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            Abstract
The Glashow resonance describes the resonant formation of a W− boson during the interaction of a high-energy electron antineutrino with an electron1, peaking at an antineutrino energy of 6.3 petaelectronvolts (PeV) in the rest frame of the electron. Whereas this energy scale is out of reach for currently operating and future planned particle accelerators, natural astrophysical phenomena are expected to produce antineutrinos with energies beyond the PeV scale. Here we report the detection by the IceCube neutrino observatory of a cascade of high-energy particles (a particle shower) consistent with being created at the Glashow resonance. A shower with an energy of 6.05 ± 0.72 PeV (determined from Cherenkov radiation in the Antarctic Ice Sheet) was measured. Features consistent with the production of secondary muons in the particle shower indicate the hadronic decay of a resonant W− boson, confirm that the source is astrophysical and provide improved directional localization. The evidence of the Glashow resonance suggests the presence of electron antineutrinos in the astrophysical flux, while also providing further validation of the standard model of particle physics. Its unique signature indicates a method of distinguishing neutrinos from antineutrinos, thus providing a way to identify astronomical accelerators that produce neutrinos via hadronuclear or photohadronic interactions, with or without strong magnetic fields. As such, knowledge of both the flavour (that is, electron, muon or tau neutrinos) and charge (neutrino or antineutrino) will facilitate the advancement of neutrino astronomy.
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                    Fig. 1: Visualization of detected photons at different times and distribution of early pulses.[image: ]


Fig. 2: Directional reconstructions under two hypotheses.[image: ]


Fig. 3: Reconstructed energy posterior probability density and expected distributions from MC simulations.[image: ]


Fig. 4: Measured flux of astrophysical neutrinos.[image: ]
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                Data availability

              
              The full event data, including the location of each DOM, the time and charge of all pulses associated with this event, and relevant calibration details are available at https://doi.org/10.21234/gr2021. Additionally, the 90% contour of the hybrid cascade+track reconstruction shown in Fig. 2 and the measured flux shown in Fig. 4 can be found at the same URL.

            

Code availability

              
              Much of the analysis code is IceCube proprietary and exists as part of the IceCube simulation and production framework. IceCube open-source code can be found at https://github.com/icecube. Additional information is available from analysis@icecube.wisc.edu upon request.
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Extended data figures and tables

Extended Data Fig. 1 The BDT distribution for events with a reconstructed energy above 4 PeV.
The plotted events are required to be consistent with a cascade hypothesis based on the goodness of fit. The PEPE event selection requires a BDT score greater than 0.5. Good data–MC agreements were observed across the background and the signal region. See Methods for details.


Extended Data Fig. 2 Effect of ice anisotropy on the reconstructed direction.
Shown are reconstructed directions assuming three different ice anisotropy models41 (A, B and C). While the cascade-based reconstructions (red) exhibit some shifts, the hybrid cascade+track reconstructions (blue) appear less susceptible to ice model differences.


Extended Data Fig. 3 The number of strings that observed early pulses for a given muon energy.
The colour scale shows the probability of observing the number of strings with early pulses, Ns, as function of the simulated muon energy.


Extended Data Fig. 4 First-photon arrival times on four strings.
Left, first-photon arrival times (\({t}_{{\rm{DOM}}}^{{\rm{first}}}\)) on photosensors deployed on four strings (‘Str.’, shown in different colours) nearest to the reconstructed vertex plotted against their depth relative to the centre of IceCube (z). Observed times are shown as circles, with the size of each circle corresponding to the total charge on that DOM. Predicted arrival times assuming a cascade without escaping muons are shown as lines with shaded regions corresponding to the quartiles obtained from repeated resimulations. Three DOMs on string 67 stand out and have first-photon arrival times that are inconsistent with predictions. Right, with the addition of a highly relativistic muon, much better consistency is obtained between observed and predicted first-photon arrival times on the three DOMs with early pulses.


Extended Data Fig. 5 The test statistic distribution under the null hypothesis.
Cumulative distribution of Γ under the null hypothesis, as generated under the sampling scheme described in the text. The test statistic for the data event is shown in black.


Extended Data Table 1 Expected event rates for hadronic decay of the W– in IceCubeFull size table





Rights and permissions
Reprints and permissions


About this article
[image: Check for updates. Verify currency and authenticity via CrossMark]       



Cite this article
The IceCube Collaboration. Detection of a particle shower at the Glashow resonance with IceCube.
                    Nature 591, 220–224 (2021). https://doi.org/10.1038/s41586-021-03256-1
Download citation
	Received: 28 July 2020

	Accepted: 18 January 2021

	Published: 10 March 2021

	Issue Date: 11 March 2021

	DOI: https://doi.org/10.1038/s41586-021-03256-1


Share this article
Anyone you share the following link with will be able to read this content:
Get shareable linkSorry, a shareable link is not currently available for this article.


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        








            


            

            
                Comments
By submitting a comment you agree to abide by our Terms and Community Guidelines. If you find something abusive or that does not comply with our terms or guidelines please flag it as inappropriate.



                
                    
                    

                

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        
    

    
    
        
            
                Associated content

                
                    
                    
                        
                            
    
        
            
                
                    Giant ice cube hints at the existence of cosmic antineutrinos
                

                
	Carla Distefano



                
    
        
            Nature
        
        News & Views
        
        
            10 Mar 2021
        
    


            

        

    


                        

                    
                        
                            
    
        
            
                
                    A signal from the ice
                

                
	Stefanie Reichert



                
    
        
            Nature Physics
        
        News & Views
        
        
            09 Apr 2021
        
    


            

        

    


                        

                    
                
            
        

        
    

    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: Advertisement]
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    News
                                
                            
	
                                
                                    Opinion
                                
                            
	
                                
                                    Research Analysis
                                
                            
	
                                
                                    Careers
                                
                            
	
                                
                                    Books & Culture
                                
                            
	
                                
                                    Podcasts
                                
                            
	
                                
                                    Videos
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Browse issues
                                
                            
	
                                
                                    Collections
                                
                            
	
                                
                                    Subjects
                                
                            


                	
                            Follow us on Facebook
                            
                        
	
                            Follow us on Twitter
                            
                        
	
                            
                                Subscribe
                            
                        
	
                            Sign up for alerts
                            
                        
	
                            
                                RSS feed
                            
                        


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Journal Staff
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    Awards
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Editorial policies
                                
                            
	
                                
                                    History of Nature
                                
                            
	
                                
                                    Send a news tip
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    For Authors
                                
                            
	
                                
                                    For Referees
                                
                            
	
                                
                                    Language editing services
                                
                            
	
                                Submit manuscript
                                
                            


                

            
        
    



    
        Search

        
            Search articles by subject, keyword or author
            
                
                    
                

                
                    
                        Show results from
                        All journals
This journal


                    

                    
                        Search
                    

                


            

        


        
            
                Advanced search
            
        


        Quick links

        	Explore articles by subject
	Find a job
	Guide to authors
	Editorial policies


    





        
    
        
            

            
                
                    Nature (Nature)
                
                
    
    
        ISSN 1476-4687 (online)
    
    


                
    
    
        ISSN 0028-0836 (print)
    
    

            

        

    




    
        
    nature.com sitemap

    
        
            
                About Nature Portfolio

                	About us
	Press releases
	Press office
	Contact us


            


            
                Discover content

                	Journals A-Z
	Articles by subject
	protocols.io
	Nature Index


            


            
                Publishing policies

                	Nature portfolio policies
	Open access


            


            
                Author & Researcher services

                	Reprints & permissions
	Research data
	Language editing
	Scientific editing
	Nature Masterclasses
	Research Solutions


            


            
                Libraries & institutions

                	Librarian service & tools
	Librarian portal
	Open research
	Recommend to library


            


            
                Advertising & partnerships

                	Advertising
	Partnerships & Services
	Media kits
                    
	Branded
                        content


            


            
                Professional development

                	Nature Careers
	Nature 
                        Conferences


            


            
                Regional websites

                	Nature Africa
	Nature China
	Nature India
	Nature Italy
	Nature Japan
	Nature Middle East


            


        

    

    
        	Privacy
                Policy
	Use
                of cookies
	
                Your privacy choices/Manage cookies
                
            
	Legal
                notice
	Accessibility
                statement
	Terms & Conditions
	Your US state privacy rights


    





        
    
        [image: Springer Nature]
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    [image: Nature Briefing]
                    Sign up for the Nature Briefing newsletter — what matters in science, free to your inbox daily.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


                        
                            
                            I agree my information will be processed in accordance with the Nature and Springer Nature Limited Privacy Policy.
                        

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get the most important science stories of the day, free in your inbox.
            Sign up for Nature Briefing
            
        


    









    [image: ]







[image: ]
