







    Skip to main content




    
        
        Thank you for visiting nature.com. You are using a browser version with limited support for CSS. To obtain
            the best experience, we recommend you use a more up to date browser (or turn off compatibility mode in
            Internet Explorer). In the meantime, to ensure continued support, we are displaying the site without styles
            and JavaScript.


    




    

    
            

            
                
                    Advertisement

                    
        
            
    
        
            
                
        

    


        
    
                

            
        

    
        
            
                
                    
                    
                    
                        
                        
                            
                                
                                
                            
                        
                    
                    

                    
                    	
                            
                                View all journals
                            
                        
	
                            
                                Search
                            
                        
	
                            
                                Log in
                            
                        


                

            

        

        
            
                
                    
                        	
                                    
                                        Explore content
                                    
                                
	
                                    
                                        About the journal
                                    
                                
	
                                        
                                            Publish with us
                                        
                                    
	
                                    
                                        Subscribe
                                    
                                


                        	
                                    
                                        Sign up for alerts
                                    
                                
	
                                    
                                            RSS feed
                                    
                                


                    

                

            

        
    


    
    
        
            
                	nature



	articles

	
                                    article


    
        
        
            
            
                
                    	Article
	Published: 19 October 2022



                    Measured proton electromagnetic structure deviates from theoretical predictions

                    	R. Li1, 
	N. SparverisÂ 
            ORCID: orcid.org/0000-0002-6278-11781, 
	H. AtacÂ 
            ORCID: orcid.org/0000-0002-8945-53051, 
	M. K. Jones2, 
	M. PaoloneÂ 
            ORCID: orcid.org/0000-0002-8980-66703, 
	Z. Akbar4, 
	C. Ayerbe GayosoÂ 
            ORCID: orcid.org/0000-0001-8640-53805, 
	V. Berdnikov6, 
	D. Biswas7,8, 
	M. Boer1,8, 
	A. Camsonne2, 
	J.-P. Chen2, 
	M. DiefenthalerÂ 
            ORCID: orcid.org/0000-0002-4717-44842, 
	B. Duran1, 
	D. Dutta9, 
	D. Gaskell2, 
	O. HansenÂ 
            ORCID: orcid.org/0000-0002-7908-38862, 
	F. Hauenstein10, 
	N. Heinrich11, 
	W. Henry2, 
	T. Horn6, 
	G. M. Huber11, 
	S. Jia1, 
	S. JoostenÂ 
            ORCID: orcid.org/0000-0003-4947-877X12, 
	A. Karki9, 
	S. J. D. Kay11, 
	V. Kumar11, 
	X. Li13, 
	W. B. Li5, 
	A. H. Liyanage7, 
	S. Malace2, 
	P. Markowitz14, 
	M. McCaughan2, 
	Z.-E. MezianiÂ 
            ORCID: orcid.org/0000-0001-9450-291412, 
	H. Mkrtchyan15, 
	C. Morean16, 
	M. Muhoza6, 
	A. Narayan17, 
	B. Pasquini18,19, 
	M. Rehfuss1, 
	B. SawatzkyÂ 
            ORCID: orcid.org/0000-0002-5637-03482, 
	G. R. SmithÂ 
            ORCID: orcid.org/0000-0002-1755-809X2, 
	A. Smith13, 
	R. Trotta6, 
	C. Yero14, 
	X. ZhengÂ 
            ORCID: orcid.org/0000-0001-7300-29294 & 
	â€¦
	J. Zhou13Â 

Show authors

                    

                    
                        
    Nature

                        volumeÂ 611,Â pages 265â€“270 (2022)Cite this article
                    

                    
        
            	
                        6488 Accesses

                    
	
                        4 Citations

                    
	
                            251 Altmetric

                        
	
                    Metrics details

                


        

    
                    
                

                
    
        Subjects

        	Experimental nuclear physics
	Theoretical nuclear physics


    


                
    
    

    
    

                
            


        
            Abstract
The visible world is founded on the proton, the only composite building block of matter that is stable in nature. Consequently, understanding the formation of matter relies on explaining the dynamics and the properties of the protonâ€™s bound state. A fundamental property of the proton involves the response of the system to an external electromagnetic field. It is characterized by the electromagnetic polarizabilities1 that describe how easily the charge and magnetization distributions inside the system are distorted by the electromagnetic field. Moreover, the generalized polarizabilities2 map out the resulting deformation of the densities in a proton subject to an electromagnetic field. They disclose essential information about the underlying system dynamics and provide a key for decoding the proton structure in terms of the theory of the strong interaction that binds its elementary quark and gluon constituents. Of particular interest is a puzzle in the electric generalized polarizability of the proton that remains unresolved for two decades2. Here we report measurements of the protonâ€™s electromagnetic generalized polarizabilities at low four-momentum transfer squared. We show evidence of an anomaly to the behaviour of the protonâ€™s electric generalized polarizability that contradicts the predictions of nuclear theory and derive its signature in the spatial distribution of the induced polarization in the proton. The reported measurements suggest the presence of a new, not-yet-understood dynamical mechanism in the proton and present notable challenges to the nuclear theory.
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                    Fig. 1: Using virtual Compton scattering to measure the proton generalized polarizabilities.


Fig. 2: Feynman diagrams of photon electroproduction.


Fig. 3: Cross-section measurements of the VCS reaction.


Fig. 4: The generalized polarizabilities of the proton.



                


                
                    
                
            

            
                Data availability

              
              The raw data from the experiment are archived in Jefferson Laboratoryâ€™s mass storage silo and at Temple University, Department of Physics. The filtered data are archived at Temple University. The data are available from the authors on request.

            

Code availability

              
              The data analysis uses the standard C++ ROOT framework, which was developed at CERN and is freely available at https://root.cern.ch. The simulation of the experiment was generated with the Jefferson Lab simulation code SIMC. The DR fit was done using the DR code developed by B. Pasquini14,15,16. The computer codes used for the data analysis are available on request.
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Extended data figures and tables

Extended Data Fig. 1 Cross-section measurements of the VCS reaction for out-of-plane kinematics.
a, Cross-section measurements for out-of-plane kinematics at Q2â€‰=â€‰0.28â€‰GeV2. Results are shown for different bins in the total centre-of-mass energy of the (Î³p) system, W. Top, middle and bottom panels correspond to Ï•Î³*Î³â€‰=â€‰140Â°, Ï•Î³*Î³â€‰=â€‰28Â° and Ï•Î³*Î³â€‰=â€‰38Â°, respectively. b, Measurements for out-of-plane kinematics at Q2â€‰=â€‰0.33â€‰GeV2. Top and bottom panels correspond to Ï•Î³*Î³â€‰=â€‰150Â° and Ï•Î³*Î³â€‰=â€‰30Â°, respectively. c, Measurements for out-of-plane kinematics at Q2â€‰=â€‰0.40â€‰GeV2. Top, middle and bottom panels correspond to Ï•Î³*Î³â€‰=â€‰152Â°, Ï•Î³*Î³â€‰=â€‰35Â° and Ï•Î³*Î³â€‰=â€‰50Â°, respectively. The solid curve shows the DR fit for the two scalar generalized polarizabilities. The dashed curve shows the Betheâ€“Heitler plus Born VCS (BH+Born) cross section. The error bars correspond to the total uncertainty, at the 1Ïƒ or 68% confidence level.


Extended Data Fig. 2 Q2 dependence of the electric generalized polarizability.
a, The empirical fits to the electric generalized polarizability: the yellow band corresponds to a dipole fit (\({\chi }_{\nu }^{2}=3.7\)) and the purple band corresponds to the dipoleâ€‰+â€‰Gaussian fit (\({\chi }_{\nu }^{2}=1.9\)). The world data values for the electric generalized polarizability (open symbols) from the experiments MIT-Bates, MAMI-I, MAMI-IV, MAMI-V, MAMI-VI and JLab-I are summarized in the review paper of ref.â€‰2. b, The Q2 dependence of the electric generalized polarizability as derived from the experimental measurements using the GPR technique, a data-driven method that assumes no direct underlying functional form. The error bars and the uncertainty bands correspond to the total uncertainty, at the 1Ïƒ or 68% confidence level.


Extended Data Fig. 3 Electric polarizability radius fits.
Top, the mean square electric polarizability radius fits using combinations of different functional forms (exp, gaus, pol and dipole correspond to exponential, Gaussian, polynomial and dipole functions, respectively). The fits denoted with solid lines were performed over the full Q2 range of the world data. The three functional forms denoted with dashed lines were performed in the low-Q2 range, namely in Q2â€‰=â€‰[0,â€‰0.28]â€‰GeV2. Bottom, the extracted mean square electric polarizability radius from the individual fits. The error bars correspond to the total uncertainty, at the 1Ïƒ or 68% confidence level. The blue band marks the final value for the extracted \(\langle {r}_{{\alpha }_{{\rm{E}}}}^{2}\rangle =1.36\pm 0.29\,{{\rm{fm}}}^{2}\).


Extended Data Fig. 4 Electric polarizability radius.
The electric polarizability radius \({r}_{{\alpha }_{{\rm{E}}}}\equiv \sqrt{\langle {r}_{{\alpha }_{{\rm{E}}}}^{2}\rangle }\) derived from this work is compared with the previous extractions of this quantity (open red symbols). The theoretical predictions of the models discussed in the paper are also shown as red triangles. The recent measurements of the proton charge radius rE (blue symbols) are also shown. The error bars correspond to the total uncertainty,at the 1Ïƒ or 68% confidence level.


Extended Data Fig. 5 Magnetic polarizability radius fits.
Top, the mean square magnetic polarizability radius fits using combinations of different functional forms (exp, pol and dipole correspond to exponential, polynomial and dipole functions, respectively). Bottom, the extracted mean square magnetic polarizability radius from the individual fits. The error bars correspond to the total uncertainty, at the 1Ïƒ or 68% confidence level. The blue band marks the final value for the extracted \(\langle {r}_{{\beta }_{{\rm{M}}}}^{2}\rangle =0.63\pm 0.31\,{{\rm{fm}}}^{2}\).


Extended Data Table 1 Cross section results at Q2â€‰=â€‰0.28â€‰GeV2Full size table


Extended Data Table 2 Cross-section results at Q2â€‰=â€‰0.33â€‰GeV2Full size table


Extended Data Table 3 Cross-section results at Q2â€‰=â€‰0.40â€‰GeV2Full size table


Extended Data Table 4 The electric and magnetic generalized polarizabilitiesFull size table
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