFvKZHKTDp1M4sxEKKEf4MZfceNCEbd+gDv/xmkbRa0HBg7nnMude5yIUaks68PILCwuLa9kV3Nr6xubW/ntnaYMY0GgQUIWiraDJTDKoaGoYtCOBODAYdByhhcTv3ULQtKQX6tRBL0A+5x6lGClpX6+0HXApzzBjPr8aJyr9W+Oa33/vAvc/RJ1yipaU5jzxE5JAaWo9/PvXTckcQBcEYal7NhWpHoJFooSBuNcN5YQYTLEPnQ05TgA2Uumx4zNA624phcK/bgyp+rPiQQHUo4CRycDrAbyrzcR//M6sfLOegnlUayAk9kiL2amCs1JM6ZLBRDFRppgIqj+q0kGWGCidH+5aQmVCU6+T54nzVLRLhfLV6VCtZLWkUV7aB8dIhudoiq6RHXUQATdoQf0hJ6Ne+PReDFeZ9GMkc7sol8w3j4BH9+bIg==</latexit>

related to <x>q,g      from DIS 

Mm :
<latexit sha1_base64="IGttqJQ3O5j1SQ4NDaiBHYSCLbU=">AAACCHicbVA9SwNBEN2LX/H8OrW0cDEIYhEuCaixCtjYCBHMByQh7G3mkiW7e8funhCOlDb+FRsLRWz9CXb+Gy/JKWp8MPB4b4aZeV7ImTau+2FlFhaXlleyq/ba+sbmlrO9U9dBpCjUaMAD1fSIBs4k1AwzHJqhAiI8Dg1veDHxG7egNAvkjRmF0BGkL5nPKDGJ1HX22x70mYwJZ315PLavuuK8DbL3JXSdnJt3p8DzpJCSHEpR7Trv7V5AIwHSUE60bhXc0HRiogyjHMZ2O9IQEjokfWglVBIBuhNPHxnjw0TpYT9QSUmDp+rPiZgIrUfCSzoFMQP915uI/3mtyPhnnZjJMDIg6WyRH3FsAjxJBfeYAmr4KCGEKpbciumAKEJNkp09DaE8wcn3y/OkXswXSvnSdTFXKadxZNEeOkBHqIBOUQVdoiqqIYru0AN6Qs/WvfVovVivs9aMlc7sol+w3j4BdfqZuA==</latexit>

quark condensate             sigma term    

Ma :
<latexit sha1_base64="St+86WJgQhpGPOolhIzRHz1TAog=">AAACCHicbVA9SwNBEN2LX/H8OrW0cDEIYhEuCaixCtjYCBHMByQh7G3mkiV7e8funhCOlDb+FRsLRWz9CXb+GzfJKWp8MPB4b4aZeV7EmdKu+2FlFhaXlleyq/ba+sbmlrO9U1dhLCnUaMhD2fSIAs4E1DTTHJqRBBJ4HBre8GLiN25BKhaKGz2KoBOQvmA+o0Qbqevstz3oM5EQzvrieGxfdcl5G0TvS+g6OTfvToHnSSElOZSi2nXe272QxgEITTlRqlVwI91JiNSMchjb7VhBROiQ9KFlqCABqE4yfWSMD43Sw34oTQmNp+rPiYQESo0Cz3QGRA/UX28i/ue1Yu2fdRImoliDoLNFfsyxDvEkFdxjEqjmI0MIlczciumASEK1yc6ehlCe4OT75XlSL+YLpXzpupirlNM4smgPHaAjVECnqIIuURXVEEV36AE9oWfr3nq0XqzXWWvGSmd20S9Yb59jLpms</latexit>

⇡N
<latexit sha1_base64="BinKV4ABhvTTfjEuzBDroXQpLcE=">AAACCXicbVBNS8NAEN3Ur1q/oh69LBZBPJSkBbW3ghdPUsF+QFvKZjtNl242YXcjlNCrF/+KFw+KePUfePPfuE2jqPXBwOO9GWbmeRFnSjvOh5VbWl5ZXcuvFzY2t7Z37N29pgpjSaFBQx7KtkcUcCagoZnm0I4kkMDj0PLGFzO/dQtSsVDc6EkEvYD4gg0ZJdpIfRt3PfCZSAhnvjiZFroRw1ddEIMvpW8XnZKTAi8SNyNFlKHet9+7g5DGAQhNOVGq4zqR7iVEakY5mA2xgojQMfGhY6ggAahekn4yxUdGGeBhKE0JjVP150RCAqUmgWc6A6JH6q83E//zOrEenvcSJqJYg6DzRcOYYx3iWSx4wCRQzSeGECqZuRXTEZGEahNeIQ2hOsPp98uLpFkuuZVS5bpcrFWzOPLoAB2iY+SiM1RDl6iOGoiiO/SAntCzdW89Wi/W67w1Z2Uz++gXrLdPH4CaEg==</latexit>

???? possibly from exclusive production of heavy quarkonia at threshold    talk of Y. Hatta 

Lattice QCD 
Y.-B. Yang, et al., PRL 121 (2018) 

• different proton mass decompositions  [C. Roberts, C. Lorcé] 

• clearly identify observables directly linked to gluon anomaly and measurable at JLab and EIC 
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100 years from the discovery of the existence of the proton 

100 years of evolving understanding of the proton

There is still much to learn about the proton…..

New challenges to interpret upcoming data from JLab12, COMPASS, MAMI, JPARC,EIC,.. 

CERN Courier cover, June 2019


