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            Abstract
The fundamental building blocks of the protonâ€”quarks and gluonsâ€”have been known for decades. However, we still have an incomplete theoretical and experimental understanding of how these particles and their dynamics give rise to the quantum bound state of the proton and its physical properties, such as its spin1. The two up quarks and the single down quark that comprise the proton in the simplest picture account only for a few per cent of the proton mass, the bulk of which is in the form of quark kinetic and potential energy and gluon energy from the strong force2. An essential feature of this force, as described by quantum chromodynamics, is its ability to create matterâ€“antimatter quark pairs inside the proton that exist only for a very short time. Their fleeting existence makes the antimatter quarks within protons difficult to study, but their existence is discernible in reactions in which a matterâ€“antimatter quark pair annihilates. In this picture of quarkâ€“antiquark creation by the strong force, the probability distributions as a function of momentum for the presence of up and down antimatter quarks should be nearly identical, given that their masses are very similar and small compared to the mass of the proton3. Here we provide evidence from muon pair production measurements that these distributions are considerably different, with more abundant down antimatter quarks than up antimatter quarks over a wide range of momenta. These results are expected to revive interest in several proposed mechanisms for the origin of this antimatter asymmetry in the proton that had been disfavoured by previous results4, and point to future measurements that can distinguish between these mechanisms.
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Extended data figures and tables

Extended Data Fig. 1 Comparison of NuSea and SeaQuest data with NLO calculations.
a, b, Comparison of the data from the present work and the NuSea measurements with NLO calculations made at the integrated kinematics of SeaQuest (a) and average kinematics of NuSea (b) based on the CT18 and CTEQ6m parton distributions. Events in the SeaQuest data were produced by a 120-GeV proton beam, whereas in the NuSea data were from an 800-GeV beam. In addition, the spectrometers, although similar in concept, had different acceptances. As a consequence, the cross-section ratios, which convolve xt with xb, are expected to differ because of their distinct distributions in accepted xb. These kinematic effects can clearly be seen by the difference between the curves. Because an acceptance table analogous to Extended Data Table 3 was not available for NuSea, those calculations used âŸ¨xtâŸ©, âŸ¨xbâŸ© and âŸ¨MâŸ© of the NuSea data. Both CTEQ6m and CT18 have included the NuSea data in their global analysis, so calculations based on those probability distribution functions are expected to agree better with the NuSea data. The red (violet) curve in a (b) is the same as that in Fig. 1a and is repeated here for comparison.


Extended Data Fig. 2 Extrapolation to zero intensity.
Extrapolation to zero intensity fits for representative xt bins (0.13 â‰¤ xt < 0.16 (a), 0.195 â‰¤ xt < 0.240 (b) and 0.290 â‰¤ xt < 0.350 (c)). The I (intensity) and I2 coefficients are common to all bins. Ï‡2/d.o.f. = 38.7/40 for the simultaneous fit of all xt bins (d.o.f., degrees of freedom).


Extended Data Fig. 3 Reconstructed invariant mass spectra.
a, b, Reconstructed muon-pair invariant-mass spectra for the liquid hydrogen (a) and liquid deuterium (b) targets. In the lower mass region, the predominant signal is produced by J/Ïˆ â†’ Î¼+Î¼âˆ’ decay, followed by Î¼+Î¼âˆ’ decay of Ïˆâ€². The prominence of the J/Ïˆ peak provides a calibration point for the absolute field of the solid iron magnet. At invariant masses above 4.5 GeV/c2, the Drellâ€“Yan process becomes the dominant feature. The data are shown as red points. Additionally, Monte Carlo (MC) simulated distributions of Drellâ€“Yan, J/Ïˆ and Ïˆâ€², along with measured random-coincidence and empty-target backgrounds, are shown. The sum of these is shown in the blue solid curve labelled â€˜MC sumâ€™. The normalizations of the Monte Carlo and the random background were from a fit to the data.


Extended Data Table 1 Ratios ÏƒD/(2ÏƒH) as a function of PTFull size table


Extended Data Table 2 Ratios ÏƒD/(2ÏƒH) as a function of MFull size table


Extended Data Table 3 Spectrometer acceptanceFull size table
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