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            Abstract
Two-neutrino double electron capture (2νECEC) is a second-order weak-interaction process with a predicted half-life that surpasses the age of the Universe by many orders of magnitude1. Until now, indications of 2νECEC decays have only been seen for two isotopes2,3,4,5, 78Kr and 130Ba, and instruments with very low background levels are needed to detect them directly with high statistical significance6,7. The 2νECEC half-life is an important observable for nuclear structure models8,9,10,11,12,13,14 and its measurement represents a meaningful step in the search for neutrinoless double electron capture—the detection of which would establish the Majorana nature of the neutrino and would give access to the absolute neutrino mass15,16,17. Here we report the direct observation of 2νECEC in 124Xe with the XENON1T dark-matter detector. The significance of the signal is 4.4 standard deviations and the corresponding half-life of 1.8 × 1022 years (statistical uncertainty, 0.5 × 1022 years; systematic uncertainty, 0.1 × 1022 years) is the longest measured directly so far. This study demonstrates that the low background and large target mass of xenon-based dark-matter detectors make them well suited for measuring rare processes and highlights the broad physics reach of larger next-generation experiments18,19,20.
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                    Fig. 1: Schematic of two-neutrino double electron capture.[image: ]


Fig. 2: Fit of the background model to the measured energy spectrum.[image: ]


Fig. 3: Zoom on the energy region of interest for 2νECEC in 124Xe.[image: ]


Fig. 4: Observed 2νECEC half-life compared with theoretical predictions and other experiments.[image: ]
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The data that support the findings of this study are available from the corresponding authors upon reasonable request.
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Extended data figures and tables

Extended Data Fig. 1 Spatial distribution of events.
Interaction depth Z versus squared radius R2 for events with energies 80–140 keV. High-density areas correspond to the edges of the TPC, where most of external β and γ radiation is absorbed. The 1,502-kg fiducial volume is indicated by the solid red line. Further segmentation into an inner (1.0 t) and an outer (0.5 t) volume is marked by the black dashed line.


Extended Data Fig. 2 Energy resolution.
Ratio of the mean peak energy (μE) to the peak width (σE) for low-energy monoenergetic lines in selected LXe dark-matter experiments (LUX38 and XENON10039) and in the 1.5-t fiducial mass of the XENON1T detector. The relative resolution is defined as the σE/μE ratio of the Gaussian lines and is fitted using a phenomenological function (solid blue line). For XENON1T the data points are 83mKr (41.5 keV), 131mXe (163.9 keV), 129mXe (236.2 keV), 214Pb (351.9 keV) and 208Tl (510.8 keV). Only statistical uncertainties are shown for XENON1T (smaller than the markers). The energy of the 2νECEC peak is indicated by the black dashed line.


Extended Data Fig. 3 125I time evolution.
Fit of the 125I model to data in a 2σ energy interval around the mean energy of the 125I peak in 10-d bins with Poisson uncertainties. Periods with an increased 125I decay rate are attributed to artificial activations from neutron calibrations, equipment tests and a dedicated activation study. The decrease of the rate to the background level corresponds to an effective iodine decay constant of τ = 9.1 d. The best fit is shown as a solid black line. The green (yellow) bands mark the 1σ (2σ) model uncertainties resulting from the Poisson uncertainties of the 125Xe data underlying the model. The pink bands indicate the data selection for the 2νECEC search, where the decay rate has returned to the background level.


Extended Data Fig. 4 χ2 curve for the number of measured 2νECEC events.
By comparing the best-fit value of N2νECEC = 126 events to a null result one obtains \(\sqrt{{\rm{\Delta }}{\chi }^{2}}=4.4\).


Extended Data Table 1 Systematic uncertaintiesFull size table
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