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            Abstract
The standard model of particle physics is both incredibly successful and glaringly incomplete. Among the questions left open is the striking imbalance of matter and antimatter in the observable universe1, which inspires experiments to compare the fundamental properties of matter/antimatter conjugates with high precision2,3,4,5. Our experiments deal with direct investigations of the fundamental properties of protons and antiprotons, performing spectroscopy in advanced cryogenic Penning trap systems6. For instance, we previously compared the proton/antiproton magnetic moments with 1.5 parts per billion fractional precision7,8, which improved upon previous best measurements9 by a factor of greater than 3,000. Here we report on a new comparison of the proton/antiproton charge-to-mass ratios with a fractional uncertainty of 16 parts per trillion. Our result is based on the combination of four independent long-term studies, recorded in a total time span of 1.5 years. We use different measurement methods and experimental set-ups incorporating different systematic effects. The final result, \(-{(q/m)}_{p}/{(q/m)}_{\bar{p}}=1.000000000003(16)\), is consistent with the fundamental charge–parity–time reversal invariance, and improves the precision of our previous best measurement6 by a factor of 4.3. The measurement tests the standard model at an energy scale of 1.96 × 10−27 gigaelectronvolts (confidence level 0.68), and improves ten coefficients of the standard model extension10. Our cyclotron clock study also constrains hypothetical interactions mediating violations of the clock weak equivalence principle (WEPcc) for antimatter to less than 1.8 × 10−7, and enables the first differential test of the WEPcc using antiprotons11. From this interpretation we constrain the differential WEPcc-violating coefficient to less than 0.030.
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                    Fig. 1: Elements of the experiment to determine the antiproton-to-H− charge-to-mass ratio.[image: ]


Fig. 2: Results.[image: ]


Fig. 3: Trajectory of the Earth on its orbit around the Sun.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Energy calibration.
Upper: Measured cyclotron frequency shift as a function of the measured axial frequency shift. Lower: Measured cyclotron frequency shift as a function of particle energy E+.


Extended Data Fig. 2 Dominant systematic uncertainty.
Upper: measured axial frequency ratio as a function of the frequency ratio of the axial detection resonators. We observe a weak linear scaling of the measured axial frequency ratio as a function of the detuning of the axial frequency with respect to the resonator centre. Green line: weighted linear fit, red and blue functions represent CL 0.68 and CL 0.95 error bands. Lower: Residuals of upper plot.


Extended Data Fig. 3 B2-imposed uncertainty in peak frequency ratio.
Upper: Sensitivity of the frequency ratio R as a function of the coefficient B2 for different particle energy differences E+,p − E+,H, expressed as ΔR/ΔB2(ΔE+). Lower: Measured particle energy differences E+,p − E+,H throughout the peak run. The green vertical lines indicate the mean difference and the uncertainty, the vertical green lines define the frequency-ratio shift and its uncertainty caused by the uncertainties in energy similarity and B2.


Extended Data Table 1 Summary of lineshape corrections applied to the different datasetsFull size table


Extended Data Table 2 Axial temperaturesFull size table


Extended Data Table 3 Total uncertainty budgetFull size table


Extended Data Table 4 Improved SME coefficientsFull size table
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