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Proton is the most studied sub-atomic particle 
•  It has been over hundred years since Rutherford postulated the 
existence of the nucleus  

 
 
•  In 1933 Stern measured the anomalous magnetic moment of the 
proton to show that proton is NOT an elementary point like particle.  

Story of the Proton 
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Proton is the most studied sub-atomic particle 
•  It has been exactly hundred years since Rutherford 
postulated the existence of the proton   

 

Story of the Proton 

In 1917 (in experiments reported in 1919 and 1925), Rutherford proved that 
the hydrogen nucleus is present in other nuclei, a result usually described as 
the discovery of protons.[14] These experiments began after Rutherford had 
noticed that, when alpha particles were shot into air (mostly nitrogen), his 
scintillation detectors showed the signatures of typical hydrogen nuclei as a 
product. After experimentation Rutherford traced the reaction to the nitrogen in 
air and found that when alpha particles were introduced into pure nitrogen gas, 
the effect was larger. In 1919 Rutherford assumed that the alpha particle 
knocked a proton out of nitrogen, turning it into carbon. After observing 
Blackett's cloud chamber images in 1925, Rutherford realized that the opposite 
was the case: after capture of the alpha particle, a proton is ejected, so that 
heavy oxygen, not carbon, is the end result i.e. Z is not decremented but 
incremented. This was the first reported nuclear reaction, 14N + α → 17O + p. 
Depending on one's perspective, either 1919 or 1925 may be regarded as 
the moment when the proton was 'discovered'. 

From Wikipedia 
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Proton is the most studied sub-atomic particle 
•  It has been over hundred years since Rutherford postulated the 
existence of the nucleus  

 
 
•  In 1933 Stern measured the anomalous magnetic moment of the 
proton to show that proton is NOT an elementary point like particle.  

Story of the Proton 



Hofstadter 1958: electron scattering to measure proton radius ~ 0.8 fm. 

Electron Scattering to Probe the Proton 



Hofstadter used the charge form factor to describe the charge 
distribution of the proton: 
 
 
 
 
 
 
 
So the probability of elastically scattering off the proton: 
 
 

Electron Scattering to Probe the Proton 

F (q) = ρ(!r )ei
!q⋅!rd 3r

volume
∫

F(q) is the  probability 
amplitude for the proton 
to absorb the  exchanged 
photon    



MIT-SLAC experiments 1967: Deep Inelastic electron Scattering off 
protons to confirm the quarks inside the proton.  

Story of the Proton, continued…. 

Figure from: H. W. 
Kendall, Rev. Mod. Phys. 
63 (1991) 597 

  

€ 

e = (E,
r 
k )

  

€ 

e'= (E ',
r 
k ')

€ 

θ

d 

Q2 

d 

u 

Kendall, Friedman and Taylor et al.   
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•  1970’s: Quantum Chromo Dynamics (QCD): theoretical framework 
for strong interaction between quarks medicated by gluons.  
•  1980’s – Today: Looking deep inside the proton  

Story of the Proton, continued…. 

Proton: an ideal 
laboratory to understand 
strong interaction 

•  How does  proton acquire its mass: only ~1% of proton mass comes from 
Higgs.  

•  What are the different contributions to nucleon spin ?  
•  How does the confinement come about ? 
•  What role does the gluon play in all these ?? 

Many deep questions to 
answer 



Exciting times ahead for the proton 

• 	Jefferson Lab 12 GeV 
•  3D structure of the proton: GPDs 
•  Ground stated properties with high resolution: high Q2 FF. 

•  Electron Ion Collider 
•  Understand the role of gluon 
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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?

MassSize Spin

LQCD =  ̄ (i�µD
µ �m) � 1

2
Tr {Gµ⌫G

µ⌫}
<latexit sha1_base64="3f913f5sC28er88YMkgNDtG3DDo="></latexit>



The Proton Charge Radius

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

dGE(0)
dQ2

<latexit sha1_base64="gNig64zeNXy3tErD5xeU5ip1Fss="></latexit>

Elastic electron scattering: d�

d⌦
=

d�0

✏(1 + ⌧)

⇥
✏GE(Q

2) + ⌧ GM (Q2)
⇤

<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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hr2iE =

Z
d3r r2⇢E(~r ) = 6

dGE(0)

dQ2
<latexit sha1_base64="uN8o0kRMvS3MNC2Ofz7EPciOVS8="></latexit>

⇢E(~r ) =

Z
d3q

(2⇡)3
ei~q·~r GE(�~q 2)
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The missing piece

Measure radius with proton-muon scattering! 

rE (fm)

Spectroscopy

Scattering ???

µp
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0.84087± 0.00039
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•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="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>

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

Real Compton Scattering at low energies

~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>



~DM ⇠ �M1
~B

<latexit sha1_base64="cPhlc6pAFxxHrxbnKVQGFIjVufY="></latexit>

�para
M1 > 0

<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>

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

Real Compton Scattering at low energies

~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>



ï2

 0

 2

 4

 6

 8

 6  8  10  12  14  16

` M
1 

(1
0ï

4  fm
3 )

_E1 (10ï4 fm3)

ï2

 0

 2

 4

 6

 8

 6  8  10  12  14  16

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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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

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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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

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>

sDRs 
Pasquini et al. [2019]

Fig. from BP, Pedroni, Sconfietti,  
 JPG 42 (2019) 



Status of VCS scalar polarizabilities
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Fig. from Fonvieille, BP, Sparveris, 
arXiv:1910.11071

New JLAB data under analysis: 0.3GeV2  Q2  0.75GeV2
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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
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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
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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
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Partonic description: Deeply Virtual Compton Scattering
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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 
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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
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CLAS and HERMES data

x-dependent transverse squared charge radius

H(x, 0,~b?) =
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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
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CLAS and HERMES data

x-dependent transverse squared charge radius

H(x, 0,~b?) =
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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 
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Talk of D. Sokhan

⇠ = 0
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Probabilistic interpretation

no sensitivity to longitudinal Lorentz contraction✓  

✓              : Transverse boosts no transverse Lorentz contraction
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<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
<latexit sha1_base64="5mT1Se5FJrAFlkySDG5RYBhdC2I=">AAAB9XicbVDLSsNAFJ34rPVVdelmsBUEoSQt+AKhoAuXFewD2rRMpjft0MkkzEyUEvofblwo4tZ/ceffmKRB1HrgwuGce7n3HifgTGnT/DQWFpeWV1Zza/n1jc2t7cLOblP5oaTQoD73ZdshCjgT0NBMc2gHEojncGg546vEb92DVMwXd3oSgO2RoWAuo0THUq+EcfcauCa940uz1C8UzbKZAs8TKyNFlKHeL3x0Bz4NPRCacqJUxzIDbUdEakY5TPPdUEFA6JgMoRNTQTxQdpRePcWHsTLAri/jEhqn6s+JiHhKTTwn7vSIHqm/XiL+53VC7Z7ZERNBqEHQ2SI35Fj7OIkAD5gEqvkkJoRKFt+K6YhIQnUcVD4N4TzByffL86RZKVvVcvW2UqxdZHHk0D46QEfIQqeohm5QHTUQRRI9omf0YjwYT8ar8TZrXTCymT30C8b7F/POkPc=</latexit>

Relation with means square radius measured extracted from GE 
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G.A. Miller, PRC99 (2019) 
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Energy Density Momentum Density

Energy Flux Momentum Flux

pressure

shear forcesTµ⌫ =
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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

hp|TQ,G
µ⌫ |p0i = ū(p0)
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2MN
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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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R
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= 6D(0)R 0
�1 dtD(t)
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Normal force distribution in the system:
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Chiral quark soliton model
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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
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<latexit sha1_base64="Z1NP7vs0l1fkSwkC+A3O3TK9jmg=">AAACC3icbVBNS8NAEN3Ur1q/qh69hBZBPJS0haq3ghdPUsF+QFvKZDNpl242cXcjhNC7F/+KFw+KePUPePPfmKZFqvXBwOO9GWbm2QFnSlvWl5FZWV1b38hu5ra2d3b38vsHLeWHkmKT+tyXHRsUciawqZnm2AkkgmdzbNvjy6nfvkepmC9udRRg34OhYC6joBNpkC/0bBwyEeOdACkhOp1c53oonAVhkC9aJSuFuUzKc1IkczQG+c+e49PQQ6EpB6W6ZSvQ/RikZpTjJNcLFQZAxzDEbkIFeKj6cfrLxDxOFMd0fZmU0GaqLk7E4CkVeXbS6YEeqb/eVPzP64baPe/HTAShRkFni9yQm9o3p8GYDpNINY8SAlSy5FaTjkAC1Ul8uTSEiylqPy8vk1alVK6WqjeVYr02jyNLjkiBnJAyOSN1ckUapEkoeSBP5IW8Go/Gs/FmvM9aM8Z85pD8gvHxDZlfm34=</latexit>
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<latexit sha1_base64="L777pApk/6fRU7s8jL2mFCM2mL8=">AAACEHicbVA9SwNBEN2LXzF+RS1tFoMoFuGSQNQuYGMlEcwH5EKY20ySJXt75+6eEI78BBv/io2FIraWdv4b75Ig0fhg4PHeDDPz3EBwbWz7y0otLa+srqXXMxubW9s72d29uvZDxbDGfOGrpgsaBZdYM9wIbAYKwXMFNtzhZeI37lFp7stbMwqw7UFf8h5nYGKpkz12XOxzGeGdBKVgdDp2XFD0OuOg7M6pnWzOztsT0EVSmJEcmaHayX46XZ+FHkrDBGjdKtiBaUegDGcCxxkn1BgAG0IfWzGV4KFuR5OHxvQoVrq056u4pKETdX4iAk/rkefGnR6Ygf7rJeJ/Xis0vfN2xGUQGpRsuqgXCmp8mqRDu1whM2IUE2CKx7dSNgAFzMQZZiYhXCQo/7y8SOrFfKGUL90Uc5XyLI40OSCH5IQUyBmpkCtSJTXCyAN5Ii/k1Xq0nq03633amrJmM/vkF6yPbydVnWE=</latexit>



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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<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 

⇠
<latexit sha1_base64="UO/xpdorVklhlVv2E6Xhc5usDkw=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsajRWJjSUmHpDAhewte7Bhb++yO2ckhN9gY6Extv4gO/+NC1yh4EsmeXlvJjPzwlQKg6777RQ2Nre2d4q7pb39g8Oj8vFJyySZZtxniUx0J6SGS6G4jwIl76Sa0ziUvB2Ob+d++5FrIxL1gJOUBzEdKhEJRtFKfrX3JKr9csWtuQuQdeLlpAI5mv3yV2+QsCzmCpmkxnQ9N8VgSjUKJvms1MsMTykb0yHvWqpozE0wXRw7IxdWGZAo0bYUkoX6e2JKY2MmcWg7Y4ojs+rNxf+8bobRdTAVKs2QK7ZcFGWSYELmn5OB0JyhnFhCmRb2VsJGVFOGNp+SDcFbfXmdtOo1z6159/VK4yaPowhncA6X4MEVNOAOmuADAwHP8ApvjnJenHfnY9lacPKZU/gD5/MHEauOJw==</latexit><latexit sha1_base64="UO/xpdorVklhlVv2E6Xhc5usDkw=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsajRWJjSUmHpDAhewte7Bhb++yO2ckhN9gY6Extv4gO/+NC1yh4EsmeXlvJjPzwlQKg6777RQ2Nre2d4q7pb39g8Oj8vFJyySZZtxniUx0J6SGS6G4jwIl76Sa0ziUvB2Ob+d++5FrIxL1gJOUBzEdKhEJRtFKfrX3JKr9csWtuQuQdeLlpAI5mv3yV2+QsCzmCpmkxnQ9N8VgSjUKJvms1MsMTykb0yHvWqpozE0wXRw7IxdWGZAo0bYUkoX6e2JKY2MmcWg7Y4ojs+rNxf+8bobRdTAVKs2QK7ZcFGWSYELmn5OB0JyhnFhCmRb2VsJGVFOGNp+SDcFbfXmdtOo1z6159/VK4yaPowhncA6X4MEVNOAOmuADAwHP8ApvjnJenHfnY9lacPKZU/gD5/MHEauOJw==</latexit><latexit sha1_base64="UO/xpdorVklhlVv2E6Xhc5usDkw=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsajRWJjSUmHpDAhewte7Bhb++yO2ckhN9gY6Extv4gO/+NC1yh4EsmeXlvJjPzwlQKg6777RQ2Nre2d4q7pb39g8Oj8vFJyySZZtxniUx0J6SGS6G4jwIl76Sa0ziUvB2Ob+d++5FrIxL1gJOUBzEdKhEJRtFKfrX3JKr9csWtuQuQdeLlpAI5mv3yV2+QsCzmCpmkxnQ9N8VgSjUKJvms1MsMTykb0yHvWqpozE0wXRw7IxdWGZAo0bYUkoX6e2JKY2MmcWg7Y4ojs+rNxf+8bobRdTAVKs2QK7ZcFGWSYELmn5OB0JyhnFhCmRb2VsJGVFOGNp+SDcFbfXmdtOo1z6159/VK4yaPowhncA6X4MEVNOAOmuADAwHP8ApvjnJenHfnY9lacPKZU/gD5/MHEauOJw==</latexit><latexit sha1_base64="UO/xpdorVklhlVv2E6Xhc5usDkw=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsajRWJjSUmHpDAhewte7Bhb++yO2ckhN9gY6Extv4gO/+NC1yh4EsmeXlvJjPzwlQKg6777RQ2Nre2d4q7pb39g8Oj8vFJyySZZtxniUx0J6SGS6G4jwIl76Sa0ziUvB2Ob+d++5FrIxL1gJOUBzEdKhEJRtFKfrX3JKr9csWtuQuQdeLlpAI5mv3yV2+QsCzmCpmkxnQ9N8VgSjUKJvms1MsMTykb0yHvWqpozE0wXRw7IxdWGZAo0bYUkoX6e2JKY2MmcWg7Y4ojs+rNxf+8bobRdTAVKs2QK7ZcFGWSYELmn5OB0JyhnFhCmRb2VsJGVFOGNp+SDcFbfXmdtOo1z6159/VK4yaPowhncA6X4MEVNOAOmuADAwHP8ApvjnJenHfnY9lacPKZU/gD5/MHEauOJw==</latexit>
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<latexit sha1_base64="R5hvZNzTzSxLnTRkAk3G8tP2gLQ=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LLaCp5L0oghCwYvHCrYV2lA220m7dLMJuxuxhP4ILx4U8erv8ea/cdvmoK0PBh7vzTAzL0gE18Z1v53C2vrG5lZxu7Szu7d/UD48aus4VQxbLBaxegioRsEltgw3Ah8ShTQKBHaC8c3M7zyi0jyW92aSoB/RoeQhZ9RYqVPtPfFrt9ovV9yaOwdZJV5OKpCj2S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bnzslZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ISXfsZlkhqUbLEoTAUxMZn9TgZcITNiYgllittbCRtRRZmxCZVsCN7yy6ukXa95bs27q1caV3kcRTiBUzgHDy6gAbfQhBYwGMMzvMKbkzgvzrvzsWgtOPnMMfyB8/kDBDSOqA==</latexit><latexit sha1_base64="R5hvZNzTzSxLnTRkAk3G8tP2gLQ=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LLaCp5L0oghCwYvHCrYV2lA220m7dLMJuxuxhP4ILx4U8erv8ea/cdvmoK0PBh7vzTAzL0gE18Z1v53C2vrG5lZxu7Szu7d/UD48aus4VQxbLBaxegioRsEltgw3Ah8ShTQKBHaC8c3M7zyi0jyW92aSoB/RoeQhZ9RYqVPtPfFrt9ovV9yaOwdZJV5OKpCj2S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bnzslZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ISXfsZlkhqUbLEoTAUxMZn9TgZcITNiYgllittbCRtRRZmxCZVsCN7yy6ukXa95bs27q1caV3kcRTiBUzgHDy6gAbfQhBYwGMMzvMKbkzgvzrvzsWgtOPnMMfyB8/kDBDSOqA==</latexit><latexit sha1_base64="R5hvZNzTzSxLnTRkAk3G8tP2gLQ=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LLaCp5L0oghCwYvHCrYV2lA220m7dLMJuxuxhP4ILx4U8erv8ea/cdvmoK0PBh7vzTAzL0gE18Z1v53C2vrG5lZxu7Szu7d/UD48aus4VQxbLBaxegioRsEltgw3Ah8ShTQKBHaC8c3M7zyi0jyW92aSoB/RoeQhZ9RYqVPtPfFrt9ovV9yaOwdZJV5OKpCj2S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bnzslZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ISXfsZlkhqUbLEoTAUxMZn9TgZcITNiYgllittbCRtRRZmxCZVsCN7yy6ukXa95bs27q1caV3kcRTiBUzgHDy6gAbfQhBYwGMMzvMKbkzgvzrvzsWgtOPnMMfyB8/kDBDSOqA==</latexit><latexit sha1_base64="R5hvZNzTzSxLnTRkAk3G8tP2gLQ=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LLaCp5L0oghCwYvHCrYV2lA220m7dLMJuxuxhP4ILx4U8erv8ea/cdvmoK0PBh7vzTAzL0gE18Z1v53C2vrG5lZxu7Szu7d/UD48aus4VQxbLBaxegioRsEltgw3Ah8ShTQKBHaC8c3M7zyi0jyW92aSoB/RoeQhZ9RYqVPtPfFrt9ovV9yaOwdZJV5OKpCj2S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bnzslZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ISXfsZlkhqUbLEoTAUxMZn9TgZcITNiYgllittbCRtRRZmxCZVsCN7yy6ukXa95bs27q1caV3kcRTiBUzgHDy6gAbfQhBYwGMMzvMKbkzgvzrvzsWgtOPnMMfyB8/kDBDSOqA==</latexit>

Sq

SgLg

Lq
Jg = Lg + Sg

<latexit sha1_base64="1KdjMyG79YZCNq0ywI5LNXKhcw4=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkF3sRCl5EPFS0H9CmZbPdpEs3m7i7KZTS3+HFgyJe/THe/Ddu2xy09cHA470ZZuZ5MWdK2/a3lVlb39jcym7ndnb39g/yh0cNFSWS0DqJeCRbHlaUM0HrmmlOW7GkOPQ4bXrD65nfHFGpWCQe9TimbogDwXxGsDaSW7ztBld33eDioRsUe/mCXbLnQKvESUkBUtR6+a9OPyJJSIUmHCvVduxYuxMsNSOcTnOdRNEYkyEOaNtQgUOq3Mn86Ck6M0of+ZE0JTSaq78nJjhUahx6pjPEeqCWvZn4n9dOtF9xJ0zEiaaCLBb5CUc6QrMEUJ9JSjQfG4KJZOZWRAZYYqJNTjkTgrP88ipplEuOXXLuy4VqJY0jCydwCufgwCVU4QZqUAcCT/AMr/BmjawX6936WLRmrHTmGP7A+vwB6xiQ2A==</latexit><latexit sha1_base64="1KdjMyG79YZCNq0ywI5LNXKhcw4=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkF3sRCl5EPFS0H9CmZbPdpEs3m7i7KZTS3+HFgyJe/THe/Ddu2xy09cHA470ZZuZ5MWdK2/a3lVlb39jcym7ndnb39g/yh0cNFSWS0DqJeCRbHlaUM0HrmmlOW7GkOPQ4bXrD65nfHFGpWCQe9TimbogDwXxGsDaSW7ztBld33eDioRsUe/mCXbLnQKvESUkBUtR6+a9OPyJJSIUmHCvVduxYuxMsNSOcTnOdRNEYkyEOaNtQgUOq3Mn86Ck6M0of+ZE0JTSaq78nJjhUahx6pjPEeqCWvZn4n9dOtF9xJ0zEiaaCLBb5CUc6QrMEUJ9JSjQfG4KJZOZWRAZYYqJNTjkTgrP88ipplEuOXXLuy4VqJY0jCydwCufgwCVU4QZqUAcCT/AMr/BmjawX6936WLRmrHTmGP7A+vwB6xiQ2A==</latexit><latexit sha1_base64="1KdjMyG79YZCNq0ywI5LNXKhcw4=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkF3sRCl5EPFS0H9CmZbPdpEs3m7i7KZTS3+HFgyJe/THe/Ddu2xy09cHA470ZZuZ5MWdK2/a3lVlb39jcym7ndnb39g/yh0cNFSWS0DqJeCRbHlaUM0HrmmlOW7GkOPQ4bXrD65nfHFGpWCQe9TimbogDwXxGsDaSW7ztBld33eDioRsUe/mCXbLnQKvESUkBUtR6+a9OPyJJSIUmHCvVduxYuxMsNSOcTnOdRNEYkyEOaNtQgUOq3Mn86Ck6M0of+ZE0JTSaq78nJjhUahx6pjPEeqCWvZn4n9dOtF9xJ0zEiaaCLBb5CUc6QrMEUJ9JSjQfG4KJZOZWRAZYYqJNTjkTgrP88ipplEuOXXLuy4VqJY0jCydwCufgwCVU4QZqUAcCT/AMr/BmjawX6936WLRmrHTmGP7A+vwB6xiQ2A==</latexit><latexit sha1_base64="1KdjMyG79YZCNq0ywI5LNXKhcw4=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkF3sRCl5EPFS0H9CmZbPdpEs3m7i7KZTS3+HFgyJe/THe/Ddu2xy09cHA470ZZuZ5MWdK2/a3lVlb39jcym7ndnb39g/yh0cNFSWS0DqJeCRbHlaUM0HrmmlOW7GkOPQ4bXrD65nfHFGpWCQe9TimbogDwXxGsDaSW7ztBld33eDioRsUe/mCXbLnQKvESUkBUtR6+a9OPyJJSIUmHCvVduxYuxMsNSOcTnOdRNEYkyEOaNtQgUOq3Mn86Ck6M0of+ZE0JTSaq78nJjhUahx6pjPEeqCWvZn4n9dOtF9xJ0zEiaaCLBb5CUc6QrMEUJ9JSjQfG4KJZOZWRAZYYqJNTjkTgrP88ipplEuOXXLuy4VqJY0jCydwCufgwCVU4QZqUAcCT/AMr/BmjawX6936WLRmrHTmGP7A+vwB6xiQ2A==</latexit>
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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 



Hermes Coll., JHEP 06 (2008) 066JLab Hall A, Phys. Rev. Lett. 99 (2007) 242501

extractions from HERMES 
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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 

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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Hatta, PLB 708 (2012) 186

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
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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?)
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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
<latexit sha1_base64="8EbNQQ9ojNqGaGGmc3iHobHLbuk=">AAACFnicbVDLSsNAFJ3UV42vqks3wSKIYklb8AEKBTduChXsA9oSJtPbdOhkEmcmQgn9Cjf+ihsXirgVd/6Nk7SKrwMHDufcy8w9bsioVLb9bmRmZufmF7KL5tLyyupabn2jIYNIEKiTgAWi5WIJjHKoK6oYtEIB2HcZNN3heZI3b0BIGvArNQqh62OP0z4lWGnLyR10XPAojzGjHt8bm9WzqnO9X3U8TV8Tmx3gvc/YyeXtgp3C+iuKU5FHU9Sc3FunF5DIB64Iw1K2i3aoujEWihIGY7MTSQgxGWIP2lpy7IPsxulZY2tHOz2rHwhNrqzU/b4RY1/Kke/qSR+rgfydJeZ/WTtS/eNuTHkYKeBk8lA/YpYKrKQjq0cFEMVGWmAiqP6rRQZYYKJ0k2ZawkmCw6+T/4pGqVAsF8qXpXzldFpHFm2hbbSLiugIVdAFqqE6IugW3aNH9GTcGQ/Gs/EyGc0Y051N9APG6wdi1Z5f</latexit>

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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The Proton Mass
At the heart of most visible matter.
Temple University, March 28-29, 2016
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Castello di Trento (“Trint”), watercolor 19.8 x 27.7, painted by A. Dürer on his way back from Venice (1495). British Museum, 

The Proton Mass: At the Heart of Most Visible Matter 
Trento, April 3 - 7, 2017 

 
Main Topics 

 

  Hadron mass decomposition in terms of constituents: 
Uniqueness of the decomposition, Quark mass, and quark and gluon energy contribution, Anomaly contribution, ... 

Hadron mass calculations: 
Lattice QCD (total & individual mass components), Approximated analytical methods, Phenomenological model approaches, ... 

Experimental access to hadron mass components: 
Exclusive heavy quarkonium production at threshold, nuclear gluonometry through polarized nuclear structure function, … 
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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
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But we thought we at least understood the ground state bulk properties of the 
proton well, until….  

Surely, there is a lot to learn about the proton, … 

vastly not to scale 
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But we thought we at least understood the ground state bulk properties of 
the proton well, until….  

Surely, there is a lot to learn about the proton, … 
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•  Important bench-mark quantity for many calculations. 

•  nuclear physics (QCD, Lattice, …) 
•  atomic physics (QED, Lamb shifts, …) 

•  directly correlated to the Rydberg constant  ( most accurately known constant in 
physics) 
•  potential for “New Physics” 

•  Lepton universality in question ??? !! 
•  Coupling to unknown particles ? 

The Big deal about the Proton Radius 

OK, the proton may be 
~5% smaller than we 
thought, so what’s  the big 
deal ?  



In one photon approximation the elastic ep scattering 

•  GE(Q2) and GM(Q2)  extracted using 
Rosenbluth  separation 

•  Measure the reduced cross section at 
several values of ε while keeping Q2 fixed. 

•  Extract GE from the slope  
•  At extremely low Q2 the GM contribution 

is small, like in the PRad experiment 

 
 

e-   e-   

p  p  

GE(Q2)  ,GM(Q2) 

Elastic electron-proton   Scattering Formalism  
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Proton Mean Square  Charge Radius  

Classically:  

 

Using the QED formalism: with the  

Expanding Electric FF GE(Q2) in Taylor series: 

 

 

 

We have:   

r2 = ρ(r)r2d 3r∫

r2 = −6
dGE (Q

2 )
dQ2

Q2=0



Proton Mean Square  Charge Radius  

Bernauer et. al. Phys. Rev. Lett, 105, 
242001 (2010), Phys. Rev. C 90. 015206 
(2014) 



 Proton Radius from electron-proton   Scattering 



electron-proton Scattering 
data from Mainz 

Bernauer et. al. Phys. Rev. Lett, 105, 242001 
(2010), Phys. Rev. C 90. 015206 (2014) 

•  Mainz data come from a wide 
range of beam energies and 
spectrometer angles: required 
separation of GE from GM 

 
•  Mainz GE agrees with GE 

from Jlab Hall A;  but GM 
disagrees 



 Time evolution of Proton Radius from e-p  Scattering 
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How is the same <r2> measured in Atomic Physics ?  

e-p bound state: 
Atomic Physics 

e-p scattering  state: 
Nuclear Physics 

In either case electron interacting with proton through Coulomb 
interaction,   
 

Coulomb interaction which is modified due to the extended 
charge distribution of the proton 
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The difference between true proton  
potential and the potential for a 
point like proton  



 Regular Hydrogen spectroscopy 

R. Pohl 



R. Pohl 

~ 0.014% of the 
Lamb shift  

•  While electron is inside the proton 
attractive potential is lower. 

•  Strongly affects the S orbital, much 
less so the P.  



                



                

 (fm)pProton charge radius R
0.8 0.82 0.84 0.86 0.88 0.9 0.92

CODATA-2014

e-p scattering

H spectroscopy

CODATA average:                     0.8751 ± 0.0061 fm 
ep-scattering average (CODATA):     0.879 ± 0.011 fm 
Regular H-spectroscopy average (CODATA):  0.859 ± 0.0077 fm 
 
Very good agreement between ep-scattering and H-spectroscopy results ! 

 Proton Radius Before 2010 



                
Electronic and Muonic Hydrogen 

R. Pohl 

Probability for lepton inside proton 
~ volume of proton / volume of atom 

Vastly not to scale 



                

Rp
rB

⎛

⎝
⎜⎜

⎞

⎠
⎟⎟

3

∝mlepton
3

Muonic Hydrogen Spectroscopy Experiment 

•  Form µH* (n~14) by firing muon beam on  1 mbar H2 target.  
•  99% decay to 1S emitting  prompt 2 keV photons. 
•  1% decay to long lived 2S state. 
•  Excite from 2S to 2P using tuned laser: decay from 2P to 1S 

emitting delayed 2 keV photons.  
 
 

Plots from R. Pohl 

•  Vary laser frequency, 
find 2S-2P resonance.  

 
 



                
Muonic Hydrogen Spectroscopy Experiment 



                
Muonic Hydrogen Spectroscopy Experiment 

R. Pohl 



                

R. Pohl 



                 So, how do we resolve this puzzle ?  

ep µp 

Spectroscopy 

Scattering 

New measurements with 
§  lower systematics 
§  new transitions 

New measurements with 
§  lower systematics 
§  reaching lower Q2 

ProRAD, ULQ2,  
ISR @ MESA, PRad 
 

 

✔ 

No data yet. 
 

MUSE at PSI coming soon 
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Regular hydrogen average (CODATA):  0.8751 ± 0.0061 fm 
Muonic hydrogen (CREMA coll.):  0.8409 ± 0.0004 fm 
Regular H (2S è  4P, CREMA coll.):  0.8335 ± 0.0095 fm 
Regular H (1S è  3S, LKB, Paris):  0.877 ± 0.013 fm 
 
Regular H-spectr. (2S è  2P, York Univ. Canada, Just published in Science) 

 Proton Radius Puzzle, getting even more puzzling……  



                 So, how do we resolve this puzzle ?  

ep µp 

Spectroscopy 

Scattering 

New measurements with 
§  lower systematics 
§  new transitions 

New measurements with 
§  lower systematics 
§  reaching lower Q2 

ProRAD, ULQ2,  
ISR @ MESA, PRad 
 

 

✔ 

No data yet. 
 

MUSE at PSI coming soon 
 

 



 A New  ep Scattering  Experiment?  

A 1% level Rp measurements requires  

•  Q2 down to 10-4   GeV2 level or lower  

•  Measurements over wide enough Q2 range for a fit 

•  ~< 0.5% accuracy in absolute cross section  

•  ~< 0.2 mrad in scattering angle determination 

 

These conditions are VERY difficult to achieve with the 

standard methods used for ep scattering experiments 
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Difficulties with traditional ep Scattering  Experiments  

Mainz magnetic spectrometers 

 

Practically all ep-scattering experiments have been  performed with  
magnetic spectrometers and LH2 targets. 

Ø  many experimental settings to cover the Q2 range! 
Ø  angle (Θe) , energies (E’) 

Ø  limitation on minimum Q2: 10-3 GeV/C2    

Jlab Hall A HRS pair 
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limitation on minimum Q2: 10-3 GeV/C2    
min. scattering angle:  θe ≈ 50 

beam energies:  ~ 0.1 ÷1 GeV 

Jlab  Hall A HRS 



 A New  ep Scattering  Experiment?  



 A New  ep Scattering  Experiment?  
 

limitation on absolute cross sections     (dσ/dΩ): ~ 2 ÷ 3% 
Ø  statistics is not a problem (<0.2%) 
Ø  control of systematic errors??? 
Ø  beam flux, target thickness, windows, 
Ø  acceptances, detection efficiencies, 
Ø  ... 

 
 
 
 
 
 

A new high precision 
measurement requires a new 
experimental method. 



PRad initial goals: 
Ø  large Q2 range in one experimental setting 
Ø  reach to very low Q2 range (~ 10-4 GeV/C2) 
Ø  reach to sub-percent precision in cross section 

 The PRad Experimental Approach  



use high resolution high acceptance calorimeter: 
ü  reach smaller scattering angles: (θe = 0.70 – 7.00 ): 

(Q2 = 2x10-4 ÷ 6x10-2 ) GeV/c2 ; 
ü   large Q2 range in one experimental setting!; 

 PRad suggested solutions 



New Cylindrical 
Vacuum Chamber 

Electron 
beam

§  Two large area GEM detectors  
(largest GEM detectors in the 
world at the time) 

§  Small overlap region in the 
middle 

§  Excellent position resolution 
(72 µm) 

§  Improve position resolution of 
the setup by > 20 times 

§  Large improvements in Q2 
determination 

 PRad Experimental Apparatus: GEM coordinate detectors 



Our setup also allowed simultaneous detection of ee → ee 
Moller scattering (best known control of systematics). 

 ee → ee Moller scattering cross section is known with very high 
accuracy from QED 
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PRad data 



New Cylindrical 
Vacuum Chamber 

Electron 
beam 
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Electron 
Beam

§  8 cm dia x 4 cm long target cell 
§  2 mm holes open at front and back kapton foils, 

allows beam to pass through 
§  Areal density: 1.8x10+18 H atoms/cm2 

§  cell pressure: 471 mtorr 
§   chamber pressure: 2.34 mtorr 

§   cell vs. chamber pressures:  200:1 was reached. 
§  Gas temperature: 19.5 K 

e-beam 

Windowless Gas Flow Target 

use high density windowless H2 
gas flow target: 

ü  beam background under 
control; 

ü  minimize experimental 
background. 



PRad was one of the first experiments to run at Jefferson lab 
after its major upgrade 

PRad experiment was carried out at Jefferson lab, located in 
Virginia 

PRad experimental data 
taking May/June 2016 
Two beam energies 1.1 
GeV and 2.2 GeV 
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 PRad Experimental in Hall B 
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§  Main detector elements: 
Ø  windowless H2 gas flow target 
Ø  PrimEx HyCal calorimeter 
Ø  vacuum box with one thin window 

at HyCal end  
Ø  X,Y – GEM detectors on front of 

HyCal 

§  Beam line equipment: 
Ø  standard beam line elements (0.1 – 50 nA) 
Ø  photon tagger for HyCal calibration 
Ø  collimator box (6.4 mm collimator for photon 

beam, 12.7 mm for e- beam halo “cleanup”) 
Ø  Harp 2H00  
Ø  pipe connecting Vacuum Window through 

HyCal 

e - beam 

 PRad Experimental Setup in Hall B at JLab (schematics) 

PRad experimental data taking May/June 
2016: Two beam energies 1.1 GeV and 2.2 
GeV 
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§  Engineering survey, done before the experiment. 
§  Detector offsets and z position from  double-arm Moller events: 

§  co-planarity to determine offsets; 
§  Møller kinematics to determine detector z position (cross check 

surveyed data); 
§  offset with ~ 50 µm and z with ~ 1 mm precision; 

Z2

Z1

dZ

Y

Z

GEM2

GEM1

HyCal

vertex z (mm)
500− 400− 300− 200− 100− 0 100 200 300 400 500

co
un

t

0

100

200

300

400

500

310×
vertex z, GEM coor
vertex z, HyCal coor

 = 25.0 mmσ

 = 92.3 mmσ

Double arm Moller vertex z

Detector Position Calibration 
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ü  X. Yan, D.W. Higinbotham, D. Dutta et al. 
      “Robust extraction of the proton charge 
radius from   
       electron-proton scattering data” 
     Published in: PRC 98, 2, 025204, 2018 
 
Ø  The input form factors (with known Rp) are 

used to generate pseudodata with 
fluctuations mimicking the binning and random 
uncertainty of a set of real data. 

 
Ø  All combinations of input functions and fit 

functions can then be tested repeatedly 
against regenerated pseudodata. 

 
Ø  Since the input radius is known, this allows us 

to find fitting functions that are robust for 
proton radius extractions in an objective 
fashion. 

Ø  … we find that a two-parameter rational 
function, a two-parameter continued fraction, 
and the second-order polynomial expansion of 
z can extract the input radius regardless of 
the input charge form factor function that is 
used. 

                            

 Recent Developments in Fitting Procedures 
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Proton Electric Form Factor with Recent Models 

Plots courtesy of Weizhi Xiong 
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Prad  result: 
Rp = 0.831  ± 0.007 (stat.) ± 0.012 (syst.) fm 

PRad result from Duke analysis 

Plots courtesy of Weizhi Xiong 
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PRad result from UVa  analysis courtesy of Xinzhan Bai 

Prad  result from UVa : 
Rp = 0.833  ± 0.007 (stat.) ± 0.012 (syst.) fm 

Prad  result from Duke: 
Rp = 0.831  ± 0.007 (stat.) ± 0.012 (syst.) fm 
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PRad result: UVa  analysis 
compared to Duke analysis. 

 

courtesy of Xinzhan Bai 

Prad  result from UVa : 
Rp = 0.833  ± 0.007 (stat.) ± 0.012 (syst.) fm 

Prad  result from Duke: 
Rp = 0.831  ± 0.007 (stat.) ± 0.012 (syst.) fm 



(Current	numbers	in	brackets)	

Showing		only	major	items	

Item	 Rp	uncertainty	
(fm)	

n1	uncertainty	
(1GeV)	

n2	uncertainty	
(2GeV)	

Event	selection	 (0.0052)0.0092	 (0.0002)0.0008	 (0.0005)0.0011	

Acceptance	 (0.0024)0.0054	 (0.0001)0.0001	 (0.0001)0.0001	

Beam	background	 (0.0038)0.0039	 (0.0017)0.0020	 (0.0003)0.0003	

Detector	efficiency	 (0.0038)0.0045	 (0.0001)0.0001	 (0.0001)0.0001	

Beam	energy	 (0.0022)0.0084	 (0.0001)0.0001	 (0.0002)0.0003	

HyCal	response	 (0.0020)0.0032	 (0.0000)0.0000	 (0.0000)0.0001	

Inelastic	ep	 (0.0009)0.0051	 (0.0000)0.0001	 (0.0000)0.0000	

Radiative	corrections	 (0.0070)0.0070	 (0.0011)0.0009	 (0.0011)0.0009	

Total		 (0.0109	)0.0175	 (0.0020)0.0023	 (0.0013)0.0015	

Systematic Uncertainties on Rp (Preliminary) 
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Proton Radius from PRad 

Prad result: 
Rp = 0.831 ± 0.007 (stat.) ± 0.012 (syst.) fm 

Nature paper in print: will come out on Nov 7 
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What’s Next ?  

q  Several other experiments around the world. 
q  µP scattering: MUSE at PSI 
q  ProRad at Grenoble 
q ULQ2 at Tokohu 
q  ISR measurement at MESA @ Mainz 

q  DRad and an  even more precise PRad 
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MUSE @ PSI 
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MUSE @ PSI 
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MUSE expected results 

Absolute radius extraction 
uncertainties similar to previous 
experiments 
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MUSE expected results 

§  Absolute radius extraction 
uncertainties similar to 
previous experiments 

§  However, common 
uncertainties cancel  
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Mainz ISR  

Jan Bernauer 
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Mainz ISR  

•  Result from the pilot measurement: Rp = 0.810  ± 0.035 (stat.) ± 0.074 (syst.) fm 
•  Not competitive 
•  New measurement planed with MESA with the Jet target 
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Mainz ISR  

Jan Bernauer 
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§  Graduate students: 
 

 Chao Peng (Duke) 
               Weizhi Xiong (Duke) 

 Li Ye (MSU) 
 Xinzhan Bai (Uva) 
 Abhisek Karki (MSU) 

 
§  Postdocs: 
 

 Chao Gu (Duke) 
 Xuefei Yan (Duke) 
 Mehdi Meziane (Duke) 
 Zhihong Ye (Duke) 
 Maxime Lavilain (NC A&T) 
 Krishna Adhikari (MSU) 
 Rupesh Silwal (MIT)  

PRad Nature publication will appear on Nov 7.  
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Article

A small proton charge radius from electron–
proton scattering experiments

W. Xiong1, A. Gasparian2*, H. Gao1, D. Dutta3*, M. Khandaker4, N. Liyanage5, E. Pasyuk6,  
C. Peng1, X. Bai5, L. Ye3, K. Gnanvo5, C. Gu1, M. Levillain2, X. Yan1, D. W. Higinbotham6,  
M. Meziane1, Z. Ye1,7, K. Adhikari3, B. Aljawrneh2, H. Bhatt3, D. Bhetuwal3, J. Brock6, V. Burkert6, 
C. Carlin6, A. Deur6, D. Di5, J. Dunne3, P. Ekanayaka3, L. El-Fassi3, B. Emmich3, L. Gan8,  
O. Glamazdin9, M. L. Kabir3, A. Karki3, C. Keith6, S. Kowalski10, V. Lagerquist11, I. Larin12,13, T. Liu1, 
A. Liyanage14, J. Maxwell6, D. Meekins6, S. J. Nazeer14, V. Nelyubin5, H. Nguyen5, R. Pedroni2,  
C. Perdrisat15, J. Pierce6, V. Punjabi16, M. Shabestari3, A. Shahinyan17, R. Silwal10, S. Stepanyan6, 
A. Subedi3, V. V. Tarasov12, N. Ton5, Y. Zhang1 & Z. W. Zhao1

Elastic electron–proton scattering (e–p) and the spectroscopy of hydrogen atoms are 
the two methods traditionally used to determine the proton charge radius, rp. In 2010, a 
new method using muonic hydrogen atoms1 found a substantial discrepancy 
compared with previous results2, which became known as the ‘proton radius puzzle’. 
Despite experimental and theoretical efforts, the puzzle remains unresolved. In fact, 
there is a discrepancy between the two most recent spectroscopic measurements 
conducted on ordinary hydrogen3,4. Here we report on the proton charge radius 
experiment at Jefferson Lab (PRad), a high-precision e–p experiment that was 
established after the discrepancy was identified. We used a magnetic-spectrometer-
free method along with a windowless hydrogen gas target, which overcame several 
limitations of previous e–p experiments and enabled measurements at very small 
forward-scattering angles. Our result, rp = 0.831 ± 0.007stat ± 0.012syst femtometres, is 
smaller than the most recent high-precision e–p measurement5 and 2.7 standard 
deviations smaller than the average of all e–p experiment results6. The smaller rp we 
have now measured supports the value found by two previous muonic hydrogen 
experiments5,7. In addition, our finding agrees with the revised value (announced in 
2018) for the Rydberg constant8—one of the most accurately evaluated fundamental 
constants in physics.

The proton is the dominant ingredient of visible matter in the Universe. 
Consequently, determining the proton’s basic properties—such as its 
root-mean-square charge radius, rp—is of interest in its own right. Accu-
rate knowledge of rp is also important for the precise determination of 
other fundamental constants, such as the Rydberg constant (R∞)2. The 
value of rp is also required for precise calculations of the energy levels 
and transition energies of the hydrogen atom—for example, the Lamb 
shift. In muonic hydrogen (µH atoms), in which the electron in the H 
atom is replaced by a ‘heavier electron’ (a muon), the extended pro-
ton charge distribution changes the Lamb shift by as much as1 2%. The 
first-principles calculation of rp from the accepted theory of the strong 
interaction (quantum chromodynamics, QCD), is notoriously challeng-
ing and currently cannot reach the accuracy demanded by experiments, 
but lattice QCD calculations are on the cusp of becoming precise enough 
to be tested experimentally9. Therefore, the precise measurement of 
rp is critical not only for addressing the proton radius puzzle but also 

important for determining certain fundamental constants of physics 
and testing lattice QCD.

Prior to 2010 the two methods used to measure rp were ep → ep elas-
tic scattering measurements, in which the slope of the extracted proton 
(p) electric (E) form factor, GE

p, as the four-momentum transfer squared 
(Q2) approaches zero is proportional to rp

2; and Lamb shift (spectroscopy) 
measurements of ordinary H atoms, which, along with state-of-the-art 
calculations, can be used to determine rp. Although the e–p results can 
be somewhat less precise than the spectroscopy results, until 2010 the 
values of rp obtained from these two methods2,5 mostly agreed with each 
other10. Since that year, two new results based on Lamb shift measure-
ments in µH were reported5,7. The Lamb shift in µH is several million 
times more sensitive to rp because the muon in a µH atom is about 200 
times closer to the proton than is the electron in a H atom. To the surprise 
of both the nuclear and atomic physics communities, the two µH 
results1,7, displaying unprecedented precision with an estimated error 

https://doi.org/10.1038/s41586-019-1721-2

Received: 17 June 2019

Accepted: 19 September 2019

Published online: xx xx xxxx

Q1

Q2

Q3

Q4
Q5

Q6

1Duke University and Triangle Universities Nuclear Laboratory, Durham, NC, USA. 2North Carolina A&T State University, Greensboro, NC, USA. 3Mississippi State University, Mississippi State, MS, 
USA. 4Idaho State University, Pocatello, ID, USA. 5University of Virginia, Charlottesville, VA, USA. 6Thomas Jefferson National Accelerator Facility, Newport News, VA, USA. 7Argonne National 
Lab, Lemont, IL, USA. 8University of North Carolina, Wilmington, NC, USA. 9Kharkov Institute of Physics and Technology, Kharkov, Ukraine. 10Massachusetts Institute of Technology, Cambridge, 
MA, USA. 11Old Dominion University, Norfolk, VA, USA. 12Alikhanov Institute for Theoretical and Experimental Physics NRC “Kurchatov Institute”, Moscow, Russia. 13University of Massachusetts, 
Amherst, MA, USA. 14Hampton University, Hampton, VA, USA. 15College of William and Mary, Williamsburg, VA, USA. 16Norfolk State University, Norfolk, VA, USA. 17Yerevan Physics Institute, 
Yerevan, Armenia. *e-mail: gasparan@jlab.org; d.dutta@msstate.edu



70 

 
 
q  PRad was uniquely designed and performed in May/June of 2016 to 

address the “Proton Radius Puzzle”: 

q  data in a large Q2 range have been recorded with the same 
experimental settings, [2x10-4 ÷ 6x10-2] GeV/C2. 

q  lowest Q2 data set (~10-4 GeV/C2) has been collected for the first 
time in ep-scattering experiments; 

q  simultaneous measurement of the Moller and Mott scattering 
processes has been demonstrated to control systematic 
uncertainties. 

q  The final result from the PRad experiment is: 
Rp = 0.831  ± 0.007 (stat.) ± 0.012 (syst.) fm 

 
q  The article with the Final result will appear online in  a few days. 
q  Stay tuned for PRad-II and DRad  

Summary 
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q  Differential cross section vs. Q2, with 1.1 GeV data (preliminary).  
q  Statistical uncertainty at this stage:  ~0.2%  per point. 
q  Systematic uncertainties at current stage:  0.3% ~0.6% (shown as shadow area). 

)                           2 (GeV2Q
4−10×2 3−10 3−10×2 2−10

 (m
b/

sr
)

ep
→

ep
Ω

/d
σd

1−10

1

10

210

310
1.1 GeV data

Syst. Uncertainty (right axis)

Preliminary

0
10
20

 elastic scattering cross sectionep

 Elastic ep→ep  Cross Sections, 1.1 GeV (Preliminary)  



87 

q  Differential cross section vs. Q2, with 2.2 GeV data. 
q  Statistical uncertainty at this stage: ~0.18% ,  per point. 
q  Systematic uncertainties at current stage: 0.3% ~ 1.3%   (shown as shadow area). 
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